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Abstract— The major advantage of a micro-grid is its ability to
run in both grid connected and islanded mode of operation
providing higher flexibility and reliability. With increasing
popularity of micro-grids and their existence becoming more
and more prominent in existing power systems, more stringent
adherence to frequency and voltage standards are being
requested by Distribution Network Operators (DNO’s) in order
to maintain proper functionality of the grid. In case of any
violations to the aforementioned standards, the distributed
generation will have to be disconnected to ensure system
security. Fault triggered islanding causes large excursions in
system voltage and frequency which may lead to disconnection
of DG’s thereby threatening the grid integrity and strength. In
this paper a review of IEEE standards and North American
Electric Reliability Corporation suggested standards is
presented. The use of dynamic voltage restorer as series
compensation to ensure successful islanding without violating
the standards is proposed. A comprehensive analysis is
conducted by time domain simulations using Matlab/Simulink
software.
Index Terms-- Dynamic voltage restorer, grid codes, hybrid
micro-grid, inverter based distributed generation, synchronous
diesel generator.

I.

INTRODUCTION

Integration of renewable energy into existing power
systems is a modern day challenge. Hybrid micro-grids
consisting of synchronous diesel generator and inverter based
distributed generations are potential solution to the challenge
[1]. Hybrid micro-grid may comprise of renewable and
conventional energy resources to meet the desired load
demand and to ensure system stability at different operating
conditions.
A micro-grid may be islanded for autonomous operation
either due to preplanned switching or any disturbance such as
grid fault. Various islanding scenarios and its subsequent
autonomous operation for a micro-grid comprising of an
inverter based DG and a conventional diesel generator have
been investigated in [2]. The paper shows that the micro-grid
can maintain angle stability and resume normal operation after
being subjected to severe islanding transients as in case of
fault triggered islanding. Autonomous operation of a micro-

grid with two inverter based DG and one conventional
synchronous machine with various power management
strategies (PMS) has been investigated in [3]. It has been
show that inverter based DG control and adopted PMS have
significant impact on micro-grid dynamic behavior when
islanded from the grid. In [4-6], small signal dynamic model
of a micro-grid with inverter based DG and synchronous
generator has been developed. In [4], it has been shown that
the fast action of inverter based DG’s can be exploited to
maintain angle/voltage stability, to meet changes in power
demand and improve voltage quality after, during and prior
to islanding. In [7], the stability margins in terms of critical
clearing times for preplanned islanding and fault triggered
islanding have been determined. The stability margin for fault
triggered islanding is much less compared to preplanned
islanding.
In [2-7], the transition from grid connected mode to
islanded mode has been discussed. The voltage and frequency
variations with respect to protection relay coordination and
unwanted equipment tripping have not been discussed. The
main objective of this is to highlight the voltage and frequency
excursions during the process of fault triggered islanding,
which may in certain cases lead to DG disconnection for not
being within the standards. Fault triggered islanding for all
types of fault have been considered. A solution to successful
islanding with the help of series compensating dynamic
voltage restorer (DVR) is proposed.
The paper is organized as follows. The test system is
described in section II. Section III presents the grid
interconnection standards. Hybrid micro-grid response to
faults provided in section IV. The use of DVR for successful
islanding proposed in section V. Finally, in section VI,
simulation results are discussed and conclusion is drawn.
II.

TEST SYSTEM DESCRIPTION

Fig. 1 shows a layout of the test system used to investigate
the dynamic response of a hybrid micro-grid. A section of
Canadian benchmark distribution system with one feeder
rated at 8MVA represents the utility grid [8]. A hybrid microgrid is connected to the utility grid at bus 5. The hybrid
micro-grid system includes a conventional synchronous

diesel generator and an inverter based DG, both rated at
0.75MVA. Linear R-L-C load (0.7 MVA) and two identical
induction motors (2X150 kVA) constitute to the micro-grid
loads. No-load excitation of the induction motors is provided
by the shunt capacitor banks connected at the point of
common coupling (PCC). One of the important constraints of
a micro-grid, which has been fulfilled, is to have adequate
capacity to supply its local load demand.

management strategy can be used for both grid connected and
islanded mode of operation.

Fig. 2. Inverter control block diagram

III.

