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Protection Method for Radial Distribution
Systems with DG Using Local Voltage
M easurements

Sadegh Jamali, and Hossein Borhani-Bahabadi

Abstract—This paper presents a voltage-based protection
method for distribution systemswith distributed generation (DG).
Considering the fact that any system fault is associated with a
voltage dip at the faulted line ends, a novel protection relay
characteristic is formulated from an extensive analysis of voltage
behavior during fault conditions. The proposed method is
independent of type, size and location of DG units, aswell asgrid-
connected or idanded (stand-alone) mode of operation of the
distribution system. Moreover, the method is communication-less
and uses only the local voltage magnitude to determine the relay
operating time, hence alow-cost protection method is provided. A
threshold voltage level is defined outside the nominal voltage
range. However, if under a fault condition the voltage dip is still
within the nominal range, a current starter is used to trigger the
relay. The effectiveness of the proposed method is verified by
several simulation tests carried out on LV and MV distribution
systems under different fault condition and DG size and location
for grid-connected and isanded modes of operation. The
simulation results show the protection method is selective with
appropriate speed, and the protection settings are independent of
the distribution system modes of operation.

Index Terms— distribution system, distributed generation,
communication-less protection, voltage-based relay.

I. INTRODUCTION

ROTECTION of distribution system (DS) with distributed

generation (DG) is a complex problem due to some issues
including DG interface technology, daily change of DG output,
and DS grid-connected or islanded (stand-alone) operational
mode.
Depending on the interface technology, DG units make
different fault current contribution. The fault contribution of the
synchronous-based DG (SBDG) can reach up to several times
of itsnominal current, whilst for the inverter-based DG (IBDG)
it is between 0.5-2 per-unit (p.u.) depending on the inverter
controller [1-3].

The second issue isthe daily change in the DG output, which
can lead to change in the magnitude and direction of fault
currents. For example, solar power plants are out of service at
nights or wind farms produce energy only when the wind blows.
Moreover, in longer term, the DG penetration level may vary
by adding new DG or by changing the size of existing DG.

The third issue arises following a fault or disturbance at the
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grid side, where the protection must isolate the DS to operatein
the islanded mode [4]. The fault current magnitude in the grid-
connected mode is much different from the islanded mode.

A brief review of protection methods for DS with DG is
presented here. In [5, 6] two methods are described for control
of fault current contribution of DG. In order to reduce the fault
current contribution from SBDG or grid, the use of fault current
limiter (FCL) is proposed in [7, 8]. The main issues for
employing FCL are itsimpedance and transient behavior [9].

A non-communication overcurrent (OC) protection method
based on the definite time relay is proposed in [10]. The method
may take along time for fault isolation in large DSs. An agent-
based method using the definite time OC relays and
communication between the relaysis proposed in [2]. In[11] a
communication-assisted protection method is proposed where
OC and undervoltage relays are used for fault detectionin grid-
connected and idanded modes of DS, respectively. The
methods of [12, 13] use a communication link between OC
relays and control center. After any change in the DS
configuration or in DG status, the relay settings are calculated
and loaded in the relays. In [14-16] the optimal relay settings
are achieved by solving the protection coordination problem.

A voltage-based protection method using communication
link between relays and voltage measurement devices at DG
terminals is proposed in [17]. A communication-assisted
protection method based on the voltage harmonic content of
IBDG output is proposed in [18]. Methodsin [17, 18] are used
for grid-connected operating mode of DS.

References [19-21] propose differential protection for DSs.
Due to the large number and short length of lines and the need
for communication, use of differential protection method is
difficult and costly [4].

Reference [22] proposes a distance protection (DP). The
main issues for the use of DP in DSswith DG include the short
length of lines and infeed current effect on the calculated
impedance due to change in DG size and location [23].

A non-standard relay characteristic is presented in [24] for
meshed DS. Three non-standard characteristics for fuse saving
strategy in DS with high DG penetration are presented in [9, 25,
26]. A non-communication protection method using a non-
standard relay characteristic for radial and meshed DS with
SBDG is presented in [4]. However, the effectiveness of the
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method inradial DS with IBDG is not addressed by the authors.

Most of the protection methods for DSs with DG which are
presented in the literature are communication-based or
communi cation-assi sted methods requiring fast processing unit
[5], hence they are more costly [27]. Moreover, these methods
are vulnerable to communication failures [19, 27] and,
therefore, the reliability of the communication link is an
important parameter for these protection methods.

In order to address the above-mentioned problems, a robust
protection system must be able to operate under different fault
condition and DS operation. The DS protection system must be
reliable with appropriate selectivity and stability features. This
paper presents a protection method for DSswith DG using local
voltage measurement. The proposed method is tested for the
both grid-connected and islanded modes of operation for LV
and MV distribution systems. The method can cope with
different fault condition, DS operating mode, and different DG
type, size and location.

