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Tiivistelma

Energiavarastot ovat merkittavd osa mikrosahkdverkkoa. Tassa vaitos-
kirjassa esitellaan akkupohjaisten energiavarastojen hajautettu sadtotapa,
joka perustuu kunkin yksittdisen akkuvaraston energia- eli varaustasoon.
Menetelmadn toimivuus on verifioitu simulointien avulla. Akkuvaraston
varaustason poikkeama maaritelladn sekundaadrisella sadtotasolla. Sielta
se vdlitetdan primaadriselle sdadtotasolle, jossa tehty ohjaus palauttaa
varaustason haluttuun ohjearvoon. Primaddrisellda sddtotasolla kdytetdan
muokattua P/f-Q/V droop-sdatod, joka ottaa huomioon akkujen varaus-
tason.

Saatd asettaa droop-kertoimet perustuen kunkin akkuvaraston varaus-
tasoon siten, etta kerroin on kadntden verrannollinen varaustasoon akun
purkamisen aikana ja suoraan verrannollinen akun latauksen aikana. Talla
sadtostrategialla varastoyksikko, jolla on korkein (alin) energiataso,
syottdda enemman (vdhemman) tehoa kuormaan varastojen toimiessa
tuotantoyksikkoinad ja vastaanottaa energiaa pienemmallda (suuremmalla)
teholla sahkon tuotannon ylittaessa kysynnan.

Viime vuosina on pyritty |6ytamddn standardiratkaisuja mikrosahko-
verkkoihin ja tdahan liittyen vaditoskirjassa ehdotetaan IEC/ISO 62264 stan-
dardin soveltamista mikrosahkéverkkoihin ja energiavarastoihin. IEC/ISO
62264 standardissa maaritellaan viisi tasoa, joilla on samat tavoitteet
aivan kuten hierarkkisessa mikrosahkoverkkojen ja energiavarastojen
saadossa. Kehitettyd sadatomenetelmda on tdssa vaitoskirjassa arvioitu
myds sovelletun standardin kannalta perustuen IEC/ISO 62264 standardin
eri tasojen madritelmiin ja vastaaviin hajautetunsaadon tasoihin.

Asiasanat
Hajautettu saato, energiavarastojarjestelmat, hierarkkinen saatd, mikro-
sahkoverkko, IEC 62264 standardi
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The energy storage system is a major part of a microgrid. A decentralized
control system for battery energy storage that operates on the basis of
the energy level of each storage unit is presented in this doctoral
dissertation together with some simulation based verifications. The
deviation of the SoC in the secondary control level is determined here
through proposed secondary control and sent to the primary control to
restore it. The primary level uses the P/f-Q/V droop control method, and
a modified droop control in the primary level based on the SoC of the
storage units is also employed here.

To set the droop coefficients based on the energy level of each storage
unit, the droop coefficient is inversely proportional to the energy level
during the discharging period and directly proportional during the
charging period. When this strategy is implemented, the storage unit with
the highest (lowest) energy level provides more (less) power to support
the load when the storage unit operates as a power supplier, and absorbs
less (more) power when the power generated exceeds the demand.

Over the last several years, efforts to standardize MGs have been made,
and it is in light of these advances that the current doctoral dissertation
also proposes the application of IEC/ISO 62264 standards to MGs and
ESSs. The IEC/ISO 62264 standard has five levels, with the same
objectives at each level as the hierarchical control of MGs and ESSs.
Considering the definitions of each level of the IEC/ISO 62264 standard
and the matching roles of the levels in decentralized control, the
proposed method is also evaluated based on the adopted standard.
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1 INTRODUCTION

1.1 Microgrids

In recent years, the structure of the electrical power system has changed, and
power generation has shifted towards Distributed Generation (DG). Although the
increase in the demand for energy and environmental concerns about traditional
power generation have been mentioned as reasons for this shift, another crucial
motive is the large amount of energy lost in traditional methods: when power is
generated from fossil fuels, 40%—70% of the energy present in the resource is lost
as heat. Another 2% and 4% is then lost in transmission lines and distribution,
respectively. Overall, as shown in Figure 1.1(a), just 33% of the energy input to
generation makes it to the user as electricity. Unlike conventional systems, DGs
are installed beside the load and use low-capacity power generation resources,
which may also include renewable energy sources (Fig. 1.1 (b)). Solar energy
(photovoltaic cells) (Markvart, 2000; Parida, 2011; Singh, 2013) and wind
turbines (Gipe, 2004; Kling, 2002; Martinez, 2004) are the most popular of the
Renewable Energy Sources (RESs) that can be integrated into the main network
in the form of DGs or Microgrids (MGs). Indeed, MGs consist of a number of
such DG systems (Ackermann, 2001; Barnes, 2007; Gu, 2014; Lasseter, 2002;
Logenthiran, 2008; Pogaku, 2007) organized together in a way that increases the
system capacity and improves the power quality (Li, 2009; Palizban, 2015).

There are three different types of benefits associated with MGs: technical,
economic, and environmental. From the technical point of view, DGs can support
the power of remote communities and give higher energy efficiency while lacking
the vulnerability of large networks and helping to reduce blackouts (Abu-Sharkh,
2006; Li, 2009). Economically, DGs reduce emissions, line losses, and
interruption costs for the customer while minimizing the cost of fuel, ancillary
services, and so on (Basu, 2011). The environmental benefits of MGs are
discussed in (Morris, 2012), and include lower emissions of pollutants and
greenhouse gases, a generation system that requires a smaller physical footprint,
an increase in the number of clean energy sources incorporated in the grid; and
decreased reliance on external fuel sources.

MGs may be found in low voltage (LV) and medium voltage (MV) distribution
networks, and can operate in grid-connection mode or island mode (Guerrero,
2013; Guerrero, 2011; Katiraei, 2005). The switching between these operation
modes is controlled through a circuit breaker at the Point of Common coupling
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(PCC) (Kroposki, 2010; Sao, 2008). Moreover, MGs can be categorized as AC
microgrids (Hatziargyriou, 2007; Katiraei, 2008) or DC microgrids (Kwasinski,
2011; Shafiee, 2014).

0 =33 % of energy deliver
? to the users as electricity
40% ~70% Loss = — —
- 19% ~2% Loss 2% ~4% Loss ( > ( > ( >
e x o o o
ba. a8 w — 4
i 1l i -dLJ R I |
100% Energy resources 5 —'- 1 i I I I
= i = O O O
- . o _ _ N
?;l Power Generation Transmission Distribution Energy Users

@)

DR T 1.7

J;,i
="/
//

Power Generation

Transmission

# :

Distribution <5

)

CB [
Primary Control
Secondary Control

(b) Microgrid

Figure 1.1 (a) Energy losses in traditional grid (b) Concept of new power
generation methods

The general configuration of a hybrid (AC-DC) MG is shown in Figure 1.2.
Indeed, the power output by most of the DGs is DC, while the DG sources
outputting AC have high levels of variation in frequency and voltage, and thus
cannot be directly connected to the AC bus. A power electronic interface is thus
needed to implement the MGs. The main control objectives in an AC MG are
voltage stability, frequency synchronization, loads sharing considering inverter
ratings, and managing power to create ancillary services for the main grid. On the
other hand, there are some advantages to DC MGs over AC MGs: they are highly
efficiency because of the reduction in conversion loss; frequency and phase
control is not required, and there is no need for synchronization. Indeed, the
main control objectives in DC MGs are adjusting the DC voltage to the acceptable
value, sharing power based on the rate of conversion, and regulating the current
flow to or from an external DC source (Shafiee, 2014). However, the AC MGs are
still dominant, especially in island applications, because of their similar intrinsic
characteristics to traditional distribution systems. Since the present research has
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focused on load sharing and power management in an island MG, it is only AC
MGs that have been considered in this doctoral dissertation.

Without the doubt, in modern grids, power management and stability assurance
are critical because of the variables involved on the generation and demand sides.
Using energy storage to absorb and inject energy as needed can be the best
solution to managing this issue (Gellings, 2009; Guerrero, 2008; Chuanwen,
2008). In fact, energy storage systems (ESSs) are crucial in both AC and DC MGs.

EV
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i & =
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|=}
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=]
=
=3

PV Panel

Figure 1.2 General view of a Hybrid MG

1.2  Energy Storage Systems

Managing power balance and stability is a challenging task in MGs, as they
depend on a number of variables. There are different techniques for dealing with
this challenge, including de-loading sources (especially in RESs), load shedding
during a shortage to provide energy to the user, and combining ESSs with DGs to
manage power during surpluses and shortages of energy (Xu, 2015).

Storage units can be located beside each DG and connected through individual
power electronic interfaces (the distributed model) (Tan, 2013) or they can be
connected to MG through a central ESS, operating on similar principles to the
master unit (the centralized model) (Li, 2007). Electrical energy can be stored by
converting it to another form of energy, such as chemical, mechanical, thermal,
or electrochemical. There are different methods available for each of these forms.
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For instance, flywheels and hydro pumps can be used in the conversion of
electrical energy to mechanical form, while batteries store electrical energy in
various chemical forms, depending on the type of battery.

Energy storage is most useful when the system is operating in island mode, where
the main control objective of ESSs is to control the voltage and maintain the
frequency of the system during island operation. Moreover, storage units should
be able to respond sufficiently rapidly to transient power changes in grid-
connected mode and to keep themselves fully charged. There are also many other
applications that can utilize ESSs in MGs, such as ancillary services, customer
energy management and the integration of RESs.

The control of such a system is critical, and implementing a hierarchical control
system is necessary if optimum performance is to be achieved. For MGs and
ESSs, hierarchical control can be described as consisting of four levels with
different definitions and responsibilities. Generally, hierarchical control level
needs to exert control over the power generated by the DG units, the power
management and interface between the ESSs and DGs so as to provide a highly
reliable system.

1.3 Standardization

There are different types of DGs, power electronic interfaces, and
interconnections that can function as components of a microgrid. Recently,
experts have been working on standards for designing the most suitable overall
MG. For instance, IEEE 1547 is an adoptable standard that discusses the
interface between distribution resources and the main grid, and establishes
criteria and requirements for the interconnection (Ustun, 2011). The IEEE 61000
standard provides requirements, rules, and general conditions for achieving
electromagnetic compatibility (Planas, 2013). For standardization of the two
most popular renewable energy sources, the minimum design requirement for
wind turbines and all related subsystems is described in the IEC61400 standard,
while the critical requirements for interconnecting photovoltaic systems to the
main grid are covered in the IEEE 929 standard (IEEE, 2000). Since
communication is a significant part of power systems, and especially of MGs,
identifying a communication protocol standard is required. In this regard,
IEC61850 was presented in 2003 to describe communications in power
substation automation systems and further extended to cover distributed energy
sources in 2009. (Mackiewicz, 2006). Indeed, a lack of suitable standards to
cover the variation in power generation and interconnections—as well as in the



Acta Wasaensia 5

electrical interfaces between different sources, energy storage systems, and the
main grid can be a gap for employment of the new technology.

1.4 Motivation for the work

Monitoring and supervising the MG may be centralized or decentralized. In
centralized systems (Dimeas, 2005; Tsikalakis, 2011), the power management
and power balancing between the DGs and ESSs is the responsibility of the
Microgrid Central Controller (MGCC). One challenge to reliability is the high risk
of instability: when a malfunction arises in the MGCC, the control level
accomplished by the MGCC can lose control of the system. Several different
distributed control strategies have been proposed to deal with this in recent years
(Shafiee, 2014). Although distributed control helps to eliminate the MGCC from
the MG, there are some challenges when implementing the control strategy.
Since most studies of this control method have focused on island mode, the
inability to control the system during the transient and persistent faults that
cause blackout situations in MGs (as well as black-start coordination) without an
MGCC and some of the other management functions of the MG presents a
challenge to implementing a fully decentralized control system.
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One way of dealing with these challenges and of achieving a greater level of
control in practice is to use a Distributed Energy Storage System (DESS) installed
beside each DG. To implement the power management in the combined system,
the states of all parts of the MG—that is, the amount of power provided by RES,
the energy level in the ESS, and power demand—must be considered (Wu, 2015).
Since the ESS is a very important part of the power balance target, the way in
which power is shared between the storage units is a key issue for the
coordinated system operation.

Most of the approaches that have been used to balance energy storage in
distributed Battery Energy Storage Units (BESUs) (Dragicevic, 2014; Kakigano,
2013; Li, 2014; C. D. Li, 2014; Lu, 2012; Zhang, 2012) operate with centralized
control methods and also employ a communications system. As mentioned,
operating the system under these control methods involves a high level of risk.
Thus, some distributed secondary control methodologies for balancing energy in
ESSs have recently been proposed in parallel to the research on this doctoral
dissertation (Lu, 2014; Morstyn, 2014).

On the other hand, implementing the hierarchical control by applying a suitable
standard is another challenge in the modern grid. As mentioned in Section 1.3,
there are some standards that applicable when designing and implementing an
MG, such as IEEE 1547, IEEE 61000, IEC61400, IEEE 929, and IEC61850. In
fact, much research has been carried out in the field of MGs on both the technical
and standardization aspects. However, how power can be shared between ESSs—
taking into account the energy level of each unit and the standardization for
hierarchical control in MGs and ESSs—is still open to research. The motivation
and open research questions in MGs are summarized in Figure 1.3.

1.5 Objectives of the work and research methods

The first theme of this dissertation is the hierarchical control of DGs, MGs, and
ESSs. As shown in Figure 1.2, main part of the distributed energy resources of
future grids is expected to be connected to the system through power electronic
devices. In this doctoral dissertation, the design and operating requirements for
the hierarchical control of power electronic devices are addressed. To investigate
the hierarchical control of MGs, the dissertation investigates the control of power
generation from the zero level up to the third control level. Moreover, different
technologies and applications of ESSs in modern grids are analyzed to find the
most suitable storage technologies for implementation in MGs.
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The second theme of this dissertation is the standardization of the hierarchical
control of MGs and ESSs. One of the objectives is to adapt an international
standard to this part of the system and to analyze it against the functionality and
target of the hierarchical control. The main research issue in this phase is to
determine a standard that is organized on the basis of different steps while
having the same objective as the hierarchical control on each level of the MG and
ESS. Hence, the first research challenge concerns the structure and aims of the
control levels and also involves analyzing the available standards that could be
adapted to hierarchical control levels.

The third theme of this dissertation is a Decentralized Control Strategy (DCS) for
distributed Battery Energy Storage Systems (BESSs). A further objective is to
implement a distributed control method for BESS by incorporating a voltage,
frequency, and reactive power sharing method into a BESS that is used together
with DGs, so as to achieve a fully decentralized control of MG. The main research
issue in implementing the method is the energy level of each storage unit, which
may be different in each energy storage unit. To implement the distributed
control strategy, the following issues should be considered:

e Obtaining an accurate reference value for the energy levels in the
distributed system,

e Sharing power between the different storage units based on the energy
level of each unit,

e Managing the power sharing method for the both charging and
discharging period.

In this dissertation, a literature study is conducted to investigate the
standardization research gap and developing a standard solution for hierarchical
control. The main research methods applied to the distributed control strategy
for BESS are calculation and simulations performed in the PSCAD/EMTDC
environment.

1.6  Scientific Contribution

The scientific contributions of this doctoral dissertation are as follows:

e It studies the hierarchical control strategies in MGs, analyzing in
particular the primary and secondary control levels.
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e It studies the different technologies and applications in ESSs so as to
create a matrix that can be used to find more suitable storage technologies
for implementing an MG based on the application requirements.

e It analyzes the possibility of adapting an international standard to the
hierarchical control of MGs in order to further develop MG
standardization.

e It investigates the different decentralized control strategies for
implementing a distributed secondary control method for BESS and for
combining it with DGs which are also controlled in a decentralized
manner.

e It analyzes a voltage, frequency, and reactive power sharing method used
in DGs to adapt an ESS so as to approach a distributed control strategy.
The doctoral dissertation incorporates this approach into an ESS to
achieve a decentral control of MG.

e It develops a cooperative method for controlling a distributed BESS. The
thesis proposes a method for sharing power between different storage
units basing on their available energy levels.

e It develops a SoC-based droop control method for AC MGs. The thesis
employs a modified droop-control approach to power sharing between the
ESS units. This would be based on their energy levels and would thus lead
to energy equalization between the units.

e It evaluates the proposed distributed secondary control as well as the
modified droop control method using the adapted international
standardization.

1.7  Outline of the thesis

This doctoral dissertation contains the appended original publications and a
number of descriptive and summarizing sections. The introduction to the thesis
describes the concept of MGs and ESSs, and discusses the motivation, objectives,
and contributions. The rest of the summary material is found in five chapters:

Chapter 2 contains a literature study of hierarchical control of MGs, covering
the control of power generation from the zero level up to the tertiary control
level. Moreover, some research questions are presented, the answers to which
can help improve the performance of the hierarchical control, especially in
secondary decentralized control and energy storage systems. The second part of
the chapter presents an investigation into a number of different technologies and
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applications of ESS in modern grids. It also presents a matrix of the available
technologies and applications, which is the result of a comprehensive analysis of
the various technologies and applications.

Chapter 3 presents an adapted standard for hierarchical control in MGs and
ESSs. The adapting of the IEC/ISO 62264 standards to MGs with advanced
control techniques and ESSs is described here. In order to have complete review
of the standardization, existing standards applicable to MGs are also investigated
in this chapter.

Chapter 4 considers a distributed secondary control for battery energy storage
systems. Firstly, the proposed method is evaluated when the battery operates as a
power supply (in discharging mode). This is then combined with DGs, also
controlled through the decentralized method, and the charging mode of the
system is investigated. In this chapter, power sharing is investigated in a
distributed energy storage system operating on the basis of a decentralized
structure in the secondary level, which leads to energy equalization in the storage
units.

Chapter 5 of the thesis ties together Chapters 3 and 4 by evaluating the
proposed method and considering hierarchical control through the adapted
IEC/ISO 62264 standard. By analyzing the definition of the different levels in the
IEC/ISO 62264 standard and those of the decentralized control of DGs and
BESSs, the compatibility of these two are future discussed in this chapter.

Chapter 6 concludes the thesis. A summary of the contributions of the research,
along with a description of some open research questions for future work, is
presented.

1.8 Summary of publications

The doctoral dissertation consists of seven publications, six of which are refereed
journal articles and one of which is a refereed conference publication. All the
papers were published during the doctoral research, with the first article
appearing in 2014 and the last in 2016. The author of the dissertation is the
primary and corresponding author of all the publications.

Publication I investigated the hierarchical control of MG and covers the control
of power generation using two popular RESs—wind turbines and photovoltaics—
step by step from the zero level up to the tertiary control level. This paper
examined a number of different methodologies that can be implemented in
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primary control and also studied the concept of secondary control in both
centralized and decentralized methods. In this publication, the author of the
dissertation determined the limitations of the full decentralized control
approach.

Publication II first investigates the range of different storage system
technologies and applications. A matrix of relations between the technologies and
applications is then presented. Many different parameters, such as capacity,
storage power, response time, discharge time, lifetime, efficiency, and others, are
compared to produce the matrix. Electrochemical storage turns out to be the
most commonly used technique; it is useful in many applications, and especially
in ancillary services.

Publications III and IV examine the application of the IEC/ISO 62264
standards to MGs containing advanced control techniques, energy storage
systems, and market participation in both island and grid-connected modes (in
publication III). The principles of MG design are also described considering the
operational concepts and requirements that arise from participation in active
network management. In order to complete the standardization, those
operational concepts of MGs that have some impact on participation in such a
network are described in publication IV: these include power quality, the
principles behind island detection methods, black-start operation, fault
management, and protection systems; these are investigated taking into account
the IEC/ISO 62264 standard. These two publications have been written at the
University of Vaasa by the author of the present doctoral dissertation, though
comments and advice from Professor Josep M. Guerrero, the leader of the
microgrid research program at Aalborg University, were made use of during the
preparation.

Publication V describes a distributed secondary control for battery energy
storage systems, when the battery operates as a power supply. The method
proposed in this paper involves taking into account the energy level of the
different units and sharing the power between them based on the SoC of each.
Moreover, a modification to the droop control method is also employed: in the
new droop control method, the output signal of the secondary control is added to
the droop coefficients for the discharging periods.

Publication VI investigates the method implemented in publication V
combined with DGs and controlled through the decentralized method, using the
system’s charging mode. Power sharing is here investigated in a distributed
energy storage system operated on the basis of a decentralized structure in the
secondary level, which leads to energy equalization in the storage units. Also
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presented and evaluated here is the proposed modified droop control for sharing

power in the charging period between the different storage units, based on the

energy level of each unit rather than the power. In this paper, the comments of
Professor Josep M. Guerrero are also considered.

Publication VII ties together publications III, V, and VI. In this paper, the
proposed method and hierarchical control are evaluated through the adapted
standard (IEC/ISO 62264). Taking into account the different levels in the
IEC/ISO 62264 standard and hierarchical control in DGs and BESSs, these two
issues are made to conform to each other in publication VII. The paper is a joint

paper with Aalborg University and made use of some comments received from

Professor Josep M. Guerrero.

Chapter 2
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44(2015)797-813
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Figure 1.4 Publications in each chapter

The above seven publications, as well as their objectives, are summarized in
Figure 1.4. The author of this doctoral dissertation has also authored a number of
other publications closely related to the topic and they will also be cited in this

dissertation when appropriate.



12 Acta Wasaensia

2 THEORETICAL FOUNDATION

Hierarchical control and energy storage in modern grids are popular research
topics: a brief statistical study using the Web of Science and the IEEE xplore
search engine showed an increase in research into these subjects over the last ten
years (Fig. 2.1). The principle of hierarchical control is presented in this chapter,
and also a matrix of the available technologies and applications of energy storage
systems is demonstrated.

Hierarchical control of MG Energy Storage System in MG
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0 b t : = 8w
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Figure 2.1 Statistics about (a) hierarchical control of MG, (b) ESS, (c)
Secondary control, (d) Primary and tertiary control

2.1 Hierarchical control

The hierarchical control structure of an MG is divided into four different levels.
The output voltage and current from the grid-side power converter of the RESs
act as the input data for the inner control loop (level zero). Accurate references
are required for effective management; these are passed through sensing and
adjusting in the primary control. The strategy of the control level is to have an
independent local control to increase the reliability of the power system. On the
next level, the secondary control deals with the MG and power management
(using the ESS) in island mode, and also regulates output power on the basis of
network data in grid-connection mode. The processes function by monitoring the
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system and collecting the necessary information from the DGs and ESSs. In the
final step, the tertiary control level establishes an interface between the MGs and
the main grid in order to exchange the information from the secondary control
with the network for the purpose of maintenance and optimization (Guerrero,
2011). The hierarchical control is described in Publication I and each control level
is summarized here:

2.1.1 Inner control loop (Zero level)

The main goal of level zero is to manage the output power of the Micro-Sources
(MSs). This is generally accomplished through the inner current and voltage
control loop. The first step in MG control is the control of the source operating
point using power electronic devices (Bidram, 2012).A block diagram of the
control level is shown in Figure 2.2. Since wind power and PV are popular RESs,
Publication I investigates their power generation and control strategies. After
stabilize the power generated by the RESs, the reference value for the inner
control loop is determined through the primary control level and it depends on
the state of the MG connection.

Measured Measured
voltage current
|'| s
8
A4 A4 o 5
| 2 3
) i Voltage 1 Current > k= :D 2
Primary Control 11 Controller ,‘:> Controller '§ 5
(=]
Inner control loop = 3]
=

Figure 2.2  Control block diagram for zero level

2.1.2 Primary control

The primary control level (level one) is used to adjust the frequency and
amplitude of the voltage references, taking into account the calculated deviation
in frequency ( Af) and voltage (AV) originating from the upper control level.
These references are fed to the inner current and voltage control loops. Indeed,
this control level is the first step in the regulation, and so it should have the
fastest response to any variation in sources or demand—on the order of
milliseconds. The principle of this control level in MGs is shown in Figure 2.3.
Power converters for DG units fall into two general categories: the grid-forming
type and the grid-following type. A comprehensive review of primary control in
grid-forming strategies is presented by T.L. Vandoorm et al. (Vandoorn, 2013),
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while grid-following techniques are discussed by F. Blaabjerg et al. (Blaabjerg,
2006). With respect to this classification, a complete overview of the different
techniques of primary control is also available in Publication I.

In order to eliminate the problems that arise from the parallel multiple power
electronic converters in the AC system, droop control can be employed in this
control level. The concept of conventional droop control in a synchronous
generator has been adapted to parallel inverters by (Chandorkar, 1993)
(Tuladhar, 2000) and has been used in a small grid by (Lasseter, 2002). Since
this doctoral dissertation proposes a modified droop control in Chapter 4, the
conventional droop control is discussed here.

Secondary

Control
Measured Measured

<
AV Af Vohage curﬁent
110 —d &

P/Q Droop Reference Voltage :D Current >
Control Generator Controller i} Controller
Inner control loop

<7

Modulators
I
Microgrid Sources

Primary Control

Figure 2.3 Control block diagram for primary level

Droop control

The ESS provides the power required for achieving the power balance in the
islanded MG and thus the power is equal to the difference between the total
power generated by the DGs and the total power demand. Conventionally, the
absorbed and injected power of the ESS is positive when operated in discharging
mode and negative in charging mode. Because of the lack of inertia in MGs, the
droop control method used depends on whether the line impedance is resistive or
inductive (Guerrero, 2013). Based on single phase equivalent circuit of the three
phase power converter connection to the grid shown in Publication I, active and
reactive powers are defined as:
E

P=————|R(E-V cos@)+ XV sind 2.1
R2+X2[ ( ) ]
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E .
Q:W[—RV sin@+ X (E-V cos6)] 2.2

Where,

Active power [W]

Reactive power [VAR]

Resistor [Q]

Grid voltage [V]

Source voltage of the equivalent circuit [V]

Inductance [Q]

X =H < B O

Phase-angle difference between the two voltages

When the line impedance is almost inductive, the resistive part of the above
equation can be removed without any loss of accuracy. For this reason 6 is also
very small and it can be supposed that Sin6=6 and Cosf=1; equations (2.1) and
(2.2) can thus be rewritten as:

P~ EXG 2.3
E2-V
Q= X 2.4

In inductive lines, (P/f, Q/V) droop control as discussed in (Chiang, 2001;
Guerrero, 2007; Piagi, 2006; Planas, 2013; Sao, 2008) is employed; the principle
is illustrated in Fig. 2.4 (Guerrero, 2009; Laaksonen, 2008). Generally, the
frequency and voltage of droop control for large and medium systems can be
determined thus:

f=f" —Tp(s).(P—P"*f) 2.5
V=V —TQ(S).(Q—Qref) 2.6
Where,

f Measured frequency [HZ]

£ Reference of frequency [HZ]

P Measured active power [W]

P Reference of active power [W]
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Q Measured reactive power [VAR]

Q ref Reference of reactive power [VAR]
A% Measured voltage [V]
v Reference of voltage [V]

Tps) Droop Coefficient of active power

Tos) Droop Coefficient of reactive power

On the other hand, due to the coupling of active and reactive power in DG units
when inductance is not present, this method can create a particular problem for
systems with resistive line impedance (Li, 2009). Since (P/f, Q/V) droop control
method is considered in this doctoral dissertation, (Q/f, P/V) is not discussed
here; however, more information on it is available in Publication I.

AV fa

H Vref H fref

- Qmax Q rrnax " Q - P PV " P

max max

Capacitive load  Inductive load Storage Generation

@) (b)
Figure 2.4 Droop control (a) Q/V (b) P/f

2.1.3 Secondary control

Due to transients in power generated by RESs and variation on the demand side,
there are many unplanned situations that can occur during MG operation. To
restore frequency and voltage, a secondary control is implemented to return the
MG to normal operating conditions after each variation. In the second control
level, all the required information is collected from the DGs, Energy Storage
Units (ESUs), and loads, and the new reference values are sent to the primary
control level. The block diagram of the control level is shown in Figure 2.5. The
main purpose of the secondary control is to modify the characteristics of the
droop control to restore the frequency and voltage to their normal values
(Shafiee, 2014).
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Figure 2.5 Control block diagram for secondary level

As mentioned in Publication I, the outputs of the MGCC are sent to the primary
and inner control loop in order to regulate the reference values of voltage and
frequency (Justo, 2013). The frequency and voltage amplitude of DER is
measured and compared with the reference value received from the main
network (if the MG is in grid-connection mode). The measurement error will
then be sent to primary control to restore the voltage and frequency; the
restoration compensator can be defined through:

Af = pr(fn:gf - fmg)+GifJ (fn:gf — fg )t + S 2.7
AV =G,,(Vae —Vpe) +G, J Vg~V )it 2.8
Where,

J, mg Frequency in MG [Hz]
fnrg Reference of frequency for MG [Hz]

Gy  Integration gain for frequency at the secondary level compensator

G;, Integration gain for voltage at the secondary level compensator

Gpr  Proportional gain for frequency at the secondary level compensator
Gpy  Proportional gain for voltage at the secondary level compensator
V,’;{ZC Reference of voltage for MG [V]

Ving  Voltage in MG [V]
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Af Deviation of frequency [Hz]
AV Deviation of Voltage [V]

8fs Synchronization term (equal to zero in island mode)

Figure 2.6 shows how the control level carries out this restoration. For instance,
with P/f droop control, Figure 2.6 (a) illustrates that the output signal from the
secondary control influences the reference value of the frequency by shifting the
droop line up and down, so that the frequency reaches its the nominal value.
(Shafiee, 2014)

fa AV
f ref Vv ref
L \ TAf Vi \ TAV
f, vV,
P, R_P Q o, Q

(2) (b)

Secondary Control

Primary Control

Figure 2.6 Restoration in droop control (a) frequency (b) Voltage

The secondary control also has some additional responsibilities for the storage
system. The ESS can fail if it is the only element involved in stabilizing the MG,
so load-sharing of the burden on the ESS and the DG units’ output power is
necessary (Kim, 2012). The power output set-point of each MS should be
calculated and communicated through the secondary control function. First, the
responsibility of the secondary control in the storage system is to monitor system
fluctuations. Then, having compensated for the power variation through the
primary control in the storage, and having increased the power generation, the
secondary control brings the power output of the ESS back to zero (Kim, 2010).

Unlike the primary control level—in which a decentralized control loop is
implemented and a controller is located beside each DG and ESS—secondary
control can be implemented as either centralized or decentralized (Hatziargyriou,
2014), both of which control methods are described in the next subsection. The
focus of this doctoral dissertation is on the decentralized secondary control.
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The secondary control may have a centralized or decentralized structure, as
illustrated in Figure 2.7 (a) and (b), respectively. Whether the system is
considered centralized or decentralized depends on the location of the MGCC
(Banerji, 2013; Mehrizi-Sanir, 2009; Vasquez, 2010). In centralized structures,
the output value of each DG is measured using remote sensing and sent to the
central control; in decentralized control, the sensing and measurement of the
value is performed at the terminal of each DG unit and send to other neighbors. (
Vandoorn, 2013). One disadvantage of using an MGCC in the secondary control
is that it may malfunction, which can affect the reliability of the MG. To account
for this, a distributed secondary control can serve as an alternative to improve
the reliability of the MG. In the decentralized method, the primary and secondary
controls are merged and are connected to a local controller. Although the MGCCs
in the MGs are replaced by decentralized control methods, it is still necessary to
use a central control for some coordination functions (Shafiee, 2013; Shafiee,
2012). The classification of control system structure is the same in the case of
controlling the storage units and follows the same principle as the DG control.

Main grid Main grid
Island [h
Island Circuit Breaker
..4 Circuit Breaker !
MGCC o EsS
(Master Unit)
Secondary Control
g R ESS
MGCC "| (Master Unit) | |
|
- - : . DG, | . DG, DG,
DG, DG, DG, “Primary ) “Primary ) Primary
Primary { Primary Primary Control Control Control
Control {_Control Control
Secondary Control: :Secondary Control; iSecondary Control
(a) (b)

Figure 2.7 Secondary control level (a) Centralized (b) Decentralized

2.1.4 Tertiary Control

The purpose of tertiary control is to manage power flow by regulating voltage
amplitude and frequency when the MG is in grid-connected mode. This control
level is the final and slowest part of the hierarchical control. Its layout is shown in
Figure 2.8. Unlike primary control and secondary control, a centralized strategy
is usually used in the third control level. This control level is disabled when the
MG operates in island mode.
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Figure 2.8 Control block diagram for tertiary control

Microgrid Sources

By measuring the P/Q ratio through the PCC, the grid’s active and reactive power
can be compared to the desired reference. The frequency and voltage reference

defined in follow:

freft — GF,F,(PrEf - Pgrid) +GipJ (me - Pgrid)dt

\VAL =GPQ (Qref _Qgrid)+GiQJ (me _Qgrid)dt

Where,

fref

Gip

Reference of frequency [Hz]

Integration gain for active power at the tertiary level compensator
Integration gain for reactive power at the tertiary level compensator
Proportional gain for reactive power at the tertiary level compensator

Proportional gain for active power at the tertiary level compensator

2.10
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pref Reference of active power [W]

grid  Active power (grid side) [W]

Q ref  Reference of reactive power [VAR]
ng-d Reactive power (grid side) [VAR]

v'¥  Reference of Voltage [V]

2.2 Energy storage systems

Energy storage technologies are used in modern grids for a variety of
applications. In order to simplify the choice of the technologies available for an
application, Publication II presents a matrix of the available technologies and
applications. These ESS technologies and applications are then described
thoroughly and compared on the basis of many different parameters, such as
capacity, storage power, response time, discharge time, and life time. In the rest
of the chapter, the matrix is discussed and important information about ESSs is
presented.

2.2.1 Energy storage technologies

Electrical energy may be stored in various ways by converting it into another
form, such as electrochemical, mechanical, or thermal energy. A complete
classification of ESS technologies is presented in Publication II. Recently,
researchers have produced comprehensive reviews in this area, such as those by
(Tan, 2013), (Carnegie, 2013), (Bradbury, 2010), and (Cavanagh K, 2015).

