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Abstract--The current practice of distributed generation
disconnection for every fault in a distribution nework drastically
reduces the reliability when the penetration levebf distributed
generators (DGs) is high. Fault isolation, islandedperation, arc
extinction and system restoration after a fault arethe major
protection barriers which will prevent DGs from maintaining
connection during a fault. In this paper, a protecton scheme and
an intelligent control strategy for converter interfaced DGs are
proposed for a distribution network containing higher DG
penetration level. The proposals can be used to maxze the DG
benefits by maintaining as many DG connections asopsible
either in grid connected or islanded mode. The pr@ction scheme
is proposed using overcurrent relays with the aid P
communication to isolate the faults in the networkThe intelligent
control strategy for a converter interfaced DG will enable fault
detection of relays, self extinction of arc faultsand automatic
restoration of the network after a fault. These prgosed strategies
will prevent immediate DG disconnections from the atwork. The
results are validated using MATLAB calculations and PSCAD
simulations.

Index Terms—Distributed power generation, Fault detection,
Relays, Power system restoration

|. INTRODUCTION
THE penetration level of distributed generators (P&
distribution network is increasing rapidly.

environmental concerns and rapid load growth aie dfv
the major reasons for this higher DG deploymentweéicer,
the higher level of DG penetration can cause cemnalle
impact on operational, control and protection & #xisting
network [1]. The overcurrent (OC) protection hastbesually
employed to protect a radial distribution netwonkedto its
simplicity and low cost [2, 3]. However, after theG
connections into the network, several protectiGués can be
identified and they are well documented [4-8].
As according to current practice, all the DGs wik
disconnected for a fault in the utility grid [9]hiE automatic

islanded operation with DGs is usually not allowsidce
restoration by reclosing is difficult and power ftyawithin
the islanded section cannot be guaranteed [6]. Mené the
employed protection scheme is able to isolate #ated
segment and allow intentional power islands to afgemwith
adequate protection, the reliability of the systean be
increased [11].

In this paper, a control and protection solutioprieposed
with the aid of communication to enhance the bénedfif
converter interfaced DGs in a network containinghHevel of
DG penetration. The proposed solution includesaisal the
faulted segment from both upstream and downstrédencs a
radial feeder using overcurrent (OC) relays, a eoev
control strategy for a DG to achieve fault isolaticself
extinction of arc, islanded and grid-connected afen
without disconnecting DGs from unfaulted segmeats] a
method to perform system restoration in the presefdGs
using auto reclosers in a network. The proposeteption and
control strategies help to maintain as many DG eotions as
possible thereby increasing the system reliability.

II. PROPOSEDPROTECTIONSCHEME FORFAULT ISOLATION

One of the main aims of the proposed protectiorisEhis
to isolate the faulted segment from a radial feeallwing
DGs to supply the loads in unfaulted segments eithgrid-

Th&onnected or islanded mode. The upstream relayaalawill

see both utility current and current coming fromy ddG
connected further upstream to the relay. Howevée t
downstream relay will only see the fault currentnang from
DGs located further downstream from the relayhéf DGs are
intermittent or not connected all the time to awwek, the
fault current level in the network cannot be présticin
advance. In this circumstance, the existing settin§ OC
relays will not work to isolate the faulted segmertterefore,
it is proposed to change the relay settings acongrdd the
present system configuration. The digital type QOdlays,

disconnection of DGs during loss of main grid syppIWhiCh have the communication capability, are nemgsso

drastically reduces the DG benefits [1]. The DGdfigs can

accomplish the proposed strategy. The relay acsjtive each

be maximized if as many DGs as possible are alloteed DG circuit breaker states to work out the preseystesn

maintain the connection for temporary faults [18]so, the
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configuration. Based on the number of DG connestidhe
relay selects the most appropriate setting fort f@edection.