The rest of this paper is organized as follows: The proposed
method is presented in Section Il. The test LV and MV
distribution systemsare described in Section 111. Theresultsand
discussion are presented in Section IV. Finally, in Section V the
conclusion is presented.

Il. PROPOSED METHOD

In this paper, a novel voltage-based protection method for
DSswith DG is presented. The method is communication-less,
effectivein the grid-connected and islanded modes of operation
of DS. Because the presence of DG will affect the direction of
the fault current, to have a proper operation of the protection
system, the relays must be equipped with adirectional element.
The proposed method provides main and backup protection
against different fault condition.

A. Relay characteristic

Independent of the DG type and fault condition, the closer a
bus to the fault has lower voltage magnitude and the voltage
magnitude raises by increasing the distance from the fault
location. Fig. 1 shows a simple distribution system, with 4
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Fig. 1. A simpleradial distribution sysiem.

buses. Suppose a fault occurs between buses B2 and B3, L23,
and the fault location is varied from 1% to 99% of the line
length from B2. The voltage magnitude of B3 and B4, V3 and
V4, respectively, with different fault resistances, R;, in the grid-
connected operating modeis shown in Fig. 2 in the presence of
IBDG and SBDG. As expected, independent of the fault
condition and DG type, a closer bus to the fault location has a
lower voltage magnitude. A similar behavior is expected in
isanded mode of operation of DS. In Fig. 2, for a better
visualization of voltage magnitudes and voltage differences, the
scale of voltage magnitude (y-axis) is different in each subplot.

After analyzing the simulation results, it can be seen in Fig.
2 that the fault voltage magnitude in B3 and B4 is varied
between less than 1% to more than 90% of nominal voltage,
depending on the fault impedance and distance to the fault. The
difference of fault voltage magnitude between the neighboring
buses of B3 and B4 is aso very low, in the range of less than
1%. Therefore, the proposed method must be able to operate
under different fault condition which cause different fault
voltage magnitude at relay locations. Also, the method must be
able to create an appropriate coordination time interval while
the difference of voltage magnitude between main and backup
relaysisvery low.

The main idea for the proposed method is based on the fact
that under any fault condition, a bus closer to the fault location
has a lower voltage magnitude irrespective of the DS operating
mode, as well as DG type, size and location.

Equations (1) and (2) gives the proposed voltage-based
characteristic:

) "
t=TDS ((1)?"_) * Logs (%) x (%) +D 2

where t is the relay operating time, Vsc is the fault voltage
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Fig. 2. The voltage magnitude of the simple distribution system buses with different R and DG types.
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Fig. 3. The voltage-based characteristic curve.

magnitude in per-unit based on the nominal voltage of the
system, m, A, p and D are the constant parameters; Loga(*) is
the binary logarithm, and TDSisthe time dia setting.

Fig. 3illustrates the proposed characteristic curve for arelay
with different values for m, TDS=1, A, p and D constants are
set to 1, 2, and O, respectively. The subplot in Fig. 3 shows
logarithmic curves to improve visualization of the relay
operating time for voltages lower than 0.1 per-unit.

The relay operating time with the proposed characteristic
depends on the fault voltage magnitude at the relay location.
Lower voltage magnitudes indicate a closer fault and hence the
relay operating time must be smaller. It can be seen in Fig. 3
that with increasing fault voltage magnitude the relay operating
timeincreases. Also, at very low fault voltages, because of steep
slope of the relay characteristic, there is a considerable time
difference between the fault voltages.

For a three-phase system, the tripping time is computed for
each phases and the lower time is determined as the overall
relay operating time to send to the related circuit breaker.

Two main settings for the proposed characteristic are m and
TDS. Effect of the setting m on the relay characteristic and the
tripping timeisshownin Fig. 3, where the lower m setting leads
to an increase in the slop of the characteristic.

TDS and m can be evaluated by using optimization methods
[15, 16], in order to have same settings for both modes of DS
operation. The next subsection provides a simple method for
determination of these settings.

B. Determination of the relay setting

The proposed relay parametersinclude TDS, m and constant
parameters. In this paper, A and p constants are set to 1 and 2,
respectively. The value of p is considered 2 in accordance with
the IEC extremely inverse characteristic, since the general
standard form has been used. According to the presented
characteristic, the value of A is multiplied by TDS. Therefore,
its setting has a direct impact on the value of TDS. For
simplicity, its value is considered one. D value is normally set
to anon-zero value, e.g. between 0.03 and 0.08 seconds, which
reflects, at least, the operation time of the circuit-breakers. It

should, however, be noted that the constant parameters can be
obtained using an optimization method such as the methods
givenin[15, 16].

