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Abstract

Nowadays the energy production is moving towards a more sustawayseo satisfy the increasing attention to
environmental issuefRRenewable energy sourceave been establishing themselves as a w#i@native to the
classic fossifuel oriented energy production; in this conteah interest in Ntrogrids design and control is
growing more and more. In fact, the microgddnceptrepresentsn appealingalternative for overcoming the
challenges ofntegratingDistributed Energy Resoureits, including renewable energy sources, in the current
power systems. A microgrid can work either connected to the mainiggdgd-connected mode, or can separate
from it and work alonein islandedmode. Majorissues occur exactly in this cagég stochasti nature of both
renewable sources and loads could create unbalances between the total generated power and the absorbed one.
While in the gridconnected mode any power mismatch is compensated by a powengeifth the main grid,
unbaance in islanded mode $ia considerable impact on the network electrical variable, which can significantly
deviate from theinominal value.The main oljective of this work is to design a centralized controller for the
coordination of theenergy storageystems interfaced tolie microgrid throughvoltage ontrolled voltagesource
inverters The control objective is to restore the frequency ofntimogid to its nominal valueof v TTOdand to
keep,as close s possible, the nodal voltage magnitudes tominalvalue oft 1t 6 after a renewable source or
load disturbanceMoreover, apower distribution logic among th&orage gstemsis implemented, irorder to

take into account their state of energy.this purpose, a hierarchicabntrol architecturdas been deviseéirst

a voltage control in synchronous axis is developed for the single controlleg phiemary control level, based on

the largely studiedroop Control,is designedThis control strategy relies on a decentralized control action that
promptly minimizes the power unbalances in the microdpydvarying the inverter output voltage magnitude a
frequency valuesA secondary control level insteddhs the funiion to both restore voltages and frequency to
their nominal values and efficiently distributee generatednd absorbed powers among the energy storage
systems The designed secondary dayis composed by twaatrol action: one provided Broportionalintegral

with Smith Predictorcontrolers which ensure the convergenof the microgrid frequency to its nominal value;
and oneprovided by a multbbjective control strategy, that aachiterationdefines the optimal output voltage
magnitude of each converter.

The proposed secondary control level, besides improving the performances with respect to those provided by the
primary control one alone, allows the better exploiting of the er&rggchstorage gstem.The results show the
performances of the whole hierarchical control structwhesn it is tested over a pdefined powers profile of the

microgrid.



Sommario

Al giorno dbdoggi, l'a produzi omed musosembd digoddisfare i sta sp
una crescente attenzione per i problemi ambientali. Le fonti di energia rinnovabile stanno diventando una valida
alternativa alla classica produzione di energia, incentrata sui combustibili fossili. In questo contestresse
nel design e controllo delle Microreti sta crescendo sempre piu. Infatti, la microrete rappreéaltgeanativa
interessante per superare |le difficolt” nell &8 integrar
rinnovabile, nelj atuali sistemi di potenza. Una microrete pud lavorare o connessa alla rete prjnicipale
modalitareteconnessa, o pud separarsi da essa e funzionare da sola, in isola. | problemi principali avvengono
esattamente in questo caso; la natura aleatorla f®iti rinnovabili e dei carichi pud creare squilibri fra la
potenza generata totale e quella assorbita. Mentre, quando la microrete & in modaldanetsa, squilibri di
potenza possono essere risolti scambiando potenza con la rete principale, Tidsnon accade e gli squilibri di
potenza possono far deviare | a frequenza di rete e | a
principale di questo elaborato e progettare un controllo centralizzato per il coordinamento dei sistemi di
immagazzinamento di energia, interfacciati alla microrete attraverso convertitori controllati in tensione. Inoltre,
una strategia per la distribuzione delle potenze fra le unitd di immagazzinamento & implementata, in modo da
tener conto del loro stato énergia. Il compito principale del controllo € quello di ristabilire la frequenza di
microrete al valore di 50 HZ e delle tensioni dei nodi a 400 V, dopo disturbi dovuti alle fonti di energia
rinnovabile o dei carichi. A questo proposito e stato ideatwoutrollo gerarchico. Prima un controllo di tensione
su assi sincronizzati e in seguito un controllo primario, basatBreap Control,sono stati sviluppati. Questa
strategia di controllo & implementata attraverso un controllo decentralizzato che itamedi® varia il valore
della frequenza e della tensione di uscita dei converta@econddegli squilibri di potenza misurati.

Un livello secondario ha invece la funzione di riportare la frequenza e le tensioni ai loro valori nominali e, allo
stessoempo, di distribuire la potenza attiva assorbita o generata dai convertitargralaeello stato di carica

delle batterie.

Il livello secondario progettato € composto da due zioni di controllo: una fornita da regolatori Properzionali
Integrali con Prediiore di Smith, che assicurano la convergenza della frequenza della microrete al suo valore
nominale; ed una fornita da un controllo ottimo che ad ogni iterazione definisce i valori ottimi di tensione e
frequenza di uscita per ogni convertitore.

Il controllo secondario proposto, oltre a migliorare le prestazioni rispetto ad un solo controllo primario, permette

ti sfruttare al megl i o I 6 ener gi a |drisultatt ma@ssaoail n o dei S i
compotamentod el | 6 i nt er a asdt contrblib,uquando @ destata coh profilo di potenze
predefinito.
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CHAPTER 1
INTR ODUCTION

1.1 Motivation

Nowadays, world energy demarebspecially in the electric fields strongly increasedlIn this
context,renewable energy resources (RESjectly connected to utility gridhre necessanp reduce
pollution and the use of fossil fuel®hotovoltaic, micrdgurbine, wind turbine and fliecell put
forward many promising applicatienwith high efficiency and low emission. Together with power
electronics technologies, these have provided an important improvemehe fetectrical grid with
the origin ofmicrogrid conceptA Microgrid is acontiguoussection of the grid and its interconnected
energy resources (i.@enerators, loadstorage devicg electic vehicles) that can operate as an
independent electrical island disconnected fromrdst of the grid.Microgrids can provide more
system capacity and control flexibility when several RESs with different electric behaviour are
integrated in the same grid. The microgrid also offeher advantages optimize RESs connected to
the utility grid; additional, power quality requirements, system reliability and control flexibility would
be achievedresorting tomicrogrid concept. To understand tleeirrent range of penetratiorof
microgrids, that goes hand in hand with R§8eadingin the recat energy industrythe Europan
example is takeim consideration. Ij1] are reported the Etargets for the next decade, concerning
renewable energynplementatiorand,so greenhouse gas emission reductinrmparticular, as part of
the climate and energy policy package for 20Rbective 2009/28/EC on the promotion of the use of
energy from renewablsources (known as the Renewable Energy Dirediéd)) commits the EU to
achieving a 20% share of renewable energy in gross final energy consumption by 2020 and a 10%
share of renewable energytransport energgonsumption by the same year. For 2030, the European
council agreed t owabhlenenargy ahare to atHeast HW @ross final i@ energy

consumptiorf1].
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1.2 Microgrid concept

Microgrids have been identified as a key comporfentthe Smart Gridto improve power
reliability and quality,to increasesystem energy efficiency, artd providethe possibility of grid
independence to individual ender sites.

The DOE (Department of Energy of&J. A) def i nes aghoep ohiitecconoegtedi d a's
loads and distributed energy resources withiradiedefined electrical boundaries that act as a single
controllable entity with respect to timeain grid. A microgrid can connect and disconnehbtoughthe
PCC (Point of Common Coupling from main grid to enable it to operate in both gridhnnected or
i sl and. Mapydther organizations define microgrids with very similar definitions, including
the concept of a systeoonstituted bymultiple loads and generatiotihat can operate islandémm
the grid The benefits of microgrids include:

1 Enabling grid modernization and integration of multiple Smart Grid technologies.

1 Enhancing the integration of distributed andawable energy sources that hadpreduce peak

load and reduce losses by locating geti@nanear demand.

1 Meeting enduser needs by ensuring energy supply for critical loads, controlling power quality
and reliability at the local level, and promoting customer participation through desitand

management and community involvement irceleity supply.

1 Supporting thegrid by handling sensitive loads and the variabildf renewables lodly and
supplying ancillary seiges at the bulk power system.

Microgrids are still advanced and challenging systemm@se enormous potentialities haeen
explored just recentlytherefore togethewith the benefitsenlisted above, theintroduce a set of
drawbacks and technical shortcomings:

1 Intermittent powerthe most critical dedvantage of Variable Renewalileergy (VRE), such as
solar and windbower, is for sure the unpredictability and the deficiency of full controllability of
themselves. Their output powers mainly depend on weather conditions and on the different hours
of the day. Lacks in power balances can be overcome exploiting energy istoréatteriesan
efficient control of the ESSEhergy Storage Systemsjust be realized, in order to manage the
energy and the state of charge of the batteries. In general, batteries can absorb energy during
peaks of generated power and release it vtherrequested power is greater than the produced

one

1 Low inertia Electrical grid is characterized by a huge number of synchronous generators that
provide themain componenbf requested powesind ensures @ inertia component fotthe grid.
Microgrids instead mightreow a very poor inertia, due fmwer electronic converters. This is an

advantage in terms of dynamic response of the netviutkcould be a critical feature in case of
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temporary power mismatchelsower systeminertia causedaster frequency deviationm island

operation this trend could be crucial.

1 Model uncertainty prevalence of three phase balanced conditions, nearly constant or predictable
loads and well known primarily inductive transmission lines are commonthgsis used for

traditional grids control. None of them is sure in low voltage microgrids.

1 Bidirectional power flowstransmission lines have been designed for unidirectional power flow,
from big power plarg to loads (cities, industrial plants). Integvat of distributed generation
units at low voltage levels can cause reverse power flows and lead to complications in protection

coordination and undesirable power flow patterns.

A typical and welldesigned microgrid control system must be able to overcbm@roblems
aforementioned to ensure a reliable and economically convenient behaviour of the midrogrid.
particular, the required features are:

1 Inner control loopsevery DER (Distributed Energy Resource) must have an internal control able
to properlyfollow the imposed reference of currents and voltages within required settling times.
The control inside the microgrid is performed by the power electronic converters, needed to
connect most of the distributed generators to the bus of the microgridd |Rtetovoltaic (PV)
plants, small wind generators and other renewable sources generate electricity at different
voltages and frequencies and they must be converted to the standard ones. Furthermore ESS, that

can hold DC voltages, need a conversion stage.

1 Power balance DER units must guarantee the internal power balance in island mode, suddenly
compensating excesses or shortages to keep voltage and frequency inside acceptable ranges. In
case of grieconnected configuration instead they must be able to geopbwer references
imposed by théighercontrol. In this sense a core role is performed by ESS that can be used to

manage power.

1 Demand Respons#hen possible, control of the loads (or at least part of them) can enhance the

stability and improve the enomic management of the microgrid.

1 Economic dispatchto reduce losses and to increase profits, an appropriate dispatch of DERs
efforts must be taken into account. Also for the
generator available fardm its saturation limits; this can be achieved only through a smart

cooperation of generators and storage units.
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1.3 Islanded AC microgrid control

Microgrid contains various renewable DGs such as PV arrays and tuibides.It is well-
known that energyroduction of renewable energy source is difficult to be predidesver flow
between microgrid and amn grid needs to be controlleid, grid-connected modeéo ensure seamless
transition and microgrighould have the ability to survive after disconnegtivith main grid Also
most renewable energy resources have stochastic generation behaviors and therefore, proper control
techniques are necessary for a generic microgrid to perform profdmlge approaches can be
identified in the microgrid controlcertralized, decentralizedand distributed control A fully
centralized control relies and elaborates data gathered from many points of the grid, computing the
control actions for any electronic device. The opposite case is the decentralized control, in which
every power device has i ts own controller t hat
communicate to any other controller of the gfiche last one, the distributed control structure, it
stands in the middle of the previous two methods. Each powehasiits own controller, as in the
decentralized contrpbut , in this case, there exists a communication systems, as in the centralized
control, that allows the controllers exchangenformation between them, in order to perform the
control action orthe microgrid.In Figure 1.1 are schematically represented the thraB®ementioned

structure.

Centralized Comm. Network Distributed Comm. Network

- ~

]
1
1 \
!

1 B H | . I3 | JL J
S b b b

1 H §
Physical Connection Physical Connection Physical Connection

a) Decentralized. @ontralized. c) Distributed.

r’—
TLL

Figure 1.1 Different Microgrid ¢ ontrol structure

A very fast, reliable and accurate communication is needed in tharilsh the third approach
which is notfeasiblefor grids with components connected far one from each other, in terms of costs
and technical complications related to the distance. Furthermore the control is not robust and flexible:
in fact in case of extension of the grid or temporary chariges;ontrol law must be modified; in case
of controller failure instead, the whole grid wdutollapse. At the same time, also decentralized
approach as many difficulties: it is hardly implementahle to strong interactions between different
controlunt s and power dispatch candét be tuned online.

In the fdlowing the main centralizeddecentralizedand distributedcontrol methods are

introduced and briefly described
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1 Masterslave control: while microgrid is connected to the main grid, all sources dinty
the master converter follow grid voltage and frequency as reference. A-fregeency
droop is used in this mode to adjust power for each DG. When microgrid switches frem grid
connected to islanded mode, amurcewill behave as master controllerdar voltage rade
control meanwhile providing voltage and frequency reference to the other sources which are
working under current contrd8]. In this way, loas are automatically rdistributed among
master DG and other DGs. Microgrid central controller works as master controller, which
adjust the set points for DGs when frequeaog voltage violate defined settings. However,
master controlling DG is considered to avoid be fully loaded to handle disturbance of the
microgrid, because a failure of master controller can lead to whole system shufdwwn.
master converter is under thieltage control mode and providing voltage as well as current
references to the slave converter while the slave converter has two control loops with an
outer control loop as the current controller and an inner control loop as the voltage controller
Maste-slave control can be implemented in baintralized and etentralizedstructure.
Centralizedcontrol requires fastommunication links between master and slave controllers

and the reliability otommunication links determines the controller dynamicaoasp.

1 Peerto-peer control unlike masterslave control, all DGs are acting in the same role, namely
each of DGs performs a local control according to its own droop characteristics when
microgrid is workingin the islanded mode. During a load transiencheaf DGs will
rebalance the load variation based on the droop characteristics and the system will
automatically reach a new balancing pdiit. In this method, wéin one energy source is
connected or disconnected from the system, the microgrid will continuously operate without
any additional reconfiguration, thus, Apl ug an
initially used in power system to manage loadrgig between multiple generators, namely,
primary frequency control. By adjusting real power, frequency can be regulated and similarly
voltage can be controlieby correspondingly adjusting reactive pow&his method is a

decentralied control method fothe microgrid

9 Hierarchical control as name suggests, this control method contains a maximum of three
control levels, which are primary control, secondary control and tertiary control. Primary
control is basically on the converter control level, whef@ &oop method is usually used to
share active and reactive power between DGs. Secondary control is used to compensate
frequency and voltage deviations caused by the primary control, also it ensures
synchronization process with the main grid. Tertiary munis the highest control level
which takes the econongoncern into account and determines when to sell or buy power to
or from the main grid. Furthermore, power flow between microgrid and main grid is also

managed in this control leveEach level of th hierarchical control can be implemented
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according to the three aforementioned structucentralized, decentralized and distributed.

Neverthelessthe most frequently implemented configuration consists of a decentralized

control at the primary levefidoop control 0), a distributed or c
secondary level and a centralized control at the third and last level.

1 Multi-agent system controlMulti-agent system (MAS) is an emerging technology that
allows each micreource or load to bepresented as an agent and can exchange information
with neighboringagents to collaborate for a mutual objectis. MAS control can be
actually be classifiechs one mmber of peetto-peer control family and itould be a
distributedcontrol method. Each agent in the microgrid in an autononeniity to a certain
extent that it can make decisions based on its status without external command. Compared to
a tradtional centralized control system, Mas system have very small number of data to
manipulate because an agent only need to care about its own status and information from
neighboringagents. Since any controller of DGs or energy storage or load can easily
integrate with existing MAS controlled microgrid by following the same,riilas, a plug

and play ability is realized.

1.4 Hierarchical control

From now on it will be taken into account only the hierarchical control because it represents a
satisfactory tradeff between a decentralized and a centralized control strategy. The considered
hierarchical control consists of many local controllers coateéd by a high level control system. In
this way fast dynamics of voltage and frequency are managed by local controllers, while an
economical dispatch can be done by the centralized controller that operates on a slower dynamics. The
communication betweenent r al i zed controll er and | ocal control |
robust, cause even in case of temporary problems in data transmissions, the grid stability is guaranteed
by a primary control action, performed by the local controllers. The camaetion is only used for
the restoration of nominal voltage and frequency (secondary control) and for the control of the power
flows inside the grid and between microgrid and utility grid (tertiary conttol¥igure 1.2, it is
presented schematically an example of hierarchical control.
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Figure 1.2 Hierarchical control structure

1.4.1Zero Level (Inner Control)

The use of intelligent power interfaces between the electrical generation sources and the
microgrid is mandatory. These interfaces have a final stage consisting of dc/ac infxeitexge
source inverte, VS)which can be classified as curreaintrolledvoltagesourceinverters(CCVSIs),
consistingof a singlecurrentcontrolloop, andvoltagecontrolledvoltagesourceinverters (VCVSIs),
consisting of an inner current control loop and external voltage loop. In order to inject current to
the grid, GCVSlIs are commonly used, while in island or autonomous operatioviSis are needed to
keep the voltage stable.

VCVSiIs are very interesting for microgrid applications since they do not need any external
reference to stay synchronized. Furthermdr€VSIs are conveniensince they can provide to
distributed power generation systems performances likethiideigh capability and power quality
enhancement. When these inverters are required to operate-cogridcted mode, they often change
its behavor from voltage to current sources. Nevertheless, to achieve flexible microgridbliecto
operate in both gridonnected and island mod€éCVSIs are required to control the exported or

imported power to the mains grid and to stabilize the microgrid.

