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Abstract—Frequency stability is one of the key targets needed
when an islanding operation occurring in a distribution system or
a microgrid. To balance the generation and demand all the time,
load shedding may need to apply to a distribution system or a
microgrid which disconnected from the main grid. However, it is
difficult to determine the accurate amount of load to be reduced in
a real system, as the frequency is changing all the time. In addition
to this, economic factors including reliability index and
consumers’ willingness need to be taken into accounted when
making the decision except ensuring system stability. This paper
proposes a novel load shedding strategy by considering power
stability with economy in load shedding for a distribution system
with distributed generations such as CHP, small wind and solar
panels. The proposed strategy by classifying load into heavy and
light groups is adopted, ranking is based on willingness to pay,
frequency threshold and rate of change of frequency (RoCoF).
The proposed method is applied to a low voltage distribution
33-bus system and the simulation was carried out with
DIgSILENT.

Index Terms—Load shedding; smart grid; under-frequency
relay; distribution system

I. INTRODUCTION

OWER STABILITY is critical to the system operation and

quality of supply. Any power system imbalance between
load and generation, which can be caused by load variations or
generation closure, will immediately result in an overall
frequency change in the system. Frequency dropping, caused
by demand excess, may be much more difficult to control rather
than frequency increasing due to generation excess. Generation
excess can be easily solved by tuning the speed governor and
limiting the output power, while demand excess can only be
relieved by load curtailment to maintain the frequency at an
acceptable level. A low system frequency can cause destructive
damage to the system components, such as the stream turbines
of a generator. For example, nuclear power plants usually act as
base loads are strictly operated at a frequency above 48 Hz,
whereas some hydro units may work with a frequency as low as
45 Hz for frequency balancing purposes. Manual disconnecting
load to assist the grid stability largely depends on power system
operators’ experience and judgments which may lead to
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mal-operations, whereas automatic disconnecting
predetermined loads may provide a fast response for load
shedding schemes but requires deliberately designed control
strategies and robust control systems. With the increase in
distributed generation in smart grid recently, especially the
non-dispatched resources like wind and solar, the frequency
stability will have a negative effect when the system suffering
from islanding. The reason is that with the large increase in
penetration of non-dispatchable energy sources like solar and
wind, system inertia will be reduced heavily which may be
negative for power system frequency stability due to the
islanded system energized by large amount of converter-based
decoupling generations.

In recent years, smart grid technologies have been proposed
in order to meet the increased requirements for reliable,
efficient and economical power grids. On this occasion, a large
number of innovative technologies, advanced schemes and
novel network architectures have been proposed to be
implemented in the power systems, which are dedicated to
make the power grids “smarter”. Communication technologies
allow the loads to be reduced in a standalone system
determined in a centralized control centre. Bus-transfer and
load shedding application  with more  beneficial
communication-assisted schemes based on IEC 61850 is
introduced in [1]. A load shedding scheme with comprehensive
features which form the main part of the SCADA system was
explained in [2]. The requirement of a modern load shedding
system and the new intelligent load shedding scheme was
reported in [3]. In addition to the novel schemes, plenty of
creative optimal algorithms are applied to the load shedding
technology to optimize the load shedding amount and steps.
Genetic algorithm applied into load shedding scheme to
minimize the shed load at all stages and maximize the lowest
swing frequency was proposed in [4]. A mixed-integer linear
program was proposed in [5] to set load shedding
under-frequency relays. Neural network algorithms applied to
the power system for adaptive load shedding was demonstrated
in [6].