In order to determine the TDS and mvalue for all the relays,
at first, themvalueis set to asingle value between 0.1 and 3 for
al the relays in the idanded mode. Then the TDS value is
calculated by the following method. For the forward relays in
grid-connected mode, the mvalue is set to a value between the
value set in the idanded mode and 3, whilst the TDS values for
grid-connected mode is fixed to the same value of the islanded
mode. The reverse relays have the same settings in the both
modes, i.e. the same as the islanded mode settings. The mvalue
for forward relaysin the grid-connected mode should satisfy the
CTI requirement whilst the TDS of the relays remain
unchanged. Because different mvalueisused for forward relays
in grid-connected and islanded mode of operation, therelaysare
required to be equipped with islanding detection element.

In order to explain the TDS determination process, consider
theradial systemin Fig. 1. For afault at B4, Relays R5, R3 and
R1 are primary, backupl and backup2, respectively. These
relays are named as forward relays. For a fault at B1, Relays
R2, R4 and R6 are primary, backupl and backup?2, respectively.
These relays are named as reverse relays.

The coordination process is the same as overcurrent relays;
with the difference that overcurrent relay TDSs are set for the
network operating condition producing maximum fault currents
[28], whereas in this paper the worst case is for network
operating condition producing the maximum voltage drop
following a fault condition. In order to have the maximum
voltage drop, the DS should be in the idanded mode with
inverter-based DG during a bolted fault.

For determining the TDS of forward relaysthe grid sourceis
replaced with an IBDG in the islanded mode. For determining
the TDS of reverse relays the IBDG is placed at the end of the
feeder with the grid sourceis disconnected. The IBDG capacity
is chosen to supply all the DS loads. A three-phase bolted fault
isapplied at the end of the feeder, B4, and the R5 operating time
iscalculated using the proposed characteristic. TDS of R5is set
to gain an acceptable minimum time. TDS of R4 is set in
coordination with R5 with an appropriate coordination time
interval (CTI). Similarly, the TDS of R1 is calculated. Using
the same process, the TDS of reverse relaysis determined.

C. The philosophy of using voltage

In the event of ashort circuitinaDS, the short circuit current
is supplied by sources, including the grid and DG. Depending
on the respective location of the sources to the fault point, as
well as the type of DG, the fault magnitude in each of the feed
paths from the source can be very diverse. For example,
currents up to several kA may flow from the grid path to the
fault location, whereas the fault current of up to a few tens of
amperes flow to the fault location from low-power SBDG or
IBDG. The result of such an extreme difference in fault
currents, which can also be caused by the change in the fault
location, leads to the failure of maintaining the coordination of
overcurrent relays. Therefore, in order to overcomethe problem
of large changes in fault current flow and lack of relay
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Fig. 4. IEC characteristic curve with (1/Vsc) instead of |Isc.
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Fig. 5. Fuse characteristic curve with (1/Vsc) instead of Isc.

coordination, many methods have suggested the use of
communication links.

On the other hand, afault in a DS results in voltage drop in
the system. By approaching the fault location, the voltage drop
gets higher. In contrast to big changes in fault currents with
respect to the fault location, the voltage magnitude can only
change between 0 to 1 per-unit. Therefore, if a voltage-based
characteristic can be found that can respond to small changesin
the voltage magnitude during afault, then it can be used for the
relays coordination. The proposed characteristic in this paper
has such a feature. The appearance of the proposed
characteristic is in the form of a product of the standard IEC

logarithmic overcurrent characteristic commonly used for
fuses. The difference is that instead of using the current, the
inverse per-unit voltage is used.

The IEC characteristic curve with (1/Vsc) instead of Isc is
shown in Fig. 4. It is observed that the slope of the curve is
positive but very low at low voltages. On the other hand, the
characteristic of the fuse, with (1/Vsc) instead of Isc which is
shown in Fig. 5, has avery high negative slope at low voltages.
By multiplying these two curves together, a characteristic is
obtained (Fig. 3) which has a sharp slope at very low voltages
that can produce a discrimination time difference between the
buses with low voltages. The relay settings for coordination is
done under solid faults, therefore, the CTI can be achieved by
setting the appropriate TDS. On the other hand, for low
impedance faults, which result in the increase of the fault
voltage magnitude, due to the increase of the relay operation
time, relay coordination can be achieved by the selected TDS.

Thus, according to Fig. 3, the proposed characteristic has the
feature for establishing the coordination between the system
relays.

I11. TEST SYSTEMS

This section describes the LV and MV distribution test
systems which are practical Iranian DSs used to validate the
proposed voltage-based protection method.