Electrochemical storage technologies (batteries) are the most popular type of
storage and are investigated by (Yang, 2011) and (Divya, 2009). Generally, the
storage methods consist of various technologies such as lead—acid (Palo, 2009),
sodium—sulfur (NaS) (Diaz-Gonzalez, 2012; Hadjipaschalis, 2009), and lithium-
ion (Nair, 2010). Moreover, flow batteries—in the form of redox and hybrid flow
batteries—is another type of storage method (Blanc, 2008; Huang, 2008;
Joerissen, 2004).

Mechanical storage techniques for electrical energy include flywheel energy
storage (FES) (Hotakainen, 2011; Hyytinen, 2013; Veszpremi, 2007), pumped
hydro storage (PHS) (Alto, 2012), and compressed air energy storage (CAES)
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(Hotakainen, 2011; Oberhofer, 2012). In the electrical storage type, double layer
capacitors (DLC) ("Electrical Energy Storage", 2011) and superconducting
magnetic energy storage (SMES) (Salameh, 2014) are usually employed. Finally,
the thermal storage method is based on converting energy to ice or hot water.
There are many different approaches to using such thermal energy storage, as
investigated in (Farid, 2004; Sharma, 2009; Zalba, 2003).

Table 2.1 Characteristics of energy storage Technologies in modern grids
. Capacity | Power | Response | Discharge | Lifetime | Efficiency
Technologies (MWh) | (MW) | time time (years) %)
Lead-acid 0.25~50 <100 = <4h <20 <85
—_— o
.g Lithium-ion 0.25~50 <100 § <1h <15 <90
) =
5 NaS <300 <50 = <6h <15 <80
B
§ Vanadium < 250 <50 <10 min <8h <10 <80
= redox
FES <10 <20 <10 ms <1h <20 <85
. small < 5000 <500 | sec~min B
T 6~24h <70 <85
R large < 14000 <1400 | sec ~ min
3 v | 3 .
= g g <1100 <135 <15 min <8h
R
[3] [=14]
SEl 8] 8
=t <40 <
5 £ %f < 2700 <135 <15 min <20h 4 >
Above <250 <50 <15 min <5h
ground =25 =5 =15 =5
~8 DLC 0.1~0.5 <1 <10 ms < 1min <40 <95
E
3
= SMES 1~3 <10 <10 ms <1min <40 <05
Thermal <350 <50 < 10 min N/A <30 <90

In Publication II, these techniques are analyzed comprehensively and energy
calculation principles are presented for each technique. Moreover, the significant
characteristics of the storage units are presented in Publication II and they are
also available here in Table 2.1. It should be noted here that the characteristics of
storage technologies in this table take into account their role in the modern grid.
To design an ESS for a system, four vital items are needed: storage capacity,
power, response time, and discharge time. By examining Table 2.1, it can be seen
that the greatest storage capacity is exhibited by the mechanical techniques—and
especially by PHS and underground CAES. The electrical methods have the
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lowest capacities. The situation is same in terms of power. However, these
methods have immediate response times to any variation. In particularly, the
response time of batteries is instantaneous. However, in DGs and MGs, this also
depends on the control method and on the relative performance of the power
electronic devices. Hence, the response times of batteries (apart from the redox
battery) are on the order of milliseconds.

2.2.2 Energy storage applications

There are different applications that can be provided by ESS. These are described
by (Akhil, 2013) and (Eyer, 2010) and are also classified into four different
groups in Publication II.

The investigation in Publication II indicates that bulk energy method is a key
application for integrating a great deal of variation into modern grids. There are
two major types: Energy arbitrage and peak shaving (Chua, 2013; Levron,
2012). The principle of these two methods is rather similar in that energy is
stored during times of low demand and price and injected into the system when
the load is peaking. The difference between the two applications is that peak
shaving does not follow the economic target as much as energy arbitrage. The
other type of ESS application is ancillary services, which provide support to the
system in various operational tasks. The different ancillary service applications
include load following, spinning reserve, voltage support, black start, and
frequency regulation.

Since the load can undergo frequent variations, energy storage is more suitable
for load-following applications. In fact, in this application, the responsibility of
energy storage is to create a balance between the generation and the load (Kirby,
1999). Spinning reserve is a part of the capacity of the source that is not used in
normal operation. However, the source can cover a power shortage in the system
by injecting power for specific period (ABB, 2014; Brown, 2008). To achieve
stability in the power system, reactive power needs to be managed, so that with
an ESS for voltage support, the resource can be regulated accurately. However,
reactive power cannot reasonably be transferred over long distances, so a voltage
support application is used locally to manage the problem (Akhil, 2013; Eyer,
2010). In black out (black start) application, for energizing distribution lines, or
as startup power for large power plants, the energy storage system generates
active power, which can manage power and control the voltage (Akhil, 2013).
Frequency regulation is very important for covering the small variations that
occur in power systems.
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Table 2.2 Characteristics of energy storage applications in modern grids
Storage . Desired
Application power Rez;;ggse Dlstci:rlilaerge Cycle life time
(MW) (years)
B Energy arbitrage <500 <10h 300-400/yr <20
g E Minutes
= Peak shaving < 500 <6h 50-250/yr <20
Load following <100 Minutes <4h N/A <20
Spinning reserve <100 <4h <5h N/A <20
g Voltage support <10 <100 ms <1h 5000/yr <20
<)
"é Black start <50 <2h <16h 10-20/yr <25
<
= . 30 min >t
;:) > Primary <40 Instant > 15 min
= . 1th>t=>30
%% Secondary <40 Minutes min 3 8000/yr <15
D Bo
= O
= Tertiary <100 Minutes >1h
= .
5 . g Power quality <10 <200 ms <2h 50/yr <10
E®E
ZE%
5 A czv Power reliability <10 Minutes <4h < 400/yr <15
v < . . ‘
% %,g Time shift < 500 < 30 min <5h < 4000/yr <15
<
o © = . . . .
¥ g Capacity firming <500 < 30 min <4h 300-500/yr <20

The energy storage system as a frequency regulator serves power systems by
correcting the frequency deviations to within the permissible limits. There are
three types of frequency regulation application: primary, secondary, and tertiary
(Vuorinen, 2008). The responsibility of the primary reserve control is to create a
balance between generation and demand, and to restore the frequency within 5—
30 s for the generator control (Galiana, 2005; Ribeiro, 2001; Vuorinen, 2008).
The secondary reserve has two objectives: to serve as a backup for primary
regulation and to ensure that the frequency is set to the reference value, while
avoiding imbalances in the interconnection. This control level reacts to the
primary control reserves for 5-15 minutes (Galiana, 2005; Rebours, 2007;
Vuorinen, 2008). In the last level, the tertiary reserve has the same objective as
the secondary reserve and also aims to balance load, generation, and sales, thus
helping to keep the system synchronized. This reserve level is operated manually
and needs to reach its target in 15 to 60 minutes, depending on the country
(Vuorinen, 2008).
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Figure 2.9 Location of each ESS application in power system

Two important objectives for supporting customers—the quality and reliability of
power delivery—are provided by ESS in energy management applications. The
principle of the power quality is rather similar to that of power reliability. The
ESS in this application should support the system with the high reliability and
highest quality power (Carrasco, 2006). The last type of ESS application is the
renewable energy integration. These applications are divided in two different
categories: time shifting and capacity firming. The principle of both methods is
to store the energy when demand is lower than generation and to inject the
power into the system during shortages. There are several applications that can
be used in different parts of a power system. In this regard, the locations of each
energy storage application in the power system are shown in Fig 2.9. As
mentioned earlier, in designing the storage system it is needed to consider some
important system parameters. Moreover, the discharge and response times,
power, and desired life cycles for each application are presented in Publication IT
and they are also available here in Table 2.2.

2.2.3 Matrix of technologies and applications

As can be seen from the analysis in sections 2.2.1 and 2.2.2, power storage comes
in many different technologies and can be used in many different applications. A
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matrix of the relationships between the energy storage technologies and their
application is given in Publication II and reproduced here in Table 2.3, which has
been developed on the basis of (Carnegie, 2013) and (Gyuk, 2013). When
developing the matrix, the storage technologies and applications have been
compared on the basis of many different parameters, such as capacity, storage
power, response time, discharge time, life time, and efficiency. As illustrated in
the matrix, electrochemical storage methods can cover a system for ancillary
services, customer energy management, and renewable energy integration
applications. From the mechanical technologies, the flywheel method is usually
used for low-energy applications, emergency devices, and load levelers. In
applications that need a quick response, electrical energy storage techniques can
be implemented.

Table 2.3 A matrix of technologies and applications
Electrochemical Mechanical Electrical
. | CAES | PHS
= s =
o] <
E '.E_ ) E E 5 w| B | « E
) o | 2| = | ¢ — g
S| E|2|E| B | B|E|RIE|Z2|R|E
8| £ ElEle| &3 »
e S| 2|2
>l 0| =2
2 @ Energy arbitrage
=)
o Peak shaving
Load following
Spinning reserve
(5]
E Voltage support
A
2 Black start
=
g
Frequency
regulation
Tertiary
Customer Powp r
quali
Energy
Management reliability
Renewable Time shift
energy -
Integration Capa'(:lty
firming
- Suitable application Possible application Unsuitable application




Acta Wasaensia 27

Table 2.4 Summarized of hierarchical control
Descriptions Target of levels in DGs | Target of levels in ESSs
e The hierarchical Managing the output | The target of the level is
control structure of power of micro sources | same as the objective of zero
MGs and ESS | o is the main goal of level | level in control of DGs.
classified into four | @ | zero, and is generally | Managing the output power
different levels. -5 | accomplished through | of ESS is the main goal and
% | the inner current and | is generally also
» Power converters for | — | voltage-control loop. accomplished through the
DG unit are classified inner current and voltage-
into two  general control loop.
categories: grid- In primary control | Controlling the active power
forming and grid- | & | adjustthe frequencyand |in the MG is the
following. © | amplitude of the voltage | responsibility of the storage
E—’ references that feed the | system, which must monitor
+ Droop control is| % |inner current and | it continuously by detecting
more reliable and of voltage-control loops. frequency variations.
lower  cost than The responsibility of the
communication The responsibility of | secondary control in storage
methods . . for o | Secondary control is to | system is monitoring the
1mplem§:nt1ng primary | = | supervise and monitor | system fluctuations. Then,
control in MGs < | the system, to adjust for | after compensating the
% | deviations in  both | power variation, the
+ The  secondary | 3 voltage and frequency. secondary control brings
cgqtrol level can, be the power output of the ESS
d1v1de(11' . 1nt((i back to zero.
gentreilzle' d cont aln The purpose of the
ecentrahized Controis. o | tertiary control is to | As the third level is labeled
- © | manage power flow by | as a connection element in
i The. dgflnltlon of = | regulating amplitude | the main grid, and the
centrallz?tlor} OF | 5 | voltage and frequency | storage system is based on
gece(riltra 1zeLt10n .51 & | when the MG is in grid- | island mode, storage control
o?il?e L(/}réCtCe posttion | =1 1 jected mode. does not contain tertiary
controls
2.3 Summary of the chapter

In this chapter, a theoretical foundation for hierarchical control in MG and ESS is

presented. Moreover, a matrix of the available energy storage technologies and

applications is proposed. As can be seen from the statistics provided in this

chapter, hierarchical control and energy storage in modern grids are very

interesting topics, and research in this area has grown rapidly in the last ten

years. The hierarchical control structure of MGs, which consists of four control

levels, is discussed in this chapter along with the objectives of each control level

and their principles. Storage technologies and applications are also introduced

and the proposed matrix of technologies and applications is comprehensively
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analyzed. The chapter is based on Publications I and II, which are also

summarized in Tables 2.4 and 2.5.

Table 2.5

Summarized of ESS in modern grid

Descriptions

Technologies

Applications

«Energy storage technologies
are used in modern grids for
a variety of applications and
with different techniques.

« A matrix of the available
technologies and
applications has been
presented in this chapter.

« The technologies and
applications of ESSs are
described thoroughly and are
compared on the basis of
many different parameters,
such as capacity, storage
power, response time,
discharge time, and life time.

« For implementing an
optimum storage project,
different steps need to be
considered:

» Investigating the type
and size of the storage
system and selecting the
one that is best for the
system

Defining the best control

strategy for the application

considering the selected
storage system

» Energy storage can be
achieved in the storage
element by converting
electrical energy into
another form.

+ Technologies of ESS
classified in five main
types:
v"  Electrochemical
Electrical
Thermal
Mechanical
Chemical

« Electrical energy storage
techniques have only a
limited number of
potential applications,
focusing on power system
transient issues, such as
improving power quality.

« Electrochemical storage
is the most commonly
used technique and covers
many applications, such as

voltage support, black
start, and  frequency
regulation.

«Different applications can
be provided with ESS to
MG, which are classified
into four different groups:

v" Bulk energy

v' Ancillary service

v" Customer energy
management

v" Renewable energy
integration

o+ There are several

applications which can be
used in different parts of a
power system. This chapter
demonstrates the locations

of each energy storage
application in power
system.

« The battery’s energy

storage can support the
system in ancillary service
and  customer  energy
management applications.
The technique 1is also
possible  for renewable
energy integration, such as
time shifting and capacity
firming,.
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3 STANDARDIZATION

The other main challenge in modern grids is the standardization of hierarchical
control. Recently, researchers have investigated different parts of the system to
establish an association between MGs and international standards. A brief
statistical study using the Web of Science and the IEEE xplore search engine
showed an increase in research into these subjects over the last ten years (Fig.
3.1). Indeed, the research described in the literature includes all elements of the
system, both those in the security and communications part and those in the
electrical part. A conceptual model of the modern grid for the purposes of
standardization is shown in Fig. 3.2. Apart from the general issues of applying
standards to modern grids, the figure illustrates specific application areas where
suitable standardization is necessary, such as (IEC Roadmap, 2010):

e Transmission

e Advanced distribution management

¢ Distribution automation

e Substation automation

¢ Distribution energy resources

¢ Demand response and load management
e Electrical storage

e Renewable energy generation

MG standardization

50

40

il

2005-2009 2010 2011 2012 2013 2014 2015
Years

Published research

Figure 3.1 Statistic of MG standardization
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Since this doctoral dissertation concentrates on the distribution system, an
investigation of standardization in this topic is presented in the following
chapter. In this chapter, to address the existing research questions on
standardization (mentioned in Chapter 1), the IEC/ISO 62264 international
standard is adapted to MGs and ESSs, which are considered from a hierarchical
control viewpoint. In this standard, the interface between the manufacturing
control functions and the other enterprise functions is considered.

Markets Operations

Service Customer

Provider
n o

g iLjLl
ﬁ' Juia
Power Generation Transmission Distribution
Electrical Fellow — SeCUTe Communication of Fellow

Figure 3.2 Overview of the electrical and communication flows in modern grid
(IEC Roadmap, 2010)

3.1 Distribution system standardization

The IEEE and IEC are two impressive collections of standards that cover the
standardization of different parts of the distribution system. Indeed, some parts
of these standards can be considered to be the core of standard to be
implemented in the modern grid.

3.1.1 IEC standards

The Distributed Resources (DR) in modern grids may include photovoltaic, wind
turbine, distributed energy storage systems and so on. The standardization for
photovoltaic systems is provided by IEC 60904 for photovoltaic devices; IEC
61194 for the characteristic parameters of stand-alone PV systems; IEC 61724 for
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guidelines for measurement, data exchange, and analysis of performance of
photovoltaic systems; IEC 61730 for PV qualification of module safety; IEC/TS
61836 for the terms, definitions, and symbols for PV systems; IEC 62446 for
requirements for system documentation, commissioning tests, and inspection of
grid-connected PV systems; and IEC/TS 62257 for recommendations for small
renewable energy and hybrid systems. For standardization of the other most
popular renewable energy sources, the minimum design requirement for wind
turbines and all related subsystems is described in the IEC61400 standard, parts
one to three (IEC 61400 1-3) of which involve the design requirements for
general, small, and offshore wind turbines.

Since communication is a significant part of power systems, and especially of
MGs, identifying a communication protocol standard is required. In this regard,
IEC61850 is presented to describe communications in power substation
automation systems. The standard is divided into a number of different parts, the
first five of which present basic issues such as principles, general requirements,
systems and project management, and communication requirements. In the sixth
part, the configuration of substation automation systems is considered; the basic
communication structure is described in part seven. There are some extensions
in this part related to distributed energy resources that are present in IEC 61850-
7-420, and which might be used in designing the communication system for DGs
(Cleveland, 2008). Finally, mapping to manufacturing message specifications,
measuring, and conformance testing are discussed in parts 8, 9, and 10,
respectively. Moreover, part 25 of IEC 61400 discusses the standardization of
communication for the monitoring and control of wind power plants. The five
series in this part (IEC61400-25-1 ... IEC61400-25-5) respectively describe
principles and models, information models, information exchange models,
mapping to communication profile, and conformance testing. (IEC Roadmap,
2010)

3.1.2 |IEEE standards

In the US, the energy policy established IEEE 1547 as the national standard
which concerns interfacing between DRs and the main grid; it also establishes
the criteria and requirements for the interconnection. The requirements are
related to operation, performance, safety considerations, and maintenance of the
interconnection. However, this standard is not concerned with DR self-protection
or with planning, designing, or operating the main grid. IEEE 1547 exists in a
number of different series. In the first series of the standard, IEEE1547.1, the
requirements specified in IEEE 1547 must be considered for interconnection
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equipment that connects the DGs to the main grid. To this end, UL 1741 also can
serve as an alternative standard (Ustun, 2011). The second series of the standard,
IEEE1547.2, discusses the technical background and application details for
supporting the interconnection. The next series, IEEE1547.3, considers the issues
of monitoring and communicating between DGs for the purpose of exchanging
information and controlling the interconnection between the resources and the
main grid (Basso, 2004). IEEE1547.4 is one of the fundamental standards
focused on MG standardization. The series deals with the integration of an island
system with the main grid and covers planning and operating aspects, such as the
impact of voltage, frequency, power quality, protection reserve margins, and load
shedding. Given advancing technologies and the appearance of some large
capacity systems, the first series of the standard cannot cover systems with
electrical power sources greater than 10 MVA, so the target of IEEE1547.5 is to
provide guidelines for such systems. In the IEEE1547.6, the integration of
secondary distribution networks with the main grid is described. The most
important step in the standardization is in IEEE1547.7, which considers DGs and
MGs. The series investigates the impact of the DG in the system, taking into
account the required methodologies and testing steps. Finally, in the last series
(IEEE1547.8), practices for establishing methods are recommended (Planas,
2013).

In US also the critical requirements for interconnecting photovoltaic systems to
the main grid are covered in Standard IEEE 929. This standardization effort
applies to utilities interconnecting photovoltaic power systems operating in
parallel with the main grid through inverters to adaptation DC to AC. The
standard contains guidelines related to equipment and requirement functions for
compatible operation of the photovoltaic system. The guidelines also describe
personal safety, equipment protection, and power quality (IEEE, 2000).

3.2 Hierarchical control based on IEC62264 standard

The electrical connection point of the DER defines the characteristics of the
interaction between other sources or electrical power systems, such as MGs,
isolated loads, and utility power systems. The connection point between different
parts of the system is hierarchical and, as discussed in Chapter 2, control of the
system is also based on a hierarchical method. Indeed, the variations in power
generation and interconnection, as well as the electrical interface between
different sources, energy storage, and the main grid, may be barriers to the
achievement of a common standard for connecting DERs to the grid (Planas,
2013). In order to deal with these issues, this doctoral dissertation suggests that
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the IEC/ISO 62264 international standard be applied to MGs, which are
considered in Publication III from the hierarchical control, energy storage, and
energy market perspectives. In order to present a complete standard solution,
those operational concepts of MGs that have some impact on participation in
active network management including power quality, the principles behind
island detection methods, black-start operation, fault management, and
protection systems, are described in Publication IV.

In this standard, the interface between manufacturing—control functions and
other enterprise functions is considered (IEC, 2003). As mentioned in
Publication III, the objective of IEC/ISO 62264 is to offer consistent terminology
for supplier and manufacturer communications, and to thus serve as a
foundation for clarifying applications and information.

Among the benefits of the standard are that it can reduce the time necessary to
achieve high production levels, reduce the cost of automation of the
manufacturing process, and optimize supply chains. Moreover, the standards do
not suggest that there is only one way of realizing the integration of control
systems and neither do they limit the developer of the control system on the basis
of the subsequent control methods. The IEC/ISO 62264 is based on the target of
each control level and is not concerned with details such as the type of control.
(IEC, 2003)

In Publications IIT and VII, the target of each level in the standard is defined. The
IEC/ISO 62264 standard has five levels: Level zero indicates the process of
manufacturing or production (in this application the power generation) and deals
with the fundamental information and management. Level one specifies sensing,
sensors, and actuators to monitor and regulate generation. On this level, direct
control for providing stable output from units and the measurement of deviations
in response to each immediate variation in the system are discussed. Moreover,
the collection of data and the transmission of information to the upper control
level are further objectives of this level. Level two involves control activity for
monitoring and supervising the process in order to keep it stable. In this level,
the information received from level one is analyzed to determine the limits of the
system. Moreover, the position of the system is determined and used to optimize
the operation of the system. Level three creates a connection between two
different part of the control system, taking into account the demand and
detecting energy limitations. Level four concerns the market structure and the
business model of the system. In this level of the standard, the exchange of
production between the generator and the consumer, capital and how to exploit
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it, and consumer service are considered. Indeed, all the level strategies are
investigated in terms of three different categories (IEC, 2003):

e Control implementation: the responsibility and location of each level, as
well their evaluation in response sequencing;

e Coordination and collecting: how information is gathered and how
interfacing with other levels is performed;

e Reliability and stability: the effect of each control level on the system’s
stability.

Based on this standard, control of the system is in hierarchical form and all
commands are executed by imposing them from a higher level.

3.3  Microgrid control standardization based on IEC
62264

Advance hierarchical control methodologies for MG and ESS under the IEC/ISO
62264 standard are presented in Publication III and the adaptation of standard
is illustrated in Figure 3.3. Based on the discussion of hierarchical control in
Chapter 2, the control of the MG is divided into four different levels in order to
achieve the optimum operational reference value. The foundational control level
is the inner control loop (Zero level of IEC/ISO 62264), which is implemented
through voltage and current control loops for power management inside the
sources. Determining an accurate reference value for the voltage and frequency to
provide optimum control of the power converter is the responsibility of the
primary control level (first level of IEC/ISO 62264). The second control level of
the MG hierarchical control can then be covered by the second level of IEC/ISO
62264. As mentioned in Chapter 2, this control level involves two different
approaches: grid-connected and island mode. In grid-connected mode, active
and reactive power of the system is controlled; in island mode, the system
operates on the basis of voltage and frequency control. Monitoring and
supervising the variation in power, voltage, and frequency—as well as
determining the reference value for primary control based on variation—is the
responsibility of the control level. Power management and the reinstatement of
secondary control is the objective of the tertiary control level (third level of
IEC/ISO 62264). Finally, optimizing the set-point operation of the system from
both technical and economic points of view is also the objective of the fourth level
of control in the MG (fourth level of IEC/ISO 62264).
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Figure 3.3 Adopting the hierarchical control to std. IEC/ISO 62264

As described in Chapter 2, since storage units typically play a significant role
when the system operates in island mode, storage control does not contain a
tertiary control, and consists only of zero, primary and secondary control levels.
The principle of the zero level control in ESS (Zero level of IEC/ISO 62264) is the
same as that of the same control level in the DG control. In the primary control
(first level of the IEC/ISO 62264), the frequency of the system is monitored so

that, if the frequency of the system exceeds the maximum value, the need arises
for the surplus energy to be absorbed by the storage system. On the other hand,

with an increase in demand, the frequency decreases toward the minimum
frequency, and the storage system must begin to inject power into the system to
maintain stable operation by covering the shortage in power generation.

However, the storage capacity of the energy storage system is not infinite, so a
secondary control level must be implemented. In the secondary control (second
level of the IEC/ISO 62264), the rate of stored energy and power is monitored to
avoid any overcharging or over discharging of the energy storage system. Hence,
after covering the shortage of power, the energy storage must be recharged for
the next such shortage. In Figure 3.4, the hierarchical control of energy storage
based on the IEC 62264 standard is shown (Kim, 2010).
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by primary control of zero by secondary control
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e Increasing power generation
h *.._by controllable  sources
" (secondary control of DGs

or power supplier)

Figure 3.4 Hierarchical control of ESS
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The final level of the IEC/ISO 62264 standard concerns the business model and
market structure. There are, in general, three main transactional models: the
pool, the bilateral contract, and combinations of these two methods (Chowdhury,
2009). Since the business model and market structure are not the main topics of
this doctoral dissertation, they are discussed only briefly here and some relevant
references are given. Additional information is also available in Publication III.

Finally, considering the information on the hierarchical control of MGs and ESSs
in Chapter 2 and the standard proposed in the present chapter, advanced MG
control techniques using the IEC/ISO 62264 standard are summarized in the
flowchart (Fig. 3.5).
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Figure 3.5 Hierarchical controls of MG and ESS based on std. IEC/ISO 62264

In Publication III, the authors proposed adapting the IEC/1SO62264 standard to
MGs and storage systems. Moreover, Publication IV discusses some additional
issues and develops operational concepts of MGs to have an impact on their
participation in active network management and on the requirements for
achieving targets. On the basis of the analysis in Publication III, the tertiary
control level is disabled when the MG switches to island mode.
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Since the technical focus of this doctoral dissertation is on the secondary control
level, additional topics of MG—such as investigation of island-detection
methods—are described in Publication IV. MGs can develop instability following
planned or unplanned transitions to island mode. For this reason, Publication IV
also addresses the principles of black-start operation, fault management, and
protection systems, taking into account the IEC 62264 standard.

3.4 Summary of the chapter

In this chapter, a new standard has been adopted to the hierarchical control of
MGs and ESSs. The IEC 62264 standard is an international standard that
possesses the same level structure as the hierarchical control of MGs and ESS,
with the same target in each level. In order to provide a complete solution, the
hierarchical control strategy presented in Chapter 2 is summarized in a
comprehensive flowchart (Figure 3.5) based on the standard adopted here.
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4 DISTRIBUTED CONTROL STRATEGY FOR ENERGY
STORAGE SYSTEMS

As discussed in the previous chapters, a decentralized control strategy for ESSs is
needed to obtain coherence in MG control, especially with a distributed structure.
On the basis of the research presented in Publication II (described in Chapter 2),
the electrochemical storage method (battery) is the best storage technology for
implementation in an MG. The energy levels in the storage units of a BESS are
different, so when implementing a decentralized control method, sharing power
between the storage units so that the overall performance of the system is
maintained can be a challenge. This chapter proposes a decentralized control of
ESSs that operates on the basis of the energy level of each storage unit. The DCS
is applied to the secondary control level and, in the first stage, the storage units
supply power (discharging mode). The ESSs are then combined with the DGs,
which they also control in decentralized mode to determine the method to be
employed during charging periods. The structure of the proposed system is
shown in Figure 4.1.

Main grid

=[]

Island

<

v A A JV A JV

L DG, |i i ESS, DG, | {{ ESS,i | ii DG |iiii ESS,
Primary Primary | Primary Primary Primary Primary
i Control : i Control i Control : i Control : i Control : i Control

Secondary Control: {Secondary Controlg Secondary Controli :iSecondary Control; :Secondary Controli :Secondary Control

Figure 4.1 The structure of the proposed system

4.1 DG and ESS configuration

As mentioned in Chapter 2, the DGs and BESSs are power electronic control-
based devices that contain several parts, each with a different responsibility.
Figure 4.2 shows the configuration of the power electronics base sources (which
may be a DG or a battery bank) and details of the hierarchical control and the
responsibility of each control block. The details of the hierarchical control
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described in Chapter 2, and the distributed secondary control level used for the
BESSs and DGs are discussed in the present chapter.
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Figure 4.2 Configuration of power electronic based sources

As mentioned in Publication V, the second control level monitors and reacts to
the system in order to keep deviations in the grid frequency and voltage within
the permissible range of + 0.2 Hz in UCTE (Continental Europe) and + 0.1 Hz in
Nordel (North of Europe), and -6% to +10% for the voltage (Guerrero, 2011;
Morstyn, 2014). Such deviations are regulated toward zero by the BESS each time
there is a load change or when any variation appears in the MG power
generation. In the control method the frequency and voltage are measured at
regular intervals (Shafiee, 2014). The strategies for DCS in DGs are executed
based on a normal averaging method: the DCS uses the average value of
frequency and voltage to eliminate the frequency deviation and to regulate the
voltage of the MG. Since the voltage of the system is not the same at each sample
time, the reactive power is also measured to regulate the set points that are
provided when the power load is shared. The variations of reactive power and the
restoration compensator for voltage and frequency are deduced from equations
(4.1), (4.2), and (4.3) in the decentralized control method (Shafiee, 2014).
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ref \/ ref \/
AVE;ESUk = Gpv (VBESU _VBESUk ) + Givj(vBEsu _VBESUk )dt
N
_ ZVBESU, 41
VBESUk = :lT
f 3 f 3
AfBESUk = pr ( farésu B fBEsuk ) + Gif J-( fBrésu - fBESUk )dt
N
~ Feesu, 42
foesu, =1
‘ N
AQBESUk = GPQ (QBESUk - QBESUK ) + GiQJ' (QBESUk - QBESUk )dt
N
_ Z QBESUi 4-3
QBESUk = Ile
Where,
ref :
RSy Reference value of frequency in BESU
f BESU, The average frequency of BESUx
4f, pesu,  Restoration values of the frequency
C)BESUk The average reactive power of BESUx
QBESUk The reactive power of unit k
AQBESUk Restoration values of the reactive power
Veesy,  The average voltage of BESUx
Vg%U Reference value of voltage in BESU
AVpgsy, Restoration values of the voltage
G Proportional gain for (voltage/frequency/reactive power) in
p(v/f/Q  gecondary control
G Integration gain for (voltage/frequency/reactive power) in secondary
i@/f/Q  control

Due to the energy limitations in the storage system, the secondary control

method for
also needs
performanc

ESS, beside regulating the voltage, frequency, and reactive power,
to control the energy level of each storage unit. To achieve high
e in the distributed storage system, it is necessary to share power

between the storage units on the basis of the energy level of each unit. Hence, in
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this doctoral dissertation, a new method for the control strategy is proposed and
discussed in the following.

4.2 Decentralized energy control strategy for BESSs

With the battery energy storage technique, the operational voltage and current
levels are generated through a series or a parallel connection of cells (Dunn,
2011). The amount of electrical charge in the cell from the fully charged state to
the discharged state is called the capacity of the battery. The State of Charge
(SoC) is the ratio between the remaining capacity and the full charge; this equals
100% at full charge and 0% at full discharge. The energy control in BESS involves
two different approaches: Battery Management System (BMS) and Power
Converter System (PCS). The SoC of each cell in a battery storage unit is
monitored and balanced through BMS, while the output voltage, current, and
load power sharing is implemented by PCS (Lu, 2015). This doctoral dissertation
focuses on the PCS control and proposes a strategy for decentralized power
sharing.

In the first step of the distributed control of ESS, it is necessary to determine an
accurate SoC reference value. Publications V and VI presented a method for this,
summarized here:

To obtain the reference value for energy, the SoC of each BESU (SoCgggy, )

{k=1, 2,..., N} must be measured at each sample time and sent to the other units
so as to calculate the average value of the state of charge (SoCgggy), which is the
sum of all the SoC values (SoCrytq;)divided by the number of BESUs (V):

SoCBEsul + SoCBESUZ +.ot SoCBESUN

SOCBESU = N 4.4

In the next step, to obtain the deviation of each BESU (4,), this average SoC value
is compared with the SoC of the same BESU (SoCpggy, ):

G = SOC—:BESU - SOCBESUk 4.5

To determine the appropriate value of the SoC, a simple PI controller that is
sufficiently fast to avoid full charge or discharge is added. The deviation of the

SoC is amplified by the gain Gps and integrated with the gain Gis. Finally, in the
secondary control level, the control signal for each sample period (Js.c,) is

considered follows:

8506, =Grs + Gy, | Gt 4.6
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A control block diagram for the proposed distributed secondary control for BESS,
designed on the basis of equations (4.1) to (4.6), is shown in Figure 4.3.

4.3 Droop control based on SoC

The reference value is used to determine the deviation of the SoC in the
secondary control level and is sent to the primary control to restore this. In this
doctoral dissertation, the primary level uses the P/f-Q/V droop control method to
regulate the voltage and frequency in DGs and ESSs. However, as described in
Chapter 2, with conventional droop control, the sharing of power between the
different BESUs is based on power capacity, rather than energy levels.

Secondary control level
AV
FBESU
Ol ol S
BESU, N S A E
T 3§ |8
Feesy Frer Frequency control 3 2
£ 3
S| §
QEESU b E
1S )
§ | g
1 o Selyl AQ I &
Qeesu N Rt 7 >
QBESU Qgesu Reactive power sharing —
S0Ceeqy,
1 G +8s| [ 5Suc
S0Cses; N EAirelng j »
SDCIESU' S0Coesy, SoC sharing

Figure 4.3 Decentralized secondary control for ESS

This type of power sharing can lead to some problems in the control system,
where the storage units with lower energy level run out of energy earlier than the
other units, causing frequency to be lost during discharge. Moreover, the storage
units with the highest energy levels become full and drawing energy ceases to be
possible even when the power demand is lower that the generated power—which
would lead to renewable power potential being wasted due to unavailable storage
capacity. Hence, to complete the distributed control of ESSs, a modification to
the droop control is also required. To address this challenge, a modified droop
control in primary level based on the SoC of the storage units is proposed here.
The energy should be balanced during both the charging and discharging process,
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and their outputs or injected powers should be based on the SoC of the same
BESU.