A control strategy for a voltage source converiésQ) is
proposed based on the fold back current contralacheristic

PROPOSEDCONVERTERCONTROL STRATEGY FOR ADG
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to help in successful fault isolation and fast systestoration  The behaviour of a VSC during a fault is shown ig. R
with converter interfaced DGs. During a fault ire thetwork, assuming the fault is not cleared by protectivay®l The VSC
the VSC control maintains a sufficient fault cutrével for a injects the currentl) in pre-fault mode. The fault occurs at
defined time period. This results in effective fadgtection by point A. The VSC limits the output current to twice théeth
OC relays which are located downstream from thé faaint. current for the time period df. as shown in the figure. The
Also, the VSC control helps to self extinction aof arc fault VSC then rapidly reduces its output current to ay\@mall
without disconnecting the DG from a network. Moregvthe value given bynl, wheren ia a small number and remains in
system restoration and coordination between netwezfosers the sleep mode for the time period tgf. The restoration
and DGs are achieved with the aid of proposed V8@raol process starts after this period and it is expthimethe next
strategy. The VSC operates either in current cbotreoltage sub-section.

control mode. The proposed VSC control for a cotever

interfaced DG is explained below. C. Systemrestoration
_ _ _ _ The system restoration is started once sleep mimde t
A. During grid connected and islanded operation period elapses. During this process, each VSC toigsstore

In grid connected mode, the VSC operates in curreghe system either in grid connected or islanded anod
control mode injecting rated power. The convertgedts depending on the system configuration exists afterfault.
current in phase with the point of connection (RGltage to The recovery characteristic of the VSC is showrrimp 2 by
supply only real power to the utility grid. On thther hand, in assuming the DG capacity is sufficient to supplg tbad
islanded mode, the VSC operates in voltage controtle demand and the fault has cleared when restoradgim$. The
maintaining the standard voltage and frequenchénidglanded line DEF represents the restoration boundary inectircontrol
section while sharing both real and reactive powaerode. In sleep mode, the VSC starts at pDirgnd calculate

requirements of the loads. the PC voltage which is given by poikt on the load line.
Then VSC calculates the corresponding current erlitie DE.
B. During a fault After that VSC injects the calculated current whieill result

A fault can occur when the DGs are operating eithgrid t0 move the operating point td on the load line. Again, the
connected or islanded mode. In both cases, eachli@€its VSC controller calculates the required current \whis the
output current to twice the rated current and desrim current rated current at poit. The injection of rated current increase
control mode. It is to be noted that the VSC idtia faulted the voltage above the rated value and thus opgrateint
condition in both grid connected and islanded mdme Moves toO on the load line by successfully recovering the
monitoring the PC voltage. The PC voltage reduaging a System.
fault and this change of voltage triggers to aptply limit to It is to be noted that during the restoration psschie VSC
the output current. The VSC maintains the currienitihg for  is not allowed to inject beyond the rated currentriake sure
a defined time periodtd), if the fault exists. The time periodthe DG capacity is sufficient to restore the systefhe
(t.) allows OC relays which are located downstrearmftbe restoration process is continued for a defined fg@eodte..
fault to detect and isolate the fault. This timei@e (t.) can |f the DG is not recovered during the due to the higher load
be adjusted depending on the relay characteristtscted. demand or faulted condition, the DG is then disected
Also, the maximum allowable time given in IEEE 1587 to using its own circuit breaker. For the illustratiporposes, a
disconnect a DG during a low voltage condition dam constant impedance type load is considered. Howetver
considered when selecting the The VSC can recover if the restoration characteristic of different types ods may be
fault is cleared before, elapses depending on the systegifferent. Many constant power type loads such etors and
configuration exists after the fault isolation. electronic devices change their characteristic vbekome

If the DG is still connected to the faulted segmefter Voltage level to constant impedance type or trigpaf load
the time period,, the VSC folds back the output current to &ccurs below a specified voltage [13]. The proposed
very small value for another defined time peritg‘q_ The inte”igent control algorithm for the VSC is ShO\’VnF|g 3.
operating mode of VSC in current control mode dyrthis
time is called asleep mode. During the sleep mode, the DG o _
injects a small current without disconnecting frihva network. A i S{:ﬁgram”
The sleep mode operation of VSC results in selhetion of
any temporary arc fault which is not cleared byaysl
successfully during the timg&.. Therefore the sleep mode i,
operation enables the arc extinction without DQalisection. |
The sleep mode time duration can be set based erarth ni. i
deionisation time which can be calculated usingefeation A B o >
given in [12]. Time

Current

Fig. 1. DG behaviour during a fault



&Loadline
(@]

V. Gy
I o
n o
o .
g 4
|

L amesyanann 1

' =

K A
~ - . T —lipsiaen boundary
o I Current-

Fig. 2. Restoration characteristic

) Grid connected operation
in current control mode

Fault occurs

Y

Injecting current in curre nt
contral mode

Foldback current
in current control »
rnode

Start
restoration

Fault
cleared?