The LV-DS has a nominal voltage of 0.4 kV with 6 buses,
five DG and 10 directional relays as shown in Fig. 6. Type of
line conductor is auminum, 150 mm? with 0.207+j0.072
ohm/km impedance. The line lengths of L12, L23, L34, L45
and L56 are 90, 18, 17, 22 and 14 meters, respectively. A 10
kV A load with 0.85 lagging power factor is connected to each
busbar, except B1. The LV-DSissupplied by an 11/0.4 kV, 630
kVA Dyn transformer with 4% transient reactance. The fault
level at 11 kV busbar is 5.52 KA.

The second test DSisthe 20 kV system shownin Fig. 5. The
grid supply of the DS is from two 63/20 kV, YnD1, 30MVA
transformers connected at BOO. The fault current level at 63 kV
busbar is 3.65 kA. The MV-DSis equipped with 13 directional
proposed relays (R1 to R13). The detailed information of the
MV-DSisgivenin[9]. InFig. 7, points F1 to F8 represent fault
locations. The candidate buses for the DG connection to the DS

TABLEI
DIFFERENT SCENARIOS FOR THE LV DISTRIBUTION SYSTEM FOR THE GRID-CONNECTED AND ISLANDED M ODES
Scenario DG status E\a/c Ah DG size Each DG type Scenario DG status Each DG size, kVA  Each DG type
1 0,0,0,0,1 - - 7 0,1,0,1,0 0,40,0,40,0 x, 1B, x, 3B, x
2 at BO1 70 B 8 1,0,1,01 30,0, 30,0, 30 SB, %, IB, %, 1B
3 0,0,0,0,1 70 B 9 1,131,111 15 B
4 1,001,1 25 B 10 1,1,1,1,1 15 SB
5 1,0,0,1,1 25 SB 11 1,1,1,1,1 15 IB, SB, IB, SB, IB
6 0,1,1,1,0 0, 30,30, 30,0 x, IB, SB, SB, x 12 1,1,1,1,1 15 SB, 1B, SB, IB, SB

* only for the grid-

&

onnected mode of operation
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Fig. 7. TheMV test distribution system with candidate buses for DG connection.

are B15, B26, B42, B66 and B84.

DG are directly connected to the LV-DS and in the MV-DS
they are connected by 0.4/20 kV step-up transformer with 3%
transient reactance.

The operating condition of the two DSsisdifferent. The LV-
DS has short line lengths and relays are installed at each line
end, whereas in the MV-DS the relays are installed for
protection of each zone consisting of several lines. Only one
relay is used for the outer zone of the MV-DS. These test
systems represent two extreme cases where DG in the LV-DS
are close to each other and in the MV-DS are quite far from
each other. Therefore, various scenariosin simulation study are
carried out to evaluate the proposed method.

IV. SIMULATION RESULTS AND DISCUSSION

A set of bolted three-phase faults (LLL) and single and
double phase to earth faults (LLG and LG) are applied at the
midpoint of each linein the LV-DS and at selected points, F1-
F8, inthe MV-DS.

In the simulation study, the fault current contribution of the
IBDG isequa to itsnominal current.

Various simulation scenarios are carried out on the LV- and
MV-DS for both DS operating modes, different DG size and
location under different fault condition. The appropriate CTl is
taken as 0.2 seconds.

It is assumed that the islanded mode is occurred by opening
the associated circuit breakers of R10 in the LV-DS and R1 in
the MV-DS. Therefore, in the isanded mode, the relay at the
head of feeder will not be a primary or backup protection.

A. Coordination results for the LV distribution system

The twelve scenarios of Table | are considered for the LV-
DS by changing in- and out-of-service status of the DG in grid-

connected and islanded modes of operation. In all the scenarios,
the DG can supply loads in the isanded mode. In the second
column in Table |, DG status ‘0" means DG is out-of-service
and ‘1’ means DG isin-service. The sequence of status, sizeand
type of DG in columns 2 to 4 are according to the DG number
inFig. 4.

The TDS value of the relays is obtained using the method
described in subsection 11-B based on the second and the third
scenariosin theidanded mode. The mvalueisset at 2, 1.5, 1.3,
1.3 and 0.5 for theforward relays R10, R12, R14, R16 and R18,
respectively, in the grid-connected mode, and is set at 0.5 for
all therelaysin the islanded mode aswell as the grid-connected
mode for the reverse relays. The faults are applied to different
lines and TDS values are set to achieve the proper CTI. Table
Il showsthe TDSvalue of therelaysfor the both grid-connected
and islanded modes of operation. The A, p and D values are set
at 1, 2 and 0.03, respectively, for al relays.

For brevity, Table 111 showsthe simulation resultsfor the 12
scenario of Table|. Theresultsin Table Il arefor LLL, LLG
and LG faults occurring at the mid-point of the selected lines.

