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Abstract—This paper presents a novel load shedding scheme
with consideration of the active power ramping capability of
Distributed Energy Resources (DERs) to address the challenges
due to low inertia and diverse types of DERs in microgrids.
In the paper, it is demonstrated that due to the small inertia
in microgrids, even with sufficient reserve power, the frequency
could rapidly drop to a low level and trigger the DERs’ under
frequency protection (thus the total system collapse), if the
reserve active power is not ramped up at a sufficient rate.
The proposed load shedding scheme addresses this challenge by
considering not only the DERs’ reserve, but also their speed in
injecting active power to the system to determine the amount of
load should be shed, so that critical frequency thresholds are not
violated. The proposed load shedding scheme is tested using a
realistic real time hardware-in-the-loop arrangement. The results
show that the proposed scheme can correctly detect the cases
when the DERs’ responses are too slow and trigger the required
load shedding actions, thus effectively containing the frequency
above the critical threshold.
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Inertia constant of the ith synchronous machine in the microgrid
Capacity of the ith synchronous machine in
the microgrid
Maximum active power ramp rate of ith DER
Total maximum active power ramp rate of all
DERs
Average active power ramp rate of all DERs
Total active power ramp rate of all DERs
Minimum required active power ramp rate to
avoid violating the lowest frequency limit
Nominal frequency of the system
Measured frequency at the current moment
System frequency in per unit
Lowest acceptable frequency limit
Low frequency safety threshold
Event detection frequency threshold
The maximum allowable frequency deviation
from the current frequency point
Rate of Change of Frequency
RoCoF measured at the current time instance
Maximum RoCoF measured in a frequency
event
Event detection RoCoF threshold

Current time instance
Time when the event is detected
Time when the frequency will drop to fL
Initial power imbalance
Current power imbalance
Dynamic power imbalance
Total reserve power
Active power reserve of ith DER
Responding active power from DERs
Calculated amount of load to be shed
Total electrical power in the microgrid
Total mechanical power from generators
Droop setting of the ith DER that provides
frequency regulation
Power reference change of the ith DER with
droop control
I. I NTRODUCTION

U

NDER frequency load shedding is considered as a
critical measure for balancing power generation and
demand in microgrids during emergency frequency events [1].
When a microgrid gets disconnected from the main grid due
to unexpected events (e.g. faults) and the local generation
is smaller than the demand, the microgrid may experience
severe and rapid frequency degradation due to the relatively
small system inertia level [2], [3]. Effective load shedding is
therefore required to curtail a certain amount of load so that
the power quality can be maintained at a satisfactory level
and the supply to critical loads can be sustained [4]. Underfrequency load shedding has been investigated extensively in
the research community, and a comprehensive review of the
exiting load shedding methods for microgrids is presented in
[1]. The existing methods can be broadly classified into three
main categories: static frequency/Rate of Change of Frequency
(RoCoF) load shedding [5]–[7], adaptive load shedding [3],
[8]–[20] and load shedding using Artificial Intelligence (AI)
techniques [21]–[30].
Static frequency load shedding is a conventional method
that has been applied widely for both large power systems and
microgrids [3], [5]. It operates based on pre-defined frequency
thresholds and sheds a certain amount of load when the
frequency falls below these thresholds for pre-defined periods
of time. Such schemes are relatively easy to implement, but
do not have awareness of the magnitude of power imbalance,
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and simply react to the measured frequency, which could result
in over/under shedding of loads, leading to an exacerbation of
the disturbance [11]. RoCoF-based load shedding evaluates the
RoCoF values at a number of pre-defined frequency levels, and
if the measured RoCoF magnitude is larger than the pre-set
limits, a corresponding amount of load will be shed [6]. This
method relies on accurate algorithms for frequency and RoCoF
measurements [31]. In [6], a combination of RoCoF and fixed
frequency-based load shedding is implemented. The work
focuses on the scenarios of intentional islanding from grid
connected mode when the required loads are shed before the
islanding event occurs. In [7], the RoCoF-based load shedding
is used along with the consideration of customers’ willingness
to pay for maintaining the supply to determine the priority
ranking of different loads. RoCoF-based schemes provide a
level of improved adaptability than the fixed frequency based
schemes as the RoCoF value is proportional to the amount
of power imbalance. However, the load shed in each step
is still fixed, i.e. the adaptability to an event is limited.
This is particularly the case for a microgrid environment,
where the operating condition can change significantly with
different amounts of reserve power and operating statuses of
the Distributed Energy Resources (DERs) [32].
Adaptive load shedding schemes have gained significant interests in recent years [3], [8]–[20], [33]. The key advantage of
adaptive schemes is the capability to adaptively take different
actions based on varied system conditions. The provision of
adaptability can be realized in different ways. For example, in
[8], adaptive load shedding actions are deployed by considering the droop control characteristics of inverter-based DERs;
in [9], an analytical approach is taken to adaptively adopt
the required the load to be shed; in [10], wide-area real time
measurement signals are used to dynamically assess the real
time system stability margins and operational limits, thus to
determine the amount of loads need to be shed once incidents
occur. A key element of adaptive schemes is the capability to
deal with different sizes of power imbalance. Therefore, load
shedding actions based on the estimation of power imbalance
is another widely used method for providing adaptive load
shedding [3], [11], [12]. The fundamental principle of this
type of adaptive scheme is based on the estimation of the
power imbalance size, then comparing it with the available
reserve in the system in order to determine the amount of
load required to be shed. The estimation of power imbalance
is achieved by firstly finding the overall equivalent inertia level
of the microgrid and then calculating the power deficiency
based on the measured RoCoF using the swing equation [34].
For example, this method is applied in [3] along with a state
estimation technique to estimate the load flow in each branch
so as to estimate the amount of power imbalance during
sudden islanding and load increase scenarios. In [12], a multistage under frequency load shedding scheme was proposed,
where the load planned to be shed at each stage is also based
on the estimation of power imbalance.
While the aforementioned adaptive load shedding schemes
are capable of adapting the shedding action to different system
conditions, there are still a number of critical shortcomings
that have not been addressed: 1) frequency control in mi-

