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Abstract This paper presents the impact of the time dura-
tion taken to change the control mode of a microgrid
from grid connected operation to islanded operation (con-
trol mode transition delay) on the stability of a microgrid.
A detailed microgrid simulation model was developed and
its frequency and voltage control was designed based on the
most generic schemes identified after a profound literature
survey on practical microgrids. The simulation study results
revealed that the control mode transition delay has a sig-
nificant impact on the amount of load that need to be shed
to preserve the stability of the islanded microgrid. The con-
trol mode transition delay also has an impact on the power
quality.
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Introduction

Microgrid is particularly a portion of an electric power sys-
tem encompassing variety of generators, energy storages
and customer loads. It can operate in parallel with the grid
or as an autonomous power island.

Microgrids could be an attractive option to harness the
benefits offered by Distributed Generators (DG), eliminat-
ing the constraints on high penetration of DGs. Substantial
environmental benefits may be gained through the utilization
of energy efficient generation technologies and renewable
energy resources. Microgrids could reduce the network
losses, defer the high investment costs required for network
upgrades and also reduce the central generation reserve
requirements. DGs provide local voltage support and microgrid
as a whole increases the overall system reliability [1, 2].

An in-depth review of microgrid research around the
world is presented in [3]. The IEEE STD 1547.4-2011 on
Guide for Design, Operation, and Integration of Distributed
Resource Island Systems with Electric Power Systems [4],
addresses the issue of intentional islands, which was miss-
ing in IEEE STD 1547-2003 [5] for Interconnecting Dis-
tributed Resources with Electric Power Systems. Although
there are numerous studies on voltage, frequency, and tran-
sient stability of microgrids during islanded and parallel
operation, there is lack of literature on how the microgrid
control mode transition from parallel to islanded operation
is achieved, and its effect on the subsequent stability of
the islanded microgrid. The control mode change-over time
depends on the response time of the islanding detection
technology used. In addition to changing of frequency and
voltage control modes of generators, an islanded microgrid
often requires under-frequency/under-voltage load shedding
schemes to automatically drop loads to prevent the complete
collapse of the microgrid.
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With respect to the parallel to islanding mode transition,
IEEE STD 1547.4-2011 [4] states that “at the time of the
microgrid separating from an area EPS and forming the
island, transient and dynamic voltage effects can arise due
to the redistribution of energy stored in the large inertia
machines if exist in the island”. In addition to the micro-
grid stability, power quality during the transition can also be
an issue in specific situations. The voltage-sensitive loads
such as semiconductor manufacturing, requires operation
change-over times of less than 50 ms or otherwise the volt-
age should be maintained above 50 % of the rating at any
time of operation [2]. Thus, the capability of existing island-
ing detection technologies to detect the islanding event and
change the mode of control of the microgrid in a timely
manner needs to be examined. The islanding detection time
depends on the technique used and the power imbalance in
the island, or on the communication delays, if transfer trip
arrangement is used.

According to [6], real power control of the critical gen-
erator of a medium voltage microgrid needs to be activated
within 2 to 5 cycles to avoid potential angle instabilities.
The microgrid considered in [6] has a 5 MVA synchronous
generator and a 2.5 MVA VSC interconnected DC source,
which is considered as the critical generator. The study
further shows that waiting for 500 ms after islanding pro-
cess to change the real power control of the VSC based
generator leads to angle instability of the synchronous
generator.

In [7] it discusses many elements of microgrid compo-
nents, technologies and system configurations that can be
used for “advanced microgrids” development. The paper
focuses on microgrids up to 10 MW capacity. It has indi-
cated that inverters must be disconnected within 1 s when
microgrid connection to the utility is lost. However, there is
no further discussion given on that statement analyzing why
1 s time period is considered.