Mo
[Permanent fault)

Fault isolation from DG side relay
<

es

-
Connected to
jslanded section?

Yes

[Temporary fault)

DG
disconne ction

Fig. 3. The proposed VSC control algorithm

IV. DG COORDINATION WITH NETWORK RECLOSERS

Reclosing can be considered as a major protectsuei

when several DGs are connected to a distributidwor. In
this paper, an effective method is proposed to dinate
network reclosers with converter
distribution feeder. The total time (defined &g which

includest,, +g, + te) associated with proposed DG controi

during a fault is used to coordinate the netwodtasers with
DGs. Two methods are introduced to coordinate #osec
with a DG. In the first proposed method, the DGetalthe
opportunity to restore the system before the ommraif any
auto recloser. This method is advantageous, if BGefration
level is significant and DGs have the ability tply the load

demand in islanded mode. As mentioned in VSC cont . |
after a fault, the DGs either supply powe?ontr()l since DG is allowed to operate under thed&oltage

strategy, elapsingyg

(i.e., in grid connected or islanded mode) to teework due to

successful restoration or they are disconnectean fthe

network due to unsuccessful restoration (i.e.,esrdd fault or

interfaced DGs an
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higher load demand). Then, the recloser which geefault as
forward takes the first opportunity to perform teelosing and
it can result in a live to live or live to dead lesing depending
on the result of DG restoration. The recloser wigeles the
fault as reverse will always wait until the upstreaide is
restored.

In the second method, an opportunity is given &rétloser
to restore the system before DG starts to restogesystem.
This method can be used for a system when DG dgpagiot
sufficient to supply the load demand in an islandedtion. In
this case, the DGs are kept in sleep mode untibseg
finishes. The recloser may restore the system dipgon the
fault status. If the system is successfully restpteen DG can
start the restoration process which will be sudoksdhis
results in maximizing the DG benefits to the custorby
connecting DGs quickly. On the other hand, if teelosing
fails to restore the system, DGs will be disconeéct
automatically after the defined time period of ogation.

A synchronism check element is used in each recluse
make sure whether two sides of a breaker is in texac
synchronism when performing the live to live reahgs The
DGs maintained the original phases since they ase n
disconnected during a fault. Also, they maintaia tandard
voltage and frequency during the operation in dé&hmode.
However, there may be a slight phase angle misndehto
frequency deviations in grid side. In that case thcloser
waits until phase angle on the both side becon@sectito join
the two systems. However, the DG itself has théeggtmn to
withstand for contingency conditions and it is disged in next
section.

V. DGPROTECTION

It is important to consider the consequences ofbyhase
reclosing when DGs are not disconnected during b
recloser open time. The risk of DG damage due ¢ootlt of
phase reclosing is lower, if DG is connected thiouay
converter [14]. In the proposed reclosing schetme récloser
is capable of checking the synchronisation whicsuess there
is no phase mismatch when it performs live to tiz€losing.

From the point of DG protection, the DG should be
protected itself. To achieve basic DG protectiajquieements,
in the proposed method, a DG is employed with sdver
protective elements: fold back current control,emse power
low, over voltage and synchronism check. The psepgo
current limiting and fold back current control prot the DG
from excessive current injection and unsuccessfistesn
restoration. The reverse power flow protectiondsvated to
trip the DG when current flows towards the DG. Tdweer
voltage element responds, when the terminal voltdglee DG
rises above a predefined limit. However, under agst
jyrotection is incorporated with the proposed fodatbocurrent

in current control mode for a defined time intervahe
synchronism check element ensures a trouble fraaemtion
to the feeder when it is being reconnected aftey an
disconnection. These protection schemes will mipémihe
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DG safety risks associated with reclosing. locations are given in Table Il. Based on thesaiesl the
relay settings are calculated and they are givemaible IlI.
The tripping time of each relay for different faglirrents in

To achieve the proposed protection and controtegies, forward direction is shpwn in Fig. 5. It can be rse!eat each
upstream relay provides the backup protection fbe t

communication between relays and each DG contradier . .
required. The each DG operates in voltage contradienin immediate downstream relay.
grid connected operation while current control moide
selected in islanded operation. Each relay-breakatus is
available for all the DGs to determine the mod®pérations
(i.e. either grid connected or islanded).

