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Summary 

 

The main reported benefits of Distributed Generators (DGs) are efficient energy 

utilization, lower emission levels, transmission congestion relief, energy loss reduction, 

voltage support, and improvements in power quality, reliability, and system security. 

However, installed DGs in distribution systems can cause operational problems and 

have impacts on existing operational schemes. Load shedding is one area where DGs 

can have positive influences if properly placed and managed. With the expansion of 

power systems and the penetration of DGs, the overall system UFLS strategy may need 

to be adjusted to cater for the wide employment of DGs in the future. 

 

Distributed Generators (DGs) have many impacts on power system operation. 

First, we have found that one of the aspects is in response to major disturbances. 

Normally, when there is a severe loss of generation, the only possible action to restore 

the balance between supply and demand is to shed some load. With schedulable 

generation in a distribution system, the amount of load required to be shed for a given 

disturbance can be reduced. Secondly, one of the strong benefits of DGs is the ability 

to improve reliability by continuing the operation of electrical islands when an event 

causes their separation from the main grid. For the secure operation of an electrical 

island, load shedding would be a part of the strategy for maintaining the balance 

between generation and loads in the island. This report summarizes and reviews the 

benefits of DGs versus load shedding in the grid connected mode and examines the 

operation of intentional electrical islands. 

 

We developed an optimal under-frequency load shedding strategy taking into 

consideration distributed generators and load static characteristics in Chapter 3. Based 

on the frequency and the rate of change of frequency (ROCOF), the presented strategy 

consists of several basic rounds and a special round. The modified IEEE 37-node test 

feeder is employed to demonstrate the essential features of the developed optimal 

UFLS strategy 
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In order to examine different dynamic responses in the microgrid subject to a 

disturbance, as well as the effects of the developed UFLS strategy on the thermal unit 

and the wind unit in the microgrid environment, we also carried out many simulations 

for different scenarios in a microgrid with a thermal unit and a wind unit respectively, 

in Chapter 4. This report forms a part of the overall project on the optimal sizing and 

dispatch of DGs in the electrical network. 
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Introduction 

 

Generally speaking, Under-Frequency Load Shedding (UFLS) is the last resort 

for tackling serious frequency declines in power systems. Therefore, when power 

systems are faced with huge disturbances or severe power deficiencies, the ability to 

maintain the power balance and stabilize the frequency is directly related to the UFLS 

strategy employed. 

For a good UFLS strategy, the following requirements should be met: 

 The frequency decline can be restrained and the normal frequency value can be 

restored. 

 The time spent in the frequency recovery should be minimized, and frequency 

overshoot or hovering should be avoided. 

 The load amount to be shed should be minimized. 

 The overall cost of the UFLS strategy should be as low as possible. 

The existing methods employed for developing UFLS strategies include mainly 

three versions, namely the traditional, half adaptive and self-adaptive ones. 

1) In the traditional approach, when the frequency is lower than the first setting 

value, the first level of load shedding will be implemented. If the frequency continues 

to decline, it is clear that the first load shed amount is insufficient. When the frequency 

is lower than the second setting value, the second stage of load shedding will be 

implemented. If the frequency continues to decline, the further load shed stages will be 

activated until the normal frequency value is restored. However, the load amount to be 

shed is determined in the case of serious events. Therefore, when the frequency 

declines to its first shed level, the load that is shed is often excessive for the particular 

event.  

2) The half adaptive approach is similar to the traditional approach to some 

extent. However, the specific amount of load to be shed is determined in terms of the 

measuring value of the rate of change of frequency (ROCOF).  

3) The adaptive approach is an improved and yet more reasonable algorithm. The 

frequency response model is built on the basis of the frequency differential equation 

and the rotor motion equation in this approach. Based on the variations of frequency, 
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the amount of load to be shed by the adaptive approach can be determined more 

accurately. 

So far, many research papers have mainly focused on the subject of improvements 

and enhancements of the UFLS strategy without DGs, especially on the determination 

of the load amount to be shed, the load shedding priority and the power imbalance 

between generation and consumption. Given this background, we developed an 

optimal under-frequency load shedding strategy considering DGs and load static 

characteristics, and contributed to improve this knowledge gap. The classical research 

papers on UFLS are briefly introduced as follows. 