Besides frequency, rate of change of frequency (RoCoF,
df/dt) is one of the important indices to determine the load
curtailment. The magnitude of the disturbance estimated by
df/dt is presented to design an adaptive load shedding scheme
in [7]. An Under-Frequency load shedding (UFLS) by
considering f as a main index and employing df/dt as a
reference was shown in [8]. There is one severe drawback for
designing a UFLS by RoCoF. The frequency response of a real
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Fig. 1. Real-life power system frequency response [9]

power system is fluctuating all the time as shown in Figure 1
and this will make the RoCoF changes dramatically from
positive to negative value, which means that the RoCoF value
for certain period, cannot represent the trend of the frequency
changing. Same as any other enterprise, power grid need to take
great care about the utility profit. In a real power system, it is
not only the technical aspects that need to be thought out for
designing a load shedding strategy for an isolated system, but
also reliability aspects together with economical issues need to
be planned for distribution network operators (DNO). Load
shedding based on economical consideration in power market
was studied in [10]. Customer damage function and genetic
algorithm were applied in [11] to minimize the sum of curtailed
load and the total system interruption cost within the
framework of the system operation and security constraints.

One of the important features of the future grid is that the
power market allows customer to participant in the grid action
and have more choices on service reliability and power quality
options [13]. Customers may purchase power energy from the
market and evaluating their requirement of power reliability
service based on their incomes and the behavior of their power
utilization. In other words, the reliability of a node is
determined by the price that the customers in this node want to
pay [14]. When the power system is suffering from unwanted
contingency or planned power system interruption such as
intended islanding based on system regulations, power system
operators will evaluate the operation cost and benefit according
to the customers’ willingness to pay and make decision on load
shedding sequence to maximize the utility profit. Consumers’
Willingness To Pay (WTP) was introduced in [12] to rank the
loads for further load shedding to maximize the power
industries’ interests. However, the profit of the DNO may not
be the maximum with WTP ranking. For instance, the node
with large demand but with large WTP for connection may
bring less profit to the DNO than a small demand but with large
WTP for connection when suffering load shedding.

This paper proposes a novel load shedding scheme based on
both adaptive method and traditional method to survive the
islanding system and rescue the system from collapse.
Measured RoCoF was monitored and a rescue plan is made
based on RoCoF to against frequency from further dropping.
Load shedding sequence is determined in real-time by
evaluating operating profit according to customers’ WTP for

TABLEI
TYPICAL UNDER-FREQUENCY OPERATING LIMITATION FOR CHP GENERATOR

Under-frequency limit (p.u.) Operating time llowance (s)

<0.01 Continuous
0.01 -0.03 30
0.03 -0.05 15
0.05 -0.06 1

>0.06 0

outages.

Section II gave a detailed explanation of the proposed load
shedding methodology. Two test grids were introduced and
modelled in Section III. Section IV presented simulations with
different scenarios and the conclusion was given in Section V.

II. PROPOSED LOAD SHEDDING METHODOLOGY

The total amount of load curtailment cannot be estimated
directly from the quantity of generation loss. The reason is that
the governor action will save the frequency from a low level.
Also the kinetic energy stored in generation units and the
spinning reserve units will make up the deficit of energy supply
and bring the frequency back to some extent.

With the popularity of the demand response technology and
dynamic price, the load will not be increased when the grid is
suffering from load deficit. As the price information will be
presented in a smart meter in a “smart home”, customers will
re-evaluate the affordability according their incomes and the
necessity of electricity consumption. DNO will adjust the
real-time price in a relatively high level when the network is
isolated from the main grid and suffered from a load shedding
process in case of aggravating burden of power supply.

The load shedding steps can be setup according to operating
limitation of the generators. In a smaller distribution system,
the step size of each load shedding and number of steps need to
be optimized, because each load in the system occupied a large
percentage than that in a large system such as transmission
network. The load may need to be measured and classified into
heavy or light according to the load percentage.

For an isolated system, in general, there is no important load
like industrial and commercial sectors, the power quality of the
islanded network should not be as critical as that in a large
power system. This paper reports the design of an automatic
under-frequency load shedding strategy to survive the
distribution system with distributed generations like CHP, wind
and solar with consideration of economic impacts. The
proposed strategy by classifying load into heavy and light
groups is adopted, ranking is based on willingness to pay,
frequency threshold and RoCoF. The proposed method is
applied to a low voltage distribution 33-bus system and the
simulation was carried out with DIgSILENT. Results will be
discussed to demonstrate the benefits of this approach.