crogrids not only depends on the available reserve power
when a frequency event occurs, but is also highly dependent
on the speed with which the resources can respond to the
event. According to the studies conducted in [35], the active
power ramp rate of the DERs has a dominating impact on
the frequency profile. When a sudden islanding event occurs,
if the load shedding scheme only considers the available
reserve without consideration of the DERs’ active power
ramping capability, it could lead to the frequency dropping
to an unacceptable level, which could result in tripping of
DERs due to under frequency protection, potentially leading to
whole system collapse, even there is sufficient reserve energy
available. 2) the existing methods based on power imbalance
estimation assume that the DERs will deliver the power as
required, without a proper mechanism to deal with the cases
where DERs under deliver the levels of power required. From
the GB power cut event in 2019, it is observed that, due to
various reasons, DERs may deliver smaller amounts of power
than required and expected [36].
AI techniques have also been used for load shedding
purpose. In [21], [22], power system models are used to
train neural networks so as to predict the system behavior,
in order to determine the load to be shed under various
scenarios. In [23], [24], genetic algorithms are used to find the
optimal amount of load that needs to be shed. [25] presents an
emergency load shedding scheme based on deep Q learning,
where the load priority and the anticipated effect of shedding
actions considering loads’ frequency dependent characteristics
are formulated in the reward function, thus to achieve fast
frequency recovery, while maintaining the power supply to
critical loads. The Q-learning algorithm is also applied in [26],
where the load shedding amount is determined by considering
the frequency droop characteristics of DERs, and the load priority is formulated as the reward for the Q-learning algorithm
to minimize the interruption to critical loads. In [27], a load
shedding approach that integrates the model-driven and datadriven methods for frequency prediction and load shedding
amount calculation is proposed. [28] proposes the use of multiagent systems to coordinate the load shedding actions to eliminate the need for communications. These publications provide
valuable insights in demonstrating the capability of AI-based
methods to enable effective load shedding actions, but the
DERs’ active power ramping capability is not considered,
which could lead to frequency dropping to an unacceptable
level even with sufficient reserve. In [29], deep reinforcement
learning is applied for adaptively determining the emergency
control actions (including load shedding), but the key focus for
shedding action is mainly placed on voltage stability without
consideration of the frequency in the system. In [30], an effortbased reward approach is proposed and implemented as a
multi-agent system for allocating the load shedding amount
in networked microgrids, where an effort index that considers
the microgrid’s contribution to the network and its capacity
is defined to determine the amount of load to be shed. The
proposed system aims to provide a fair chance for small
micrgrids in supporting the network operation. However, this
apporach is mainly designed for scheduled load shedding
actions and is not suitable for addressing emergency frequency
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deviation during power imbalance events.
In addition to aforementioned publications, there are some
other activities reported in the area of load shedding for
microgrid applications: [37] and [38] present methods that
aim to consider both voltage and frequency stability when
issuing load shedding actions; [39] specifically considers the
survivability issues of synchronous DERs when determining
loads to be shed; Similar to adaptive load shedding schemes,
the aforementioned schemes do not consider the DERs’ active
power ramping capability (which is often widely diverse
depending on the DER technology and interface), and this
could lead to failure in recovering the system following severe
events.
To address the aforementioned challenges associated with
non- or inadequate consideration of DERs’ active power
ramping capability, this paper presents a novel load shedding
scheme that dynamically calculates the required amount of
load to be shed with consideration of the DERs’ reserve
power as well as their active power ramping capabilities,
which ensure the minimum amount of load is shed while the
critical frequency limit is not violated, thus avoiding the risk
of frequency collapse. Compared with existing load shedding
schemes, the propose method is not only adaptive to the
magnitude of power imbalance, but also adaptive to the DERs’
active power ramping capability in the post-disturbance and
load shedding phases of the disturbance management process.
Another key advantage of the proposed scheme is that by
evaluating the required ramping rate from DERs, it is also
capable of shedding an appropriate amount of load when DERs
fail to deliver the required response.
The paper is organized as follows: Section II presents
an overview of frequency control in microgrids; Section III
presents the design of the proposed load shedding scheme;
Section IV presents case studies where a highly realistic
Hardware-in-the-Loop (HiL) test setup has been used to
demonstrate the effectiveness of the proposed scheme. Section
V presents the conclusions of this work.