The results show the relay settings are achieved by the
proposed method ensuring proper coordination with the CTls
equal or greater than 0.2 s for different fault types in the both
modes of operation. In Table Ill, CTlgc and CTl,. represents
CTI value in the grid-connected and islanded mode of
operation, respectively.

Sum of the operating time of the main relaysin the LV-DS

TABLE I
TDSVALUE OF THE RELAYSOF THE LV DISTRIBUTION SYSTEM

Rday TDS Rday TDS Rday T1DS Reday 1DS
RI0 1410 RI13 0722 RI16 1161 RI9 2423
RI11 0001 R14 1730 R17 1846
R12 2722 RI15 1420 R18 0001
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TABLE 11
PRIMARY AND BACKUP RELAY OPERATING TIMES OF SCENARIO 12 OF THE LV DISTRIBUTION SYSTEM
Primary relays backup relays
|0F§1il<t)n lt:au(l: Rel Grid-connected Islanded Rel Grid-connected Islanded C-(Q)GC C(S'L
yP Y vs(pu) t(9 Vspu) t(9 | OV Vss(pu) (9 Vsc(pu) t(9
LLL Ri2 0071 0156 0002 0453 | RIO 0767 0359 - - [ 0204 -
R13 0004 0172 0004 0171 | RI5 0010 0417 0010 0417 | 0246 0.246
Bo2B03 LLGg R2 0072 0158 0006 0667 | RO 0782 0362 - - | 0204 -
R13 0004 0175 0004 0171 | R15 0011 0428 0010 0415 | 0253 0.244
lg R12 0072 015 0004 0584 | RO 0780 0362 - - | 0203 -
RI3 0004 0179 0004 0169 | RI5 0012 0440 0010 0413 | 0261 0.244
LLL R4 0060 0145 0002 0307 | RI2 018 038 0006 0653 | 0241 0347
RI5 0003 0295 0003 0295| RI7 0008 049 0008 049 | 0200 0201
BO3Bo4 LLG R4 0060 0146 0006 0430 | RI2 0188 0391 0019 0023 | 0244 0493
RI5 0004 0304 0003 0293| RI7 0008 0505 0008 0494 | 0200 0.201
L R4 0061 0147 0004 0378 | RI2 018 0392 0012 0817 | 0245 0439
RI5 0004 0315 0003 0203| RI7 0009 0519 0007 049 | 0205 0203
LLL RIB 0040 0030 0003 0030 | RI6 0167 0230 0012 0364 | 0200 0.334
RI9 0001 0349 0001 0349 | - - - - - - -
RI8 0041 0030 0006 0030 | RI7 0168 0230 0025 0442 | 0200 0.412
BOSBO6 LLG  pRi9 0001 0366 0001 0346 | - - - i i - -
L RI8 004 0030 0005 0030 | RI8 0169 0231 0019 0412 | 0201 0381
RI9 0002 0382 0001 0352 ] - - - - - - -
under 12" scenario and different fault types is equal to 5.906 DSV . TAB'-E\’\/AV 5 o
and 7.360 seconds in grid connected and islanded modes, ALUE OF RELAYS FOR THE ISTRIBUTION SvSTEV
) . Rday TDS Reay TDS Relay TDS Relay 1TDS
respectively. The same time for backup relays are 9.843 and RL 1504 R5 0421 RO 0792 RI3 0001
10.980 seconds, respectively. R2 0001 R6 1259 RI10 0904
Similar results can be obtained for other scenarios. R3 1298 R7 0001 RI1 0449
R4 0452 R8 0001 RI2 152

B. Protection coordination for the MV distribution system

In order to validate the protection method in the MV-DS,
several scenarios using different fault type and various DG
type, size and location are carried out in the grid-connected and
islanded modes of operation as shownin TablelV.

The TDS value of relays for the second, fourth and sixth
scenarios are determined by using the method explained in
subsection I1-B. The mvalueis set at 1, for relays R1, R3 and
set at 0.8 for other forward relays R5, R7, R8, R9, R11 and R13,
respectively, in the grid-connected mode and is set at 0.5 for all
therelays in the idanded mode as well as for the reverse relays
in the grid-connected mode. Table V givesthe TDS value of the
relays for the MV-DSin both operating modes. The A, p and D
valuesare set at 1, 2 and 0.03, respectively, for all relays.

For brevity, Table VI only shows the simulation results for
the 18" scenario at the selected fault points. Table VII shows
the results for the similar scenario whilst the fault resistance, R,
is equal to 40-ohm. The results show the 0.2 seconds CTI
congtraint is satisfied for al the fault points under different fault
types.