The proposed load shedding considers the load shedding
steps with economical impact, frequency declined and RoCoF.
Some RoCoF and Frequency threshold values are designed to
achieve accurate load shedding in a distribution network.
Under-frequency relay with measured df/dt was applied to the
network.



The steps to achieve the proposed strategy are as follows:

(1) Measure the system or the most critical generator
frequency continuously (usually every half a cycle).

(2) Classify the load into heavy or light according to the
percentage occupied in total demand of the network.

(3) Rank each category of the loads based on willingness to
pay.

(4) If frequency f is less than an initial threshold, the load
shedding scheme is activated. The first step of load shedding
can be set to a certain percentage of the load deviation
according to the swing equation which is shown in Equation (1)
below. In this paper, the first step of load shedding is set to 20%
of the total demand, meanwhile, the RoCoF at the relay trigger
time is recorded as a reference.

ap=p,-p =224

m e f;1 dt (1)

Where Pm is the mechanical power of the synchronous
machine in per unit, Pe is the electrical power in per unit, AP is
the power difference between the generator mechanical power
and electrical power, H is the inertia constant in seconds
(normally in the range from 2 to 8 seconds [16]).

(5) When frequency f drops to lower threshold, the RoCoF
value is compared to the value of the first step and the
percentage of the RoCoF deviation is calculated. If RoCoF is
larger than a threshold RoCoFO, the next step load shedding
magnitude according to the RoCoF deviation will be
determined. If RoCoF is less than RoCoF0, then stop shedding
the heavy loads with the ranking order, and the light loads will
be taken away.

(6) The frequency will need further fine tuning after heavy
load shedding. The most direct indication is the slope of
frequency, which becomes less steep. Frequency step for
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Fig. 2. Flowchart of the proposed adaptive load shedding methodology

shedding light load can be smaller. The RoCoF is measured as
the relay trigger signal. If the RoCoF is negative, advanced load
will be taken away at the step. If the RoCoF is positive, which
means the frequency is recovering and no further load needs to
be taken away.

Governor requires to take further action if frequency cannot
reach to the nominal value, or further load shedding needs to be
conducted if the generator operates beyond the limitation which
is shown in Table I.

There are two reasons to group the load into heavy and light
categories. Firstly, the impact is not obvious when shedding the
light load initially. However, in the fine tuning stage, the
system frequency may recover significantly when shedding the
light load. Secondly, from the economical perspective, the
profit from light loads can be neglected, even the consumers of
the light loads are willing to pay more. In a large distribution
network with plenty of relays installed in the load connection,
light loads may group together for a single step of fine tuning.
Figure 2 demonstrates the flowchart of the proposed
methodology.

The load shedding methodology consists of two stages. The
first stage aims to reduce the RoCoF to a relevantly low level by
shedding the heavy load. The magnitude of load shedding in
each step and step size in the first stage is large. However, the
number of steps in the first stage is normally not many. The
second stage is to achieve the frequency recovery. The
magnitude and step size are much smaller than that in the first
stage but the number of steps becomes greater. This can be
achieved because the RoCoF is not as steep when activating the
second stage, and the time is not as critical as that in the first
stage.

A. Magnitude of load shedding design

As the load is dynamic and generator droop has the capability
of bringing the frequency back to a normal level, the RoCoF
cannot indicate the exact load to be cut, but only with a rough
estimation. However, the initial slope of the frequency decline
or initial RoCoF is the only quantitative clue to estimate the
level of the power disturbance [15]. A proportional relationship
between load variation and RoCoF can be illustrated in
Equation (1).

In [7], the author concluded that the frequency response of
the electrically closer generator is greater to the disturbance
location, and initial RoCoF can indicate the electrical distance
from the disturbance. In other word, for the design of a
distribution network, the distributed generators would be better
constructed electrically far away from the external grid
connection points to achieve a relatively smaller frequency
response when the network is suffering from islanding.
Meanwhile, load shedding starting from a relatively far away
from the distribution generators could achieve better frequency
response as well after the network islanding.