Also, each DG circuit breaker status is availabledl the
relays in the feeder. The proposed protection sehasn 11 key 10)
employed to isolate the faulted segment from bdte t S L
upstream and downstream side of a fault. In thislystthe
converter interfaced DGs are only considered amy thre
intermittent and limiting output currents during fault.
Therefore the fault current level changes dependimthe DG o
connections and the fault current seen by downstnegay is
low. Under this circumstance, isolating the faulsegment
using the existing OC relays will be difficult. Thiuhe OC
relay settings are changed with the aid of comnaiidn

VI. THE NEED OFCOMMUNICATION FOR THE PROTECTION
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according to the number of DG connections. ®
In the case of communication failure, each reldgdie its oo [ CBps l

default setting which has been set during the ahitelay Zoez 2 Load2

settings. Also, the DGs switch into current controbde

assuming they are connected to grid connected mode. DG2

However, if they are not connected to grid, thely sense that @

the standard voltage and frequency are not withéndefined ) 25”3 lmads

limits which will lead to disconnect all the DGsofn the

network.
DG3

Fig. 4. Simulated radial feeder with DGs
VII. SIMULATION STUDIES

Consider the radial distribution feeder shown ig. i to
validate the proposed protection and control ggiate Three

TABLE | SYSTEM PARAMETERS
System data Value

50 Hz

converter interfaced DGs, DG1, DG2 and DG3 are eoteu
at BUS-2, BUS-3 and BUS-4 respectively. It is assdrthat
the DGs are controlled in angle droop to sharddhd power
in islanded mode according to a predefined ratis, [16].
However, different converter structures and costrcdn be
used to achieve the proposed converter contralegtya The
DG circuit breakers CRs;, CBps, and CBygs provide the
protection for each DG. The feeder is protectedidy relays

System frequency

Source voltage

11 kV rms (L-L)

Source impedancé&y)

0.078 + 0.7854Q

Feeder impedanc@ib="223 =Zzs)

0.52 +] 2.60Q

Each load impedance

19qG 42

DG data

DG1 source impedance

0.9375 + 15.708Q

DG2 source impedance

0.75 +j 12.566Q

DG3 source impedance

1.2503 4 20.954Q

R;, R, and R which are located at BUS-1, BUS2 and BUS3 DG1 output power 0.5 MVA
respectively. It is assumed that all the circuitedkers DG2 output power 0.625 MVA
DG3 output power 0.375 MVA

associated with these relays have the reclosinghility since
one of the main objectives of this study is to shbes system

restoration performing auto reclosing in the preseof DGs. TABLE Il FAULT CURRENTS IN FORWARD DIRECTION

The system parameters of the study system are givable Fault current (A)

) BUS1 | BUS2 BUS-3 BUS-4
The directional feature is added to the OC relairse Maximum | 8054 1843 1040 24

different relay settings are required in forwardd averse Minimum 6967 1596 901 627

directions. In the forward direction, relays, R and R are

, . . TABLE Ill RELAY SETTINGS IN FORWARD DIRECTION
graded with IEC standard inverse time OC charastterj17]

with a 0.3 s discrimination time margin. Also, istaneous | R€lay| CTratio | Pickup current (4) |  Time multipliesting
tripping time element is added for each relay mlae the R1 300/5 S 0.25
faults fast which have higher fault currents. Treculated R2 250/5 4.0 0.15
maximum and minimum fault current levels for diffat fault R3 250/5 4.0 0.05
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Fig. 5. Relay tripping times in forward direction

