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Abstract— This paper describes protection and control of a
microgrid with converter interfaced micro sources. The proposed
protection and control scheme consider both grid connected and
autonomous operation of the microgrid. A protection scheme,
capable of detecting faults effectively in both grid connected and
islanded operations is proposed. The main challenge of the
protection, due to current limiting state of the converters is
overcome by using admittance relays. The relays operate
according to the inverse time characteristic based on measured
admittance of the line. The proposed scheme isolates the fault
from both sides, while downstream side of the microgrid operates
in islanding condition. Moreover faults can be detected in
autonomous operation. In grid connected mode distributed
generators (DG) supply the rated power while in absence of the
grid, DGs share the entire power requirement proportional to
rating based on output voltage angle droop control. The
protection scheme ensures minimum load shedding with isolating
the faulted network and DG control provides a smooth islanding
and resynchronization operation. The efficacy of coordinated
control and protection scheme has been validated through
simulation for various operating conditions.

Keywords- Admittance Relay, Microgrid, Islanding and
Resynchronization, Active and Reactive Power sharing.

L INTRODUCTION

The Interconnection of distributed generators (DGs) to the
utility grid through power electronic converters has raised
concern about system protection and smooth transfer between
the grid connected and standalone modes. Parallel converters
have been controlled to deliver desired real and reactive power
to the system. Local signals are used as feedback to control the
converters, since in a real system, the distance between the
DGs may make an inter-communication impractical. The real
and reactive power sharing can be achieved by controlling two
independent quantities — the frequency, and the fundamental
voltage magnitude [1-2]. As the converter can change the
output voltage instantaneously, the load sharing can be
achieved though output voltage magnitude and angle control
[3]. Moreover, smooth transfer between the grid connected
mode and the standalone or islanded mode is crucial in
microgrid operation [4]. Either in grid connected or
autonomous operation, the protection scheme has a great
impact on system operation by ensuring effective fault
isolation and minimum load shedding.
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Protection of the microgrid is essential in both grid
connected and islanded operations. Several protection issues
can be identified with the connection of DGs [5]. One of the
major issues is the protection in islanded operation with
converter interfaced DGs [6]. The converters limit the output
current during a fault. If overcurrent relays are employed to
protect the system, they may not respond or take a long time to
respond [7, 8]. Therefore protection of microgrid by existing
overcurrent devices is a challenging task due to the current
limit operation of the converter. Conventionally DGs are
disconnected from the network when there is a fault in the
system using an islanding detection method [9]. As per IEEE
Standard 1547, DGs have to be disconnected from the electric
power system for faults [10]. This may work effectively if the
penetration of DGs in the system is low. However, in case of
high DG penetration, the disconnection of DGs will drastically
decrease system reliability.

The contribution of the paper is in enabling power sharing in
a microgrid while ensuring high reliability with effective
protection scheme. The current limiting operation of the
voltage source converter (VSC) poses great challenge for the
protection system. A new inverse time relay characteristic is
proposed by using measured admittance of the protected line.
The relay has the capability of isolating the faulted segment in
both grid connected and islanded mode operations.
Performance of designed relay is evaluated in a microgrid
which has several converter connected DGs at different
locations.

II. PROPOSED RELAY CHARACTERISTIC

A new inverse time relay characteristic is proposed based
on admittance measurement of the protected line to avoid the
drawbacks of overcurrent and distance relays. A line segment
as shown in Fig. 1 is considered for this purpose. Let the relay
be located at node R and let K be an arbitrary point on the line.
The total admittance of the protected line segment is denoted
by Y, and measured admittance between the points R and K is
denoted by 7,. Then the normalized admittance (Y,) can be
defined as

Y, =abs Yo (1)
Y

This normalized admittance is used to obtain an inverse time

tripping characteristic for the relay. The general form for the

inverse time characteristic of the relay can be expressed as
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t,= A +k 2)
YP -1

where 4, p and k are constants, while the tripping time is
denoted by #,. These values of the constants are chosen to tune
a particular relay characteristic. For example, the relay
tripping characteristic for 4 = 0.0037, p = 0.1 and k£ = 0 is
shown in Fig. 2. The normalized admittance (i.e. ¥,) becomes
higher as the fault point moves towards the relay location. As
a result, the relay gives a lower tripping time for a fault near to
the relay. On the other hand, higher fault clearing time will
ensue when the fault is further away from the relay location.

le vt o
|l |

Fig. 1. Protected line segment
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Fig. 2. Proposed relay tripping characteristic

Relay reach setting can be implemented by choosing a
suitable value for the Y, This is totally dependent on the
protection requirements such as primary and backup
protections. For a particular relay, different values for Y, can
be assigned to generate a number of required zones of
protection as in distance relays. For example, reach of the
Zone-1 of each relay can be set as 120% of positive sequence
admittance of a line segment and for the Zone-2, it can be
selected as twice of the positive sequence admittance of a line
segment. The proposed new relay has the ability to isolate the
faults occurring at either side of a radial feeder. However for
the relay to operate for reverse faults there must be an infeed
from a DG that is located downstream from the relay. If the
distribution network consists of these relays located at equal
distances, the same forward and reverse reach can be used to
isolate forward and reverse faults.

