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Abstract— A microgrid provides economical and reliable pow-
er to customers by integrating distributed resource more effec-
tively. Islanded operation enables a continuous posv supply for
loads during a major grid disturbance. Reliability of a microgrid
can be further increased by forming a mesh configuation. How-
ever, the protection of mesh microgrids is a chalfeging task. In
this paper, protection schemes are discussed usiegrrent diffe-
rential protection of a microgrid. The protection challenges asso-
ciated with bi-directional power flow, meshed confjuration,
changing fault current level due to intermittent naure of DGs
and reduced fault current level in an islanded modeare consi-
dered in proposing the protection solutions. Relaetting crite-
rion and current transformer (CT) selection guidelines are also
discussed. The results are verified using MATLAB daulations
and PSCAD simulations.

Index Terms— Microgrid protection, Fault isolation, Differen-
tial relays, Current transformers

I. INTRODUCTION

MICROGRID integrates distributed energy resources
provide reliable, environment friendly and econaahic

power to small/medium sized urban communities or
large rural areas. A microgrid is designed to ofgegither in
grid connected or islanded modes of operation Ifldnding
occurs when the grid supply is disconnected dugngajor
disturbance and distributed generators (DGs) indiseon-
nected section continue to supply local loads. &tloee, the
islanding operation brings benefits to customedsicang out-
ages. However, once islanding occurs, short citeuitls may
drop significantly due to the absence of strongtytgrid [2-
4]. Therefore, the protection system which is owdly de-
signed for high short circuit current levels wibtrrespond for
faults in islanded mode [5]. This is one of the onajeasons
why new protection strategies are required to ensuisafe
islanding operation in a microgrid.

The power flow within a microgrid can be bi-dirextal due
to DG connections at different locations or its meenfigura-
tion. This will create new challenges for the potiten. In a
microgrid, most of the sources are connected thrqumwver
electronic converters [6]. For example, the dc poiweyener-
ated by using the sources such as fuel cells, nickones, or
photovoltaic cells, converters are utilized to rattee dc power
into ac power. These converters do not supply Gefit cur-
rents to operate current based protective devicdaslanded
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mode because they have been designed to limitathie dur-
rent [7]. Therefore protecting a converter domidatécrogrid
is a challenging technical issue under the cudisited envi-
ronment [8-10].

Some of the DGs connected to a microgrid are irtent
in nature (e.g., solar photovoltaic based DGs).r&foee dif-
ferent fault current levels can be experienceché@ricrogrid
depending on the active DG connections [11]. Aesalt, im-
plementation of protection schemes based on fauafent lev-
el will be further difficult. The reliability of anicrogrid can be
further increased by forming a meshed configuratiéowev-
er, the protection schemes proposed for radialogids can-
not be effectively deployed in meshed microgrid2][IThe
fault current seen by each relay within the megtfigaration
will not have an appreciable difference due to shioe seg-
ments in the microgrid. In this circumstance, faldtection
and isolation will be difficult without employingeliable
communication channels.

In this paper, protection strategies required fonierogrid
bre presented using current deferential relays. prbeection
challenges associated with bi-directional powewfloneshed
Ebnfiguration, changing fault current level dueintermittent
nature of DGs and reduced fault current level inislanded
mode are avoided in the microgrid using the proggsetec-
tion schemes. The relay settings, communicationirements
and the selection of a current transformer (CT)doelay are
also discussed. It is shown that a safe and abteli@peration
of a microgrid can be accomplished by using theppsed
protection strategies.

Il. PROTECTIONSTRATEGIES

Protection strategies are proposed for a micragratchieve
a safe and a reliable operation thereby minimiZaentified
issues. The proposed protection scheme (PS) sdetédt any
abnormal condition in the microgrid and it shoutdlate the
smallest possible portion thus allowing rest of fystem to
continue operation. The PS should also allow theragrid to
operate either in grid connected or islanded madespera-
tion providing appropriate safety to customers aqdipment.
Consider the microgrid shown in Fig. 1. The micidgs con-
nected to the utility grid through a step up transfer. It has a
partly mesh network containing BUS-1, BUS-2 and B&JS
There are four loads connected to the system. Toiegiion
should be designed to incorporate both mesh ariel raghfi-
gurations.
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Fig.1. Schematic diagram of the microgrid

Protection of the microgrid is discussed underedéht sub-
groups such as feeder, bus and DG. Different ptiotec
strategies are considered for each of the subgrmupsovide
appropriate protection. The PS has a primary artihakup
protection. If primary scheme fails then the baclagheme
comes into the operation appropriately. The prini8yfor the
microgrid is proposed with the aid of communicatiwhile
backup PS is designed to operate in the eventofranunica-
tion failure. The proposed PSs are discussed iméxé sub-
sections.

