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Abstract — This paper discusses control and protection of peer
electronics interfaced distributed generation (DG)systems in a
customer-driven microgrid (CDM). Particularly, the following
topics will be addressed: microgrid system configuations and
features, DG interfacing converter topologies andantrol, power
flow control in grid-connected operation, islanding detection,
autonomous islanding operation with load shedding rad load
demand sharing among DG units, and system/DG proté&on.
Most of the above mentioned control and protectiomssues should
be embedded into the DG interfacing converter contsl scheme.
Some case study results are also shown in this page further
illustrate the above mentioned issues.

Index Terms—Distributed generation (DG); renewable energy
source (RES); micro-source; microgrid; customer-drven micro-
grid (CDM), power electronics; power converters; DG protec-
tion; grid-connected operation; islanding operation autonomous
operation.

I.  INTRODUCTION

Distributed generation (DG) is becoming an incneglsi at-
tractive approach to reduce greenhouse gas emssdimnm-
prove power system efficiency and reliability, atadrelieve
today’s stress on power transmission and distdloutnfra-
structure. In recent years, DG systems based oewsadrie
energy source (RES) or micro-sources such as élisl, pho-
tovoltaic (PV) cells, wind turbines, and micro-tumbs are
experiencing a rapid development, due to their taffitien-
cies and low (or zero) emissions. The micro-solyaged DG
also presents a challenge in terms of interactiothé grid,
where the power electronic technology plays a vitd [1, 2].

The development of DG has lead to a more recertegin
called microgrid [3], which is a systematic orgaatian of DG
systems. Compared to a single DG, a microgrid hase ma-
pacity and control flexibilities to fulfill systerreliability and
power quality requirements. The microgrid also ffeppor-
tunities for optimizing DG systems. A typical exdmis the
combined heat and power (CHP) generation or cogépar
which is currently the most important measure tgriowe
energy efficiency. For the CHP applications, thathgoduc-
ing generation units and non-heat producing umitthe mi-
crogrid can be optimally placed with the sitingxflalities of
DG units [4]. Furthermore, the microgrid can operit grid-

embrace all these benefits that a microgrid and da@ pro-
vide. Since the micro-source based DGs are nornuaty
trolled and connected to the grid through powerveoters, by
coordinating and controlling individual DG throutie power
electronics interface, the microgrid has signiftcaontrol
flexibility to fulfill system requirements in ternof efficiency,
security, reliability, power quality, etc. In addin, a microgr-
id with collective actions of DGs can provide maamgcillary
services to the upper-stream power system througpep
control and communication.

Proper operation of a microgrid requires advancazhll
voltage control and power flow/sharing control. Mover,
system protection has to be carefully coordinatéith wach
DG and short circuit current has to be limited tiglo the
proper control of DG units in a microgrid. To adskehe op-
eration and control issues of a power electronntsriaced
CDM system, in the following sections, we will diss: mi-
crogrid system configurations and features thadagnctive-
ly different from today’s distribution systems, D@&erfacing
converter configurations and their control, DG povilew
control during grid-connected operation, islanditkgtection
and operation, load demand sharing among DGs, sgad
tem/DG protection. Case studies are provided tstilhte the
operation and protection of a CDM system.

Il.  MICROGRID SYSTEM CONFIGURATIONS ANDFEATURES

In a broader and more futuristic view, a microgsd tiny
power system with a cluster of loads and distridugenera-
tors operating together through an energy managgrflaxi-
ble ac transmission system (FACTS) control devisesh as
power flow controllers, voltage regulators, etahd protec-
tion devices. A microgrid itself can be a dc grid ¢r ac grid
(or even a high frequency ac grid [6]). An ac migid can be
a single-phase or a three-phase system. It caoreected to
low voltage or medium voltage power distributiortvmarks.
This paper only considers ac microgrids that amneoted to
a distribution system of the utility power grid asdrve as a
part of the distribution system.