Fig. 1. Single line diagram of system under study

The synchronous diesel generator in this paper is modeled
with excitation system and governor turbine. An IEEE type I
standard excitation model as in [9], has been used. The
excitation model parameters have been chosen in accordance
with Westinghouse brushless excitation system design in
[10]. The governor model used is derived based on model in
[11]. Inverter based DG is connected to constant DC voltage
source as it is assumed to be dispatchable. The power circuit
consists of six pulse width modulation driven insulated-gate
bipolar transistor (IGBT) switches followed by filter on AC
side.
Inverter based DG’s have fast transient response. Various
control schemes for inverter based DG’s have been discussed
in [12]. Real and reactive power (P&Q) control scheme
described in [7], has been used in this paper. The control
block diagram is shown in Fig. 2. Real and reactive power
output is measured and compared with the reference real and
reactive powers and passes through a proportional and
integral (PI) controller to generate the reference d-q
component currents. The reference currents are compared
with the actual currents and pass through PI controller in the
current controller. The output of the current controller is used
to generate the switching signals for the inverter.
Master Slave power management strategy is used for the
hybrid micro-grid. Diesel generator is dedicated to voltage
and frequency control (Master). The inverter based DG
supplies constant active power irrespective of variations in
frequency or voltage (Slave). Master slave power

GRID CODES

For interconnection and operation of distributed generation
at a grid, certain technical and organizational requirements of
the particular grids have to be fulfilled. These technical and
organizational requirements are referred to as grid codes. A
review of North American Electric Reliability Corporation
(NERC) and IEEE standards for protection has been
presented in Table I, Table II, Table III and Table IV [13-14].
This paper focuses on the voltage and frequency standards
violation during a fault for a hybrid micro-grid and hence
TABLE I

NERC Interconnection System Response to Abnormal
Voltage
Voltage Range
Default Clearing
(pu)
Times (s)
V > 1.2
0.2
1.75 < V < 1.2
0.5
1.15 < V < 1.175
1
1.1 < V < 1.15
4
0.75 < V < 0.9
3
0.65 < V < 0.75
2
0.45 < V < 0.65
0.3
V < 0.45
0.15
TABLE II

NERC Interconnection System Response to Abnormal
Frequency
Frequency Range
Default Clearing
(Hz)
Times (s)
f > 62.2
instantaneous
60.5 < f < 62.52
600 - 10000
59.5 < f < 60.5
continuous
57.8 < f < 59.5
1800 - 10000
f < 57.8
instantaneous

TABLE III

IEEE Interconnection System Response to Abnormal Voltage
Voltage Range
Default Clearing
(pu)
Times (s)
V > 1.2
0.16
1.1 < V < 1.2
1
0.5 < V < 0.88
2
V < 0.5
0.16
TABLE IV

IEEE Interconnection System Response to Abnormal
Frequency
Frequency Range
Default Clearing
(Hz)
Times (s)
f > 60.5
0.16
59.8 < f < 60.5
continuous
57 < f < 59.8
0.16 - 300
f < 57
0.16
standards for voltage and frequency have been presented. A
graphical comparison of NERC voltage and frequency
standards with that of IEEE voltage and frequency standards is
shown in Fig. 3 (a) and (b). The region between the blue lines
for both voltage and frequency is the no trip zone according to
IEEE standards. A DG can continue its normal operation
provided its voltage and frequency are within the no trip zone.
If the frequency and voltage characteristics are beyond the no
trip zone, the DG will be disconnected from the grid and cease
to operate. The region between the red lines signifies the no
trip zone according to NERC standards. Comparing the two
standards it can be observed that the frequency standards for
IEEE are more stringent than NERC standards, allowing
frequency excursion only up to 60.5 Hz compared to 62.2 Hz
as in case of NERC. Each DNO has its own standards which
are
set
by
them
and
vary
from
others.

(b)
Fig. 3. A review of NERC and IEEE standards (a) for voltage (b) for
frequency

IV.

HYBRID MICRO-GRID RESPONSE TO GRID FAULT

Fig. 4,5,6 and 7 show the voltage and frequency response of a
hybrid micro-grid to 3 phase ground fault, double line to
ground fault, single line to ground fault and line to line fault
respectively. A permanaent fault takes place at bus 1 of the
utility grid at t=5 s and is cleared by operation of circuit
breaker CB 2 (islanding) at t=104 ms. For analysis of faults,
NERC standards have been chosen in this paper.

(a)

(b)
Fig. 4. Hybrid micro-grid response to 3 phase ground fault; (a),(b) voltage
and frequency response.
(a)

(a)

(a)

(b)

(b)
Fig. 5. Hybrid micro-grid response to double line ground fault; (a),(b) voltage
and frequency response.