i
i
HSM
SSM
×fpu ×RoCoF (t) = Pm (t)−Pe (t) = ∆P (t)
fn
(2)
Assuming the system operates at the nominal frequency (i.e.
fpu = 1 pu) before disturbance (e.g. sudden islanding), the
RoCoF value of the system can be described using (3):
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P

RoCoF (t) =

(∆PE + PR (t)) × fn
P i
i
2 HSM
SSM

RoCoF (t) =

Z
∆f =

Z
RoCoF (t)dt =

(∆PE + PR (t)) × fn
P i
dt
i
SSM
2 HSM

(6)

Assuming the current time instance is T0 with a power
imbalance of ∆P0 , the system is with a frequency f0 , the
absolute lowest frequency the system can tolerate is fL (which
is often the under frequency protection threshold for DERs
[40]), the DERs have an overall active power ramping rate
KT at T0 and they will maintain this rate, then the maximum
permitted frequency deviation ∆fmax can be expressed as:
Tc

(∆P0 + KT × t) × fn
P i
dt
i
2 HSM
SSM

(7)

where Tc is the time when the frequency will drop to fL . (7)
indicates that, if the DERs continue to ramp at a constant rate
of KT , the system will reach fL at Tc . As T0 is the current
time instance, for simplicity, T0 is set to 0. Therefore, (7) can
be expressed as:
Z

Tc

∆fmax =
0

(∆P0 + KT × t) × fn
P i
dt
i
2 HSM
SSM
(8)

(∆P0 × Tc + K2T × Tc2 )
P i
=
i
2 HSM
SSM

(1)

The frequency behavior of a microgrid is governed by the
swing equation as shown in (2) [34]:

(5)

The frequency deviation ∆f over time is:

T0

B. Frequency behavior during power imbalance events

(4)

∆PE is the largest power imbalance during an event, which
occurs at the beginning of the event. This is because following
the event occurrence, the response from PR (t) will decrease
the power imbalance. Therefore, |∆PE | is also referred to as
the size of power imbalance event in the rest of the paper.
From (3) and (4), the RoCoF value can be described as:

A. Frequency response from DERs in microgrid

i
∆Pref
= −(1/Ri )(f0 − fn )

(3)

∆P (t) = ∆PE + PR (t)

∆fmax = fL − f0 =

When power imbalance events occur, microgrids rely on
dispatchable DERs to adjust their active power output to
rebalance the system. Typically, droop control is used by
DERs for regulating the frequency by sharing the active power
injection contribution. For the droop control, if the measured
frequency at the current time instance is f0 , then the output
power reference of DERs will be adjusted based on how much
f0 deviates from fn and the droop setting Ri , which can be
described using (1):

∆P (t) × fn
P i
i
HSM SSM

∆P (t) is the amount of active power imbalance and it is
a time-varying function of the initial power imbalance ∆PE
and the responding power PR (t) from DERs as shown in (4):

Z
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Solving (8), the solutions are:
r
−∆P0 ±
Tc =

∆P02

+

4(fL −f0 )×KT ×
fn

KT

× fn

P

i
i
HSM
SSM

(9)
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(8) and (9) mean that at any given time T0 during the
frequency event with a measured frequency f0 and a frequency
response ramp rate of KT , if real positive roots can be
found, that means the frequency will eventually drop to the
limit fL , which could cause severe consequences, e.g. DERs
tripping, and thus a total system collapse. In order to avoid
the frequency dropping to fL , KT should be large enough, i.e.
the DERs’ active power ramping rate should be fast enough.
Referring to (9), if no real root for Tc can be found, the
system will not reach the lowest limit. In order to meet this
requirement, the following condition must be met:
∆P02 +

4 × (fL − f0 ) × KT ×
fn

P

i
i
HSM
SSM

f0 = 48.1 Hz

_

<0

(10)

∆P02 × fn
P i
i
4 × (f0 − fL ) × HSM
SSM
{z
}
|

(11)

