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A B S T R A C T

This paper investigates the transient stability of a load-rich distribution subsystem during the switching process
to islanded mode instigated by a permanent fault. When operating in islanded mode, the subsystem must
maintain a generation-load power balance and use at least one distributed generator (DG) to regulate the system
frequency and voltage. Therefore, switching control must be executed after the disconnection of the main grid
and a strategy which includes a DG coordination method and a single-step load shedding scheme is proposed.
Other factors also have a substantial impact on the system transient performance, including the type of sub-
system load, the DG penetration level, the fault clearance time and the switching control delay. To perform the
study, a distribution subsystem was simulated using PSCAD/EMTDC software, consisting of a mix of synchro-
nous and inverter-based DGs and a combination of static loads and dynamic motor loads. Simulation results
show the proposed switching control strategy can effectively ensure successful switching from grid-connected to
islanded mode under different fault conditions and DG penetration levels.

1. Introduction

Increasing use of distributed generation in utility distribution net-
works has encouraged researchers to consider intentional islanding.
Intentional islanding normally happens as a consequence of routine
switching or pre-designed protective actions against grid faults [1,2].
Current utility practices, such as IEEE Std. 1547-2003 [3], do not
normally permit islanding operation and require all downstream DG
units to be disconnected after the grid supply fails due to a fault. The
exception is during routine maintenance or when a pre-designed mi-
crogrid is deliberately operated in islanded mode. This requirement is
imposed to address safety concerns and to comply with the existing
control and protection constraints of distribution networks [4]. How-
ever, to fully utilise the benefits of DG technology, such as maintaining
uninterrupted service and offering high quality and reliable power to
customers, autonomous islanded operation needs to be considered. As a
result, the IEEE Std. 1547-2003 and IEEE Std. 1547.4-2011 [5] suggest
intentional islanding is an important task for future consideration.

An islanding-possible system should contain a cluster of DGs which
are capable of operating in either grid-connected or islanded mode and
switching between these modes when required [6]. Immediately after
the disconnection of the main grid, the islanded subsystem will

experience rapid and severe frequency and voltage deviations. The in-
tensity of these deviations depends on various factors, including the
type of DGs and their control approaches, the type of load, the DG
penetration level, the severity of the fault that triggers islanding, the
fault clearance time and the switching control delay.

Fault-initiated switching from grid-connected to islanded mode was
investigated previously in [6–8]. However, all these studies were con-
ducted on pre-designed generation-sufficient microgrids, i.e. the in-
stalled generation capacity exceeds the local load demand. Paper [2]
studied a load-rich microgrid, but only considered inverter-based DG
and constant impedance loads. In this study, the amount of load
shedding was analytically computed based on the voltage change rate
and proved effective in ensuring a successful transition. Islanding
events triggered by various types of fault were studied in [7], and in this
scenario, the microgrid included a mix of synchronous and inverter-
based DGs. Paper [8] investigated the transient behaviour of induction
motor (IM) loads during an islanding event triggered by a three-phase
fault, and used the critical clearing time to evaluate the transient sta-
bility of the microgrid. In the aforementioned papers, inverter-based
DGs were assumed to be fully dispatchable and can participate in the
system frequency regulation using their rapid response to smooth the
transients during the transition process.
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Load shedding priority is another critical factor affecting the tran-
sient performance of a load-rich subsystem during the islanding
switching process. Load shedding priority has been extensively in-
vestigated, which can be determined by either technical or social rea-
sons, such as voltage stability indicators [9], customers’ willingness to
pay [10] and the dynamically computed critical nature of the load [11].
In this paper, load shedding priority is designed based on the transient
stability of different types of load during the fault-initiated islanding.
IM’s dynamics when experiencing a fault induced voltage dip was stu-
died in [8,12,13]. The main emphasis of [8] was the stability of mi-
crogrids with or without IM loads. Three- and single-phase IMs were
analytically evaluated in [12,13] respectively. Motor stalling phenom-
enon can be seen in both types of motor, which may result in delayed
voltage recovery and other stability issues.