Discharge

p P

~0

Tong = Tois) + 95,

SoC level (%): S0Cqeg, ) SOCqegy,

Droop Coefficient : TP(NI) <TP(NZ)

Discharging Power (W): P1 yP )

Figure 4.4 Modified droop control (discharging mode)

4.3.1 Discharging mode

The method used for distributed ESS when the storage units operate as a power
supply (discharging mode) is evaluated in Publication V. In the droop control,
the frequency and power are taken as reference values, so the modification
cannot be applied to them. Hence, the variation should be controlled through the
droop coefficient. To set the droop coefficients based on the energy level of each
BESU, the output signal of the PI controllers (Equation 4.6) should be added to

the traditional droop coefficient, presented in equation 2.5, so that the new droop
coefficient value (Tpy, ,)) can be defined as:

Tom) = Tees) +9sog, 4.7

Hence, by combining the traditional droop control (2.5) with (4.7), the modified
droop control shown in equation (4.8) is obtained. Moreover, the new droop
control for the discharging stage is illustrated in Figure 4.4.

fo= ™ —Toy (R —P™) 4.8

To equalize the energy storage discharge, the BESU with the lowest SoC should
discharge slower than the others, in order to ensure the appropriate energy
balance. The frequency is equal in each sample period and place and the variation
is also within the acceptable range, so:
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fi=f,=.~f 4.9

By combining equation (4.8) with (4.9) is obtained:

PlTP(Nm) = PZTP(NM) =..= PNTP(NM) 4.10

Based on equations (4.7), (4.8), and (4.10), the droop coefficients at each BESU
should be inversely proportional to the output power in order to achieve energy
equalization. For instance, in a set of BESUs with different SoC levels, arranged
as:

SOCBESU]> SOCBESU2>"'> SOCBESUN 4‘11

Based on equations (4.6) and (4.7), the control signal and droop coefficients of
each BESU can be defined as:

5S0CBESU] < 5S0CBESU2 See< 5S0CBESUN 4.12
Trovi) < Tpavsg << Travyy 413

This means that the droop coefficient of the battery with the highest SoC is
adjusted to the lowest value. Likewise, the BESU with the lowest SoC has the

highest droop coefficient. It can be concluded from equations (4.10) and (4.13)
that, if SoC; > SoC; {i,j=1,2,...,N}, then P;>P;.
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Figure 4.5 Primary level and inner control loop for ESS
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The control block diagram of the modified droop control, as well as other parts of
the primary control, are shown in Figure 4.5. Moreover, a flowchart of the
distributed control strategy in discharge mode based on the proposed method
with the modified P/f droop control is presented in Figure 4.6.
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Figure 4.6 Flowchart of the proposed distributed control (discharging mode)

4.3.2 Charging mode

Also in the charging mode the objective of the control strategy is to set the droop
control on the basis of the energy available in each storage unit. During the
discharge process, the droop coefficient of the battery with the highest SoC is
adjusted to the lowest value of the others. Likewise, the BESU with the lowest
SoC is regulated to the highest droop coefficient. However, inverse
proportionality cannot be used for the charging period, and the droop coefficient
should be set to be proportional when the batteries absorb energy. The charging
process for the proposed method is investigated in Publication VI. To achieve an
optimum charging period, the output signal of the PI controllers (Equation 4.6)

should be subtracted from the droop coefficients, so that new droop coefficient
for the charging period (Tp(y,,)) is defined as:

Tone) = Tees) ~soq, 414
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Hence, by combining the traditional droop control (2.5) and (4.14), the modified
droop control for charging mode shown in equation (4.15) is obtained. Moreover,
the droop control for discharging mode (Figure 4.4) is extended to charging
mode (see Figure 4.7).

_ fref ref
fi="f _TP(NKch)'(Pk -P™) 4.15
Charge Discharge
Af
TP N
TP(NZ) (Ny) f ref
TP(Nl)
TP(Nz)
>
h__R R h P
Totha = Tres) ~ Osec, Tone) = Tes) T 9sec,
SoC level (%): SOCqeg, ) SOChqeqy, SoC level (%): SOC gegy ) SOC e,
Droop Coefficient:Tp ) ) Tp(n,)i  Droop Coefficient T,y (To (.,
Charging Power (W): |P2 |) |P1| Discharging Power (W):P, ) P,

Figure 4.7 Modified droop control (charging and discharging mode)

To equalize the energy storage in charging mode, the BESU with the lowest SoC
should charge faster than the others, in order to ensure energy balance. Taking
into account equation (4.9) and applying equation (4.15):

T N 4.16

(Nnen)
To achieve energy equalization in the output power, based on equations (4.14),
(4.15), and (4.16), the droop coefficients at each BESU should be proportional to
the energy level during the charging mode. For the example of discharging mode
with the order of the SoCs in equation (4.11), the BESU with the highest SoC
absorbs the least energy while the most energy is injected into the storage unit
with the lowest SoC level (if SoC;> SoC;{ij=1,2,..,N}, then |P;|<|P}|). A
flowchart for the distributed control strategy based on the proposed method with
the modified P/f droop control shown in Figure 4.6 is extended to charging mode
in Figure 4.8.
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Figure 4.8 Flowchart of the proposed distributed control (Charging and
discharging mode)

4.4  Summary of Chapter

In this chapter, a decentralized secondary control strategy for a distributed
energy storage system, installed beside each DG, is proposed. More details about
the method used are available in Publication V and Publication VI. Since the
energy level of each storage unit is different, the main challenge in the distributed
control strategy is to balance the energy. In this regard, a droop control method
with the ability to share power based on the SoC of each battery is also employed:
the droop coefficient is set to be inversely proportional during the discharging
period and directly proportional during the charging period. Thus, the storage
unit with the highest (lowest) energy level provides more (less) power to support
the load when the storage unit operates as a power supplier, and absorbs less
(more) power when the power generated exceeds the demand.
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5 EVALUATION AND DISCUSSION

The proposed distributed cooperative control of BESSs and the decentralized
control of DGs based on the modified droop control method are analyzed from a
technical point of view in Chapter 4. The adopted standard for the hierarchical
control of DGs and ESSs is presented in Chapter 3. This chapter ties these topics
together by evaluating the proposed method using simulations and also
investigating the result based on the adopted standard. The chapter summarizes
the attached Publications III, V, VI, and VII.

5.1 Evaluation

To evaluate the proposed method for distributed cooperative control of BESSs,
PSCAD/EMTDC software is used. The simulation system consists of three battery
bank units connected to an AC bus through a power electronics interface. The AC
bus supports two linear and one nonlinear load in a balanced three-phase system.
Two resistors (Rr;, Ri-) are used as the linear loads while the nonlinear load is a
diode rectifier loaded with a capacitor (Cy;) and a resistor load (Rnz). The
different distances between the loads and the storage units are considered, so
that the each load is 50 m away from the AC bus and the interval distance storage
units are 200 m, 150 m, and 100 m for BESU, to BEUS;; to model the distances
and distribution lines, nominal pi-sections is used.

Firstly, the cooperative control for distributed BESSs is evaluated during the
discharging period. During the time that these storage units operate as a power
supply, the initial value of the SoC is adjusted by 5% difference, so that Battery 1
is full (at 100%) when the SoC of Batteries 2 and 3 are at 95% and 90%,
respectively. Secondly, to charge these batteries, three DGs are used, one located
beside each BESU, so that the distances from the DGs to the AC bus are also 200
m, 150 m, and 100 m. As with discharging mode, the initial value of the SoC is
also adjusted by 5% difference for charging time, so that that the SoC of Battery 1
is at 20% while Batteries 2 and 3 have SoCs of 15% and 10%, respectively. The
configuration of the studied system is shown in Fig 5.1.

The equalization of the energy levels of each BESU for both discharging and
charging periods is illustrated in Fig.5.2: this figure shows that the SoCs of these
storage units, though they are different at the start, become closer to each other
step by step, so that the 10% difference at the beginning of the simulation
decreases to almost zero by the end of simulation.
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Moreover, the absorption and injection of shared power is based on the SoC level
of each storage unit during the discharging and charging modes. When the
storage units operate as a power supply, to allow the BESUs to supply the loads,
the battery with the highest SoC (Battery 1) provides more power than that with
the lowest energy level (Battery 3). However, during charging mode, the storage
unit with the highest energy level absorbs the lowest amount of power, while the
storage unit with lowest energy level absorbs the highest power. The result of the

power sharing of each BESU is illustrated in Fig.5.3 for the both discharging and
charging process.

VsI DG2

Figure 5.1 Configuration of the studied system
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The total duration of the simulated period is 40 seconds and, to better evaluate
the power sharing based on the SoC modified droop control, two different time
intervals are analyzed. The equalization of the power and SoC based on the two
different time intervals is shown in Fig. 5.4 (discharging mode) and Fig.5.5
(charging mode). The initial difference in energy levels between the storage units
with the largest differences (BESU, and BESUj;), is 10%, while by t = 20 s, the
difference has decreased to almost 2%.
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Figure 5.3 Power sharing (a) discharging (b) charging & difference between
unit 1 and unit 3 (c) discharging mode (d) charging mode

The difference continues to reduce step by step in the second time interval,
almost reaching 0.1% by t = 40 s in discharging mode. This equalization is also
illustrated in the absorbed and injected power, with the difference in injected
power being almost 175 W during the discharging mode and 200 W in the
charging process; at the end of the first time interval, the difference is 40 W for
discharging and 100 W for charging. The differences drop below 40 W and 10 W
at t = 40 s for the charging and discharging modes, respectively. During both
discharging and charging, the speed of convergence decreases with each time
step on account of the decreasing error values between the SoC and the power
sharing. Moreover, the fluctuation in power is higher during the charging process
than during the discharging process because of the variation in output power of
the DGs. The main parameters for the simulation are available in Publications V
and VI.
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Figure 5.4 Analysis of discharging mode

5.2 Discussion

The different levels of IEC/ISO 62264 (described in Chapter 3), the hierarchical
control of DGs and BESSs (described in Chapter 2), and the proposed
decentralized control (describe in chapter 4) are treated together in Publication
VII. The hierarchical control of MGs and ESSs has been considered in four
different levels; the IEC 62264 standard also has five levels with the same
objective as the hierarchical control at each level. The hierarchical control and
adopted standard can be harmonized as follow:

e Level zero of the IEC/ISO 62264 standard considered the fundamental
information on production units; the responsibility of the hierarchical
control of DGs and BESSs in this level is to implement the inner control
loop through voltage and current control loops so as to keep the power
output at a given reference value.
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Figure 5.5 Analysis of charging mode

The first level of the IEC/ISO 62264 standard detects any variation in the
system and acts to cover it immediately by measuring the difference and
transferring it to the upper control level. In the hierarchical control of
DGs and BESSs, determining accurate reference values for voltage and
frequency so as to maintain the optimum control of the power converter is
the responsibility of the primary control level.

The second level of the IEC/ISO 62264 standard monitors and supervises
the system to keep it stable and under control; the second control level in
DG and BESS hierarchical control covered by the standard level.
Monitoring and supervising the variations in power, voltage, and
frequency—as well as determining the reference value for the primary
control based on the variation—are the responsibilities of the secondary
control level.

The duties of the third level of the IEC/ISO 62264 standard are to create
a program to manage the coverage area and to produce an optimized
strategy to support the subsystem, while the objectives of the tertiary
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control level in DGs and BESSs are power management of secondary
control and also interfacing with main grid.

e Optimizing the set-point operation of the system from both the technical
and economic points of view is another objective of the final level of
control in the MG, with the fourth level of the IEC/ISO 62264 standard
discussing the market structure and the business mode of system.

The adaptation of the decentralized control and the proposed standard are
illustrated in Fig 5.6. Although the structure of the control is same for both DGs
and BESSs, there are some differences in the responsibilities of hierarchical
control between them. Hierarchical control is defined based on the type of the
connection of the MG. As mentioned in previous chapters, the storage control
does not have a tertiary control, but consists only of an inner control loop,
primary, and secondary control levels, as it operates in island mode. The
responsibility of the hierarchical control of BESSs, in addition to providing stable
power, is to manage the energy levels of the energy storage system and to avoid
the problems of overcharging and over discharging.

Fourth
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Figure 5.6 Microgrid (DGs and BESS) vs. IEC/IS062264 Standard

The energy balancing method for energy storage systems operates with a
hierarchical control strategy. Hence, the proposed decentralized control
methodology for BESS can be matched with the adopted standard. An analysis of
how the decentralized control of BESS could work with the IEC/ISO 62264
standard appears in Publication VII and is summarized in Table 5.1. Since the
system is operated in island mode, the tertiary control level for DGs is disabled
and only the zero, primary, and secondary control levels are included. The
methodology is evaluated using only lithium-ion battery model but it is also
applicable to all other batteries types. This is due to the fact that while the
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batteries differ in terms of their charging and discharging mode characteristics,
this does not have impact the control method. Since the P/f droop method is used
in primary control, the proposed method can only be implemented in AC MGs.
The impossibility of using the method for DC MGs is one of the main limitations
of the method.

5.3 Summary of the chapter

In this chapter, the proposed decentralized control strategy for BESS has been
evaluated using simulations run in PSCAD/EMTDC. In the simulation, a
hierarchical control level is also considered for power management. The
proposed method has also been investigated on the basis of the standard adopted
in this doctoral dissertation (IEC/ISO 62264). An analysis of how the
decentralized control of BESS can work with the IEC/ISO 62264 standard
appears in Publication VII and is summarized in Table 5.1.

Table 5.1 Summarize of responsibility of MGs and description of
IEC/ISO62264 standard
Description in IEC/ISO Responsibility in MG
Levels P / P v Levels
62264 control
Process of manufacturing | Manage the output power of Inner
and fundamental | the DGs and ESS which is
Zero | . . . control
information and | accomplished through the loo
management. current and voltage control. P
Regulate the frequency and
Specifies sensing, sensors, | amplitude of the voltage Prima
First and actuators to monitor | references that feed the inner contrgil %
and regulate generation current and voltage control '§
loops. 2
8 i 3
g Monitori fi 2
:.E Monitoring and Onitoring requency, g
= .. . | voltage, reactive power and | Secondary | O
< Second | supervising the process in o
o] . energy level of each storage control 5
= order to keep it stable. . . N
s unit to restore the variation =
2 £
g =
Connection between two The pmp?SEd. method _is . 3
. . operated in island mode. Tertiary D
Third | different part of the control . A
B Hence, the tertiary control control
. ’ level is disabled.
th ket . . .
Concerns ¢ market | e tertiary control level is Tertiary
Fourth | structure and the business | .
disabled. control
model of the system.
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6 CONCLUSION

The highlights of the approach of this doctoral dissertation—as well as its
contributions to research and an introduction to future research opportunities
and open research questions—are described in this final chapter.

6.1 Summary of research

This dissertation has focused on a method for the decentralized control of an
island-mode AC MG, with special emphasis on energy storage systems with the
aim of sharing power among batteries in a distributed approach based on the
energy level of each unit. Moreover, an international standard is adapted to
hierarchical control of MGs. The doctoral dissertation begins with a description
of the reasons for implementing MGs and continued with a discussion of the role
of ESSs in MGs. In Chapter 2, a comprehensive investigation into the hierarchical
control of MGs is presented, and the technologies and applications of ESSs in
MGs are reviewed. As part of the investigation of hierarchical control in Chapter
2, the principles of the inner control loop, primary, secondary, and tertiary
control levels, and the relations between these control levels are presented. Based
on the research, the technical solutions proposed for the inner control loop and
the primary controls are sufficiently comprehensive to be implemented.
However, in the secondary control level—especially when used with decentralized
control methods—there are many research questions that need to be investigated
in order to complete the control level. In the energy storage part of an MG, the
different storage system technologies first need to be evaluated. To this end,
Chapter 2 also presented a matrix of the relations between technologies and
applications. Many different parameters—such as capacity, storage power,
response time, discharge time, lifetime, efficiency, and others—are compared to
produce the matrix. Based on the literature survey, electrochemical storage can
cover most of the applications in MG; it is also a popular technique for
implementing ancillary services in island MGs. Having presented the hierarchical
control principle of MGs and ESSs arranged into four different levels in Chapter
2, Chapter 3 adapted an IEC standard to the hierarchical control levels. IEC/ISO
62264, which is considered for hierarchical control, has five levels: level zero (the
generation process), level one (the process of sensing and adjusting generation),
level two (monitoring and supervising), level three (maintenance and
optimization), and level four (market structure and business model). Chapter 4
proposes a methodology for the decentralized control of BESSs and for balancing
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energy in the distributed BESS approach. In the first step, the methodology is
investigated for the storage units operating as a power supply (discharging
mode). For high-level control, a distributed ESS is then installed beside each DG,
which is also controlled through a decentralized secondary control technique.
The charging mode is then investigated. To achieve ideal power sharing, a
modified droop control methodology is employed. In this strategy, the droop
coefficient is set to be inversely proportional to the state of charge during the
discharging period and directly proportional during the charging period. In
Chapter 5, the proposed method is evaluated by simulation. The simulation
demonstrating the performance of the proposed control approach has been
carried out using PSCAD/EMTDC software and has been demonstrated that the
storage unit with the highest (lowest) energy level provides more (less) power to
support the load when the storage unit operates as a power supplier, and absorbs
less (more) power when the power generated exceeds the demand. Finally, to
advance the contributions made by this dissertation, the proposed method and
the hierarchical control strategy used in the evaluated technique (based on the
IEC/ISO 62264 standard) are also presented and discussed in Chapter 5.

This doctoral dissertation covers some open research questions in the modern
grid, including:

e Standardization of the hierarchical control in DGs and ESSs;
e Decentralized control strategy in ESSs;

e Power sharing in distributed ESSs based on the energy level of each
storage unit.

To investigate the equalization of energy levels in different storage units, a stable
situation for charging and discharging period has been only considered in this
dissertation. Hence, the sensitivity of the selected control method (droop control)
in transient conditions and the significant parameters for stability in this control
strategy needs more research. Moreover, since the proposed method for power
sharing is based on a modified P/f droop control strategy, it cannot function in
systems without frequency control, such as DC microgrids.

6.2 Contributions
The contributions of this dissertation are as follows:

e Development of a study of energy storage systems, providing a matrix of
available technologies and applications. The assessment demonstrated
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that electrochemical energy storage technologies (batteries) are the most
common type and are most suitable for implementing MGs; they can also
serve in many related applications.

The development of standard solution for controlling MGs and ESSs by
adapting an international standard (IEC/ISO 62264) to the hierarchical
control of such systems. The standard is based on a hierarchical control
on four levels with the common objectives for each level.

The development of distributed control strategies for energy storage
systems to eliminate centralized control techniques. These strategies
enhance the reliability of the system and also help achieve fully
decentralized control of the MG. The method is evaluated for both
charging and discharging modes.

The development of a droop control method for power sharing between
the different storage units on the basis of the energy level of each unit.
The modified droop control is evaluated during the charging and
discharging periods.

Evaluating the proposed methodologies for decentralized control of
BESSs and modifying the droop control to the adapted standard.

Future work

The techniques and contributions developed in this dissertation point to the

following open research issues that can be studied in future:

This dissertation has focused on a decentralized control method for MGs
in island mode. The proposed method could thus also be analyzed in grid-
connected mode, and this is an opportunity for future research.

Analysis of the method proposed here for different ESS applications. The
dissertation has only studied the possibility of the decentralized control of
DGs and ESSs, along with energy balancing. Assessing different
applications of ESS, as presented in Chapter 2, could also prove to be
interesting research.

Hierarchical control of DC MGs is another interesting topic for future
research. The dissertation focused on AC MGs and implemented a
modified P/f droop control on the primary level for sharing power among
the ESSs on the basis of their energy levels. Since there is no need to
control the frequency in DC MGs, the new droop control could be
employed for power sharing.
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In modern grids, power quality remains an interesting open research
question. Since this dissertation has focused on the main function of the
secondary and primary controls in MGs and ESSs, research into other
optional functions, such as power quality—especially if based on the
proposed distributed control—is another attractive research topic.
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Nomenclature MPPT  Maximum Power Point Tracking
MS Microsource

DER Distribution Energy Resource mv Medium voltage

DFIG Double Fed Induction Generator P active power

DG Distributed Generation P reference of active power

DMS  Distribution Management System pmax maximum value of active power
frequency PV Photovoltaic

fmn minimum value of frequency PCC Point of Common Coupling

e reference of frequency P Proportional integral

o reference of frequency for microgrid PLL Phase locked loop

fing frequency in microgrid PR Proportional resonant

fog, frequency in individual DG AP error of active power

fpa, average frequency for all DG units reactive power

FLL Frequency locked loop Q™ reference of reactive power

Af error of frequency max maximum value of reactive power

Afpg,  control signal providing by DGy g;{d reference of r‘eactive power for main‘grid

G; integral gain Qpg, average reactive power for all DG units

Gp proportional gain Qpg, react?ve power in ind.ividu_al DG

Gir control parameters for frequency of secondary level Qgria reactive power of main grid
compensator AQ error of reactive power

Giy control parameters for voltage of secondary level AQpg, control signal providing by DGy
compensator R Resistor

Gip control parameters for active power of tertiary level RES Renewable energy source
compensator Tpg, transfer function of active power

Gio control parameters for reactive power of tertiary level ~ Tp transfer function of PI controller in abc frame
compensator TSRC transfer function of PR controller in abc frame

Gyt control parameters for frequency of secondary level — Tp/ transfer function of PI controller in dq frame
compensator ng transfer function of PR cqntroller in stationary frame

Gpv control parameters for voltage of secondary level TQ(}J transfer function of Reactive power
compensator v reference of voltage

Gpp control parameters for active power of tertiary level ~ V™" minimum value of voltage
compensator V;ﬁé reference of voltage for microgrid

Gro control parameters for reactive power of tertiary level ~ Vimg voltage in microgrid
compensator !DGK voltage in individual DG

HC Harmonic compensator Vbee average voltage for all DG units

HV High voltage VSC Voltage source converter

Lv Low voltage AV error of voltage

MG Microgrid AVpg,  control signal providing by DGy

MGCC  Microgrid Central Controller X inductance

1. Introduction

Photovoltaic cells (PV) and wind power generation are the most
popular of the energy sources that can be integrated into the main
network in the form of Distributed Generators (DG) or Microgrids
(MG). Indeed, MGs consist of a methodical organization of such DG
systems [1-6]—an organization that leads to increase in system
capacity and achieves high power quality [7].

From the control point of view, in a traditional system,
distribution of electricity is managed with a multilayer process
and connected to the main network [8]. However, in MG and DG
systems (the modern approach), the management of electricity
distribution is handled in different sectors for participation in
active network management based on market terms [9-11].

As presented by Vandoorm et al. [12], in the modern approach,
the control of generation units and systems—especially in island
mode—have some significant conflicts with the conventional
system, such as the lack of rotating inertia, the changes in the
effect of line impedance on active and reactive power control, and
the variations in power generation from RESs.

Since future distribution networks will require completely
novel smart-grid concepts [13], it is necessary to conceive of
flexible MGs that are capable of intelligently operating in both

grid-connected and island modes. In this regard, the authors
present a control algorithm for MGs participating in the active
network management in [14,15]. Moreover, along with the control
algorithm, these papers present a general standardization of MGs
for hierarchical control. This research is, however, theoretical and
investigates standardization from a standards point view, so the
objective of the present paper is to investigate the control
algorithm, both technically and from the point of view of micro-
grid control, from power generation using RESs (zero level) to
synchronizing the MG with the main network (third level).

Based on the previous research, controlling the DGs and MGs is
critical, and it is necessary to implement a hierarchical control
system for them [16]. As shown in Fig. 1, the hierarchical control
structure of MGs can be classified into four control levels. In the
first step, the paper focuses on the principle of how the power is
generated with the two most popular RESs, namely photovoltaic
and wind turbine generation. The output voltage and current from
the grid-side power converter of these sources are input data for
the inner control loop (level zero). Then, to achieve high impact
management, accurate references are required, which is the
responsibility of the primary control. The strategy of the control
level is an independent local control for increasing the reliability of
the power system. On the next level, the approach of Secondary
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Primary Control

—

-

Establishes an interface between the microgrids and main grid to exchange the
information with main network

Monitoring and supervising the system to collect the necessary information from
DGs for control the system ,and regulating them

an independent local control for increasing the power reliability

managing the output power of RESs which consist of voltage and current loop

-

Fig. 1. The hierarchical control structure of MGs.

Control is to monitor the system and collect the necessary
information from DGs to control the system in island mode, and
to regulate them based on network data in grid connection mode.
Finally, in the last step, the tertiary control level establishes an
interface between the MGs and the main grid to exchange the
secondary control's information with the network.

The present paper discusses the above issues, and employs the
following organization: The inner control loop is discussed in
Section 2. The structures of primary and secondary control in MG
are investigated in Sections 3 and 4, respectively. The tertiary
controls are discussed in Section 5. Finally, the conclusion is
presented in Section 6.

2. Inner control loop

Managing the output power of microsources (MSs) is the main
goal of this control level (level zero), and is generally accomplished
through the inner current and voltage-control loop. Indeed, the
first step in MG control is the source operating point control, using
power electronic devices [17]. As mentioned above, wind power
and PV are popular primary RESs, and the installation of such
sources around the world is undergoing enormous growth due to
the high potential, easy accessibility, and endless supply [18-20].
Hence, investigating their power generation and control strategies,
as well as the inner current and voltage-control loop, is the first
step in the control of MGs.

2.1. Wind power

Wind turbines convert kinetic energy into electricity [21,22],
and there are many different classifications based on speed
[23,24], control methods [25,26], and other factors. Indeed, the
Doubly-fed Induction Generator (DFIG) is the most popular type of
wind power generation used in MGs [27-31]. DFIGs are highly
controllable and allow maximum extraction of power over a large
range of wind speeds. Furthermore, control of the active and
reactive power is fully decoupled via the independent control of
the rotor currents [28,32]. A comparison of the control strategies
and structures of other types of power generation with those of
DFIGs is presented in [33,34].

2.11. DFIG

Doubly-fed induction-generators consist of two AC/DC (rotor
side) and DC/AC (grid-side) converters, with a dc link that can
either inject or absorb power from the grid, actively controlling
voltage. The responsibility of the rotor side is to optimize the
power generation from the source; on the other hand, control of

the active and reactive power, as well as the dc link voltage, is the
duty of the grid-side converter [35].

Fig. 2 shows the complete DFIG equivalent circuit, along with
the control block diagrams for the wind turbine back-to-back
voltage source converters for variable speed operation [36-38].
Indeed, in the rotor-side converter, the voltage of the rotor is
achieved by comparing the stator power with its reference. The
issue here, however, is in defining the active and the reactive
reference values, respectively determined in the dc link and in the
block controlling the reactive power. Moreover, defining the
reference value for amplitude voltage and frequency in this figure
is the responsibility of the primary and secondary control, which
will be discussed in Sections 3 and 4, respectively. The other block
diagram presents the grid-side converter controller. The input to
the grid-side controller is the set of values for the currents flowing
to the network through the Voltage Source Converter (VSC).

The capacitor in the dc link is an energy storage device, and the
energy time derivative in this capacitor depends on the difference
between the power delivered to the grid filter and the power
provided by the DFIG rotor circuit [36,39]. Indeed, the power factor
in island-mode MGs is very sensitive; any changes will cause large
load variations, destabilizing the ac side. Hence, use of energy
storage for system support is recommended if power quality and
reliability is to be increased in these systems [40,41].

2.2. Photovoltaic system

The whole of the PV system has an impact on the output power
performance; however, the functions of the control system and the
construction of the power electronics are more significant. In
[42-44] different techniques to develop the inverter of the photo-
voltaic system are presented, and in [45] different types of PV
arrangement along with the inverters are discussed [46].

Fig. 3 presents a block diagram of the PV module with its
controller structure. The simplified equivalent circuit of a PV cell,
as illustrated by this figure, consists of four different parameters:
light current (I}), series resistance (R;), saturation current (I,), and
the thermal voltage timing completion factor () [47,48]. Indeed,
the voltage—current and of current-power characteristics [49,50]
are crucial in achieving maximum power in a PV system. The
actual solar cell is clearly much more complex than that indicated
by the equation. But setting the parameters to be functions of
temperature, solar irradiation, or load current should suffice for
our purposes. The light current (I;) and saturation current (I,)
depend on solar temperature and radiation [51]; the thermal
voltage timing completion factor (@) depends on temperature;
and the series resistance (Rs) can be calculated in several ways
[52,53], and is also provided by some manufacturers.
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With PV panels being costlier than other types of RES devices,
the maximum product effectiveness is very important. A certain
point of current and voltage defines the Maximum Power Point
Tracking (MPPT) during connection to the grid; however, the
operating point when the load is connected to the PV panel
directly depends on the load demand, and may be less than the
MPP. Indeed, MPPT depends on temperature and irradiation in a
nonlinear way, and there is no priority in it. One control method
for transferring maximum array power is perturbation and obser-
vation (P&O), which transfers the operating voltage with respect to
the MPP and periodically increases or decreases the array voltage
[54-56]. The technique works at the optimum point where
insolation varies rapidly in time; however, there are some oscilla-
tions around the MPP. Another method is voltage feedback, which
regulates the voltage base on the basis of a comparison of output

with the reference value. The method is simple to implement, but
is not suitable when there are variations in temperature. The third
method is model-based computation, which has two major
categories: CMPPT (current-based) and VMPPT (voltage-based).
There are also many other methods, such as the measure method
[57,58], the linear approach [59] and incremental conductance
[60,61].

Based on the comprehensive research presented by Hohm and
Ropp [62] and Alanen [46], the first method (P&O) is currently the
most commonly used algorithm in commercial converters and has
the potential for optimization.

As shown in Fig. 3, after the PV module and the MPPT hardware
structure of the system come the dc-dc converters and inverters,
whose responsibility is to create optimum conditions to support
the normal customer load or send power into the network in
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grid-connection mode. In a photovoltaic system, the reference
value for voltage and frequency is defined through the primary
and secondary control, just as in wind turbine control.

2.3. Voltage and current-control loop discussion

After stabilizing the generation of power from RESs, the active
and reactive power set value determine the current and voltage
loop through the grid-side power converter. Indeed, the definition
of the reference value is dependent on the state of the MG
connection, which means that the purpose of the power electro-
nics interface in voltage control mode is to manage the frequency
and voltage inside the MG when the system is in island mode, and
to operate based on active and reactive power control mode in
grid-connection mode [63-65].

Moreover, based on the operation modes, the power converter
in a MG can be classified as grid-following or grid-forming [66].
Recently, comprehensive research into this classification has been
presented by Rocabert et al. [67] and Rodriguez et al. [68]. As
shown in Fig. 4, the simplified arrangement of the power con-
verters is presented based on an ideal ac voltage and current
source with low and high output impedance, respectively, for grid-
forming and grid-following converters. To determine the reference
value for voltage and frequency, a proper voltage and current-
control loop is required. Dong [69] and Tarasantisuk et al. [16]
present a complete modeling and control design methodology for
converters and discuss the current and voltage-control loops.

Grid-forming power converters operate on the basis of voltage,
while grid-following convertors are based on current; the deter-
mination of the reference values in the different models of these
categories will be discussed in Section 3.

3. Primary control

The target of this control level (level one) is to adjust the
frequency and amplitude of the voltage references that feed the
inner current and voltage-control loops, and to reduce the circu-
lating currents. The primary control should have the fastest
response to any variation in sources or demand (on the order of
milliseconds), which can be assisted to improve the power
reliability.

Primary control in conventional grids for maintaining the
power within desired parameters is based on rotating inertia in
the system. However, in MGs, on account of their use of power
electronics interfaces, this significant feature is lacking [12]; the
principle of this control level in MGs is shown in Fig. 5. As
mentioned previously, power converters for DG unit are classified
into two general categories: grid-forming and grid-following. A
comprehensive review of primary control in grid-forming strate-
gies is presented by Vandoorm et al. [70] and grid-following
techniques are discussed by Blaabjerg et al. [71]. With respect to
this classification, Fig. 6 shows a complete overview of different
techniques of primary control.
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3.1. Primary control based on grid-forming JjX i R
LYYV NNV
Grid-forming control strategies are based on voltage control, —»
and in island mode of a MG, at least one of the converters must S§=P+jO

operate in this mode to provide the voltage reference for other
converters [72]. As shown in Fig. 6, the primary control in grid-
forming is divided into two different parts that operate with and
without a communications link. Such a communications link can
increase the investment cost of MGs over no-communication
techniques; however, power sharing and voltage adjustment is
very accurate with this method [70].

3.1.1. Control methods with communication

The first strategy based on communication is the concentrated
method, in which active and reactive power is managed using a
central controller. A requirement for such strategies is that a
communications link exists between the central control and other
units. The concentrated method has two versions, central limit
control [73,74] and power deviation [75]. Central limit control
consists of a voltage controller that provides the voltage reference

®e r(v)

Fig. 7. Equivalent circuit of power converter connection to the grid [67].

and a controller for defining current reference value for other
units. The current reference value depends on variation in the load
and the number of units. Indeed, the power quality of this method
is high, as it can manage power even during transients, but
requires a high-bandwidth communications link.

As will be explained in the next section of this paper, active and
reactive power are defined based on the phase angle and voltage
amplitude, respectively, in inductive networks, and vice versa in
resistive networks [76]. The principle of the power deviation technique
is based on this. The second control method based on communication
is a master-slave strategy [77-79], which again has two variants.
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The master unit consists of a voltage controller for regulating the
output voltage; it assigns the current reference for the other units that
follow the master—the slave units. The master unit may be central
[80,81] or decentralized [82-84], and that choice is made based on the
fixed module, arbitrarily, or based on maximum current. In grid-
connection mode with this method and a central controller, the grid is
defined as the master, so there is no need for any special control for
grid connection and island detection operation. The third strategy is
based on average current-sharing, without a master unit. The refer-
ence

value of current and voltage are determined individually in each
module using a common current-sharing bus and voltage-reference
synchronization.

The fourth strategy is also based on current-sharing. In this
method, the reference values for current and voltage are deter-
mined based on the peak-value calculation of voltage amplitude
and phase angle; the method is thus called the peak-value current-
sharing technique [85,86]. Indeed, during island-mode operation,
there is one voltage-based control converter used to obtain the
reference value, and other converters only operate with the
current-control loop.