This paper particularly looks into the microgrid behav-
ior in the transition period from grid connected to islanded
operation and examines the effects of being fast or slow
in the transition on the stability of the islanded micro-
grid. Although it is understood that fast transition would
be desirable, proper studies during operating mode trans-
fer could confirm the specific protection relay requirements
for the stable operation of microgrids in islanded operation.
In order to properly investigate the above, it is important to
simulate a detailed model of a realistic microgrid. There-
fore, a microgrid test system with generic frequency and
voltage controls, and a load shedding scheme was devel-
oped. The effects of control mode transition delay on the
microgrid were studied through simulations for a wide range
of power imbalanlances in the microgrid. Sensitivity of
the frequency and voltage responses to factors such as the
inertia of the microgrid was also analyzed.

Modeling the Microgrid Test System

The microgrid test system was modeled based on the obser-
vations and conclusions made from the literature survey (by
the same authors) on microgrid research [3]. The objec-
tive of this paper is to study the microgrid behavior during
and immediately after the period of control mode transition
from grid connected to islanded operation. Thus, the focus
lies more in a medium voltage industrial microgrid hav-
ing critical loads than a low voltage residential microgrid.
Accordingly, the microgrid test system used in this study
was derived from the CIGRE MV benchmark test system.
The system was originally developed for DG interconnec-
tion studies, and was based on an actual power system [8].
For this study, it was augmented with the features nec-
essary for microgrid operation [3, 4], which includes the
voltage and frequency control of the generators, and a load
shedding scheme. Although several sophisticated microgrid
control systems designed to specific microgrid systems can
be found in literature [3], the most generic frequency and
voltage controls [3, 4] and the conventional static load shed-
ding scheme were used in this study with the intention of
obtaining more general conclusions. The controllers were
developed in such a way that the test system meets the con-
trol and power quality requirements specified in IEEE STD
1547.4-2011 [4].

Figure 1 presents the modeled microgrid test system. It
is an unbalanced system having a total base load of 6.39
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Fig. 1 Microgrid test system
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MW and 2.47 Mvar. To emulate a real microgrid, three dif-
ferent sources of DGs were connected considering both the
recommendations made in [8] and the load flow solution of
the system without DGs. When the DGs are not connected,
bus-10 is one of the weakest buses and bus-3 is one of the
strongest buses in the system according to the voltage lev-
els. Therefore, a 3 MW steam turbine driven synchronous
generator was connected to bus-10, and a 0.35 MVA DC
source was connected to bus-3 via a Voltage Source Con-
verter (VSC) representing a photovoltaic system. Also, a
1 MW wind turbine driven fixed speed induction genera-
tor was connected to bus-7 with 0.5 MVars of capacitive
compensation. A high capacity DG (the synchronous gen-
erator) was used in this study to avoid the necessity of an
energy-storage.

All loads in the network were simulated as constant RL
loads. The unbalanced load distribution among the 11 Buses
of Fig. 1 is given in Appendix A. Part of the loads was
used as controllable loads to shed at an event of island-
ing to control frequency and voltage. The system has two
switches S1, S2 (which are kept normally open) making it
possible to change the network configuration from radial
to ring operation. Simulation studies were carried out using
PSCAD/EMTDC power system simulation software.

Microgrid Control Strategy

The microgrid control strategy developed in this paper is
summarized in Table 1, and explained in the following sub
sections. Detailed description on modeling of this microgrid
test system is given in [9] by the authors.

Generator Controls

As explained in “Modeling the Microgrid Test System”,
a steam turbine driven synchronous generator representing
a co-generation plant was connected to Bus 10. Standard

Table 1 Microgrid control strategy

Unit Grid connected
operation and in
Transition

Islanded operation

Synchronous generator Droop control with
constant power set
point

Isochronous
Generator

Induction generator Constant PQ Constant PQ

VSC based generator Constant PV Constant PV

Controllable loads Normal Shed using a static
load shedding
scheme

synchronous generator and steam turbine models available
in PSCAD were used, and they were configured using typ-
ical values [10, 11]. The control block diagram of the plant
is shown in Fig. 2.

The standard IEEE alternator supplied rectifier excitation
system (AC1A) was used for voltage control and a power
system stabilizer (PSS) was also incorporated to improve the
system damping. The block diagram of AC1A exciter with
the PSS is given in Appendix B.1.