K̄min

It should be noted that KT represents the combined ramp
rate of all DERs at T0 , while K̄min is the required minimum
average power ramp rate to avoid frequency dropping to fL .
Both KT and K̄min are time varying variables and can be
calculated and evaluated every time step. Fig. 1 shows an
example how K̄min will change with different values of f0
and the initial power imbalance ∆PE . It can be seen that, with
the same initial power imbalance ∆PE , the value of K̄min will
increase as the frequency drops. For DERs, the response rate
KT can also change over time, and generally it will tend to
decrease as it approaches the DERs approaches to new settling
points. The evaluation of the value for KT will be further
discussed in Section III-E. Therefore, if K̄min is greater than
KT , it means the DERs are not going to be sufficiently fast
to avoid the frequency dropping below the lowest limit fL
even there is enough reserve power available. This is because
K̄min will keep increasing and the reserve power is injected to
the system too slowly, so the system could collapse. Therefore,
while the total reserve power in the system is a critical element
to be considered for load shedding, the active power ramping
capability is also key to ensure the system can survive during
severe frequency events.
III. D ESIGN OF THE LOAD SHEDDING SCHEME
A. Overview of the load shedding scheme
The proposed load shedding algorithm contains five main
stages, which is illustrated in the flow chat in Fig. 2 and
the diagram in Fig. 3. Stage I is to monitor the operational
mode of the microgrid (i.e. grid-connected or islanded) and
detect power imbalance events - this will determine whether
to activate the load shedding scheme in the subsequent stages;
if there is a frequency event detected in islanded mode, Stage
II will calculate the amount of the power imbalance; Stage
III caters for over-load conditions, i.e. if the total reserve is
not sufficient to meet the calculated power imbalance, the
system will shed load corresponding to the overload; Stage
IV evaluates the DERs’ active ramping capability and the
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Fig. 1. The required active power ramp rate K̄min at different f0 and ∆PE

minimum required ramp rate to determine whether the DERs
respond too slow to contain the frequency deviation to make
load shedding decisions; Between the shedding actions, a
holding time THold is introduced to account for potential
communication delay and the system’s measurement delay to
avoid consecutive commands before the last load shedding
action takes effect. For the final stage, when the frequency
drops to a level close to the critical limit (i.e. fsaf e ) and there
is not enough time to further wait for the DERs to ramp up
their response, so it will shed the remaining power imbalance
in system to avoid dropping to the lowest permitted value fL .
B. Stage I: Detection of the microgrid’s operational mode and
frequency events
Microgrids typically have two operational modes, i.e. grid
connected and islanded modes, which have significantly different frequency control and load shedding strategies. The
first stage of the algorithm is to monitor the system through
continuous measurement of frequency and RoCoF signals to
determine whether there is a credible under-frequency event,
by comparing the measured frequency and RoCoF with preset thresholds fED and RoCoFED . If both of the fED and
RoCoFED are violated, the scheme will consider there is a
frequency event is detected, and then an islanding detection
algorithm will be executed to determine whether the system is
under islanded mode. The proposed load shedding algorithm
is designed for a microgrid control system as reported in
[41]. As the islanding detection is not the main focus of the
paper, the detailed implementation of the islanding detection
for the system [41] can be found in [42]. The subsequent
load shedding actions will only be triggered when an underfrequency event is detected the in the islanded mode.
C. Stage II: Evaluation of the magnitude of power imbalance
Once an under-frequency event in islanded mode is detected,
the algorithm will move to Stage II to evaluate the power
imbalance using (12), where RoCoF0 is RoCoF measured at
the current time step and it will vary over time.
P i
i
2 HSM
SSM
× RoCoF0
(12)
∆P0 =
fn
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imbalance

Yes

II

Calculate ΔP0 , ΔPE
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Fig. 3. Illustration of the operation of the proposed load shedding scheme
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Fig. 2. Algorithm of the proposed load shedding scheme

For load shedding purpose, it is also important to estimate
the event size, i.e. the largest magnitude of the power imbalance during the event, and this can be calculated using the
measured maximum RoCoF, i.e. RoCoFmax with (13):
P i
i
2 HSM
SSM
× |RoCoFmax |
(13)
|∆PE | =
fn
D. Stage III: load shedding to avoid overloading
Assuming there are n DERs in the microgrid capable of
providing frequency response and the ith DER has a reserve
active power of PRi , then the total reserve power available is:
PRT =

n
X
i=1

PRi

(14)

When an under-frequency event is detected, the load shedding algorithm will check if there is sufficient reserve to supply
the power deficit by comparing PRT with |∆PE | based on
(15). If there is not sufficient reserve (i.e. |∆PE | > PRT ),
then a load shedding action is required as the system will not
be able to supply the total demand. The scheme will shed
the load by |∆PE | − PRT . If there is sufficient reserve (i.e.
|∆PE | ≤ PRT ), this means, from the information provided
to the microgrid management system, that available resources
have sufficient reserve to meet the demand. The existing
load shedding schemes [3], [11]–[14] will consider that no
load shedding action is required. However, from the analysis
presented in Section II, it is evident that only shedding the
overloaded amount may not be sufficient. In fact, even if the
system is not overloaded, if DERs’ active power ramping rates
are too slow, the system may still fail to survive due to low
frequency disconnection of DERs [40].