Other primary control methods based on communication are
circular chain control [87], distributed control [88], and angle droop
[89] (this method has the same principle as the droop control
method and uses GPS signals to determine the reference angle).

3.1.2. Control methods without communication

Taking Fig. 6 into account, the other category of primary control
strategies that operate without communications links is based on
droop control. This type of control is more reliable and of lower
cost than communication methods, and is usually implemented in
projects with long distance [70].

3.1.2.1. Droop control. Droop control methods depend on the types
of generators and power system, of which an equivalent circuit is
shown in Fig. 7. There are three types which the droop control
method varies for each of these types of system [90]:

® Group 1: large systems (HV) with high dispersion, where
resistance is negligible and impedance is approximately
inductive.

® Group 2: medium systems (MV), where the impedance is also
inductive but has some significant resistive part, which helps to
maintain the voltage amount from different sources.

® Group3: small systems (LV), in which inductance is negligible
and the impedance are more resistive.

3.1.2.1.1. (P/f, Q/V) & (P/V, Q/f) droop control. The principle of
droop control for the first and second groups (HV and MV) is based
on the control of synchronous generators [64,70]. The significant
difference between a converter-based MG and the synchronous
generator for controlling the system is inertia. The lack of inertia in
MGs means that the active and reactive power strategy is based on
line characteristics [12]. Power-frequency droop control is dis-
cussed in [91-95]. Active and reactive power is defined as in
(1) and (2) [70].

P=$[R(E—V cos 0)+XV sin 0] 1
Q=R2+LX2[—RV sin 0+X(E—V cos 0)] )

In both high and medium voltage systems, line impedance is
almost inductive, so the resistive part of the above equation can be
removed without creating any inaccuracy. For this reason @ is also
very small and it can be supposed that (sin § =6, and cos 0=1);
therefore, (1) and (2) can be summarized as in (3) and (4)
_EVO
X

p 3

Q= : “)

The principle of the droop control (P[f, Q/V) is then descripted
in Fig. 8 [96,97]. The figure illustrates that the operational voltage
is regulated by a local voltage set-point value, taking into account
the inductive and capacitive reactive current generated by the
MSs. In inductive situations, voltage operation increases, and to
adjust this, the voltage set point must decrease. In capacitive
mode, however, the set-point value increases. The limitations of
the reactive current variability are based on the maximum reactive
power [98,99].

Generally, the frequency and voltage of droop control for large
and medium systems can be determined thus [70]:

f=f" =Ty P—PY) o)
v=ve_T -Q 6
= s (Q-Q™) (6)
N Af AV
fref _ fmin m

T ="prer _prvax @ T =~ _ g <0 @
———

————
AP AQ
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Fig. 9. Principle of the droop control strategy in primary control.

>a

Fig. 10. Difference between the natural, synchronous, and stationary framework.

On the other hand, due to the coupling of active and reactive power
in DG units when inductance is not present, the implementation of this
method can create a particular problem for the third group (low
voltage) [7]. Hence, unlike with the two first groups, the inductance in
the impedance is negligible when compared to the resistance, so the
impedance is more resistive. Hence, taking (1) and (2) with this
assumption on the phase angle (sin =6 and cos 0 =1),

V=V 4 Ty5PY—P) 8)
f=F7 +Tqs(Q -Q). 9)

The active and reactive powers in the group three (small system)
are thus controlled based on variations in the voltage's amplitude
and frequency, respectively. Fig. 9 illustrates the comprehensive
control principle of the droop control strategy in primary control.

There are many different approaches for supporting the
system based on droop control. As mentioned, decoupling the
voltage and frequency-droop controls by analysing and compen-
sating for the effect of line impedance on active and reactive
power flow is the main approach to addressing the effect of
interconnecting line impedance on droop-based control [90]. A
complete and extensive review and technical investigation into
the control strategy is provided by Guerrero et al. [90] and
Bidram and Davoudi [17].

3.2. Primary control based on grid-following

Grid-following power convertors operate based on current
control. As shown in Fig. 6, this type of primary control includes
of three different references frameworks: natural (abc), synchro-
nous (dq), and stationary (af}) [100]. The principles of these
frameworks and the difference between them are shown
in Fig. 10 and discussed by Blaabjerg et al. [71] and Hassaine
et al. [101].

3.2.1. Natural framework

The natural reference framework is based on current control for
each grid phase. However, two current controllers suffice for the
control type and for the third phase control, using Kirchhoff law.
Generally, current control based on natural reference is used
where the system is high dynamic and control is nonlinear. Both
the Proportional Integral (PI) and Proportional Resonant (PR)
controller [102] can be implemented in this method. The structure
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of the frame-control technique is shown in Fig. 11, and the transfer G, 4G 0 0
. . P 2 4 f2
function of the PI and PR controller in the natural framework are s +f .
shown in (10) and (11), respectively [71]. . T (s) = 0 G+ ff)z 0 11
Based on the provided control structure, in the first step, the 0 0 G, 45
current reference values are created by measuring the active and Pl

reactive set values and phase angles of the grid voltage. Then, the
errors in comparing the reference value and measuring the current
act as input for the controller. There are two other controller
types for implementation based on the natural frame reference:
namely, hysteresis controllers [103-106] and dead-beat controllers
[107,108].

+-_Gs _Gp_ Gs+v3Gf _Gp_ Gs—3Gf
Psip? 2 2(2+£) 2 2(2+)
2| _G_ Gs—V3Gf Gis _ G Gis+V3Gf
Tgl;c(s)=§ 27 (24 ) ijsz+f2 2 2(2+r) (10)
_ G Gs+v3Gf _Gp_ Gis—v3Gf G, +-Cis
2 a(2+p) 2 2(2+p) Plseap

PI and PR controllers are used only to create the reference
signals for the PWM controller, which is a modulator needed to
produce the final switching pattern. However, in hysteresis and
dead-beat controllers, the switching of the power converter
uses switching states, so a separate modulator is not needed for
them [71].

3.2.2. Synchronous framework

In practice, it is clear that controlling and filtering can make
simpler by reduced the control items. For this reason, rotating
references are usually more popular in current-based power
converters. Indeed, the natural voltage and current waveform
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(abc) translates to a synchronous frame (dq) with the voltage of
the main network by phase locked loop and the park vector [109-
113]. This control method uses a PI controller, whose transfer
function is described in (12); the structure of the control strategy
is shown in Fig. 12 [71].

As illustrated in that figure, the measured current is compared
with the reference value, which is arrived at using the active and
reactive power set point and the PI controller. Moreover, due to the
increase in the performance of the controller, the cross coupling
terms and feed-forward of the voltage are established [114-116]

G+% 0
dq _ P
T,,,(s)_{ 0 Gpﬂ“ﬁ’}' (12)

3.2.3. Stationary framework

The final method to reduce the control items is to translate the
natural waveform to stationary form (/) and to use a frequency-
locked loop (FLL) to implement this controller [117,118]. Since the
PI controller is not suitable for sinusoidal waveforms, and because
of the dynamic characteristic of the PR controller, this controller is
used for the stationary method. Refs. [115,116,119] presented a
comprehensive investigation of this type of controller.

The transfer function is described in (13), and the control
methodology is shown in Fig. 13. In this control framework, the
use of voltage feed-forward is not required [120], and the PR
controller is operated based on infinite gain at the resonant
frequency to eliminate the steady state error between the refer-
ence value and the control signal [71,101]

Got 3% 0

T%(s) = o Gt (13)

Gis
s2+f?

3.3. Primary control discussion

As mentioned above, this control level is the first step in the
hierarchical control of the MG, and aims at the following targets to
improve the reliability of MGs:

® to give the fastest response to each variation,
® to reduce circulating currents,
® to regulate the voltage amplitude and the frequency, and

e to provide reference values to feed the current and voltage
control loops.

Grid-forming and grid-following are the main types of this
control level. As is well known, the control of MGs is based on
voltage and frequency during the island mode, but on active and
reactive power in grid-connection mode. Moreover, grid-forming
and grid-following operate on the basis of voltage and current,
respectively. Hence, in grid-forming, power converters are able to
control the MG individually, whereas grid-following power con-
verters can only operate correctly in grid-connection mode.

On the basis of the above discussion, the requirements of this
control level are as follows:

® |n Island mode: using at least one of the grid-forming power
converters to determine the voltage reference for the other
grid-following power converters is mandatory.

® |n grid-connection mode: because the control is based on
active and reactive power, and because their reference values
are determined through the main grid, the inverter type is not
important.

A comparison of the different primary control methods based
on their advantages and disadvantages is presented in Table 1,
along with a brief summary of the topic.

Generally, a mechanism should be in place to restore the
system frequency and voltage to nominal values following a load
change [121,122]. In electric power system control, this restoration
mechanism is called the secondary control of voltage and fre-
quency, and will be explained in Section 4.

4. Secondary control

The responsibility of second level control is to supervise and
monitor the system, to adjust for deviations in both voltage and
frequency. Indeed, the secondary control ensures that the fre-
quency and voltage deviations are regulated towards zero follow-
ing each load change or generation in the MG, and serves power
systems by correcting grid frequency deviations within allowable
limits—for example by + 0.1 Hz in Nordel (North of Europe) or
+ 0.2 Hz in UCTE (Continental Europe) [64]. The principle of the
control level in MGs is shown in Fig. 14. In practice, the secondary
control has slower dynamic response to variation, as compared to
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the primary control level [17]. This control level can be divided
into centralized and decentralized control. By far the largest body
of research on MG control has been performed by Chandorkar
et al. [123] and Guerrero et al. [64], who have presented compre-
hensive research into centralized control. Moreover, a novel
approach to decentralizing control based on communications links
is presented in [124].

4.1. Centralized control

The MG controllers in centralized method are based on principles
similar to those of the inner loop controllers, as explained in Section
2. In this technique, there is a central controller—called the Micro-
grid Central Controller (MGCC)—that allows each MG to interface
with the Distribution Management System (DMS). This type of
control is very suitable for certain small manually controlled
MGs, as well as for MGs with common goals and those pursuing
cooperation [99]. Indeed, the definition of centralization or decen-
tralization is based on the position of the MGCC. The control
structure of centralized secondary control is shown in Fig. 15. Based
on the previous investigations, the outputs of the MGCC are sent
to the primary and inner control loop through a communications
link in order to regulate the reference values of voltage and
frequency [125].

In centralized control, the frequency and voltage amplitude of
DER is measured and compared with the reference value received
from the main network (if the MG is in grid-connection mode).
Thus, the droop control (5) and (6) can be replaced by (14) and
(15), using Park’s transformation [64].

f=f —Tps [(P —P)sin 0—(Q—Q")cos 9] (14)

V=V _Tgy [(P—P”'f ycos O+(Q—Q™¥)sin 6} (15)

The measurement error will then be sent to primary control to
restore the voltage and frequency; the restoration compensator
can be defined through (16) and (17).

AF =Gy (s ~Fimg) + Gy [ (= Fmdt-+61, (16)

AV = G (VI —Ving) +Giy / (VI Vgt a7

In order to connect a MG to the grid, the frequency and voltage
of the grid must be measured. These values will serve as refer-
ences to the secondary control loop. The phase angle between the
grid and MG will be synchronized by means of a synchronization
control loop, which is disabled in the absence of the grid (Jf; =0)
[64]. However, in grid-connection mode, the synchronization is
present through a PLL module, which is needed for measuring the
voltage angle needed for the inverter control [126,127].

4.2. Decentralized control

The main duty of decentralized control is to specify the maxi-
mum power generated by a microcontroller, while at the same
time taking into account the MG's capability to support the
consumer and increase power exports to the grid for market
participation. As shown in Fig. 15 the secondary control in the
central control method is located after the primary control and the
communications link. In this method, the result of the secondary
control (the error) is distributed to all the primary controllers.
However, Shafiee et al. [124] have proposed a distributed second-
ary control method in which the secondary control is located
before the communications link and beside each primary control.
In other words, the method moved the role of the MGCC to
controlling and supporting the primary control. The control
structure of the decentralized secondary control is shown in
Fig. 16. In this case, the voltage amplitude and frequency are
measured over the communications link. Then, the average of the
measured values is sent with the measurement errors to primary
control so that the voltage and frequency may be restored. Thus,
(18) and (19) can be replaced in decentralized control as follows
[124]:

AVpg, = Gpv(VrmeJ; ~Vb6) +Giy ]'(Vﬁé —Vpgdt

N
ZVDG, (18)
Vpg, ==1g—
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Afpg, = pr(f;?; ~foe)+Gi [(f :ﬁéf; —fpe,dt

> fog

’ i=1
fDGk=l N

(19)

According to the discussion in Section 3, primary control
improves reactive power through many different methods. How-
ever, due to variation in the voltage at different points of the MG
(as opposed to the frequency, which is constant in the network), in
the decentralized control method, the reactive power also needs to

be measured for each DG and shared with other DGs, as with
voltage and frequency. Hence, the variation in each reactive power
can be calculated through (20)

AQpg, = Gpo(Qpg, — Q) +Gig J(@Qpg, —Qpg)dt

N
Z Qpg,

&
Qpg, ="=F—

(20)

This type of control is ideally utilized in MGs with different
suppliers, where there is a need to make decisions separately
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regarding individual situations, and also for MGs with active
roles in an electrical market environment; such MGs should
possess an intelligent control for each unit. MSs with responsi-
bilities other than power generation should also be considered
here [99].

4.3. Secondary control discussion

Secondary control is used in MGs in order to achieve secure
output through the links established between different DG units
and targets of the level control list, as detailed here:

® supervising and monitoring the microgrids;

® interfacing between DGs and the energy storage system (mas-
ter units); and

® adjusting frequency- and voltage-following of each load
variation.

As discussed, in centralized techniques, the output voltage of
each DG is measured using remote sensing and sent to the MGCC,
while in decentralized control, the sensing and measurement of
the voltage is performed at the terminal of each DG unit. A
disadvantage of using an MGCC in secondary control is that it
may malfunction, which can affect the reliability of the MG.
Although MGCCs in MGs are being replaced by decentralized
control methods, they are still required for management of DG
units when a black start happens and for other coordination
functions [124,128].

In this control level, there are some different requirements in
island and grid connection mode, namely:

Grid-connection mode: the secondary control in centralized
techniques will act as an interface between the MG and the main
network. The power converter can also operate based on the grid-
forming and following methods.

Island mode: secondary control establishes the reference value
for voltage and frequency and the power converter must operates
according to grid-forming method. [67]

5. Tertiary control

The purpose of the level control is to manage power flow by
regulating amplitude voltage and frequency when the MG is in
grid-connected mode. By measuring the P/Q ratio through the PCC,
the grid's active and reactive power can be compared against the
desired reference. Indeed, the frequency and voltage reference
defined in (21) and (22) are used for (14) and (15) in secondary
control [64].

fref = Gpp(P;j;d _Pgrid) + Gip /(P;j;d _Pgn‘d)dt (2])
VTEf = GPQ(Qg!;d - Qgrid) + GiQ / (Q;{d - Qgrid)dt (22)

This control level is the final and slowest. Fig. 17 shows a
scheme of this level control. Indeed, tertiary control involves the
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Fig. 17. Structure of tertiary control in microgrids.

optimal operation of the MG in the economic part as well as the
technical part [17]. The tertiary control provides an economically
optimal operation through grid-following power converters [67]
or by using a gossiping algorithm, as discussed in [17]. Technically,
if a fault or any non-plane islanding issue arises for the MG, the
tertiary control attempts to absorb P from the grid such that, if the
grid is not present, the frequency will start decreasing. When the
expected value is surpassed, the MG is disconnected from the grid
for safety, and the tertiary control is disabled [90].

6. Conclusion

Controlling MGs is critical due to the variation in generation of
renewable energy sources. To optimize microgrid control, hierarch-
ical control schemes have been presented by many researchers over
the last decade. This paper has presented a comprehensive techni-
cal structure for hierarchical control—from power generation,
through RESs, to synchronization with the main network or support
customer as an island-mode system. The control strategy presented
alongside the standardization can enhance the impact of control
and energy management issues in microgrids. Hence, the optimal
control strategy provides a strong motivation for customers to use
RESs, and particularly, wind, and PV panels, in power generation.
The increase in the consumption of energy from RESs is equal to the
decrease in greenhouse gas release—an energy target that is
established in many countries.

The technical solutions proposed for inner control loop and
primary control are sufficiently comprehensive to be implemented
by industry. However, there are many research questions that need
to be answered and many gaps that need to be filled in order to
complete the secondary level, especially with the decentralized
method. The first important matter is reducing the role of the
microgrid central control (MGCC) from the secondary control level.
There are some methods of decentralizing control, but they are
only partial. Secondly, an effort is needed to extend decentralized
control to the energy storage system and to obviate the need for a
master unit in microgrid control, which can recover from
unplanned interruptions.
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applications of Energy Storage Systems (ESSs) are described thoroughly and are compared on the basis of
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many different parameters, such as capacity, storage power, response time, discharge time, and life time.
Moreover, the structure of energy storage, which is constituted of different steps and parts, is
investigated. Since the implementing of an ESS is expensive, this paper also analyzes the possibility of
integrating different types of ESSs and presents a comprehensive diagram to show the ESS technologies

Renewable energy source that can be integrated together in order to provide the needed performance in a cost-optimal way. Finally,
Energy storage technologies the key results of this comprehensive study are summarized in a number of tables.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Power management and stability assurance are critical tasks in
modern grids because of the variables involved in generation and
on the demand side. There are many different methods of
approaching these problems, such as de-loading the operation
of Renewable Energy Sources (RESs) when the generation of power
is greater than demand and load shedding during power shortages
[1-5]. However, the absorption and injection of energy by energy
storage systems may be the best solution for managing this issue
well [6-9]. Investigations of the challenges and barriers to power
systems indicate that ESSs should aim at the following three
targets [10-12]:

e Enhancing the reliability of renewable energy sources;

e Improving the resilience of the grid and resolving its issues;

o Realizing the benefits of smart grids and optimizing generation
to suit demand.

Indeed, by storing energy when it is easily available and
dispatching it during shortages, the combination of energy storage
technology and RESs can help to stabilize power output while also
enhancing the reliability of RESs. Moreover, energy storage can
increase the resilience of systems during weather variations,
natural disasters, and so on [13-16].

In fact, determining the best arrangement of ESS can be the first
critical issue in designing a system. From this point of view, storage
systems may be either distributed or aggregated. In distributed
arrangements, the energy storage systems are connected via
individual power electronic interfaces to each RES. In this method,
each storage system has responsibility for the control and
optimization of the power output of the source to which it is
connected [17-19]. The aggregated model operates so that the
whole system—for example, a microgrid (MG)—is supported
through a central energy storage system. Depending on the
arrangement, such a system may be connected to the DC bus either
directly or through a power-electronic interface [20-22].

charge storing

The second critical issue for storage systems may be the control
of each application and of the optimum storage type. Indeed, in
implementing an optimum storage project, three different steps
need to be considered:

o Investigating the type and size of the storage system and
selecting the one that is best for the system.

e Defining the best control strategy for the application considering
the selected storage system.

o Investigating the net present value of the storage system.

In the second step, control methodologies for ESSs can be
classified as either central or decentralized and can cover both of
the arrangements. Indeed, the control methodologies of storage
units, and also the power-electronics interfaced DG system with
them, are investigated in [23-25] for centralized methods and in
[26-31] for decentralized methods. Moreover, the control strategy
is comprehensively discussed by the authors in [32,33].

In recent years, there has been much interest in investigations
into technologies and applications of ESS. Researchers have
produced comprehensive reviews in this area, such as those by
Tan et al. [17], Carnegie et al. [34], Bradbury et al. [35], and
Cavanagh et al. [36] The first objective of the present paper is thus
to cover the first step by creating a matrix of different storage
technologies and their applications. Such a matrix may be
beneficial in allowing industry and researchers to quickly
determine the optimum storage technique for a given application.
The second objective of this paper is to analyze the possibility of
integrating different ESS technologies. Indeed, such an analysis can
help to obviate the high cost of storing energy in certain
applications.

The present paper is organized as follows: The structure of
energy storage is discussed in Section 2. The energy storage
technologies and applications are investigated in Sections 3 and 4,
respectively. A comparison of these two issues and the matrix
appear in Section 5. The possibility of integrating ESS is discussed
in Section 6. Finally, the conclusion is presented in Section 7.

discharge
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Fig. 1. Energy equilibrium in ESS.
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2. Structure of energy storage

To store the generated power, it is necessary to convert it into
other forms of energy, such as chemical or mechanical energy. As
was presented by Gazarian[37], and based on the above
definitions, energy storage consists of three different steps: charge:
absorbing electrical energy from sources; storage: converting
electrical energy to other types of energy and storing it and
discharge: injecting the stored electrical energy back into the
system. Moreover, storage systems can be divided into three
different parts: central storage, the repository in which the energy
is stored after conversion; power transformation, the interface
between the central storage and the power system with
bidirectional transfer; and control, which uses sensors and other
measuring devices to determine the level of charge or discharge of
the stored energy. Since energy storage is not an ideal energy
source, but just a repository of energy, there are always losses at
each step of the storage process. The energy generated by the
sources given the energy delivered to the system during shortages
is described by Eq. (1),

Egenerate - AEloss = Eout (1>
And the energy losses in this process are explained by Eq. (2).
AEloss = AEch + AESI + AEdisch (2)

Indeed, a significant parameter in electrical storage is the
efficiency of each step. Taking into account Fig. 1, which shows the
energy flow in a storage system, the efficiency of the charge step
can be calculated as

E;

t
— st 3
Neh Ech ( )
The storage period can be expressed as
_Es
Nt (t) = [ 4)

Regarding Eq. (4), it should be noted that the energy losses, and
also the efficiency of the storage, depend on the storage time; for
this reason, the time t between charging and discharging need to

be considered. Finally, the discharge steps can be obtained:

E

= 5

Ndish Edisch ( )
Moreover, the total energy storage efficiency (nggtal) is shown in

Eq. (6) [37].

total _ Eout

Nst = Nen X Nst(£) X Ngisch (6)

Egenerate
In these equations and Fig. 1, the losses of energy are shown by
AEssand the energy losses during storage, charge, and discharge
are presented asAEq,AEqy, and AEgsnrespectively. The stored
energy in the central part, represented by E; andEy, is the existing
energy from this part.Egenerate.Eout.Ech, and Egiscnare the generated,
output, charging, and discharging energy respectively. The
efficiencies of charging, discharging, and storage are represented
by Naiscnr and, M.

3. Energy storage technologies

As mentioned earlier, energy storage can be achieved by
converting electrical energy into another form. A complete
classification of ESS types is presented in Fig. 2.

3.1. Electrochemical storage

In this technology, the chemical energy contained in the active
material is converted directly into electrical energy [38,39].
Batteries are an advanced technique for storing electrical energy
in electrochemical form. The possibility of using batteries in a wide
range of different sizes is the main advantage of this technique
[40,41].

Indeed, the operational voltage and current levels are generated
through series or parallel connections of cells [43]. A simplest
equivalent circuit of a battery and an explanation of its operation is
presented by Patel [42], and shown in Fig. 3. The operating point is
the intersection of the source line, which has the terminal voltage
drop (V}), and the load line (V). The quantity of electrical charge in
the cell from the fully charged state to the discharged state is called

‘ Technologies of energy storage system I
v v v |
Chemical I ’ Thermal I Electrochemical |
/Ajr-condiﬁon.ing"\ / . 7\‘
\__ctes) ) e )
Guel Cell & EIectIolyzey\ < The‘:fgla;’e‘ergy) < Flow Batteries )
Y \ 4 )
’ Mechanical I ’ Electrical l
/ Pumped Hydro \ y~ Compressed air . Double layer / 7Super capacitor‘\
(PHS) /‘ \ (CAES) capacitor energy storage
(vt ) s

Fig. 2. Classification of ESS Technologies.
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Fig. 3. Equivalent circuit of a battery and its operating point [42].

the capacity of the battery. Moreover, the state of charge (SoC) is
the ratio between remaining capacity and the full charge, equal to
100% for full charge and 0% for full discharge. The variation in SoC
(dSoC) is based on time and its relation to capacity (C;) is outlined
in Eq. (7).

idt
dSoC = o

ide

S0C = SoC — / & )

Lead-acid batteries [44,45] are available in large quantities and
in a variety of sizes and designs. They have high performance and
possess the highest cell voltages of all aqueous electrolyte battery
technologies. For MGs (especially when large), they are the most
economic option [38,46]. Despite their suitability for a wide range
of applications, they cannot equal the storage capacity of pumped
hydro [47]. Nickel-Cadmium (NiCd) [48,49] and Nickel-Metal
Hydride (NiMh) [50-52] batteries are much more expensive to
implement than lead-acid batteries, but they provide good charge
retention and energy density. They also have a long life cycle.
Lithium-ion batteries [53] have rapid charge capability and high
energy density. They need no maintenance during operation, and
their energy loss is very low (5% per month). On the other hand,
their performance decreases at high temperatures and protective
circuitry is needed [54-56]. Sodium sulfur (NaS) is a type of
electrochemical energy storage [57,58] that needs to operate at
high temperature (350°C/623 K) in order to ensure that the sodium
is liquid. This condition leads to some difficulty and increases the
cost of implementation [48,59,60]. However, the energy efficiency
is high and these systems have very flexible operation [60]. Finally,
flow batteries are another type of storage method; this is a class of
electrochemical energy storage that uses ions dissolved into liquid
electrolytes [61-63]. There exist both redox and hybrid flow
batteries. Hybrid flow batteries include zinc-bromine models,
while vanadium batteries are a good example of the redox type.
This method is characterized by its long life cycle (around 40 years)
and its adaptability: increasing the tank sizes and adding more
electrolytes allows the capacity to be increased [47,64,65].
However, further development is still needed; these batteries
are expensive to use and an external power is also required to
operate [36].

3.2. Mechanical storage

Electrical energy can also be stored in the form of mechanical
energy. Some major methods of this type are described in the
following:

3.2.1. Flywheel energy storage (FES)

This technique employs the mechanical energy of a spinning
rotor to store energy. There are two types of FES: low speed (under
10,000rpm) and high speed (above 10,000rpm). Low-speed

systems are much more popular in industry [66-68]. FES systems
have low maintenance, long life cycles of up to 20 years, no carbon
emissions, no toxic components, and very fast response. However,
they suffer from high rates of self-discharge (3-20% percent per
hour), low storage capacity, and high cost. The available range of
energy storage for a FES system is 0.2-25 kWh; however, this is
expected to increase to 200 Wh/kg and 30 kW/kg respectively over
the next few decades [42]. The energy stored by a flywheel (E) can
be calculated using (8). This equation shows that the total mass of
the flywheel (m) and the angular velocity (w) squared have a direct
impact on the energy stored by this device. In this equation, the
radius of flywheel is shown by (r).

E= %mrza}z (8)

As presented by Ostergard [69], a model of a general FES system
consists of two voltage source converters (VSC), an electrical
machine, a step-up transformer, and a main network. Indeed, the
frequency decreases as the flywheel slows down. For this reason,
the generation of AC power by the FES system should be converted
to DC (constant frequency)—hence the use of the VSCs, for two
back-to-back converters. The controller operation of these con-
verters varies depending on the requirements of the FES
application. For example, control of both active and reactive
power may be needed for a FES system connected to an AC grid.

3.2.2. Pumped hydro storage

Electrical energy may be stored through pumped-storage
hydroelectricity, in which large amounts of water are pumped
to an upper level, to be reconverted to electrical energy using a
generator and turbine when there is a shortage of electricity. The
infinite technical lifetime of this technique is its main advantage
[70], and its dependence on topographical conditions and large
land use are the main drawbacks [43,71]. Pump storage projects
throughout the world are significantly contributing to balancing
the massive increase in future volatile regenerative energy
production (wind and solar). The technology is well-established
and commercially available on a large scale (sized up to 4000 MW),
and the efficiency of the storage type is usually around 70-85%.
[37]. The energy stored by this technique can thus be calculated
through (9); the general equation for the output power (P) is
shown in Eq. (10) [47].

In these equations, Q is the volume flow rate passing the turbine
[m3/S),p is density of the water [kg/m3], and 7 is the hydraulic
efficiency of the turbine [%]. Gravitational acceleration and height
are shown by g [m/s?] and h [m] respectively.

W = mgh (9)

P = Qhngp (10)

3.2.3. Compressed air energy storage

Compressing air to a pressure of around 70 bar is used to store
electrical energy in the technology called compressed air energy
storage (CAES). The method is, however, very expensive. In
practice, large volumes of cheap natural storage, such as aquifers,
salt caverns, and hard rock caverns, are used. An expansion turbine
and generator are used to reconvert the compressed air to
electrical energy [67]. CAES systems have typical capacities of
about 50-300 MW and can store energy for longer than other
methods—typically for more than a year—due to the very low
losses involved. Like the pumped hydro method, CAES systems are
capable of storing large amounts of energy. The efficiency of CAES
is also similar to that technique (at around 70%). Moreover, the
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response time of the method is very high, but the technology is still
not fully developed [47].

3.3. Electrical storage

Electric double-layer capacitors and superconducting magnetic
energy storage (SMES) are electrical storage types discussed in the
following:

3.3.1. Double layer capacitor (DLC)

In double-layer capacitor storage—which is also called ultra-
capacitor or super-capacitor storage—the dielectric gap between
two conductors is employed. This technique has a high energy
storage capability due to its high power ability [72]. As presented in
Ref. [37], based on a simple series RC circuit and the total energy
which can be stored in a capacitor by this technique is calculated
with (11). In fact, the energy stored in a capacitor is divided into
two different parts: one part is retained in the capacitor, while the
other is converted to heat and is wasted. The electrical energies
stored in capacitors must be used very quickly, because the self-
discharge rate of this method of energy storage is around 5% per
day [54]. In this equation, Qis the charge stored in the capacitor [C],
Vq is voltage across the capacitor [V], and C is its capacitance [F].

cv?

Q
W:/ Vodq ==~ (11)
JO

3.3.2. Superconducting magnetic energy storage

The SMES technique involves a cryogenic refrigerator, a
superconducting coil, a helium vessel, and a power conditioning
system which is presented by Salameh in Ref. [73]. In this method
the voltage is stored in the superconducting coil after being
switched to DC by an AC-DC convertor. The temperature of the coil
is kept low in order to avoid resistive loss. With this method, the
current is stored in the coil until it is injected into the system. The
responsibility of the power conditioning system is to control the
stored energy and to inject power into the system.

A simple diagram of an SMES system is usually equal to the
series RL circuit. Hence, the principle of the mathematical model is
similar to the double layer capacitor (DLC), and the amount of
energy stored by SMES per coil volume [J/m?] can be calculated by
Eq.(12) [37]. In this equation, B is the magnetic flux density [T] and
M is the permeability [H/m].

_1B?

=5z (12)

3.4. Thermal storage

The thermal storage method is based on converting the energy
to ice or hot water. There are many different approaches to use such
thermal energy storage, a comprehensive review of which is
presented in Refs. [74-76]. The most common version of a thermal
energy storage system stores ice during the night and use the water
to cool an air conditioning system during the day, thus reducing the
use of power from the main grid or microgrid. On the other hand,
the heat storage method can also use water to store heat energy
and inject this energy into the system whenever it is needed [34].
There are many other thermal methods, such as geothermal energy
systems, solar thermal energy conversion systems, and phase-
changing materials, which are discussed in more detail in Refs.
[77-79].

4. Energy storage applications in the power system

The principle of system control that classifies loads by priority
and employs load shedding is not suitable for achieving high
reliability in modern systems. Hence, one benefit of ESSs may be
that they result in improved reliability for these systems. Akhil
et al. [79] and Eyer et al. [80] have presented different applications
that can be provided with ESS. The applications of ESS to MG are
classified into four different groups, which are shown in Fig. 4 and
discussed in the following.

4.1. Bulk energy applications

Bulk energy is a key application for integrating a large amount
of variation in modern grids. The two major types are represented
in the following:

4.1.1. Energy arbitrage

Energy generation is very expensive, and storing the energy can
both increase the efficiency of a system and optimize it
economically. Storage of energy when the price is low and selling
energy at peak times when electricity is expensive is the main goal
of the application. In a MG with RESs, the application also stores
energy when the amount generated exceeds demand and inject
power during shortages [81].

4.1.2. Peak shaving

The principle of peak shaving is very similar to energy arbitrage.
The difference is that peak shaving is installed to cover the peak
load, and does not have an economic target, as energy arbitrage
does [82]. The application helps to improve the system design,
based on a normal capacity and supporting the peak demand

’ Applications of energy storage in power system |

Bulk energy Ancillary service ‘
[ Energy arbmage\‘ a D | & | ™
A A ( Loadfollowing )| ( Voltage Support )
'7' \ N J
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~ -~ \_ regulation » J

J Black start

-
A

N\
Spinning reserve |
= 4

Customer energy management

Renewable Energy Integration

.

( Power quality > / Renewable energ§\
A : \_ timeshift )
P \ /Renewable capacity\
5\ Power reliability / L firming )

Fig. 4. Classification of ESS applications.
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through the ESS. The peak shaving application is usually installed
at the consumer, whereas energy arbitrage is used on the supply
side [80,83].

4.2. Ancillary service applications

In modern grids, providing support to the system during the
transmission of power from its generation to the consumer can be
referred to as an ancillary service and involves adjustments and
flexible reserves. The different approaches to this application are
discussed below:

4.2.1. Load following

As compared to generation types, ESSs have a rapid response to
changes in load [84]. Since the load can undergo frequent
variations, energy storage is more suitable for load-following
applications. In fact, in this application, the responsibility of energy
storage is to create a balance between the generation part and the
load [85]. Another reason for supporting load changing using
energy storage is so that the system can cover both sides of the
variations, following the load both up and down [80].