The adaptive load scheme with a few different steps and time
delay in each step are required to examine the system frequency
deviating from the nominal frequency to remain at an
acceptable level. In a distribution network, the measurement
point of the frequency can be set at the terminal of the most
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Fig. 3. IEEE 33-bus distribution test system configuration
critical distributed generator. In this paper, a typical CHP
enerator with operating limitation range in under-frequenc TABLEII
& . p . g . £ 4 y CHP GENERATOR AND GOVERNOR DATA
scenario as shown in Table I is treated as a reference for all the
Study Ccases. CHP generator Parameter
B. Willingness To Pay (WTP) for Outages Power MVA 1.8 MVA
C . Terminal volt; 12.66 kV
Distribution Network Operators should not only take care the Serm;? = ;ge 0.065 pu
.. . . s C oy peed droop . U
profl.t increasing, but also satls.fy cgstomer S rehabll%ty Controller time constant T 013 s
requirements. A WTP model to ¥nvest1gate the WTP W.I'[h Actuator time constant T 01s
planned and unplanned outage is made among Swedish Compressor time constant T 3s
households to avoid power outages in [17]. Besides WTP for Ambient temperature load limit AT 0.5 p.u.
connection, the profit from distribution network operation is Turbine factor K, 0.8 p.u.
also related to load amount per each connection, electricity Frictional losses factor Dy, 0.001 p.u.
price and power supply duration. For instance, a load with large Turbine rated power Py, 144 MW
demand but with less WTP for connection may bring more Controller minimum output 0p.u.
profit to the distribution network than a load with light demand Controller maximum output lpu

but with more WTP for connection. However, some heavy
loads in the network are important so the customer may be
willing to pay more for load connection.

C. Relay settings determination

A measurement should be taken when the actual frequency
drops to 49.5 Hz and the RoCoF value should be recorded, if
the first frequency threshold is set at 49.5 Hz. The first step to
activate the load shedding scheme is set to 49.5 Hz. The
communication delays, calculation time and circuit breaker
open time are taken into account. According to [19], the
nominal range of relay tripping time period using
telecommunication is between 5 ms and 40 ms. If the frequency
reaches the relay setting threshold value, for instance 49.5 Hz,
the circuit breaker may operates 5-10 cycles after the value 49.5
Hz is measured. The amount of load shedding in each step is
determined by comparing the RoCoF to the previous step. For
example, assuming the first step amount of load shedding is at
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Fig. 4. The model used for simulating dynamic loads




TABLE III

DIESEL GENERATOR AND GOVERNOR DATA
Diesel generator Parameter
Power MVA 0.8 MVA
Terminal voltage 12.66
Actuator gain K 0.5 p.u.
T, 02s
Tz 03s
Tj 05s
T, 15s
Ts 0.1s
T5 02s
Droop 0.07 p.u.
Combustion delay 0.01s
Time constant power feedback 05s
Minimum throttle Op.u
Maximum throttle 1pu.

TABLE IV

WIND GENERATOR AND SOLAR PANEL CAPACITY
Wind generator Parameter
Power MVA 1 MVA
Terminal voltage 0.69/12.66 kV
Solar panel Parameter
Power kVA 300 kVA
Terminal voltage 0.4/12.66 kV

TABLE V
A SAMPLE OF LOAD CLASSIFICATION WITH RANDOM RANKING BASED ON WTP

Light Loads Heavy Loads
Load Load Load Load Load Load
ranking I | number demand ranking II | number demand
based on (kVA) based on (kVA)
WTP WTP
1 9 60+j20 1 21 90+ j40
2 5 60+j30 2 7 200+ ;100
3 12 60+j35 3 14 120+ j80
4 6 60+j20 4 19 90+ j40
5 13 60+j35 5 31 150+ j70
6 27 60+j25 6 4 120+ j80
7 17 60+j20 7 18 90+ j40
8 28 60+j20 8 3 90+ j40
9 10 60+j20 9 24 420+ j200
10 15 60+j10 10 32 210+;100
1 33 60+j40 1 20 90+ j40
12 16 60+j20 12 23 90+ j50
13 26 60425 13 29 120+ j70
14 11 45+j30 14 8 200+ 100
15 30 200+ j600
16 22 90+ j40
17 2 100+ j60
18 25 420+ j200

49.5 Hz is 15%, and the RoCoF before the relay tripping is
recorded with the value y,. If the RoCoF is not changing
apparently, the same amount of load will be taken away in the
following step, which is 15%. If the RoCoF is reduced to x% of
the previous RoCoF, the next step shedding amount is set to X%
of the last step value, that is 15% in this case.