When the switching control strategy proposed in this paper is ap-
plied, real time simulations were conducted on various scenarios to
validate the reliability of the strategy. The major contributions of this
paper include: (1) comprehensive research into the electromagnetic
transients during the islanding switching initiated by various types of
fault, (2) assessment of a single-step load shedding scheme designed to
ensure successful islanding switching of a load-rich subsystem con-
taining motor loads, and (3) analysis of the other factors that might
affect the system transient stability during the switching process, in-
cluding the DG penetration level, the fault clearance time and the
switching control delay.

Clarification of the scope of this paper is important for future re-
searches. First, the results are specific to a subsystem consisting of a mix
of synchronous and inverter-based DG. Second, the subsystem is load-
rich and the maximum active power generation available from the DG
units is 40–80% of the total subsystem load delivered in grid-connected
mode. Third, real-time system information must be available and this
requires monitoring and communication infrastructures, such as the
GOOSE based system applied in a real industrial project [14]. Lastly,
generator protections designed to detect the over/under frequency and
voltage conditions are not considered in this paper, i.e. the DG units are
assumed to be capable of riding through the abnormal conditions

resulting from the fault and the subsequent islanding.
Analytical methods for power system transient assessment are

highly complicated, especially for a low-inertia islanded subsystem
which is vulnerable to disturbances. Therefore, in this paper, analysis
and validations are achieved by repetitive time-domain simulations
conducted in PSCAD/EMTDC.

2. System under study

Without considering the energy storage system, at least one con-
ventional synchronous-machine-based DG is essential for an islanded
subsystem because it is dispatchable and provides the essential inertia.
Consequently, this generator can maintain the stability of the island
after losing the main grid. In comparison, an inverter-based DG pro-
vides a higher degree of controllability on its output frequency, voltage
and power [7], but it is normally intermittent and controlled as a
current source.

Fig. 1 shows the layout of an islanding-possible distribution sub-
system based on a typical British distribution network consisting of
radial feeders [15], the parameters of the system are specified in
Appendix A. Formation of the island is initiated by the protective
tripping of circuit breaker CB1 (the point of common coupling, PCC),
this isolates the subsystem from the upstream fault. The behaviour of
automatic reclosers is not considered in this study.

Generation in the subsystem includes a 2MW diesel-based syn-
chronous DG (DSG) and a 1.5 MVA inverter-based DG (IBG). Subsystem
loads consist of static loads and IM loads. A composite 1MVA drive-
controlled IM and two composite 1MVA direct-online (DOL) IMs with
constant torque and quadratic torque loading respectively are simu-
lated. This paper focuses on load-rich islands, where the island gen-
eration capacity is less than the local load demand.

2.1. Diesel-based synchronous DG

The 2MW DSG was simulated using the standard 5th order syn-
chronous machine model available in the library of PSCAD/EMTDC.

Fig. 1. Single line layout of the distribution system
under study.

Fig. 2. Diesel engine governor model.
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DSG’s speed governor and excitation system are also accurately mod-
elled.

A diesel engine drives the synchronous generator and its shaft speed
is controlled by a governor, which is represented by a simplified model
as shown in Fig. 2. The parameters of the machine and the governor are
specified in Appendix A.

In grid-connected mode, the DSG is controlled as a current source
(P-Q unit) by leveraging droop control on its governor. When connected
to the grid, the DSG is held at a stable frequency and thus its active
power output is fixed at the set point. In islanded mode, the DSG is
controlled as a voltage source (the V-f unit) and used to maintain the
frequency at a fixed level. This requires isochronous control, also
known as fixed speed control, i.e. the V-f unit will match its MW power
output to the load demand within the island. Proportional (P) and
proportional-integral (PI) control are commonly used to realise droop
and isochronous control respectively, as seen in Fig. 2.

With respect to the excitation system which grants the voltage
regulating ability to the DSG, the AC5A exciter model was adapted from
IEEE Std. 421.5-2005 [16]. When operated in grid-connected mode, a
fixed amount of reactive power is delivered to ensure the power factor
is 0.8. In islanded mode, the DSG’s excitation system regulates the
subsystem voltage by maintaining the reactive power balanced in the
island.