Fig. 1 shows an illustration of such a microgridhene sev-

connected mode or autonomous islanding mode andfibeneral DG units, including a PV system, a wind powgstem,

both the utility and the customers.
A customer-driven microgrid (CDM) is expected tdlyu
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two micro-turbine systems and a fuel cell systeme, @on-
nected to the distribution feeders. The microgsidhien con-
nected to the mains grid through a separation deviormal-
ly a static transfer switch, STS) at the point @fenon coupl-
ing (PCC), which ensures fast disconnection ofrtierogrid
from the utility in case of a utility fault. Mordrsply put, a
microgrid can be viewed as a distribution systerthpiower
generators and control devices. As shown in Figinlenergy

Canada manager serves as the control center for the micko@his

energy manager, together with the protection coatdr and
power quality controller/monitor, maintain the eddle opera-
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Fig. 1. Microgrid system configuration and maiatfees.

tion of the microgrid and respond to the mains’grig¢quest.
Another main feature of a microgrid, especially@N\ is that
the distribution network can be configured to arsairucture
as shown in Fig. 1 with added connections, thussistem
reliability can be greatly enhanced.

Because of their vicinity to loads, DGs such asftie cell
and the micro-turbine based units can be usedavige CHP
generation with improved overall efficiency. With anergy
storage device connected, the fuel cell based D&Besycan
also produce controllable output power to meet gridoad
transient requirements. The wind and PV based D&kerys
are normally controlled with maximum power poirddking
(MPPT) from the wind turbines and PV panels to méze
the energy generation. Similarly, with energy sgeraystems,
the wind and PV DG systems can also produce cdaibiel
output power to facilitate the dispatched poweregation and
load demand matching. As a result, the micrograiges an
opportunity to optimize the utilization of energyithv im-
proved overall thermal and electrical efficiencisproperly
locating different generation units with considamatof the
geographical conditions and the different typekafls.

There are two operation modes for a microgrid: -grlqlvh

connected mode and islanding mode. When conneotéuet
utility grid, the main function of the DG units fe generate
power and provide local voltage and power suppdiith the
interfacing power converters, controllable reactpaver can
also be produced by the DG units. As a result|itieeloss can
be reduced and the overall system efficiency camgreatly
improved. Note that the reference real and reagiweer of
each DG can be commanded by the microgrid energagia
er, or DGs can be commanded and controlled at thaixi-
mum power available through MPPT as in a PV or vl
The other operation mode is the intentional islagdhode.
This happens when the microgrid is cut off from thain grid
(e.g. during power outage of the main grid) andtiooes to
operate to provide power to local loads. Islandipgration is
a very important function of the CDM. For a relialidlanding
operation, the DGs have to be controlled to mezfalowing
three requirements. First, the collective poweregation from
all the DGs in the microgrid has to match the lakiand.
Therefore, accurate load sharing among the DG aciterd-

ing to each DG’s power capacity is important toidvmossi-

ble damage to any DG. Second, the DGs have to geoxal-

tage control to ensure all feeders’ voltages arthiwitheir

normal ranges. Third, all DGs have to be synchexhiwith

each other and provide microgrid frequency continle to

different control objectives of the two operationdes, a fast
and reliable islanding detection scheme is alsooitamt for

each DG unit to ensure the proper operation ofaagrid.

To ensure a smooth re-connection of the microgaickiio
the main grid when the grid recovers from a faaltnicrogrid
re-synchronization method is also required. Whenrttain is
back on, the microgrid has been operating in thendsng
mode and has its own PCC terminal voltage magnittrée
quency and phase angle, which most likely are wiffefrom
those at the main grid terminal. A re-synchron@atscheme
is thus needed before closing the separation switbe re-
synchronization is to ensure the voltage magnitéréguency
and phase angle at the microgrid end and mainegriimatch
for a smooth reconnection of the two systems.