As can be seen from the results, the proposed method can

achieve proper protection coordination in both modes of
operation under different fault types and resistance. The relay
settings given in Table V are the same for grid-connected and
islanded modes of operation under different fault conditions.
The relay operating time at various fault conditions is low for
primary relays. The CTI is also satisfied for various fault
condition and fault location in the both modes of operation.
Therefore, the method has proper speed and selectivity.

For high fault impedance of 40-ohm at F6, the minimum CTI
between therelays R9 and R3 isnot respected. Asshownin Fig.
3, at high fault voltages, the changesin the relay operating time
are very low in response to small variations of the voltage.
Therefore, in this case, because the fault voltage is very close
to 1 per-unit, the minimum CTI is not satisfied. It is worth
mentioning that relay settings are also important in this
situation. As can be seen, there is appropriate coordination
between other fault locations and conditions.

Under bolted fault the sum of the operating time of the main
relays in the MV-DS under 18" scenario and different fault
types is equal to 11.177 and 8.838 seconds in grid connected

TABLE IV
DIFFERENT SCENARIOS FOR THE MV DISTRIBUTION SYSTEM FOR BOTH OPERATING MODES

Scenario DG connection buses DG size MW DG type Scenario DG connection buges DGsizee MW  DGtype
T - - 10 B15,B42 3,3 1B, SB
2 B0O 6 1B 11 B26,B66 3,3 SB, IB
3 B26 6 SB 12 B26,B84 3,3 SB, IB
4 B42 6 1B 13 B42,B84 4,2 SB, SB
5 B66 6 SB 14 B26,B42, B66 1,23 SB, SB, IB
6 B84 6 1B 15 B26, B42, B66, B84 2,1,2,2 SB, IB, SB, IB
7 B15, B26, B42 2,2,2 IB, SB, IB 16 B15, B26, B42,B66,B84 1,2,1,1,1 SB, SB, SB, SB, SB
8 B15, B42, B66 2,2,2 SB, IB, SB 17 B15, B26, B42,B66,B84 1,2,1,1,1 IB, IB, IB, 1B, IB
9 B26, B66, B84 2,2,2 IB, SB, SB 18 B15, B26,B42,B66,B84 1,2,1,1,1 IB, SB, IB, SB, IB

* only for the grid-connected mode of operation
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TABLEVI
PRIMARY AND BACKUP RELAY OPERATING TIMES OF SCENARIO 18 OF THE MV DISTRIBUTION SYSTEM UNDER BOLTED FAULT CONDITION
and Primary relays backup relays P P
Grid-connected Islanded Grid-connected Islanded ee It

Fault location  Fault type

Relay Vsc Vsc Relay Vsc Vsc
t(s t(s t(s t(s S S
(b.u) ©® (b.u) ©® (o) ©® (b.u) ©® ©® ©®
R3 0259 0425 0.003 0257 R1 0547 0.755 - - 0.330 -
LLL R6 0.037 0530 0.037 0528 | 0330 0.329

R4 0030 0200 0029 019 | p1y 0056 0429 0054 0426 | 0229 0227

R3 0202 0524 005 0610 R1 0543 0754 - - oz -
2 LLG R6 0276 0787 0138 0705 | 0510 0458

R4 0154 0277 0081 0247 | p1y 0286 0576 0152 0523 | 0299 0276

R3 0301 0531 0033 0520 | RL 053 0750 - - o219 -
LG R6 0259 0780 0089 0648 | 0505 0418

R4 0145 0275 0057 0230 | p1y 9266 0570 0102 0486 | 0295 0.256

L R7 0074 0030 0028 0030 | R5 0462 0255 0166 0264 | 0225 0234

F4 LLG R7 0124 0030 0072 0030 | R5 0584 0266 0312 0288 | 0236 0258
LG R7 012 0030 0053 0030 | R5 0582 0266 0243 0279 | 0236 0249

R3 0420 0516 0030 0515 0209 0200

LLL RO~ 0131 0307 0026 0315| po 5933 0705 0033 0515 | 0398 0200

RIO 0013 0295 0012 0293 | R12 0015 0497 0014 0493 | 0202 0200
R3 0485 0633 0111 0697 | 0274 0294

F6 L, RO 0202 0359 0074 0403 | g 08 0795 0123 0690 | 0436 0287
RIO 0125 0506 0062 0438 | R12 0239 0929 0114 0819 | 0423 0381

Ro 0200 0357 00s2 o0arp| R3 0483 0632 0071 0636 | 0275 0264

LG R6 0.282 0.789 0.079 0.632 | 0.432 0.260

R10 0103 0488 0037 038 | R12 0196 0901 0.062 0.719 | 0413 0.330

LLL R13 0136 0030 0050 003 | R11 0267 0236 0.09 0.255 | 0206 0.225

F8 LLG R13 0291 0030 0162 0031 | R11 0415 0264 0220 0.291 | 0234 0.260
LG R13 028 0030 0113 0031 | R11 0410 0263 0165 0.279 | 0.233 0.248

isanded modes, respectively, and the same time for backup
relaysare 20.184 and 17.012 seconds, respectively. Also, when ¢ Rq ay starter element
R: = 40-ohm, the sum of the operating time of main relays is
16.582 and 15.289 seconds in grid connected and islanded
modes, respectively, whereas the same times for backup relays
are 23.135 and 22.769 seconds, respectively.