In the case of distance relays, the relay will take the same
time period to issue the trip command, if the fault is within a
particular zone. Moreover the relay does not consider the
distance to the fault within the particular zone. On the other
hand these newly designed relay have the inverse time
characteristic in a particular zone. We do not need to keep a
safety margin in Zone-1 in this newly designed relay to
compensate errors as in the case of distance relay, since the
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new relay has an inverse time characteristic. Any upstream
relay always provides the back up protection for the
immediate downstream relay. These are the advantages of
proposed relay over the conventional distance relays. In the
case of overcurrent protection in a radial feeder, the relay near
to the source takes longer time to operate due to the time dial
setting. However in this case, the relay near to the source will
take the same time to operate as other relays do. The measured
admittance is the only parameter that will decide the relay
tripping time. This is an advantage of proposed inverse time
admittance relay over an overcurrent relay.

III.  CONVERTER STRUCTURE AND CONTROL

DG1 is assumed to be an ideal dc voltage source supplying
a voltage of V. to the VSC. The converter contains three H-
bridges. The outputs of each H-bridge are connected to single-
phase transformers and the three transformers are connected in
Y. The VSC is controlled under closed-loop feedback.
Consider the equivalent circuit of one phase of the converter
as shown in Fig. 3. In this, u-V,., represents the converter
output voltage, where u is the switching function that can take
on values * 1. The resistance Ry represents the switching and
transformer losses, while the inductance Lr represents the
leakage reactance of the transformers. The filter capacitor C;is
connected to the output of the transformers to bypass
switching harmonics, while L, represents the output inductance
of the DG source. The converter structures of all the single
phase DG sources are same.

Ly Rr

Vi
u V[Jc

i

Fig. 3. Single-phase equivalent circuit of VSC.

The main aim of the converter control is to generate u. A
state feedback controller used for the VSC needs three states,
converter output voltage (voltage across the capacitor v,),
output current and the filter current. Since magnitude and
angle reference of the output voltage, V and ¢ are obtained
from the droop equation, the reference for the capacitor
voltage and current are given by

Voior =V cos(@t + ) 3)
The reference for the current i, can be calculated as
. ch -V
Dyef = . (5)
of j Xf

The above equation will need a phase shifter for the
calculation of the instantaneous current reference. This may
not be desirable. Hence the measured values of the average

2
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real and reactive power output of the VSC can be used to find
the magnitude and phase angle of the reference rms current as

[p2, 2
% and £1,,,, =6 - tan~'(Q/ P)

of

[Farer

where V,,= V. Hence the current reference can be given as

cos(a)t +Z1 Z,Qf) (6)

i2ref = |12ref

The state feedback and the switching control laws are given as

(k)= K[ (k)= x(k)] ™)

Ifu, >hthenu =+1 ®)
elseif u, < —hthenu =-1
where 4 is a small number. In (7), K is the feedback gain
matrix and x" is the reference state vector. In this paper, this
gain matrix is designed using LQR method. How the
references are set for either of the controller will be discussed
in the next section.

Current Feedback for VSC connected DGs

As discussed previously when the load demand is much
more than the rated output power from the DG, it is switched
to a sinusoidal current limiting mode. In this mode, the droop
is bypassed and the current is limited by the maximum rating
of real and reactive power. Let the maximum available power
rating of the i DG be denoted by Pj and Qe Also note
from Fig. 3 that the output voltage is denoted by V.£J. Let the
output voltage of i™ DG is denoted by V;Zd and reference
phasor injected current passing through the inductor L, be
denoted by I5,Z B, Then the maximum complex power that
can be supplied by the DG is

Bimax + JOimax =Vi£6; ([2iref416ref)*

9
= VI'IZirefé(é‘i - :Bref)

where * denotes the conjugate operation. From the above
equation, the magnitude and the angle of the reference current
can be calculated as

2 2

I 2iref = Pimax” + Qimax / Vi
-1

:Bref =0; —tan (Ql max /Pz max)

The instantaneous quantities are then generated from these
phasor quantities. These are then tracked using the state
feedback mentioned before.

(10)

IV. LOAD SHARING WITH ANGLE DROOP

The angle droop control strategy is applied to all the DGs in
the system [3]. The output voltages of the converters are
controlled to share the load proportional to the rating of the
DGs.