Finally, protection is another critical aspect aharogrid.
New protection schemes and coordination methodsrere
quired for a microgrid to respond immediately te faults in
the utility or within the microgrid. This is becaugraditional
distribution system protection methods may not wiarkmi-
crogrids due to its radical change from the radiatribution
system structure. Moreover, with the presence efgucelec-
tronics in the DG system, where the semiconducevicg
rating is typically 2-3 times of the rated currethie traditional
over-current protection scheme is no longer sugtabla mi-
crogrid. Furthermore, the conventional protectichesne at
distribution network will be seriously affected laese of the
connection of DGs, as each DG will contribute td arcrease
fault current of the system. Therefore, the miciebdgult pro-
tection has to be re-coordinated and the faulterurhas to be
re-evaluated and limited accordingly and preferdiyyDGs.

[ll. DG INTERFACINGPOWERELECTRONICS

Generally, micro-sources are dc or non-utility-grasc,
ose voltage/current has to be converted to wtjiade ac
with the desired magnitude, frequency, and phasglean
through the interfacing power converters. Furtheemanlike
conventional rotating machines based DG, the p@lemtron-
ics interfaced DG usually need an energy storageesy to
handle the grid transient or load demand changegoésly
when the microgrid is operating in islanding moWéth to-
day’s increased penetration of DG, the power ededtrinter-
faces are subject to the requirements related ¢oetiergy
source characteristics, the energy storage systendistribu-
tion system configuration, power quality, etc. [2].

Fig. 2 shows a diagram of a power electronics fated
DG system, where the energy source is interfacededocal
loads and utility system through a voltage sounceeiiter
(VSI). Note that for different microgrid voltagevigds and
system configurations, different interfacing corigertopolo-
gies can be employed with the associated PWM teokeni
implemented. An energy storage system is usualhnected
to the dc link of the interfacing inverter to eraltthe DG unit
to produce controllable output power. The energyagie sys-
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Fig. 3. APV or fuel cell grid-connected DG systeiith energy storage.

tem can be in the form of batteries, supercapagiftywheels,
superconductors, etc, which is also interfacedh® gystem
through a power converter for energy charging/disgimg.

A more detailed power electronics system in a P¥ @uel
cell system (where the output of both energy saursalc) is
shown in Fig. 3. In this system, a unidirectionatdt boost
converter is employed to boost the dc output framenergy
source to a level that is optimized for the inveriehe MPPT
for a PV system or optimal efficiency operation éofuel cell
system is normally realized at this boost convestage [7, 8].
The bidirectional dc-dc converter in Fig. 3 funasaby charg-
ing and discharging the battery to enable contotdlaoutput
power generation in the grid-connected mode and Ide:
mand matching in the islanding operation.

The interfacing converters can have single-stagepla-
stage or multiple-stage configurations. Fig. 4dadl (b) illu-
strate the dc-ac conversion for a PV or fuel cgdtem with a
single-stage dc-ac converter or double-stage cterveystem
using a dc-dc converter followed by a dc-ac comrefor-
mally the single-stage topology needs an overratgdrter
and high dc output voltage from the PV panel or feell
stack, and features high efficiency while sufferiiigm Ii-
mited power capacity, compromised output qualityl din
mited operation range [9]. The recently proposedozirce
converter topology with embedded voltage boosttionccan
be a good candidate for this single-stage converidio, 11].
On the other hand, the two-stage topology employk-dc
converter to boost the dc link voltage and at thmes time
realizes the MPPT or other desired functions. Wélentrical
isolation is required, the isolation transformen dze at the
line frequency ac side (as in Fig. 3) or within thigh switch-
ing dc-dc converters (such as flyback, push-pulideconver-
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Fig. 5. Power electronics interfaces for a mierdsine or wind turbine DG
system with: (a) ac-dc and dc-ac two-stage conweraind (b) multi-stage
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popular topology for small wind turbine systems, [@here
the front end ac-dc converter is usually a diodetifrer

bridge. A similar topology with three-phase grideiriacing
inverter can be used for larger wind turbine systewhere a
synchronous wind turbine generator through a tiptesese
diode rectifier (with ac-dc, dc-dc and dc-ac mstige con-
version) can be more cost effective compared tmduaction

generator with a two-stage ac-dc and dc-ac povemtreinics
interface using PWM rectifier and inverter [2].