2.2. Inverter-based DG

The primary source of an IBG is normally intermittent renewable
energy, such as wind and photovoltaic (PV), which causes un-
predictable variations in its MW output. In practice, on-site energy
storage, such as flywheels, supercapacitors and batteries, can be in-
stalled with this type of DG to eliminate intermittency and ensure
constant active power is delivered [17,18]. In this paper, IBG’s primary
source is assumed to remain unchanged during the islanding switching
process, which ensures the IBG can deliver a constant amount of active
power to the island through a typical three-leg voltage source inverter.

Vector current control is applied on the inverter to achieve de-
coupled control of active and reactive power [2,8]. By utilising a syn-
chronous rotating d-q reference frame, the instantaneous active and
reactive power can be expressed by a set of two-phase voltages (ud, uq)
and currents (id, iq). When the d-q frame is aligned to the bus voltage,
the power equations can be further reduced to Eq. (1.1) and (1.2).

= + =P u i u i u id d q q d d (1.1)

= − = −Q u i u i u iq d d q d q (1.2)

A double loop control system, as demonstrated in Fig. 3, is used to
realise decoupled control [2,8]. The inner current loop generates vol-
tage control signals for pulse-width- modulation (PWM) based on the

reference d-q currents (idref and iqref) obtained from the outer loop. In
this paper, the IBG is required to operate as a current source (P-Q unit)
in both grid-connected and islanded modes. Therefore, its power out-
puts must be regulated at the predesigned value and this is achieved in
the outer control loop.

2.3. Load model

2.3.1. Static RLC loads
Static loads, including frequency dependency, are modelled using

the classical exponential model [19]:
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where

P Q/0 0 Rated active/reactive power
V f/0 0 Rated voltage/frequency
n n/p q Voltage index for active/reactive power
K K/pf qf Frequency index for active/reactive power

The static loads used in the following simulations have the ag-
gregate parameter of np =1, nq =3, Kpf =1 and Kqf =−1.5, adapted
from [19], and a power factor of 0.9.

2.3.2. Induction Motor (IM) loads
The IM loads consist of a composite 1MVA variable-speed -drive

(VSD) interfaced IM and two 1MVA three-phase DOL IMs. Two DOL
IMs, adapted from [20], have a constant torque load (a compressor) and
a quadratic torque load (a fan) respectively. The VSD IM has a constant
torque load. It can operate at various speeds and control the torque and
speed in a decoupled manner by using indirect vector control and
space-vector PWM technique [21]. All three IMs have a load factor
(MW/MVA) of 0.75 and the other parameters are listed in Appendix A.

The IMs are commonly protected against undervoltage conditions
by equipping with the motor contactors capable of tripping at around
45–65% of nominal voltage [19,22]. Considering this, the voltage dip
up to 50% will be investigated in the following simulations. In addition,
the motor stalling protection is also employed to disconnect a motor
once its speed reduces to zero.

Fig. 3. Double loop control system of IBG (LS is the
filter inductance; Ud/id and Uq/iq are the voltage direct
and quadrature components; Pinv/Qinv and Pref/Qref are
the real-time and predesigned values of inverter power
outputs).
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3. Switching control strategy

3.1. DG coordinated control

Base on the ISO-8528-1:2005 standard [23], an AC generator driven
by an internal combustion engine normally operates at a load factor of
70% with a power factor of 0.8. Therefore, in grid-connected mode, the
DSG is controlled as a P-Q unit to deliver 1.4 MW to the main grid at a
power factor of 0.8. This setting gives the DSG a 30% spinning reserve
(0.6 MW). The IBG also operates as a P-Q unit and delivers 1.0MW at a
unity power factor in grid-connected mode.

