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Abstract. In this paper a microgrid composed of a diesel  delivery to load customers, while facilitating a nacstable
generator and two uninterruptible power supply systems with  glectrical infrastructure [9]. Consequently, a camakion of a
separate battery banks is introduced. The microgrid located in diesel generator and UPS in a microgrid systemsisiation to

three academic buildings of Tallinn University of Technology. A L ) .
three-level control and monitoring system for the microgrid guarantee a continuity of power supply with relalyvsmall

based on the EtherNet/IP communication network is developed. expendi.tures on equipment. _ . .
In addition, a control strategy of the microgrid in the grid- Despite many advantages of the microgrid there irema

connected and stand-alone mode of operation is proposed. many technical challenges and difficulties. Onehafm is the
design, acceptance, and availability of low-coshimlogies
for installing and using microgrids [10]. The inased
deployment of power electronic devices in distrdslenergy
sources within microgrids requires effective monitg and
control systems for safe and stable operation [R&hlization
In recent years demand in the continuity of powsapdy in - of complicated controlling processes in microgridguires a
the local distributed areas is steadily increasiNgwadays, gpecific communication infrastructure and protocadls is
more and more consumers (e.g. data centers, infiema required to organize free access to the networkedficient
laboratories, computer servers) require constaailability of  5j|ocation of costs.
electrical energy. In such cases the installatioh o0 Tpjs paper proposes a microgrid system to be ldcate
uninterruptible power supply (UPS) units with enesforage three academic buildings of Tallinn University ochnology
devices are necessary. Therewith, to achieve oppitigs of (TUT). This microgrid includes a diesel generatod awo
longer interruptions it needs a large capacity aftdty yps systems, each with separate battery storage.n¥din
systems which increase the equipment cost. To omecthis goal of this work is to develop an intelligent cmhtsystem of
problem, UPS units with distributed generation @emonly  the microgrid that is efficient enough to managgelit for
used. Distributed generation encompasses a widgera power balance by making use of state of the art
prime technologies, such as internal combustionnesg gas communication technology. In addition, the aim hitpaper
turbines,  microturbines,  photovoltaic, fuel cellsand s to describe the control strategy of the micrdgn both
windpower [1]. Despite the fact that renewable gwer grig-connected and stand-alone mode of operation.
resources are well suited for electricity genergtigheir The proposed micro-grid system is capable of ugiggathe
application involves a major problem of unstableerey power grid of TUT by making it more reliable, seeur
provision due to the fluctuating nature of resoar¢2]. In  efficient, and de-centralized, by providing unintsatible
addition, they have relatively low efficiency anigihcost. power supply functions, and minimizing emissiond apstem
On the other hand, a diesel powered generator bas b|gsses. The control system of this microgrid withance the
extensively used as emergency and standby powemegt g|iability and stability of the power system oretbne hand

peak loads and for electricity supply in isolatenver systems gnd will make the microgrid an easy to use prodactthe
[3]. It still remains popular for a number of coip®  other hand.

reasons, such as: low cost, availability, efficigneliability,
flexibility, safety [4]. A better way to realize éhemerging II. GENERAL OVERVIEW OF AMICROGRID
potential of distributed generation, e.g. a diggalerator, is to
take a system approach which views generation ssocated
loads as a microgrid [5].

Microgrid is a concept of defining the operation o
distributed generation, in which different microsmes operate
as a single controllable system that provides pamerheat to
a cluster of loads in the local area [6] - [8]. Tihest positive
features of microgrids are the (i) relatively shdistances
between generation and loads, (ii) low generatiod a
distribution voltage level. The primary goal of magrid
architectures is to significantly improve energgguction and

Keywords: control system, diesel generator, microgrid, UPS

|. INTRODUCTION

A microgrid is described as a small (several MWesss in
scale) power system with three primary components:
Plistributed generators with optional storage deyice
autonomous load centers, and system capability perade
interconnected with or islanded from the largerlityti
electrical grid [9], [12] - [13].

Multiple facility microgrids span multiple buildisg or
structures, with loads typically ranging betweeM\/ and
5 MW, such as campuses (medical, academic, muhi&fsg,
military bases, industrial and commercial complexaad
building residential developments [14].
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Fig. 1. Schematic diagram of a microgrid.