A. FeederProtection

Each feeder in the microgrid is protected using telays
which are located at the end of the feeder. In aboperating
condition, current entering to a particular feedéould be
equal to the current leaving from that feeder. Hawve this
condition will not be satisfied during a fault ohet feeder.
Therefore, current differential protection is prepd to detect
and isolate the feeder faults. The differentialtpcton is ca-
pable of providing the protection for a specifiedder effec-
tively while not responding to outside faults. Tetwerent dif-
ferential protection is chosen for the microgridcs it is not
sensitive to bi-directional power flow, changingilfacurrent
level and the number of DG connections. It alsovigles the
required protection for both grid connected anchndkd
modes of operation. Moreover, the protection is aftected
by a weak infeed where it can detect internal $aelten with-
out having any DG connected.

In the proposed current differential PS, each rélay five
elements to provide the required protection. Tipkase ele-
ments for each phase and two other elements fatinegand
zero sequence currents. The phase differential exlesmare
responsible for providing high speed protection faults
which have high currents. The negative and zeraesezg
differential elements provide more sensitive eéatlit protec-
tion for lower current unbalanced faults such aghhimped-
ance ground faults in a feeder. Fast operatingsticen be
obtained using this differential protection duethe accuracy
in fault detection. In addition to the differentiglotection
elements, overcurrent and under voltage based pguiatec-
tion elements are incorporated. If overcurrent dalsackup
protection is only provided, the relays in an islad microgrid

will not sense sufficient currents to detect fadtse to lower
fault current levels. However, the system voltag# drop
significantly since converters limit output currerduring the
fault. Therefore, the reduction in system voltage be used to
implement the under voltage backup protection sehanthe
event of an overcurrent backup failure. Howevee, llackup
protection schemes remain blocked during the noopetat-
ing condition of differential protection and it Wactivate im-
mediately, if communication failure is detectedabselay.

Fig. 2 shows the single line representation of meru dif-
ferential feeder protection for the microgrid. Eaelay at the
end of the protected feeder is connected to ital 63 while
two relays are connected through a communicatigh [Two
relays exchanges time synchronized phase currenplea
(i.e., phase currents &f, I, andl.). Each relay also calculates
the negative sequence and zero sequence curreloisabiind
remote end relay locations. The current differérgiements of
each relay then compare phase and calculated sEjysen
rameters with respective remote end location gtiestito
identify a fault condition in the feeder. If a faig detected
(i.e., internal fault), each relay will issue gptdommand to its
local circuit breaker. The current differential f@ction is ef-
fective since it is sensitive, selective and f&stch relay has
its operating and restraint characteristics to day false
tripping. A more sensitive characteristic for aremt differen-
tial relay can be implemented in modern digitahysl where
operating and restrain regions can be separateddrydefined
slopes.
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Fig. 2. Differential feeder protection for microdri
The bias current and the differential current dre two
quantities which define the relay characteristictfe operat-
ing and the restraint regions. The differential &b currents
are defined in (1) and (2) respectively.
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Lt =[11+12] (1) errors. The relay setting sensitivity is very inpot. How-
|| | || | ever, the increase in sensitivity may also caustetoease the
11 %12 ity
lbias == (2) security

I, andl, are secondary CT phasor currents in each relay 108. Bus Protection

tion. The relay may have two stages (low and high)ipping  Byses in the microgrid may have connected to loB@s and
characteristic to provide a flexible and a secuperation. feeders. Therefore, a high speed protection is iraportant
Such two stage differential relay characterististiown in Fig. for 3 bus fault to avoid any extensive damage énnticrogrid.
3. The high stage of the relay is defined abovertan value The gifferential protection arrangement for a bustection is
of the differential current. This is a non-biaseaye where the shown in Fig. 4. The protection principle is simita the one
bias current is not taken into consideration whesuing the explained in differential feeder protection. Howevim this
tripping command. In this high set stage, the retayws a fast ¢age, the relay will issue a trip command to ad tircuit

response. . _ o . breakers connected to the bus during a bus fault.
The low stage is the biased stage with differest defined

slopes. The relay has definite time and inversénitefmini-
mum time (IDMT) characteristics in this region. Aan be
seen from the Fig. 3, the relay tripping charastirifor low
set stage has two slopes. These slopes can bg defibing
the percentage bias settingt and K2. Thel#, is the mini-
mum differential current threshold (i.e., pickuprent for the
relay). The pickup differential current increasathvthe fault
current increases. The currépts should be also defined and
it differentiates the two slopes. This dual slop@racteristic
provides a higher sensitivity during lower faultrants and
improved security for higher fault currents in whi€T errors
are large. The relay issues the trip command wimenad the
following conditions given in (3) or (4) is satisfl.