A master/slave scheme was employed to coordinate multiple DGs
when operated in islanded mode. Immediately after the islanding
switching command, the DSG changes to a V-f unit (master) and reg-
ulates the island frequency and voltage. This requires the diesel gov-
ernor to operate in isochronous mode and the excitation system to be a
voltage regulator. In comparison, the IBG continues operating as a P-Q
unit (slave) and delivers 1.0 MW to the island. In addition, it is a regular
practice for DG inverters to provide reactive power support in an is-
landed subsystem, which involves changing the power factor within the
range of 0.90 lagging to 0.95 leading [24]. Therefore, the IBG is op-
erated at a power factor of 0.90 lagging in islanded mode and injects
0.5MVAr into the island.

3.2. Load shedding algorithm

A low-inertia islanded subsystem is sensitive to power imbalance,
and thus fast load shedding is crucial to protect the integrity of the
subsystem when the island generation is less than the load.
Conventional under frequency load shedding technique is too slow for a
low-inertia island, and normally result in overshedding due to its step-
wise nature, long processing time and the tripping delay between steps
[25]. The use of rate of change of frequency (RoCoF) to estimate the
power imbalance is generally considered an effective method, espe-
cially in a large-scale power system [26]. But this method usually fails
to fully utilise the available spinning reserve, and the estimation is often
incorrect especially when the disturbance is severe and transient fre-
quency spikes are experienced [27]. In this paper, the load shedding
scheme is designed to quickly shed sufficient load in a single step. The
shedding amount is based on the active power flow measured at the
PCC immediately before the fault occurs, denoted as PPCC.

PPCC accurately represents the active power deficit in the island, and
thus the load shedding decision is quickly made after the disturbance,
to achieve minimum processing time. The other reason of using PPCC is
to facilitate the application of distributed control. Compared to cen-
tralised load shedding schemes in [26,27], distributed schemes can
effectively reduce the communication delay by getting rid of the remote
control centre, which enhances system reliability and decision-making
efficiency [28,29]. This scheme relies on the intelligent electronic de-
vice (IED) installed at the PCC as the master unit to collect the real time
system data from the other slave IEDs locating at the generator and the
load sites. Once the islanding occurs, the master IED can quickly de-
termine the loads that need to be shed, based on PPCC and the latest
system data, as updated immediately before the disturbance. After-
wards, control commands will be allocated to the corresponding slave
IEDs to implement load shedding.

The actual load shedding amount (PLS) is depicted as:

⩾ − −P P Spinning Reserve Loss(MW) ΔLS PCC (3)

LossΔ is the loss deviation before and after islanding. In the simulated
island, the system loss is deliberately controlled to zero, i.e. LossΔ is
zero. While LossΔ can also be neglected in practice, because it is usually
small and impossible to be measured in real time. Neglecting LossΔ
results in over-shedding which is beneficial because it not only

enhances the transient stability due to larger generation reserve [8] but
also provides a safety margin when the subsystem operates in islanded
mode.

Spinning reserve is the spare active power available at the dispatch-
able generation in the island. This data is continuously measured and
transmitted to the decision-making IED (located at the PCC). Therefore,
it is visible, along with the PPCC, when the load shedding amount is
calculated. Spinning reserve in this paper is equal to the spare MW ca-
pacity of the DSG, i.e. 30% of its capacity= 0.6MW.

The other important aspect of a load shedding scheme is the load
priority. To determine a proper priority, the transient behaviour of
different types of load should be analysed and this will be demonstrated
in the next section.

4. Transient analysis

The islanded subsystem is assumed to be load-rich, and the sce-
narios with 80/60/40% of DG penetration level are next examined. DG
penetration represents the proportion of the dispatchable island gen-
eration (3MW) to the total subsystem on-grid load. For these scenarios,
the switching control is executed 300ms after the formation of the is-
land. This control delay is used to demonstrate the islanding detection
time, the algorithm processing time and the communication delay.

4.1. DG penetration= 80% (on-grid load= 3.75MW)

An island is formed at t=3.0 s following a 10% voltage dip event
resulting from a single-phase fault at t=2.5 s. This is translated to a
fault clearance time (FCT) of 500ms which is the typical value used in a
11 kV distribution network [30].