In the reverse direction, relays Bnd R are graded with
definite time OC relay characteristic. The definitene
element is selected due to lower fault current llémethe
reverse direction since the current limited DGspbythe fault
current during a fault. However, the setting ofinigd time
element should be changed according to the availalinber
of DG connections. The maximum load current seetedgh
relay is taken into consideration when selecting telay

settings in the reverse direction. For exampleh Wit absence
of Loadl, Load2 and Load3, the DGs connected to th

network will inject current back into the utilityig. Therefore
the relay pickup current is selected calculating iaximum
load current and allowing a safety margin of 1/aets the
maximum load current. The calculated relay settimgghe
reverse direction are given in Table IV. The ratedrents of
DG1, DG2 and DG3 are calculated as 26.2 A, 32.8A¥0.7
A respectively according to their power ratings fthis
calculation.

A number of simulation studies are carried out tBating
different types of faults at different locations RECAD to
evaluate the performance of proposed protection camdrol
strategies. However, few results are presented here

TABLE IV OC RELAY SETTINGS IN REVERSE DIRECTION

DG1 DG2 | DG3 R R3
Imax (A) | b (A) Imax (A) | 1p (A)
0 0 0 0.0 Blocked 0.0 Blocked
0 0 1 19.7 29.9 19.7 29.9
0 1 0 32.8 49.2 32.8 49.2
0 1 1 52.5 78.7 52.5 78.7
1 0 0 26.2 39.3 0.0 Blocked
1 0 1 45.9 68.8 19.7 29.9
1 1 0 59 88.5 32.8 49.2
1 1 1 78.7 118 52,5 78.7

0= not connected, 1= connectaghal= Maximum load currenty+ pickup

A. A fault between BUS-1 and BUS-2 in grid connected mode

It is assumed that all the DGs and loads are caeddo the
feeder shown in Fig. 4. A three phase to grount fagreated
between BUS-1 and BUS-2 at 0.2 s. The relaysaiRd R
respond to isolate the fault at 0.267 s and 0.3EZgectively.
After successful faulted segment isolation, the Dé&store the
system beyond BUS-2 supplying the load power requént

5

in the islanded mode. The response of DG1 is shinwiig. 6.

It can be seen that the DG limits its output curnce fault
occurs helping the downstream relay tR detect the fault.
However, once Risolates the fault from downstream side, the
DG terminal voltage rises to rated voltage andiitses DG to
switch over to voltage control mode.

The real and reactive power variations of DGs amws in
Fig. 7. The DGs supply only the real power to thiity
before the fault in grid connected operation. Hosve\after
the system is restored in islanded mode, the D@plguboth
real and reactive power requirement of the loads.

The relay R which sees the fault as forward starts the
reclosing first at 1.012 s. However, the downstreatay R
waits until the upstream side is restored. In ¢imsulation, it is
assumed that the fault is temporary and it is el@after the
faulted segment is isolated. Therefore the firstaging of R
(i.e., live to dead) is successful. The relaytRen starts the
reclosing process by sensing the voltage of théregrs side.
In this study, it is assumed that the grid sidegdiency has
increased to 50.5 Hz from the nominal 50 Hz whea th
reclosing process of ;Rbegins. Due to the frequency
mismatch, the reclosing cannot be performed soder af
starting the process. Thus Raits until the phase angle get
matched in both sides and so it performs the rewos
ccessfully at 2.4 s. The voltage of both gridesihd
iIslanded side of the reclosing breaker is showfiq 8(a).
The reclosing is performed when phase angles af gnd
islanded sides are equal. The voltage and curréerid@l
during the reclosing are shown in Figs. 8(b) and) 8(
respectively. The smooth transition from islandextinto grid
connected operation validates the suitability &f groposal
control strategy. It is to be noted that if thelfasi permanent,
R; reclosing will be unsuccessful and islanded saatigerates
in autonomous mode until fault is cleared and restihe
upstream system.

The variation of DG power during the transition nfro
islanded mode to grid connected is shown in Fidt 8an be
seen that the DGs start to inject rated power iith ggnnected
mode.