Protection zone

Relay

Fig. 4. Differential bus protection

C. DG Protection
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|Ibias] < Ibiast @d [1gitr |> K1l piag] + air1

|1 bias| >= I biast and |1 gitf | > K21 bias| = (K2 =~ K1) Iiast * I difr1(4)

Differential
current A
(lai)
THigh set stage
Laifez A
Operete region
K1 Low set stage
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-

Ipiast
Bias current

(’bias)
Fig. 3. Differential relay characteristic

In normal operating condition, the differential @mt
should be zero. However, due to the line chargBig satura-
tion and inaccuracies in CT mismatch, it may notiaécto
zero. The problem of saturation is overcome in modai-
merical relays by using saturation detectors [A3¢alculation
need to be carried out to determine the minimurkygccur-
rent for the relayl{ix1). The setting of current differential re-

All the DGs in the microgrid should be protectednfr ab-
normal conditions. Therefore, each DG is employét sev-
eral protection elements; under voltage, reversgepdiow,
over voltage and synchronism check. The relay detsatwith
these protection elements issue a trip commandGaociPcuit
breaker once any abnormal condition is detectee. Oider
voltage tripping is activated below a set voltageel after a
defined time period. The defined time allows migidgelays
to isolate a fault and restore the system maintgigis many
DG connections as possible. The reverse power flotec-
tion activates to trip the DG when current flowsvéods the
DG. The over voltage element responds, when theagelat
point of connection rises above a predefined lifile syn-
chronism check element ensures a trouble free ctipneto
the microgrid when it is being reconnected aftey discon-
nection. These protection schemes will ensure BesBXety.

D. The Need of Communication

A communication link between feeder end relays iseg
requirement in current differential protection stiee There-
fore, a reliable communication channel is requirgdlay to
relay communication can be performed using a hare @on-
nection, power line carrier, microwave, fiber opticEthernet
connection. However, with the deployment of smatem
technologies, communication channels will be rgadilaila-
ble for the future microgrids.

The current information at the remote end needsettrans-

lays should be performed lower enough to detectyplts of ferred to the local end. The digital current diffietial relays
faults on the feeder while ensuring the relays dorespond sample the line currents and then send them oeeranuni-
for external faults due to the CT errors and ottmeasuring cation channel to the other relay. This may intaeda time



delay which can be seen as a phase shift betweah dmd

remote end current samples and as a result, tagsrehay
calculate a differential current. To avoid this lgieam, proper
time synchronization of current phasors is requifgdte mod-
ern digital relays are capable of measuring the titelay and
performing the compensation during the calculatidine

channel based synchronization methods such aspping-can
be used to estimate the time delay. By knowingithe delay,
it is possible to align the local data with the odéenend data.
At the same time, the communication link should rbeni-

tored. When a failure in communication link is deéel, the
relays should automatically switch into their bgekarotection
schemes.

E. CT Slection Criterion for Protection

IEEE C57.13 (IEEE standard requirements for insémim
transformers) and IEEE C37.11 (IEEE guide for tppliaa-
tion of current transformers used for protectiviymg pur-
poses) provide guidelines in selecting CTs for grtive re-
lays. CT ratio (rated primary and secondary cujreédit accu-
racy class, polarity, saturation voltage, knee poioltage,
excitation characteristics and primary side voltagiéng and
current rating are some of the major factors shdédconsi-
dered when selecting a CT for a protective relgyiegtion.

The turn ratio of a CT defines the rated primargt aecond-
ary current of the CT. Usually the secondary ratedent is
5A. The primary current rating of a CT is selectedsidering
the maximum current in normal operating conditiord ahe
maximum symmetrical fault current. The selectednary cur-
rent should be greater than the maximum currenttieaCT is
expected to carry in normal operating condition @&mshould
also be greater than one twentieth (1/20) of theimam
symmetrical fault current. The latter condition Ivgi&tisfy that
the secondary current of the CT will be less th@riides the
rated secondary current during the maximum fauttezu.