With the development of power electronics technigleg
the multilevel converters based interfaces are @ more
attractive. One reason is that PV systems canyepsilvide
different dc voltage levels with the modular sturet of PV

ters etc.). Generally, the isolation at dc-dc coterestage is arrays. On the other hand, the trend of larger wimthine

preferred due to the reduced weight and size kedefiom
the much higher transformer operating frequencies.

The power electronics interfaces for a micro-tuebior
wind turbine generator system can be two-stage eroens or
multi-stage converters. Fig. 5 shows the ac-dceawersion
process in a micro-turbine or wind-turbine systeithviwo-
stage converters using ac-dc rectifier and dc-aertar or
multi-stage conversion with ac-dc, dc-dc and dc@uverters.
A typical two-stage dc-ac conversion with a dc-do$t con-
verter and a dc-ac single phase VSI is shown in &gt is a

systems also makes the use of high power multileoeler-
ters a natural choice because of the better hammupeifor-

mance and low switching losses. Some popular rauéll
converters used in DG systems are neutral poinnhmbal

(NPC) converters, cascaded H-bridge converter, Fatally,

note that some other interfacing converter topesguch as
ac-ac matrix converter, soft-switching convertets, dave
also been seen in DG.



IV. GRID-CONNECTEDOPERATION AND DG POWERFLOW
CONTROL

The control of a microgrid involves many challergiis-
sues. In order to operate a microgrid properlyiffecent op-
eration modes and during operation mode transitigesd

power management strategies including real andtiveac

power control, frequency and voltage regulatiomcéyoniza-
tion, load demand matching, etc., should be deweslof his
section discusses the power flow control for a ogad in the
grid-connected operation mode. The islanding opmraand
related issues will be addressed in Section V.

In the grid-connected operation mode, the maintfanoof
a DG unit is to control the output real and reactpower,
where the real power reference can be given fremticrogr-
id energy management controller or can be detenimi¢h
MPPT. On the other hand, the reactive power referean be
zero for unity power factor injection or commandextording
to grid reactive power or voltage requirement [3, 13]. The
real and reactive power generated by a DG can heatied
through current or voltage regulation, thus the D@put
power control schemes can be generally categor@®sedur-
rent-based and voltage-based power flow control.

A Power Flow Control through Current Regulation

Fig. 7 shows the power control scheme (with unibyver
factor) through current regulation. As illustratélok reference
current magnitude is obtained from the real powentrol
loop, where the real power reference can be pratifroen the
MPPT (like in a wind or PV system), the maximumteps
efficiency control (like in a fuel cell system [8)r from the
command value of the energy manager. To improvdrtdre
sient performance, a current magnitude feedfori@og can
be added, where the feedforward current is caledlibm the
reference power and grid voltage magnitude. Witk diid
voltage angle information from a phase-locked-ld&hL),
the reference three-phase inverter output currgrthsonized
to the grid voltage can be obtained. The DG outputent is
then controlled in a closed loop manner to track ¢arrent
reference.

If both real and reactive power flow control is ided, the
real power control loop can be used to producesyimehron-
ous frame d-axis reference current (same as thierdumagni-
tude generation in Fig. 7) and the reactive povesitrol loop
can be employed to produce the g-axis current [IB§ syn-
chronous d-q frame current can then be controhed ¢losed
loop manner as shown in Fig 8. Note that similarent con-
trol performance can also be obtained in statioricayne by
transforming the d-q reference current into staignframe
and using P+Resonant current controller [14-16].