A schematic diagram of a microgrid is shown in RigA
microgrid can be a DC or an AC grid. An AC micrabdan
be a single-phase or a three-phase system. Iteaornected
to low voltage or medium voltage power distributioetworks
[15]. This paper considers only an AC microgrid ttha
connected to a city power grid.

Generally, a microgrid includes four basic techgas for
operation [6], [10]: distributed generation unitfistributed
storage devices, an interconnection switch, andoatral
system.

A. Digributed Generation Units

Distributed generation units are small sources rdrgy
located at or near the point of use. There areliagic classes
of microsources; one is a DC source (fuel cellgtpboltaic
cells, etc.), the other is a high frequency AC seur
(microturbines, reciprocating engine generators, ndwi
generators) that needs to be rectified.

B. Didributed Sorage Devices

Distributed storage devices are used
applications where the generation and loads ofntieogrid
cannot be exactly matched. There are several fofrasergy
storage, such as the batteries, supercapacitaistharheels.
Distributed storage enhances microgrid systems atlver
performance in three ways. First, it stabilizes awrmits
distributed generation units to run at a constard atable
output, despite load fluctuations. Second, it pitesithe ride
through capability when there are dynamic variatioof
primary energy (such as those of sun, wind, anddpaiver
sources). Third, it permits distributed generatoseamlessly
operate as a dispatchable unit. Moreover, enemgagt can
benefit power systems by damping peak surges ctriity
demand, countering momentary power disturbancesjging
outage ride through while backup generators respand
reserving energy for future demand.
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C. Interconnection Snitch

The interconnection switch is the point of conrmtti
between the microgrid and the rest of the distibusystem.
New technologies in this area consolidate the waripower
and switching functions (power switching, proteetielaying,
metering, and communications) traditionally providdy
relays, hardware, and other components at theyutilierface
into a single system with a digital signal processbhe
interconnection switches are designed to meet
interconnection standards.

D. Control Sygem

A microgrid may operate either connected to thenngaid
or disconnected from it. Hence, there are two stestates of
operation, grid-connected and islanded. Moreovssret are
two transient modes of operation of the microgtignsfer
from grid-connected mode to islanded mode and viersa
[16]. The control system of a microgrid is desigriedsafely
operate the system in both of these modes. Thiemymay
be based on a central controller or embedded am@uous
parts of each distributed generator. When the tyitils
disconnected, the control system must controldhellvoltage
and frequency, provide (or absorb) the instantaseal
power difference between generation and loads,igeothe
difference between generated reactive power andatieal
reactive power consumed by the load, and protecinternal
microgrid.

grid

The microgrid is to be located in three buildingsTT:
Faculty of Power Engineering, TUT Library, Schoof o
Economics and Business Administration. Consequgently
according to the classification given in [14], thiswer system
can be defined as a multiple facility microgrid.gR2
illustrates the various components of the powetesyof the
microgrid at TUT.

STRUCTURE OF THEPROPOSEDMICROGRID

| : Uninterruptible power
It L, supply
Terminals and
communications

Fig. 2. Microgrid at Tallinn University of Technaw.
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Fig. 3. Structural scheme of the microgrid for iFadlUniversity of Technology.

The structure of the microgrid for TUT campuseshiswn
in Fig. 3. Microgrid system targeted in this study
autonomous areas with the power demand of sevidoaldtts
including a diesel generator, two UPS units withtdorg
storages, and loads. They are connected to therpweteork
via power electronic switches forming the localetitwphase
400 V AC microgrid with a frequency of 50 Hz.

The diesel generator is used as the main distdbeitergy
resource in this microgrid. It has a nominal powar
176 kW /220 kVA, a voltage of 230V /400V and
maximum current of 318 A. This generator is coneédb the
AC network via the automatic relay logic (ARL2). §ARL2
is continuously observing both sides: the main gnl the
microgrid. If there is a fault in the general gride ARL2 will
disconnect the microgrid, creating this way an pefelent
energetic island. Consequently, ARL2 is used as
interconnection switch for this microgrid.

The battery banks (E1 and E2) are used as thebdistd
energy storage devices in the microgrid to ensordgiguous
supply of the local load. They are connected toedfeetrical
network through the two UPS systems: UPS1 (160 k¥iid
UPS2 (240 kVA). Hence, we can conclude that therogicd
has two main possible operation modes: grid-comueeind
islanded mode.