In [V.V. Terzija and H.-J. Koglin, 2002], an adaptive approach for protecting 

power systems from dynamic instability and frequency collapse is presented. The 

frequency and ROCOF are estimated by the non-recursive Newton type algorithm. The 

expression of the generator swing equation is simplified. In [Adly A. Girgis and Shruti 

Mathure, 2010], the application of active power sensitivities to frequency and voltage 

variations on load shedding is presented. The magnitude of the power imbalance is 

determined by ROCOF, while the sensitive bus for load shedding is identified by the 

rate of the voltage change with respect to the active power. In [Xiaofu Xiong and 

Wenyuan Li, 2006], a new method of optimizing the UFLS strategy is developed on the 

basis of the on-line measurement information of the loads and load-frequency 

regulation factors. Loads with smaller frequency regulation factors are shed earlier than 

those with larger ones. In [H. Seyedi and M. Sanaye-Pasand, 2009], two centralised 

adaptive load-shedding algorithms that can enhance the adaptability of the 

load-shedding schemes and maintain power system stability even for large disturbances 

and combinational events are proposed. The first is response-based and the second 

represents a combination of event-based and response-based methods. Their 

parameters are selected adaptively based on the magnitude of the disturbance. The 

distributed and dynamic simulated model of an actual power system is employed to test 

the proposed algorithms. The results demonstrate that various power system blackouts 

may be prevented by using these algorithms. 

Except the three existing methods employed for developing UFLS strategies 
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previously mentioned, the issue of developing a UFLS strategy is often formulated 

recently as the nonlinear programming problem. For example, in [Adel A. Abou EL 

Ela et al, 2006] and [M. Sanaye-Pasand and M. Davarpanah, 2005], an effective, simple 

and rapid load shedding strategy is developed with optimal load shedding, fast spinning 

reserve, DGs, and optimal power generation re-dispatch considering major sudden 

generation losses to avoid the system collapse. The optimal proposed procedure (OPP) 

is divided into three stages with different objective functions in each stage to ensure the 

reliable and secure operation of power systems. A multi-objective genetic algorithm 

(MOGA) based optimization technique is presented as a compromise between the 

conflicting objective functions. Numerical simulations are used to examine the validity 

of the OPP in these three stages.  

In [Worawat Nakawiro and Istvan Erlich, 2009], an ant colony optimization (ACO) 

based algorithm for solving the optimal load shedding problem is developed. The two 

key problems of UFLS are solved. First, the appropriate load buses for the shedding are 

identified by sensitivities of the voltage stability margin with respect to the load change 

at different buses. Secondly, the load shedding amount at each bus is determined by 

applying ACO to solve a nonlinear optimization problem formulated in the optimal 

power flow framework. A critical operating condition of the IEEE 30-bus test system is 

presented for demonstrating the performance of the proposed ACO based method.  

In [Vladimir V. Terzija, 2006], a new UFLS strategy for preventing power 

systems from dynamic instability and frequency collapse is presented. The frequency 

and the rate of frequency change are estimated by a non-recursive Newton-type 

algorithm. The magnitude of the disturbance is determined using the simplest 

expression of the generator swing equation. A simple three-machine test system and a 

ten-machine New England test system are used to demonstrate the validity of the 

proposed strategy through dynamic simulations.  

In [Thelma S. P. Fernandes et al, 2008], an optimal model with the interior point 

method is developed for developing optimal load shedding strategies to minimize the 

load curtailments. The developed model can be applied in the operating planning of 

power systems and the amount reduction of load shedding through the relaxation of the 



 

6 

lower limits of voltage and upper limits of active power flows of transformers. 

Simulations of an equivalent 291-bus system in Brazil with heavy loads are carried out 

to demonstrate the feasibility and validity of the developed methodology. 