As shown in Fig. 2, the governor used for frequency con-
trol is operating in two modes, depending on whether the
microgrid is islanded or not (grid connected). In the grid
connected operation, synchronous generator is in droop con-
trol with constant power set point. Thus, typical values are
used for the droop, R and time constants [7]. In the islanded
mode, synchronous generator is run as an isochronous gen-
erator allowing it to respond for any load change. With the
requirement to bring the frequency back to nominal fre-
quency, the steam turbine valves are actuated relative to
the amplified speed error. Thus, in order for the governor
to operate as an isochronous governor, the droop setting is
made nearly equal to zero. This in turn effectively changes
the governor to constant frequency operation. The block dia-
gram of the electro-hydraulic controlled governor with its
corresponding parameters is given in Appendix B.2.

The modeled wind turbine connected to Bus 7, drives a
fixed speed induction generator, and it is integrated with a
pitch control mechanism to maintain a constant power out-
put in both parallel and islanded operation of the microgrid.
A 0.5 Mvar capacitor bank is connected at the generator
terminal for reactive power compensation. The initial pitch
angle is found as given in [12] by calculating the power
coefficient to give 0.6 MW power output at a constant wind
speed of 12 ms−1. The block diagram of the wind turbine
governor in pitch control is given in Appendix B.3.

A photovoltaic system was represented through a DC
current source connected via a VSC. Considering the unbal-
anced nature of the microgrid, the VSC based system is con-
nected to one of the strongest buses, Bus 3. The VSC was
modeled to operate as a constant PV generator under both
grid-connected and islanded operation of the microgrid.
Since the system is unbalance, simple decoupled control
of VSC was not possible [13, 14]. Therefore, PI controller
was designed for controlling the output power, and depend-
ing on the DC voltage error, phase angle of the Sine-wave
Pulse Width Modulator (SPWM) was adjusted. Similarly,
a PI controller was designed to control the terminal out-
put voltage after the transformer. The terminal voltage error
was minimized by adjusting the modulation index of the
SPWM. The initial parameters of the PI controllers were
found by trials and later optimized using simplex method
in the optimization tools available in PSCAD/EMTDC [15].
The schematic diagram of the developed VSC system and
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Fig. 2 Block diagram of the
synchronous generator with
frequency and voltage control

the SPWM firing angle control via direct control of terminal
voltage and DC voltage is given in Appendix B.4.

Load Shedding

To prevent the complete collapse of the microgrid when
operating as an island, under-frequency load shedding
schemes are used to automatically drop loads in accordance
with a predetermined schedule to balance the load and avail-
able generation. Such action must be fast and sufficient
magnitude of controllable loads should be shed to conserve
sensitive and essential loads and recover from the under fre-
quency condition. Although many different load shedding
algorithms can be found in literature, static and dynamic
under-frequency load shedding are the two concepts widely
applied [16, 17].

In a static load shedding scheme, it opens predefined cir-
cuit breakers when a given under frequency level is reached.
In the advanced schemes, both frequency and rate of change
of frequency is fed in to the controller and when the fre-
quency goes below a preset value and if the rate of change of
frequency is more than its pre-set value, the controller ini-
tiate a signal to trip the loads assigned priority 1 (stage 1).
If the frequency goes further down, the next stage of loads
will be released and this will continue until the frequency
stabilizes to its normal value. Priorities are assigned to the
feeders in the design stage, considering their relative impor-
tance as well as the normal loading of each feeder. However,
in static load shedding, the real load behind the breaker or
how much load has to be shed in order to reestablish the
load balance is generally unknown [16, 17].

In dynamic load shedding, the amount of load to be
shed at each stage is determined by considering the magni-
tude of generation loss and available load on each feeder,
in addition to the frequency characteristic of the system.
This allows for the shedding of larger load for larger
system imbalance, and smaller load for smaller system
imbalance. There are different approaches for dynamic load
shedding [17].