TUT Library building

School (;Ec;noﬁcs;ndgusiness
Administration building

Main consumers of the microgrid are the computerd a
servers located in the laboratories and office ®amthree
TUT buildings. The clients in the Library building
(computers) are connected to the electrical netwasig
ARL1. In addition, four experimental non-criticaldds may
be connected to the power system. Nine intelligesrisors
(P1..P9) monitor the consumption of electrical ggely all
these loads. Their task is to measure electricadrpeters of
the network, such as voltage, current, power, gnhgogwer
afactor and transmit this information to a centrahizoller.

The microgrid is connected to the general city pogrd
using two two-section transformer substations
(6000 V / 400 V) located in the Faculty of Powemgkrering
and the School of Economics and Business Admitistra
buildings.
an

IV. DESCRIPTION OF THECONTROL SYSTEM

Taking advantage of multiagent technologies [1T78] [the
control system for the microgrid of TUT is develdpgith the
following specifications:

¢ balance of electric demand and supply of power ogktw

are provided,;

e both the steady state mode of operation and tinsigat

sequences of the microgrid are achieved.
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Fig. 4. Block diagram of the hierarchical contrgétem of the microgrid.

A block diagram of the hierarchical control systém
demonstrated in Fig. 4. The control structure ef mhicrogrid
has three levels:

1) operator console with an application server;

2) central controller (CC);

3) local controllers (LC).

A. Operator Console

The operator console heads the hierarchical coaystem.
It is a computerized workstation with special saifter Its
main goals are: to keep track of the whole systeyn
monitoring the status of the communication nodegiches
and microgrid components; to collect data fromrteasuring
devices; to calculate supply and demand of powevisualize
information received; to display the basic modes tioé
microgrid; and to transfer control commands to tamtral
controller. The function block diagram of the sdite is
shown in Fig. 5. It comprises a supply and dematcutation
unit, a monitoring and display unit, a control stiee and a
dispatching unit. An application server is designtmt
archiving data received from the measuring devices.
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Fig. 5. Functional blocks of software units of tamtrol system.

B. Central Controller

The central controller provides the main interfbedween
the operator console and others communication noti¢ise
microgrid control system. It manages all the openat of the
microgrid. The central controller operates in réate. Its
main functions: collecting information from the mseang
devices, transferring data from the operator cansold the
application server, managing the power supply swi¢ and
transmitting the control commands to the local calkers.

C. Local Controllers

The group of the local controllers is related te tthird
hierarchical control level. They include a microsmu
controller that is located at the diesel generaltomanages
active and reactive power production levels of the
microsource. Moreover, the microsource controlles i
responsible for maintaining the desired steadyestahd
dynamic performance of the microgrid in the islashaeode.
The other local controllers are located in the thiRS systems.
Their main goals are to provide management of ehafghe
batteries storage.

D. Measuring Process

The measured data required for the proposed margtor
and control system are voltage, current, powerygneand
power factor. Real-time information is collectedaigh the
intelligent measuring devices located at the outpfitthe
energy source, at the input of each load, and #t bbthe
UPS systems. In this system, Allen-Bradley Powelitoon
k5000 [19] is used to measure these instantanedussve&Such
operating information is displayed in real-time foonitoring
and energy management purposes.

E. Communication Network

A communication infrastructure is necessary betwtden
components of the control system (operator console,
application server, central controller, and loaaitcollers). It
has to provide three services: control, configoratiand
collection of data. The availability of communicati
infrastructure introduces automation of the managEm
process with minimum human influence.

The Ethernet/IP industrial protocol has been chadsethis
microgrid as a communication network for data tfantor all
those control units. Ethernet is quickly becoming &ffective
local area network (LAN) for electronic communicati It
now delivers highly reliable, low-cost 10/100/1008bps
performance over long distances [20]. The adoptibrthe
standard protocol allows designing and developiradutar
solutions using off-the-shelf, low-cost, widely #dshle, and
fully supported hardware and software componerttg. main
advantages of using Ethernet/IP protocol are: thasttion
from a centralized control to a distributed contraliring
reduction — no need for point to point connectiofis
solution provides flexibility and scalability forow-cost
implementations.
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Fig. 6. Block diagram of the microgrid communicatioetwork of the control
system.