Similar results can be obtained for other scenarios.

It canbe seenin Table VIl that the voltage magnitude at relay
location is very close to the voltage magnitude under normal
operating condition. Therefore, a relay starter element is
required to activate the proposed relay when the voltage
magnitude is within the nominal voltage range (0.9 -1.1 p.u.).

In the simulation results, if the fault voltage at a relay

TABLE VII
PRIMARY AND BACKUP RELAY OPERATING TIMES OF SCENARIO 18 OF THE MV DISTRIBUTION SYSTEM WITH RF = 40-OHM

Primary relays backup relays CTI cTI

: H GC ILO
Fault location  Fault type Grid-connected Islanded Grid-connected Islanded
Relay Vsc £t Vsc £t Relay Vsc 10 Vsc £t © ©
(p-u.) (p.u.) (p.u.) (p.u.)
R3 0.993 0617 0919 0.895 R1 0.995 0.832 - - 0.215 -

LLL R6 1.000 0869 0.930 0.869 | 0.538 0.538

R4 09% 0331 0926 0331 R10 1002 0.633 0926 0632 | 0.302 0.301

R3 1001 0617 1030 0895 | RL 0998 0832 - - |ozs -
F2 LLG R6 1023 0869 1046 0869 | 0538 0538
R4 101 0331 1035 0331 pi9 1023 0632 1038 0632 | 0301 0301

R3 0998 0617 0962 0895 | RL 0997 0832 - - |ozs -
LG R6 1000 0869 0971 0869 | 0538 0538

R4 1004 0331 0967 0331 19 1010 0632 0967 0632 | 0301 0301

[LL R/ 0957 003 0892 003 | R5 099 0280 0922 0311 | 0249 0.280

F4 LLG ~ R7 0982 0031 1001 0031 | R5 1014 0280 1032 0311 | 0249 0280
LG R7 0976 0031 0939 0031 | R5 1001 0280 0963 0311 | 0249 0280

R3 0994 0617 0928 0895 | 0118 0337

e RO 0992 049 0928 038 | g 0995 0860 0933 0869 | 0.370 0311

RIO 0989 0632 0920 0632 | RI2 0990 1047 0915 1047 | 0415 0415
RS 1000 0617 1042 0895 | 0118 0337

F6 lLg 19 101 0499 1038 0588 | pg 1022 0869 1048 0869 | 0370 0311
RIO 1010 0632 1029 0632 | R12 1016 1047 1030 1047 | 0415 0415

RS 1000 0617 0970 0895 | 0118 0337

LG RO 1001 0499 0969 0588 | pg 1006 0869 0973 0869 | 0370 0311

RIO 1000 0633 0962 0632 | RI2 1003 1047 0958 1047 | 0414 0415

[LL  RI3 0970 003 0893 0031 | RIL 0980 0206 0909 0329 | 0.265 0.298

F8 LLG  RI3 0994 0031 0999 0031 | RI1 1006 029 1017 0330 | 0265 0299
LG RI3 0985 0031 0936 0031 | RI1 0994 029 0950 0330 | 0265 0299
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Measure Va, Vb,
Vc (Vabe) and la,
Ib, Ic (labc) at
relay location
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No Calculate the
relay operating
Yes> timeusing the End
No voltage-based
No characteristic

HIF
Y

Fig. 8. Thereday starter flowchart

location is less than a voltage threshold (Vth) value, 0.85 p.u.,
the fault can be detected by the undervoltage element. In the
MV-DS case study, the fault current for Ry = 20-ohm is within
the range of 1.5-2.5 times greater than the maximum normal
load current, whilst the fault current during Rs = 40-ohm isvery
close to or less than the normal load current. Hence when the
fault current is more than 1.2 times of the maximum normal
load current, the fault can be detected by an overcurrent
element. The 40-ohm fault resistance can be categorized as a
high impedance fault (HIF), which can be detected by a HIF
detector such as the method proposed in [29]. The flowchart of
the starter element procedureis shownin Fig. 8.

D. Dynamic analysis

In this subsection, performance of proposed protection
method is analyzed with the oscillography showing the voltage
behavior at abusin which the relay is connected.