4.2.2. Spinning reserve

As mentioned by Gonzalez et al. in Ref. [58], the spinning
reserve is a part of the capacity of the source that is not used in
normal operation. However, the source can cover a power shortage
in the system by injecting power for specific period. Indeed, the
power shortage thus is covered by sources operating in this extra
operations mode. Since power generation must continue until the
backup system reaches its nominal value, the storage system in this
application must be able to discharge over a long time (at least one
hour) [83,86].

4.2.3. Voltage support

Stability is an important issue in the power system, and can be
achieved through maintaining the voltage within the permissible
limits. As discussed in Ref. [79], the management of reactive power
is a requirement for achieving this, and can regulate accurately
with an ESS as a voltage support resource. As reactive power
cannot reasonably be transferred over long distances, a voltage
support application is used locally to manage the problem [79,80].

>
Cd

Power (MW)

e .
( L g2 ~
= °«5'e--p (4 ool )

>

30s 15 min >15min Time after deviation

Fig. 5. Operating areas of the different levels of frequency control.

4.2.4. Black start

Unplanned events can lead to interruptions in power through-
out the whole system or in a single part [87]. The result of this may
be a black out [88], compromising the stability of the system [89-
91]. The system is restored through a process called a black start,
the responsibilities of which are power management, voltage
control, and balancing. In this application, the energy storage
system generates active power that can be used for energizing
distribution lines or as start up power for large power plants [79].

4.2.5. Frequency regulation

Frequency control is crucial in power systems for dealing with
the many small variations that occur. The energy storage system in
a frequency regulator serves power systems by correcting the
frequency deviations to within the permissible limits—for example
to £0.1Hz in Nordel (North of Europe) or +0.2Hz in UCTE
(Continental Europe) [92-94]. As mentioned in Refs. [95,96], there
are three types of frequency regulation: primary, secondary, and
tertiary. These are shown in Fig. 5. The responsibility of the primary
reserve control is to create a balance between generation and
demand and to restore the frequency within 5-30s for the
generator control [39,95-97]. The secondary reserve has two
objectives: it serves as a backup for primary regulation and
ensures that the frequency is set to 50 Hz, while also avoiding any
imbalance in the interconnection. This control level reacts to the
primary control reserves for 5-15 min, and should then be ready
for frequency correction to within the permitted limits [96-98]. In
the last level, Tertiary reserve has the same objective as the
secondary reserve and also aims to balance load, generation, and
sales, thus helping to keep the system synchronized. This reserve
level is operated manually, and should reach its target in 15-
60 min, depending on the country [96].

4.3. Customer energy management applications

Energy management applications are based on the quality and
reliability of power delivery to the consumer which are discussed
as follow:

4.3.1. Power quality

It is clear that there are some variations in generation and in
energy sources, especially when it comes to RESs, which are
dependent on environmental conditions [99-101]. Indeed, the
fluctuations in power generation systems lead to concerns about
power quality, especially in terms of voltage harmonics and voltage
variation [102]. To manage this problem, energy storage is the first
alternative to cover the variation. The application helps to protect
downstream loads against short-duration events and to improve
the quality of delivered power [83].

4.3.2. Power reliability

The principle of power reliability is similar to power quality
[103,104], but power reliability follows power quality in sequence.
This means that the time for restoring power with this application
is longer than the time taken by the power quality application. The
energy storage system in this application should have high
reliability power with the best quality. Moreover, the power
reliability application is under customer control and is installed in
customer locations [105].

4.4. Renewable energy integration applications

There are many fluctuations in the power generated by RESs
which can be covered by ESS. These applications are divided in two
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different categories: time shifting and capacity firming. The time-
shift application manages the problem through different energy
storage techniques [11]. It stores energy when demand is lower
than generation, and injects this power into the system during
shortages. In this application, energy storage can be installed
anywhere in the system, whether near to the source or to the load
[106-108]. The responsibility of the capacity firming application is
to smooth the power and voltage output from renewable energy

Table 1
Characteristics of energy storage applications in modern grids.

over a short period using an ESS [40]. The output power from RESs
is added to the energy storage and supports the load. This mixing
also can help to improve power quality.

4.5. Location of each application

In optimizing the amount of stored energy, the utilization of the
energy storage system is important, as is its application in related

Applications Storage Response Discharge time Cycle Desired life Recommendation grid
power time time
(MW) (years)
Bulk energy Energy arbitrage <500 minutes <10h 300-400/ <20 MV
yr
Peak shaving <500 <6h 50-250/yr <20 MV
Ancillary service Load following <100 <4h N/A <20 MV, LV
Spinning reserve <100 <4h <5h N/A <20 HV
Voltage support <10 <100 ms <1h 5000/yr <20 HV
Black start <50 <2h <16h 10-20/yr <25 HV, MV
Frequency Primary <40 Instantaneous 30min>t>15min 8000/yr <15 MV
regulation Secondary <40 minute 1h>t>30min MV
Tertiary <100 >1h MV
Customer energy Power quality <10 <200 ms <2h 50/yr <10 HV, MV, LV
management Power reliability <10 minutes <4h <400/yr <15 MV, LV
Renewable energy Time shift <500 <30 min <5h <4000/yr <15 MV
integration Capacity firming <500 <30 min <4h 300-500/ <20 MV

yr
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Table 2
Characteristics of energy storage technologies in modern grids.
Technologies Capacity Power Response Discharge Maturity Life Efficiency Advantage Disadvantage
(MWh) (MW) time time time (%)
(Years)
Electrochemical Lead-acid 0.25~50 <100 millisecond <4h Demo ~ Commercial <20 <85 Inexpensive Very heavy
High recyclable  Limited usable
Reality available energy
Poor energy
density
Lithium-ion 0.25~25 <100 <1h Demo <15 <90 High capacity
Great stability in
calendar and
cycle life
NaS <300 <50 <6h Commercial <15 <80 High storage Working only
capacity when the
Inexpensive sodium and
sulfur are
liquids
290~390°C
Vanadium Redox < 250 <50 <10 min <8h Demo <10 <80 Possible to use
for many
different
renewable
energy sources
Mechanical FES <10 <20 <10ms <1h Demo ~ Mature <20 <85 High power Not enough
density safe
Nonpolluting Noisy
High efficiency High speed
operation let to
vibration
PHS small <5000 <500 sec~min 6~24h Mature <70 <85 Remote Silt build-up
large <14000 <1400 sec~min operation is Impedance to
possible the movement
Low man power of
factor environmental
Relatively low issues
maintenance
CAES underground small <1100 <135 < 15min <8h Demo ~ Commercial <40 <85 High power It is not
large <2700 <135 < 15min <20h capacity possible to
above ground <250 <50 <15 min <5h Demo Low losses(can install
be storage energy everywhere
for more thana  and the
year) location is
Fast startup depend on a
geological
structure
Electrical DLC 01~05 <1 <10 ms <1 min Commercial <40 <95 High power Low energy
density density
Low resistance Low voltage
high efficiency per cell
Incomplete
capacity
utilization
SMES 1~3 <10 <10 ms <1 min Commercial <40 <95 High power For sizing of
High efficiency high energy
Environmentally storage need to
safe long loop
Cooling system
in needed
expensive
Thermal <350 <50 <10 min N/A Mature <30 <90 Nonpolluting Expensive
Unlimited energy Depend on a
source geological
structure

parts. There are several applications which can be used in different
parts of a power system. Fig. 6 demonstrates the locations of each
energy storage application in power system, from the point of

generation to the customer.

5. Technologies and applications

As aforementioned, there are many different options for using
energy storage in conventional or modern grids (DG, MG, Smart
grid). As is well known, the choice of energy storage technique
directly depends on the applications [106]. To correctly choose
storage techniques, it is first necessary to distinguish two
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important parameters: energy (kWh) and power (kW) [34]. Thus,
to design the ideal ESS, the power and energy of the system should
be determined in the first instance. In Table 1, the discharge and
response times, as well as the power and desired life cycles, are
presented for each application separately. Indeed, the important
parameter for energy storage applications is the length of
discharge, which can be divided into three different categories:
second-minute, minute-hour, hours. It is clear that the two first
categories are related to customer energy management and to the
ancillary services of energy storage application. The hours category
can be used for long-term storage and discharge, such as for bulk
energy, or in renewable energy integration applications [106]. In
Table 2 presents comprehensive information regarding these

Table 3
Technologies vs. applications.

O. Palizban, K. Kauhaniemi/Journal of Energy Storage 6 (2016) 248-259

energy storage techniques, such as their capacity, power, response
and discharge time, life time, and efficiency. Taking into account
the objective of this paper, and the contents of Tables 1 and 2,
Table 3has been developed on the basis of [10,34] to provide a
matrix of the relationships between the available energy storage
technologies and their application in ESSs. As shown in the matrix,
battery technologies come in different shapes and sizes and can be
used in many different applications.

There are three major parameters that are important in defining
the battery types suitable for an application: the high or low rate
service, the response and discharge times, and the environmental
matching. As shown in Table 3, the battery’s energy storage can
support the system in ancillary service and customer energy
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Fig. 7. Possibility of integrating ESS.

management applications. The technique is also possible for
renewable energy integration, such as time shifting and capacity
firming, while the technique cannot support the system in bulk
energy applications. Another technique that has been described is
the flywheel; this is used for low-energy applications, emergency
devices, and load levelers. It cannot be used on the large scale, but
it may be useful when it gives an economic advantage [73]. The
other mechanical energy storage techniques (CAES, PHS) are also
suitable for most of the applications expected of customer
management and voltage support in ancillary service categories.
Electrical energy storage techniques can be used just for
emergency devices and applications that need very rapid
responses.

6. The integration of energy storage technologies

The cost of the energy storing process is high. However, because
of the variation in generation and the need to balance power and
regulate voltage and frequency, the use of energy storage systems
is unavoidable in the modern grid. One solution to the problem of
the high cost of energy storage may be the integration of different
technologies for implementing specific application. To cover this
methodology, the characteristics of each technology should be
analyzed. Table 2 shows specific information on energy storage
technologies—namely, the minimum and maximum capacities and
powers, the high and low response rates, and the discharge times.
The requirement characteristics for implementation of each
application are shown in Table 1. Finally, the agreement of these
data with each other (shown in Table 3 as a matrix) can be used to
create a categorization of energy storage systems that can be
integrated together. Based on the results of this work in Tables 1-3,
Fig. 7 is a comprehensive diagram of technologies and applications
that can be integrated together. Based on the provided figure,
batteries and FES can integrate together to cover the system for
voltage support and power reliability applications. Moreover,
power quality application can be supported by integrating
electrical energy storage with batteries and FES. Mixing CAES
with PHS and thermal techniques can cover capacity firming and
spinning reserve, respectively and using these three methods (PHS,
CAES, and Thermal) can maintain energy arbitrage, peak shaving,
and time shifting. Finally, the black start application can be
managed by combining PHS, CAES, and batteries.

7. Conclusion

To design an optimum energy storage system, selecting the ESS
type most closely related to the application is the most significant
issue, but control methodologies should not be neglected either.
There are many different characteristics of energy storage systems
that can help to match the different techniques with applications.
This paper provides a matrix of the relations between these, along
with a comprehensive diagram of ESS solutions that can be
integrated together. To provide the matrix, storage technologies
and application have been compared on the basis of many different
parameters, such as capacity, storage power, response time,
discharge time, life time, efficiency, cycle life, and maturity.
Electrical energy storage techniques have only a limited number of
potential applications, focusing on power system transient issues,
such as improving power quality. On the other hand, electrochem-
ical storage is the most commonly used technique and covers many
applications, such as voltage support, black start, and frequency
regulation. Mechanical storage techniques can also be useful for
bulk energy applications and for supporting renewable integration
on a large scale. Finally, based on the provided integration of ESS,
the integration between thermal, CAES, and PHS is most supportive
as cover energy arbitrage, peak shaving, and time shifting.
Moreover, the integration of batteries and FES is another method
that can cover voltage support and power reliability applications.

Since the integration of ESS with the aim of reducing the cost
has been investigated in this paper only from the technical point of
view, analyzing it from the economics side, as well as the issue of
determining the precise energy and cost savings, remains a good
research question for future work.
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Nomenclature MPPT  maximum power point tracking
MSs micro sources
CSI current source inverter PCC point of common coupling
DER distributed energy resource PI proportional integral
DG distribution generation P/Q active and reactive power
DMS  distribution management system PV photovoltaic
ESS energy storage system RESs renewable energy sources
FES flywheel energy storage SMES  superconducting magnetic energy storage
LC local control SocC state of charge
vV low voltage UPS uninterruptible power supply
MGs microgrids VSC voltage source converter
MGCC  microgrid central controller WT wind turbine

MMS microgrid management system

1. Introduction

Microgrids and virtual power plants (VPPs) are two LV dis-
tribution network concepts that can participate in active network
management of a smart grid [1]. With the current growing
demand for electrical energy [2], there is an increasing use of
small-scale power sources to support specific groups of electrical
loads [3]. The microgrids (MGs) are formed of various renewable
sources of electrical energy, such as wind turbines [4-6] or
photovoltaic cells [7-9] with storage (e.g., batteries or super
capacitors) [10], which operate in either island mode or grid-
connection mode [11,12]. Such implemented projects of MGs have
demonstrated their efficiency in very different applications. Lidula
et al. [13] presented some existing microgrid networks from North
America, Europe, and Asia. Indeed, MGs have attracted great
interest due to their tremendous application potential in remote
areas, where power provision presents a challenge in terms of
transmission or distribution [14].

There are three different classes of benefits associated with
MGs: Technical, Economical and Environmental. In [15,16] some of
the benefits are presented from a technical point view, such as
supporting the power of remote communities, higher energy
efficiency, the lack of vulnerability of large networks, and power
blackouts reduction. The economic benefits have been reviewed
comprehensively by Basu et al. [17], and consist of reductions in
emissions, line losses, and interruption costs for the customer,
minimization of fuel cost, ancillary services, etc. The environmen-
tal benefits of MGs are discussed in [18], out of which the
following provides some samples: MGs may result in lower
emissions of pollutants and greenhouse gases; the generation
system, also requires a smaller physical footprint; MG usage can
increase the number of clean energy sources incorporated into the
grid; and it offers decreased reliance on external fuel sources.

The other main concept in the active distribution network is
the VPP, which manages the energy of the system and is tasked
with aggregating the capacity of distributed generation (DG), the
Energy Storage System (ESS), and dispatchable loads (DLs) [19].
Indeed, the first idea for creating VPPs appeared in 1997 [20], and
their modular structure is considered to be a great advantage [21].

Since future distribution networks will require completely
novel smart-grid concepts [22], it is necessary to conceive of
flexible MGs that are capable of intelligently operating in both
grid-connected and island modes. As discussed by Zeng et al. [23],
experts and researchers are currently working on simulation and
modeling [24-26], the optimization of power quality [27], power
management and stability [28], control of generation units and
systems, and so on.

Over the last several years, researchers have been also working
on attaining approval for standards for the most suitable overall

MG design. In [29] a summary of the European and American
standards applicable to MGs is presented. The IEEE 1547 and UL
1541 (in the US) standards are the most important guides for
operation, design, and connection of distribution resources with
electric power systems [13]. Indeed, there are no exact standards
which have been developed for adapting MGs, but some Distrib-
uted Energy Resource (DER) standards can be adapted to them
[29]. IEEE P1547.4 can be adapted for the connection of DERs and
specifically it covers some topics missing from IEEE Std 1547, such
as frequency, power quality, and the impact of voltage [30,31]. The
other standards which can be adapted to MGs to cover low-voltage
distortion and power quality interference are EN50160 and the
IEC61000 [32-34].

In recent years, several control devices have also been devel-
oped for improving the integration of MGs in island and grid-
connection modes. Therefore, the variation of power generation
and interconnection, as well as the electrical interface between
different sources, energy storage, and the main grid may be the
barriers for achieving a common standard for connecting DERs to
the grid [29].

In order to deal with the above issues, this paper proposes the
IEC/ISO 62264 international standard to be applied to MGs and
VPP, which are considered here from hierarchical control, energy
storage, and marketing perspectives. The objective of IEC/ISO
62264 is to offer consistent terminology for supplier and manu-
facturer communications, and to thus serve as a foundation for
clarifying applications and information. The standard can be
explained at five levels: level zero (the generation process), level
one (the process of sensing and adjusting generation), level two
(monitoring and supervising), level three (maintaining and opti-
mizing), and level four (market structure and business model)
[35,36]. Fig. 1 illustrates the adaptation of the standards to MGs.
The present paper includes a comprehensive literature survey to
provide information on the detailed status of advances in MG
principles from the viewpoints of both island and grid connected
mode of operation, on the basis of the proposed standard. The MG
control hierarchy is discussed in Section 2. Energy storage issues
and the microgrid market structure are discussed in Sections 3
and 4, respectively. The virtual power plant hierarchical controls
are discussed in Section 5. The literature survey concludes in
Section 6.

2. Microgrid control principle

As a result of the recent widespread application of power-
electronics devices [37], the operation of an MG requires both
energy management and the classification of a control strategy.
Power flow control, resynchronization between the MG and the
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main grid, adjustments of voltage and frequency in both modes,
and improvements to MG efficiency together comprise the key
principles of MG control structure [38,39]. The Union for the
Coordination of Transmission of Electricity (UCTE) in continental
Europe has defined a hierarchical control for large power systems,
presented in [36]. The most suitable control design should
certainly cover all the responsibilities of MG controllers, which
[40] defined thus: the system should function at predefined
operating points, or within satisfactory operating limits; active
and reactive power must be transferred by optimal means; system
stability should be maintained; processes of disconnection and
reconnection should run seamlessly; local Micro sources (MS)
production should be optimized for best market participation
and power exchanges with the utility; loads must be classified
according to sensitivity, from highest to lowest (e.g. medical
equipment is the highest priority consumer); if a general failure
occurs, the MG should be able to operate through a black start;
and finally, ESS should support the MG and increase the system’s
reliability and efficiency. Justo et al. [41] investigate some different
energy management and control strategies of the MG system
which are published relying on the most current research works.

With respect to the above-mentioned requirement, and based
on the IEC/ISO 62264 standard, microgrid hierarchical controls are
defined on four levels (zero to three), which also are shown in
Fig. 1. Level zero is the inner control loop for controlling the output
voltage and current from the sources. The reference value for the
inner control loop is generated by primary control (level one).
Then, secondary control in the next step monitors and supervises
the system with different methods. Finally, the last level is tertiary
control which manages the power follow and interface between
the MG and main network. In the rest of this paper, the four levels
above the control level are discussed.

2.1. Internal control loop

The target of this control level (level zero of the IE/ISO 62264
std.) is to manage the power of MSs. Generally, the first step of the
MG control is the source operating point control, using power
electronic devices in current or voltage control modes [38]. The
purpose of the power electronic interface in voltage control mode
is to manage frequency and voltage inside the microgrid while the
system is connected to energy storage devices (island mode) [42].
On the other hand, in current control mode, where the system is
often joined to the main grid (grid connection mode) [43],
management of the active and reactive power is the main target
[36,44]. Indeed, the inner control loop for wind and solar power
which are most common Renewable Energy Sources (RESs), is in
practice created by the power converter. For instance, a Doubly-
Fed Induction-Generator (DFIG) wind turbine consists of two

AC/DC (rotor side) and DC/AC (grid side) converters with a DC-
link that can either inject or absorb power from the grid, actively
controlling voltage [45]. The responsibility of the rotor side is to
optimize power generation from the source, while providing
control of active and reactive power and maintaining the DC link
voltage is the duty of the grid-side converter [46-49]. Moreover,
based on the hardware structure of the PV system, after the PV
module and MPPT, the system includes dc-dc converters and
inverters, whose responsibility is to create the optimum condi-
tions to support the normal customer load in island mode, or to
send power into the network in grid-connection mode [49].

The optimization and inner controls need to have accurate
reference values for the frequency and voltage amplitude, and this
is the duty of the primary control.

2.2. Primary control

As aforementioned, the target of this control level (level one of
IEC/ISO 62264 std.) is to adjust the frequency and amplitude of the
voltage references that are fed to the inner current and voltage
control loops. The primary control should have the fastest
response to any variation in the sources or the demand (on the
order of milliseconds) [50], which can help to increase the power
system stability. Furthermore, the primary control can be used to
balance energy between the DG units and the energy storage
elements, such as batteries. In this situation, depending on the
batteries’ state of charge (SoC), the contribution of active power
can be adjusted in line with the availability of energy from each
DG unit [51]. In other words, to achieve optimal performance of
the primary control, especially in island mode, it is necessary to
control the SoC [52]—an idea that will be developed further in
Section 4. A complete and extensive review and technical inves-
tigation into the control strategy and hierarchy is provided by
Guerrero et al. [53] and Bidram and Davoudi [38].

The DG power converter control techniques in ac MGs are
classified into two different methods: grid-following and grid-
forming [54,55]. Grid-forming converters are voltage-control
based and an equivalent circuit for them includes a voltage source
and series low impedance. Creating a reference value for voltage
and frequency by using a proper control loop is the duty of this
type of power converter [54]. On the other hand, grid-following
power converters are designed as control-based and can be
represented by a current source with high parallel impedance. In
addition, power delivery to the main network in grid-connection
mode is the responsibility of the grid-following power converter
[56]. It should be noted here that one of the power converters in
island mode must be of the grid-forming model in order to
determine the voltage reference value. In other words, a grid-
following converter cannot control the MG in island mode.
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The differences between these connections are shown in Fig. 2.
A comprehensive review of primary control in grid-forming strate-
gies is presented by Vandoorn et al. [57]; grid-following techniques
are discussed by Rocabert et al. [58] and Blaabjerg et al. [49].

2.2.1. Droop control and active load sharing

The main idea of the primary control level is to mimic the
behavior of a synchronous generator by reducing the frequency
when the active power increases [59]. This principle can be
applied to Voltage Source Converters (VSCs) by employing the
well-known P/Q droop method [60]. The principle of the droop
control method for MGs is the same as that for an equivalent
circuit of a VSC connected to an AC bus (Fig. 2) [38]. On the other
hand, the principle of active load sharing involves using a parallel
converter configuration based on a communication link [61,62].
The accretion of voltage regulation and power sharing in the
control methods based on a communication link is better than
with droop control methods. However, over long distances, com-
munication lines are vulnerable and expensive [57]. There are
some different methods based on communication links which
researchers have proposed, such as concentrated control [63,64],
master/slave [65,66], instantaneous current sharing [67,68], and
circular chain control methods [69].

Since a communication link is not necessary for droop control,
it is more reliable than active load sharing, However, the method
does have certain drawbacks [53,70,71]: it is one-dimensional and
can only support one control objective; In an LV distribution line,
there is resistive effective impedance between the power electro-
nic devices and the AC bus, so the phase difference is zero,
meaning that it is not possible to apply the frequency and voltage
droop characteristics to determine the desired voltage references;
since voltage in MGs is not found to the same exact degree as
frequency, reactive power control may negatively affect the
voltage adjustment for critical loads; the conventional droop
method cannot differentiate between load current harmonics
and circulating current in nonlinear loads; and the droop method

Main gird ’
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Dispersed loads * Adjustable

e Critical

Micro grid

[ S
L |
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Fig. 2. Equivalent circuit diagram of converters connected to MG.

has its load-dependent frequency and amplitude deviations. A
number of researchers have attempted to propose different solu-
tions to these issues, such as load sharing and voltage and
frequency regulation tradeoffs [57], line impedance [72], virtual
frame transformation [73-75], coupling inductance [76-78], etc.
The ideas are extensively discussed in [38], and [29] along with
their advantages and disadvantages.

The droop is based on voltage-reactive power and frequency-
active power controls (P-f, Q-V) in high voltage (HV) and medium
voltage (MV) systems, a description of which is given in Fig. 3
[79,80]. The figure illustrates that the operational voltage is
regulated by a local voltage set-point value, taking into account
the inductive and capacitive reactive current generated by the
suppliers. In inductive situations, voltage operation increases,
and in order to adjust this, the voltage set-point must decrease.
In capacitive mode, however, the set-point value increases.
The limitations of the reactive current variability are based on
the maximum reactive power [40,81,82].

In low voltage (LV) systems, however, the circuit is more
resistive and so the droop control should be based on active
power-voltage and reactive power-frequency (P-V, Q—f) [73,83] If
MG sources are to conform to IEEE Standard 1547-2003 [84], then
a mechanism should be in place to restore the system frequency
and voltage to nominal values following a load change [85,86].
As in the case of the electrical power system controls, this resto-
ration mechanism is referred to as secondary control of voltage and
frequency.

2.3. Secondary control

The hierarchical control system - in particular, the secondary
control section (second level of IEC/ISO 62264 std.) - works to
compensate for voltage and frequency errors and to regulate the
value in the operational limitations of the microgrid. In other
words, the secondary control ensures that the frequency and
voltage deviations are regulated toward zero following each load
or generation change in the MG. The secondary control serves
power systems by correcting the grid-frequency deviations within
allowable limits, for example by + 0.1 Hz in Nordel (North of
Europe) or +0.2Hz in UCTE (Continental Europe) [36]. The
response speed of the secondary control is slower than the first
control level because of some limitations, such as availability of
primary sources and battery capacity [58]. This control level can be
divided into centralized [87] and decentralized controls [53]. By
far the largest body of research and work on decentralized MG
control has been performed by [88]. Additionally, novel general
approaches to centralized control base on droop control and
decentralized control based on communication links is presented
by Guerrero et al. [36] and shafiee et al. [89], respectively.

2.3.1. Centralized control

The microgrid controllers in centralized control are based on
principles similar those of the inner loop controllers explained in
the previous part. A Microgrid Central Controller (MGCC) is
available for each microgrid to interface with the Distribution
Management System (DMS). Indeed, the definition of centraliza-
tion or decentralization is based on the position of the MGCC. This
type of control is very suitable for certain small manually con-
trolled MGs, as well as for MGs with common goals and those
pursuing cooperation [40].

2.3.2. Decentralized control

The main duty of decentralized control is to specify the
maximum power generated by MSs, while at the same time taking
into account the microgrid’s capability to support the consumer
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and increasing power exports to the grid for market participation.
This type of control is ideally utilized in the MGs of different
suppliers, where there is a need to make decisions separately
regarding individual situations, and for MGs with active roles in an
electrical market environment—such MGs should possess an
intelligent control for each unit, in addition to MSs with respon-
sibilities other than power generation [40].

In order to connect a MG to the grid, the frequency and voltage
of the grid must be measured. These values will serve as refer-
ences for the secondary control loop. In the case of MG controls,
this restoration of references is the duty of the tertiary control.
Indeed, the phase angle between the grid and MG will be
synchronized by means of a synchronization control loop, which
is disabled in the absence of the grid.

2.4. Tertiary control

The purpose of this control level (level three of IEC/ISO 62264
std.) is to manage the power flow by regulating the voltage and
frequency when the MG is in grid-connected mode. By measuring
the P/Q through the PCC, the grid’s active and reactive power may
be compared against the desired reference. Hence, grid active
power can be controlled by adjusting the MG’s reference fre-
quency. This control level is the last and slowest level of control,
and ensures optimal operation of the microgrid, not only techni-
cally, but also economically [38]. Technically, if a fault or any non-
plane islanding issue arises for the MG, then the tertiary control
will attempt to absorb P from the grid in such a way that, if the
grid is not present, the frequency will begin to decrease. When the
expected value is surpassed, the MG will be disconnected from the
grid for safety, and the tertiary control disabled [53]. Islanding
detection is also a very important issue in disconnecting the MG
from the main grid in tertiary control, and this is discussed in the
second part of this paper.

2.5. Discussion of the hierarchical control of microgrids

Advanced microgrid control techniques under the IEC/ISO
62264 standard are summarized by the flowchart in Fig. 4.
As discussed in this section, and based on the proposed standard,
to achieve the optimum level of adjustment of the operational
reference value, the control of the MG can be divided into four
different levels. The foundational control level is the inner control
loop: active and reactive power management inside the sources
and control of voltage in the DC-link are its responsibility.
Additionally, the inner control loop is implemented by fast voltage
and current control loops. An accurate reference value for voltage
and frequency for control of the power converters can be obtained
through primary control by different methods. In the next step,
there are two different approaches to secondary control: grid
connection and island mode. During grid-connection mode, the

microgrid operates based on active and reactive power controls,
whereas in island operation, the secondary control acts as voltage
and frequency based. As shown in Fig. 4, the reference value for
sending the deviation of voltage and frequency to the primary
control are determined basing on the variation of active and
reactive power received from the main network. Power manage-
ment and the reinstatement of the secondary control is the
objective of the tertiary control level. Moreover, optimizing the
set-point operation of the system from both technical and eco-
nomic points view is the other objective of the last level of control
in the MG.

3. Principle of the energy storage system

Managing power balance and stability is a challenging task, as
these depend on a number of variables. Energy storage plays a
crucial role in mitigating the problem [8]. In fact, by combining
energy storage with renewable power generators, output power
may be stabilized by storing surplus energy during periods of high
obtainability, and dispatching it in case of power shortage [90]. As
mentioned earlier in this paper, the principles of MG are almost
the same in both island and grid-connection modes. There are,
however, some fundamental contradictions between the two
modes in terms of storage systems. Frequency regulation, the
integration with renewable energy production, and the large
capacity for power density and energy are the main applications
of a storage system in grid-connection mode. However, enhancing
power quality, stability, and quick response times to transient
faults are the main responsibilities of a storage system when the
microgrid is working in island mode [91]. Another classification of
energy storage in the microgrid is based on the arrangement of the
storage system, which may be aggregated or distributed. The
aggregated model has the same principles as the master unit,
and the microgrid is supported with a central energy-storage
system that, depending on the microgrid arrangement can be
connected to the DC bus or may combine with a power electronic
interface and connect to the AC bus [92]. This model is very
popular for MGs with small scale and low-level generation and
demand. On the other hand, in the distributed arrangement, the
energy storage system is connected to the renewable energy
sources via different and individual power electronic interfaces.
In this model, each storage system has responsibility for the
control and optimization of the power output of the sources to
which it is connected. The intercommunity of the transmission
line in the power trade-off between energy storage and MG is a
disadvantage of the system [93,94].

One objective of this paper is to adapt the energy storage
systems in MG to IEC/ISO 62264 standards, which is discussed as
below along with a briefly investigating on the different applica-
tions and techniques of storage systems in MG.
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Fig. 4. Hierarchical control of microgrid based on IEC/ISO 62264.

3.1. Application of energy storage in microgrid

An ESS functions like a power-quality regulator in order to yield
a specified active or reactive power to customers. The principle of
voltage control, which classifies loads by priority and employs load
shedding, is not suitable for achieving high power quality impact
in a MG. Hence, another benefit of ESSs may be that they result in
improved power quality in the MG [95,96]. Moreover, there are
different applications that can be provided with energy storage
systems, such as black start [97,98], power oscillation damping
[99,100], grid inertial response [101], wind power gradient reduc-
tion [102], peak shaving [103,104], and load following [105].
Rabiee et al. [106] present a comprehensive review of these
applications with wind turbines. Researchers have also recently
been endeavoring to come up with various techniques for improv-
ing power management and system stabilization of MGs by using
ESS. Microgrid storage systems and the power electronic interfaces
for linking sources are discussed in [107]. In [108], MG cooperative
control methods for island operation are discussed with respect to
control over frequency and voltage, as is a control system for
decreasing power variation from RESs (such as wind turbines). ESS
can also help to stabilize frequency in very large power systems.
The influence of electromechanical oscillations on the rapid
response of energy storage in a power system is indicated by
Mercier et al. [109] and Kim et al. [110].

3.2. Standardization of energy storage system

According to the IEC/ISO 62264 standard, MG hierarchical
control configuration falls into the three categories described
previously. As the third level is labeled as a connection element
in the main grid, and the storage system is based on island mode,
storage control does not contain tertiary controls, but rather
consists of a secondary and primary level. The secondary level is
the centralized control, referred to as the master unit or Microgrid
Management System (MMS) [111], and like the control hierarchy,
the primary level consists of a local control. Primary control
monitors the frequency and determines the surplus or shortage
of power. Supervisory control of MS and ESS is the responsibility of
the secondary control level [112]. Fig. 5 shows the hierarchical
control of energy storage [108]. Owing to its quick response to
fluctuations, energy storage is a significant element in MGs,
particularly in island mode. Sustaining the MG's frequency and
voltage through a storage system takes milliseconds, while the
response times of diesel generators, fuel cells, or gas engines is
very slow in comparison.

Just like the main responsibility mentioned in the preceding
section, power balancing for the regulation of frequency and
voltage in a storage element of an island-mode MG is also related
to the control level. Nevertheless, due to restrictions in establish-
ing equilibrium between generated and consumed power as a
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Fig. 5. Hierarchical control responsibility in ESS [108].
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Fig. 6. Frequency and voltage versus active and reactive power.

result of the system capacity on hand, the storage system’s output
power must be returned to zero as quickly as possible, and this is
the duty of the secondary control [108].

3.2.1. Primary control in energy storage systems

Controlling the active power in the MG is the responsibility of
the storage system, which must monitor it continually. Based on
the first level of the IEC/ISO 62264 standard, the network power
capability can sense the active power by detecting frequency
variations. When the system frequency increases (f is near fiax),
this means that the power being generated is greater than the
demand, and there is a need for surplus energy to be absorbed by
the storage system, which is allowed by its current state of charge
(SoC) to control the active power. With an increase in demand, the
capacity of the system begins to reduce, which may be reasonable
if the system frequency is much higher than the minimum
frequency (fmin). However, when the frequency approaches the
minimum frequency (fmin) for any reason (such as increasing
demand), the storage system must begin to inject power into the
system to obtain the most stable condition and improvements
in power quality [113]. The characteristic variation is formulated
in [114].

In Fig. 6, a storage system control using (a) frequency versus
active power and (b) voltage versus reactive power droop char-
acteristics is shown. The performance of reactive power sharing
depends on the impedance of the connection line between the
storage system and the network.

Hence, controlling the network with reactive power is not the
optimal method; it would be better to set the reactive power value
to zero in the storage charging process. In this situation, storage
charging begins if there is excessive generation capacity, or if there
is low demand [113].