Fig. 7. Hybrid micro-grid response to line to line fault; (a),(b) voltage and
frequency response.

phase ground fault lies beyond the no trip zone. In both the
cases, i.e. for double line to ground fault and 3 phase ground
fault, the over frequency and over voltage relays will be
triggered. As a result the DG’s will be disconnected and the
cease to operate.
V.

(a)

DYNAMIC VOLTAGE RESTORER FOR SERIES
COMPENSATION

For successful transition to islanded mode after a fault,
without the DG’s being disconnected, the use of dynamic
voltage restorer (DVR) is proposed. DVR is a device that
detects the sag or swells in voltage and is connected in series
for voltage compensation at the point of common coupling as
shown in Fig. 8.

(b)
Fig. 6. Hybrid micro-grid response to single line ground fault; (a),(b) voltage
and frequency response.

It can be obsererved that the frequency for single line to
ground fault and line to line fault is within the no trip region.
The voltage profile for single line to ground fault and line to
line fault is above 1.1 pu but below 1.15 pu. The voltage is
above 1.1 pu for one second, which is within the no trip zone.
Therefore, the micro-grid can continue its operation. In case of
double line to ground fault and 3 phase ground fault, the
frequency is no longer within the no trip zone. The voltage for
double line to ground is within the no trip zone for three

Fig. 8. Single line diagram of system with DVR at PCC

During normal operating condition the DVR operates in a low
loss standby mode. During a disturbance, as the voltage is
deviated from its operating value, the DVR compensates the
voltage sag/swell by means of active and reactive power
injection/absorption. It compensates the voltage difference
between the pre sag and sag voltage at the point of its
connection and maintains the pre sag voltage. As a result the
micro-grid is isolated from the fault and does not feel the fault.
The control block diagram for the DVR is shown in Fig. 9.
The DVR model used in this paper is based on model
described in [15]. The design and modeling of DVR is out of
scope of this paper and has not been discussed further.

(a)

(b)
Fig. 11. . Hybrid micro-grid response to double line ground fault with DVR at
PCC; (a),(b) voltage and frequency response.

Fig. 9. Control block diagram for DVR

With the DVR in operation, any dip in voltage is
compensated. Fig. 7 shows the response of hybrid micro-grid
for double line to ground fault and three phase ground fault
with DVR connected at PCC. At t=5 s a permanent fault at bus
1 happens, there is no dip in voltage of the micro-grid, as it is
compensated by the DVR at PCC.

From t=5 to t=5.104 s the micro-grid is isolated from the
fault. At t=5.104, to clear the fault circuit breaker CB2 is
operated. It can be observed that both, voltage and frequency
are within the no trip zone. This leads to successful islanding
without unwanted tripping of equipment.The response of
hybrid micro-grid to double line to ground fault and three
phase to ground fault is identical due to the fact that DVR
maintains pre fault condition at the PCC i.e. the voltage and
frequency of the hybrid micro-grid are similar to normal
operating condition, and when the micro-grid is islanded it is
similar to a preplanned islanding when a system is under
normal operation. The overvoltage observed in both the cases
is below 1.1 pu and lies in the no trip zone. The frequency
reaches upto 61.1 Hz, which has a clearing time of 600s up to
10000 s with a slope as can be seen in Fig. 3(b).
VI.

(a)

(b)
Fig. 10. . Hybrid micro-grid response to 3 phase ground fault with DVR at
PCC; (a),(b) voltage and frequency response.

DISCUSSION AND CONCLUSION

It is necessary to re-clarify the main objective of this paper.
This paper focuses to highlight the voltage and frequency
excursions during fault triggered islanding. These excursions
in voltage and frequency, if not within the limits of protection
standards, may cause the DG’s to be disconnected and
unsuccessful islanding. The use of DVR as series
compensation for successful islanding in case of double line to
ground and three phase to ground fault is proposed. It is
worthy to mention that the results and discussion are specific
for this study and for the model under consideration. One of
the major drawbacks of the proposed method is its cost of
implementation. In case of critical loads on the system it might
be the only viable solution. It can be concluded that for hybrid
micro-grids with critical loads, solution to the problem can be
expensive. On the other hand, a relaxation in the voltage and
frequency standards during transient periods for micro-grid
operation can eliminate the problem.
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