978-1-4244-4331-4/09/$25.00 A®2009 IEEE

A. Angle Droop Control and Power Sharing

Let the instantaneous real power be denoted by p and the
reactive power be denoted by ¢g. These instantaneous powers
are passed through low pass filter to obtain the average real
and reactive power P and Q. The average powers can then be
written as

_ VxV,sin(6-35,)
Xy

P

11
V2—V><V,cos(§—§,) (n

Q:
Xy

It is to be noted that the VSC does not have any direct control
over the microgrid voltage at the bus V,2¢; (see Fig. 3). Hence
from (11), it is clear that if the angle difference (0 — J,) is
small, the real power can be controlled by controlling J, while
the reactive power can be controlled by controlling voltage
magnitude. Thus the power requirement can be distributed
among the DGs, similar to conventional droop by dropping the
voltage magnitude and angle as

0= 5mted —mX (Pmted - P)
V= Vrated —nX (Qrated - Q)

where Vs and J,4., are the rated voltage magnitude and
angle respectively of the DG, when it is supplying the load to
its rated power levels of P,,.q and Q,..q. The coefficients m
and n respectively indicate the voltage angle drop vis-a-vis the
real power output and the voltage magnitude drop vis-a-vis the
reactive power output. These values are chosen to meet the
voltage regulation requirement in the microgrid.

(12)

V. SIMULATION STUDIES

Simulation studies are carried out with a six bus microgrid
system as shown in Fig. 4. The micro-grid has three converter
interfaced DGs at BUS-2, BUS-4 and BUS-6. The loads are
represented by Load 1 and Load 2, which are connected at
BUS-3 and BUS-5 respectively. The measured admittance
based protective relays, R;, R, and R;, are located at BUS-1,
BUS-3 and BUS-5 respectively. Each of the DG is connected
to the microgrid through a circuit breaker which provides the
protection for the DG. The system parameters chosen for the
study are shown in Table-I. The simulation studies
demonstrate the protection of the microgrid in grid connected
as well in autonomous mode, ensuring proper load sharing
among the DGs.

A. Power sharing with angle droop control

Power sharing of the converters in grid connected and
islanded mode operation is shown in this section. It is assumed
that the system is grid connected and the DGs supply their
rated power. The rest of the power demand is supplied by the
grid. At 0.6 s the system goes to autonomous mode and the
DGs supply the total power demand in the microgrid. The
response is shown in Fig. 5. Real power supplied by the grid is
denoted by P, and real power output of each DG is shown by
Ppg1, Ppgy and Ppgs. In this mode of operation, the VSCs
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shared the real power according to the angle droop control
settings. At 0.8 s, microgrid is connected back to the grid and
the DGs continue to supply the rated power as before. The
smooth resynchronization can be achieved with proper control
of the VSCs [4]. The terminal voltage of DGl during the
islanding and resynchronization process is shown in Fig. 6. It
can be seen that the voltage of DG1 remains close to the rated
value irrespective of the mode of operation ensuring a reliable
system operation. The other DGs exhibit similar reliability in
their terminal voltage in different modes of operation.

0] @ © @ ® ®

[ 2o | Zo | & 22
Source I—;
3 CB P T cB P
Py " foad 1 0% P | oad 2
; Vi Viea
DG1 DG2 DG3

Fig. 4. Simulated microgrid system

TABLE-I: SYSTEM AND CONTROLLER PARAMETERS

System Quantities Values
Systems frequency 50 Hz
System voltage 11kV

Line impedance(Z,=Z,3)
Load ratings

0.3+;0.6283 Q

Load 1 448 kW to 7 kVAr
Load 2 448 kW to 7 kVAr
DG ratings (nominal)
DG1 300 kW
DG2 240 kW
DG3 240 kW
Output inductances
L/] 3mH
Ly 2.4 mH
L 24 mH
DGs and VSCs
DC voltages (Vg1 to Vies) 3.5kV

Transformer rating 3.5kV/11kV, 0.5 MVA, 0.1pu

VSC losses (R)) 3Q
Filter capacitance (Cy) 50 uF
Hysteresis constant (h) 10°
Angle Droop Controller
m 0.16 rad/ MW
my 0.2 rad/ MW
m; 0.2 rad/ MW

B. Current limiting operation of VSCs

To protect the converters during a fault, the output current of
each VSC is limited to twice of the rated current. The limiting
value of the current is 50 A for DG1 while DG2 and DG3 are
limited to 40 A. To illustrate the current limiting operation, a
three phase fault is created at BUS-3 in the microgrid at 0.4 s.
Fig. 7 shows the phase a currents of all three converters and it
can be seen that the current is limited within 1/2 a cycle after
the fault.