Until now, there are very few papers which consider the effects and implications 

of the increased levels of DGs on the UFLS strategy in detail, which are our research 

key points differing from previous work. Therefore, UFLS strategies with DGs for 

distribution systems and island distribution systems are examined in Chapters 1 and 2 

of this report respectively. Then, we systematically develop an optimal 

under-frequency load shedding strategy considering distributed generators and load 

static characteristics in Chapter 3. Finally, in order to examine different dynamic 

responses in the microgrid suffering a disturbance, as well as the effects of the 

developed UFLS strategy for the thermal unit and the wind unit in the microgrid 

environment, we report on the results of simulations in Chapter 4 for different scenarios 

in a microgrid with a thermal unit and a wind unit respectively. Concluding remarks are 

given at the end.
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Chapter 1 UFLS Strategies with DGs for Distribution Systems 

 

 There are few publications and research reports investigating the UFLS Strategies 

with DGs for Distribution Systems available.  

In [Walid Helmy et al, 2008], a strategy for determining the load amount to be 

shed or the power to be generated by DG units when the frequency deterioration leads 

to severe disturbances in distribution systems is presented. A low order system 

frequency response (SFR) model is applied in estimating the frequency deviation. The 

observed maximum deviation of the system frequency contains the information 

required to estimate the load amount to be shed or the power to be generated by DGs. 

Meanwhile, the model parameters are adjusted for the level of penetration of 

distribution generators in the distribution system. The dynamic response of the system 

with DGs is better than that in the case of load shedding with the same power change, as 

shown in Fig.1. Finally, it is concluded that delivering power from DGs is strongly 

suggested as an earlier step to load shedding to prevent system performance from 

deteriorating when frequency decay occurs. 

 

Fig.1 Comparison between adding DG unit and load shedding with 0.3 pu disturbance 

 

In [A. R. Malekpour et al, 2008], an optimal load shedding algorithm based on the 

genetic algorithm (GA) for distribution systems with and without DGs is presented for 

the two scenarios of constant and variable modeling of the bulk supply. The objective is 

to minimize the sum of the curtailed load and the losses taking into account of the 
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system security constraints. A radial distribution system with 33 load nodes is used to 

demonstrate the proposed algorithm. Simulation results show that the developed 

approach can successfully solve for the optimal load shedding in distribution systems 

with and without DGs. 

With the increasing penetration of DGs in distribution systems, DGs may cause 

operating problems and have impacts on existing load shedding schemes. However, if 

explored thoroughly, DGs bring potential benefits for load shedding. In Fig. 2, it is 

demonstrated that the remaining active power with DGs after the execution of load 

shedding is apparently more than that without DGs. On the other hand, the percentage 

loss of the distribution network taking into consideration variable capacity deficiency 

modeling of bulk power supply with and without DGs is obviously different. The 

percentage loss of the distribution network is improved with DGs, as shown in Fig. 3. 

 

Fig.2 Remained active load of a distribution system considering variable capacity deficiency 

modelling of bulk power supply with and without DGs 
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Fig.3 Percentage loss of a distribution system considering variable capacity deficiency modeling 

of bulk power supply with and without DGs 

In the paper [Ricardo V. Fernandes et al, 2009], from the Portuguese Transmission 

Grid’s perspective, where the aim is to minimize the loss of embedded generation and 

also to avoid shedding critical consumers when a frequency fall occurs, DGs are 

included in the analysis of the planning for load shedding. Possible candidate substation 

feeders for the load shedding plan are first ranked. Actual system data in this paper is 

provided by the Portuguese TSO (REN) and by the Distribution System Operator (EDP 

Distribuição). Load priorities are defined on a scale from 1 to 8. 

The objective function of the UFLS scheme presented in this work is 

( )i j i DG

i

Maximize Load w DG w

      

(0) 

Where i represents the feeder, jw  is the weight associated with the priority of load j, 

iDG  is the amount of DG connected to feeder i, and 
DGw is the weight associated with 

the DGs. 

The developed UFLS scheme in this work is a sequential process and executed 

step by step until the final goal is achieved. For this system, 50% of the load is shed in 

two frequency steps with 25% in each. The first feeder in the list will be placed in the 

first frequency step. Then the second feeder in the list will also be placed in the same 

frequency step if the load shedding amount of the first feeder has not reached 25% of 

the total load in the system. The process is repeated until the load amount to be shed is 

met. Next, the feeders are allocated for the second frequency step in the same way as 

implemented for the first frequency step. Finally, the simulation results of four 

scenarios shown in Fig.4 demonstrate that by using the developed algorithm, it is 

possible to reduce the amount of load which is shed, allowing a different approach for 

the load-shedding problem with DGs in distribution systems and helping the system 

frequency to recover faster than with the current plan as fewer DGs are shed, and 

preventing shedding a higher level of customer loads. 
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Fig.4 Comparisons of the percentage of DGs loss and percentage of load shed among four scenarios  

 

In [Ding Xu and Adly Girgis, 2001], the load shedding problem with multiple DGs 

is formulated as an optimizing one with system security constraints taken into account. 