After the execution of the switching control, a successful islanding
switching is achieved, as presented in Fig. 4. In this scenario, all IM
loads are continuously powered while a portion of the static loads is
shed to maintain the load-generation balance. The PPCC measurement at
t=2.49 s is 1.35MW, and the load shedding amount, calculated from
(3), is 0.75MW.

Fig. 4 shows the system voltage rapidly drops at t=2.5 s due to the
fault but starts recovering after the execution of the switching control at
t=3.3 s. During the fault period, the system frequency remains stable
since the main grid is still connected and strong enough to handle the
system load decreasing caused by the voltage dip. However, once the
subsystem is isolated from the main grid, the system frequency keeps
declining due to the active power deficit until the implementation of
the load shedding.

The transient responses of different types of DG units are illustrated
in Fig. 4(c). Before islanding, the DSG is a P-Q unit delivering fixed
1.4 MW power at a power factor of 0.8, but it is switched to the V-f unit
in islanded mode to regulate the system frequency and voltage. The IBG
maintains a fixed 1MW power output in both modes and it is able to
rapidly restore the stability after the disturbances. As seen in
Fig. 4(e) and (f), the powers of DOL IMs (compressor and fan motors)
are roughly voltage dependent, similar to the static loads, and their
speeds follow the system frequency. In comparison, the VSD IM con-
sumes effectively constant power and maintains constant speed re-
gardless of the system frequency.

When experiencing a severe voltage dip, DOL IMs, especially the
compressor motor which has small inertia (H=0.2 s) and constant
torque loading, are likely to lose stability and stall, unless the FCT is
very short [8,13]. The stalled IM will draw a large amount of power
from the system [22], and thus seriously threatens the island stability.

Fig. 5 shows the case where a 50% voltage dip is caused by a phase-
phase fault and the motor undervoltage protection is not triggered. As
observed in Fig. 5(d), if the FCT remains at 500ms, the compressor
motor keeps decelerating following the severe voltage dip and fails to
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reaccelerate even after the voltage is restored, i.e. it stalls. Finally it is
tripped by the IM stalling protection at t=3.5 s. If the compressor
motor must stay powered, the FCT must be further reduced to 190ms to
prevent motor stalling.

A stalled motor consumes significant MVAr, and this may prevent
the voltage recovery considering the limited MVAr capacity of an is-
land. The motor acceleration also demands extra MVAr, and thus the
recovery of the other IMs can only happen after the disconnection of the
compressor motor. It is also noticed that a motor consumes extra MW at
the end of its acceleration in consistent with the speed-torque char-
acteristic. Therefore, keeping the IM loads connected in the island de-
grades the switching transients and might even lead to an unsuccessful
switching if the stalled motor is not tripped.

The frequency rise is also observed after islanding despite the island
is designed as load-rich. This is because the low voltage massively re-
duces the total load MW, as seen in Fig. 5(e), and results in a genera-
tion-rich condition.

Assuming the motor’s undervoltage protection is disabled or it fails
to operate on a severe voltage dip, the system transients following a
three-phase fault is demonstrated in Fig. 6. As observed in the figure, an
80% voltage dip is induced by the fault which massively decreases the
island load MW and creates a large generation surplus during the fault

period. This voltage dip also rapidly slows down the IMs and causes the
compressor motor stalling.

After islanding, because the stalled compressor motor is quickly
tripped at t=3.1 s, the system recovers and eventually stabilises. Under
such a fault condition, the FCT must be very short if the compressor
motor stays connected. Table 1 lists the maximum FCT required for the
compressor motor to survive the fault and following islanding period.

As seen in the table, the FCT required for the successful islanding
switching is very short, particularly when a severe voltage dip event is
experienced. Because it is impractical to adopt such a short FCT on an
11 kV distribution network, the load shedding priority needs to be re-
evaluated according to the load stability issues discovered in the above
simulations.

(1) Static Load: In consistent with (2.1), the MW consumption of a static
load is majorly voltage dependent. This dependency benefits the
system recovering process.