Static load shedding schemes are more common in prac-
tical power systems due to its simplicity [18, 19]. Therefore,
this paper uses a static load shedding scheme to study the
system behavior in the control mode transition period of the
microgrid. It involves 4 steps to design a static load shedding
scheme: 1) calculation of total load to be shed, 2) deciding
the number of load shedding stages, 3) determining the size
of load to shed at each stage and 4) setting the frequency
thresholds and time delays [16]. The load shedding scheme
that is developed based on [19] is shown in Fig. 3.

If frequency dependency of loads is neglected, the total
overload can be calculated using Eq. 1.

% Overload = Load − Remaining Generation
Remaining Generation

× 100 (1)

Equation 1 implies that 100 % overload corresponds to a
50 % loss of generation. The total load of the microgrid in
Fig. 1 is 6.39 MW (at 1 pu voltage) resulting in a require-
ment of shedding 3.195 MW of loads at a 100 % overload
on the synchronous generator.
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Fig. 3 Schematic representation of the designed load shedding
scheme
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Generally four load shedding steps are recommended
considering the economics aspects and complexity. The
value of the load to be shed at various stages usually
increases with every stage [17]. Having the loads being
modeled as constant RL loads, the effective total load would
be less than the theoretical value calculated at 1 pu voltage.
Thus, considering the available feeder loads, it is selected to
shed 10.5 %, 10.5 %, 11.5 % and 15 % of the total load in
the four stages.

The frequency at which the load shedding program starts
was decided by considering the lowest frequency at which
generators are allowed to run for long periods. According to
the IEEE Standard 1547-2003 [5], generators connected to
a distribution grid are required to tolerate ±1 % frequency
variation in the steady state. Thus, 59.5 Hz was selected as
the load shedding initiating frequency.

The lowest setting should be above the critical frequen-
cies of the generators, and the IEEE Standard 1547-2003
[5] recommends disconnecting distributed generators if the
frequency drops below 57 Hz for a period longer than 0.16
s. This frequency threshold coincides with the under fre-
quency setting of steam turbine generators, which is around
57 Hz [16]. Considering the aforementioned critical min-
imum frequency setting as well as the fact of unavailable
spinning reserve in the microgrid, the minimum frequency
of the load shedding scheme was selected as 58 Hz to
avoid critical conditions. The intermediate frequency set-
tings depend on the number of stages used in the system.
In general, the setting frequency of the various stages is
divided into equal frequency steps for nearly linear fre-
quency decay. However, to avoid the shedding of more loads
than necessary to stabilize the frequency in this particular
microgrid test system, the frequency step between stage 1
(59.5Hz) and stage 2 (58.7Hz) were purposely kept higher.

It is advantageous to keep the time delay setting of the
frequency relays as short as possible. This avoids an unnec-
essarily large decay of frequency, avoiding spurious tripping
of loads. Time delays of the relays are set at 5 cycles.

The requirement of a load shedding is determined by the
rate of change of frequency of the system. The critical rate
of change of frequency setting is thus, determined by con-
sidering the system’s ability to stabilize the frequency at an
islanding happened in a balanced situation. The critical rate
of change of frequency settings of 1.71, 1.2 and 0.98 Hz/s
are selected at the inertia constants of 1 s, 2 s and 3 s of the
synchronous generator respectively.

To avoid system collapse, time delayed back up relays are
provided at each stage of the load shedding scheme, which
operates regardless of the initial rate of change of frequency.
Figure 3 presents the relay settings, which were found
by initial simulation studies. This load shedding scheme
is developed with the intention to stabilize the system by
shedding minimum amount of loads as possible.

Simulation Results and Analysis

It was considered that the operating points of synchronous
generator, VSC based source and the wind farm are at 0.9
pu, 1 pu and 0.6 pu respectively at the time islanding hap-
pens for all the simulations carried out in this paper. The
inertia constant of the wind farm was kept constant at 0.5 s
and synchronous generator inertia was changed (1 s, 2 s and
3 s) to study the responses under varying inertia constants of
the microgrid (0.8 s, 1.5 s and 2.2 s). Different power imbal-
ances in the microgrid were simulated by disconnecting
some loads.