Through analyzing the characteristics of different DGs and their roles in emergency 

states, DGs are classified into the central generation type, non-dispatchable type and 

storage type. 

In this work, the objective function is to minimize the cost of total load shedding, 

as shown: 

min
m

i lsi
i 1

c P
        

(0) 

Where m is the number of loads to be shed; 
ic  is the cost of shedding load i; lsiP  is 

the amount to be shed for load i. 

Load flow equations are considered system constraints. The frequency, voltage and 

line flow are also required to be in a certain range. The constraints can be written as 

follows 

min max

min max

min max

i i i

ij ij ij

f f f

V V V

P P P
       

(0) 

To ensure uninterrupted power supply to some important loads, the following 

constraints should be respected 

li liminP P
        

(0) 

Where liP  is the remaining load (after shedding) at bus i; liminP  is the amount of 
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important load that cannot be shed at bus i. 

The constraint on power flow direction in some specified branches can be 

expressed as: 

0ijP
         

(0) 

Where ijP  is the active power flow from bus i to bus j. 

For the central generation type DGs such as gas turbine, combustion engines and 

hydro generation, the output and ramp rate constraints should be represented as 

min max

limit

gi gi gi

git gi

P P P

P P
       

(0) 

Where gitP  is the increasing output from moment t-1 to moment t. 

For the non-dispatchable type DGs such as wind turbines and photovoltaic arrays 

which cannot be dispatched in the emergency state, their outputs are decided by wind 

and solar input levels. Some types of generation outputs may be slightly affected by the 

system frequency and voltage, and can be formulated as follows 

( , )gi giP F f V
        

(0) 

For the storage type such as fuel cells, the energy which will be consumed should 

respect the following constraints 

1

T

gt

t

P t E

         

(0) 

Where, T is the time span specified; gtP  is the output power of the storage type DGs at 

time t ; E  is the total available energy in the storage type DGs. 

The model of the central generation is used to simulate the dynamics of DGs 

equipped with the governor, and can be expressed as: 

m e

R

M d
P P

dt
        

(0) 

( )1
[1 ]R

mi mo

R

P P
R

       

(0) 

Where, miP  is the prime mover input power; mP  is the prime mover output power; eP  

is the power in the generator. 
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Fig.5. The generator model 

 

The developed method in [Ding Xu and Adly Girgis, 2001] can well solve the problem 

with some discretization variables. The simulation results demonstrate that the 

proposed method can be used in distribution systems with multiple DGs and can 

maximize the utilization of the capacity of DGs. 

In [S. Hirodontis et al, 2009], a new technique relying on slow communication in 

order to maintain stability of the distribution network and to improve the reliability of 

supply to customers is presented. Loads could be prioritized and aggregated according 

to their degrees of importance, where the one with the highest is shed last. The 

implementation of the proposed load shedding strategy and the behavior of a 33 kV 

distribution network consisting different types and sizes of loads and DGs such as PV, 

CHP and wind generation are demonstrated through dynamic simulations using the 

power system analysis package PSCAD. The distance magnitude is estimated by the 

swing equation. It is expressed as follows: 

2 m eH P P
       

(0) 

Where, H is the generator’s inertia constant in seconds; mP and eP  are the mechanical 

and electrical power respectively; is the electrical angular velocity or frequency. 



 

14 

References 

 

Walid Helmy, Y. G. Hegazy, M. A. Mostafa, and M. A. Badr (2008). “Implementing 

distributed generation to mitigate under-frequency load shedding.” Proceedings of 

12th International Middle-East Power System Conference (MEPCON 2008), 

136–140. 

A. R. Malekpour, A.R. Seifi, M. R. Hesamzadeh, and N. Hosseinzadeh (2008). “An 

Optimal Load Shedding Approach for Distribution Networks with DGs 

considering Capacity Deficiency Modelling of Bulked Power Supply.” 