(2) DOL IM Load: The voltage dip causes the flux of the DOL IM to
rapidly drift down, which reduces the developed torque and con-
sequently decreases the motor speed and the consumed power [12].
Once the fault is cleared and the system voltage restores, the un-
stalled IMs slowly recover to the nominal operation. During the

Fig. 4. Switching transients of scenario_1 (single-phase fault). Fig. 5. Switching transients of scenario_1 (phase-phase fault).
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recovery, IMs absorb significant power to reaccelerate the rotor, as
shown in Figs. 4–6. The severer the voltage dips, the more the
motor speed declines which then requires a longer time to re-
accelerate. In Figs. 5 and 6, when a prolonged and deep voltage dip
is experienced, the DOL compressor motor keeps losing speed and
cannot accelerate even on the restoration of the supply voltage, i.e.
the motor stalls. The stalled motor is harmful to the island stability
and must be disconnected rapidly. Therefore, if the stalling pro-
tection is slow or fails to operate, the stalled motor must be shed by
the load shedding scheme.

(3) VSD-Interfaced IM Load: The application of a VSD decouples the
motor speed with the grid frequency. Because of this, the transient
stability of VSD IMs is much stronger than the DOL IMs. Figs. 5 and
6 show, with the same constant torque loading, the VSD IM survives
the severe faults while the DOL IM loses stability and stalls. The
power and speed of a VSD IM can be maintained stable during both
the fault and the islanding switching periods. A VSD also raises the
power factor of the motor current and leads a VSD IM to demand
mainly MW power when it accelerates.

Base on the discussions above, IM loads are less preferable to stay
connected during the islanding switching since they consume sig-
nificant power to reaccelerate which may degrade the system tran-
sients. Typically for a severe fault event, DOL IMs with constant torque
loading must be shed to prevent motor stalling, but this may not be
necessary if rapid fault clearance is achievable. Consequently, the load
shedding priority, in terms of the load transient performance, can be
designed as “DOL IM (constant torque loading) > DOL IM (quadratic/
linear torque loading) > VSD IM > Static load”.

4.2. DG penetration= 60% (on-grid load= 5.0MW)

Based on the designed load shedding priority, in this subsection, the
DOL compressor motor is shed in the double- or three-phase fault cases.
While in the single-phase fault case, the compressor stays connected
during the switching process to study the worst case scenario.
Simulation results are illustrated in Figs. 7 and 8 respectively with a
500ms FCT. The PPCC measurement at t=2.49 s is 2.6MW, and the
load shedding amount, calculated from (3), is 2.0MW.

Fig. 7 depicts a smooth islanding switching following a single-phase
fault. But compared to the scenario_1 with a higher DG penetration, as
shown in Fig. 2, the frequency and voltage transients are degraded in
this scenario. The IMs also slow down more severely and consume more
power during reacceleration. This is because a higher power deficit is
seen in the island before the implementation of the load shedding.

For the phase-phase fault case as illustrated in Fig. 8, unlike the
maximum 190ms FCT required when the compressor motor keeps
connected in the island, a significantly slower FCT, such as 500ms, can
be adopted when this motor is shed. Therefore, applying this shedding
priority is necessary. The frequency deviation in Fig. 8 is considerably
smaller than that in Fig. 7. This is because the reduction of the load
MW, due to the severe voltage dip, prevents the fast frequency decline.
As seen in Fig. 8(e), after the load shedding, the remaining IMs re-
accelerate and consume extra amount of MW, which decreases the
system frequency. Once the IM acceleration is finished at t=4 s, the
MW consumption of IMs immediately drops and this creates an instant
generation surplus resulting in a noticeable frequency overshoot.

4.3. DG penetration= 40% (on-grid load= 7.5MW)

The PPCC measurement at t=2.49 s is 5.1MW, and the total load
shedding amount, calculated from (3), is 4.5MW. When the designed
load shedding scheme is applied, the transient voltage and frequency
responses are shown in Fig. 9, along with these results obtained from
aforementioned scenarios. This comparison demonstrates the impact of
the DG penetration level on the islanding switching transients.