The paper defines the active power imbalance (Δ P) as
given by Eq. 2, which means the grid power being lost as
a percentage of the total power consumption. The “+” sign
indicates the microgrid was importing real power from the
grid at the time of islanding and the “-” sign indicates micro-
grid was exporting power to the grid at the time of islanding.

�P = ±PGrid

PGrid + PSynGen + PV SC + PWind

× 100 (2)

Microgrid Behavior at Islanding

System frequency, rate of change of frequency and termi-
nal voltages are the basic p that characterize the system
behavior upon a disturbance. Passive islanding detection
methods use these parameters to identify a power island.
In [20], response times of different passive islanding detec-
tion relays are compared. Table 2 presents average detection
times of different passive islanding detection relays for the
250 islanding events tested in [20] for the same power
system shown in Fig. 1.

Results reveal that over/under voltage relays take more
than 600 ms while over/under frequency relays taking nearly
1 s to detect power islanding. It is concluded in [20] that
both these relays present a larger non-detection zones as
well.

Table 2 Comparison of response times of islanding detection methods
[20]

Relay Detection time (ms)

Synchronous Wind VSC

Over/Under voltage 649 650 628

Over/Under frequency 964 964 963

Voltage vector Shift 30/cycle 11 10 11

Voltage vector Shift 100/cycle 15 13 13

Voltage vector Shift 150/cycle 28 23 23

Rate of change of frequency 0.1 Hz/s 164 163 162

Rate of change of frequency 0.5 Hz/s 323 322 321

Rate of change of frequency 1.2 Hz/s 456 456 455
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Microgrid 
Islanded? 

Synchronous generator 
in droop Control 

No 

Yes  

Change synchronous 
generator control to 
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Initiate under frequency 
load shedding scheme 

POI Breaker 
Status 

Detection delay, 

Fig. 4 Microgrid control changes involved upon disconnecting from
the grid

From Table 2 it shows that voltage vector shift relay takes
less than 30 ms to detect power islanding. However, in [20]
it has shown that voltage vector shift relays’ reliability is
less at lower settings and presents a higher non-detection
zone at higher relay settings. Rate of change of frequency
relay response times, which indicates to be above 150 ms,
highly depends on the relay setting and power imbalance.
In [20], it has shown that rate of change of frequency relay
too has a considerable non-detection zone at higher settings
while presenting low security at lower relay settings.

Study in [21] reveals similar results under an exper-
imental study using commercial relays. Reference [22],
which reviews islanding detection methods, declare that

active methods take longer time than passive methods to
detect islanding. Telecommunication based methods such as
transfer trip schemes would be much faster but costlier to
implement. The detection time depends on the communica-
tion method, and in general it is in-between 30 ms and 200
ms [23, 24]. A new methodology based on transient signals
that uses discrete wavelet transform and pattern recognition
techniques has shown a detection time less than two cycles,
while being highly reliable in detecting islands [20, 25].

Impact of the Microgrid Control Mode Transition
Delay on Power System Stability

When the microgrid is islanded, the synchronous generator
control mode is changed from droop control to isochronous
operation. Therefore, even during the transition period, syn-
chronous generator is in droop control. At the time of island-
ing microgrid loose the power exchange with the grid, Pgrid,
causing power imbalance of ΔP, which can be calculated
using Eq. 2. Therefore, in order to establish the stability of
the islanded microgrid, it requires to initiate the under fre-
quency load shedding as discussed in “Microgrid Control
Strategy” (B). Figure 4 presents the flowchart indicating the
required control changes in a microgrid upon disconnecting
from the main grid causing a ΔP power imbalance.

In order to study the system behavior under different
control mode transition delays (�τ), the control mode of
the synchronous generator is changed after a predetermined
time interval (�τ = 0s, 0.05s, 0.1s, 0.2s, ..., 2s) from the
time of microgrid islanding. The control mode transition

Fig. 5 Load shedding under
different control mode transition
delays (�τ) at power imbalance
of (a) �P = -3 %, (b)
�P = +1 % and (c)
�P = +30 %
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Fig. 6 Frequency variation
under different �τ for an
islanding resulting +1 % power
imbalance with synchronous
generator’s (a) H=1s, (b) H=2s,
(c) H=3s
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delay, �τ , basically comprised of the islanding detection
time.