Inverter LCL-filter
Grid
* | . L L .
) J$ Liny 1 2 g Zg ( )
de _)_NT'E\J\_)_
Cdc I’Uin\f CfI v
Current
v
& Controller

Figure 1.3 Example of inner control loop
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VCVSlIsandCCVSlscan cooperate together in a microgrid. M@&VSls are often connected to
energy storage devices, fixing the frequency and voltage inside the ridcrblge CCVSlsare often
connected to photovoltaic or small wind turbines that require for maximum power point tracking
algorithms, although those DG inverters could also woK@¥Sls if necessary. Thus, we can have a
number of VCVSIs and CCVSIs or only VCVSIs, connected in parallel,ofming a microgrid.
Generally the zero | evel is a very high bandwidth ¢
the individual controb f t he actuators acting i n wholesysemi d; it do

structure or the interaction between them.
1.4.2Primary Control Level

When connecting two or mor¢CVSils in parallel, circulating active and reactive powers can
appeaf2]. This control level adjust the frequency and amplitude of voltage reference provided to the
inner current and voltage control loops, to allow the parallel working in the microgrid of multiple
inverters. The main idea of this control levglto mimic the behaviour of a synchronous generator,
which reduces the frequency when the active power increases. This principle can be integrated in
VCVSilsusing a P/Q drop

o d 0iz0 0 (1.2)

wheref andE are the frequency and amplitude of the output voltage referb*naadE are their

referencesP andQ are the active and reactive poweschanged with the gri(P,* and Q* are their

referencesGp(s) andGg(s) are their transfer function, respectively, which are typically proportional

droop termsi.e., Gp(s) = m and Gg(s) =n. The use of pure integrators in the droop law is not
allowedwhen the microgrid is in islanded mode, since the total load will not coincide with the total
injected power, but they can be useful in gg@thnected mode to have a good accuracy of the injected
P and Q. Neverttess, this control will be achieved by tkecondarycontrol level. mandn can be
designed as follows:

, y'Q
a v (1.3)
. y'Q
I (14

where aefand eeVare the maximum frequency and voltage allowed Bpfx and Qmax are the
maximum active and reactive powers delivered by the inverter, respectivelyinf/énter can absorb
active power, since it is able to charge batteries like aifilggactive UPS,tenm = 2 &faf

Figure1.4 shows the relationship betwetre P-Q circle of a DG unit andP-f andQ-E droops. In that
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case, the DG is able to generate active poRer () and to store energy(< 0) and, at the same
time, is able to supply reactive powed & O, acting like a capacityror (Q < O, acting like an
inductol).

In the conventional droop method used by large power systems, it is supposed that the output
impedance of synchronous generators, as well as the line impedance, is mainly inductive. However,
when using power electronics, the output impedance will depend on the control strategy used by the
inner control. Furthermore, the line impedance in-lmitage apfications is near to be pure resistive.
Thus, thecontrol droops (1) and (2) can be modified according to the park transformation by the
impedanceangld (s i nd andcRo/sZ d [2 X/ Z)

Q3 0i 0 iR 0 0 hét (1.5)
‘i Qe (1.6)

CR

O O 0i 0 0" @é+ O

The primary controldesigned according to the droop method abayve,decentralized control,
that is every power electronic device has its own controller that rely only on loesirements. No
communications are available between controllers, due ¢éeds@nd reliance requirements. The
distributed control structure permits also to split the computational cost among the controllers,
avoiding the need of advanced hardware requirements for a central controller. The primary control
layer isresponsible of éaling with the fasting dynamics of the overall grid, in particular it is designed
to quickly stabilize frequency and voltage of the microgrid during large variations of powers or during
islanded operation, by mean of droop characteristics. In this rélgargystem is stable if a atty
state can be reached, in which the fundamental components of all voltages in the microgrid have
constant amplitudes and constant relative phase angleedifferFinally, pi mary contr ol doest
to keep voltages andefquency in their nominal values, but just to stabilize the grid as fast as possible.
Without, higher control in islanded condition, the grid would maintain constant steady state error.

o S=P+jO

Q=0

|
vy

Q<0

s Inductive | Capacitige

Storage Generation
P<0 P>0

Figure 1.4 P-Q circle and P-f and Q-E droop primary control relationship
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1.4.3SecondaryControl Level

Primary control, as discussed above, may cause frequentcyoltagedeviation in steady state.
Therefore the goal of restoringe frequency and the voltage deviatiormrirthe nominal values
assigned to the level immediately above in the hierarchical control strutttar€econdary Control
The control of this levelis developed according to a centralized configuration, that is the Microgrid
Central Contrder (MGCC) receive information from each DER throughow-bandwidth
communications links (LBCL) and then compute the reference values for each primary control, by
mean of a specific control lavAlso, this control can be used for microgrid synchronization to the
main grid before performing the interconnection, transiting from islanded tecgrndected mode.
Originally, frequency deviation from the nominal measufesjuency grid brought to logically
implement an integrator for each DG along with the Primary contorlsbme parallel sources, this
displacement cannot be produced equally because of measured errors. In addition, if the power
sources are connected in islanded mode through the main grid at different times, the load behaviour
cannot be completely ensuredchase all the initial conditions (historical) from the integrators are
different. Hence, it is necessary that an external secondary control be able to measure the frequency
and amplitude and send the necessary references to push up or down the demtgristias of each
DG. A deepestudy on the secondary control and its state of the art is proposed in the next chapter.

1.4.4Tertiary Control Level

The purpose of this control level is to manage the power flow by regulating the voltage and
frequency when the M@& in gridconnected mode. By measuringthe® t hr ough t he PCC, t he
active and reactive power may be compared against desired reference. Hence, grid active power can
be controlled by adjusting the MGa&dstandtlmvestnce freql
level of control, and ensures optimal operation of the microgrid, not only technically, but also
economically[7]. Technically, if a fault or anyon plane islanding issue arise for the MG, then the
tertiary control will attempt to absorb P from the grid in such a way that, if the grit present, the
frequency will begin to decrease. When the expected value is surpassed, the MG will beadisdonn
from the grid for safety, and the tertiary control disabled. t he same ti me, when faul
the third control level considers the econoroancerns for optimal operation of the microgrid and

manages the power flow betwesiicrogrid and man grid.
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CHAPTER 2
SECONDARY CONTROL STATE -OF-ART

2.1 Secondary control motivations

The secondary control, in the typical hierarchical control structure of a microgoiks to
compensate for voltage and frequency errors and to regulate the values in the operational limitations of
the microgrid. In other wals, the secondary control ensures, in islamatie, that the frequency and
voltage deviations are regulated toward zero following each load or generation change in the MG.
Recently Bw objectives for the secondary contrelated tovoltage control and poweuality has been
investigated such as voltage unbalance and harmonic compensation or increasing accuracy in reactive
and active powesharing among DGslin some cases seconddewvel could also be in charge of
economical administration of the powersigeated by the inverter units within the microgrid, operating
in island modd7].

Secondary control is the highest hierarchical level in microgrids operatincgaimdishode and it
usually operates sending reference values to the lower level: the primary controltlexaks on a
slower time frame as compare to the primary control in order to:

1 reduce the communication bandwidth by using sampled measurementsrmérbgrid variables
91 allow enough time to perform complex calculations
9 decouple secondary control from primary control

In order to better understand the functions of the secondary control and its contribution to the
overall control of the microgrid, a sinifitd system with two converters DG1 and DG2, connected in

parallel, is considered. The system is representédjime2.1:

11
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Figure 2.1 Simplified scheme of two jarallel converters supplying acommonload

When medium/large system are considered, the impedance is approximately inductive and the
primary control level is implemented as povierquency (Ff) and reactivevoltage (Q-V) droop
control:

T 1 ao (2.

O O g0 (2.2

where i is the index representing each convertér,and’G are the nominal angular frequency
and volage amplitude of each convertér, and¢ are active and reactivdroop coefficientsd and0
are the gnerated or absorbed active awdctive power of the converter i. In the case offigere

above0 and0 are (fori=1, 2)6]:

. O O on i Y Y O i Q¢

v — (2.3)
W Y Y

. O ® Oon i o Y Y O i Q¢

v - (2.4)
W 0 Y Y

It is clear from the figure thabd @ and 'Y 'Y represent the reactances and the resistances of
each feeder impedances for each generatordnd] represent the voltage of each DG and the phase
angle difference betwee@ andw . The power angle is usually very small and it can be assumed
that OET 1 andAT10O p. When the reactance is much larger than the resistance of the feeder

impedance, the equations above can be simplfietrearranged,

12
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B o TARR .
P (2:5)
. w O w
0 — (2.6)
W w

Hence, in the conventional droop control, by combining the droop equatior) @d the

equation for the reactive power, the following relation is obtained:

. w 0O w
0 — — (27)
OO £

where the reactive power of the DG is related to the feeder impedance, PCC voltage and reactive
droop coefficient. From the equation above, we can say that even if DG1 and DG2 have the same
capacity and reactive power droop coefficients, the reactive mpofnEach DG could be different under
a mismatched feeder impedance conditidn & or @® ® . In Figure 2.2, it is shown the

voltage dewation problem of the reactive power sharing in the conventional droop control method.

0 0 009

Figure 2.2 Voltage deviation in a typical droop characteristic

O is the reference voltage ai@” is larger tharO . When the reactive droop coefficient &,
DG1 and DG2 operate & while DG1 and DG2 operate ‘& when the reactive droop coefficient is
¢ . A and B indicate that the reactive power of DGWis (droop coefficientt ) and0  (droop
coeficient ¢ ), respectively. C and D indicate that the reactive power of D2 is(droop coefficient
¢ )and0 (droop coefficientt ), respectively. The reactive power difference of DG1 and DG2 is

Yoo 0 0 when they operate &, and the diférence isY0O 0 0  when they operate

13
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atO. AlthoughYOis smaller thatYO , Y0 is larger tharY0 (whengé & ). Therefore, there exist
two way to improve bus voltage magnitudes and reactive power sharing accuracy accordiNg to Q
droop claracteristic of droofontrolled DER units: 1) changing voltage reference; 2) changiwy Q
droop coefficient. Nevertheless;\Qdroop coefficient has to be varied within a certain range otherwise
it will impact the stability, transient operation, and steathte of islanded MG. Therefore the first
method is chosen here to shift up and down thé Qoop characteristics of droagntrolled DER
units by receiving the optimal voltage references from the units, assigned to the voltage control of the
microgrid.

In order to overcome the problem of voltage deviation in the droop control method, the classical
secondary control is introduced to eliminate the deviation of frequency and voltage values at PCC. A

classical secondary control scheme for two par@llék n an islanded MG is presentedrigure2.3.

: S, .

€ 4 o

1|rﬂ.["

Ei woce 1]

Figure 2.3 Classical secondary control

The frequency™@ ) and the voltage value) ) measured at the PCC are sent as references value
to two proportionaintegral controllers (PI), which will adjust the frequency/voltage deviatig Ycw)
of the primary control. Both PI controllers and the saturalilmeks compose the MGCC (Microgrid
Central Controller), whose outputs are sent to the primary and inner control loop through
communication lines to regulate the initial voltage and frequency references. However, the classical
secondary control presentsnaajor drawback: when the voltage is regulated to eliminate the droop
voltage deviation, introduced by the primary level, the reactive power sharing among the different DGs
is really poor; on the other hand, when the secondary control performs a peiddee neawer sharing,

the voltage deviation is not completely removed. This situation is clearly synthesized-igute2.4,

14
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representing the) droop characteristics of the two parallel DG units, depiate€igure2.2, with and

without a comventional secondary control.
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Figure 2.4 Secondary control action

In Figure 2.4 (a), points! 0 HO and# 0 FO represent the output voltage of DG1 witte
injection of reactive power i© and the voltage of DG2 with is O in the conventional droop
control, respectively’ 0 A0 and$ 0 RO represent the output reactive power of DGD isnd
DG2 isO when the voltage is restored to the rated value in the conventional secondao}. contr
However, the reactive poweteviation between DG1 and DG2 increasés (0 0O 0 . In
Figure2.4 (b), is presented a situation where the reactive power is regulate a 0 (a special
situation of proportional reactive power sharing) in the conventional segocoiatrol,” 0 HO and
$ 0 HO are he output voltages of DG1 and DG2, respectively. It can be seen that, even if we have a
perfect reactive power sharing, the voltages of DG1) @nd DG2 QO ) cannot be restored to the rated
values and the voltage difference is larger compared tqtingary control© ©O O ©O
Therefore, the conventional secondary control cannot regulate the voltage accurately while sharing the
reactive power equally groportionally[6].

To summarize what it has been discussed so far: in the conventional secondary control, the
reactive power sharing cannot be achieved when the voltage amplitude and frequency are restored to
the rated value in islanded MGs with mismatched feeder impedandeg other hand, the real power
sharing capabilities are not affected by feeder mismatches, as the frequency aststieadyconstant
throughout the whole microgrid, provided that the local load demand does not exceed the maximum
apparent power ratinof the inverters connected to the microgrid. Furthermore, the additional reactive
current supplied by each inverter reduces the maximum real power that can be supplied by the inverters.
Considering the problems of the classical secondary control meateibdgscribed, new secondary level
control strategies must be investigated in order to provide better microgrid performances.

Another aspect that must be taken into account in the development of the secondary level control,
itds t he r ec ESSs (Enemy StocadelSysteing) in theodiesign of microgrids. This is due to
the fact that ESSs can provide a range of services, particularly when distributed throughout the power
network (e.g. at the distribution level, collocated with loads). ESSs sepdodse broadly grouped into

four categories:
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1 Energy Shiftingenergy generated during periods of excess supply can be stored and shifted to

periods of high demand. This can add significant value to intermittent renewable sources.

1 Peak Shavingshorttermload spikes can be supplied by lo&8$ systems, reducing the peak
demand seen at higher levels in the power network hierarchy.olisd the required capacity

of generation/transmission infrastructure and avoids peak power fees.

1 Power Quality Regulatim ES systems can be used to address network power quality issues

such as voltage/ frequency offsets, harmonics, voltage unbalance and low power factor.

1 Spinning ReserveES systems can provide backup power in case of islanding, increasing

availability.

Hence, considering the attached benefits, a proper control strategy must be developed in order to
allow an efficient and reliable use of ESSs. In particular, the microgrid controller should guarantee
balance discharge rates among the ESSs, especially md&ES capacities in an MG are different. In
the development of a microgrid control strategy, it must be taken into account, regarding the problem of
powersharing control among DG units, that the ESSs in different DG units could have different
dischargerates according to their statebcharge (SoCs) and capacities. A powerless DG unit can be
shut down first when its SoC is below the threshold, and the remaining DG units have to supply more
power to the total loads. This situation would probably causgcowrent and unintentional outages.
Furthermore, it could degrade the stability and reliability of [fHe All aspects of the coordinated
power output control sitegy, such as the SoC and ESS capacities, should be considered. The unit with
the highest SoC should supply more power to the common load to ensure a balance discharge rate.
Therefore, in order to design an efficient and reliable hierarchical contabégyr control problems,
related to the presence of ESSs in the microgrids, must be taken into account.

Considering all the problems involved in the control of a microgrid and considering the current
stateof-the-art [6]-[8], there exist two main approaches to implement a secondary control: centralized
approach and istributed approach. The former relies on the presence of a central controller, the
Microgrid Cental Controller (MGCC), that gathers all the necessary information to perform the specific
control; the latter instead, consists of an interaction of the various units within the microgrid in order to
facilitate a distributed decision making procebs Figure 2.5, high-level diagrams of these control

strategy architectussfor an AC microgrid are shown.
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Figure 2.5 Centralized and dstributed secondary control

The centralized approach architectafl®ws the implementation of efine optimization routines
and a high level of coordination of the DGs compared tastuilsuted control stucture, having the
MGCC a complete view over the microgrid. On the other hand, itigbdited architecture can eifs
incorporate new DER units without need to make continuous changes to the controller settings (plug
andplay feature) and it presents a better robustness to faults in the secondary control devices and in the
communication system. However, the inabilid§ controlling the system during the transient and
persistent faults that cause blackout situations in microgrids without an MGCC and some of the other
management functions of the MG are challenges to implementing a fully decedtralizeol system.
In general, centralized approaches are more suitable for isolated microgrids with critical eeemplyd
balances and a fixed infrastructure, as they are more likely to provide continuous operation of the
system while dealing with variable generation and loaihout main grid support. Btributed
approaches are more suitable for grahnected microgrids, with multiple owners and -fasinging
number of DER units.

2.2 Centralized Approach

In Figure2.6, it is represented the typical structure of a centralized secondary ctirtoolsists of
a central controller (MGCC), that collects all the required information from every DER units and load
within the microgid, and the network itself (e.g., cost functions, technical characteristics/limitations,
network parameters and modes of operation), as well as the information from forecasting systems (e.g.,
local load, wind speed, solar irradiance), in order to perfthen chosen control for the specific
microgrid. Lowbandwidth communication channels are used to support the information exchange
between the MGCC and the local controllers in the secondary control level. Even though a variety of

high-level communication ifnastructures including Ethernet, Internet WiMax, and WiFi are
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increasingly implemented for microgrid communication, when centralized secondary control is used in
active and reactive power sharing strategies to eliminate the frequency and voltage dévatietays

and drops in communication lines cannot be ignored in order to design an efficient and reliable
centralized controller. Output variables of the secondary controller are the reference values of the
primary control system (e.g., output power fnderminal voltage) for each dispatchable DER unit,
together with decision variables for controlling loads for load shifting or shedding.