When the voltage increases in the secondary of ati@T
exciting current also increases. With the increzfsgecondary
voltage further beyond a limit causes the magrsditiration
of the CT core due to higher flux. The CT saturatiesults in
the increase of ratio error and distorted secondanyent
waveform. A particular CT behaviour can be foundusyng
its excitation curves which show the relationshigiween sec-
ondary voltage and the excitation current of the Tie knee-
point voltage and the saturation voltage can badaising the
excitation curve in a CT. If the selected CT rasiosery low
such that the secondary current of a CT exceeds &3 the
rated current during a fault, the CT may end wéhiese satu-
ration.

To avoid the saturation in a CT, the secondaryrattin
voltage ¥,) should satisfy the condition in (5) [14].

Vi >1sx(Rg + X +Zg) (5)
where |5 the ratio between the primary current and the
turns ratio,Rs is the CT secondary resistanig,is the leakage
reactance ands is the total secondary burden which includ
secondary leads and devices. Moreover, DC trassfesent
during a fault can cause CT saturation. Dependmthe time
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a fault occurs (i.e., a point at fault occurs ie thave), the
magnitude of the DC component will change and itage
with a time constant. The saturation due to botha@ DC
components can be avoided by selecting the sataratiltage
of a CT according to (6).

(6)

whereX is the primary system reactance &id the resistance
up to the fault point. It can be seen that the eafisaturation
depends on the X/R ratio of the system. The effé@T satu-
ration may be avoided by selecting appropriate &fios to
have the saturation voltage above the value exgpdien AC
and DC transient fault currents. Also a CT takdmite time
period to become its saturated state.

A CT used for protective relays has an accuraapgatA
letter and a CT secondary terminal voltage defime ANSI
CT relaying accuracy class [14]. Most of the CTsigieed for
relays are covered by C and K classes. These tgseast indi-
cate that the secondary winding is uniform aroumel ¢ore
thus leakage flux is negligible. The standard aamcyrclasses
for C class CTs are C100, C200, C400 and C800stathdard
burden of 1, 2, 4, & respectively. The ratio error of a CT
should be less than 10% for any current between2Dttimes
secondary rated current at the standard burdemyicaver
standard burden [14]. For example, if a CT with Ctlass is
selected, the ratio current error will not exceéddolat any
current from 1 to 20 times rated secondary cur(eat, 5A)
with a standard © burden. However, if the saturation of a CT
occurs then the error ratio will exceed 10%.

Vy > 1g%(Rg+ X +ZB)X{1+%iI

Consider the microgrid system shown in Fig. 1. Tlae
rameters of the microgrid are given in Table |. Thierogrid
connection/disconnection is controlled by the migcid con-
trol switch (MGCS). It is assumed that all the D&g con-
verter interfaced and the DG control is designedrable the
microgrid islanded operation during a grid disturt® More-
over, these DGs limit their output currents to sitie rated
current during a fault in the microgrid to proteleeir power
switches.

The CT ratio for a particular CT is selected basadthe
maximum load current and the maximum fault curss@n by
the relay. To calculate the maximum load curremnsky a
relay, different system configurations are consder-or ex-
ample, the relafR;, senses the maximum load current when
the DGs inject current into utility grid without yatoad is con-
nected to microgrid and the feeder section betvizi¢8-1 and
BUS-5 is not in service. The maximum possible fawitrent
seen by each relay also calculated. The CT ratia fielay is
then selected based on the criteria that the CTdetiwer 20
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all

CLilmes rated secondary current without exceeding @6

error and the rated primary current to be abovembgimum

epossible load current. The accuracy class for GEeliected as

€200. The selected CT ratio for each relay is ginehable 1.



TABLE | : SYSTEM PARAMETERS

System parameter Value
Voltage 11 kV L-L rms
Freguency 50 HZ
Transformer power rat-

ing 5MVA

Transformer impedan
Each feeder impedance

(0.05 +] 2.1677)Q
(0.94 25447)Q

Each load impedance (100 ¥5)Q
DG1 power ratin 0.8 MVA
DG2 power ratin 1.2 MVA
DG3 power rating 1.5 MVA
DG4 power rating 1.0 MVA

TABLE II: CT RATIO SELECTION

Re- lmax (A) limax/20 (A) | ltmax (A) | CT ratio
lay

Rz 2535 126 236 300:5
Ra1 1478 74 236 300:5
Ris 2541 127 23€ 300:E
Rs1 95€ 48 23€ 300:E
Ras 1111 56 184 200:5
Rs2 998 50 184 200:5
Ra3 1478 74 142 150:5
Ra2 917 46 14z 150:E
Raa 917 46 79 100:E
Raz 654 33 79 100:5

limax-Maximum fault current
lLmax Maximum possible load current

To show how selected CT ratios perform during &t féue CT

associated with relal;, is considered. The selected CT rati

for this relay is 300:5 and CT class is C200. Dgitine maxi-
mum fault current, the CT secondary current will4%25A.
Now consider the voltage saturation equation intg6galcu-
late the maximum allowable saturation voltage fus telay.
The burden for a numerical relay is small. The peters for
this calculation are X/R=1.3R~0.15Q, X =0, relay burden=