Figure 5 depicts the amount of load shed under different
power imbalances (ΔP) for changing control mode transi-
tion delays (�τ). The results are shown for three different
inertia constants (H = 1 s, 2 s and 3 s) of the synchronous

generator. To further illustrate the system behavior in tran-
sition period, system frequency variations under selected
different transition delays (�τ =0.05, 0.2, 0.5 and 2 s)
for an islanding happening at t=1s resulting +1 % power
imbalance ( ΔP= +1 %) are illustrated in Fig. 6. Similar
results were observed with other power imbalances.

Fig. 7 Voltage variation in
Phase b of Bus 10 at an
islanding with �P = +1 % for
synch. generator’s H = (a) 1s,
(b) 2s, (c) 3s
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Fig. 8 Time duration the Phase-b of Bus-10 voltage being less than
88 % with synchronous generator inertia, H = 1s, H = 2s and H = 3s

Figure 5a corresponds to a -3 % power imbalance. It indi-
cates that for H = 2 s and H = 3 s, if the control mode
is changed without any delay (i.e. �τ = 0 s), system fre-
quency and voltage can be stabilized without shedding any
load. However, in the case of H = 2 s, it starts shedding the
stage-1 load if control mode transition is delayed by more
than 0.2 s (�τ ≥ 0.2 s). In the case of H = 3 s, if transition
is delayed by more than 0.5 s (�τ ≥ 0.5 s) it starts shed-
ding stage-1 load. In the case of H = 1 s, then it is required
to shed only one stage of loads to stabilize the system fre-
quency and voltage if the control mode is changed without
any delay (i.e. �τ = 0 s), but if �τ ≥ 0.4 s, two stages of
loads are shed.

Figure 5b corresponds to a +1 % power imbalance. In
this case, it is required to shed only one stage of loads for H
= 1 s and 3 s, while it is not required to shed any load for
H = 2 s, if the control mode is changed without any delay
(�τ = 0 s).

However, it shows that if 0.05 s ≤ �τ <1 s with H = 1 s,
then two stages of loads are shed. With H = 2 s, if �τ ≥ 0.2
s, one stage of loads is shed, introducing frequency swings
in the microgrid.

When H = 3 s, only one stage of loads is shed as long
as �τ <2s, but there is no load shed when �τ = 2 s.
The frequency variations corresponding to these events are
illustrated in Fig. 6.

Frequency swings are introduced in the system due to
shedding of more loads than what is required to stabilize
the frequency and voltage of the system. With H = 2 s of
the synchronous generator, when �τ = 0.2 s, load was
shed through the back-up load shedding step, which can be
clearly observed from Fig. 6.

Figure 5c corresponds to the load shedding at a power
imbalance of = +30 %. If the control mode is changed
without any delay (�τ = 0s), it is required to shed all four
stages of loads with H = 1 s and only three stages of loads
required to be shed with H = 2 s or 3 s. However, it sheds
only three stages when �τ ≥ 0.75 s with H = 1 s and sheds
all four stages when 0.1 s ≤ �τ <0.75 s with H = 2 s.

Results show that the impact of control mode transition
delay on frequency and voltage fluctuations of the microgrid
is more significant and sensitive at low power imbalances
(�P) and at low inertia constants (H).

Figures 5b and c showed that the amount of load shed
for stabilizing frequency sometimes reduces back suddenly
at longer control mode transition delays (�τ>0.75 s). The
reason is the sustained voltage depression the system experi-
ence with longer control mode transition delays (�τ). With
the voltage depression, the relative power consumption of
RL loads in the microgrid reduces, which results in lower
rate of change of frequency in the system.