|∆PE | ≤ PRT
 0M W
Pshed =
(15)

|∆PE | − PRT |∆PE | > PRT
E. Stage IV: load shedding based on DERs’ active power
ramping rates
From (11), it is known that to avoid frequency dropping to
the limit fL , a minimum average ramp rate K̄min is required.
Assuming that the DERs have an overall ramping rate of
KT , then if KT > K̄min , it means the DERs are responding
at a rate that could avoid frequency dropping to fL , so no load
shedding is needed. However, when KT < K̄min , shedding
action will inevitably be required to bring the system back to
the state where the resources would have sufficient response
speed to mitigate frequency drops, so substituting K̄min with
KT in (11):
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KT =

(|∆P0 | − Pshed )2 × fn
P i
i
4 × (f0 − fL ) × HSM
SSM

(16)

Therefore, Pshed can be calculated using (17):
s
P i
i
4 × (f0 − fL ) × KT × HSM
SSM
Pshed = |∆P0 | −
fn
(17)
The value of KT could be different when the load shedding
scheme operates at different stages. As illustrated in Fig. 3,
before and after the frequency event, the system is at steady
state, so KT is set to be a fixed value of Kmax , which is
the total maximum ramp rate that the DERs can achieve. This
is to avoid unnecessary continuous calculation and setting the
maximum value for KT also provides an extra level of security
against mal-tripping.
i
For each DER, the maximum ramp rate Kmax
that can be
i
achieved for a power increase of ∆Pref
can be determined
i
by applying a step change of ∆Pref
in the power reference,
and measure the speed of the active power response against
the command. For example, for fL = 47 Hz, fn = 50 Hz
i
and Ri = 0.05, using (1), ∆Pref
can be calculated as 1.2
pu. In practice, the DER will not allow a set point beyond 1
pu, so to test the maximum ramping rate of the DER, a step
change of power reference to the maximum power reference,
i.e. 1pu, could be applied to either the physical device or in
i
simulation, through which the maximum ramping rate Kmax
can be determined. The total max ramp rate Kmax of all DERs
can be then be calculated as:
Kmax =

n
X

i
Kmax

(18)

i=1

As the DERs are not able to maintain their response rate
at Kmax . Therefore, after the event is detected and the
overloaded condition is checked in Stages I-III, the algorithm
will dynamically evaluate the average ramp rate of the DERs
with (19), which calculate the average rate of active power
that has been injected to the system since the event detection.
In Stage IV, KT will be set as K̄ for load shedding actions.
It should be noted that as there is time required for event
detection and the DERs might have a deadband in respon there
is a holding minimum time applied to change KT from Kmax
to K̄. This holding time should typically be greater than the
time required for event detection and the dead band delay of
DERs and it is set as 0.5 s in this study.
R T0
(∆P0 − ∆PE )dt
(19)
K̄ = TED
T0 − TED
Fig. 3 presents two examples for illustrating the operation
of the load shedding scheme. Case 1 represents a scenario
where there is no shedding required, i.e. the system reserve is
sufficient and the DERs’ respondig rate KT is greater than the
required K̄min . In case 2, the load shedding scheme will firstly
detect the event and evaluate whether there is overloading
at Stage I-III. Following that, KT = K̄ is evaluated using
(19) and when KT < K̄min , load shedding will be triggered.
When frequency approaches fL , the calculated K̄min will be

TABLE I
I NFORMATION ABOUT THE DER S AND LOAD SHEDDING SETTINGS
S

H

i
Kmax

Droop

CHP

1 MVA

2s

0.372 MW/s

0.05

Hydro

2 MVA

2s

0.343 MW/s

0.05

BESS

200 kVA

N/A

1.114 MW/s

0.05

Wind

400 kVA

N/A

N/A

N/A

PV

800 kVA

N/A

N/A

N/A

fED = 49.8 Hz, fL = 47 Hz, Thold =150 ms
Other Settings

RoCoFED = 0.1 Hz/s, fsaf e = 47.5 Hz

TABLE II
ACTIVE P OWER O UTPUT /C ONSUMPTION BEFORE E VENTS
Case

1

2

3

4

5

6

CHP
(MW)

0.80

0.80

0.90

0.80

0.80

0.80

Hydro
(MW)

1.67

1.75

1.77

1.67

1.67

1.64

BESS
(MW)

0

0

0
(Failure)

0

0

0

Wind(MW)

0.20

0.20

0.20

0.20

0.20

0.20

PV (MW)

0.60

0.60

0.60

0.60

0.60

0.60

Load 0
(MW)