In the grid-connected mode of operation of MV-DS, suppose
abolted LLL fault is occurring at F6. Relays R9 and R10 are
primary relays. R3 and R6 are the backup relaysfor R9 and R12
is the backup relay for R10. Figure 9 shows the voltage
oscillography of pre-fault voltage, fault voltage and post fault
voltage at B26 and B66 as R9 and R10 location, respectively.
Fault initiation and isolation times are also shown in Figs. 9 and
10. too. For the fault isolation, the responsible relay operates
and isolates the fault. The fault clearing times are the same as
the related results of Table V1.

In order to evaluate the backup relay operation time, R9 and
R10 are disabled in the simulation study. Figure 10 shows the
voltage oscillography at B15, B42 and B84 as the location of
R3, R6 and R12, respectively.

By comparing the fault isolation timesin Figs. 9 and 10, CTI
can be evaluated.

E. Comparative analysis

A comparison of the protection methods mentioned in
Section |, in terms of advantages and disadvantages including
cost is presented in Table VII1I. For the proposed voltage-based
method, one voltage transformer (VT) connected at a bus can
supply all the relays connected to that bus. For example, in Fig.
5the VT at B42 can supply all the three relays R4, R5 and R9.

sl ImIIN o Iy
possatriniuini AAAAAAAA T
-0.9000U U U U U 'ffgg;sso'a‘e" by R9 v’ U U U U
'1'500(.)202 Bze:obﬁgvonage%ﬁ?gu. 0.5500 0.6000 [g] 0.70
ool 1 - |-/ 0%05 T
possTATATATIY T
-0.9000U U U U \vl W/—M—U—M—U—U—
'1'5%9(2)000 0.3000 0.4000 = 3.5600 0.6000 [g] 0.70

—— B66: Phase Voltage A in p.u.

Fig. 9. Voltage oscillography at B26 and B66 during an LLL fault at F6.

gzgggg’nﬁmﬁfw AR A A AN
-0.3000H HUNVIVRAVIVIVV VYV VIV VVVRL
~0.9000H- VLY ‘ {[Fault Isolated by R3
! 0.816is |
-1.5000
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Fig. 10. Voltage oscillography at B15, B42 and B84 during an LLL fault

a F6.
Furthermore, as explained for the relay starter element, each
relay needs current transformer (CT). The cost view advantage
of the proposed method is its communication-less feature.

V. CONCLUSION

This paper proposes a new voltage-based relay characteristic
that can be used in DSs with DG. The proposed relay has two
main settings: mand TDS. The TDS setting for al the relaysin
a DS are the same in both grid-connected and islanded modes
of operation. The m value is the same for all the relays in the
islanded mode, whereas for the grid-connected mode only the
m value of the forward relays is changed to satisfy the CTI
constraint. The method is validated by simulation study on LV
and MV distribution system under different DG size and
location, fault condition and DS mode of operation. The results
show that the method is selective with appropriate speed under
different fault scenarios. The highlights of the proposed method
are asfollows:

1) A communication-less method;

2) Uses only the local voltage magnitude measurement for
determining the relay operating time;

3) Correct operation under all fault conditions in both grid-
connected and islanded operating modes;

4) Use of the same settings for both modes of operation;

5) Independence of the DG type, size and location;

6) Use of asimple and low calculation algorithm.
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TABLEVIII
COMPARISON OF THE DISTRIBUTION SYSTEM PROTECTION METHODS
Protection method Ref. Advantages Disadvantages Cost
Limiting the fault . . .
I Unchanged in DS fault level, no need to Not applicable for small IBDG and islanded mode .
current contribution [5-8] change protection settings and transient behaviour of DG must be checked. High
from DG or grid 9ep 9 '
_— N . } Requires fast and reliable communication. In case of
gsr;g:ll:?;z:tlon—based [11-13] Eﬁ; fgﬂ;%?;g%%ﬁé?ﬁggeagang commu_nication failure, needs an alternative High
' protection system.
Requires fast and reliable communication. In case of
) } communication failure, need an aternative protection ~ Relatively
Voltage-based [17,18] Suitable for detection of faulted zone. system. Not used for the islanded mode. I absent of high
DG cannot operate. Dependence to DG type.
L Requires fast and reliable communication. In case of
Differential [19-21] East fault clearing time, Independent of communication failure, need an aternative protection ~ High
mode of operation h
system. A large number of relaysis needed.
Reliable method asit is communication-
Proposed voltage-based less, selective and fast, same setting for Requires protective VT, in addition to CT for the Relatively
method both operating modes, independent of relays low
DG type and fault condition
[16] A. Tjahjono, D.O. Anggriawan, A.K. Faizin, et al., “Adaptive modified
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