Proceedings of Australasian Universities Power Engineering Conference 

(AUPEC 2008), 1–7. 

Ricardo V. Fernandes, Susana A. B. de Almeida, Fernando P. Maciel Barbosa and Rui 

Pestana (2009). “Load Shedding – Coordination between the Portuguese 

Transmission Grid and the Distribution Grid with Minimization of Loss of 

Distributed Generation.” Proceedings of 2009 IEEE Bucharest PowerTech, 

Bucharest, 1–6. 

Ding Xu and Adly Girgis (2001). “Optimal Load Shedding Strategy in Power Systems 

with Distributed Generation.” Proceedings of IEEE Power Engineering Society 

Winter Meeting, 1(2), 788–792. 

S. Hirodontis, H. Li. and P.A. Crossley (2009). “Load Shedding in a Distribution 

Network.” Proceedings of International Conference on Sustainable Power 

Generation and Supply (SUPERGEN 09), 1-6. 



 

15 

Chapter 2 UFLS Strategies with DGs for Islanded Distribution 

Systems 

 

Due to the differences in characteristics between large-scale power systems and 

islanded systems, the conventional load shedding strategy successfully applied in 

large-scale power systems may not be directly applicable in islanded systems. With this 

in mind, some research work has been reported on developing UFLS strategies with 

DGs for islanded distribution systems. 

In [IEEE Std. 1547TM, 2003], it is mentioned that an unintentional island should 

be detected and DGs ceased to energize the distribution systems within two seconds. 

However, with the extensive applications of DGs in distribution systems, the 

implementation of intentional islanding of DGs is becoming more and more popular. 

In [Pukar Mahat et al, 2010], it is pointed out that the load shedding in an islanded 

distribution system is very difficult due to the uncertainty of system inertia of the island, 

which is needed to calculate the load amount to be shed. This is especially when the 

system has significant penetration of DGs such as wind turbines or 

photovoltaic-powered generators. Furthermore, load shedding in islanded distribution 

systems should take into account both technical and economical factors at the same 

time. 

In [E. E. Aponte and J. K. Nelson, 2006], an optimal load shedding algorithm is 

developed, combining nonlinear mathematical programming and a 

differential-algebraic power system model to estimate the optimal amount of load to be 

shed and the best time to shed. Several simulated scenarios show that on the one hand, 

with a higher DG penetration in distribution systems, the optimal load shedding time 

will be dictated by generation loss amount and not the installed capacity. On the other 

hand, an island distribution system with a larger DG penetration can be sustained (by 

load shedding) rather than resorting to fragmentation. 

In [Pukar Mahat et al, 2010], a strategy to shed an optimal number of loads in an 

islanded distribution system is proposed based on frequency, rate of change of 
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frequency, customers’ willingness to pay, and load histories. The developed load 

shedding strategy is not only based on technical factors, but also depends on economic 

ones. The developed method does not require communication between the components 

and real-time system data; rather, it uses load histories to shed the loads automatically 

with declining frequency. In one of the scenarios, the system frequency during 

islanding and load shedding is shown with the proposed strategy in Fig. 1. The 

frequency goes as low as 0.897 p.u. and it rises above 0.99 p.u. within 3.91 s. The 

output power of the CHP turbine is shown in Fig.2. We can see that when the system 

frequency nearly approaches0.99 p.u. within 3.91 s, the output power of the CHP 

turbine continues to change until t=14.0 s in Fig.2. It is concluded that after executing 

the load shedding, the CHP turbine has played an important role in improving 

frequency and guaranteeing stability. 

 

 

Fig.1 The system frequency during islanding and load shedding 

 

 

Fig.2 The output power of a CHP turbine during islanding and load shedding 

It is demonstrated using simulation results for different scenarios that the proposed 
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method can stabilize the frequency of the distribution system with DGs when it is 

islanded by shedding an optimal amount of load. 

In [S. Hirodontis and H. Li., 2009], a new adaptive load shedding method for 

intentional islanding of distribution systems is proposed. The behavior of a 33 kV 

distribution system consisting of different types and sizes of loads and DGs with the 

proposed load shedding strategy is examined. Simulation results demonstrate that the 

frequency and voltage stability following a disturbance are both enhanced with less 

customer interruption. The magnitude of the disturbance is determined by the swing 

equation. 