III. TEST MODEL

The IEEE 33-bus distribution test system which is shown in
Figure 3 above, is applied to implement and test the proposed
methodology. The system consists of 32 loads with active
power varying from 45 kW to 420 kW. The system data of
IEEE test system can be found in [18]. 4 groups of generators (1
CHP, 2 Diesel generators, 1 Wind turbine and 1 Solar panel) are
located in Bus 18, 15, 14 and 33 respectively. The generators
models are all refer to the template models in DIgSILENT. The
capacity and governor parameters of each generator are shown
in Tables II, III, and IV. The dynamic loads model is shown in
Figure 4. For simplicity of the load model, the load voltage and
frequency dependence parameters k,,, k., k5, and k, are all set
to 0.5.

A sample of light and heavy loads classification with WTP
ranking is given in Table V. The loads are classified according
to active power of each load in the network. The heavy loads
category contains the loads with active power which is equal to
or bigger than 90 kW, while in the light loads category, the
loads are smaller than 90 kW. The load shedding sequence for
the case in Table V is presented in Case 3 in following Section.

IV. CASE STUDY

The test model was established by DIgSILENT PowerFactory.
The configuration of the IEEE 12.66 kV 33-Bus distribution
system model is shown in Figure 3. The external grid is
supporting the network with 2.2 MW real power and 2.3 MV Ar
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reactive power. The simulation shows the impact of the load
shedding schemes on the loss-of-main event.

The external grid was disconnected from the 33-bus system
at 1s. Figure 5 gives the frequency response at CHP terminal
without any load shedding. It can be seen in Figure 5 that the
frequency decays from 50 Hz to 10 Hz within 7 s after islanding
operation.

In this case, assuming that the larger loads which are ranked
first by WTP and taken away first. After external grid
disconnection, the first step of load shedding is activated at 1.07
s when the frequency drops to 49.5 Hz. The recorded RoCoF
value is -0.1044 p.u./s. Because of the time delay, the circuit
breaker is in action at 1.17s, two heaviest loads at Bus 24, and
25 are removed at the same time. When the frequency reaches
to another threshold at 48 Hz, the recorded RoCoF value is
-0.0804 p.u./s, and the determined load shedding amount is
around 670 kW. After 0.1 s delay, the circuit breakers of loads
at Bus 7, 30, and 32 are open at 1.5 s. the frequency reaches to
47.5 Hz at 1.73 s with RoCoF at -0.0113 p.u./s, and the loads at
Bus 11 and 15 are removed after 0.1s. After the third load
shedding step, the frequency starts recovering, the second stage
load shedding is activated. The RoCoF value drops below 0 at
2.8 s and load at Bus 6 is taken away. After 0.7s load at Bus 9 is
taken away too as the RoCoF value turns to negative again.
Figures 6 and 7 illustrate the Frequency and RoCoF deviation.

V. DISCUSSIONS AND CONCLUSIONS

A novel load shedding strategy for distribution network was
proposed in this paper. The proposed strategy is based on
classifying load into heavy and light groups which are ranked
according to willingness to pay, frequency threshold and
RoCoF. The method was applied to a low voltage distribution
network 33-bus system and the investigation was conducted
with DIgSILENT. Distribution network operators have
obligations to satisfy the consumers’ reliability requirement
which can be reflected in consumers’ willingness to pay for
connection.

It can be concluded that the proposed scheme is an effective
automatic load shedding strategy to reduce the total load
shedding amount. A much better result can be achieved by
reducing time delay and rising frequency threshold with RoCoF
measurement.
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