0.02 Q, leads resistance=0.23. Substituting these values in

(6) gives,
V, > 4225x (015+0+ 025+ 002) x [1+ 1.3
Vy <4081V

This shows that the saturation voltage of the Cdukh be
above the 40.81 V to avoid saturation. The sele€€ds sa-
tisfied this condition. Also, it can be seen thHa teads resis-
tance can be changed by selecting different wiressio allow
a better margin for the CT saturation if necessary.

The effect of capacitive charging current on curreiffe-
rential protection can be negligible since the pueid con-
sists of short line segments. The slope settingssalected to
ensure the differential elements do not respondefdaernal
faults due to CT ratio and other measurement erfidre min-
imum setting for differential current is calculatafowing for
errors arising from CTs. It is assumed that the e2br will
not exceed 2% for currents less than the ratednskeacy cur-
rent (i.e., 5A). The maximum error is then calcathissuming
one CT to be +2% while the other CT to be -2%. &fae,
the error of 4% due to both CTs produces currend.gfA
(5%0.04). Thus it is proposed to select the setting; above
0.2 A. The other settings for the differential setzharacteris-
tic shown in Fig. 3 are selected based on the Ealiaviour of
the microgrid and they are given below.

K1:30%,K2=100%,Ibi351:5 A, |diff1:O.2 A

With the selected settings and CTs, fault resparfighe mi-
crogrid is investigated. Different types of faulte generated
at different locations. The fault resistance ise@dfrom 1Q to
20Q. The maximum CT ratio error of +10% is assumed.

The fault response of relayg, andR,; for internal and ex-
ternal feeder faults is shown in Fig. 5. It canseen that the
response of relays for internal feeder faults aiteimthe op-
erating region, while for the external faults, lesponse lies
within the restraint region.

30,
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Fig. 5. Relays R and R; response for microgrid faults.

The response of relay’,; and Rs, which are located in
radial feeder is next investigated. The fault resggoof relays
for both internal and external faults is shown ig. /. Itis
clear that these relays detect only internal fadiksinguishing
from external faults.
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Fig. 6. Relays & and R; response for microgrid faults

The simulation results obtained from PSCAD for gk
line to ground fault between BUS-2 and BUS-5 arewshin
Figs. 7 and 8. The fault is created at 0.4 s wittD& resis-
tance. In this case it is assumed that 10ms conuation
channel delay exists for the differential relayig. ¥ shows the
variation of differential and bias currents durthg fault while
relay response for this fault is shown in Fig. 8eTsimulated
fault in PSCAD gives 13.04 A and 6.52 A for diffetal and
bias current respectively. In MATLAB, differentiaind bias
current for this fault is calculated as 13.16A &6iLA respec-
tively. This verifies the calculated results in MBAB with
the simulation results.
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The investigation of relay response in islandedrajoen is
very important to ensure the relays are capabldetécting
faults in the islanded microgrid. A fault is credtat different
locations in the microgrid. The fault resistancevasied from
0.1Q to 20Q. The response of relayg, andRy; is shown in
Fig. 9. The relay response for the faults is adeur can be
seen that the fault current level is significantyw due to the
current limiting of converters. However, the relaletect the
internal faults effectively avoiding any externalfts. There-
fore, it can be concluded that these relays arahdapof de-
tecting faults either in grid connected or islandeddes of
operation without changing any relay settings.

12

— Relay characteristic
-== Relay response for internal faults
10 v Relay response for external faults

Differential Current (A)

Bias Current (A)

Fig. 9. Relays R and R1 response for faults in islanded microgrid.

IV. CONCLUSIONS

In this paper, a primary protection scheme for eragrid is
presented using current differential relays wite #id of a
communication channel. The protection issues aatamtiwith
meshed structure, microgrid islanded operatiori fietection
under low fault current levels are avoided with tise of mod-
ern differential relays. Relay settings and CT ci#de re-
quirements are also discussed. Results show tegirtiposed

protection strategies can provide selectivity aighHevel of
sensitivity for internal faults in both grid-conrted and is-
landed modes of operation thereby allowing a satearelia-
ble operation for a microgrid.
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