In [H. Manjari Dola et al, 2006], automated load shedding schemes are applied in 

predetermined islanding scenarios with a prospective cascading outage condition. If 

required, additional DGs at specified locations in the system can be determined as well. 

Manjari Dola et al (2006) demonstrated that DGs can play a vital role in maintaining 

the generation-load balance in intentional islanding schemes by ensuring that each area 

is balanced with the simulation results in this paper. 

With the increasing interest in the applications of DGs, it has been widely deemed 

that DGs can be used to enhance the power supply reliability and even guarantee the 

operation of an islanded power system. Therefore, in [P. Du and J. K. Nelson, 2009], a 

new optimal load shedding strategy composed of two major steps is proposed, with a 

corrective control to improve power quality and to enhance the reliability of an isolated 

power system (i.e. a micro-grid ). 

In the first step, based on the transient stability of the system, relaxing the discrete 

nature of the loads and ignoring the economic considerations, the problem is 

formulated as a typical constrained nonlinear optimization problem with an objective 

of finding the maximum load allowed in an island with low levels of voltage and 

frequency oscillations. In the second step, a simple linear integer optimization problem 

is formulated with the economic benefits and other operational constraints such as line 

or transformer capacity constraint, voltage decline constraint and transient stability 

constraint considered. Finally, numerical simulations of a 15-bus system have 

demonstrated the feasibility of the developed strategy.  
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Compared to other load shedding strategies, the two-step load shedding strategy 

can meet the requirements for on-line implementation and handle the discrete loads. 

However, the implementation of the developed strategy should be based on the 

investment in the high speed communication network and distribution management 

system (DMS) which can collect the system status, detecting islanding and 

implementing a load shedding strategy. 

The corresponding dynamic trajectories of the frequency and voltage resulting 

from this optimal load shedding strategy are shown in Fig. 3. In addition, [P. Du and J. 

K. Nelson (2009)] has concluded from simulation results of a 15-bus system that the 

dynamics of DGs and loads play an important role in influencing the islanding 

transients. 

 

Fig.3 The speed of machine based DG and terminal voltage responses resulting from optimized 

load shedding 

 

In [C.S. Chen et al, 2008], an adaptive load shedding strategy is developed to shed 

some nonessential loads properly for enhancing the stability of distribution feeders with 

a wind generator (WG), restoring the operation of micro-grid after the fault transient 

disturbance and preventing the tripping of WG due to frequency decline. Numerical 

simulations of a distribution system in Taipower have verified the effectiveness of the 

proposed strategy and a certain amount of load shedding can improve the power system 

stability of the distribution feeder with WG and achieve the stable operation of other 

essential loads. 
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After removing the fault by tripping the feeder’s Circuit breaker (CB), the 

distribution feeder continues to supply the customers’ load in the form of an islanding 

micro-grid with WG. The proper amount of the non-important loads is shed for the 

stable operation of the system based on the wind speed and feeder loading. When the 

wind speed is 14 m/second and the power of 1.75MW is generated by the WG, the 

response of wind turbine speed for the feeder loadings of 3500 kW, 1750 kW and 1400 

kW are shown in Fig. 4, respectively. Before tripping feeder CB at 0.3 second after fault 

occurrence, the wind turbine speed is increased and the output power is reduced by the 

adjustment of the pitch angle as shown in Fig. 5. 

 

Fig.4 The response of the wind turbine speed with feeder loading 

 

 

Fig.5 The response of the pitch angle with feeder loading 
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Chapter 3 An Optimal Under-Frequency Load Shedding Strategy 

Considering Distributed Generators and Load Static 

Characteristics 

 

I. Introduction 

Under-frequency operation could be a huge threat to the secure and stable operation of 

a power system. For example, when the frequency is lower than its rated value, the 

vibration of blades in a turbine generator will increase in strength or the blades may even 

rupture due to resonance. Finally, the turbine generator may be forced to trip off and an 

accident/outage hence occurs. 

Generally speaking, the well-established Under-Frequency Load Shedding (UFLS) is 

deemed to be the last level of effective remedial measures against a severe frequency 

decline in a power system. Therefore, when a power system is suffering a severe 

disturbance or when there is a severe power imbalance between generation and demand, 

the ability of maintaining power balance and further frequency stability is directly related 

to the UFLS strategy. 