The performance of the generic centralized control system strongly depends on the efficiency of
the communication system adopted to gather and to deliver information. Furthermore, the
communication system must guarantee coordination between the protetiocontrol system and
more important the integration of the microgrid with the host power system. Nowadays, in order to
overcome these requirements the IEC 61850 is often applied to the microgrid level. This standard has
been designed by the Internatioiéctrotechnical Commission (IEC) Technical Committee 57, for the
automation of electrical substations, and can be implemented over TCP/IP networks using the existing
infrastructure (in some cases with some specific hardware), featuring response timesheirange
required for protection applications. The standard defines abstract data models that can be mapped to
several protocols such as Generic Object Oriented Substation Events (GOOSE) and Manufacturing
Message Specification (MMS). IEC 61838120 cescribes the communication systems for DER that
can be used in microgrid control applications.

In [26] are described the major features of IEC 61850 and the significant benefits achieved
adopting this standard with respect to the legacy approach. Finally, an example of the implenwntation
IEC 61850 is treated if27]
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Figure 2.6 Centralized control structure

In the following, they are described diffetesecondary centralized control strategies currently

implemented in microgrid control.
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Direct control methods for the Reactive power sharing

In [23] it is descriled a simple control method that tries to overcome the mentioned problem of
reactivepower sharing of inverters in an islanded microgiithe inverters cannot compensate for
mismatches in their reactive power outputs while provided only with local volémge current
information, since the operating parameters of the others inverter are unknown. Hence, the main task of
direct control methods is to collect the required information in each DG, do the sum of these values, and
then assign adjusted powers tole&@XG on average (weighted average). Each converter is responsible
for providing the information of the required reactive power to the MG via LBCs links, then the MGCC
collects all these values and carries out all the necessary calculations. The reaativelgpnand for

each inverter can be calculated by:
v T (2.8)

whereB 0 is the total reactive power supplied by all the invertdfsjs the reactive power demand
supplied by thely inverter and¢ , is the droop gain of thg, inverter. Once the reactive power
references are determined, the MGCC regulates the reactive power of each inverter via Pl controllers
Figure2.7.
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Figure 2.7 Scheme of direct control method

The communication delay blocks are modelled withtthéO i pi "Yi p.

Secondary control with Gain Scheduler
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In [24], it is presented a gain scheduling control strategy, whose goal is to compensate the effects of
communicéion delay on the secondary frequency control to guarantee the active power sharing and
stable operation of the MG. As previously mentioned, the delay in communication lines between local
controllers and the MGCC is an important detail to be considerdardo implement an effective
secondary control strategy; if24] the effects of delay on microgrid performance are studied as well.
The characteristic of the dgl@an be constant, bounded or random in terms of the network strunture.

Figure2.8, it is represented the architecture of the proposed secondary controller.
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Figure 2.8 Gain-Scheduling controlstructure
The primary level ismplemented locally for each DG as a frequency droop control, throigh a
¥ characteristics:
0 0 1 (2.9)
where0 s the droop control gainj  is the corrective power set point due to frequency variations.

The secondary frequency control is:

. 0
0 ) - 1 1 (2.10)

where0 is the supplementary power set point of iteDG assigned by the secondary frequency
controller, 0 and0 are proportional and integral control gains, respectivelyjs the nominal
frequency reference; and is the instantaneous fregncy obtained from a phakecked loop (PLL).

What really distinguish this control scheme from a classical one is the presence of the Gain scheduler,
which represents an attempt to overcome the problem of time delay in communication channels. The
presenceof communication delays, which are usually time varying in the microgrid frequency control

loop [24], may degrade its performance. Hence, a-galreduling appraz is proposed to reduce the
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error on dynamic performance of the islanded microgrid, which is caused by communication delays.The

gain-scheduling logic is defined by the following equations:

0° 1 0 (2.11)

o* 1 0 (2.12)

where0 and0  are consider to be fixed since the secondary frequency controller in MGCC.
The variable parts are andf located in each local DG controller.  denotes an integral gain
scheduler and a proportional gain schedular’ and 0° represent the equivalent gains of the
secondary frequency controller after gain schedulersequépped in each LC. The gain schedulers
varies only one gain variable, either orf . Hence, the equations of the equalized load frequency

controller:

0 ) — 1 (2.13

0 ) — 1 (2.19

where 0 , as previously mentioned, is the new supplementary power set point ith th&
assgned by the secondary frequency controller.

The equations above, can be utilized to investigate the root locus edeiiane smahsignal model
to find optimalf andf and the stable operation of the microgrid system could be guaranteed
unde different LBC delay conditions. In addition, the cost function J is built to find the relationship

between the gaischeduler variables and the system performance of the MG, which is defined as:

0 o TR0 1 0 (2.15
where the frequency of thth DG when the microgrid operates with and without communication delays
are presented by y 0 and] 0o, respectivel y. Considering=relation

T2-T1 (difference between 2 time stamp) and its corresponding feasiblg gairf , a proper cost

index is needed to be built in order to obtain the gain value of different W&sdetailed procedure of

the gainscheduling approach is summed up i@ thllowing steps.

1 Step 1 The secondary frequency controller in the MGCC calculatespmaér set points for each

DG to restore their frequencies to the nominal one and sends them to local inverters. These set
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points are denoted by , Wwhere T1 is the time stamp generated when they are sent by the

MGCC.

1 Step 2 After LCs in the local inverters receive their set points from the MGCC, the set points are

marked as0 , Where T2 is the time stamp generated when they are egicewLCs.

1 Step 3 LCs calculate the communication delay by comparing the time stamps of two signals
0 and 0 . The time TdeliayTli.s U

1 Step 4 For a given cost index, by looking up the relationship between the tid e | ay Ui and i
corresponding feasible gdin orf built by the offline analysis, the local gain scheduler

adjusts its gain value according to the measured communication delay.

Multi -Objective method

In [15] it is proposed an optimal secondary voltage control strategy, that consists of a Multi
objective optimal function, power flow equality and three sets of inequality constraints. The sgcondar
controller, designed here, aims to maintain several critical bus voltages in permitted ranges and to
minimize the reactive circulating current among corresponding DER units in islanded mode. It also tries
to integrate its action not only with drogpntrolled DER units with storage devices, but also with
photovoltaic gridconnected units (PV units) and other-B@htrolled DER units to satisfy the reactive
power demands of customers, while limiting the investment of reactive compensation power devices.

For further clarifications, the proposed optimal secondary strategy, in order to perform an effective
multi-bus secondary voltage regulation and an economical reactive power distribution, acts on the
primary control level by appropriately changing the wgpdtaeferences of the-§ droop characteristics
of the droop controlled DER units and on the PQ controlled units by setting the dispatched reactive

power commands. In the figure below is represented the described control system.
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Figure 2.9 Scheme of Mult-Objective control

In Figure 2.9, the primary control of droepontrolled DER unitis a multiloop control scheme
including the droop control loop and voltage, current doldi@. Considering that the inner double
loop responds much faster than the secondary control, it is assumed that the innetodpubées
already achieved steadtate when the secondary control is executed.

In [16], [17] and [18] are described ObjectiMeinction approaches with different heuristic
optimization techniques and different constraints, to handle the problem of optimal energgmeantag
in a microgrid. Finally[19] and [20] differs from the Multiobjective methods, described so far,
because in the constraints they address the problem of emissions reduction.

In [25] it is proposed a strategy in order to com@@she error in reactive power sharing among
the inverters of the microgrid, in particular the active and reactive powers can be share among inverters
by combining the virtual impedance and secondary coriog control strategy must be considered as
a variation of the multiobjective one previously describefls already mentioned, the frequency and
voltage deviations from the nominal values due to the droop algorithm depend on various factors
including the load impedance of the single inverter, the murobinverters connected to the microgrid
and the droop gains used. Due to the decentralized operation , the inverters can only measure the local
voltage and current waveforms. The stability of the microgrid can be compromised if the inverters
adjust thai output voltages and frequencies in an attempt to restore the microgrid without any feedback
from the other inverters in the microgrid while operating autonomougte. proposed secondary

control is represented in tikégure2.10, together with the primary and inner control.
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Figure 2.10 Harmonic compensation secondary control
The MGCC is essentially composed by foumpmnents:

1 Reactive power compensation loophe MGCC gathers the information about reactive power
values from each inverter and then determines the total reactive gbwer (supplied by all the

inverters in the microgrid, taking into account the ddéfardroop coefficients. This reactive power

value is broadcasted to each inverter, whose task is to determine its own reactive power demand,

according to the following equation:

0
U _—
i g P (2.16)
€
where¢ is the droop gain of inverte¢ andB  — is the summation of the inverter droop gains of the

inverters connected to the microgrid. When a new inverter is connected tuoidfagrid, it must
transmit to the MGCC the valu its droop gain, so as to enable an accurate estimation of the reactive
power demandThe reactive power valug® just found, is then used to estimate, by mean of a PI
controller, the additional voltage amplitude change of each inverter, that ahewsactive power

sharing among the inverters:
YO Q 0° 0 Q 0° 0 Qo (2.17)
where théQ andQ are the gains of the PI controllér, is the current value akactive power for

thex inverter andYO is the additional voltage deviation that must be added to the droop control output.

1 Voltage restoration loopA voltage restoration algorithm is implemented in the MGCC in cascade

with the reactive compensatiame. The MCGG collects the required value of voltage and then
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applies a control action, by mean of a classical Pl controller. In particular, the PI provides an
additional change in the reactive power dem¥ad that is added to the total reactive power
calculated by the reactive power compensation loop. The addi¥anal introduces an additional
offset in the output voltage of all the inverters, thereby increasing /decreasing the microgrid

voltage. The amplitude restoration compensator can be eggrbgs

Y0 g 0 M 0 0 Qb (2.18)
whereE andE are the gains of the Pl controlléf, is the desired microgrid voltage a@ is the

voltage measure at the point PoL, representédgare2.11.
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Figure 2.11 Voltage restoration loop

1 Frequency restoration looprthe MGCC gathers the information on frequency at the PCC and then
regulates the frequency of the microgrid, by mean of a Pl controller. The frequency restoration

compensation is expressed by the equation below:

¥ Q7 Q1 1 Qb (2.19)
whereQ and™Q are the gains of the Pl controller; is the desired microgrid voltage and is

the voltage measure at PCC.

1 Harmonic compensation loopthe harmonic compensation loop is used to improve the power
quality and stability of the MG. Specifically, the harmonic caused by the nonlinear load are
compensated by harmonic controller, ancesistive virtual impedanceRis used to improve the

stability of the microgrid. The transfer function of virtual impedance can be obtained as:
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(I) i 'Y e —
T (2.20)
hhh8
where : O is the virtual impedance transfer functidh. are the harmonic resonant gaits, are
the harmonic resonantabdwidth and 5 is the nth harmonic frequency. The voltage across the

capacitor of the output filter can be expressed as:

® i W i Qi G i (2.21)
where6® O is the reference voltage that is determined by the outer droop controllo@p.is the

compensated input to the inner loops & is the output cuent of the kth inverter. The harmonic

compensation is used to damp the voltage harmonics of at the PCC.
Fuzzy logic control

In [13] and[14] it is proposed a secondary control that exploits a MGCC designed according to
the fuzzy logic. The designed Fuzzy Secondary Controller (FSC) manages multiple control inputs,
keeping the voltage and the frequency of the microgrid within acceptableilirtiits stanealone mode
or supplying active and reactive power to the utility grid in the-godnected modé.he major benefit
given by the Fuzzy control approach is the fact that it still exploits the advantages of the primary droop
control and it is ale to restore the system frequency and voltage values, using local measurements and
minimum communication links in staralone mode.In Figure 2.12, it is presented a possible
implementation of FSC.

o
£, —*

diy —»

op —> Fuzzy

5, —» secondary

e, —* controller
df —»

[

R

Figure 2.12 Fuzzy secondary control scheme.

The inputs were chosen to use only local measurements as the frequency and voltage deviations
(Q andQ),t he frequency and voltage gradients (d¥y and
(Qand Q) and the microgrid nominal power rate (ZSAll the required information for the
computation of these input variables are gathered at the PCC pointroicthrgrid. The outputs of the

controller are the frequency aandd ,vmpdpdctvalyeAfterncr e ment
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inferring, the output variables go through a fi
and E2, the inputs fdhe following primary droop control.

o

1 1% a0 ¥ (222

0O 0 a0 Yo (223
Thus, the droop characteristics present arseffd et er mi ne d b yand B, eutputaadfthee s o f

secondary fuzzy control.
ESSs secondary control methods

In the following are considered control methods specifically designed to deal with microgrids
characterized by the presence of Energy Storage®gstESSs). The introduction of ESSs is a recent
addition to the architecture of a microgrid, but thanks to the several benefits they provide to stability
and energy sharing performance in microgrids, they are more often considered as a fundamental feature
in the design of MGs. Therefore it seems clear that new control methods, that are able to exploit
properly the ESSs present in the microgrid, must be investigated.

In [28] it is proposed a hierarchical control that takes into account the different SoC (State of
Charge) of each ESS, performing its control action. At the primary level a modified droop control is
employed. The coefficients in the conventional droop method are adjusted according to the SoC of each
energy storage module. The modules with higher SoC deliver more active power, while those with
lower SoC deliver less. Meanwhile, the reactive power isaky share in the energy storage system.

The modified droop control equations are the followings:

QA a jYEo6zn (2.29)
0O O £z2nR (2.25
where Zand %are the frequency and amplitude of the local AC output voltage, andN are

the filtered active and reactive power in the AC side of the convérteis the droop coefficient for the
active power when the SoC is 1 dni the reactive power droop coefficient.

The secondary control instead is employed to restore the deviation of voltage and frequency in the
AC-bus, caused by the droop control methodr the active power sharing, the secondary control

diagram is depicted in tHegure2.13.
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Figure 2.13 Secondary control diagram for Active power sharing.
where] is the angular frequency at the PCC, and] are the reference and actual values of the
local frequency, "O is the secondary controllefO is the firstorder t.f. of the timedelay, "O
represents the transfer function of the synchronization part, vihisrthe time constant of the system.

For the reactive power sharing the secondary control is depictedhigine2.14

Figure 2.14 Secondary control diagram for Reactive power sharing.

where the coefficient & represent tdhPE€C voltagei 0 bet we e
amplitude and it is in relation with the syst¢28]. "O is the secondary controller afd s the t.f.
of a lowpass filter.

By using SoGbased droop method, the energy storage with higher SoC generates more active
power, and the one with lower SoC generates less. The droop coefficients for active power sharing are
inversely proportional to SJC Meanwhile, the conventional droop contisl employed for equal
reactive power sharing and for DGs that are not storage units. In order to restore the deviation caused
by the SoGbased droop control, secondary control is involved to restore the frequency and amplitude of
the AGhbus voltage, condering the changing SoC and different exponents.

In [29] it is proposed a coordinated control approach based on an autonomous-sharirg
control strategy fomalancing the discharge rates of energy storage systems (ESSs) in islanded ac
microgrids. The proposed coordinated controller can prevent overcurrent incidents and unintentional
outages in DG units by regulating the power outputs of the DG units accdodihgir SoCs. The
control strategy aims to adjust the VRs (Voltage Ranges) of the valtagelled inverters (VCVSIs)

at the secondary level in terms of SoC and ESS capacities. An autonomousshareg controller is
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integrated in primary controlotensure a fast and accurate load sharing performance of paralleled

VCVSiIs. The proposed coordinated secondary controller can provide a larger stability margin that the

conventional droop controller. The controller structure is presented KFighee2.15.
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Figure 2.15Overall control scheme.
where¥ andYO are used for restoring voltage and frequency deviation. At the secondary level,
an additional control loop action is added to the classical secondary one, in order to balance the
discharge rate among DGs. The output of the SoC estimation loop is comtadriahe secondary
level by mean of a communication link. One of the DG units is selected as the common reference
(SoGom), Whereas the remaining DG units adjust their VRs based on the differences betweem®&oC
the common reference S with a promrtionatintegral differential PID controller. The output of the
PID controller is regarded as incremental control component to reduce the power oscillation among DG
units. Therefore, the adaptive VRs of each DG can be represented as follows:

Y Yo YY Q choh 8 &)
where’Y s the VR of tha-th DG, 'Y is the preassigned VR, aifly
the PID action.

As previously mentionedthe secondary control acts on a primary level controller developed

(2.26)

is the incremental of

according to a currergtharing control stratedyigure2.16.
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Figure 2.16 Primary control loop scheme
This proposed secondary controller can effectively prevent overcurrent in DG units by regulating
the power outputs of DG units according to their SoC values. In additiomutbeomous currents
sharing control strategy that is employed at the primary control level provided a faster transient
response, more accurate outputrentsharing performance, and larger stability region than the earlier

power droop contrebased cooragiated SoC control method.

Model predictive control

In [6], it is briefly mentioned, among the several approaches to implement the secondary control, a
controller that uses the recent MPC logihie Model predictive control has been introduced in the
control of microgrids in order to address at the same time the problem of network variables restoration
after the action of primary control and the problem of optimal power management of the microgrid.
This secondary controller allows the restorationreffiency and voltage values in a particular node of
the microgrid (problem of frequency/voltage deviation) and also allows to optimally distribute the
power production of the controllable units taking into account some predictions, if available, of-the non
dispatchable power profiles (renewable sources, loads, and so on) as well as to implement different
resources management strategies by properly tuning the MPC cost function.

MPC is able to overcome both problems during the critical stdmke operatiosince in this case
power unbalances can results in unstable behaviors. The MPC approach is an optHbvézstibn
control strategy where an optimization problem is formulated and solved at each discrete pinaad
it is an integral part of a centralteontrol approach. It operates in the following way: at each-time
step, the solution to the optimal control problem is solved over a certadefined horizon using the
current state of the system as the initial state. The optimization calculates@ seqtience for the
whole horizon such that the selected objectives are minimized, but only the control action for the next
time step is implemented; the process is then repeated at the negtdpme

The optimality of the control depends also tre accuracy of theystem model and

disturbancesUncertainties of the real parameters, such as wrong information about uncontrollable
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renewable sources or load trend or wrong values of the line impedances, imply that the hierarchical
control structurewill rely on a slightly wrong system model and consequently the computed control
actions may be not the optimal ones to implement.