In case of an ac-dc-ac interfacing converter togypltor
most turbine generators, the real power is uswalhtrolled in
the rectifier (which actually controls the generagpeed and
provides power control or MPPT function), and thalpower
output of the inverter can be slightly regulatedraintain a
constant dc link voltage (where the power diffeebetween
the rectifier input and inverter output can be usedharge or
discharge the dc link capacitor). A similar scemas also

‘nag
Current
feedforward

P 3, Lonag
| Controller

Space | 7
vector
to abc

Pres

Interfacing | Z
inverter

0

Fig. 7. Grid-connected power flow control schemm®tigh outputurrent
regulation (with unity power factor).

Vi rer &) DC voltage La ref
%> Controller

Current
controller

Lig

o [4q .

Fig. 8. Grid-connected real and reactive powermbstheme through output
current regulation.

applicable to a PV or fuel cell double-stage coteresystem,
where the front end dc-dc converter usually costtbe sys-
tem input power, while the inverter is used to tatputhe dc
link voltage by slightly adjusting the system outpower. In
this case, the dc link voltage reference insteati®feal pow-
er can be used in the interfacing inverter to gateethe d-axis
reference current as shown in Fig. 8 [16, 17].

B  Power Flow Control through Voltage Regulation

The other power flow control method is based onulatg
ing the DG output voltage. This power control meths re-
lated to the real and reactive power flows betw&ennodes
(DG voltage,v,(0¢ and PCC voltaga/gmo) separated by a

line impedanceZ=R+jX), normally resulted from a transfor-
mer and/or and LC in between, as illustrated inaid (2):

- V1 _ . 1
P_W[(R(\/l V, cosd) + XV, sind] (1)
-V , _ )
Q_R2+x2[ RV, sind + X (V, -V, cosd)] ()

whereV; andV; are the respective magnitudes of the two vol-
tages and is the phase angle difference between the two vol-
tages. For a mainly inductive line (or filter) ing@nce with
high X/R ratio, the resistanc&®)( may be neglected. Further
considering that the phase angle differerces typically
small, it is reasonable to assusig(d)=¢ andcos(d)=1. As a
result, it can be concluded that the flow of reaivpr P is
proportional to the phase angle differenggdnd the flow of
reactive power Q is proportional to the voltage mtagle
difference Y1 - V). With the above relationship, the DG out-
put real power can be controlled by regulating & output
voltage phase angtg while the DG output reactive power can
be regulated by controlling the DG output voltagagmitude.
This method could be used in both the grid-conmketed
islanding operation modes [3, 12, 13, 18, 19].
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Fig. 9 shows the control scheme with DG output agput
regulation. It can be seen that the real powerrobet pro-
duces the reference output voltage phase angle wiel reac-
tive power controller generates the reference geltenagni-
tude. The phase angle and magnitude are then dramsd to
the three-phase reference voltage. Note that ajtih@usingle
voltage closed-loop control is illustrated in FB. an inner
current loop can be designed to be embedded ivdhage
loop to improve both the transient and stabilityfpenances
[12, 20]. In Fig. 9, a proportional controller ansed for the
real and reactive power controllers to realize & power

versus system frequenck-) droop and the reactive powern
versus voltage magnitud€<V) droop characteristics [3, 18].

However, to improve the reactive power control aacy in
grid-connected operation mode, integral control &&nin-
cluded into the reactive power controller [12, 22].

Compared to the power control through current raeiprh,
the voltage regulation method is more sensitivahi line
impedance between the DG and the PCC. The smallifin
pedance in the denominators of (1) and (2) willseasignifi-
cant power flow even with a slight variation of th& output
voltage. Furthermore, the low X/R line impedancgorat a
low voltage microgrid can also cause real and reagtower
control couplings if the DG unit is directly cougl¢éo the mi-
crogrid without grid side inductor or transform&his can be
noticed from (1-2), where if the line impedancen@ mainly
inductive, the voltage magnitude and phase anglehave
non-negligible effects on the real and reactive @oflows
respectively. To improve the power control perfonce
physical inductor can be added at the DG output 2B9. Al-
ternatively virtual power control frame [24, 25}, drtual DG
output impedance [24, 26-28] can be realized thnotg in-
terfacing inverter control scheme.