Up to now, many research papers have been published on the development of UFLS 

strategies. The traditional method for UFLS and UVLS (Under-Voltage Load Shedding) 

is based on a single-machine and a single-load model, and cannot meet the requirements 

of modern multi-machine power systems. Given this background, a new approach is 

proposed, based on the risk management and the quantitative analysis method for time 

response curve in [Y. S. Xue, X. C. Ren et al, 2009]. The ratio between the security 

margin and control cost is employed to guide the risk minimization process. In addition, 

the coordination between UFLS and UVLS among transient load shedding, middle-term 

load shedding and long-term load shedding is also studied. In [Y. S. Xue, D. Wang et al, 

2009], the compromise between two control strategies, i.e. the fault-driven emergency 

control and the trajectory-driven corrective control, with the consideration of the physical 

and economic characteristics of these two strategies examined in a risk management 

framework, and a global coordination approach presented to find the minimum risk 

solution. The optimization and coordination between UFLS and UVLS are studied in [X. 
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C. Ren, 2009] using a decoupled optimization and iterative coordination technique. A new 

under-frequency load shedding scheme is presented in [D. Prasetijo et al, 1994] by 

utilizing the frequency and voltage changes as well as ROCOF. In [X. F. Xiong and W. Y. 

Li, 2006], a UFLS strategy with the load frequency characteristics considered is presented, 

and the load with a smaller frequency sensitivity factor is shed earlier than other loads 

with larger ones for recovering the frequency and hence the system stability quickly, but 

the numerical simulations are limited to a single-machine power system. In [V. V. Terzija 

and H. J. Koglin, 2002], an adaptive approach for protecting a power system from 

dynamic instability and frequency collapse is presented, and the frequency and ROCOF 

are estimated by a nonrecursive Newton type algorithm with a simplified generator swing 

equation. In [V. N. Chuvychin, 1996], an adaptive scheme employing the frequency and 

ROCOF measurements to dynamically set UFLS relays is developed, and a technique for 

coordinating UFLS and the dispatching of spinning reserves through a localized governor 

control is also presented. In [A. A. Girgis and S. Mathure, 2010], the impact of the active 

power sensitivity to frequency and voltage variations on the load shedding is examined, 

and the magnitude of the power imbalance is determined by ROCOF, while the sensitive 

bus for the load shedding is identified by the rate of change of voltage with respect to 

active power. In addition, in some available publications such as [D. Novosel and R. L. 

King, 1994; M. Z. El-Sadek et al, 1999; A. A. Abou et al, 2006; W. Nakawiro and I. Erlich, 

2009; M. Sanaye-Pasand and M. Davarpanah, 2005; P. Wang and R. Billinton, 2000], the 

UFLS strategy is formulated as a nonlinear programming problem. In the optimization 

models developed, the objective functions could be specified as minimizing the load 

amount to be shed, minimizing the network loss after the load shedding, and minimizing 

the cost of load shedding. Many modern heuristic algorithms such as the genetic 

algorithm (GA), particle swarm optimization (PSO) and ant colony optimization (ACO) 

are employed to solve the optimization models. Although there is a higher probability of 

obtaining the globally optimal solution with these modern heuristic algorithms, the 

procedure could be time consuming and may not be able to meet the requirement in the 

emergent situation. In summary, although much research work has been done on 

developing optimal UFLS strategies, some issuessuch as the determinations of the load 

amount to be shed and the load shedding priority are still not well resolved. 
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As mentioned above, much research has been done on the development of UFLS 

strategies; however, some basic issues are still not well resolved, such as the 

determinations of the load amount to be shed and the load shedding priority. The new 

contributions of the proposed methods will be well justified in the following sections. 