3.2.2. Secondary control in energy storage systems

The ESS operation may fail if only the ESS is involved in
stabilizing the microgrid. Load-sharing of the burden of the ESS
and the DG units’ output power is a requirement for preventing
such an outcome [52]. As illustrated in Fig. 6, the power output
set-point of each MS should be calculated and dispatched through
the secondary control function, First, based on the IEC/ISO 62264
standards; the responsibility of the secondary control in storage
system is monitoring the system fluctuation. Then, after compen-
sating the power variation by primary control in storage and
increase the power generation, the secondary control bring the
power output of the ESS back to zero. As mentioned in Section 2, it
is the local controls that are ultimately responsible for regulating
the power output locally in each component, while the secondary
control compares the measured power output of the storage
system with the reference value in order to obtain the error. The
total required power for charge and discharge are obtained with
this error (Fig. 4) [108,113].

3.3. Techniques of energy storage systems

Storage of energy can be achieved by converting electrical
energy into another form, such as chemical or mechanical energy
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Fig. 8. Role of the aggregator in the market participation.

which a complete classification of ESS types is presented in Fig. 7.
In recent years, advanced energy storage technologies have been
investigated by researchers, which have presented a comprehen-
sive review by Tan et al. [93] and Akhil et al. [95].

Electrochemical storage technologies (or batteries) are the
largest storage group and were investigated by Yang et al. [115]
and Divya et al. [116]. Batteries are an advanced technique for
storing electrical energy in electrochemical form. They exist in a
number of different technologies, including lead-acid [117,118],
Nickel-Cadmium (NiCd) [119], Nickel-Metal Hydride (NiMh)
[120,121], and Lithium-ion [122]. The lead-acid battery is the most
economic option for microgrids, especially for larger systems [116].
The main advantage of this storage technique is that it can be
constructed in a wide range of different sizes (from 100 W to
several MW), and for this reason it is very popular for microgrid
implementation.

Flywheel Energy Storage (FES) is a technique for storing
electrical energy in the mechanical energy of a spinning rotor.
These are divided into two types: low speed and high speed.
Generally, flywheels with speeds of under 10,000 rpm are

considered low-speed, and these are much more popular in
industry [123-125].

Electric double-layer capacitors can serve as another method of
storing electrical energy, in this case between two conductor
plates directly and without chemical processing. Such a storage
systems can rapidly react to support a MG in a transient condition.

Electrical energy can also be stored in the magnetic field created
by the DC flow of a superconducting coil—a storage method called
Superconducting Magnetic Energy Storage (SMES). The method is
increasing in popularity for MGs, due to the flexibility it offers in
exchanging active and reactive power. Moreover, the charging and
discharging processes occur rapidly with this technique. For these
two reasons, the SMES method is suitable for improving power
quality [126].

Pumped-storage hydroelectricity can be used to store excess
electrical energy by pumping a large volume of water to an upper
level. Under the electricity shortage conditions, water can be
converted to electricity using turbine and generator. The infinite
technical lifetime of the technique is its main advantage [127].
Compressed air energy storage (CAES) is a method in which
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electrical energy is used to compress air to a pressure of around
70 bar. The CAES method is very expensive, and is only economic
when large volumes of cheap natural storage are available—such
as are provided by salt caverns, aquifers, and caverns in hard rock.
The compressed air is converted to electrical energy using an
expansion turbine and generator [124]. Following Fig. 7, the next
storage methods are thermal and chemical techniques. Storage of
electrical energy as heat in water tanks is the principle of thermal
storage. Under the rubric of chemical methods of electrical
storages include fuel cells, electrolysers, and hydrogen tanks [93].

4. Market participation

Recently, with the appearance of the smart grid and the
increasing motivation for the use of MGs, marketing seems a more
significant issue than ever. It was stated in the introduction section
that the last level of the IEC/ISO 62264 standard concerns the
business model and market structure. As mentioned in [128], there
are in general three main transactional models, the first of which is
known as the pool. This method is based on centralized marketing,
in which all power suppliers inject their own production, as well
as the price of generation, into the pool, and customers then
submit their demand to the same pool in order to make a deal.
A significant aspect of all marketing models is the Independent
System Operator (ISO), whose main objective is not generation
dispatch, but rather matching energy supply to demand in order to
ensure reliable system operation. ISO systems in the pool method
usually receive bids based on the demand forecasted for the
following day. With this strategy, their consumers are supported
with the lowest electricity price, and the optimal price for
generation is received. There are three types of ISO power pool:

® Tight power: This method’s function usually is based on
bounding a control area through metering and interconnection;

® [oose power: Unlike with tight power, there are no control area
services in loose power pools. Supporting for consumers is only
during emergency conditions;

e Affiliate power pools: The power generation and the energy
demand of the consumer cooperate as a single utility by using
an aggregator.

A bilateral contract, or direct access, is the second transactional
model. This method can be adapted well to MG conditions,
because energy buyers and sellers can have electricity marketing
directly without a connector system. The third model is a combi-
nation of the first two, and is the most complete method as it uses
all the features of the pool and the bilateral method together. In
this model, customers can select pool power generation first, and
on this basis sign a bilateral contract. Moreover, marketing options
can be very flexible in the hybrid system, which means there are
many different prices based on different services and power
quality [128].

4.1. Microgrids in power market competition

The section on storage indicated that a MG can participate in
the energy market, like in ancillary service markets. The oligopo-
listic method, based on a multi-agent system, is the best market
structure for MGs [17,129]. The authors of [130] and [131] present
a comprehensive review of the implementation of multi-agent
systems based on the technical challenges, approaches, and
defining concepts, as well as the standards and tools. A market-
based, multi-agent system framework for MGs is presented in
[132,133]. MG agents are divided into production, consumption,
power system, and MGCC agents [17,134]. As mention in Section 3

Wind Farm

'.

DFIG Wind turbine,

PV, Diesel Generator
& Battery Storage

Wiﬁd turbine, PV,
Fuel cell, Electrolyzer

Microgrid

Virtual Power Plant (VPP)

Fig. 9. Concept of VPP.

of this paper, microgrid control and energy management is the
main responsibility of the MGCC, which must also coordinate the
priority of loads. The MGCC, along with the consumption agent,
participate directly in the marketing operation. Moreover, the
power system agent is one of the most effective components for
determining the buying and selling price for electricity, but does
not itself participate in marketing operations. Microgrids buy and
sell the shortage or surplus of power to or from a main grid
through an aggregator. Therefore, the MG and main grid have
different perspectives to the aggregator. For instance, during the
selling of power by the MG to main grid, the aggregator is the
seller from the point of view of the main grid, and is the buyer
from the perspective of the MG (Fig. 8) [135].

Aggregators take care of local distribution systems and greatly
reduce the workload burdens on both ISO and the local Distribu-
tion Network Operator (DNO), particularly when there are great
numbers of retail market participants in the networks. In recent
years, many proposals have been provided to change power
transactions, of which retail wheeling is one. The main target of
the method is to produce a market strategy for reducing the cost of
electrical energy. A simple description of it is that electrical
suppliers and customers can perform transactions remotely. More-
over, excess power is injected into the utility through the micro-
grid in open competition [128].

5. Virtual power plant

As mentioned in the introduction, MGs and virtual power plants
(VPPs) are two concepts of the LV distribution network that can
participate in active network management as a smart grid. The VPP
is an energy management system tasked with aggregating the
capacity of a number of DGs, ESSs, and dispatchable loads, as is
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Fig. 10. Microgrid Vs VPP under IEC/ISA 62264 std.

discussed by Pudjianto et al. [19]. Fig. 9 shows the concept of the
VPP, which is based on providing centralized control for multiple
MGs, DERs, and loads.

VPPs are divided into two different types: commercial and
technical. Commercial VPPs have a competitive participation in the
electricity market and try to optimize the relation between genera-
tion and demand without respect to network limitations. Technical
VPPs, on the other hand, try to optimize control and coordination, as
well as system operation. To cover the two categories, there are three
different approaches that can be used [136]:

® Centralized Controlled Virtual Power Plant (CCVPP)
® Distributed Controlled Virtual Power Plant (DCVPP)
® Fully Distributed Controlled Virtual Power Plant (FDCVPP)

The Smart Grid, Fenix, and Ecogrid projects are the most
important European projects using the concept of the VPP and
integrated DER [137].

VPPs must always be connected to the main grid and do not
have the capacity to work in island mode [138]. Hence, in adapting
VPPs to the IEC/ISO 62264 standards, all their control levels are
always enabled—unlike in MGs, where the third control level is
sometimes disabled. However, there are some different responsi-
bilities in controlling MGs based on the standard level, compared
with VPPs. These differences are shown in Fig. 10. The level zero of
the standard in VPP is similar to the grid-connection mode of
DG units.

The primary control role is the same as the secondary control
level in the MG, while the secondary control level tries to optimize
the inside of the MG. The tertiary control in VPPs has two levels:
the lower level controls the interface between the VPPs and the
utility network through the signal sent from the VPPs to the MG,
while the upper level handles the control signal from the DNO to
the VPPS [138].

6. Future trends and conclusion

Active distribution networks, MGs, and VPPs will become
increasingly popular because of the trend toward increasing rene-
wable energy sources. This paper proposed the IEC/ISO 62264
standard for adapting the hierarchical control and energy storage
system in MGs and VPPs. To demonstrate the possibility of
adapting the standard, a comprehensive review of hierarchical
control, storage, and marketing principles, along with the VPP, is

presented in this paper. The control strategy of MGs and VPPs is
based on the standard of four different levels (zero to third).

Power converters in MGs operate on the basis of voltage and
frequency in island mode and of active and reactive power in grid-
connection mode. Hence, providing accurate reference values for
the primary control is the responsibility of secondary and tertiary
control levels. Therefore, due to the high accuracy of communica-
tion technique, the control method based on communication
interfaces in the secondary control and intelligent agents in the
tertiary control to optimize references is an extremely interesting
area for future research. Adapting VPPs to the IEC/ISO 62264
standard is analogous to a microgrid but shifted a level up. In
future research, the short-term scheduling of VPP operations may
be a fruitful research area.

In addition, the standardization of the storage system on the
basis of the proposed standard, following the loss of network
connections in level three, consists of two levels (primary and
secondary). Since in smart grid infrastructure ESS technology will
play a significant role, hybrid-energy storage systems are among
the most popular research proposals aimed at achieving the goal
of smart storage.

Finally, in the last level of the standard, microgrids have shown
the potential to provide ancillary services. An implementable
market structure and business models for ancillary services
provided by microgrids may also be a very interesting research
area for the future.
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1. Introduction that are capable of intelligently operating in both grid-connected and

island modes are required [4-6].

Future distribution networks will require completely novel In recent years, several control devices have also been developed

smart grid concepts [1-3]. In this regard, flexible microgrids (MGs) to improve the integration of MGs [7-9]. The variations in power
generation, interconnection, and electrical interface may constitute
barriers to achieving an optimal system for connecting distributed
energy resources (DERs) to the grid [10-13].
- ) o ) In the first part of their paper [14], the authors proposed
Correspondence to: Department of Electrical and Energy Engineering, Univer- d . he IEC/ISO 62264 dard he MG. vi 1
sity of Vaasa, FI-65101 Vaasa, Finland. Tel.: +358 29 449 8309, + 358 465297780. adapting the IEC/ standard to the MG, virtual power
E-mail address: omid.palizban@Uva.fi (0. Palizban). plant (VPP), and storage system. The standardization was explained
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Nomenclature PCC Point of Common Coupling
PF Positive Feedback
AFD Active Frequency Drift Pl Proportional Integral
AMM  Automate Meter Management P/Q Active and Reactive Power

APF Active Power Filter
APS Automatic Phase Shift

ARPS Adaptive Reactive Power Shift
DER Distributed Energy Resource

DG Distribution Generation

DMS Distribution Management System
DL Dispatchable Load

ESS Energy Storage System

LC Local Control

vV Low voltage

MCB Miniature Circuit Breaker
MGs Microgrids

MGCC  Microgrid Control Centre
MMS Microgrid Management System
NDZs Non-Detection Zones

NSCI Negative Sequence Current Injection

RESs Renewable Energy Sources

ROCOF Rate of Change of Frequency

SCADA  Supervisory Control and Data Acquisition
SFS Sandia Frequency Shift

SMS Slip Mode Frequency Shift

SOC State of Charge

SVS Sandia Voltage Shift

THD Total Harmonic Distortion

U/O FP  Under/Over Frequency Protection
U/O VP Under/Over Voltage Protection

UPS Uninterruptible Power Supply

UPQC  Unified Power Quality Compensator
UTSP Unified Three Phase Single Processor
VPF Voltage Positive Feedback

\'48) Voltage Unbalance

on five levels: level zero (the generation process), level one (the
process of sensing and adjusting generation), level two (monitoring
and supervision), level three (maintaining and optimizing), and level
four (market structure and business model). Based on the investiga-
tion in the first part, the tertiary control level is disabled when the
MG switches to island mode [15]. Hence, the first objective of the
present paper (second part) is the comprehensive investigation of
island-detection methods in the MG.

As presented in [16], an MG operates normally in parallel with
the utility grid. However, the transition to island operation may
occur as a result of a permanent fault in the main grid, or due to an
intended disconnection. This is why, in the event that the transi-
tion is unsuccessful (for example, due to a fault during transition),
a blackout occurs - in which case, the black-start strategy should
be used. In Fig. 1, the operational modes of MGs are presented. In
this sense, the restoration of service is performed first by dis-
connecting the distribution generation (DG) units, and thereafter
by reconnecting them in a controlled way.

As aforementioned, MGs need to be able to operate intelli-
gently in both grid and island mode [17-19]. Thus, the great
challenge is to combine all the various power electronics, com-
munication technologies, interfaces, and energy-storage mechan-
isms [20,21]. Moreover, stability and voltage regulation are the
greatest challenges to the integration of renewable energy into the
main network. Hence, power quality for the customer, which is
supported through the MG in both operational modes, is very
important [22-24].

The protection system is another major challenge to MG opera-
tions [25-27]. The protection system for MGs must also function in
both grid-connected and island mode [28,29]. As discussed by Justo
et al. [30], the principle of protection in conventional grids and in
MGs cannot follow the same approach. The responsibility of the
protection relay when a fault appears in the main grid is to isolate
the DG units and loads, and move to island-mode operation.
However, the relay removes the smallest part of the system in
which the fault occurs during the island operation.

In order to cover all these issues, the second objective of this
paper is a comprehensive literature survey of power quality,
fault management, black-start operation, and protection. The
investigation provides information on the status of and advances
in MG principles from the viewpoints of island and grid-
connected modes.

Island operation and detection techniques are dealt with in
Section 2. Power quality is presented in Section 3. Microgrid black-
start operations, monitoring, and fault management are discussed,
along with protection, in Sections 4-6 respectively. Finally, the
literature survey concludes in Section 7.

2. Island-mode detection and operation

A microgrid should deliver high-quality power without
interruption to customers through the local DG units [31,32].
Their performance in island mode should be based on standards,
such as IEEE Std. 1547, UL 1741 (the anti-islanding test config-
uration) and IEC 61727 [33,34]. However, some countries use
different standards for evaluation, such as DIN VDE 0126 in
Germany [35] and C22.2 no. 107.1-01 in Canada [36]. The various
requirements for the operational limits of voltage and frequency
according to the two most important standards for island
detection (the IEC and the IEEE) are shown in Table 1. Island-
detection methods are generally classified into two main types
of techniques: the remote and the local [37,38]. Remote techni-
ques are centralized methods associated with island detection
on the utility side. Their high performance and applicability are
their advantages, but they are not economical when compared
with local techniques [39]. Local techniques involve island
detection on the DG side, and can be classified into three
different types [40-43]: passive, active, and hybrid methods.
Anti-island-detection methods are evaluated through the non-
detection zone (NDZ). The NDZ is defined on the basis of an
operation failing at the right time on account of loading condi-
tions [44-46]. A broad NDZ is the main disadvantage of local
techniques [47], and the largest NDZ area occurs with the
passive methods [48]. Thus, the passive methods cannot support
high DG penetration. However, the active methods make up for
some of the disadvantages, and so some of the methods may
support multiple DGs [45,49].

As presented by Mahat et al. [45], hybrid methods are the result
of combining both the above detection techniques. In hybrid
methods, the active technique is implemented only when island-
ing is detected by a passive technique. Fig. 2 (which is based on
[50]) shows the classification of methods with their advantages
and disadvantages.
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Fig. 1. Operational method of microgrid [16].
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2.1. Local techniques

2.1.1. Passive methods

In the passive methods, voltage, frequency, and the system's
harmonic distortion parameters are continuously monitored.
Indeed, these parameters will vary as the mode of MG changes
[51,52]. Hence, a suitable setting for maximum and minimum
allowed variation improves the ability to distinguish connections [53].

As mentioned, the disadvantage of passive island-detection
techniques is the large NDZ. To reduce it, the method can be
combined with one of the local active anti-islanding techniques in
a hybrid method. A hybrid passive method has been proposed by
Jang et al. [57], based on monitoring the voltage unbalance and the
total harmonic distortion (THD). This approach enhances the
performance of the passive methods, and will be explained in
the section about hybrid techniques.

The most common passive methods are discussed by Zeineldin et al.

[14]. The methods do not damage the system, and they enable
high-speed relay operation. However, these techniques suffer from
relatively large NZD [45]. In other words, if the variation in the
monitored parameters does not exceed the permitted values (which
sometimes come from the standards), then the system does not

transfer to island mode [35]. A hybrid method is proposed

this problem, and will be discussed later in this paper. Moreover,
some important characteristics of the popular techniques are
collected in Table 2. These include the monitored parameters,
advantages and disadvantages, the NDZ interval, the detection

speed, and other details [54-56].

2.1.2. Active methods

The second type of anti-island-detection method is based on
feedback techniques and on monitoring the response to distur-
bances deliberately injected into the circuit [58]. Indeed, the active
method has the same principle as the control mechanism, and
detects the variation of both frequency and voltage at the point of
common coupling (PCC) [44,59].

The technique has a smaller NDZ, compared with the passive
method; however, it can lead to a degradation in the power quality
of the system [53,60-62]. A complete review of these methods is
presented by Kunte et al. [59]. An active island-detection strategy

to solve
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Fig. 2. Classification of island-detection methods [50].

that relies on equipping the DG interface with a Q-f characteristic
is presented in [44]. As with the passive method, some impor-
tant characteristics of popular techniques, including monitoring
parameters, advantages and disadvantages, the NDZ interval, the
detection speed, and other details are presented in Table 3
[59,63,64].

2.1.3. Hybrid methods

Hybrid techniques of island detection are the result of combin-
ing a passive method with an active method [36]. Indeed, the
passive technique has operational priority in these island-
detection methods, and the active methods operate after passive
detection [46]. The main advantage of hybrid methods is that they
minimize NDZs, as compared with the other two local techniques.
Due to this significant advantage, hybrid techniques are much
more effective for island protection. The most common hybrid
methods are presented in [36,45,49,65,66], and Table 4 illustrates
their advantages and disadvantages, and other important issues
regarding this class of techniques.

Moreover, with respect to the definition of passive, active, and
hybrid techniques, Fig. 3 shows a complete algorithm for local
island-detection methods, developed on the basis of [50]. As can
be seen in this figure, the passive and active methods share some
common features. Indeed, the differences lie in measuring and
monitoring: in passive methods, only measuring occurs, while
active methods are based on signal feedback. Hybrid methods
combine both passive and active methods in these measuring and
monitoring parts.

2.2. Remote techniques

Following the island-detection classification methods shown in
Fig. 2, remote techniques form another detection group. The
design of such techniques is based on a communication link
between the distributed generator and the main grid [39]. Higher
reliability is the main advantage of this method over local
techniques [67]. However, the method is uneconomical, as it is
expensive to implement. The most popular remote island-detec-
tion methods are presented by Xu et al. [23], Mahat et al. [45] and
Kunte [59]. The details of these methods, along with their advantages
and disadvantages, are summarized in Table 5.

There are many factors that should be considered in selecting
the island-detection method. Economic issues, in particular, have
always been important [59]. As mentioned, island detection is very
significant in MGs because of its strong relation with the MG
control and storage system. Hence, remote control is more popular
in smart grids and MGs, even when the additional costs are taken
into account.

In conclusion, many techniques have been developed for island
detection with single DGs. Yet when many DGs are placed in
parallel in an MG, the NDZ increase is notable. The solution to this
is to use a microgrid control centre (MGCC), thus considering the
whole MG as a ‘single DG block.” Similar techniques are then
implemented at the PCC with the MGCC. Moreover, for both island
detection and island operation, a communication and intelligence
interface is needed to connect the grid and the island into the
MGCC. Indeed, all decisions concerning active or reactive power
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Passive method island detection characteristics.

118

NDZ Single DG Multiple DG Implementation/Speed

Disadvantages

Advantages

Island detection mode Monitored parameter

Simple/Slow

Large v

Slow Detection Large NDZ

Avoid undesired DG tripping

- Frequency

0O/U Voltage/Frequency

- amplitude Voltage

Acta Wasaensia

Simple/Normal

Reliability Fail to operate if DG's capacity Large v

matches with its local load

Highly reliable when there is large mismatch in power

Voltage wave form

ROCOF

Simple/Normal

Small v

Small NDZ (Compared to other passive methods) - No effect if changing be small

Impedance

Change Impedance

- Effectiveness decrease the number

of connected inverter

Simple/Fast

Large v

NDZ effective in small changing

Easy Implementation

- Voltage magnitude

- phase angle

Voltage unbalance
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- frequency change

Simple/Normal

Large v

- The method fail for high values

Effectiveness does not change where there are

Total harmonic distortion of grid

voltage

Harmonic distortion

of quality factor
- Sensitive to grid perturbation

- Threshold is difficult to set

multiple inverters, but of course may need to coordination

Simple/Fast

Large v

- Let to nuisance tripping
- Threshold is difficult to set

Phase difference between voltage at Easy Implementation

the PCC and inverter output

Phase jump detection

control, island detection, operation, and storage systems are
managed by the MGCC. The decision to switch to island mode,
and also to resynchronize after islanding, is thus based on
measurements of MGCC on both sides of interconnection mode [68].
As mentioned in the introduction, this study is primarily a technical
comparison. However, economic comparisons constitute another
important dimension, and are discussed in [39,69].

3. Power quality

As demands on DG units continue to increase [70], power
quality, stability, and power balancing are crucial issues for
microgrids and smart grids [71]. Moreover, improvements in
performance, telecommunications, operations, and regulation -
as well as in network planning - are all very significant in
designing smart grids [72]. Based on the council of European
energy regulators (CEER) [72,73], the coverage of power quality in
MGs can be divided into three main parts, as shown in Fig. 4.

Recently, researchers have tried to minimize the most signifi-
cant issues relating to the quality of electricity in distribution
systems, such as harmonic current and unbalancing conditions.
Indeed, the evaluation of power quality is based on IEEE 519-1992,
IEC 61000-4-30 [74], and EN50160 [75]. In these standards, the
THD of the voltage and the individual voltage distortion are
limited to 5% and 3%, respectively, in distribution networks below
69 KV [76,77]. Moreover, according to IEEE Standard 1547.2-2008,
the voltage fluctuation is limited to + 5%, as renewable energy
sources (RESs) are parallel to low-voltage systems [78].

With electrical storage and distributed generation, power
quality could be maintained in much the same way as with
uninterruptible power supply (UPS) systems [79].

Moreover, electronic inverters are also used for compensation
[80]. Such devices are able to generate reactive power, supplying
reactive loads useful in dealing with unbalanced loads and the
generation of harmonic currents. Indeed, the main role of an
interface converter is to control power injection [81]. Beside the
energy storage system in island-operation mode and also inverter,
active power filters (APFs) are also effective elements for improv-
ing the power quality [82].

As discussed by Savaghebi et al. [83], power-quality problems
are of two main types: voltage unbalance and harmonics. As long
as a single-phase load is connected to the MG, voltage unbalance
can occur in the MG [84]. Indeed, some of the equipments in MGs
- such as power converters and induction motors - suffer from
voltage unbalance in the system [85]. Using series and shunt APFs
is a solution to this problem of unbalanced voltage [86]. In this
method, compensation is provided by injecting negative sequence
voltage (respectively, current) into the power distribution line for
the series (respectively, shunt APF) method [87-89].

Indeed, the main role of the DG inverter in regulating the phase
angle and the amplitude of the output voltage is to inject the
reactive power or observe it. Thus, another method for optimizing
power quality is the control strategy which is presented by He
et al. [90]. The use of a two-inverter structure approach for control
is described in [91,92], and is similar to a series-parallel APF - one
being connected as a shunt and the other in series with the grid
[83].

The injection of negative-sequence current by the DG is
another method of compensating for voltage unbalance, as dis-
cussed in [93]. However, as it uses much of the interface's
converter capacity for compensation, the method is not effective
under severely unbalanced conditions. It may even have negative
effects on the active and reactive power generated by the DG.

Cheng et al. [94] presented another method for compensating
for voltage unbalance in MGs. This involves generating a reference
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Active method island detection characteristics.
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Island detection Monitored parameter Advantages Disadvantages NDZ Single Multiple Implementation
mode DG DG /Speed
Impedance Impedance - Highly reliable Poor results for multiple Small v _ Simple/Fast
measurement - Dependability inverter connected
Impedance detection Harmonic voltage Easy implementation nuisance trip problem in Small v _ Simple/
at specific multiple inverter case Relatively Slow
frequency
SMS Phase of PCC voltage Effective in multiple inverters Requires a decrease in the Relatively — _ v Medium/Slow
power quality of the DG Slow
inverter
AFD Chopping factor drift Strong dependability appropriate chopping fraction  Large _ v Complex/
between current and to not reach harmonic limit Medium
Voltage
SFS Frequency Drift with Most effective method in Difficult Implementation Very Small _ v Complex/
positive feedback active technique Relatively fast
SVS Voltage amplitude Easy to implement In positive feedback operation ~ Very Small _ v Simple/Fast
power quality slightly reduce
APS Frequency of terminal Alleviates the problem for AFD For non -linear load have large Just in non- _ v Medium/Fast
Voltage SMS inertia linear load
Current injection Disturbance signal through Fast response (Compared to Fail for loads having value Very small  _ v Complex/Fast
d or q axis controller other active methods) quality factor more than 3
NSCI Negative sequence voltage Can be used in both single DG No NDZ None v v Complex/Fast
unit and multiple DG unit
Table 4
Hybrid island detection characteristics.
Island detection mode Monitored parameter Advantages Disadvantages NDZ Single  Multiple Implementation/
DG DG Speed
PF and VU Three phase voltage continuously Encompass small Long time for Very v _ Medium/Slow
changing detection small
Voltage and reactive power Voltage variation and reactive Low perturbation Long time for Very v _ Medium/Slow
power shift detection small
U/O Voltage and Frequency with - Voltage amplitude Most effective on hybrid  Long time for Very v _ Medium/Slow
SFS or SVS - Frequency Shift method detection small
VPF and U/OVP-U/OFP Voltage and frequency Can be used in multiple  Long time for Very _ v Medium/Slow
DG units detection small

for a negative-sequence conductance based on the negative-
sequence reactive power. There is in fact a trade-off between
voltage regulation adequacy and the efficiency of unbalance
compensation. To cope with this, [83] proposes to directly change
the voltage reference in order to compensate for the voltage
unbalance in an MG.

As mentioned earlier, THD is another power quality problem that
arises due to the tradeoff between current with the main grid and the
voltage of the local inverter loads [95]. Hence, a cascaded control
structure consisting of an outer-loop current controller and an inner-
loop voltage controller has been proposed by Zhong [95]. Indeed, the
concurrent determination of the low THD for the grid current and of
the voltage of the local load inverter is the goal of the method.

Truly, power quality in MGs can be enhanced with two comple-
mentary approaches. These are dedicated APFs and the use of the
capability of existing DGs. The general scheme of power quality in
MGs - based on the IEC 62264 standard (introduced in the first part of
this paper) - is shown in Fig. 5. Indeed, primary power quality
includes controlling a DG. Moreover, the responsibility of secondary
control is to coordinate the power between the DGs and to support
the load with a high-power quality level. The scheme consists of
different parts: dedicated units, using DG units as parallel APFs, and
back-up support connected to the main grid through a back-to-back
converter. In [96] the back-to-back converter was used to test for the

presence of power quality problems in grid-connected MGs, and to
mitigate them. As mentioned in the Introduction and in Section 2, the
target of this paper is a technical evaluation of microgrids. However,
economic issues are also important in finding the best methods to
improve power quality. The economic evaluation of power quality is
discussed by Lin et al. [97] and McGranaghan et al. [98].

4. Black-start operation

Power interruptions can appear in the whole system or in a
single part, and can arise from unplanned events in the MG [99].
During island-mode operation, this situation can lead to a blackout
[100]. The stability of the system has then been compromised, and
all DG units are disconnected from the MG [101-103].

The process of restoring the system is called a black-start [101].
Power management, balancing, and voltage control are the
responsibilities of the black-start restoration service, which is
embedded in the MGCC. As presented by Lopes et al. [104],
black-start operations are divided into two significant categories,
as dictated by the availability and sequence of the restoration
strategy. The first category is based on bidirectional communica-
tion links, the ability to receive the most recent information from
microsources (MSs), and the ability to disconnect loads [105].
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Fig. 3. Algorithm of local island-detection methods.
Table 5
Remote methods island detection characteristics.
Island detection mode Monitored parameter Advantages Disadvantages NDZ Single Multiple Implementation
DG DG /Speed
Transfer trip scheme Circuit breaker statues There is no NDZ Real time monitoring of voltage None v _ Simple/Fast
by real time voltage can be difficult for multiple DG
unit
Power line Continuously Most effective in High cost None _ v Simple/Slow
communication broadcast multiple
single to all DG units DG case

Next, the most stable sources for generating the initial power are
sought. Fig. 6 presents the fundamental principles of black-start
operation strategies (in red). Based on the principle, in order to
prevent overloading of MSs or large frequency variations during
restoration, all the loads should be disconnected as an initial step.
Then, in order to avoid large transient currents or changes in
power, the grid must be rebuilt in small steps [106].

After that, both controllable and non-controllable loads are
connected to the network, in that order, and the loads are slowly
increased [104].

The energy storage system has a very significant effect on the
maintenance of power balance and on achieving acceptable

voltage levels. As presented by Laaksonen et al. [102], the most
effective principles for successful black-start operations are as
follows: (1) rate the capacity of the storage bank. This can be
estimated by considering that it must exceed the largest motor
drives and converter-based DG units on the network. However, as
a guideline, it should also be between 1.5 and 2 times as large as
any directly connected rotating machines. (2) Any directly con-
nected large rotating machines should be attached separately from
normal loads. Also, generally speaking, the sequentially connected
groups of loads should not exceed the storage available [102].
Further principles of black-start operation are presented by Moreira
et al. [107].
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5. Fault-management principles

As discussed in the introduction, there are two different fault
conditions in MGs [108,109]:

® The MG is working in grid-connected mode and a fault appears
in the main grid: the MG moves to island mode using one of
the methods discussed in Section 2;

The MG is in island mode and a fault occurs inside the island
area. The smallest area containing the fault should be discon-
nected from the rest of the system. The highest fault current,
which can be supplied from the converter-based generators, is
the most significant issue in this situation. Generally, these
types of generators have design limitations on their converter,
which causes the maximum fault current contribution to be no
more than twice the rated current of the converter.

As Laaksonen et al. have presented [102], fault management in
MG island mode has three parts:

® Fault detection: depending on which part of the system the fault
occurs in, there are different methods of fault detection in
island mode. This will be discussed in Section 6.

® Fault type: the detection of the fault type in an islanding MG is
based on measurement of the phase voltages.

® Fault location detection: by measuring the current through the
relay installed in each feeder, it is possible to find the location
of fault.

Fault management in MGs is based on the exchange of information
through the signals between the MGCC and the protection devices.
Since protection in MGs is especially important in island mode, the
DG units inside the MG must also have a backup protection setting, in
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order to have proper operation in case the communication link with
the MGCC is lost. The fault-management strategy during MG islanding
is shown in orange in Fig. 6.

6. Protection

The reliability of an MG, in either grid-connected or island mode,
depends crucially on the protection system employed [110]. Indeed,
the protection device, protection relay, measurement equipment, and
grounding are all components of the protection system.

As discussed by Justo [30], safety and fault analysis on one hand
and security on the other are two important issues in protection
scheme design. Moreover, in investigating these issues, some
parameters should be considered. These include sensitivity, selec-
tivity, and the speed of response [111-113].

A number of fundamental structural choices determine the
speed requirements and the operational principles of MG protec-
tion. The structural choices necessary for fulfilling the speed
requirements consist of switch technology, communication tech-
nology, and the size of the energy storage bank [114].

As mentioned in Section 5, two specific types of problems occur
that, in general, may cause damage. The protection system should
attempt to prevent these. The first condition is to maintain MG
performance when a fault appears in the main grid [115]. Here, the
protection relay must isolate the MG from the fault feeder. Quick
switching to island mode must then be achieved through one of
the methods mentioned in Section 2.

The second condition is to provide sufficient protection coor-
dination when the system is operating in island mode. This
situation removes the smallest part of the system in which the
fault occurs [116,117].
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The necessary steps and features of the operation of the MG
under abnormal conditions arising from faults are described by the
Consortium for Electric Reliability Technology Solutions (CERTS)
[115]. Under the IEC/ISO 62264 standard, MG protection also has
three levels. In the first level, the main structural functions of the
fully developed MG include the protection of customers, DG units,
and low-voltage feeder. The second level involves protection in the
PCC. It should be noted that the third level of the protection also
conforms to the grid-connection protection policy.

Researchers have proposed in [114,118] a smart protection
system that illustrates suitable protection principles for parallel
and island-operated MGs. It also acknowledges the speed require-
ments for protection. According to these authors, the functions
needed for protection in normal and island operation are sum-
marized in the following.