On the other hand, an obvious advantage of theagelt
regulation scheme is that a similar voltage corgtdtegy can
be used in islanding microgrid operation for loagiménd
sharing between the DG units (by employing Phe andQ-V
droop method). Sharing the same control strategyifferent
operation modes will ensure smooth transients duoipera-
tion mode transitions. More discussion of the |abemand
sharing in islanding operation will be discusse&attion V.

Furthermore, due to the grid interfacing naturmierogrid
is subject to all kinds of utility power quality ents. Accord-
ing to the present grid codes, the DG/microgridusthaide
through these power quality events in order to owprthe
system stability. To meet this grid fault ride-tagh require-
ment, different control strategies such as posiseguence
component control, reactive power control, etc. evelis-
cussed in [16]. In addition, a dual-inverter gritteirfacing

Vi

conditioner, where a series inverter is used topmmeate the
grid power quality disturbances, was proposed &}.[2

V. INTENTIONAL ISLANDING OPERATION AND LOAD DEMAND

SHARING

The intentional islanding mode is very important foi-
crogrids to continue to provide power to criticahdls during
power outage of the main grid. During the grid-cected
operation, each DG system in a microgrid is usuafigrated
with the power flow control in the presence of if gfrid vol-
tage as has been discussed. When the microgridséerd
ected from the mains grid, each DG unit has tedetis
islanding situation and switch its control schemant power
control mode to voltage control mode and providepastant
voltage to local loads.

Besides the control mode difference, there arerakwéher
issues to be considered for islanding operationh s syn-
chronization among the DG units, the power flow stoaint
due to the DG capacity, voltage/frequency variaiand
thermal constraints of the distribution feederse T$landing
operation is further complicated when considering large
variation of electrical distance between DG uniterewithin
a small geographical area. E.g. for direct coufsl units,
the impedance between two DGs is just the low geltdistri-
bution feeder, which has very small inductance lamd X/R
ratio. While in case of DG units with LCL outpultérs (with
3~10% grid side inductance) and/or with transfomsng@uvith
3~10% leakage inductance), the equivalent eleclistance
among DGs is comparable to medium and long trarssoms
lines. (The 12 to 40% inductance with both gridesiaductor
and transformer between two DGs is equivalent ter 60
kilometers of transmission line, which is the ageré&ransmis-
sion distance in North America). To address theagous
challenges in microgrid intentional islanding opiEna, island-
ing detection, load shedding, load demand shariitly syn-
chronized DG unit operation are discussed in thisign.

A Idanding Detection and Load Shedding

There are various islanding detection methods wegpdor
DG systems [31]. Since the DGs are in power contiotle
when connected to the grid, any power imbalancedsst DG
generation and load demand will result in voltagegmtude
(and frequency) changes when islanding occurs rdégss of
whether the power control is through current ortage regu-
lation. Fig. 10 shows the case study results ofdrapltage
magnitude changes when the microgrid is cut offrfrthe
main grid. The voltage change rate and profilecatermined
by the amount of power differences and control petars of
the DG. We have demonstrated that the detectiorhadst
based on voltage (and/or frequency) changes atdislg in-
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nization and proper load demand sharing among thaufits.

Fig. 11. Voltage amplitude (withP=—25% and -50%) and three phase vol- During the grid_connected Operation’ the stiff mgn’d pro-

tage waveforms (withP=-25%) during an islanding transition.

stant are effective and the islanding operationtmasuccess-

fully detected by monitoring DG or microgrid terrainvol-
tage before the voltage reaches pre-determinedslige.g.

vides a relatively constant frequency referencealtoDGs.
When islanding occurs, the DGs have to controlfthguency
collectively and synchronize with each other. Witha domi-
nant stiff source, frequency control and synchratin be-

0.88pu to 1.1pu). Although there will be a non detection zongome challenging. On the other hand, the load ddreharing

(NDZ) with this voltage magnitude or frequency axiten

method if the power difference is too small, thi®&can be
eliminated by employing some additional detectilgoathms

(e.g grid impedance detection). While serving asdgimdica-
tions for islanding detection, the quick voltagel drequency
variations lead to a serious concern: the microgmaild op-
erate out of the allowable voltage or frequencygeaquickly
after islanding occurs. To avoid this, intelligémd shedding
algorithms need to be implemented in a microgristesy to
make sure that the demand is within available geiter by
disconnecting some least important loads.