Figure 7 presents the voltage observed at the phase-b
of the synchronous generator terminal (Bus 10) for two
different control mode transition delays (�τ = 0.03 s and 2
s). It shows the voltage response at +1 % power imbalance
at islanding with synchronous generator inertia constants, H
= 1s, 2 s and 3 s. The horizontal line in each graph of Fig. 6
corresponds to the 88 % of rated voltage. According to IEEE
Std. 1547-2003 [5], if the generator terminal voltages are
in-between 50 % and 88 % of the rated voltage, the gen-
erator must be disconnected within 2 s. However, it can be
observed from Fig. 7 that with the increasing control mode
transition delay (e.g. �τ = 2s), there is a high tendency for
voltage to be depressed for a longer duration.

This is further illustrated by Fig. 8, which shows the time
duration the Phase-b of Bus-10 voltage being less than 88 %

Table 3 Critical control mode
transition delay (�τcritical ) Inertia constant of synch gen, H (s) Critical control mode transition delay (�τcritical) (s)

-3 % power
imbalance

+1% power
imbalance

+30 % power
imbalance

1 0.40 0.05 0.75

2 0.20 0.20 0.10

3 0.50 2.00 >2.00
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for different microgrid inertia values, H. It clearly shows the
importance of having shorter control mode transition delay
to overcome the long duration voltage depression.

Critical Control Mode Transition Delay

The simulation results indicate that there is a “critical con-
trol mode transition delay” (�τcritical). This can be defined
as the control mode transition delay on and beyond which
the resulting microgrid frequency and voltage responses sig-
nificantly deviate from that resulting with control mode
transition without any delay (�τ = 0 s). �τcritical for each
test case is shown in Table 3.

The results obtained for this 6 MW microgrid lead to a
conclusion that, having a control mode transition delay less
than 50 ms gives the same behavior as if the controllers are
changed without any delay.

Taking more than 50 ms for changing the control mode
could lead to undesirable behavior such as shedding of too
many loads, long duration voltage depressions and gener-
ator tripping through under voltage relay. The system was
more robust during control mode transition with higher iner-
tia constants (H >2 s for this 6 MW microgrid system).
Under such high microgrid inertia, the critical transition
time period shifted towards 400 ms, which is otherwise 50
ms with lower inertias. These findings support the reported
work on requirement of operating mode transition delay
for angle stability in [6], despite the use of two contrasting
control algorithms and different microgrid test systems.

Conclusions

The paper presented an analysis on the behavior of a micro-
grid during the control mode transition period. It revealed
that if the control mode is changed within a certain time
period, the microgrid attains the same frequency and volt-
age responses as that of a changeover without a delay. In
low inertia microgrids, delaying the control mode transition
period above a critical time period could lead to shedding
more loads than what is required to stabilize the system fre-
quency. At higher embedded inertia, a microgrid becomes
more robust, and tolerates a longer transition delay.

The above conclusions point to the benefits of having
a fast and reliable islanding detection device to activate
control mode transition. Considering both, reliability and
response time, transfer trip schemes or use of fast island-
ing detection methods such as the transients based islanding
detection method proposed in [25] would be more suited for
microgrids with reliability objectives. The conclusions are
drawn for a substation level microgrid with a synchronous
generator and no energy storage. Beside these findings,
the microgrid test system developed in this paper could be

effectively used in further studies on transient simulation of
microgrids.

Appendix A: Test System Loads

Bus Phase load (kVA) Power factor

A B C

B1 250 100 300 0.90
B2 300 250 200 0.95
B3 83.33 500 83.33 0.90
B4 200 100 100 0.90
B5 250 400 50 0.95
B6 50 500 100 0.95
B7 200 400 100 0.95
B8 100 150 200 0.90
B9 100 150 100 0.95
B10 50 400 50 0.90
B11 200 750 100 0.95

Appendix B.1: Block diagram of AC1A exciter with the
PSS [10]

Appendix B.2: Block diagram of an electro-hydraulic
controlled governor and its parameters in grid
connected and islanded mode [10]
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Appendix B.3: Block diagram of the wind turbine
governor in pitch control [12]

Appendix B.4: The schematic diagram of the developed
VSC system and the SPWM firing angle control via
direct control of terminal voltage and DC voltage
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