For customers, an overcurrent function is the only protection
based on miniature circuit breakers (MCBs) and fuses. The relay is
set based on the critical operation mode - in this case, island
operation. DG unit protection is based on communication or on
local measurement. In the communication method, a transfer
signal is received. This could be a trip or a reconnection signal
from the microgrid management system (MMS). However, local
measuring methods involve voltage, frequency, and synchroniza-
tion relays. These relays protect the DG unit from any over or
under voltage or frequency and assist in synchronizing the unit for
connection or reconnection in normal or island operation. Protec-
tion of low-voltage feeders can also be based on communications
or local measurement in grid-connected mode. The communica-
tion policy is the same as for the DG unit. However, the local
measuring method uses a directional overcurrent relay, which
operates only when a fault appears on the low-voltage feeder.
When the MG is connected to the main grid, PCC protection points
employ both communication and local measurement. It is the
responsibility of the protection system to transfer the disconnec-
tion signal from the MV feeder when a fault appears in the main
grid. The backup for the transfer signal is the voltage relay
applying the local measuring methods when a fault occurs in the
main grid. The synchronism check relays used in PCCs are also
employed in island-operating mode. Synchronizing the MG recon-
nection to the main grid according to the voltage phase and
frequency difference between the MG and the utility grid is the
duty of the relay [118-121].

7. Future trends and conclusion

The growth of renewable energy and its penetration into the
main grids has permitted the creation of many new ideas and
concepts in network management - including the microgrid.
The first part of the paper attempted to propose standards (IEC/
ISO 62264) for three different aspects of MG: hierarchical
control, storage, and market structure. The second part pre-
sented a comprehensive review of the operational issues in
MGs that have impacts on their participation in ANM. These
issues included island-detection methods, black-start opera-
tions, fault-management monitoring and protection, and power
quality.

In line with the growth in converter-based DG units and
sensitive loads, power quality and power management are crucial
for any future MGs. Several methods for power-quality compensa-
tion have been proposed in the literature. Indeed, the main
performance parameters in power quality are voltage and fre-
quency regulation, along with power sharing.

In the multiple island-detection methods used in MG opera-
tions, we noted that the speed and accuracy of detection are the
main criteria. Thus, decreasing the operation time while

maintaining the protection security is a crucial goal for future
research into island-mode detection.

Flexible protection methods are another important issue for the
MG. Protection schemes should be able to detect faults and
operate in both island- and grid-connection modes. In this paper,
several protection devices and measuring types required for
different parts of the system have been reviewed. The study of
programmable protection devices and high communication cap-
abilities should be taken into account in working on the participa-
tion of MGs in ANM.
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ABSTRACT

The approach to optimal control for distributed battery energy storage systems (BESS) has recently been
closely investigated and implemented by numerous experts. The management of the power balance
based on the dischargeable energy of each battery is the main issue in this type of BESS control. In this
regard, the performance of power sharing between Battery Energy Storage Units (BESUs) with different
States of Charge (SoC) can be enhanced. Based on the traditional droop control, the sharing of power
between different BESUs is based on power capacities, rather than on energy levels; it thus causes some
limitations for the ideal injection and absorption of energy by the energy storage system. In this paper, a
decentralized control method for SoC is proposed, based on a modified droop control method in which
the SoC of each BESU is balanced during the discharge process. The droop coefficients should be set to be
inversely proportional to the SoC of each BESU. Using this control strategy, the storage unit with the
highest SoC provides more power to support the load, while the unit with lower SoC provides less power.
Thus, the output power of each converter will be proportional to each SoC. The method is validated using
simulation results from PSCAD/EMTDC software.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

e Implementing an energy storage system alongside the RESs and
MGs. The system can absorb power when power generation is

Renewable energy source (RES) powered generators are the
most popular of the energy sources that can be integrated into the
main network in the form of Distributed Generators (DG) or
Microgrids (MGs) [1-3]. Managing power balance and stability is
nonetheless a challenging task, as these factors depend on a
number of variables, especially when MGs operate in island mode.
To meet this challenge, three major approaches are offered [4]:

e Operating the RES in deloading mode and introducing a
limitation on the power supplied by the RES. However, this
method is only effective when more power is generated than is
demanded, and so cannot be considered during power shortages.
Moreover, the method can reduce the efficiency of the energy
utility [5].

Load shedding or power management on the demand side to
regulate the loads based on the power generated by the RES. This
method needs a rapid response from the demand side and also
may cause customer dissatisfaction [6].

* Corresponding author at: Department of Electrical and Energy Engineering,
University of Vaasa, Vaasa FI-65101, Finland. Fax: +358 29 449 8309.
E-mail address: omid.palizban@Uva.fi (O. Palizban).

http://dx.doi.org/10.1016/j.est.2015.08.005
2352-152X/© 2015 Elsevier Ltd. All rights reserved.

higher than the demand and can inject the stored power into the
system during shortages [7].

The storage of energy can be achieved by converting electrical
energy into another form, such as chemical or mechanical energy.
In recent years, advanced energy storage technologies have been
investigated by researchers who have produced comprehensive
reviews, such as Tan et al. [8], Carnegie et al. [9], and Bradbury [10].
Based on these studies, electrochemical storage (battery storage) is
the most commonly used technique and covers many applications.

The battery energy storage system (BESS) is a power electronic-
based device that can minimize the power variation in the system
and increase the integration of RESs through a suitable cooperative
control [4]. Such BESSs may be distributed or aggregated in
arrangement. The aggregated model operates on similar principles
to the master unit [11,12] and the microgrid is supported through a
central energy storage system. Depending on the arrangement,
this system may be connected to the DC bus [13,14] directly or
through a power electronics interface [8]. The model is popular in
small-scale MGs that have a low level of generation and demand.
In a distributed arrangement, the BESS is connected through
different individual power electronic interfaces to each DG. In
this method, each storage system has responsibility for the control
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and optimization of the power output of the sources to which it is
connected [15].

The control methodologies for the BESUs can be classified as
central or decentralized, which cover both of the storage
arrangements. Since the storage energy level is different in each
BESU, the critical issue in control strategies is to balance the
energy. The discussion of centralized control of the power-
electronics interfaced DG system with the BESS is well-known
and is presented in [ 16-18]. Recently, different strategies have been
proposed for energy storage balance in distributed BESUs [19-24],
but these proposed method are based on a centralized control unit
and employ a communications system. Thus, operating the system
under these control methods involves a high level of risk, as the
storage system may go out of control with a malfunction in the
central control part or the communication link. In [25], a
decentralized strategy that does not need communication between
BESUs is described; this considers equalization through an
adaptive droop control while the batteries are supplying power
to the load. A decentralized strategy for equalizing the SoC during
both charging and discharging is proposed in [26] and employs a
double-quadrant method. The drawback of this method is that it
depends on the initial SoC at each unit, and also requires previous
knowledge of the characteristics of the other BESUs. In fuzzy
control methodologies, some energy balancing is also proposed
based on the fuzzy interface described in [27] for island DC
microgrids and adapted to AC microgrids in [28]. In [29], a
distributed control strategy is proposed for power electronics-
based MGs, based on sharing voltage, frequency, and reactive
power. In this method, the control signal for each DG is provided
for the lower control level through the measurements of other DGs

in each sample frame. In this paper, the control strategy proposed
in [29] is adapted, applied, and evaluated for an BESS, considering
also the SoC equalization when the batteries are discharging. In a
BESU, the dischargeable energy is equivalent to the stored energy.
To optimize the operation of the storage unit, control of the SoC is
required, but this control should not have any effect on the
performance of the BESU control [30]. During the process of
charging and discharging, the SoC of each BESU should be balanced
and their outputs or inject powers should be based on the SoC of
the same BESU. Since the sharing of power between the different
BESUs is based on power capacity, rather than on energy levels,
some malfunction of the droop control may occur; there are also
several general limitations to facilitating power sharing between
the units [31-33]. Hence, it is necessary to modify the droop
control in order to overcome this limitation. In this paper, a SoC-
balancing method based on a modified droop control suitable for
adapting control strategies is also employed.

The present paper is organized as follows: the configuration of
the BESS is presented in Section 2. Section 3 discusses in detail the
coordinating SoC control strategy for the BESS. In Section 4, a
simulation study is presented to evaluate the performance of the
proposed cooperative control method. Finally, the paper is
concluded in Section 5.

2. BESS configuration

The BESS contains several parts with different responsibilities.
A configuration involving the battery bank, along with the control
block diagram, is shown in Fig. 1. The BESS control block diagram
consists of three different parts—namely, as inner control loop, the
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Fig. 1. Configuration of the ESS.
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lower control level, and the upper control level. These are
explained in detail below:

2.1. Inner control loop

Managing the output power of the BESUs is the main goal of this
control level, and is generally accomplished through the inner
current and voltage-control loop. The first step is the BESU
operating point control, using power electronic devices [34]. In this
control part, the desired voltage is determined by comparing the
reference and measured values. Then, turn-on and turn-off
switching signals are the generated for the six insulated gate
bipolar transistors (IGBTs). Reference values for voltage and
current controllers are calculated as follows [35,36]:

a. Voltage control loop

V; VZEf <Va + Via)
V= |V | =Bcr | VEf | —Bea | (Vi + Vip)

Vi VEEf (Ve + Vi)

-ref

ref lp — AV* + BV*

1 00
Bcy = Bcy = 010

0 0 1
[kpy O O ki,/S 0 0
A=|0 k, O0|,B= 0 ki/S 0 (1)
L0 0 Ky 0 0 ki /S
b. Current control loop

In these equations i"*f and V™' are the reference values of the
current and voltage, respectively. V,, . is the output voltage of the
BESU and V; , is the output voltage of the virtual impedance block.
Moreover, the difference between the total amount of these

voltage output and reference values is represented by Vg, .. The

output current measurement is designated by iz‘b_c and the result
of the comparison of this amount with the reference value of
current is represented by i,, .. The proportional, as well as the
integrational, gains of the PI controller for the current and voltage
control loop, respectively, are written as ky;, kij, Kpy, Kiy.

2.2. Lower control loop

In the BESS configuration, the power control loop consists of a
power calculator and a droop control part. To obtain the
fundamental components of output active (P) and reactive power
(Q) for the droop control, a low-pass filter with cutting frequency
(ws) is used [35,36].

a (3)

In the control level, the reference voltage and frequency values
are created using virtual impedance and a droop control strategy.
The responsibility of the droop control is to regulate the amplitude
of the voltage and frequency. As shown in Fig. 2 [27], the BESS
inverter can be modeled as a controllable AC voltage source (V' /6)
connected to the microgrid through output impedance (Z; /§) [36].
In both high and medium voltage systems, the impedance is almost
inductive (Z; /8 =~ jX), so the resistive part can be negligible without
creating any inaccuracy. However, due to the coupling of active and
reactive power when inductance is not present, the implementa-
tion of this method can create a particular problem for low voltage
systems [37]. Hence, unlike with HV and MV systems, the line
impedance with low voltage is more resistive. Since monitoring the
frequency is easier, it being constant throughout the network and

— ref ol
. lq l.?ef 'f having a more stable value than the voltage, and also in order to fix
P= b = Bey ’fer —Be l.lf the output impedance of the inverter, a suitable virtual impedance
L Ic lc (Zy) is added to the voltage reference, making the output highly
yref inductive.
yref — of | - The frequency and voltage of the droop control for the systems
=|Vj =Ci" +Di . .
yref can thus be determined as follows [37,38]:
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Fig. 2. Equivalent circuit of parallel BESS.
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where P v and Q™' are the reference values of the active
power, frequency, voltage and reactive power of the system,
respectively. In this formula, the droop coefficients (Tp), Tos))
represent the coordination between adjusting the voltage and the
output power of inverter, as discussed later in Section 3.

2.3. Upper control level

The upper control level monitors and reacts to the system in
order to keep deviations in the grid frequency and voltage within
the permissible range—that is, to +0.2Hz in UCTE (Continental
Europe) and to +0.1 Hz in Nordel (North of Europe). It maintains
voltage magnitude to —6% to +10 % [38]. Such deviations are
regulated toward zero each time there is a load change or when any
variation appears in MG power generation.
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Based on the method proposed in [29], on this control level, at
regular sample intervals, the frequency and voltage are measured.
The average and measurement errors of these values are sent to
the lower control level, which acts to restore the voltage and
frequency. Moreover, because of variations in the voltage at
different points, the reactive power also must be measured for
each generating unit with the decentralized control method
and, along with the frequency and voltage, is shared with the
other units. The variation in each reactive power and the
restoration compensator are deduced from (7) in the decentral-
ized control [29].
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Fig. 3. Distributed control block diagram for BESU.
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In these equations, AVggsy,, Afgesy,» and AQggsy, are the restora-
tion values of the voltage, frequency, and reactive power,
respectively. The VBESUkvaESU,(- and QBESUk are the average voltage,
frequency, and reactive power of BESUy, at each sample time Gp and
G; are the control parameters of the upper control PI compensator
for voltage (v), frequency (f), and reactive power (Q).

One additional significant issue to be considered is that the SoC
of batteries may be different. For this reason, in seeking to obtain
optimal control, the SoC needs to be balanced at each BESU. A
SoC-balancing method based on droop control is thus added to
the upper control level (see Section 3).

3. Coordinated SoC control strategy for BESS

In the battery energy storage technique, the operational voltage
and current levels are generated through a series or parallel

connection of cells [39]. The quantity of electrical charge in the cell
from the fully charged state to the discharged state is called the
capacity of the battery. Moreover, the SoC is the ratio between the
remaining capacity and the full charge; this equals 100% for full
charge and 0% for full discharge. As demonstrated in (8), the
variation in SoC (ASoC) is based on time and its relation to capacity
(G [27].

idt
ASoC = o
SoC = SoCg— [ 14t (8)
Gi

Generally, the power capacity, rather than the energy level, is
used to allocate the required power between the different BESUs,
which leads to some problems in the system control. With the
power sharing method, the batteries with lower energy levels will
inject the same power to the system with BESUs that have higher
energy levels, so the lowest units will run out of energy first and
will no longer contribute to maintaining the frequency. On the
other hand, during the charging process, the absorbing energy is
the same for batteries with the lowest and highest energy levels, so
when an BESU becomes full, it cannot absorb much generated
power, even when the combined power capacities of the unit are
higher than the total power demand, and the RES potential will be
wasted.

Because of this issue, the traditional droop control has several
general limitations to facilitating power sharing between the BESUs
and needs to be modified so that the power generated through the
BESU isinversely proportional to the energy level. This means that, in
the modified droop control, the power is proportionally shared
between BESUs, based on the available energy, so that the unit with
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Fig. 5. Configuration of the studied system.

the lowest energy level provides the least power, cooperating instead
with the unit with the highest energy level in order to support the
load and system. To regulate the power sharing, the droop coefficient
needs to be adjusted based on the energy level. In this regards, Lu
et al. [25], and Morstyn et al. [36] modified the traditional droop
control by multiplying (1/«) with the droop coefficient for DC and
AC microgrids. However, in these methods, a battery energy-level
limitation is needed to prevent the coefficient going to infinity
(e = max(E — Enin/Emax — Emin, 0.01)). Additionally, this limitation
increases the risk of BESU control such that a malfunction in the
limitation may give rise to a significant problem in controlling the
storage system. To overcome the problem, a method for modifying
the traditional droop control is here proposed. As mentioned
earlier, the optimal continuous operation of a BESS requires
accurate SoC control. Since the SoC control should not disturb the
BESS control performance, an advanced control structure on the
upper control level should be studied when monitoring the SoC of
the BESU [30]. In the first step of this strategy, it is necessary to

Table 1
Simulation parameters.

measure the average value of the SoC in all the BESUs (SoCggsy). To
determine the average value of the state of charge, the SoC of each
BESU (SoCggsy, ) {K = 1,2,..., N} must be measured at each sample
time and sent to the other units to calculate the total amount of the
available state of charge (S0Crya)):

S0Crotal = SOCBESU1 + SOCBESUZ + .+ SOCBESUN (9)

It is then necessary to divide the sum of all state-of-charge
values by the number of battery energy storage units (N).

SC’CTotal
N

Based on (10), the same reference value will be used in each unit
and for obtaining the deviation of each BESU (#); the average
value of SoC is then compared with the SoC value of the same BESU
(SOCBESUk):

¥y = S0Cpesy — SOCpEsy,

SoCpesy = (10)

(1

Type Item Symbol Values & units Type Item Symbol Values & Units
Upper level control Amplitude voltage proportional term Gpy 0.2 x10° Electrical system setup Filter inductance Lc Lg/2
Amplitude voltage integral term Giv 0.1x102 Output impedance Ly 600
Frequency proportional term Gpr 0.1x102 Filter capacitance Cp 100 pf
Frequency integral term Gir 0.2 x10° Linear load (1) Ru, 200Q)
Reactive power proportional term Gpo 0.1 x10° Linear load (2) Rui, 100Q)
Reactive power integral term Gio 0.2x1073 Nonlinear load resistance RnL 200Q)
SoC proportional term Gps 0.2 x 10° Nonlinear load inductance Ln 0.084
SoC integral term Gis 3 Nonlinear load capacitance  Cyp. 235 pf
Inner control loop  Voltage proportional term Kpy 0.35 Reference value of frequency frer 50
Voltage integral term Kiv 0.4 x 10° Reference value of voltage Viet 200
Current proportional term Kp; 0.35 LPF Cutting frequency ws 31.42rad/s
Current integral term K;i 0.2 x 10° Number of units N 3
Transmission line value of the system
From To Length (m) Parameters
Ro X, Xe, R. Xir Xes
ESU, AC bus 100 0.656 x 1073 0.3268 x 102 6.643 0.164 x 1072 0.0817 x 102 3.571
ESU, 150 0.456 x 1073 0.1268 x 1073 6.643 0143 x10°2 0.0417 x 1073 3.571
ESU3 200 0.32x1073 0.09 x 1073 6.643 0112 x 1073 0.00517 x 103 3.571
LL,, LL, 50 0.256 x 1073 01515 x1073 6.643 0.0955 x 103 0.0325x1073 3.571
NL 50 1.0052 x 102 0.03729 x 103 6.643 0423 %1072 0.00417 x 103 3.571
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Fig. 6. Difference between SoC value at starting time.

A simple PI controller that is sufficiently fast to avoid full charge
or discharge is added in order to determine the suitable value of
the SoC. Indeed, the deviation of the SoC is amplified by the gain
Gps and integrated with the gain G;s. The control signal in every
sample period (8sec,) is shown in (12).

SSoCk = GPsﬂk + Gis ﬂkdt (12)

To set the droop coefficients based on the energy level of each
BESU, the output signal of the PI controllers is added to the
traditional droop coefficient which is presented in (4) and the new
droop coefficient value (Tp,)) is defined as:

Tpvy) = Tr(s) + Bsoc, (13)

Hence, by combining the traditional droop control (4) and (13),
the modified droop control shown in (14) is obtained.

Fie =" = Tow, x (P — P (14)

To equalize the energy storage discharge, we should consider
the BESU with the lowest SoC discharge to be slower than all the
others, in order to ensure a stored energy balance. The frequency is
equal in each sample period and place and the variation is also
within the acceptable range.

fimfa=..=fy (15)
So, combining (15) with (14), it obtains:
PiTpny,) = PaTpvy) = - = PnTry) (16)

Based on (13) and (14), and in order to achieve equalization, the
droop coefficients at each BESU should be inversely proportional to
the output power. In other words, for a set of BESUs with different
SoC levels arranged as

SoCgesu, ) SOCaEsu, ) ----) SOCBEsUy (17)
Power
= BESU 1 = BESU 2 =BESU3 =
300
A
2% Pigsy = Presu, = 170w
M
o \ |
150

100 <

Time 0,0 1.0 20 3.0 4.0 5.0
(Sec)

Fig. 7. Power sharing without SoC control.

Fig. 8. Power sharing waveforms.

Based on (12) and (13), the control signal and droop coefficients of
each BESU can be defined as

O0Cesy, (Ss0Csesy, (- (FS0Cazsu, (18)

Te(vy) (Trvy) (- Teovy) (19)

This means that the droop coefficient of the battery with the
highest SoC is adjusted to the lowest value of all the others.
Likewise, the BESU with the lowest SoC has the highest droop
coefficient. It can be concluded from (16) and (19) that if
SoC; > SoC{i,j = 1,2,...,N}, then |P;| > |P;|. A control diagram of
the proposed method, as well as of all upper and lower control
levels, is shown in Fig. 3. Moreover, a flowchart of the distributed
control strategy based on the proposed method to give the
modified P/f droop control is presented in Fig. 4.

4. Simulation study

A PSCAD/EMTDC simulation model of the BESU was developed
in order to test and evaluate the distributed cooperative control of
BESS based on the new modified droop control method. The
simulation system consists of three battery bank units connected
to the AC bus through a power electronics interface. As shown in
Fig. 5, the AC bus supports two linear and one nonlinear load in a
balanced three-phase system. Two resistors (R;, Ri>) are used as
the linear load, with one of them connected to the system from the
beginning and the other one attached between t=25s and t=45s.
The nonlinear load includes a diode rectifier loaded by a capacitor
(Cn) and a resistor load (Ryy), which also connected to the system
from starting time.

To advance the simulation, the different distances between the
loads and the storage unit are considered, so that the each load is
50 m away from the AC bus and the distances to storage units are
200 m, 150 m, and 100 m for BESU; to BEUS3, respectively; to model
the distances and distribution lines, nominal pi-section models are

oo =soc ) =soc2 =s0c3 =
0.90 -t SoC, =SoCy =10%

0.80

0.70 | \

0.60

0.50 \

\
/

0.40

| SoC,—|SoC, =0
0.30 T 1 <t
0.20 T \

0.10

0.00 0
Time R0 10 20 30 40 50 60
(Sec)

Fig. 9. SoC waveforms.
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Fig. 11. Difference between highest and lowest of SoC.

used. Table 1 summarizes the main parameters of the system,
which are identical for all three BESUs, as well as the parameters of
the distribution lines. As shown in Fig. 6, the initial value of the SoC
was adjusted by 5% so that Battery 1 is full of charge (100%) when
the SoC of Batteries 2 and 3 are at 95% and 90%, respectively. To
further evaluate the proposed method, and also demonstrate its
effect on the system, in the first 5s (0 < t < 5s), the upper control
level is off and the system operates based on the individual
information of each BESU. During this time, the proposed power
sharing technique is also off and, as shown in Fig. 7, the output
power of each BESU is constant during this period. At t=5s, the
controlling method is started and, as illustrated in Figs. 8 and 9,
BESUs with different charge levels close to each other equalize step

Power
= pout_DIff =

175 I

150 /\ i

125 !

|

100 t
75

Watt

/

ime RN o] 10 20 30 40 50 60
(Sec)

Fig. 12. Difference between highest and lowest of power.

by step by sharing power based on their SoC levels, such that
Battery 1 provides more power than Battery 3, which has 10%
lower SoC. Hence, the SoC value, and thus the output power, of
each BESU approach that of the others.

The system operated for 60 min and, to evaluate the power
sharing based on the SoC modified droop control, three different
interval times were analyzed. The equalization of the power and
SoC based on the three different interval times is shown in Fig. 10.

The speed of convergence of SoC and power sharing decreases
with each step on account of the decreasing error value between
them. After t =25, the speed of the SoC droop is faster than before
because of the increasing load power (injecting more power); after
t=45s,it has returned to normal. In the energy level, the highest
difference is between SoC1 and SoC3, where it has changed from
10% to 0%, as shown in Fig. 11. Additionally, the highest difference in
output powers is between the Pgesy; and Pggsys; as illustrated in
Fig. 12, the value also changes from almost 175 W to zero. Finally, as
shown in Fig. 13, despite the power variation in the system, the
power delivered to the AC bus and loads is constant.

5. Conclusion

The main issue in controlling the distributed energy storage
system during the charging and discharging processes is to balance
the SoC of each BESU while also regulating the output or inject
power based on the SoC of the same BESU. In this regard, this paper
proposes a modified droop control methodology for power sharing
in a decentralized control methodology which is adapted, applied,
and evaluated for energy storage systems during the discharge

Power

800 = Bce . -

750

700
5 650 - >
2 Load switching

600

550

500 =
Time ¢ 10 20 30 40 50 60
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Fig. 13. Power delivered to the AC bus and loads.
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process. To achieve ideal power sharing, dynamic SoC balancing is
used; in this method, the power can be shared between the
different BESUs, taking their SoCs into account. Based on this
technique, the BESU with lowest SoC delivers less power, while the
unit with highest SoC injects most power to the system. Thus, the
output powers related to each BESU are approached together and
also the differences between the SoC rates are reduced, step by
step. Future research should investigate connecting the system to a
microgrid with centralized or decentralized control methods and
studying the system during the charging process.
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AQBESUk AQ gy AQ sy (QBESUk - QBESUk)
1 s, =] ]
VBESU‘ = N [VBESU, + VBESUZ +o.t VBESUN ] f BESU, — N /, sesu, T / BEsu, Tt / BESUy,
1

QBESUk = N [QBESU, + QBESU2 ot QBESU‘\, ]

G, +Gfs 0 0 100
E=| 0 G,+Gfs 0 F=[0 10
0 0 GptGy/s 00 1
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Decentralized Secondary Control of Energy Storage
Systems in Autonomous Microgrids

Omid Palizban', Kimmo Kauhaniemi', Josep M. Guerrero
'Department of Electrical and Energy Engineering, University of Vaasa, Vaasa, Finland
2 Department of Energy Technology, Aalborg University, Aalborg, Denmark

Abstract: the hierarchical control of microgrids that consist of distributed generators and energy storage systems is a
necessary element for the optimal control of future grids. This paper investigates the hierarchical control of such systems
based on the decentralized control methodology. Since the energy level of each storage unit is different, the main challenge in
controlling distributed storage systems is equalizing the energy level during the charge and discharge periods. Some
limitations on balancing exist in traditional droop control because the demanded or absorbed power share is based on the
power capacity, rather than on the energy level. Hence, in this paper, a modified droop control is employed to avoid this
disadvantage and to share the power with respect to the energy level of each storage unit. By employing the proposed method
in distributed energy storage, the battery with the highest State of Charge (SoC) supports the load by injecting more power
than the battery with the lowest SoC. This works inversely in charge mode and more power is absorbed by the battery with
the lowest SoC, and the battery with the highest SoC absorbs the least power. The method is validated by simulated results
from PSCAD/EMTDC software.

Nomenclature
[ Reference value of frequency in BESU
f BESU, The average frequency of BESUy
N, BESU, Restoration values of the frequency
Af pest The difference between reference and frequency
ié’bﬂ The output current measurement
i:,b, c The difference between reference and output current
if{; . Reference value of current in a,b,¢
. Reference value of reactive power in BESU
QBESUA The average reactive power of BESUy
AQ;ESU The difference between average and output reactive power
AQBESU,( Restoration values of the reactive power
Vibe The output voltage of the BESU
fape The output voltage of the virtual impedance block
V:,,,,C The difference between reference and output voltage
v, Reference value of voltage in a,b,¢
Ve Reference value of voltage in BESU
T7BESUA The average voltage of BESUy
AV pisu, Restoration values of the voltage
AV e The difference between reference and output voltage
G110 Proportional gain for (voltage/frequency/reactive power) in secondary control
G ri0) Integration gain for (voltage/frequency/reactive power) in secondary control
k PO/ Proportional gain for (voltage/current) in primary control
ki(v ) Integration gain for (voltage/current) in primary control




2. Introduction

Distributed Generators (DGs) and Microgrids (MGs) are
forms of Renewable Energy Sources (RESs) that can be
integrated into the main network. MGs consist of the
methodical organization of such DG systems [1-4]—an
organization that leads to increases in system capacity and
achieves high power quality [5]. The control of such a system
is critical, and implementing a hierarchical control system is
necessary to achieve optimum performance. In [6], a
comprehensive analysis of the hierarchical control of MGs is
presented. Based on the scheme of MGs, hierarchical control
can be described as having four levels, responsible for
processing (inner control loops, or zero level ), sensing and
adjusting (primary level), monitoring and supervising
(secondary level), and maintenance and optimization (tertiary
level). Generally, the hierarchical control level is obliged to
provide control over the power generation from the DG units.
Since, these units ecither have some instability in power
production or slow controllability to variation inside the MG
[7], an Energy Storage System (ESS) is required to cover the
fluctuation during island mode. In recent years, advanced
energy storage technologies have been investigated by
researchers such as X. Tan et al. [8], R. Carnegie et al. [9], K.
Bradbury [10] and also a matrix of available technologies and
applications is proposed by the authors of the current paper in
[11]. These studies indicate that electrochemical storage (i.e.,
battery storage) is the most commonly used technique to cover
applications involving frequent charging and discharging
processes. The energy storage system within an MG is an
auxiliary resource and usually does not participate control
actions when MG is connected to the main network. Hence,
the third control level is not used in the storage control
technique and the hierarchical control of Battery Energy
Storage System (BESS) consists of three levels: the inner
control loop, the primary level, and the secondary level [12].
There are many different technical possibilities for each of the
control levels of a MG. Vandoorn et al. [13] presents a
complete review of primary techniques, which are based on
local measurements only. Comprehensive research into
hierarchical control and secondary control level is presented
by Guerrero et al. in [14]. Based on their investigation,
secondary control levels can be classified into two types:
centralized and decentralized , and the challenges of the
control level, and their solutions, are presented in [15]. These
two types have almost the same duty, though there are some
differences between them. Indeed, power management in the
centralized methods is done through the MG Central
Controller (MGCC) part, while in the decentralized control
type, it has been removed and the secondary control is located
beside each primary control. The major disadvantage of
centralized methods is the dependency of the system on the
MGCC and the control will face critical problems due to any
malfunction in the control center. Recently, in order to deal
with this problem, different methodologies based on
decentralized control method have been proposed [16-19],
although performance and efficiency have been improved by
planning decentralize control methods. Some challenges
nonetheless remain when implementing the control strategy.
One of the major challenges in the employing of a fully
decentralized control system is the impossibility of controlling
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the system during transient variations and some of other
management functions [19]. One way to deal with these
challenges and to approach high-level control is to install a
distributed energy storage system beside each DG. Based on
this structure, the arrangement includes a set of DGs and
Battery Energy Storage Units (BESUs) that are controlled
through distributed secondary control strategies. Since the
storage energy level is different in each BESU, the critical
issue in control strategies is to balance the energy. Hence, in
this paper a novel energy balancing scheme for BESUs is
proposed by using a decentralized control approach. Recently,
different approaches have been used for balancing energy
storage in distributed BESUs [20-25]. However these
proposed strategies operate with centralized control methods.
As mentioned, operating the system under these control
methods involves a high level of risk. A decentralized strategy
for BESUs is presented by X. Lu et al. [26], which this
employs an adaptive droop control. However, the energy
equalization is being only considered when the batteries are
supplying power (discharge mode). In [27] the method is
extended and a double-quadrant technique is presented to
equalize the energy with a decentralized method for both the
charging and discharging process. Nevertheless, the methods
consider only DC MG and also a drawback of this method is
the dependence on the initial energy in each unit and the
previous knowledge of the characteristic of other BESUs. In
fuzzy control methodologies, some energy balancing is also
proposed on the basis of the fuzzy interface, described in [28]
for island DC microgrids and adapted to AC microgrids in
[29]. A decentralized control method for MGs based on power
electronics is proposed by Shafiee et al. [18]. In this technique,
the voltage, frequency, and reactive power of the DGs in each
sample frame is measured and shared with others, thus
allowing a control signal for each DG to be provided. In [30],
the control strategy is adapted, applied, and evaluated for a
BESS, and energy equalization is considered when the
batteries are discharging. In this regards and to develop the
previous research, the method is further developed through
investigating the charge mode of BESU with decentralized
control for both DGs and BESSs in this paper.

Since the energy level of each BESU is different, there are
some limitations when using the traditional droop control
method; in which, the power demanded or absorbed by
different BESUs is based on power capacity, rather than on
energy levels [31-33]. Hence, a modification in the droop
control method to improve the performance of distributed
energy storage system control is required. An improved droop
coefficient is also proposed for DC and AC MGs by X. Lu et
al. [27] and Morstyn et al. [34], respectively. The principle of
equalization in these methods is to multiply the droop

coefficient by (1/ ), where « indicates the level of energy

in each storage unit. The value of « falls between 0.01
(discharged) and 1 (charged) so as to prevent the droop
coefficient from going to infinity. The risks of these control
methods are high on account of problems that arise from this
limitations and lead to significant problems in the control of
the BESS, such as overcharging and over discharging. To
overcome these problems, a SoC-balancing method based on a
modified droop control suitable for adapting control strategies
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is also developed for the charging and discharging periods
proposed in this paper.

The present paper is organized as follows: The configuration
of the MG and BESS, with a comprehensive analysis of
hierarchical control, is presented in Section 3. Section 4
discusses in detail the development of the equalization of
energy and distributed control strategies for the BESS. In
Section 5, a simulation study is presented to evaluate the
performance of the proposed cooperative control method.
Finally, the paper is concluded in Section 6.
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3. DG and BESS Configuration

The DGs and BESSs are power electronic control-based
that parts  with  different
responsibilities. In Figure 1 (a), a configuration of the power

devices contain  several

electronic base sources that can involve a DG or a battery

bank is demonstrated. Generally, power generation units, as
well as BESSs, connect to the system through inverters. The
inverters are not used only for converting the power from DC
input to AC output: they also implement advanced
capabilities, such as active and reactive power control and the
regulation of output voltage. The power management and
control operate through different control blocks in different
levels. In this regard, the details of the hierarchical control and
the responsibility of each control block are presented in a
flowchart in Figure 1(b). Moreover, the most relevant levels of
the hierarchical control to the research are explained in detail
below:

3.1 Inner Control Loop

The main aim of this control level is to manage the output
power from sources; this is generally accomplished through
inner current and voltage control loop. In this control part, the
desired voltage should first be determined to generate the turn-
on and turn-off switching signals for the six insulated gate
bipolar transistors (IGBTs).