In Figure2.17, is represented a typical implementation of a secondary MPC control over a primary

control performed with the droop control method.

| | Primary
V... V, controller1

Primary

88, MPC 1 " controller2 = LI

T | . Primary
@ controllern,

CENTRALIZED SECONDARY CONTROL DISTRIBUTED PRIMARY MICROGRID REAL SYSTEM
CONTROL

Figure 2.17 Scheme of MPC control

In [9] and [10] are proposed two examples of this control applied to a specific microgrid. The
secondary control & on the power references of the droop primary control in order to shift up or down

the droop characteristics of each DER units.
Neural Network

The methods introduced here are Now d e | based methods because they
model of the system in order to perform properly. For this particular feature they are becoming more
and more appealing for the developing of secondary micragrittol. Respect to conventional design
methods such as model based design and simuladised optimization, they allow phapdplay
operation and are robust to system parameters chanfEl]lit is proposed a second control with a
Central Controller that uses a Neural Netw@l) in order to optimize the schedule of generators and
responsive loads. The designed INMNECC predicts for each hour of the day the wyti schedule of
generation and the optimal load management without using the classiadynabead scheduling. The
most important benefit deriving from the NN application is that it does not require the definition of a
functional relation between inpuha output variables and that it tries to reproduce the behavior learnt

during the training phase.

31



Secondary control statef-art

Power from G,

Power from G,
Network reliabihity mdex T
s

DG rehabihty mdex
Wind forecast

Heat demand

Electrical power demand O

Power from G;

Reactive Power from G,
Energy purchasing price

i K | Reactive Power from G,
Energy selling price O

rd
gl
gl
rd
{1 Power from G,pg
rd
gl
gl
rd

Reactive Power from G,

Figure 2.18 Scheme of NeuralNetwork control

NN approach is very easy to implement, it has high computdtiskills and it needs short
processing time. However, the NNs require to be opportunely trained and it is necessary to create a
suitable training set of examples. The training process is a periodidaleoffrocedure, that is usually
made to test the NNoperformances and when there are significant variations in the microgrid
characteristics.

In [12] the NN theory is used to implement an ANMrtificial Neura Network)Based
Microgrid Central Controller. The secondary control designed here operates after the action of the
primary control in order to restore the system frequency and voltage to the nominal values. In particular,
this control is performed by coamtional Pl controllers, whose coefficients are regulated by an-ANN
based intelligent control unit.
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Figure 2.19 ANN control scheme
In Figure2.19, it is shown a schematic diagram of the proposed central controller scheme for the
ANN-based online tuning MG voltage and frequency control. When operating conditions of the MG
change due tehanges in loads or outgoing in a DG, the voltage and frequency of the MG are deviated

from its nominal valuesTo avoid this problem and for better performance of the MG under events and
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sudden changes in load, an ANtidsed intelligent controller collecthe information about the voltage

and frequency of all DGs and Loads. The collected data are considered as the ANN inputs. The ANN
plays role of an online optimizer for the Pl control parameters. By getting-inpptit data based on

some certain ANN laaing rules namely the bagkopagation rules, the weights are adjusted and an
appropriate control signal is recommended to each DG control structure. Hence, the PI regulators act on

the primary control of each DG unit, shifting the droop characteristics.

2.3 Distributed Approach

A distributed secondary control intends to solve the energy management problem for a microgrid
while providing the highest possible autonomy for different DER units and loads. Although this
approach can still use a hierarchical streetior data exchange, decisions on the control variables are
made locally. The autonomy of the local controllers (LCs) of each DER unit implies that they are
intelligent and can communicate with each other to form larger intelligent entifystiibuied control,
the main task of each controller is not necessarily to maximize the revenue of the corresponding unit but
to improve the overall performance of the microgrid. These features indicate that-ageultisystem
(MAS) can be prime candidate to deyela dstributed microgrid control. Conceptually, the MAS is an
evolved form of the classical distributed control system with capabilities to control large and complex
entities. A main features of the MAS that distinguishes it from the classical distribotecbl
techniques is that the software within each agent can imbed local intelligence. Each agent uses its
intelligence to determine future actions and independently influences its environment. This type of
system requires a fairly advanced communicasipstem with capabilities similar to the human speech,

e.g. the Agent Communication Language (ACL) that provides and environment for information and
knowledge exchange. The need for a Higlel communication environment can be shown by
considering the comunication needs of two agents within a microgrid. For example at a given time

one may have an instantaneous surplus of 1,500W and other may need 500w. It is neither efficient nor
required to provide the exact values, since the situation can change aviiiart time. The ACL
provides the environment to exchange messages of
expect to use them in the next 30 minuteso or #l

The agents not only exchange simpléuea and oroff signals but also knowledge, commands,
beliefs, and procedures to be followed through the ACL. In the following the main decentralized
method to develop the secondary control are briefly described. All these control meig®tts give a

solution to the tgical problems concerning the secondary control.
Reactive power sharing method for MAlsased microgrid

The decisiormaking architecture that manages microgrid assets is formulated from dispersed

agents that comprise a distributed MAS: These agents must adapt to changing conditions without a
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central controller directing theactions. Specifically, as mentied before, a microgrid will operate in

two distinct states: interconnected with larger utility network or islanded from it. When interconnected,
agents must control generation, load, and storage assets primarily from the standpoint of power flows.
When idanded, voltage and frequency regulation, as well as power balancing are of critical importance.
Within each state, the distributed agents mustagifnize and cooperate towards the best operational
situation possible. In order to design a microgrid adicg to the agents theory, the microgrid
components are divide into four asset classifications. Different microgrid assets are grouped according
to operational capabilities and can be assigned appropriate control agents. The microgrid component

classes &
1 Generation capable of sourcing real and/or reactive power.
1 Load consumes real power; leadior lagging power factor
1 Storage:can source or consume real power

1 Node:Point of connection w/ measurable connected quantities.

It could be guessed that iorder to perform properly the MAS control requires an efficient
communication system between the distributed agents. By utilizing the Foundation for Intelligent
Physical Agets (FIPA) guidelines for ageitased communication, the interoperability and
commuication protocols for the miogrid MAS are standardizg80]. Once the MAS structure is
defined, the most changeling aspect of distributed MAS without a ceattasizpervisor is system
organization and prioritization. In other words, at each instant, the agents that comprise the MAS must
evaluate their local situation, determine a local best solution to the problem dictated by the goals
assigned to the unique adgercommunicate their intended action to MAS, participate in the
prioritization of the MAS, and adjust its action based on the decision of the collective group.
Determining rules for negotiation, however , is challenging. When M agents engage in coopetafive
there is no supervisory agent that imposes a prioritization and task assignment based on its superior
knowledge of the whole system. In a distributed agent collective where no agent has complete
information about the entire microgrid and a predefigiecisioamaking priority is not present, the
agents must possess a level of intelligence tomgHnize when seeking sdlns to the problem to
hand[31].

In [32] an example of distributed secondary MAS control is applied. According to the network
considered, a set of control laws are developed for each agent bydmelasy control and only local

information are required.
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Figure 2.20 MAS based control scheme

4

The control scheme of the MG is divided in two layers as depicted iRighuee 2.20. The top
layer is encompassed by the agents and the communication network, the bottom one is composed of DG
units with local controllers. The agents connectedrtouncontrollable or partially controllable DG
(represented by circle) are called controllable and partially controllable agents, respectively. The other
agents are called controllable agents (represented as diamonds), When the output power of the RES
starts to change, uncontrollable agents receive information from their corresponding uncontrollable DGs
and then send the information to adjacent controllable agents according to the present control method.
These controllable agents adjust the correspondingralable DGs to get desired active and reactive
power. The active power production of DG1 depends on environment(e.g., PV panel depends on
sunlight) and it will be larger once the intensity of sunlight increases. Since the controllableDG?2 is
adjacentd DG1 , Agentl and Agent3 will send the information to Agent2 (neighbours Agentl and
Agent3 ), respectively. And the output power of the controllable DG2 is regulated by Agent2 , making

the total active power to the desired value.

Consensus based method

The Consensubased control methof@1] is entirely based the Graph Theory. The foundation of
Graph Theory and the criterion to build a communication graph frogergeral microgrid are
exhaustively discussed J&2]. In the following they will be only mentioned the important equation and
the two theorems, which establish bensensudased control metho&ach agent (node) of the graph
is considered as a singitate systems§ 0 ):

B AR (2.27)

wherea; is the(i,j) element of the adjacency matrix A ards the state of the neighboring agents of
agenti andN, the number of nodes in the graph. The consensus control problem is tipdirth that all
the states; converge to a common equilibrium point. In partayiconsidering the consensus protocol

above (1), it can be derived that the entire system can be writteb as 0 awherel is the Laplace
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matrix of the communication graph. The first of the two theorems establishes that the consensus will be

achieved:

Theorem L:if there is a spanning tree in the communication graph, consensus control can be
reached and the Laplace mattixhas a simple zero eigenvalue and all the other eigenvalues have
positive real part.

If we consider a configuration of the graphtlwia control node, the system could be forced to
converge to a desired external control input rather than some-ap@ndent value. The control node

can deliver a control signglto a subset of noddsin the system. Then, the state function is updi&de

B G o o By (2.29)

whereb; = 1, if i ¥ B andb; = 0 otherwise. In this modified case, the consensus is guaranteed by the

second theorem:

Theorem lI:if there is a spanning tree in the communication graph, consensus control can be
reached and a root nodsatisfyingi ¥ B, al | agentsd states wildl converge
V.

Considering the bases of the consensus logic just introduaegyrithary and secondary control

levels are modified accordingly. In the droop control, in order to makeQiui® proportional tong;

(droop coefficient), the protocol should be set to drive all-theto be identical. Therefore, in the
equation(2.27), @ is replaced by—. However, in order to realize this substituti@i,must be directly

controlled, this is not possible since all DGs are operating-irmode. To overcome this problem,

control protocol is set to be based on a controllable quantihstead of—:

, 0Q LQ
W W — — (2.29
. 3 €
The second protocol introduced above allows sending a control signah set of networked
agents with only sparse communication links. Therefore, a consensus based secondary control can be

desigred.
) TO 1O Q] T (2.30)
where] «is the control signal calculated at the MGCC, according to the equation of the
classical secondary control implemented by ar@ulator ( @ Q @ @ 0, ®
@ 'Q0),71 w is a locally secondary control signal that tratksuthrough the consensus protocol
introduced above, anld = 1 for the DGs with direct communication to the MGBG= 0 elsewhee.

According totheorem Il,all local] @ converge to &
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Combining the secondary control signal with the primary one previously calculated, the inverter

voltage reference in the equations below.

A AR B (2.31)

® ) 10 10 ©] O] (2.32)
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Figure 2.21 Scheme oftonsensusased control

Even if it is present a MGCC, typical of a centralized secondary control architecture, this control
strategy must be considered a distributed one; in fact the MGCC is only usesktabish the nominal
value of frequency and voltage at the PCC, but thr main patheofsecondary control action is

performed by a distributed mukligent control system.
Indirect method for the reactive power sharing

In [33] it is described and theapplied in a particular case of studyistdbuted secondary control.

The control structure is composed by two layers: one voltage source inverters (VCVSI) of the
microgrid, the other one put in charge of Active and Reactive control of current controlled voltage
source inverters (CCVSI).

Each control layer is associated with a limited and sparse communication network. The
communication topology for each layer shoulkel & graph containing a spanning tree in which the
implemented controller at each DG only requires information about that DG and its direct neighbors in
the communication graph. According to the physical structure of the microgrid, proper connecting
graphsare designed, following optimization criteria (minimal length of communication links, maximal
use of existing communication links, minimal number of links, and so orEjglre2.22, it is depicted

a scheme of the twiayers distributed control just mentioned.
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Figure 2.22 Two-layer example
The optimal reactive power sharing is achieved by performidgeguency control action on
VCVSIs and a reactive power contral €CVSls.

1 Frequency Control of VCVSI§he main objective of this control action is to synchronize all
VCVSI frequencies to the nominal frequend-urthermore, it shodlallocate the output active
power of VCVSIs based on theictive power ratings:

0 - 0
= E

V)

(2.33)

a 0 E

0

a v (2.39)
whereN, is the number of VCVSIs anas; | = 1, &, Bre the droop coefficientBifferentiating the
frequencydroop characteristida (2.1) yields to:

1 1 G 0 0 (2.35
wherev;; is an auxiliary control to be designed. Equatf@r85) is a dynamic system for computing the
control inputy,; from v;. The auxiliary control should be designed such that VCVSI frequencies
synchronize to the referenceefluency ¥, and(2.33) is satisfied. According t¢2.35), the secondary
frequency control of a microgrid including, VCVSiIs is transformed to a synchronization problem for
a firstorder and linear mukagent system:

(2.36)
a 0 V]
To achieve synchronization, it is assumed that VCVSIs can communicate with each other through
the prescribed communication diagrapteTauxiliary controvj ar e chosen based on each

owninformation, and the information of its neighban the communication diagraph as:

b D o1 1 QT T ®ad ad (2.37)

wherec; is the control gain. It is assumed that the pinningga® 0 i s nonzero for one VC

the reference frequenay,s information. The control input ; is defined by :
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1 0 Qo (2.39)

1 Reactive Power Control of CCVSIBhe reactive power of CCVSIs is set based on tRe#ctive

power ratings as:

=
=

_ E _ 8] (2.39

CAY
CAY

According to each CCVSI and its adjacent information, the auxiliary corgron be chosen as:

2
|C~1
e
|C-1

0 () () - Q

N

: 80 (2.40)

C
CAY
C

where L'JQ,ef represents the pigpecified reactive ratio reference, a@g, and g; are the control gains.
Considering the consensus principle(ih27), Q/Q" canbe synchronized to a reference value, and
equivalent or proportional reactive power sharing can be achieved. Although the algorithm in two layer
control is complex, it is not affected by the feeder impedance and it is suitable for sharing the reactive

power in islanded MG with unbalanced and nonlinear loads.

Distributed cooperative method

In [34] and[35], it is presented a secondary level reactive power control, that is developed as a
one distributeccooperative control algorithm for each DG. The basic idea of the proposed distributed
contrd is to share information amongeighboring units via incorporating local communication

networks, as schematically depictedrigure2.23.
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Figure 2.23 Cooperative distributed scheme.
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In the proposed control structure, each inverter is consider as an agent of-agewnftsystem to
exchange data with a few other neighbor inverters, and process the information to update its local
voltage set points and synchronize their normalized pamerfrequency. Moreover, global voltage
regulation, frequency synchronization and proportional load sharing can be achieved by the cooperation
among voltage, reactive power and active power regulators effectively in a fully distributed control
strategy, ad the stability and robustness of MG can be improved. Specifically, thei medeives the
information y; from its neighbors nod@ and regulate the neighbor and local datdo update its
voltage and frequency references;(and ¥; ). The voltage refrence is obtained by two voltage
correction termgtiE", andii &) from the voltage and reactive power regulators, and the reactive power
and frequency can be regulated by eliminating the reactive power and frequency deviations among the

neighbors through P controllers. Then, the reference voEagef DG; can be otained as:

Gdo O 100 1 00 (2.41)

a ® 0" 0°hy7 Wl Lv° L (2.42)

whereE  is the rated voltage magnitude of the MG. The voltage regulator ai idempared with the
rate voltage, where the difference is fed to a Pl controller to generate the first voltage cordttitn
and c are gain coefficients. The neighborhoodateae loading mismatchmg;, which measures the
difference between the normalized reactive power of the sbame the average value of its neighdo
and the mismatch if2.42) is fed to a Pl controller to adjust the second voltage correctionitem
The fr equency ¥ epresent the infarmation ef neighbidrhood active loading mismatch.

Due to the performance of the PI regulator,radictive powers will be synchronized to the same
value and reactive power sharing is achieved. The active power regulator module keeps the frequency at
the rated value, and pr ecirsteteyputethe active powéracrdpeh ase angl .
MG and mitigates the neighborhood active power mismatch.

In the cooperative distributed control strategy, MG can run at the rated voltage and angular
frequency, combining the active power regulator, the voltage and reactive power regulators. The
coopeative distributed controller can realize the equivalent reactive power sharing under the
mismatched feeder impedance and nonlinear load condition when the LBC delay is within the delay

margin, but poportional active and reactiy@wer sharing cannot believed.

2.4 Secmdary control benefits and problems

In the following table are recapped the advantages and disadvantages of the secondary control
methods introduce in the previous ssdction.
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Secondary control benefits and problems

Table 2.1 Advantages and disadvantages of secondary control methods.