C. Idanded Mode

When the islanded operation mode is detected, tRe2A
disconnects the electrical network of the microdrimm the
main grid and connects it to the diesel generdtben diesel
generator will start to produce electrical poweuridg the
time it takes to detect the outage, disconnectntlaén grid,
and start the diesel generator, the sensitive laaglsupplied
from the battery bank E2 with UPS2. When the diesel
generator has reached normal operation mode, ti82 \drarts
to charge the battery.

In the islanded mode, two requirements have tabiifléd:
the power balance between the generation and
consumption and the control of the primary eleatric
parameters of the microgrid, such as voltage asglufency.

the

The block diagram of the microgrid communication Moreover, the battery storage E1 with UPS1 is resje

network is illustrated in Fig. 6. Every communicatinode has
to get a registered IP address to the applicatemes. The
amount of data to be exchanged between networkalamits

includes mainly commands to the central controdled the
local controllers, measured data from intelligesnisors to the
CC and operator console, and messages to contoobgmid

switches. Furthermore, this topology provides apaofunity

for immediate control center access via remote @essand
web based laptops for necessary actions to be.taken

V.MANAGEMENT OF THEMICROGRID

Tasks of the control system depend on the modehichw
the microgrid operates.

A. Grid-Connected Mode

In this operation mode, the microgrid is connededhe
main grid through the two transformer substatidffse main
grid produces power to the local loads of TUT. Henthe
balance between the generation and consumptionelisas/
the control of the electrical parameters of thaesysis set by
the city grid.

The aim of the UPS1 and UPS2 is to obtain energklya
as much as possible. Consequently, during grid-ected
operation, the microgrid must charge the battenkbd&1 and
E2. Concerning the central controller, the purpadseto
optimize the microgrid performance.

B. Trangtion from Grid-Connected to Idanded Mode

The instant at which the islanding occurs must éeaed
immediately in order to guarantee a continuity afwpr
supply to the microgrid. There are various islagdiletection
methods proposed for microgrid systems [21]. Irs thase
study, the detection is achieved using an algorittescribed
in [22].

When the fault of the main grid occurs, the centr

controller disconnects the microgrid from the mgird, and
keeps the uninterrupted power supply of the imparteads.
For this purpose, the intelligent sensors P1 anch&& to
detect that the voltage is below the normal leved dhe

central controller must send the command to opem t

interconnection switches.
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for ensuring the power balance of the microgridnbgans of
absorbing and injecting the power deviation betwdba
diesel generator and the local consumers. If &latailable
power provided by the diesel generator is not sigffit to feed
the local loads, the control system will detach -oatical
loads (experimental loads 1..4).

The central controller is responsible for monitgrithe
operation of the microgrid and coordinating the aloc
controllers. The control system provides voltageted to
ensure all consumers voltages are within their mbmanges.
The main aim of the control system in the islandexdie is to
increase the microgrid reliability by guaranteeiogal load
supply.

D. Trangtion fromIdanded to Grid-Connected Mode

When the microgrid is working in the islanded maael
the measuring devices P1 and P8 have detectedthbat
voltage in the main grid is stable and fault-frédee central
controller has to resynchronize the microgrid te filequency,
amplitude and phase of the grid, in order to reeshn
seamlessly the microgrid. Once the voltage in tieragrid is
synchronized with the utility voltage, the micrafrcan be
reconnected to the grid and the central controlNér pass
from a voltage control mode to a power control mddethe
same way if non-critical loads are detached, they aso
reconnected. After that, switches will close, intemecting
the microgrid to the main grid. After the grid msition,
diesel generator stops to produce the power.

VI.

In this paper the architecture of the microgrid foree
academic buildings of Tallinn University of Techogy has
been introduced. This microgrid includes a diesehegator

nd two UPS systems with battery storages. Theetlenee!

ontrol and monitoring system for the microgrid é®n the
EtherNet/IP communication network was developed.
Furthermore, the control strategy of the micrognidhe grid-
connected and islanded mode was proposed. Thigotont
system will enable the microgrid system to balatheeelectric

CONCLUSIONS

riSower demand and supply and to simultaneously abttie

state of the power network of TUT.
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