The approach for intelligent load shedding is téedethe
voltage change rate and profile after the main poowgage
and determine the minimum amount of load to be diefdre
switching to the voltage control mode for islandogeration.
The voltage change rate can be determined for engdower
control method in grid-connected mode by first obitey the
voltage-power expression and then its derivatix@nfwhich
the amount of load to be shed can be calculated Bg. 11
shows a smooth transition from the constant povetrol
(through current regulation) to voltage controllwibe intelli-
gent load shedding based on the voltage behavioa fore-
outage power mismatch aP=-25% and-50% respectively.

B Load Demand Sharing Between DG Systems
Another major issue in islanding operation is thiachro-

among the DG units according to their respectivevgroca-
pacities is important. This frequency/voltage cohamd load
demand sharing can be achieved through the fregquand
voltage droop control [18], that is, the DG unitncemulate
the parallel synchronous generators in a traditipoaer sys-
tem and automatically share the total load demand.

As discussed in Section 1V(B), assuming a mainuirx
tive line impedance, the real and reactive pow¢putuof each
DG unit can be controlled by the DG output frequenad
voltage magnitude respectively. To ensure the D& un a
microgrid can share the load demand proportioradlyording
to their capacities, the &-droop and Q-V droop characteris-
tics can be introduced into the DG voltage conscheme.
Fig. 12 shows the B-droop diagram of two DG units, where
Pimax @nd Bmax are the maximum possible output real powers
of two DGs, R and B are the reference powers in the grid-
connected mode. The droop slope of each DG unit, (6P
SR, can be determined in such a way that the DG pesiu
its reference output power at the grid frequens$) @nd its
maximum possible output power at the minimum allolea
frequency @min). By changing their output frequency accord-
ing to their respectiv®-w droop slope, the two DG units can
share the load demand properly. The reactive paharing
can be realized in a similar manner by implementhgQ-V
droop into the DG unit control scheme. Note that tlioop



characteristics can be implemented by simply utfiegcalcu-
lated frequency and voltage droop slopes in theawa reac-
tive power controllers of Fig. 9.

Developed based on the predominantly inductive ime
pedance, the droop method, however, is subjechtmaer of
drawbacks when implemented for a low voltage midcbg
which include the power coupling due to low X/Rigatf line
impedance and the reactive power sharing accuraeytd
unequal DG output voltage magnitude. The low X/Rora
exists between directly coupled DG units withoutpor trans-
formers or grid side inductors. Therefore the poa@upling
issue also appears in grid-connected mode operati@m the
power flow control using voltage regulation is uszsl dis-
cussed earlier. To decouple the real and reactwepflow, a
physical inductance [19, 23] or variable virtualp@dance
[24] can be implemented. Alternatively decoupledtudl
power control [24] or voltage and frequency franoevpr con-
trol [25] can used.

The inaccurate reactive power sharing problem lig il
strated in Fig. 13, where it can be seen that wighal DG
output voltage magnitude, the droop slope of eah uit
will be calculated as the dashed lines. Howeveth @imainly
inductive impedance at the DG output (which careltieer a
physical inductance or virtual one through contrdfle DG
output voltage magnitude increases approximatatgalily
with the reactive power. In other words, with tteme line
impedance, unequal reactive power flow leads tfeidiht DG
output voltages. This is different from the reawgo flow
control, where all the DG units in a microgrid wilperate at
the same frequency, leading to zero steady stabe fer real
power control/sharing. This also implies that ategnal con-
troller of reactive power is required in grid-contedl opera-
tion mode to ensure accurate reactive power contitbl zero
steady state error as mentioned in Section IV (B).