Techniques

Advantages

Disadvantages

d3aZINMvyd.LN3O

DIRECT CONTROL
METHOD FOR POWER
SHARING

9 The equivalent/proportiong
power sharing is achieved

1 Method is easy to expand

1 First order communicatiol
delay isconsidered

1 Suitable
nonlinear load conditions

for linear ang

i Cannot share power i
islanded microgrids  with
more complex loads

1 Without
communication delay

1 Without

droop in

considering

considering dats
communication

lines

GAIN SCHEDULING

1 Provides a genal model
1 Reduce the
providing a reasonable co

cost b

function
9 The system can guarantee

good power sharing in th

9 Gain coefficients are nag

easy to select
9 Communication delay in
reactive power controllers i
not considered

9 Data droop is nioconsidered

MULTI-OBJECTIVE

delay margin
9 Reactive power sharini
achieved 1 Affected by communication

1 Possibility of accounting

delay

system

CONTROL different object for the 9 Affected by data droop i
control communication lines
9 Provides model of thd 9 Poor expandability
system
1 Reactive power sharin| 1 Affected by communicatio
achieved delay
FUZzZY LOGIC 1 Possibility of accounting 1 Affected by data droop ir
AND different object for the communication lines
NEURAL NET control 1 Poor expandability
1 Provides model for th¢ 9 Affected by uncertainty in

the model
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ENERGY STORAGE
SYSTEMSMETHODS

1 Consider harmonic voltag
effectively

1 The stability of the systen
is enhanced

1 The equivalent proportio
power sharing is achieved

1 Influence on nonlinear loa

is considered

9 The

impedance mismatch is n

influence of feeder

considered

1 Not suitable for large scal
MGs

9 Poor expandability of the
control strategy

1 The reactive power sharin
is influenced by LBC delay

MODEL PREDICTIVE
CONTROL

9 Good robustness to
constant communicatio
delay

9 Provides a general model ¢
the system
9 The system can guarantee
good power sharing in th

delay margin

9 The algorithm is complex
9 Poor

change the model of th

expandability (mus

system)
9 Cannot deal with the
problems brought by

random delay

MAS-BASED METHOD

d3zIMvd1N3O3d

1 Be suitable for a comple
MG

9 Active power sharing g
achieved
9 Frequency deviation i

eliminated
9 Reactive power sharing i
high

bandwidth communication

realized without

91 The control law can bg
simplified by graph theory

9 Organize information
autonomously
computational entities

1 Be beneficial to exchang

information

9 The programming algorithn
is difficult to be designed ir
a complex MG

9 Delay/data droop ir

algorithm need to b
considered

9 Delays in algorithm need t
be considexd

9 Communications delay i
LBC lines

9 Good protocol in agents i
difficult to be designed

1 The active and reactiv

power sharing are pod

when data drop exists in th

pre-set algorithm
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CONSENSUS BASED

9 The twd layer secondary
controllers described ar
fully distributed and they
will not affect each other

1 The model is suitable for
complex MG

1 The control method i

suitable for islanded MG

with nonlinear load
conditions
 The control law can b

simplified by graph theory
Reactive power sharing i
high

bandwidth communication

realized without

9 Active power sharing i

achieved

1 The algorithm is complex

1 Without considering LBG
delay

1 The
controller is affected by dat|

performance o]

droop

1 Control equation need to h
further optimized in the MG
with complex loads

9 Proportional reactive powe
sharing is difficult to

achieve

INDIRECT CONTROL
METHOD FOR POWER
SHARING

9 The equivalent/proportiong
reactive power sharing i
achieved

1 Method is easy to expand

9 Firstorder communicatior]
delay is considered

1 Be
nonlinear load conditions

1 The two

fully distributed and will

suitable for linear

layer control ig

not affect each other

9 The proportional reactivg
power sharing can b
achieved the model i

suitable for a complex MG
1 The

suitable for islanded M(

control method s

1 Cannot share the reacti
power in islanded microgrig
with more complex loads

1 Without
communication delay

1 Without
drop in communication lines

1 Total
MGs not considered

considering

considering dats

generation cost Q@

9 The algorithm iscomplex

9 Without considering LBG
delay

1 The

controller is affected by dat|

performance o]

droop
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with nonlinear load

conditions

DISTRIBUTED
COOPERATIVE

1 The equivalent active an
reactive power sharing cg
be achieved under comple
load conditions

1 Good
capability

plugandplay

1 Have resiliency to a singlg

communication link failure

9 Good robustness to th
constant communicatio
delay

9 The algorithm is complex

1 Poor expandability

9 Cannot deal with the
problems brought by
random delay

9 Data drop is not considered

9 Cannot deal with the
problems brought by
random delay

9 The proportional reactive

power cannot be realized
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CHAPTER 3
PRIMARY CONTROL

3.1Island-mode problems

Every electrical network operate accordingg t he princi pl e, st B6l,ed i n t he
that is the sum of losggeneratec&ind absorbed powers in the network must be zero. This statement is

formalized in(3.1) and(3.2) by considering separately active (P) and reactive (Q) powers.

0 0 0 s (3.2
U] U] U] I (3.2

wheren corresponds to the number of nodes of the network.

In grid-connected mode this law is always satisfied since any unbalance between generated and
absorbed power in the microgrid is compensated by an exchange of powers, in and out, with the main
grid, that act as an infinite source of powers. On the othed,hduring islanded operating mode the
microgrid is in a critical situation for the absence of the connection with the main grid and because
generated and absorbed powers easily mismatch due to the intermittent and stochastic nature of most
renewable souss, generally present in the structure of the microgrid.

I t 6s wor t htheneatettrical power, especalty if related to transmission losses and to
loads, is not a fixed quantity but it depends on the network variables such as volagesréns ()
and frequencyw). For this reason, it would be more correct to rewrite equa(i®d3 and(3.2) as in
(3.3) and(3.4), explicating the dependence of the power from the network variables sk ehj@ations,
frequency is not defined as a nodal variable because at steady state the whole network reaches a unique
system frequency, therefore it is a global variable. It is important to underline that, since the lost powers

are mainly related to linesses, they do not depend only on the electrical variables of their own node
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but they are defined from the voltages of all interconnected nodes, as well as from the system

frequency.

0 wh 0 oo (3.3

(e
e-
=
=

o ey, 0 wh T (3.4

(o]
e-
=2
C

Therefore it can be noticed that the dependence between powers and network variables has a
considerable impact on the management of an island
power unbalance occurs, for exdmmlue to sudden load peak, vokagand microgrid frequency
varying order to bring the microgrid to a new equilibrium condition whi@&®8) and (3.4) are satisfied
again. Howeverdepending on the size of thehatance, microgrid altages and frequency may largely
deviate from their referencealues, resulting in an equilibrium condition that it is not allowed for the
system correct operatioin low voltage grids (LV grids) the network variables have to respect some
predefined limitations to notompromise power quality, as well as not damageraogrid physical
devices.

The Italian Electrotechinical Committee (CEIl) defined several regulations for power quality of low
voltage networks; a norm that can be applied in the islanded case is tlhe2CEhat is related to the
power quality of LV gridin real geographic islands; these in fact do not have connection with the main
grid if located too far from the shore. The mentioned requirements are:

Q ur: uvb

W TTeé pmb
wheref corresponds to the microgrid frequency ahndo the amplitude of the linto-line voltage in
three phase interconnectioriBhis means that the frequency can deviatly dy 2.5 Hz around the
nominal value, while line voltages are bounded between 440 V and 360V.

Given the aforementioned issues, amaiy control level is needed tegulatethe microgrid
v ar i avaldese Ehis control acts on the VCVSIs by providing frequenacyl voltage amplitude
references to the zero level control, accordmghe powers absorbed or generated by the inverter unit
Practicdly, this control layer consists in a decentralizdicturethat quickly modifies the voltage and
frequency of each VCVSthat can be approximated &m idealvoltage sourcesso that the network
power balance becomes feasibfeer an unexpeetl perturbation in the microgrid state of equilibrium

As previously mentioned, the primary level is developed accordiagddiop controb [ .0gi ¢
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3.2 Zero control level

The inverteris the fundamentaélectronic deviceof a microgrid, it represents the keunit over
which the generic microgrid control is developed. The basic action of an inverter is to transform a DC
power source, that could be a DC current source or a DC voltage source, in an AC one. Even though the
literature provides a detailed descigpt of its physical structure and contf@] ,it is not of interest for
this work to go into a detailed explanation. To sum up, the inverter circuit consists on a spoesf
electronic deviceghat, through an accurate control, can generate a three phase sinusoidal voltage
waveformstartingfrom a DC power source. Moreover, there are some configuration that implements
also an AC/AC conversion through the sequence of an AC/DC stage and a DC/AC stage; in this way it
is possible to decouple two distinct AC power sources that work at diffflequeicies, as well at
different wave amplitudes.

As it is represented in figur€igure 3.1, the type ofinverter, taken in consideration for the
developmat of this work, is a three phase voltage source invevt8i)(composed by a IGBT bridge, a
three phase transformer and an LCL filter (the first inductance of the filter is incorporated into the
transformer). The bridge, fed by a constant voltage souscepntrolled through a Pulse Width
Modulation (PWM) technique. Thieansformer raises the voltages produced by the bridge and remove
the bias terms. The output filter is required to reduce the harmonic contributions of voltages and
currents produced by ¢helectronic converterln general, distorted signals can cause significant
mal functions of other sensible grid connected devic
level of Total Harmonic Distortion (THD), by properly selecting the riggatameter for the LCL filter.
In any casethe right choice of the LCL filter parametdassout of the purpose of this thesis work, a

proper pretuned filter is used to develop the following study.
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Figure 3.1 Electric scheme of the converter.
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After that briefly descriptiorof the inverterpurposeand structure it should be clear why the
inverter represents a fundamental block in the development and correct functioning of a microgrid. In
fact, the majopart of energy sources in a generic microgfidoduces DC power (energy storage units
and photovoltaics), while others, such as wind turbines, pro8iGgeower that is not synchronous with
the establishednicrogrid frequency. Moreover, if it is properlyregulated, this electronic interface
allows to independently shape the output voltage waveform of each power source, based en the set
points i mposed by the TPporaccanplislythid task, edries dftaseadedoopsc ont r o |
and modulation techiques are designed that act on the inverter switching valves in order to track the
chosen output variable, such as the output voltagehe typical hierarchical control structure of a
microgrid, this stagés usually defined as zero control lev&he zeo control level structuréor a Grid

Forming Converteis composed by two fundamental block#sposed in a cascade structie

1 Output filter currents controbr grid following configuration thanks to the action of the inner
current control loo@ninverter could be considered as an ideal current control source. As depicted
in Figure 3.2, this control action is performed in tldeg synchronous frame. The control variable
are the direct and quadrature components of thikage provided by the IGBT(InsulatedGate
Bipolar Transstor) bridge & and S;), while the outputs, the current componeidsand Iq,
coincide with the state variables of the controlled systech are, as well, the-g components of
the current flowing in the capacitor of the€€L filter. Vcy and V¢, are thecomponents of the
capacitor voltag, in this control scheme are measurable disturbance tlaeyd can be easily
compensated bgn approprate control actionthe same holds for the terhs zZE and 5, z
E, being iq andigandy available measurements ahg the first inductance of the LCL filteso a
known paameter. To make the model moealistic the actuation delay has also be considered in
the scheme.
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Figure 3.2 Control Scheme of the internal current Synchronous Framework

The control action is performed by two PI régors, one for eachd-q componentwhich are tuned

placing the zero at the same frequency of the slow pole of the system and adjusting the gain to have a
crossover frequency c around 3000 rad/s€nearly 500 Hz). In this way cis one decade slowénan

¥s=2A As(fs=50 Hz), so itdé s possible to consider the

decoupled from those of the current loop.

1 Output filter voltages or grid forming configuratioThe aim of this control is teegulate the
frequency an@amplituck of the voltage on the capacitor of the LCL filtétris the external control
loop, in the typical cascade configuration of the zewelleontrol, and its output represents the set

points for the internal current control loop previously described.
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Figure 3.3 Voltage control scheme in synchronous frame

In the control structuref Figure 3.3, Vcondg Veonds and ¥ represents measurable disturbances,
which can be compensated properly tuning the voltage regul@arshe other had, izq andizd ,
currents flowing in the second inductor, are not available measurements but they can be extracted with
some electric computation, exploiting the measurements of the internal current and the voltage
measured on the capacitor pins. The manvariables of the voltageegulators summedto the
disturbances, ¢+ ¥ AKY congg and ia+ ¥ AL Mg represents the sebints for theinternal current
control loopin the cascade configuration. The control action is performed by two Pl regutaterfor

eachd-q component of the voltage capacitor, on the systém

"0 (3.5)

0 zi

It can be seen that the system under control presents a negative gain, so the Pl must havea negative
gain too, in order to have a final phase margin betwek80° and 0°. The zero of the regols is
placed more than two decades before the crossoverefieguobtaining a phase margin equal to 90°
and a crossover frequency of 300 rad/s. As it is shoviiguare 3.3, the internal current control loop is
considered as a unitary gain, this is due the fact that the voltage control has been tunedtmich as
crossover frequency of the open loop transfer function is one decade lower than the current one, hence
the dynamics of t he cttherdynemics oftheerajtagé dulatiorAs itdambedt af f e
noticed, the use of the synchronous representation of the electrical variable of the inverter is recurrent in
the design of the zero control level. This is due to the fact that it resadier to hndleDC electric
variablesinstead ofAC ones

The Synchronous framework approach exploits the state vector representation of the electric

variables of the grid, expressing it through two components that are the projections of the space vector
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onto an orthogonal framewodq, that rotates ate the same angular velocity of the space vector. These

components can be easily obtained applying the Pal
angled and of the frequenciyof the electric quantityUnder the hypothesis of symmetric voltages and
equilibrated currents, at steady state the terns are converted into two components as $tiguve in
34.
Figure34Space vectors in Parkés representat:i

The Park transformation of a voltage terroistained through thequation(3.6).

W YT 0 z 0 0
R0 Ai0 2z Gefi 2z 1)
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3.3 Droop control

In order to overcome the problems of islasgkration mentioned in paragraphl, a distributed
control is taken into account to develop the primary control layer. Instead of entrusting the stability of
the microgrid to a single converteperating as a voltage souragith its own controllerthis task is
given to every power converter connectedh® microgrig adopting a technique called Droop control
[7]1. The droop method, developed as a proportional control action, ensures a rapid regulation of the
inverter that minimizes power unbalances and consequently the system frequency and Vditagses.
a relevant feature since, the inverter interface implies a low system inertia, resulting in fast dynamics
that must be properly managed.

The power reference aroltage referencdor the droop controlit depends on how the droop

control is developed) are provided by the higher layer in the hierarchical control structure of the
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microgrid, responsible for the secondary control. In any case, the stability of theongicr i d i snét af f e
by the values of this reference: indeed, even in case of missing signals or great discrepancies between
the overallpower refeence and the power actually abised by the microgrid, every local converter
automatically modifies the ejted power in order to satisfy the current power request, keeping the
frequency and voltages inside the prescribed limits, as previously mentioned.
The theory on which the droop control is based has been bingfbducel in paragrapi2.l, to
explainthe motivatio for a secondary control layen the following this theory is omnsideredcandthe

process to deduce its algebraic lasvdiscussed
3.3.1Droop laws

There are three possible way to couple the electviaabbles involved in the droop laws: the

resistive coupling, the inductive coupling and the mixed one.

1 Resistive:The active power variation is linked to the nodal voltage one, while dative power

variation to the network frequency one\RPQ-¥ ) .

1 Inductive: The active power variation is linked to the network frequency one, while the reactive

power variation to the nodal voltage one\QP-¥ ) .

1 Mixed: In this case both active and reaetpower variations have an impact both on frequency and
voltages;although this can express more realistic cases, this relationship is not very used given its

complex definition.

The droop relationship are usually chosen based on the line impd@anaed, in particular, the
key factor is represented by the ratio betwdenresistance and the inductive impedance of the line,
known as the R/X factor. A netsk characterized by a predominance of the resistance part of the line
impedance will present a bigger value of the R/X factor, compared to a network whit the predominance
of the inductive impedance. The former casggests the implementatidior the dr@p control,of the
PVand Qy r el at i on s hiegploits théh @/ ahdaR¥yt erel @an € onshi p. Being t
characteristic typical of small grid systems like the one considered in this work, the resistive droop
relationship will be consideredif thedevelopment of theest of the thesis.
To better understand the concept that is behind the droop control method a shorter and intuitive

explanation is given in thellowing, based on the scherdepicted inFigure3.5
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Generator P S S Load
AT .

Figure 3.5 Simple electrical network.

The network is composed of one generator and one load, interconnected through ithliae w
defined impedance. It is assumed that this AC network has already reached the steady state condition,
therefore each variable has a sinusoidal waveform that pulsates at the steady state frequéhtsy ,
allows to study the system in the phasomdm, where each voltage can be represented in the complex

plane as a phase vector that rotates at the sgtattyfrequency, as reportedHigure3.6.

I'm

Figure 3.6 Phasor representation of nodal voltages.

Node 1 is assumed to be the reference node, calledslalsio nodeThis means that all phasor
vectors are defined with respect to a new coordinate sysinwhich is synchronous and aligned

with @ . Therefore

o ) (3.7)
) 0Q (38)

Given the nodal voltages and the line impedatiee]inecurrent can be easily computed:
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Knowing both voltage and output current of Node 1, it is possible to compute the complex delivered

power:
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Finally, the otput active and reactive power are computed by considering separately the real and

imaginarypart of the complex power:
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Starting from the expression of the active and reactive generated power with the explicit
dependence on the network variables, now it is possible to understand why the resistive and the
inductive relationship have thegprecise links between powers, frequency and voltages. Considering
first the inductive droop couplingt is applied when the R/X factor is very smallherefore by

considering X>> R and by linearizing * 11 (in a single line interconnection it cae bhssumed that

the voltages have nearly the same phase), we obtain:

i DM (3.13)
v v
i o oo (3.14)
L W——

Y o

While for the resistive network, where R >> X, it results that:

O WY (3.15)
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. GOY : (3.16)
Y e

By looking to the equation3.13) and(3.14), it is possible to see that an increment in the phase
difference between the two nodes has an impact on the active power in the inductive case and on the
reactive power in the resistive easActually, the phase difference is strictly relatedhe frequency.

An increase of means thatowaveform tends dynamically to anticipate tene, which in turn
implies that the frequency of Node 2 tends to be higher with respect to thelN®8e Therefore, in

order to control the frequency, for inductive microgrids it is better to vary the generated active power,
while for the resistive case it is @t to act on the variation of reactive power.

Regarding the voltages, it should be noted that in both cases, inductive and reactive, a voltage
variation affects the active and reactive power, since, looking t43ek®)-(3.16), it doesnoét
perfect decoupling. However, f¢8.13) and(3.15), the depend®e between the relative power and the
generation voltag¥'1 is a squared dependenddthough the effects are not completely decoupled as
for the frequacy, in the inductive case the generation voltage is linked with the delivered reactive
power, while in the resistive case the generated active power is usually used to control the nodal
voltage.