3.40

3.57

3.50

3.40

3.40

3.40

Load 1 to 10 (each): 0.05 MW

significantly increase, and based on (11), it will be an infinite
value when f0 = fL , so to avoid the calculation running into
an infinite value, when f0 drops to fsaf e , K̄min is set to a
fixed value, typically much greater than KT . The exact value
is not critical as the load shedding algorithm will move to
Stage V when frequency drops to fsaf e , where K̄min is no
longer used for decision making.
F. Stage V: Shedding remaining amount of power imbalance
As mentioned previously, as load shedding actions will
introduce further dynamics in the system and there could
be delays in communication and measurement, so in Stage
IV, a time delay Thold is applied after each shedding action.
However, when the frequency is very close to fL , there is
not enough time for another holding period Thold . In this
case, it is desirable to shed all remaining power imbalance
in the system, rather than waiting any further for the DERs
to continue ramping their power. Therefore, in this scheme, a
safety frequency threshold, fsaf e is used for activating Stage
V, i.e. whenever frequency drops to fsaf e , the load shedding
scheme will shed the remaining power imbalance without
being limited by any time delay blocks. The setting of fsaf e is
subject to the safety margin the operator wants to have, where
it is set as 0.5 Hz above fL in this work.
IV. C ASE S TUDIES
A. Overview of the test configuration
The proposed load shedding scheme has been tested using a
highly realistic HiL setup as shown in Fig. 4, which contains
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Fig. 4. Hardware-in-the-Loop test setup for validating the load shedding scheme

a real-time simulation element running in an RTDS simulator
[43] and physical systems including the hardware platform
executing the load shedding algorithm, along with associated
communication devices. In the simulation, a modified benchmark microgrid model based on [44] is used to represent the
microgrid system and a voltage source is used for emulating
the main grid. In the microgrid, there are 11 loads, with
one non-sheddable load and 10 sheddable loads. The DERs
in the microgrid include a gas turbine-based Combined Heat
and Power (CHP) unit, a mini-hydro plant, a Battery Energy
Storage System (BESS), and units for representing PV and
wind generation respectively. The hydro generator is modelled
using a synchronous generator with the “HyGov” governor
[44]; the CHP unit is also moddelled with a synchronous
generator but equipped with a “GAST” governor [45] to emulate gas turbine dynamics; the BESS unit is modelled using
a controllable PQ source with an additional low pass filter to
emulated different levels of BESS response time (in the case
study a time constant of 200 ms is used); for the PV and wind
units, due to the intermittent nature of renewable resources
and economic consideration, they are typically controlled with
the maximum power tracking algorithm, thus do not normally
contribute to frequency regulation, therefore they are modelled
using controllable current sources to provide the specified
active and reactive power. The DERs are also implemented
with Under-Frequency (UF) protection with a threshold of 47
Hz and a delay of 0.5 s based on [40]. Detailed information
about the DERs and the settings for the load shedding scheme
are provided in Table I.
In the hardware element of the arrangement, the load
shedding scheme has been developed as part of a microgrid
management system as reported in [46]. For testing purposes,
the load shedding algorithm is run individually on a PC as a
controller, but it could also be run on a compact industrial PC
platform (e.g. [47]). The simulated three-phase voltage signals
at the Point of Common Coupling (PCC) are input to a Phasor

Measurement Unit (PMU) model available in RTDS [44] to
measure frequency and RoCoF, which outputs measurements
at 50 frames/s. In practice, the values of frequency and RoCoF
could be measured with other alternative methods, and [48]
presents detailed work on accurate frequency and RoCoF
measurements during power system transience. The measured
frequency and RoCoF were sent using the UDP protocol at
a rate of every 200 µs to the controller platform, where the
load shedding scheme operates with the algorithm presented
in Section III. If a load shedding action is required, commands
will be sent from the controller back to the RTDS to trip the
required load(s) also using the UDP protocol.
For microgrid frequency control, the power imbalance at
the time of islanding determines the severity of the event.
Therefore, the larger of the power being imported from the
main grid, the more severe the event will be. In the following
case studies, various scenarios, including cases with and
without sufficient reserve power, are tested to evaluate the
effectiveness of the proposed load shedding scheme.
B. Case 1: DERs’ with sufficient reserve while the ramp up
rate being too slow in containing frequency deviation
In this test, it is demonstrated that if the DERs’ active
power ramping capability is not sufficiently fast during power
imbalance events, it could lead to unacceptable frequency
deviation. In such a scenario, even if there is enough reserve
power, the microgrid will still not be able to sustain the
operation and load shedding action as proposed in this paper
will be required.
The system operation condition of case 1 is presented in
Table II and the test results for case 1 are shown in Fig. 5. In
this case, the total actual load in the system is approximately
3.98 MW. The total output from the DERs is 3.27 MW, so
the power imported from the grid is approximately 0.71 MW,
while the reserve power is 0.8 MW, i.e. there is sufficient
reserve power from the frequency responsive units (i.e. the
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Successfully maintain the
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fL=47 Hz

Proposed method
Conventional method
System Collapse
(DERs UF tripping)

Estimated event
size ΔPE
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Fig. 6. Case 1: comparison of the performance between the proposed and
conventional load shedding schemes

Estimated dynamic
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Successfully maintain the frequency
above the limit

fL=47 Hz

Calculated load to be shed

- KT
Kmin

Stage V

50kW shed
(Stage IV)

Stage IV
(Kmin> KT)

350kW shed
(Stage V)