The result indicates that the proposed control strategy is effective in
ensuring successful islanding switching with the DG penetration level
varying from 40% to 80%. It also validates that the typical FCT of
500ms is appropriate for these cases. Fig. 9(a) and (b) show that the
transient response during a single-phase fault initiated islanding is
significantly affected by the DG penetration level. This is because a
higher DG penetration implies a smaller MW deficit in the island which
mitigates the frequency decline during t=3–3.3 s. The frequency rising

Fig. 6. Switching transients of scenario_1 (three-phase fault).

Table 1
Maximum FCT required for successful islanding switching.

Voltage dip (%) Maximum FCT (ms)

39 500
50 190
60 120
70 70
80 40
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speed is the same in all cases since the maximum mechanical torque
available at the synchronous generator to accelerate its rotor is fixed. A
smaller voltage dip and less overshoot are also experienced in the high
DG penetration case because the excitation system has a lower MVAr
deficit to balance.

When the islanding is initiated by a phase-phase fault, the island
load MW demand is significantly lowered by the severe voltage dip.
This results in a frequency increase during t=3–3.3 s in the cases with
high DG penetration levels, as seen in Fig. 9(d). After the load shedding
execution, the system voltage sharply rises and this increases the load
MW at the same time. Consequently, a quick frequency decline is ob-
served considering the synchronous generator takes time to ramp up its
mechanical MW output to match the increasing load MW demand. The
other frequency rise during t=4–4.5 s is because the MW demand from
IM loads suddenly drops at the end of their acceleration process.

According to the existing power quality requirements, the operating
frequency of an islanded subsystem, with no synchronous inter-
connection, is 50 Hz ± 2% [31], and the voltage deviation range in
European industries is −15%/+10% [32]. Therefore, the system set-
tling time can be defined as the time when the subsystem recovers
within these ranges. As seen in Fig. 9(a) and (b), a higher DG

penetration can effectively decrease the settling time. However, for
phase-phase fault cases, the frequency deviations are similar, and they
are kept within the acceptable range during the entire process.

5. Impact of switching control delay

In aforementioned case studies, the time delay required to execute
the switching control is 300ms after the formation of the island, which
is proved to be appropriate in all scenarios. This control delay is used to
demonstrate the presence of the islanding detection time, the decision
making time, the communication delay and the circuit breaker opening
time. In this section, the impact of switching control delay on the
system transient performance is examined. The scenario with 60% DG
penetration level is taken as the example.

5.1. Single-phase fault case

As observed in Fig. 10, the islanded system successfully recovers and
the recovery responses are identical in all cases. A faster control ex-
ecution can promise a better power quality by effectively reducing the
frequency and voltage deviation. However, if the control execution is

Fig. 7. Switching transients of scenario_2 (single-phase fault).
Fig. 8. Switching transients of scenario_2 (phase-phase fault).
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further delayed, as seen in Fig. 11, the system becomes unstable at
t=9.2 s and fails to recover even after the control execution at
t=10.0 s. This is because the IM parameters become unstable with
large oscillations once the motor speed declines too low, and conse-
quently the system frequency and voltage becomes oscillating. There-
fore, the switching control must be executed fast enough to restore the
motor speed to an acceptable value. In addition, since the operation in
low frequency and low voltage may damage the electric devices, such as
motors, power electronics and generators. The switching control needs
to be executed as rapidly as possible.

5.2. Phase-phase fault case

Figs. 12 and 13 indicate the system can survive the fault and the
subsequent islanding even though the switching control is executed
slowly. Before the control execution, the island stabilises at an un-
acceptable condition with a low voltage and a low frequency. Due to
the increased MVAr consumed by the IMs when operating at low

speeds, the DGs have insufficient MVAr capacity to restore the voltage.
Consequently, this low voltage results in a decrease in the total island
load MW demand, and the island load-generation can be balanced at a
low level. During this period, instead of keeping losing speed as seen in

Fig. 9. Impact of DG penetration level.

Fig. 10. Impact of switching control delay (single-phase fault).

Fig. 11. System transients with a long control delay (single-phase fault).

Fig. 12. Impact of switching control delay (phase-phase fault).