—Phase a
-=-Phase b

Voltage (kV)

—Phase a
-=-Phase b 1

Current (kA)

Fig. 6. DG1 response before, during and after & f



from downstream side relay leads to restore thandsd

o
[

g system containing DG2 and DG3 with Load2 and Load3
5 beyond BUS-3. The current limiting of DG1 during tfault is
§ shown in Fig. 10(a). However, the DG1 switches isleep
8 mode as shown in Fig. 10(b) at 0.56 s since fitilisconnected
to the faulted segment. After the sleep mode tionmatibn, the
DG1 starts the restoration at 0.755 s. The restorgirocess
of DG1 will be unsuccessful due to the fault. There it is
2 04 disconnected from the network at 0.82 s. The DGfpuiu
‘%‘ 03l current during the restoration process is showrign 10(c). It
5 02l can be seen that DG1 output current is very small the
%0‘1 current will not rise due to the lower terminal tagle appears
- during the fault.
§'°‘10 o . o . os o The relay R starts the reclosing after DG1 has been
‘ T Time (s) ' | ’ disconnected. The attempt of reclosing will also be
‘ (b)_ o unsuccessful due to the permanent fault. The vamiabf
Fig. 7. The real and reactive power variation ofDG output real and reactive power of DGs during anérathe
fault is shown in Fig. 11. It can be seen that Déa@ DG3
supply the power requirement in islanded mode wWbiBl has
g been disconnected due to unsuccessful restoration.
> _127
' g
g 005 o
b= 6
-0.05-
' g
3.4 ‘
0.74 0.82 0.84
Time (s)
©
0.7
g 06 Fig. 10. The output current variation of DG1
E 05
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x 0.3 0 ——-- b go‘e
0%2 2‘3 214 2l5 2‘6 2.7 §0.47
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Fig. 9. Real and reactive power variation durirsition § 0 =
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B. Afault between BUS-2 and BUS-3

. Fig. 11. The variation of DG real and reactive powe
It is assumed that a permanent fault occurs betés-2 9 P

and BUS-3 at 0.2 s. The relays &d R isolate the faulted
segment at 0.265 s and 0.507 s respectively. Teigalation



C. Systemrestoration with induction type loads

The system restoration with induction motor typads is
investigated in study. It is assumed that two itidmcmotors
are connected at buses 3 and 4 respectively. Therpating
of each motor is selected as (0.138%075) MVA. A half of
the constant impedance load given in Table 1 israed to be
connected to buses 3 and 4. Thus, each load a$ Buaed 4
consists of induction motor and constant impedaype load.
A fault is created at 0.2 s between BUS-2 and BUSXe

(1]

(2]

E]

the downstream relay;Responds to isolate the fault at 0.507

s, the islanded system beyond BUS-3 is recoverdd twio
induction motors. The real and reactive power Viata of
DG2, DG3 and one of the induction motor is showFim 12.
According to the figure, the induction motor drawgher
reactive power initially and the reactive poweruiegment is
supplied by DG2 and DG3.

s —DG2
<
5
z
g
3
14 L 1

0.2 0.4 788 0.8 1
z : : @
: —DG2
< ---DG3
£ o5t |
g
2
g o n ‘ ‘ ‘
4 0.2 0.4 0.6 0.8 1

Time (s)
. . (b) .
0.4¢ N —Real

Motor power

Fig.12. The variation of DG and induction motor @ow

If large induction motors are present in the nekwauring
the constant current and sleep mode time duratibese
induction motors located near to a fault will becematically
disconnected due to its own protection. TherefonerwDGs
start the restoration, the restoration will be eaaind quicker
with the absence of induction generators.

VIIl. CONCLUSIONS

The current practice of immediate DG disconnectmrevery
fault drastically reduces the benefits of DGs tthhdility and
customers. In this paper, the identified protectmal control

(5]

(6]

(7]

(8]

9
[10]
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[13]

(14]

(15]

[16]

[17]

issues which lead to immediate DG disconnections &=

addressed. The protection scheme has been profmwsadate

the faulted segment allowing DGs to operate eithegrid

connected or islanded mode. Furthermore, the pembo:!
control strategy for a converter interfaced DG hkeilp fault
detection, arc extinction and system restorationairDG
connected distribution network. It has been shdven if these
proposed protection and control strategies arerprozated to

ol

DG connected networks, DG benefits can be maximized

maintaining as many DG connections as possiblenguaind
after a fault.
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