Estimated event
size ΔPE

Estimated dynamic
power imbalance

Fig. 5. Case 1 test results for validating the load shedding scheme

CHP, hydro and BESS units). At t=1.5 s, an islanding event
occurs. Conventional load shedding methods based on the
comparison of the power imbalance magnitude and the reserve
power will consider there is sufficient reserve, so will not
trigger any shedding actions. As shown in Fig. 6, since the
DERs respond very slowly to the event, it has led to the
frequency dropping to below 47 Hz. As a result, the DERs
were tripped due to UF protection [40], thus leading to system
collapse. With the proposed load shedding scheme as shown
in Fig. 5, while there is no shedding due to the overloading
condition, but at 3.03s, the required ramping rate K̄min is
beyond the DERs’ ramp rate KT , which triggers a load
shedding action (Stage IV as shown in Fig. 2). The calculated
Pshed as shown in the fifth plot in Fig. 5 is around 15 kW
at this point, but as the minimum shedable load is 50 kW, so
a load of 50 kW is shed. Subsequently, the frequency drop
to 47.5 Hz, so the load shedding scheme moves to Stage V
as presented in Fig. 2, as it considers the frequency is too
close to the critical 47 Hz limit and it shed the remaining
estimated power imbalance. As shown in Fig. 5, this leads to
a disconnection of further 350 kW. The load shedding actions
successfully avoid the violation of the 47 Hz threshold as show
in Fig. 6.

Calculated load to be shed

- KT
Kmin

200kW
shed
(Stage III)

Stage V
Stage IV
(Kmin> KT)
50kW shed (Stage IV)
250kW shed (Stage V)

Fig. 7. Case 2: test results for validating the load shedding scheme

No load
shedding

Proposed method

Conventional method – only
shed the over-loaded power
fL=47 Hz
System Collapse

(DERs UF tripping)

Fig. 8. Case 2: comparison of the performance between the proposed and
conventional load shedding schemes
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Fig. 11. Case 4: Impact of communication delays on the performance of the
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Fig. 9. Case 3: test results for validating the load shedding scheme

Conventional method – no
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in delivering response
Proposed method
System Collapse
(DERs UF tripping)

fL=47 Hz

Fig. 10. Case 3: comparison of the performance between the proposed and
conventional load shedding schemes

C. Case 2: both reserve power and DERs active power
ramping rate are not sufficient

Fig. 12. Case 5: Impact of sudden change in PV active power output on the
performance of the proposed load shedding scheme

In Case 2, the total actual demand is approximately 4.15
MW, the DERs’ output is 3.35 MW before islanding, so the
power imbalance is around 0.80 MW. In this case, the BESS
system is assumed to be offline, so the total reserve power is
0.6 MW. As shown in Fig. 8, if there is no load shedding, the
system will collapse due to the lack of sufficient reserve. If
conventional load shedding based only on power imbalance is
used, the overloaded amount is 0.2 MW, so only 0.2 MW load
is shed. It can be seen that due to the slow DERs’ response,
the frequency could still drop below 47 Hz, triggering UF
protection and thus a system collapse.

With the proposed load shedding scheme, when islanding
occurs, the system firstly shed 0.2 MW to avoid overloading
based on Stage III as shown in Fig. 2. Subsequently, the
load shedding scheme moves to Stage IV and detects that
the required K̄min is beyond the maximum active power
ramping rate KT , so it triggers a shedding of 50 kW at
2.61 s. Subsequently, the frequency drops to 47.5 Hz and the
load shedding algorithm moves to Stage V, which triggers a
shedding of a further 250 kW at around 2.70 s. The load
shedding actions successfully avoid the frequency dropping
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below 47 Hz and sustain the microgrid operation.
D. Case 3: DERs failing in delivering required response
In Case 3, a scenario where the BESS fails to deliver active
power as expected is tested. The total demand is around 4.08
MW, the DERs’ output is 3.47 MW before the islanding
occurs, so the power imbalance is 0.61 MW and the reserve
power is 0.7 MW. As shown in Fig. 10, if conventional load
shedding only based on power imbalance is used, it will
consider that the reserve is sufficient, so no load will be shed.
However, due to failure of the BESS in delivering the required
power, the system will eventually collapse if no shedding is
taken.
With the proposed load shedding scheme as shown in Fig.
9, when the islanding occurs, due to the failure in the BESS
active power delivery, the required ramping rate K̄min soon
exceeds the maximum ramp rate KT , which triggers shedding
of 250 kW of load at Stage IV. After that, the required K̄min
becomes smaller than KT . However, at around t=3.31 s, the
frequency drops to 47.5 Hz, which is the safety threshold as
presented in Section III-F, thus shedding a further load of 150
kW, which successfully survives the system.
E. Case 4: Impact of communication delays on the performance of the proposed load shedding scheme
As the proposed load shedding is a centralised approach,
it is critical to evaluate the performance of proposed scheme
with the impact of realistic communication delays. The proposed scheme only involves binary signals between the central
controller and the load switches, which only requires limited
bandwidth. Based on [49], low-cost communication systems
have been demonstrated to be viable for microgrid protection
and control purposes. According to [49], for sending a 25bit message (which is sufficient for load shedding purpose
as it mainly requires binary signals) can achieve a total
communication time within 50 ms. Therefore, in this case
study, the performance of the proposed load shedding scheme
is evaluated with communication delays of 50 ms, 100 ms and
150 ms. Case 1 is used as the base case for comparison, where
there is no communication delay during load shedding. The
results are shown in Fig. 11. As it can be seen from the test
that, with the increase of the communication delay, while the
actions of the load shedding scheme are slightly affected in
terms of amounts of loads being shed and the timing of the
shedding actions, the frequency of the microgrid has been successfully maintained at the required 47 Hz limit. The changes
in the shedding actions are expected as the communication
delays have led to the changed dynamic frequency behaviour
during the load shedding process.
F. Case 5: Impact of sudden change in PV active power output
on the performance of the proposed load shedding scheme
Due to the intermittent nature of renewable resources and
economic consideration, PV and wind generation in microgrids
are typically controlled with the maximum power tracking
algorithm, thus do not normally contribute to frequency regulation. To evaluate the impact of the intermittent output from