Even i f t he af orement i on e dt decaupliagt af the sffectd omh 6 t
frequency and generation voltage over reactive and active powers, the approximation they provide is
generally well accepted, since the aim of the droop control is not to perform a precise control action but
only to allow thenetwork to properly function without large deviations of variables.

For small scale networks it is not true that only line impedances have to be taken into account, but
the wholesystem should be considered. Actually, since microgrids are characterighdrbiines, load
characteristics have a great impact on the relationship between network variables and generated powers.
For example, linear RLCs loads are characterized by a resistive couplivig @y ) while an
asynchronous rotating motor, presentsl amductive relationship@-V, P-¥ ) So the prevailing load
characteristics dictate the droop relation should be chosen for the control. Taking into account the study
performed in[2], it can be stated that the resistive relationship is the one that ensures the system
stability for the microgrid, taken into consideration for this thesis work, and in general for most types of
microgrids. Actually, is quite difficult to have a smadicale network characterized by a prevailing
inductive characteristic, since is not frequent to have rotating loads directly connected to the line but
they are usually interfaced through inverters.

Once the reldonship between voltage, frequency and powésschosen, there are Wwever
different approaches to implement the droop control. Even if they all have the same glijeeivare

based on different control actions.
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3.3.2Droop control structures

Depending on the chosen controlled and control variables, two droop methods can be
implementedthe Conventional and the Inverse droop.

The Conventional droopntervenes directly on the output voltage wavefornthefinveter, in fact
it directly varies, |y mean of a proportional action, the output voltage magnitude and the frequency
based on the variation of the delivered active and reactive power. This droop strategy is interfaced with
Grid Forming ConverterAs it can be seen ifrigure 3.7, the conventional droop provides voltage
magnitude and frequency sabints to the zero control leveihose control action, from the point of

view of the primary catrol, makeghe inverter an ideal voltage generator.

’, V nom +© 1 V gen l" “
f ) vee |
ipenrl __ ap AV | : Voltage i
I + : : :
=% O — Source
I Control Vae
E | p meas i E i
! whom i w gen E E
% T z
oo o [> Aw [ .

o qmes . e L

CONVENTIONAL DROOP INVERTER OUTPUT CONTROL

Figure 3.7 Conventional Resistive Droop

On the other hand, tHaverse droopcontrol acts in the opposite way. It modifies the generated
output power depending on the deviations of the nodal voltage magnitude and frequency from their
nominal values. This droop strategy is usually implemented along@#ithFollowing Convertersince
they are able to track active and reactive powepsetts [2]. As stated before, the main difference
between this strategy and the conventional one, isathiatthis approach is not possiblehave a direct
control on the voltages and on tmécrogrid frequency, but they both will take the values that guarantee
the power bance of the microgrid A schematic representation of the Inverse Droop Control with

resistive relationship is reportedfigure3.8.
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Figure 3.8 Inverse Resistive Droop
3.4 Primary control design

The primarymicrogrid control structure adopted for this master thesis work consists of a decentralized
structure where at some node of the microgrid a Conventional Droop control is located, that is, as
previously said, interfaced to the microgrittdugh a voltage controlled inverter. The nodes where a
voltage controlled inverter is placed are considered as voltage controlled nodes. The resistive
relationship P-V,Q¥ )is implemented since, as aforementionedyutranteeghe network stability

form most types of loadS herefore, the output voltage magnitude and the frequency of the inverter are

defined by the droop control as the following

®© 00 D & 3.17)
M 0 0 O Q (3.18
wherej (ntv), wité ncv number of controllable voltage units, 6 and0 o, 0

and0 are respectively the measured active and reagiweers generated/absorbed by the inverter,

while 0 and0 represent the proportional coefficients of the droop control, defined as the following:

. ¢Yw
1’V = =
V] V]
. 5a (3.19)
v D 5
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The values of YQ andY@® are the maximum frequency and voltage permanent deviations
allowed by the standards, and in Italy, as already mentioned, for the low voltage islanded microgrids
they correspond respectively to 2.5 Hz and 40 V (line to line rms value). and 0 are the
maximum active and reactive powers that the considered converter can generate whiled 0
are the maximum that the converter can absorb. This choice of the droop gains nzagtimipewer
range on which the converter can regulfiegiuency and/or voltage through the droop characteristic
inside saturation limits. Indeed if the references exceed the maximum allowed deviation they must be
saturated to their limit8eing the droop control a liaerelation, it can be easily represehia a graph,
like the one depicted iRigure3.9.

(a) (b)

Figure 3.9 Resistive conventional droop charactestics

In the pictureP,, Po; ,Qo andQy, representslifferent values ofhe power references  and0
of eq.(3.17) and(3.18). In particular,as it can be notick a variation of theseeferencevaluesaffects
the offsets of the straight lines, on the contrary the droop gains affect the Jlopeseasured power is
considered positive if generated by the inverter and negative if absorbed.

Looking at the droop characteristics, it can be noted that twopimsgnt an opposite effect on the
outputs. On the one hand, the voltage magnitude is decreased with respect the reference value as the
power deviation increases, while the inverter fremyevariation is directly proportional to the power
offset. An intuitive explanation of this choice can be given by considering a resistive network with a
generator and a parallel RLC load, as schematically depictéidune3.10.

In order to study this simple network, the absorbed power is firstly computed. Since microgrids are
characterized by short interconnections and loads represent the ragahtglower absorption, power
line losses are neglected.
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Line Impedance | R+ jX

Node 1: Generator Node 2: RLC load

Figure 3.10 Simple network.

ltds simple to evaluate the power absorbed by the

Y [H) 0 7w @
P
0 Too’o o (3.20)
~ 5 1 6w

where the active and reactive power can be calculated as:

0 Yay 2 v (321
5 oy % 186 (322
Through equation(3.21) and (3.22), it is possible to give an interpretation of the droop
characteristics shawin Figure 3.9. Taking into account firstithe active power, generation peak
occurs, there will be an initial unbalance where the generated povesrdsxthe absorbed orie (
0 . Given the Tellegends theor em, this wildl resul
raise the active absorbed power, as reporteB.2l), and so bring again the network in a stability
condition0 0 . To coureractthe effect of generated or absorbed power peékise invertey
the droop controtlirect regulate the magnitude taje node, according to the measured active power
devidion from the power referencéo if 0 0 , a peak of generatiothe voltage controlled
inverterlowersthe voltage magnitude in order to decrease the active power gentrated the power
reference on the contrary i) 0 , so we have a peak of absorption, the inverter raise the
voltage magnitude to increase theerter powerand bring back the measured poweP}g.
The same interpretation with the opfie logicis valid for the reactive power. In this case looking
at(3.22), the frequency appears at the denominator of the equation (the capaeitive heglected). So

if 0 0 , the invertelincreasehe frequency in order tdecreasehe reactive powegenerated
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towardsQ.;, while if 0 0  the voltage controlled unibwer the frequency tancreasethe
reactive powe absorbed and so return the measured reactive power to the reféefamcesported
explanationseemscoherent with the two graph reportedRigure 3.9, where the left line has negative
slope and the right one has positive slofithough the droop strategy is studied for a simple case, the

same principles e¢ebe applied to more structured microgrids

3.5 Conventional droop implementation

Droop characteristicmust provide the references that a lower control level have to follow in order
to perform a primary control, this is a peculiarity of a hierarchical microgrid control system: the upper
control level set the references for the immediately lower one,ighatplemented on a faster time
scale. The lower is the level the faster is the control response time.
In the case of the conventional droop strategy, the references of frequency and voltage amplitude, given

by the drooplaws must be converted to direchch quadrature componends andw , because

thoseones are the only input spbints that a grid forming converter, implemented in the synchronous
framework, can accept. Direct and quadrature components are referred to a nominal vakse pf ph
computed by integrating the main grid frequenthis is a trick in order to compute the quadrature and

direct component of the voltage that in the schenfédare 3.12, otherwise will be sinusoidal. Calling

T the voltage reference phase, the nominal one andf their difference andw can be

easily computed exploiting3.23) , as shown ifrigure3.11.
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Figure 3.11 Direct and Quadrature voltage components.

Having that the reference phasor rotates at angular speed equal to ¢z*“ z "Q , the
reference phase can be expressefl as ] T 'Q tfinal expression of can be summarized
in (3.24).
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i cz*zQ tQft i (3.24)

A schematic representation of the resistive conventional droop interface with the grid forming
converter is depicted iRigure 3.12, where Tconnection F€Presents the time instant when the converter
connect to the microgrid.
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Figure 3.12 Block diagram representationfor voltage and frequency conversion

As it can be seen from the scheme, a derivative action is applied on the reactive power deviation
for the frequency branch. This is due to the capacity of the derivative action to speed up the reactive
power reference tracking and to damp major oscillatwansients[2]. In the scheme is also
implemented a closed loop with a proportional reguligrwhose objective is to cancel the quadrature

components durindhe connection of the converter as the following:

i cu , p

Q - 4 7 “

, L i_p < < F (3.25
) o b gl'_Z’ P ii p U ¢ 0

In this way for high values oK, the voltage reference is kept in phase with the grid voltage,
because having null quadrature component means to Yfave 1t During this first phase] is
provided by a PLL in order to synchronize the Converter with the main grid.

3.5.1Zero Control Level

In this subsectiothe open loop trasfer function®f thecurrent and voltage loops are presented
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Regarding the current regulator, looking=&gure 3.2 a time delaycanbe noted. To easily tune the
controller, the first order Padé approximation is adopted, in order to have a clear idea of the upper limit
of the crossover frequenty . This must be smaller than the pole frequencyijof (T is the time
delay) to maintai a positive phase margin. Being the current and voltagjeeference signals constant
(at leat at steady state), the PI is the best controller cheimuse it guarantees zero steady state errors
Sincethey deal with the same process transfer function, both in the case of the voltage regulation and of
the current one, the PI controller that regulate the d component is equal to the one put in charge of the g
component regulation.

The current Pl regulats are tuned to have an open loop crossover frequeéncyaround 3000
rad/s (nearly 500 Hz), while the voltage ones are tuned for a crossover frequency a decade smaller, that
is 300 rad/s (nearly 50 Hz).

The proportional and integral coefficient of thatage and current regulators are enlisted in
Table3.1, along with the parameters of the considered inverter

Table 3.1 Pl regulators parameters

Parameter Value
Kp_c 456.67
Ki_c 456.67%0.019
Kp_v - 0.035879
Ki_v - 0.035879*0.19

Lt 0.0022
Rt 0.0176
Cf 5e-5

Current O.L Bode diagram
T

Iag nitude (dB)
T

102 103 10 10°
Frequency (rad/s)

Figure 3.13 Current open loop Bode diagram
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Voltage O.L. Bode diagram
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Figura 3.14 Voltage open loop Bode diagram

The results of thaeference tracking performances of the voltage and current regulators are
intentionally omitted here, since) the next subsectigntests on the refence tracking of the primary
control will be presentednd the effectiveness of its control actidepends on the correct function of
the voltage and current regulation.

For a deepening on the effects of different Pl parameters on the peréasnafithe @ro control

level see[2].

3.5.2Steady state droop test

First, the designed droop control is tested in steady state conditions in the trivial microgrid,
represerdd in Figure 3.15. The trivial microgrid is composed of the converter connected to a three
phase controlled current source that can emulates a load or panteglled energy source. Quasatic
diagrams of measured power, voltage and frequaneexracted from simulations and are exploited to

draw the conventional resistive droop characteristics implemented in a power converter.

Conventional Droop

FO A

Q0 2| Conventional Voltage | Y3

droop control

Figure 3.15 Test scheme for the steady state droop test
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The simulations are carried out taking into consideration that the variations of absorbed/generated
power of the current source, must be slow enough to consider negliggbistéhnal dynamics of the
converter control. Three different curves amracted providing minimum, maximum and zero power

references to the droop control and measuring amplitude V and frequency of the generated voltage.

Simulated PV droop characteristic B . Simulated Qf droop characteristic

V amplitude [Volt]

] 1 2 f 4 8 2 0
P [Watt] o Q[Var]

() (b)

Figure 3.16 Simulated droop characteristics

Looking atFigure3.16, both the curves represent what it is imposed by the droop control-¥Vhe P
characteristics is tuned avehe phase voltage magnitudeo T TUTj Vo andY® T ¢ Vio.

In this subsection the simulation results dfigial microgrid composed by a converter connected
to a main grid (simulated by an ideal voltage generator) are presented as shogura3.17. The aim
of the simulation is to highlight the dynamic performances of the droop control tuned with the best
parameters possible for the considered inverter. The dynamics of the droop control strongly depend on
the values of parameters chosen to implemenhatyever the aim of this thesis work is not to
investicate how they affect the control but rather to implement the best possible primary control. For a

better view on how the droop control changes for different tunable paramet§2f. see
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Figure 3.17 Dynamics of a grid connected conventional droop
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The active and reactive power limits of the convertaken intoconsideration for the simulation
are equal to 0 wand ¢ Mw ) ias the one in the quastiatic caseBetwesn the converter and the
grid aseries line impedance is modelled. Being this subsection and the overall thesis focused on low
voltage microgds, simulations are carried out with a line resistance that is dominant or at least
comparable to the value of the line inductive reactaAceesistive conventional droop regulates the
power converter, whose power references are modified durngitnultion The grid forming control
is configured in synchronous framework with a set of tuning parameters for the veltpdgtorand of

electrical parameters for the microgrid lisiadhe following table.

Table 3.2 Parameters of dynamic simulation

Parameter Value Unit
Rlin 1) '
Llin T e H

2 Vhax T H¢j Vo \Y
2 frax P Hz
Kq prpm
Kpp pT

Instead of a pure derivative control schemé&igiure3.12, a first order high pass filter is used to
make the model efizable, with its pole placed in p Tt i TEIMY, this gimmick helps also to filter

out high frequency noises.

Reactive power reference tracking
T T

= Qmeas

— Qref

B
T
1

Q [Kvar]
SI ‘ij
| | |

| | | | |
Time [sec] *

Figure 3.18 Reactive power dynamic performances

As it can be seen iRigure 3.18, the reactive powerefererte tracking in this configuration has

greater performances with respect to thosthehctive powerone, inFigure3.19. This can be ascribed
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to thefact that the resistive droop relates Q to the frequeti@t, in this case is constrained to its

nomi nal value by the main grid. This doesnodt hol d
converter, because it depends on the voltage droop caused leyiéiselise impedance and in the end

on the current flowing through the line. This is why at steady state the generated activeispower

different from its reference. Indeed, at second 17 a change in the power reactive reference is applied, the
converter reets by providing more current to generate also reactive power, so the active power error is

much increased. Thisehaviorhighlights the fact that there is a coupling between generated reactive

power and active power: indeed even if the line impedance ins&idhulation is purely resistivehe

inductance of the LCL filter, in series with the line resistance, makes the resistive droop relation only an
approximation of the real interaction between f, V and P and Q. Hence changing the power angle with

an RL ®ries impedance generates not only a reactive pbutealso a component in the active power.

Active power reference tracking
I I

| | | | |
0 5 10 Time (sec) 20 2

Figure 3.19 Active power dynamic performances
3.6 Conclusions

The designed distributegkimary control level allows the microgrid to properly work in islanded
mode even if power unbalances may occur. However, a control action based only on proportional gains,
as already mentioned, doesnodt ensur[é], whithaiga t he var.i
desirable feature especially for the frequency. Moreover, at this stage both electrical reférerares
fef, that power oneP, and Q¢ are fixed parameter. It would surely be better to have an additional
control that tries to act on those references depending on the state acrigrich Indeed in this way,
major deviations of the voltages and frequency can be limited in size, asswh# &requency of the
microgrid and thenodal voltages can be kept in the desired range of values.
Finally, relying only on a primary control layer, each source is independently controlled and so it is

not possible to have a higavel coordination betweesources. This would be a relevant aspect since it
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allows to implement several strategies based either on economic reasons or on greearienéedy
policies.

All the mentioned issues can be overcome by a supervising control layer, implemented as a
centalized secondary controller. Its control action would consist in shifting the droop characteristics by

varying Viesandf.e based on an optimization algorithm.
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CHAPTER 4
SECONDARY CONTROL

4.1 Introduction

In this chapter centralizedecondary control strategy is develoged thenvalidated resorting to
simulations carried out through a model of a readv Voltage AC Microgrid. This work has been
carried out in collaboration with RSE S.p.A) Halianresearch institution kich provide a microgrid
test caseThe considered microgrid corresponds to the real low voltage grid that RSE owns in order to
develop studies and experimentations on Distributed Energy Resources and Microgrid solutions.

The proposedecondary contradtrategyconsists of a Pl control action for the regulation of the
microgrid frequency and of a mulbbjective optimal control for the regulation of the voltage amplitude
of themicrogrid nodes.Both control actions take full advantage of drammtrolledunits caoinected in
the MG; n particular the multiobjective function aims to minimize the voltage errors of selected
buseswhile the PI control tries to recover the microgrid frequency to the nominal valuefof)

The power balance in the microgrid islanded mode is guaranteed by the action of the primary
and zero levetontrol, previously described, which regulate the output voltage amplitude and frequency
of the inverter according to the active and reactive power generatsofbed by the invertatself.
However this control action is implemented at the costnatrogrid frequency andhode voltage
deviatons, that, in some casesan assume high values. Hence, a secondary control is designed to
eliminate these deviations by shifting up and dowe fV and Q-f droop characteristics of
conventionadroop-controlled units, by acting on,¢and fr.

The secondary control actuators for the RSE microgrid consists of three inverters, on which a
conventional droop controlwith resistive lawsjs implemented The DC side of eacimverter is
realized by the actioof an ES$ which guarantees a constant and reliable flow of pdawards the
microgrid as longasits StateOf Charge(SOQ is in a péticular range Thereforethe secondary control
action mus take irto consideration in some way,the SOC level of each battery, in addition to

everything elseThis chapter will evolve in the following way:
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1 A description of the microgrid model, taken into consideration for the development and
simulation of the scondary control level is presentéss already mentioned, this model is a
representation of the real RSE AC microgrid.

i Then, a description of each component of the secondary level control is provided and
simulations are carried out to test jtsrformances, following a pmeterminedpower profile

of the microgrid.