To improve the load demand sharing accuracy imtiga-
al islanding microgrid operation, an additionalrgican be
generated through the interfacing inverter andsilgeal fre-
guency can be controlled for accurate reactive peharing
[30]. This method, however, is complex and will guae vol-
tage distortions (harmonics) in the microgrid. Aret method
to improve the reactive power sharing accuracyaised on the
combination of virtual inductance control and aeteQ-V
droop slope estimation [28]. By using this meththd accu-

action is generally required within a few fundana¢atycles, a
time frame that is too fast for central controlr fuis reason,
decisions are often made autonomously by localcgsvased
upon locally available information (e.g. excessivgrents or
out of range voltages). These functions may beopeed
faster, better, and cheaper with the aid of povextenics or
advanced sensors and controllers. This may be iedlpecue
if the protective functions can be built into trentrol systems
of DG.

Traditional synchronous generators can inherentbyige
high short circuit fault currents. Also traditiohalthis high
fault current property has been used in the priviecelaying
schemes in order to detect short circuits. Thiessive fault
current that appears before the opening of breakdrarmful
to sensitive loads and power electronics devicesth@ other
hand, limiting fault currents is a unique capapilitf power
electronics interfaced DG and this can provide pmnaenefit
considering the high cost of high fault currentemtipting
circuit breakers. Power electronics have the cdipabf sens-
ing faults almost instantaneously and take actieforde high
levels of fault current begin to flow. This kind fafult current
limiting function, if built into DG correctly, willmake system
coordination and protection much simpler, and therent
carrying and interrupting equipment less expenddagring a
fault, DG can be controlled to be a voltage redurctevice or
an impedance alteration device to limit fault catre

Another issue related to protection is fault curiesrease
and fault contribution due to DGs. The traditiofallt current
calculation/estimation methods based on feeder diapee
may not work because power electronics interfac€s Dan-
not be simply replaced by a simple voltage souike the
traditional synchronous generators. During the-gddnected
operation, DGs should be modeled as a constantiswece,
while during islanding operation, they behave lkevoltage
source with variable internal impedance. Our caseliss
have shown that DG can alter fault current contidyuand
one feeder may contribute fault current to a fatlla different
feeder, which normally does not happen in the tiaual dis-
tribution system. Therefore, careful re-evaluatiord coordi-
nation of relay protection are necessary for middsy

VII. CONCLUSION
The customer-driven microgrid is a promising concep

rate Q-V droop slopes as shown in the solid lines in Fg. Several fronts because it (1) provides means toenmie to-

can be obtained, wherey Vo*, V4, Vo, Vi minand Vs pinare
the voltages during grid-connected operation, dilagy opera-
tion and minimum allowable voltages for the two DGits,

day’s power grids by making it more reliable, segw&fficient,
and de-centralized; (2) provides systematic apgpresto util-
ize diverse and distributed energy sources for R (3)

respectively. k; and Ky, are the estimated V/Q slopes for th@ddresses how to utilize DG more efficiently andreneffec-

two respective DG units. More details of this reactpower
sharing approach can be found in [28].

VI. SYSTEM AND DG PROTECTION

Short circuits can endanger personnel as well agpsys-
tem and customer equipment. Excessively high oroltag-
es can also damage equipment. To avoid these daage
tective relays are installed to detect the abnorooalditions
and to open circuit breakers and isolate the probleroper

tively and provides more reliable and greener potwecus-
tomers. Power electronics is the enabling technoésgpower
electronics interfaced DG and power electronicetaontrol
devices can make the customer-driven microgridiptesand
at the same time can provide many ancillary sesvicethe
mains power grid [33]. To implement all these ndfestures,
a number of issues related to DG’s control andgmtadn have
been discussed in this paper. There are still dthvefissues
and challenges to be explored.
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