renewable generation, in this case study, case 1 is used as the
base case for comparison, where there is no PV output drop
during load shedding. Then, the active power output of the
600 kVA PV unit is intentionally dropped with amounts of 50
kW (0.083 pu), 100 kW (0.167 pu), and 150 kW (0.25 pu)
at the time when the islanding event occurs to demonstrate
the robustness of the proposed load shedding scheme. The
test results are presented in Fig. 12. It can be seen from the
test results that the load shedding scheme has successfully
dealt with the sudden changes at PV output and maintain the
frequency above the required limit 47 Hz critical limit.
G. Case 6: Impact of different load types on the performance
of the proposed load shedding scheme
In microgrids, there could be loads with different types
of characteristics connected. Two most typical types of loads
are constant active and reactive power (i.e. constant PQ) and
constant impedance (i.e. constant Z). For constant PQ loads,
the active and reactive power are constant even with the change
of voltage and frequency. This type of load is applied in the
studies conducted in Case 1-5. In contrast, constant Z load is
both dependent on frequency and voltage, i.e, the consumed
power will change with the frequency and voltage variation.
Therefore, when the microgrid is connected with different
types of loads, the dynamic loading can vary during the
frequency event, thus impacting the real time power imbalance
and the frequency behaviour in the microgrid. A detailed study
on the impact of loads with different voltage and frequency
dependencies on load shedding actions is presented in [50].
In this study, the performance of the proposed load shedding
scheme with the loads of different types is tested. Three main
scenarios are investigated:1) all loads are with constant PQ
type, i.e. independent of frequency and voltage changes; 2)
80% with constant PQ and 20% with constant Z; 3) 50%
with constant PQ and 50% with constant Z. The load and
generation condition of the testing case is presented in Table II.
An overview of the settings for both constant PQ and constant
Z loads is presented in Table III. The testing results for the
three scenarios are presented in Fig. 13. In all these cases, the
system is with sufficient reserve to meet the power imbalance,
so the conventional method purely based on power-imbalance
estimation will consider the reserve is sufficient, so no load
will be shed.
In the first case, where all loads are with constant PQ type,
the proposed load shedding scheme successfully detects the
need for load shedding and triggers shedding action to avoid
frequency dropping below 47 Hz. In the second case, 20%
of the loads become constant Z, i.e., frequency and voltage
dependent, so the frequency deviation becomes slower compared with the first case. However, the proposed scheme still
detects the need for shedding action and shed the load to avoid
frequency dropping below 47 Hz. In this case, the proposed
scheme has adaptively reduced the amount of the load shed
from 247 kW to 123 kW (the actual loads shed are 250 kW
and 150 kW respectively due to the smallest load being 50
kW). In the third case, 50% of the loads become constant Z.
As a result, the overall system loading decreased during the

11

Proposed method

fL=47 Hz

All Loads with Constant PQ

Conventional method

Proposed method
80% Constant PQ
20% Constant Z

Conventional method

fL=47 Hz

50% Constant PQ
50% Constant Z

Both proposed and conventional
methods (no load shed)
fL=47 Hz

events, the system could experience severe frequency deviation, thus total system collapse even with sufficient reserve.
Therefore, the proposed load shedding scheme provides a solution by dynamically assessing the DERs’ active power ramping
rate to determine whether they have responded sufficiently fast
to contain the frequency deviation and calculate the required
amount of load needs to be shed to avoid frequency decreasing
to the unacceptable level.
The presented load shedding scheme is particularly suitable
for microgrids where there are a wide range of different
types of DERs with diverse capability in support of frequency
control. Furthermore, the proposed method is also adaptive to
dynamic changes such as DERs not responding as expected,
which are not considered by existing schemes. The developed
load shedding scheme has been tested and validated using a
realistic HiL test setup, where the results show that, with the
consideration of the DER active power ramping capabilities,
the load shedding action is more effective in preventing the
frequency dropping to unacceptable levels due to the potential
slow responses from DERs.
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