4.2 RSE Microgrid

The RSE microgrid is extended over an area of abawtrt @ 11, is interconnected to the Medium
Voltage (MV) Grid by mens of al 1t & @ dedicated transformeg (€& $1 &) and has an overall
capability of T TIE 7 (active power) and o v 6 A(@active power). Different types of DER
generators are connected, as PV (PhotoVoltaic) Fields, Solar Dish with Stirling Engine, Wind
Generator, Diesel Generator and Combined HeatPawaer (CHP)atural gas generators and internal
Combustion engine. The Microgrid has an overall storage capability of gbouft 7 Ebased on
different storage technologies as Lithium, Flow (redox), High temperature Nscdum Cloride
(SoNick) and Lead(VLRA) batteries interconnected to the grid with dedicated converters. Resistive,
Inductive and Capacitive Loads (overall capability of aboutE 7, ¢ 1 6 AnQuctive andp v E6 A O
capacitive are connected to the grid in order to simulate different tyipslof actual users loads) and
an electronic Loa@re also connected to the microgrid. A picture of the RSE Test Facility is illustrated
in Figure4.1, where the main units are highlight&the microgrid is configurable (locally or remotely)
at the interconnection board in order to obtain different grid topologies: radial grids and also mashed
configurations. There is also the opportunity to extend feeders tilkiloraeter The interconnd®n
board (main bar and feeders) and all the DERs are provided with electrical measure equipment, set up to
collect andanalyzethe experimental data derived from the field test. In addition to AC Microgrid, a
Low Voltage DC Microgrid { 1 6ifp 1 & 7) is present and able to operate in islanding mode on DC

side or interconnected to the AC grid by means of a bidirectional AC/DC converter.

RSE DER-TF
' \f Distributed Energy Resources Test Facility

Figure 4.1 Picture of the RSE microgrid
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A Supervision and Control systehas been developed in order to monitor and contrahsttlied
resourcesDifferent Energy Management and control functions have been implemented and can be used
in order to fulfil with the requested objective (economic optimization, renewable resdal@ncing,
self-consumption, voltage odrol, state estimation). Reswes control can be performed manually or in
a full automated mode according to the different Microgrid control functions. New management and
control functions (also from third partlesan be easily integrated to DER Test Facility Control System.

The RSE Microgrid has also a dedicatsettionto the study and the development of control
algorithm for the island operation. This section of the Microgrid, depictdeigare 4.2, is used to

design and simulate the action of the secondary control level.

Main
Grid

ml

n2
n6 ns
m3 nl
m2 m7 mb
n4 n3 T E — [ —
nl’
—]m?
“~ Invl N,
m5 m4
I Load2
n4’ n3’
mS’ m4|
& g ma )
Loadl DC grid Rotating

Generator
Lead-acid Lithium-ion
Battery Battery

v D
generator

Figure 4.2 Schematic of the RSE microgrid considered in the simation.

The grid is composed by 7 nodes (called m1, m2, efdgare4.2) and 6 branches (called n1, n2,
etc in Figure 4.2). This corresponds to an islanded small grid, which includes both controllable
generators, storage units, renewable sources, and some loads through which it is possibleally exter
vary the amount of absorbed powers. The main microgrid elements are:

1 Three Voltage Sourcewerter connected in the node m5, m4 and m2 and controlled as a Grid

Forming generator enhanced with a conventional droop control. The three Grid Formingt@sner

have the structure presenteddHAPTER 3with an LCL output filter. The control of the voltage is

so done on the capacitors terminal of the output filter, thaindieated inFigure 4.2 asthe node

m5 6 , m4db6 and m26 respectively. The branches n4d6,

of the filter. As mentioned at the beginning of this chapter, these three inverters will be the

actuators of the designed secondary control level.

71



Secondary Control

1 Two RL load connected in the node raBd m6. Adjusting their internal impedances, these loads
can absorb predefined values of active and reactive powers. These elements are extremely
important to test the control strategiéw different powersituations, andhey also allowto
understand which power conditions would lead the network to possible collapses. Moreover, it
should be noted that the imposed absorbed powers are defined at nominal conditions, meaning that

the final power absorption will vary as voltagand frequency shift from their nominal values.
1 One PV generator connected in the node m5 throubfea phase Grid Following converter;

1 One rotating generator, wiicin the real microgrid corresponds to a natural-fgated

cogeneration source, connatia the node m7 through a thrphase Grid Following converter.

In the following table are enlisted the maximuwative and reactivgpowers each microgrid
elementcan absorb or generate. The Rotating Generatmuallyutilized as an OFF/ON system able to
provide a minimum active pav of 25 kWand maximum one db0 kW, this means that when the
condition is on OFRhe generated power is equal towhile whenit is ON the active power generated
by the Rotating generataould be either 25 or 50 kW his behavioris due to the use of the Rotating
Generator in the miogrid system. This element is mainly utilized to provide power to the ESSs
(Energy Storage System) presents in the microgrid,-establish thie SOC (State of Charge) after it

decreases down a certain lower bound.

Table 4.1 Maximum power of microgrid devices.

Device Max Active Power Max Reactive Power
Load 1 QE 7 nMmEG6 AO
Load 2 wiE 7 eTEB6AO
PV generator oE7 CEB6AO
Inverter 1 CTE 7 CcTE6AO
Inverter 2 oTE 7 cTE6AO
Inverter 3 cTE 7 cTE6AO
Rotating Generator vITE 7 ofE6AO

Although network interconnections are not active elements, they have a significant influence on
t he net wo rbé&haviorsSo thearbal lieesiripedances have been considered in the design of the
secondary control level and have been also implemented in the simulation envirdnnieiile 4.2,

the impedances of each microgrid branch are resented
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Table 4.2 List of line impedances parameters.

Line Resistance Reactance
nl Tq@m pArm
n2 @ am ™® am
n3 p@am u®am
n4 pPTRM G wm
n5 pa@am vam
né p am pam
nlo T ¢ w'um
n46 T TTTm
n30 T G w'um)

As already mentioned, in the grid are present three Voltage Slwesersthat are catrolledin
Grid Forming modewith resistive droop lawEach of this device isonnected at the DC side to an
Energy Storage System (ESS); in particWlah e i nverter i n mfddBatwytlkeonnect ed
one in m4o6-i bn Battehyumnd the | ast o(orehisithesism2dé t o a
work, we assume &hDC grid composed only by the SoNick battefife presence of battery in the
microgrid system is considered in the simulation by the dynamics related to their SOC (State of
Charge), which are function of the battery active power. The SOC dynamics aveHhmsen to be
modelled by a discrete integrator systemhnich changes depending on whether the storage unit is on a

charge or discharge condition:

—_ A
NGB YO — 5 (4.1)

—_ A
Y & YoE ——  §e (4.2)

Where"YU drepresents the initial SO€, and- are, respectively, the inverter and the battery
yields and they change depending on whether the system is generating or absorbing#power,
represents the maximum battery capacity [kWh], and, finally is the power generated or absorbed
by the battry, taken with a positive sign in the former condition and negative in the latter.

In the following table are reported tparameters, used in simulatios,each battery and of the
DC grid. The maximum capacignd the yieldsin the casehe system igharging or in the case it is
dischargingaresupposed equaFinally, considering the two batteries, the values of maximum capacity
are defined at nominal current, meaning thatycould vary as the system output current shifts from its

nominal value
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Table 4.3 ESSsparameters
ESS system Cmax dinv dsto
Lead-acid Battery Tw7E 0.9 0.9
Lithium -ion Battery o 7E 0.9 0.95
DC grid cm7E 0.9 0.9

4.3 Simulation specifications

The peformances of the primargontrol level, first, ad of the secondary one will be testday
carryingout different simulatios on a commommicrogrid working condition. Hence, before describing
the elements that composed the secondary control level and shtsapegformances, a bkground of
the simulation environment need to be provided

The simulations refer to a defined scenario: the microgrid is working in the islanded operating
mode and therefore the whole systaged to be managed without the support of the main grid. It is
recalled that the islanding event could be either intentional, due for example to economic reasons, or it
can be due to a fault that occurred in the external grid, leading the microgrid to isolate itself in order to
not be affected.

In the reported simulaiins, the microgrid in island mode will be tested for a-geéined reactive
and active power profile, conceived so to reproduce a possible real pehavriorof the elements of
the grid thusloads and renewable sources widl Bupposed to vary their pomseduring the entire
simulation in predetermined instants of timand to predetermined valuesObviously as the
corresponding powers change there will be an initial power unbalance between the total generated and
absorbed power that will eventuallystdt in a new transient for the network variables. The power
trends for the unique uncontrollable unit present in the grid, the PV generator, have been designed in
order to test the hierarchical microgrid control struciardifferent network coditions. Regarding the
power absortion, it is recalled that two loads are present in the considered microgrid test case. One
corresponds to the auxiliary cooling system of batteries, while the second corresponds to an RLC load,
which can be regulated to absorbgefned values of active and reactive power.

In the following will be reported the active and reactive power prafilg@lemented in this work.
All the simulations are carried ougsorting toMatlab/Simulink simulation environment, and each of
them will last forc m@A A
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Figure 4.3 Active power profile used for the secondary control simulations

The active power profile, depicted kigure4.1, is the result of the variation of generated power
from the PV generator and the Rotating generator, while the absorbed power one is due to the constant
power absorption of the load in nod& mnd the variable absorption of the RLC load.
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Figure 4.4 Reactive power profileused for the secondary control simulations

The reactive power profile, depicted kigure 4.4, is determined by the RLC load, the unique
microgrid element that is able to absorb or generate reactive plbweeds to be added that the final
effective reactive and actiyower absorptiowill not be those showed in the figures but in reality they

will vary as voltages and frequency shift from their nominal values. The power adileled above
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are just a simplification of what could be a plausible real scenario, eesigrst to test the
performancesof the designedsecondary control strategyHowever, it must be said, that this
simplification does not belittle theffectiveness of the designed secondary control, since in the real
worl d t he power s uttheymisentsvassmopthea tsansemthe fobowingkableare
reported the variations of reactive and active power and the corresponding time instants when these

variations occur.

Table 4.4 Active and readive power variations in kW and kVar.

time Ppv Qpv Ploadl Qloadl Pgen Qgen Pload2 Qload2

0 35 0 0 0 0 0 15 0
10 35 0 6 0 0 0 15 0
20 35 0 6 0 0 0 15 10
30 35 0 6 0 0 0 15 -10
40 35 0 6 0 50 0 15 0
70 5 0 6 0 50 0 60 0

100 5 0 6 0 50 0 60 0
110 5 0 6 0 50 0 60 -30
120 5 0 6 0 50 0 60 30
130 5 0 6 0 0 60
160 5 0 0 0 0 60
190 5 0 0 0 0 60

4.4 Primary control: implementation and test

As discussed in the previous chapter, the primary control consists in two sequdnitgkrs, i.e.
the inverter output control (Zero control level) and the droop control. The droop control provide the
most significant contribute in the overall Primary level control actsimce it is designed to vary the
inverter output voltage amplitude and frequency from their nominal values, based on the power
measured at the inverter output. For the purpose of this work, the conventional droop control approach
has been adopted. Thigks the variations of active power to the variations of voltages and the
variations of frequency to the variations of reactive power through a proportional control action. Being
defined as a decentralized structure, this system is located at eachhoééhimtertecontrolled in Grid

Forming modelts scheme isigain represented Figure 4.5.
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Figure 4.5 Conventional Resistive Droop.

The resistive configuration implies that the proportional gains must be chosen sugh that and
0 1T, wherei ¥ (1,2,3) corresponds tig, inverter, controlled in Grid Forming mode. There is not a

fixed rule to choose the exact valuestof andU , although their magnitudes have a significant
impact on the network since they express how the requested power is distributed among the generators
In this work the proportional gains have been defined as reported in eq(&fién By setting the

droop parameters as reported, the variatiogevferated or absorbed power of the inverter, that in the
Conventional droomre a consequence of the deviation of the voltage amplitude and frequency values
from the nominal onwill not be equally distributed but they will depend on the active and reactiv
power limits of each inverter. In this way, the bigger is the poavenit can absorb or generate

bigger will be the relative droop proportional gain.

Once the primary controllers for each of the three Voltage controlled inverter uadshban
desgned, now the overall responses will be illustrated. These have been performed implementing in the
simulation the powers profile, defined in previous -sebtion.It must be added that for simulation
reasons, the inverter output control dynamics have biseegarded; so the inverter, controlled in Grid
Forming mode, is considered as an ideal programmable-phigsevoltagegenerator, capable to vary
the output voltage amplitude and frequency, according to the reference signals, provided by the droop
contwl. This isa plausiblesimplification, since the invertarutputcontrol is able to track the frequency
and amplitude references in abaiit ¢ , as reported in the previous chapter. A schematic model of the

Grid Forming inverter is reported iRigure4.6.
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Figure 4.6 Schematic representation of droop control and Inverter

In the following, tle performances of the primary control action are shown. The simulation is
carried out with the powers profile, previously described, and with the droop coefficients exposed in
Table4.5.

Table 4.5 Primary control droop gains

Inverter Pmax Pmin Kp
Inv 1° QT 7 QT 7 TBImp @
Inv 2° oT 7 oT 7 T@Imnpp
Inv 3° ot 7 oTt 7 T mp p

In Figure4.7 and inFigure4.8 they are represented, respectively, the output active and reactive
powers of the three inverters controlled in Grid Forming mode. As it can be seen, the power distribution
is obviously not equal since it depends on the droop parameters. As above repertekdpp control
has been designed such that the more power a unit can either generate or absorb, the larger will be the

active and reactive power deviation from the references (Pre@ref =T).

Inverter active powers
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Figure 4.7 Inverters output active powels
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Figure 4.8 Inverters output reactive powers

With regard to the network variables, by looking=&jure 4.9, Figure4.10 andFigure4.11, it is
possible to appreciate the effect of the primary control action. Indeed, the droop scheme is able to keep
the network variables around realistic values, respecting the bound impoedrbgulation. However
it can be surely noted that the noda#OOVérhst ages
concatenated voltage rms valuahd the frequency, eventually, return the nominal value §f Ubnly
because the final reactive yer circulating in the microgrid is almost null. The restoration of the grid
electric variables to their nominal values is a relevant feature, ekpetia the frequency. In fact, it is
recalled that, in case of a possible reconnection of the islanibedgnid to the main grid, it is strictly
required that at the interconnection the two system are synchronized at the same frequency.

To recap, the primary controllers guarantee great performances in terms of stability of the
microgrid, for unexpected peskof generated or absorbed powers, but, still, they are not the best
solution to manage an islanded microgrid. Pure proportional actions are in fact extremely efficient in
ensuring a fast and considerable reduction of network variable deviations, bateheyt able to make
the network variables evolve close to their nominal values, especially for the microgrid frequency and
the PCC (Point of Common Coupling) voltage magnitude. Moreover, through this simple structure is
not possible to implement any resoe management logic, talking for example the remaining states of
charge of the batteries or some economic factors.

There is an additional degree of freedom that this control structure is not exploiting, which
corresponds to actually vary the voltage magte and the frequency references of the three inverters,
according to the network conditions. In this way in fact, the ststatg voltage and frequency
deviations from their reference values can be furtherly decreased or increased, in order to inglemen
particular microgrid management strategy. These motivations lead to the design of a higher control

layer, which could act on the microgrid, keeping the beneficial effects of the primary control.
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4.5 Secondary frequency control

In this subsectionthe secondary &guency control will be described and then tested with the

power profile defined in paragragh3.
4.5.1Control description

The objectie of the secondary frequency control is to restore the microgrid frequency to its
nominal value ofy TiOq after the primary control actioithe secondarfrequencycontrol levelprovide
its contribute to the microgrid regulatidoy sending reference signals to the below control level, the
primary one. There exists two ways to externally act on the primary control, that is by modifying the
Qref value, inFigure 4.12 a), or by varyng the reference frequency sign | in Figure 412 b). The
former case corresponds tdfskhe droopcurve, shown irfFigure3.16, on the xaxis the latter case, on

the contrary, corresponds to shift droop characteristics up and dowme opaxis. In the é@signed
frequency control, th&yes value will be considered constant and equalrtofer, instead, will vary

according to the frequency control action.

Figure 4.12 Possiblefrequency secondary control actions

The secondary frequency control action is provided for each of the three inverters by a Pl
regulator operating as a centralized regulatéigure4.13 showsschematically the Pl controller and the
system under control. It is assumed in this case that the communication channels have a delay and that
the MGCC (Microgrid Central C @ reaction, Ibut & takes adsmals n 6 t
interval of time, in order to elaborate the gathered information and to apply the consequent control
action. The sum of these two values of time represbattotal delayy equal top i ‘Q his parameter
is purposelylarge so totest the frequency control in theorst possible conditionsThe frequency

control usually requires eentralized frequency metéo estimate the MG operating frequerfgyas
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shown inFigure 4.13, where the SFC (Secondary Frequency Controller) is enclosed in a dashed box.

For this work a PLL is used as frequency meter.
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Figure 4.13 Semndary frequency control scheme

It can be seen froigure4.13 that the dynamics of the fast primary control system are neglected.
Therefore, assuming that the control systems are decoupled, the characteristic equation of the controlled

system plus theantroller is obtained as

p Q 000 m (4.3)

where Q is the transfer function of the communication plus computation dé@ys the PI
controller; H is the PLL transfer function, that here is modelled as a defa ef(O Q 8 , since

the MGCC interrogatethe PLLto know the frequency measurememid receives informatioavery

0.2 sec. Finally,;O is the system plartransfer function Using equation(4.3) and the Bode control
techniques, the controller can be designed. However, the decoupling between the SCF and the primary
control system can only be assumed when the SCF is well designatheddite. equatiof.3) is only

valid whenf,; (in Figure4.13) could be considered as an external disturbance to the SCF. Moreover, if
the communication delay is uncertain and changes in relatige operating range, a conventional
controller (usually a PI) could not be robust enough to enswé god stable operation of the SFC in

all the operating conditions. Hence a more robust strategy need to be implememtger to take in
consideration the worsening of the PI regulation dugntincreasing of the time delayor this reason,

in this wak, the PI controller is enhanced by the action of SP (Smith Prediétdapck diagram of a

PI1 regulator plus a SP is shownhkigure4.14. Thecomplete control system is enclosed in the dashed
box at the bottom of that graphic.