Fig. 13. System transients with a long control delay (phase-phase fault).
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the single-phase fault case, the remaining IM loads are able to operate
at low speeds.

Once the switching control is executed, the frequency and voltage
immediately start recovering and the recovery transients are almost
identical in all cases. Therefore, the appropriate control speed should
also consider the system protection settings. The maximum time delay
before the protection operates to trip system components, such as
generator or load tripping due to the undervoltage protection, de-
termines the slowest speed allowed for the switching control execution.

6. Conclusion

The transient stability of a distribution subsystem during the fault-
forced switching to islanded operation was studied in this paper. A
load-rich subsystem that consists of multiple DGs and various types of
load was investigated. To ensure a successful islanding switching with
acceptable frequency and voltage transients, a control strategy in-
cluding a DG control coordination method and a single-step load
shedding scheme was designed.

When the subsystem operates in islanded mode, the diesel-based
synchronous DG was the master unit regulating the system at a fre-
quency of 50 Hz and at an appropriate voltage, while the inverter-based
DG was controlled as the slave to deliver constant power. In addition, a
load shedding scheme was presented to maintain the load-generation
balance in the island. The load shedding amount was calculated based

on the real time PPCC measurement and the spinning reserve available at
the dispatchable DGs which together can effectively describe the power
deficit in the island.

The load shedding priority was the other critical part of a load
shedding scheme. In this paper, this priority was determined in terms of
the load transient stability. According to the simulation results, the
static load and the VSD-interfaced IM load can withstand severe fault
conditions using the typical 500ms FCT, while the DOL IM load might
lose stability and stall unless an extremely short FCT is available.
Therefore, the DOL IM loads, especially those with small inertia and
constant torque loading, must be shed if a severe voltage dip is ex-
perienced. Therefore, the load shedding priority is finally designed as
“DOL IM (constant torque loading) > DOL IM (quadratic/linear torque
loading) > VSD-interfaced IM > Static load”.

The impacts of the DG penetration level and the switching control
delay were also examined. The result shows both factors significantly
affect the system transient performance during the islanding switching
process. Generally speaking, a higher DG penetration can improve the
transient performance by decreasing the frequency/voltage deviations
and the system settling time. The switching control must be executed
fast enough to prevent the system collapsing, but a proper control speed
should also consider the power quality requirements and the system
protection settings. The control must be executed before the unqualified
frequency or voltage damages the system components.

Appendix A

Utility network represented by Thevenin equivalent model:

33 kV, 1000MVA and source impedance= 1.089Ω; Grounding resistor= 6Ω (ground fault current limiter).

Transformer parameters:

Voltage ratio (kV) Base (MVA) R (pu) X (pu) Windings

33/11 10 0.005 0.06 Yyn
11/0.4 5 0.01 0.05 Dyn11

Diesel governor:

Proportional gain (droop mode): 20;
Proportional gain (isochronous mode): 40;
Integral time constant (isochronous mode): 0.015;
Fuelling actuator time constant: 0.2 s;
Engine dead time: 0.024 s;
Fuelling factor (KF): 1.

Synchronous generator:

Rated capacity: 2.5 MVA;
Base angular frequency: 50 Hz;
Inertia constant: 1.48 s;
Armature resistance (Ra): 0.01 pu;
Leakage resistance (RL): 0.135 pu;
Direct axis reactance (Xd): 2.65 pu;
Transient direct axis reactance (Xd′): 0.22 pu;
Sub-transient direct axis reactance (Xd″): 0.15 pu;
Quadrature axis reactance (Xq): 2 pu;
Sub-transient quadrature axis reactance (Xq″): 0.25 pu.

Induction motor:

4-pole squirrel cage induction machine;
Load Factor (MW/MVA): 0.75;
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Stator resistance: 0.009 pu;
First cage resistant: 0.139 pu;
Second cage resistant: 0.026 pu;
Stator unsaturated leakage reactance: 0.052 pu;
Unsaturated magnetizing reactance: 1.993 pu;
Second cage unsaturated reactance: 0.113 pu;
Inertia constant: 0.2 s (Compressor), 0.5 s (Fan).
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