To provide signal control, the measured values are compared
with the reference values. Moreover, to determine the
reference value for voltage and frequency, a proper voltage
and current-control loop is required. D. Dong [35] and C.
Tarasantisuk et al. [36] present a complete modeling and
control design methodology for converters and discuss the
current and voltage-control loops. The reference values for
voltage and current controllers are calculated as follows [34,
37]:

v, v . +V.) i
V' =\V, |=Be| V] |=Be,| (v, +V,) | i =|i |=4AV + BV
v v V.+7o) i’
10 0 k, 0 0
Be,=Bc,=[0 1 o A=[ 0 Kk, 0 O
00 1 0 0 kw._
k,/s 0 0
B=| 0 k,/s 0
| 0 0 k,/s
AT o
i" =i, |=Be|ii |- Be,| i v =\ v |=Ci' +Di'
i i’ il v
- ; e
k, 0 0 kfs 00
C= k, 0 D=| 0 k;/s O
0 0 k, 0 0 ks

3.2 Primary control

The main aim of this control level is to regulate the reference
values for the frequency and amplitude of the voltage in order
to feed the inner current and voltage control loops. To give the
fastest possible response (on the order of milliseconds) to any
variation in sources or demand is the responsibility of the



primary control level. The power converters for the DG unit
are classified into two general categories: grid-forming and
grid-following [38, 39]. Different strategies for the grid-
forming method are presented by T'L. Vandoorn et al. [13],
while grid-following techniques are discussed by F. Blaabjerg
et al. [40].

Grid-forming and grid-following power converters operate on
a voltage and current basis, respectively. Hence, it is possible
for a power converter in the grid-forming (voltage-based) type
to control the MG individually. However, power converters in
grid-following (current-based) types can manage the system
correctly only in grid-connected mode. Since the objective of
this paper is to propose a modified droop control, the principle
of this control method—which is a type of grid-forming
method—is explained as follows:

a) Droop control

Inertia is the most significant difference between a converter-
based MG and a conventional power generator for controlling
the system. The lack of inertia in MGs means that the active
and reactive power strategy is based on line characteristics
[41]. A complete and extensive review of  technical
investigation into the control strategy is provided by Guerrero
et al. [31] and Bidram et al. [42]. Since the line impedance is
more inductive at both high and medium voltage networks, a
(P/f, Q/V) droop control is employed for those systems, and
thus a local voltage set-point value is used to adjust the
operational voltage. However, in low voltage distribution
systems the lines are basically resistive, Thus, the method
creates a problem for the systems, so that, the active and
reactive power in the DGs and BESSs will be coupled. [31].
In this paper, for the control block diagram, a low-pass filter

with a cutting frequency (®,) is first used to obtain the

fundamental components of the output active (P) and reactive
power (Q) for the droop control [34, 37].

p=—2 =%
Sto. !l “S5ta, !

3)

Then, to fix the output impedance of the inverter and also to
have a more stable value to provide a control signal with
easier control processing, a virtual impedance loop is added to
the voltage reference to make the output highly inductive.
Therefore, the frequency and voltage of the droop control is
determined as follows:

f=f" =T, (P-P7) “
=y _TQ(.qy(Q_me) (5)
A AV
ref _ pmin yrd —pmin
T =L =L 0 Tow= g g © (6)
P&~ prd _ pma 0 [0}
AP A0
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3.3 Secondary Control

Secondary control is used in MGs and BESSs to realize secure
output through the links established between different DG
units and ESSs. Compared to the primary control level, the
secondary control has a slower dynamic response to variations
[42]. The responsibility of this control level is to supervise and
monitor the system, in order to keep deviations in the grid
frequency and voltage within the permissible range. The
allowable range of variation is + 0.2 Hz in UCTE (Continental
Europe) and to + 0.1 Hz in Nordel (North of Europe) and the
voltage magnitude keep within -6% to +10 % [14, 34]. Such
deviations are regulated toward zero by the BESS each time
there is a load change or when any variation appears in the
MG power generation.

In the control method proposed in [18], the frequency and
voltage are measured at regular sample intervals. The error
value, which is the result of comparing the measured and
average values, is sent to the primary control level, which acts
to restore the voltage and frequency. Moreover, because of
variations in the voltage at different points, the reactive power
also must be measured for each generating unit with the
decentralized control method and, along with the frequency
and voltage, is shared with the other units. The variations in
each reactive power and the restoration compensator are
deduced from Equations (7), (8), and (9) in the decentralized
control method.

AVBESUk = Gpv(VBr;/S;U - 17BESUA )+ GivJ(VB:Z:{S'U - I7BESUk )dt

()

o z VBE.YU,
VBESUA =+ N
AfBESUk = Gp/‘ (fz;fEe_/w - fBESUk )+ Gi/ j(fégéu - .iBESUk )dt

@®)
B z /i BESU,
fBESUA == N
AQBESUA = GPQ (QB}?SUA - QBESUK ) + GI'QJ(QRESUA - QBESUk )dt

N
. Z QBESU, (9)
QBESUA == N

The purpose of the third control level is to manage the power
flow by adjusting the voltage and frequency when the MGs
are connected to the main grid. As this paper investigates the
use of DGs with BESSs when the MG operates in island
mode, this control level is presented only briefly in Fig. 1(b)
and is discussed with greater depth in [6, 14].

As mentioned earlier, there are several limitations on the use
of the traditional droop control because it shares power based
on power capacity. Hence, this paper proposes a modified
droop control method to share power based on the energy
level of each BESU, as explained with more details in the
following section.
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Fig.2 The distributed proposed control method for one BESU
4. State-of-charge-based droop control method

The equalization of power and the balancing of the energy in
the BESSs must occur when the system is either in the
charging or discharging mode. Based on the primary level of
hierarchical control, the power capability of the system can
sense the active power by detecting frequency variations.

The frequency of the system increases when the power

generated through the DGs is more than the power demands (f°

is near f,,,,), so the surplus energy must be absorbed by the
BESS (charge mode). However, the frequency will decrease
and approach the minimum value (f,;,) when the demand
increases, so in this situation the BESS injects the stored
energy into the system to improve the system stability
(discharge mode) [32, 43]. The power matching in the system
can be demonstrated as follows:

Ijreq = _(PGen - Pdemana’) (10)
where the amount of power that needs to be absorbed and
injected by the BESU (P,,) is equal to the difference between
the total power generated by the DGs (Pg,.,) and the total
power of the demand side (Pgemang)- It should be noted here
that the output power of the BESU is positive when
discharging and negative when charging.[27]

Generally, power capacity rather than energy level is used to
distribute the required power between the BESUs. This type of
power sharing can lead to some issues in the control system,
where the storage units with lower energy level run out of
energy earlier than the other units and the frequency is lost
during discharge. Moreover, the storage units with the highest
energy level become full and drawing energy will not be
possible even if P, is negative and the power demand is

lower that the generated power, which would lead to
renewable power potential being wasted during the
unavailability of the charging process.

To deal with this significant difficulty, it is necessary to
modify the droop control. In the new droop control method,
the power absorbed by the BESU should be inversely
proportional to the energy level. For this reason, the power
shared between the storage units is based on the available
energy level, so that the unit with highest energy level injects
more power to the system when it operates as a supplier and
absorbs the lowest power during the charging process.

To achieve to this optimum control system, the droop
coefficient needs to be modified so that it is regulated on the
basis of the SoC (energy level). Since the control system and
modifications should not affect the performance of the BESS,
an advanced control structure for the storage system and also
for combining DGs on the secondary level is required. In Fig.
2, a control diagram of the proposed method is shown. In the
first step of this strategy, the SoC of each BESU (SoC

BESU, )
{K =1,2,.,N}must be measured at each sample time and sent
to the other units to calculate the total available state of charge
( Socrotal ):

SoC.

Toral = SoCBESUl +S0C353u2 +....+S0CBESUV

an
Then, to determine the average value of the state of charge (
S0C,q,, )» the sum of all the state-of-charge values is divided

by the number of battery energy storage units (N).

— SoC;,..
S0Cppgy = Trn’ (12)

Based on (12), the same reference value will be used in each
unit and to obtain the deviation of each BESU (19k ); the

average value of SoC is then compared with the SoC value of
the same BESU ( SoC

BESU, )
8, =S50Cpys _SOCBESUk (13)
A necessary requirement for a control system is stability. To
ensure this requirement, a PI controller is considered in this
control method [44]. The objective of the PI controller is to
determine the controller parameters in the transfer function so
that the system behaves stably [45]. In this regard, the
deviation of the SoC is amplified by the gain Gps and
integrated with the gain Gjs, and the control signal in each

sample period (I, G ) is obtained as follows:

50, =Gn S + G | St (14)
Likewise, the BESU with the lowest SoC should have the
highest droop  coefficient. =~ However, the inverse
proportionality cannot be used for the charging period, and the

droop coefficient should be set to be proportional when the
batteries absorb energy. Hence, due to the requirement for

SoC balancing, the new droop coefficient value (TP( Ny ) 18

defined on the basis of droop coefficient for discharging and
charging mode in (15).
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0!

T, resy T 5S0Ck
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TP(S) - 55 C, ——» Charging mode

Hence, by combining the traditional droop control (4) with
(15), the modified droop control shown in (16) is obtained.

fi =S =T, (B, = P) (16)

In this equation, the frequency is equal in each sample period
and location, and the variation is also within the acceptable
range.

fi=f,=...xf (17)
So, combining (16) with (17) gives:
BTy =Bl pn, == ByTp, (18)

Based on (15) and (16), and in order to achieve equalization,
the droop coefficients at each BESU are configured to be
inversely proportional and proportional respectively, to the
output power during discharging and charging time. For

SoCpesuy,> S0Cpgsy,™ - > S0Cppsyy (19)
On the basis of (11-14) the control signal is defined as (20)
and based on (15) the droop coefficients of each BESU are
obtained as (21) in discharge process and (22) for the charge
period:

O50C; < 050, < < OsoCy, (20
Tpvy < Tpavy < -+ < Travy 1)
Tpnvy™> Tpvy™ -+ > Travy (22)

Taking into account (20-22) and (18), during the charging
period, the BESU with the highest SoC absorbs the least
amount of energy, while most of the energy is injected into the
storage unit with lowest SoC level aif
SoC;< SoC; {i,j=1.2,...,N}, then |P;|<|P;|). On the other hand,
during the discharge, the droop coefficient of the battery with
the highest SoC is adjusted to the lowest value of all the
others. Likewise, the BESU with the lowest SoC has the
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highest droop coefficient

then P1<PJ)

(if SoC;< SoC; {i,j=1,2,....N},

Figure 3 presents a flowchart of the distributed control
strategy based on the proposed method, applying the modified
P/f droop control. As shown in the flowchart, through
comparing the power generation and the power demand, it
defines whether the battery is in charging or discharging
mode. Then, utilizing the proposed method for secondary
control and employing the modified droop control in primary
level, the power demand (absorbed or injected) is shared
among BESUs based on the available energy of each unit.
Since the droop coefficient is adjusted proportionally and
inversely proportionally for the charging and discharging
period, respectively, by the addition and subtraction of an
error to the droop coefficient, sharing the absorbed and
injected power between BESU requires no limiter, as was
necessary in the previous techniques.

Fig.4 A configuration of the studied system

5. Simulation Study

To evaluate the proposed distributed cooperative control of
BESS and the decentralized control of DGs based on the
modified droop control method, PSCAD/EMTDC software is
used in this paper. The configuration of the studied system is
shown in Figure 4; it consists of three BESUs and DGs
connected to an AC bus through a power electronics interface.
During the time that these storage units operate as a power
supplier (discharge mode), the initial value of the SoC is
adjusted with 5% steps, so that Battery 1 is full of charge
(100%) when the SoCs of Batteries 2 and 3 are at 95% and
90%, respectively. To charge these batteries, a DG is located
beside each BESU and the initial value of the SoC is also
adjusted with 5% steps for the charging case. This means that
the SoC of the battery I is at 20% while batteries 2 and 3 have
SoC values of 15% and 10%, respectively.

To advance the simulation, the various distances between the
storage units and the DG are considered: the distances
between the storage units and DGs and the AC bus are 200 m,
150 m, and 100 m for BESU, to BESU; and DG, to DG;,
respectively. To model the distances and distribution lines, a
nominal pi-section model is used. The AC bus supplies two
linear loads and one nonlinear load in a balanced three-phase
system. Two resistors (R;;, R;;) are used as the linear load;
both are connected to the system from the start. The nonlinear

load includes a diode rectifier loaded by a capacitor (C,, ) and

a resistor load (Ry;), also connected to the system from
starting time. The entire load is located 50 m away from the
AC bus. The main parameters for modeling the system are
identical for all three BESUs and DGs; these, together with the
parameters of all the distribution lines, are available in Table
1.

The equalization of the energy levels of each BESU for both
discharging and charging periods is illustrated in Figure. 5(a,
b). As shown in this figure, BESUs with different energy
levels approach each other step by step. However, during both
periods, due to the decreasing error values between the SoC
and power sharing, the speed of convergence decreases with
each time step.

In this modeling, to support the inverters of the DGs on the
DC side (power generation), a single phased DC voltage
source model is used and the inverters in BESUs are based on
lithium-ion batteries. The capacity of these inverters is defined
based on the maximum power demanded from the linear and
nonlinear loads (=1.5 kW). During the discharge period,
generally, each storage unit should support 33.3% of the total
load (=500W). However, because of differing storage
capacities in each storage unit, the storage units support the
load demanded by taking into account the stored energy level
in each storage unit. As shown in Figure 6.a, the battery with
the highest SoC (Battery 1) provides more power than the one
with the lowest energy level (Battery 3). Since the stored
energy in BESU, is %10 greater than that in BESU;, so the
power generated through the first storage unit is almost 580
W, whereas unit number three supports the system by
generating almost 420 W (10% less than BESU,). At the end
of the simulation time, the power generated by the storage
units is the same and the difference between the generated
powers is nearly zero. As mentioned, the BESUs charge by
using DGs beside each storage unit and, for power generating,
use more than 85% of the capacity of the inverters (1.3-1.5
kW). During the charging period, after supporting the power
demanded by the loads, the rest of the power generation must
be absorb by BESUs (approximately 3 kW).

In the charging process, the absorbed power is shared between
the storage units based on the level of discharge. This means
that BESU;, with most stored energy, absorbs the lowest
power, while BESU; with the lowest energy level absorbs the
maximum amount of generated power. As shown in Figure
6.b, the first storage unit with 20% energy level absorbs
around 950 W, which is the almost 30% of the total absorbed
power and the lowest rate, compared to the other units. In
BESU;, the initial stored energy is around 10% (the lowest),
so the highest rate of generated power (=1150 W) has been
absorbed by this unit. As in the discharging method, the
difference between the shared powers decreases step to step.
As demonstrated by the result (Fig. 6.b), the energy absorption
is equal (=1 kW) for all storage units and the difference
between them is nearly zero at the end of the investigation
time.



The total duration of the simulated period is 40 seconds and,
to evaluate the power sharing based on the SoC modified
droop control, two different time intervals are analyzed. The
equalization of the power and SoC based on the time intervals
is shown in Figure 7 (for discharging mode) and Figure 8
(charging mode). The initial difference in energy level
between the storage units with the highest differences (BESU;
and BESU,), is 10%, and at ¢ = 20 s, the difference decreases
to almost 2%. The difference continues to reduce step by step
in the second time interval, reaching almost zero at # =40 s.

This equalization is also illustrated in the absorbed and
injected power, with the difference in injected power being
almost /75 W during the discharge mode and 200 W in the
charging process; at the end of the first time interval, the
difference is 40 W for discharge and /00 W for charging
period. The difference values drops below /0 W and 40 W at
the t = 40 s for charge and discharge mode respectively.
Moreover, it should be noted here that the fluctuation in power
is higher during the charging process than during discharging
because of the variation in output power of the DGs.

6. Conclusion

Controlling the microgrid and managing power in the system
through energy storage is a crucial topic, and a hierarchical
control system is needed to obtain a high performance
implementation in a modern system. To approach high-level
control, this paper has proposed a distributed energy storage
system installed beside each DG and controlled through a
decentralized secondary control method. Since the energy
level of each storage unit is different, the main challenge in
distributed control strategy is balancing the energy. A droop
control method with the ability to share power based on the
SoC of each battery is proposed. In this strategy, the droop
coefficient is set to be inversely proportional during the
discharging period and proportional during the charging
period. Thus, the storage unit with the highest/lowest energy
level provides more/less power to support the load when the
storage unit operates as a power supplier, and absorbs
less/more power when the power generated exceeds the
demand.

Since the proposed MG is supported by DGs and BESSs
combining the decentralized control method, increasing the
efficiency of the secondary control is a benefit of the proposed
method. Indeed, because the dependency on the central control
systems is decreased in the proposed method, the overall
reliability in the system is potentially greater than in previous
works and the number of unplanned interruptions of the
system decreases. Moreover, the other benefit of this system is
the increase in the life time of the BESS by balancing the
energy level among the different storage units and sharing
power based on the available energy of each storage unit. The
analysis of these issues and the investigation of the
performance of the proposed system in different applications
of the energy storage system are interesting topics for future
work.
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Table.1 Simulation parameters

Values & Values &
type Item Symbol Units type Item Symbol Units
Amplitude voltage proportional term ” 02x10° Filter inductance L, L, / 2
Amplitude voltage Integral term G, 0.1x107 Output impedance L, 600 mH
E Frequency proportional term G, 0.1x1072 Filter capacitance C, 1004
S
= Frequency Integral term G, 0.2x10° Linear load (1) R, 200Q
=]
(5]
2 | Reactive power proportional term Gy 0.1x10° % Linear load (2) R, 100Q2
=)
=] 75}
;}g Reactive power Integral term G,-Q 0.2x107° &E) Nonlinear load resistance R.\"L 20002
1
>~
SoC proportional term G 0.2x10° 2 Nonlinear load inductance Ly 0.084 mH
Q
SoC Integral term G 3 E Nonlinear load capacitance | C,, 2354
[sa)
Voltage proportional term K 0.35 Reference value of 1, 50 Hz
& n ’ frequency e
=]
3 Voltage Integral term K, 0.4x10° Reference value of voltage V. 400 V
E
o
urrent proportional term .35 LPF Cutting frequency . Aradls
©lc ional K, 0.3 Cutting fr 3 31.42rad
Q
=}
=
~ | Current Integral term K, 0.2x10° Number of battery units N 3
Distribution lines
Parameters
From To L?nmg)th
RO XLo Xco R+ XL+ XC+
DG,
& 100 0.656x107° | 0.3268x107° 6.643 0.164x107° 0.0817x107° 3.571
BESU1
DGz
& 150 0.456x107 | 0.1268x107 6.643 0.143x10°° 0.0417x107° 3.571
BESU,
DG; é
& o | 200 | 0.32x107° | 0.09%<107° 6.643 0.112x107° 0.00517 %107 3.571
BESU; <
LL,,LL, 50 0.256x107 | 0.1515%x107° 6.643 0.0955x107° | 0.0325x107° 3.571
NL 50 1.0052x107 | 0.03729x107° 6.643 0.423x107° 0.00417 <107 3.571
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Abstract— In this paper, a decentralized control methodology
based on hierarchical control levels is investigated. In recent
years, efforts have been made to develop standards for
Microgrids (MGs), and the decentralized control method
evaluated here is based on the IEC/ISO 62264 standard. Since
the main challenge to decentralized control in Battery Energy
Storage Systems (BESSs) is the different levels of stored energy,
a modified droop control is used here to share the power
between the different storage units, based on the energy level of
each unit. The power coefficients of the droop control are set
inversely  proportionally and directly proportionally,
respectively, to the state of charge (SoC) of each battery unit
during discharging and charging mode. To evaluate this
decentralized method based on the IEC/ISO 62264 standard,
PSCAD/EMTDC software is used.

Index Terms— Decentralize control, Droop control, Hierarchical
control, IES/IS062264 Standard, Microgrid.

L. INTRODUCTION

Recently, with the growing use of renewable energy,
Distributed Generation (DG) and consequently Microgrids
have become more interesting system for implementation and
research. Since the power produced by these sources is not
stable and their response to variation within the MG is slow,
an Energy Storage System (ESS) must be used to cover the
fluctuation. The critical point in such a system is to control the
MG and ESS by managing the power between these two
different systems. To achieve the optimum operating
performance for the system, a hierarchical control needs to be
implemented. A comprehensive investigation of MGs is
presented in [1], on the basis of which hierarchical control can
be described as having four and three levels, respectively, for
MGs and ESSs. The control levels are responsible for
processing (inner control loop), sensing and adjusting
(primary level), monitoring and supervising (secondary level),
and maintaining and optimizing (tertiary level). However,
energy storage is a local resource that generally contributes to
the MG in island operating mode. The third control level thus
does not operate and hierarchical control of ESSs consists of

Josep M. Guerrero, Fellow, IEEE

Dept. Energy Technology
Aalborg University
Aalborg, Denmark

joz@et.aau.dk

three levels: the inner, primary, and secondary control loops.
Each control level can be implemented using a number of
different technologies; Vandoorn et al. [2] and Guerrero et al.
[3] present a complete investigation into the primary and
secondary control level, respectively. Secondary control levels
can be classified as centralized or decentralized, and the
challenges of the control level, and their solutions, are
presented in [4]. The major challenges when employing a fully
decentralized control system are the impossibility of
controlling the system during transient variations and some
other management functions. To solve these challenges and
reach high level control, a distributed cooperative strategy for
ESS and MG is proposed and evaluated by the authors in [5].

At the same time, over the last several years, researchers
have been also working on obtaining standards for designing
the most suitable overall MG. As shown in Fig. 1, a brief
statistical study using the web of science and IEEE xplore
search engine showed an increasing trend for research into
hierarchical control in MGs and standardization in this area
over the last ten years. There are no precise standards to have
been developed for adapting MGs, but some Distributed
Energy Resource (DER) standards can be used. In [6] a
summary of the European and American standards applicable
to MGs is presented. To approach this open research question,
the authors of the paper proposed applying the international
standard IEC/ISO 62264 to MGs and ESSs [7], taking account
of the hierarchical control of these systems. The IEC/ISO
62264 standard consists of five different levels: level zero (the
generation process), level one (the process of sensing and
adjusting generation), level two (monitoring and supervising),
level three (maintaining and optimizing), and level four
(market structure and business model).

The objective of this paper is to evaluate and adapt the
proposed distributed control strategy for MGs [5] based on the
IEC/ISO 62264 standard. A short introduction to the standard
is given in Section 2. In section 3, definition of the
hierarchical control level and the methodology of the
distributed control system are presented. The control method



is adapted and evaluated on the basis of the IEC/ISO 62264
standard in Section 4. A simulation study is presented in
Section 5 to evaluate the performance of the distributed
control method. Finally, the paper is concluded in Section 6.
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Fig.1 Statistics about hierarchical control and standardization of MG

II. IEC/ISO 62264 STANDARD

As mentioned, the variation in power generation and
interconnection, as well as the electrical interfaces between
different sources, energy storage systems, and the main grid
may be barriers to achieving a common standard for
connecting DERSs to the grid [6]. To address these issues, the
IEC/ISO 62264 international standard is intended to be
applied to MGs, which are considered here from a
hierarchical control viewpoint. The objective of IEC/ISO
62264 is to offer consistent terminology for supplier and
manufacturer communications, and thus to serve as a
foundation for clarifying applications and information.
[EC/ISO 62264 is represented on five levels [8]: Level zero
indicates the process of manufacturing or production and
discusses the fundamental information and management.

Level ome specifies sensing, sensors, and actuators to
monitor and regulate generation. In this level, direct control
for providing stable output from units and the measurement
of deviations in the response to each immediate variation in
the system are discussed. Moreover, the collection of data and
the transmission of the information to the upper control level
are further objectives of this level.

Level two indicates the control activity for monitoring and
supervising the process in order to keep it stable and under
control. In this level, the information received from level one
is analyzed to determine the limits of the system. Moreover,
in this level, the position of the system is determined and, on
the basis of this position, the control strategy aims to optimize
the operation of the system.

Level three creates a connection between two different part
of the control system, taking into account the demand and
detecting energy limitations.

Level four concerns the market structure and business
model of the system. In this level of the standard, the
exchange of production between the generator and consumer,
capital and how to exploit it, and consumer service are
considered. Based on this standard, control of the system is in
hierarchical form and all commands are executed by
imposing them from a higher level.

Acta Wasaensia 155

III. DECENTRALIZED CONTROL OF MGS & BESS

The DGs and Battery Energy Storage Systems (BESUs) are
power electronic control-based devices that contain several
parts with different responsibilities. The hierarchical control
approach is necessary in such a system in order to achieve an
optimum control strategy. The definitions and responsibilities
of each control level of the power electronic base sources are
as follows [9, 10]:

The inner control loop manages the output power of the
sources as a target of the control level; this is accomplished
by the inner current and voltage control loop. The primary
control feeds the inner current and voltage control loop by
adjusting the reference value of the frequency and voltage.
The secondary control ensures a secure output from sources
by supervising and monitoring the system for regulating the
deviation of both voltage and frequency. The Tertiary control
manages the power flow by adjusting the voltage and
frequency when the MGs are connected to the main grid.
Since the objective of this paper is to adapt the
IEC/ISO62642 standard to the decentralized control method
for MG (DGs and BESSs), the distributed control strategy
used in this paper is presented as follows [5]:As proposed in
[11], in distributed control methods for DGs, the error rate for
the frequency and voltage is determined by comparing the
measurements at regular intervals with the average value. The
error rate is then sent to the primary control level to restore
the voltage and frequency. The restoration compensator is
determined as below:

AVESUk = Gpv(V£§6 - I7ESUk ) + GivJ-(VL::gZ - I7ESUk )dt

N
o Z Vesu, (1)
Visv, = = N
AfESUk = Gp_/‘ (fé::"/U _.fESUA )+ GI/J-(fErSL‘;/ _jESUk )dt

N
_ ZfESU, @)
fESU,( = I:IT

Since the voltage value is different in each part of the
system, the reactive power of each sample point must be
measured and considered in order to obtain the reference
value for the primary control. The control signal for the
reactive power is calculated as:

AQESUA = GPQ (QESUA - Qmuk ) + GiQI (ému‘ - QESUA )dt

Y0 @)
QESUA == N
In  these

equations, AVESUk s Af}ESUk and AQESUk are  the
restoration values of the voltage, frequency, and reactive
power, respectively, while, I7ESUk f ESU, and QESUk are the

average voltage, frequency, and reactive power of ESU, at
each sample time G, and G; are the control parameters of the
upper control PI compensator for voltage (v), frequency (f),
and reactive power (Q).
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lower energy levels will run out of energy earlier than the
A others in discharge mode, while BESUs with higher levels of
/ S0 ySaC energy become full and are no longer able to absorb energy
r Toon) TP(P:")‘UP(:’*:“ during charging.
R — rr PP, To overcome this problem, a modified droop control has been
POV presented by the author in [5], on the basis of which power
50Cray 150Cony = sharing between the BESSs takes account of the energy level
Toes ;>Tp(,v § ; P(N) of each unit. In this method, the droop coefficient is inversely
1P, b|,| proportional to the energy level during discharge and directly
1 . . . .
proportional during charging. The new droop coefficient
: P : : >, (Zp(n,)) and the modified droop control is obtained as
2 1 2 1 .
Charge Discharge follows:
Fig.2 modified droop control
In a BESS, the energy level of each unit is different, and T P(S) + 5S(,Ck ——% Discharging mode
there is also variation from step to step. Hence, to adapt the T, P(N) = T 5 . )
decentralized method to the system, an accurate reference P(S)  “SoC, » Charging mode
value based on the available energy of the system in each
. . . _ gpref ref
sample intervals is required. fk = f —TP(Nk),(Pk - P ) (6)

The reference value for the energy level and the control
signal for SoC in this decentralized control strategy are
defined as [5]:

5Socmk =Gps (SOéfsvA - SOCES‘Uk )+ Gfsj(S06E§L'A - SOCESUA )l
N
Y S0Cy, “)
S0C gy, = N

where 53 0Casty and SoC, psu, are the control signal and the

reference value for SoC, respectively. Moreover, the number
of storage units is shown with N. Generally, in traditional
droop control, the power from the storage unit is shared based
on the power capacity of each unit. The strategy lead to some
problems in the ESS control where the storage units that have

Fig. 2 shows the curve of the state-of-charge-based droop
control. Power injection during discharge and the absorption
of energy during charging is based on the energy level of
each storage unit.

IV. DECENTRALIZED CONTROL VS. IEC/ISO62264

Based on the definition of the different levels in the
IEC/ISO 62264 standard and of decentralized control in DGs
and BESSs, these two issues conform to each other here.

Level zero of the IEC/ISO 62264 standard considered the
fundamental information on production units; the
responsibility of DGs and BESSs in this level is to implement
the inner control loop through voltage and current control
loops so as to keep the power output at given reference value.



The first level of the IEC/ISO 62264 standard detects any
variation in the system and acts to cover it immediately by
measuring the difference and transferring it to the upper
control level. In DGs and BESSs, determining accurate
reference values for voltage and frequency so as to maintain
optimum control of the power converter is the responsibility
of the primary control level. Since the second level of the
IEC/ISO 62264 standard monitors and supervises the system
to keep it stable and under control, the second control level in
DG and BESS hierarchical control can be covered by the
standard level.

Monitoring and supervising the variations in power,
voltage, and frequency—as well as determining the reference
value for the primary control based on the variation—are the
responsibility of the control level. The duties of the third level
of the IEC/ISO 62264 standard are to create a program to
manage the coverage area and produce the optimized strategy
to support the subsystem, and the objectives of the tertiary
control level in DGs and BESSs is power management and
the reinstatement of secondary control. Moreover, optimizing
the set-point operation of the system from both technical and
economic points of view is the other objective of the final
level of control in the MG, with the fourth level of the
IEC/ISO 62264 standard discussing the market structure and
the business mode of system. The adaptation of decentralized
control and the proposed standard are illustrated in Fig. 3.

Although the structure of control is same for both DGs and
BESSs, there are some differences in responsibility of
hierarchical control between them. The responsibility of the
hierarchical control of MGs is to provide stable power for
connecting to the main grid or supporting the linear and
nonlinear loads. Hierarchical control is defined based on the
type of the connection for the MG. However, as mentioned in
the introduction, storage control does not contain tertiary
controls but consists only of an inner control loop, primary,
and secondary control levels. The responsibility of the
hierarchical control of a BESS, in addition to providing stable
power, is managing the energy level of the energy storage
system and avoiding the problems overcharging or over
discharging. The following section evaluates the decentralize
control strategy, as discussed in Section 3, for the charging
and discharging period when there is a difference in energy
levels.

V. SIMULATION RESULTS

PSCAD/EMTDC is used to simulate the distributed
cooperative control of BESSs and DGs based on the IEC/ISO
62264 standards. The system include three battery storage
units which are adjusted by 5% difference in their energy
level for both charging and discharging mode, so that

S0C s, YS0C sy, YS0C gy - Moreover, to achieve an

advanced simulation, each DG and BESS is in a different
location with different distances between them (200 m, 150
m, and 100 m to the AC bus for BESU, to BESU; and DG; to
DGs, respectively). Two resistors (R;;, R;,), acting as the
linear load and a nonlinear load, represented with a diode
rectifier loaded by a capacitor (C,,) and a resistor load (Ry.)
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are to connected to the AC bus. The entire load is located 50
m away from the AC bus. The configuration of the system is
shown in Fig. 4 and Table 1 summarizes its main parameters,
which are identical for all three BESUs and DGs.

As mentioned, the hierarchical control of BESSs based on
the IEC/ISO 62264 standard, besides providing stable power,
is also responsible for injecting power during power
shortages (discharging mode) and absorbing energy to charge
storage units (charging mode). Equalization of the energy
levels for each battery storage unit for discharging and
charging are shown in Fig. 5. The power is shared in such a
way that the unit with the greatest SoC (Battery 1) provides
more power than the unit with the least SoC (Battery 3),
when storage unit operate as a power supplier. The situation
is inverted when power is absorbed through these storage
units. Fig. 6 shows the absorbed and injected power of each
unit in the process of discharging and charging. In power
sharing, the difference between the powers is reduced
gradually, based on the closing energy level of each unit. The
speed of convergence decreases with each step taking on
account of the decreasing error values between the power
shared and the SoC. The low fluctuations in injected and
absorbed power in the storage unit are a result of the
hierarchical control level of the MG, which is evaluated on
the basis of the IEC/ISO 62264 standard here. The variation
in the power absorbed is higher than that of the injecting
power because of the variation in the power generated by the
DGs.

AC Bus

Fig.4 The system study for simulation

Table I Simulation parameters

type Ttem Symbol Values
gglitude voltage proportional G, 0.2%10°
s Amplitude voltage Integral term G, 0.1x1072
;S: Frequency proportional term Gy, 0.1x107
?’% Frequency Integral term G,-, 0.2x10°
g E:;arfnve power proportional GPQ 0.1x10°
g Reactive power Integral term G,-Q 0.2x107
. SoC proportional term Gps 0.2x10°
SoC Integral term G 3
Linear load R, 20002
3 Nonlinear load resistance Ry, 20002
3 Nonlinear load inductance Ly, 0.084 mH
Nonlinear load capacitance Cu 2354
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VI.  CONCLUSION

In this paper, a decentralized control method for
microgrids has been described in conformity to the
IEC/ISO62264 standard. To deal with the challenge
represented by the difference in energy levels between the
storage units, a modified droop control with the ability to
share the power between the different units based on their

the efficiency of the distributed cooperative control of DGs
and ESSs, as well as the increase in the power reliability of
the system.

The hierarchical control of MGs with decentralized control
is evaluated based on the IEC/ISO62264 standard. The
standardization involves the target of each control level and
does not depend on details such as the type of control. Hence,
the standardization can be extended to other control types of
microgrid. The investigation of decentralized control in
different ESS applications remains an open research question
for future work.
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