To implement the SP, good estimation of the transfer function of the planti and delay

"O i ,in a typical operating point are requirdéésing Figure4.14, the closed loop transfer function

betweerdQi and Qi is:
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0®0i 0i
Qi 0 '© O i Oi
X, TEOTol — (44)
ppf)"ﬁ)"Oi"Oi Oi Oi Oi Oi 0Oi Oi
Assuming that’O i "Oi O i "Oi Oi "0 i, the transfer function in equatio@.4) is
simplified to

Qi 0@0i 0Oi

(4.5)

Qi p OO0 Oi

Therefore, when good estimaf€ i ,"O i ,andOi are used, the deld® does not affect
the close loop characteristic equation, i.e. the denominator ¢#.8.Using eq.(4.5), it is simple to
design a controller using the Bode stability theory. To improve the controller performance when
operating with ano exactplant model (or unknown system delay) a low pass filter could be used in the
SP feedback.

Droop
Control

Figure 4.14 Secondary frequency control with SP

In the following a brief analysis on the performances of the Rtroler, enhanced with a SP
(Smith Predictor), is provided.
Using Figure 4.14, it can be shown that the dynamic behaviour of the SP based SCFrishgive

the following expressions:

M QM Q. QU0 (4.6)
"Q "0"00 '0Q
Q "000 '0Q0Q  "0'000 "0Q

Using the expression above, the secondantroller is described by
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1 p OO0 000000 000000 'O 47
"0'00 00000010  "0"0'0OWM '
ConsideringO 0 'O "0 =1,"0 7Q ,F=1 and™O Q , where L represents the
estimation of the time delay , the state representation is derived. Then, the state space model for the

secondary control can be represented by

» 06 & 060
e (4.8)
@ yQ yQyaQyayaQ

Matrixes0 andd are represented in Appendix A.

Table 4.6 Parameters for the eigenvalues test.

Parameters Value Unit
Kp_PI TP
Ki_PlI p
L ™ sec
W 4 ] sec

In Figure4.15, it is depicted how the eigenvalues of the secondary frequeomdyoller closed
loop movesas the uncertainty on théme delay T increase.ln orderto carry out the test, the
parameterin Table4.6 have been used

The eigenvalues of the system are computed and plotted by vdryofgn® i ‘Qféem an initial

value oft ~ T® i 'Quntil an unstable condition is foundth a delay o#.7 sec.
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Figure 4.15 Eigenvalues of the secondary control closeldop.
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As it can be seen, the best response is obtained fhenm® i & represented by theircled
markersin the figure. This is due to the fact that the time delay estimation L is equal to the actual delay
T . When the value oft is increased, and so the difference between the actual value and the estimated
one is larger, the response of the system faces a niogsdat became oscillatory aneventually,

unstable as it can be noted frétigure4.15.

4.5.2Secondary frequency control simulation

In the following, they will be presented the numerical results of the designed secondary frequency
control. Each inverter is controlled byetlsonfiguration described in the previous-selation.

Since the frequency controller interrogates the PLL and applies its control actiorr@vér all
the PI regulators and the function that composed the SPs (Smith Predictors) are discretized through the

Tustin or Trapezoidal method, with Ts® O A A

ca p (4.9)
Yo p

All the PI regulators are tuned in the same way and their coefficients, along with the other

parameters involved in the simulation, are enlisted in the following table.

Table 4.7 Frequency controller simulation parametes

Parameters Value Unit
Kp_PI ™
Ki_PI P

L o sec

W 4 & sec

Ve p sec

Ts ] sec

In Figure4.16 and Figure 4.17, theyare represented the active and reactive output powers of the
inverters, when it he mi crogrid is implemented the designed

obviously, significant variations from the results exposed for the primary control case.
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In fact, as already mentioned, a poswistribution logic has not been implemented getl so the
output powers of the inverters depends only on the designed droop coefficients. In the following, a

power distribution strategy will be designed and, in this case, the output powers value will change
accordingly.
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Figure 4.16 SFC Active powers response
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Figure 4.17 SFC Reative powers response

In Figure 4.18, Figure 4.19 and Figure 4.20, the microgrid electrical variable responses are
represented. As it can be noted, the nodal voltages neither change their trends respect to the previous
case notrthey are significantly affected by the action of the SFC. In fact, aieadymentioned, the

inverter, cortrolled in Grid Forming modeand enhanced with ther®p control, provides good
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decoupling effect between the magnitude and the frequency value of the inverter output voltage.
Regarding the measured frequenaéghe threenverter, that is also the microgrid frequentlye effect

of the SFC regulation can be clearly seen. The microgrid frequency returns to its nominab veglug (
aftera deviation, due to a peak of reactive pqvigioccurred. As it can be noted, the cohgction is

not immediate but it presents a delayldfec, as implemented, due tomputation and communication.

Tuned with the parameters aboike Pl regulators are able to restore the output frequency of the

inverters to 50 Hz in aboatO A A

Nodal Voltage Magnitudes

200

Vin1=Vm5*
~ Vin2 = Vm4'
430 - Vin2 = Vm2' 7
——Vm7
——Vmé
B
@
o
Sl b .
=
o
g
=
1 1 1
o 20 40 60 80 100 120 140 160 180
Time(sec)
Figure 4.18 SFC nodal voltages response
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Figure 4.19 SFC Vpcc response
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Figure 4.20 SFC frequencyresponse.

In Figure4.22 , it is represented the behaviour of timcrogrid frequencyn three cases: first, the
case in which only the primary control leviel implemented,the second casein which the three
inverters argegulated by PI+SP controllers and the final case, in which a modification of the-Kq (Q
droop gain) of each inverter is applied to the action of the PI+SP regulators.

The droop gaimf the inveteri-th is modified according to the following criteria:

(4.10)

where™Q Q "Q  andQ Q "Q , so they represent the difference between the
upperor lower bound of the frequenciynposed bythe norm, and the reference value of each converter.
The reasons to apply a modification of the droop characteristic and the logic behind it can be explained
by looking atFigure 4.21. When the microgrid frequency deviate from its nominal value, the PI+SP
regulators act on the reference valfigs as already explainedp bring back it to 50 Hz. However, this
control ation presents a significant drawback; the droop line of the inverter is shift upward or
downward,moving it to a new frequency working point. Hence, if two consecutive deviations occur, the
second one results larger, as depictefigure 4.22, compared to the case in which only the Primary
droop control is implemented in the microgrid and fihes kept at 50 HzTherefore, the droop gain is

changed in order to naw the frequency deviation, as representefigure4.21.
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4.6 Secondary voltage control

In the following an optimal SVC (Secondary Voltage Control) is designed. This control strategy
tries to minimizethe voltage deviation adeveral selected buses in the microgrid and to accomplish a

proportional distribution oftte active power among the thnedtage controlled inverters.
4.6.1Secondary voltage control description

The main objective of the secondary vgkacontroller, designed in this work, is to restore the
voltage of the PCC (Point of Common Coupling), that is the bus riigure4.2, to is nominalvalue
Vepc n= T TL.TAL the same time, the secondary voltage control must take in consideration that the
voltage of the other buses in the microgrid must be included in the range def@Bd®RTER 3 and
that the three voltage controlled inverter must provide active power, according to a particular criteria.

As for the secondary frequency controller, the actuators of the secondary voltage conoller a
three inverters, controlled in Grid Forming forin.fact these devices, as already explained, are able to
control the voltage amplt ude of b us e s inrRiguied.2, andl 6o theynade ame2td affect
the amplitude voltages of the remaining buses in the microgrid.

The secondary voltage controllas the frequency oneggulate the microgrithrough the control
level immediately below, therimary level. It must be specified that, eviénthe SFC and the SVC
composed the MGCC of the microgridh ey don6t a thdnle o the de@uepling actioh e r
applied by the droop strategy, as describe in the previous chapter.

There exists twavays to externally act on the\Pdroop characteristic of the primary level control
without modifying its slope [ The first option is to vary the valu# the active power referenci,

Figure 4.23 a), that is equal to shift the-¥ droop line on the »Axis; the second option consists of

properly modifying the voltage refaree, in figureFigure4.23 b), which means to shift the Droop line

up and down on the-#xis. In the designed voltage control, thgsRaluewill be considered constant

and equal tat, Vyer, instead, will vary acarding to the chosen voltage control action.

Figure 4.23 Possible secondary voltage control actions
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As briefly mentiord above, the aim of the proposed optimal voltage control strategy is to restore
the phasevoltageamplitudeof the PCC to its nominal valu&o achieve this objective, a multiobjective
function is designed, in order to force the output voltage amplitutleloe i nverters in m5d& m
to a particular value; and so, indirectly, control the voltage amplitude of node m1 (PCC). The adopted

multi-objective function has the following quadratic form:

iER o o ® ® (4.10)

Ideally, every quadratic item is supposed to become zero after optimization, so when the argument
of the multiobjective function is minimized to zero, the voltage magnitude of eantrolled bus is
closed to its voltage reference as follow:

(4.12)

During the process of solving the mubldjective function of the proposed optimal S¥€ategy,
several constraints must be sat i sfdcusendhereguiatorh t hat t |
of thevoltages magnitude above, but take also into account the state of the entire microgrid.

First of all the active power provided by the three inverters, during the regulation of the voltage
amplitude must not exceed the lower and the upptive powebounds of the device.

That is:

0 0 o Q phiv (4.13

whered is the power provided by thieth inverter of the three)  and0  represents,
respectively, the upper and lower bounds of power.

The optimal strategy must also take into account that the voltage amplitude of buses that are not
directly controlled by three Grid Forming inverters, must not exceeds the limits of voltayéudas,
introduce iNCHAPTER 3 as instances of the CEI88norm. Therefore:

) ) ) (4.19
w W w

Once the optimization problem has been formulated, the -wijiictive function(4.11) and the

problem constraint¢4.13) and (4.14) must be expressed in function of the control variables, that

referencevohge val ues of t he t hr eg VieanddjgstFor this purpdse, | m4o6 ar
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the droop laws, inequation (4.15), and the expressionni(4.16), that derives from the radial
configuration of theRSEmicrogrid [37], have been exploited.

&) &) 0 20
@ @ 0 20 (4.15)
W W 0 z0 W

Where0d 0 and0 represent the measured output active powers of the inverters, @and
0O and U represents the droop gains, tuned as explain€HBPTER 3

o, R () &Y

Yo w ; (4.16)
oup

(D

The expression above is a way to express the voltage droop over a line, in a radial grid like taken
into consideration for this workh and0 represents the active and reactive power entering Node 1
as depicted ifrigure4.24, while ® andw are the voltage magnitude of the two nodes of the Xrend

R representiespectively, the reactance and the resistance of the line

Q T1- 'PTl
—_—

Figure 4.24 Representation of a line

In the following the expressions i(¥.11), (4.13) and in(4.14) are eyressed in functiodesired
value of tle magnitude voltage of the PCIBy using the equations (4.15) and(4.16).

, Y U ®» 0 Y O ® U
W W ; ;
ow ow
, , Y Y O AR 417
W W ; .
- ow
, Y Y O O & 0
W W ;
ow
In the expression@.17), @  is a constant value, in particular it represents the nominal value

that the voltage magnitude of the PCC must rehghto thesecondary voltage control actian. , 0
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0 and0 are the measurements of the active powers entering the lines, as depkitpded.25,

while 0 , 0 D and 0 are he measurements of reactive poweds. and @ are,
respectivel vy, the phase magnitude of t hehebuses ml
expressions ir(4.17) the voltage drop of the impedance of line n2 has been neglected, since the values

of resistance and reactance involved are very small compared to the ones of the otfiEabileds2).

The expression ab is different from the others, since, in this region, the microgrid does not present

anymore a radial configuration, but, on the contrary, theepdlowing out line n4 is split between the
inverter, the PV generator and the lbhad

Main
@ Grid

ml

n2 Prs,Qrs Pry,Qrs
n6 os|  Prs,Qrs
m3 nl
Pry,Qr1
m2 m7 mb
n4 PT2’ QT2 n3 e
nl’
- m?'
nar QT‘H4J ~] vl
m5 méd == Ny L
-t Load2
n4’ n3 |
m mé A A
F_] Inv3 v w2 -/ 7
ad1 DC grid Rotating

Generator

generator

Lead-acid Lithium-ion
Battery Battery

Figure 4.25 Powers scheme of the microgrid.

In the following, theelementsinvolved in the optimal problem constraints are expressed in

function of the control variable® ,0 AT &

Y 0 W 0 Y U W 0
w w ;
ow ow
Y 0 » 0
, (4.18)
ow
, Y Y O O ® 0 Y 0 & 0
w w ;
ow ow
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i Y Y U @ w 0 Y 0 w0
W w
ow ow
, Y U W L Y O @ U
@ W ;
ow ow
Y O ® 0
0w
~ "o . . (419
Y Y U w w L Y 0 W v
W @ ;
ow ow
Y Y O ® ® 0 YO ®O0
W W ;
ow 0w

By substituting(4.15) in the expressions above, the relation between the magnitude voltage va

of node m7 and m6, and the control variable is obtained

ow
. Y Y 0 d N 0
w U ZU w T
ow
. . (4.20)
Y U [CVEV
ow
. Y Y 0 d N 0
w U ZU w ;
ow

ow ow

ow
. Y Y 0 d N 0
® 0 z0 O ,
ow
. - (4.21)
Y 0 &0
ow
. Y Y 0 d N 0
® 0 z0 O ,
ow
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All the elements, involved in the equations above, are measuyadfeities or known parameters.
Hence, it results clear that without a complete knowledge of the structure of the microgrid and without
a feasible communication system, able to carry out the information on the measanddibe, the
secondary voltageocnt r ol | er, designed here, candt work proper
This control st r at e g yandplhysfeaturd, ciecan mddificatiarl df thev t he p |
microgrid structure implies the reformulation of the above expressions.
Since the optimization problem igiadrativ, he secondary voltage controller is irplented in
Simulink through théMatlab functionquadprog.This function is able to solve the optimization problem
defined in (4.22) by means of either the Interi®oint Convex algorithm or the Tru®egion

Reflective one, once the matrixdsf, A, b, Aeqandbeqare defined.

0 0 w ah
i EfoO0n Qoi 6@Ho 0 ® o j (4.22)
¢ abw ob

So the multiobjective function and the constraints, designed previously for the secondary voltage

control, need to be rearranged, so to obtain a matrix expression of the problem as th{d.28g in
4.6.2Secondary voltage control simulation

In this subsection the performances of the designed voltage control are tested. This control along
with the frequency one, previously described, composes the MGCC 4idr@€entral Controller), the
deviceputin charged of the secondary control action.

The designed voltage contrattionworks in the following waythe MGCC every 6 sec gathers
and elaborates the required measures in order to solve the optwh&m, déned in the previous
subsectionThen if the deviation of the PCC voltage magnitude respect to the nominal value is larger
than 1 Vit computes the voltage references to send to the primary dergrol
This procedure is noimmediate, but they must beonsidered a computational time delay and a
communication line either whethe Secondary Voltage contridceives or delivarinformation. The
computational delay is 0.8 seghile the communication one is 0.2 sec.

In Figure 4.26 and Figure 4.27, the active and reactive measured output powers of the three
inverters are represeuteThe reactive powers profile is the same of the other cases, while the active
powers changed every time the voltage control action is applied. This is due to the nature of the voltage
contr ol action itself; t h e FRigorédt2% gre modified ib drdertmodes mb
restoretheYect 0 it s nominal val ue, consreljjuemdcreagé @ he vol t e

decrease along with the powadrsorbed or generated by the inverters.
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Figure 4.26 SVC active powers response
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Figure 4.27 SVC reactive powers response

In Figure 4.28, Figure 4.29 and Figure 4.30 , they are shown the responses of the microgrid
eletctrical variables to the action of the SVC. The voltage magnitude of the PCC is restored to its
nominal value of 400 V after a deviation duethe regulation of the Primargvel, at the same time

also the deviations of the other rmbdoltagesof the microgrid are reduced. This outcome is due to the

radial structure of the considered microgrid; in féiee nodal voltages differ from the Vpgalue only

for a drop,due to he impedance of the corresponding line. Hence, they practically follow the trend of
the voltage magnitude of the PCC.

Regarding the microgrid frequency, depicted-igure 4.30, it

practically

doesnodt

to the case in which only the primary level control action is provided, siosefrequency control is

implementedA slight disturbance can be noted when the voltage control action is performed, however

t

doesnot
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Figure 4.28 SVC nodal voltages response
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Figure 4.30 SVC microgrid frequency response
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4.7 Overall secondary control level

The SFC and the SVC, described in the jmes subsection, will be physically implemented
through theMGCC, that is the electronic device, responsible of gathering the required information and
of computing the control action. Obviously, the performances of the secondary designed control action
depends both on the proper functioning of the down layers in the hierarchical control structure and of
the measuring deviceh. also very important to consider the performance of the used communication
system, since a drop of information or a significantvslown in the communication of it could affect
the control action of both the SFC and the SVC, as already mentioned.

After a brief introduction, the results of the combined control actions of the secondary frequency
control andof the voltage one are shown.

Inverter active powers
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Figure 4.31 Overall secondary control active powers response

Figura 4.32 Overall secondary control reactive powers response
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