978-1-4244-4331-4/09/$25.00 A®2009 IEEE

Power sharing in grid connected and islanded mode
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Fig. 5. Power sharing in grid connected and autonomous modes
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Fig. 6. Terminal voltage of DG1 during grid connected and autonomous mode
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Fig. 7. Current limiting of DGs during a three phase fault

C. Fault detection in grid connected operation

In this section the fault detection of proposed protection
scheme in grid connected mode is investigated. Once the fault
is detected by a relay, the fault clearing is achieved by
corresponding circuit breaker operation. At the instant of
initiation the fault, all three DGs are switched into the current
control mode and their output currents are limited to twice of
the rated current. It is assumed that the converters can supply
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the high current at current limiting mode for a few cycles
during the fault. Once the relay operates and isolate the fault,
the DGs start operating in state feedback mode. This ensures
lesser DG loss and higher reliability of the microgrid.

To investigate the efficacy of the relay response and relay
co-ordination, a three phase fault is created between the BUS-2
and BUS-3 at 0.4 s, while the microgrid is running in steady
state in grid connected mode. The relay R, at BUS-1 responds
at 0.528 s to isolate the fault from grid side. After that DGI,
DG2 and DG3 feed the fault in islanded operation. The relay R,
responds to the fault at 0.552 s to isolate it from downstream
side. But DG1 still feeds the fault once after the isolation of
faulted segment by R; and R,. Therefore the circuit breaker
CBpg, operates to disconnect the DG1 from the system. Once
the fault is cleared, the microgrid which is now beyond the
BUS-2, operates in autonomous mode with DG2, DG3 and
Load 2. In autonomous mode the power sharing controller
ensures a rating based power sharing of the DGs. Power
sharing of each DG before the fault, during the fault and after
the fault is shown in Fig. 8. The rated power output before the
fault, limited power output during the fault and proportionally
shared output after the fault validate the current limiting and
power sharing operation of the converter interfaced DGs.

Power sharing in grid connected mode
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Fig. 8. Power sharing during and after a fault

D. Fault detection in islanded operation

The fault detection in islanded operation is verified in this
section with the relay response and power sharing during and
after the fault. It is assumed that the circuit breaker at R, is
open and the system is running in autonomous mode. With the
system running in steady state, a three phase fault is created
between the BUS-2 and BUS-3 at the time of 0.4 s. The relay
R, responds at 0.499 s to open the circuit breaker at BUS-3.
DG1 will be disconnected by the DG circuit breaker CBpg; and
Load 1 experience a power failure. DG2 and DG3 begin to
supply the power to Load 2. Power sharing of each of the DG
during and after the fault is shown in Fig. 9. Before the fault
DG1, DG2 and DG3 share the power as desired in 1.25:1:1
ratio. During the fault DGs limit the current in current control
mode. After the successful isolation of the fault, DG2 and DG3
share the load power in autonomous mode equally.
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Power sharing in autonomous mode
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Fig. 9. Power sharing in autonomous mode during a fault

To evaluate the performance of proposed control and
protection scheme in a more downstream side of the microgrid,
a fault between BUS-4 and BUS-5 is considered in the islanded
operation. A three phase fault is created at 0.4 s. The active
power of each DG, output current of phase a and relay response
are shown in Fig. 10. It can be seen from the 10(c), the relay R;
detects the fault at 0.499 s to isolate the fault from downstream
side of the microgrid. The active power and output current of
DG3 becomes zero after the R; response as can be seen from
Figs. 10(a) and 10(b) respectively. DG1 and DG2 continue to
feed the fault in current control mode until the R, responds at
0.622s to isolate the fault from upstream side as shown in
10(c). After the isolation of faulted segment in the microgrid,
DG1 supplies the power to Load 1 in autonomous mode.
Active power output of DG1 has been shown in 10(a).
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Fig. 10. Power sharing, DG currents and relay response for a fault

To verify the relay response and power sharing with the
motor loads, a 425 kW three phase induction motor is
connected as Load 2 at BUS-5. Similar to the previous case, a
three phase fault is generated at 0.4 s between BUS-2 and
BUS-3 while the system was running in an autonomous mode.
The relay R, responds at 0.492 s allowing DG1, DG2 and
induction motor to operate in islanded mode. Power sharing of
DGs during and after the fault is shown in Fig. 11(a), while real
power consumptions of Load 1 and the motor load are shown
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in Fig. 11(b). It can be seen that the protection system isolates
the faulted part of the network and the DGs share the real
power after the fault condition in the presence of a motor load
as desired.

(a) Real power output of DGs
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Fig. 11. Real power variation of DGs and loads during a fault

VI. CONCLUSION

The coordinated control and protection of a microgrid in
grid connected and autonomous mode is discussed in this
paper. The proposed protection scheme ensures maximum
reliability of the system, while the converter control enable the
DGs to share power as desired in grid connected or
autonomous operation. The main challenge of the protection,
due to current limiting state of the converters is overcome by
using admittance relays in the proposed scheme. A stable
operation in various operating condition shows the efficacy of
proposed control and protection scheme.
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