With the ever-increasing power system size and the extensive penetration of 

Distributed Generators (DGs) in power systems, the problem of developing an optimal 

UFLS strategy is facing some new challenges, such as that of avoiding the isolated 

operation of DGs when the UFLS strategy is executed and the loads are shed, exploring 

the benefits of DGs to reduce the load amount to be shed or even avoiding the load 

shedding. However, to the best of our knowledge, only a few research publications are 

devoted to investigate the impacts of the increasingly penetrated DGs on the UFLS 

strategy. Given this background, the problem of developing an optimal UFLS strategy in 

a distribution system with DGs considering load static characteristics is investigated in 

this work. The results demonstrate that the frequency emergency can be alleviated by 

quickly shedding some loads in the basic round. Furthermore, the frequency security can 

be maintained and the operating parameters of the distribution system optimized by 

adjusting the output powers of DGs and some loads in the special round. 

This work is organized as follows. In Section II, the methodological framework of the 

developed optimal UFLS strategy is briefly outlined. In Sections III and IV, the 

mathematical models of the basic rounds and special round are presented in detail. A test 

system is put forward to demonstrate the feasibility and efficiency of the developed 

optimal UFLS strategy, and the simulation results are given in Section V. Finally, some 

concluding remarks are presented in Section VI. 

 

II. Methodology for developing the optimal UFLS strategy 

The optimal UFLS strategy identifed in this work has been developed using two 

procedures, i.e., the “basic round” and the “special round”. Specifically, the basic round 

is implemented with the starting signal making up the frequency and ROCOF. In terms of 

the swing equations of an equivalent generator and the spinning reserve of the power 

system concerned, the load amount to be shed in each round can be calculated quickly. 

Then, the load shedding is executed according to the load shedding priority specified in 
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advance. Finally, the frequency emergency can be alleviated. However, the 

security/stability of the power system usually cannot be maintained by simply 

implementing the basic round, because the state of the power system is always dynamic. 

Moreover, the load amount to be shed in each round is determined by the measurement 

value of ROCOF. As the result, some error is inevitable due to the difference between the 

measurement value and the real-time value of ROCOF. Therefore, the frequency and 

power imbalance can only be adjusted approximately. 

Although the frequency emergency can be alleviated in the basic round, the 

phenomena of the fluctuation in the low frequency domain or floating around a low 

frequency value may still appear. To restore the frequency to a secure state as quickly as 

possible, a special round could be executed after the basic round is over. In the special 

round, the load amount to be shed can be reduced by optimizing the output powers of 

DGs, and the security constraints are respected in this procedure.  

A. The Basic Round 

The main goal of the basic round is to stop the frequency decline as quickly as possible 

so as to get rid of the possibility of the frequency collapse, and limit the shed load. 

          a)  The delay time 

To prevent the improper activation of the basic round caused by the system oscillation 

or frequency/voltage swing, a delay time 
1Dt  could be set. Its value ranges from 0.2s to 

0.3s in [Y. S. Xue, D. Wang et al, 2009]. 

          b)  The starting signal 

The basic round will be implemented if the following conditions hold 

1

0

d

df

dt

f f

 

Where, 
df

dt
is the ROCOF; f and 1

df  are the frequency and threshold in the first iteration, 

respectively.  

          c)  The threshold of the first iteration 

For the threshold setting in the first iteration, two aspects have to be considered. On the 

one hand, the frequency decline must be stopped effectively and the frequency cannot be 
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too low even in a situation with severe active power deficiency. Thus, the threshold 

setting value in the first iteration cannot be very low. On the other hand, the load 

shedding should be avoided as much as possible and the frequency can be restored to a 

security range by employing spinning reserve. Hence, the threshold setting value in the 

first iteration needs to be very high. By comprehensively considering these two aspects, 

the threshold in the first iteration could be set as 

1 49.2 Hzdf  

          d)  The threshold of the last iteration 

The threshold setting value of the last iteration cannot be lower than the pre-specified 

operating value of the under-frequency protection of generators in [C. Concordia, 1995]. 

In addition, a frequency redundancy of about 0.3-0.5Hz needs to be kept [Technology 

requirements of power system on automatic under frequency load shedding, 1991]. Thus, 

the threshold setting value of the last iteration in the basic round could be given as 

48.0Hz
R

d

Nf  

          e)  The frequency range in each iteration 

The frequency range between the two adjacent iteration thresholds in the high 

frequency interval is different from that in the low frequency interval. In the low 

frequency interval, the frequency range is a little bit smaller to effectively limit the 

frequency decline. In the high frequency interval, the frequency range is slightly larger 

for reducing the load amount to be shed. Specifically, the frequency range in each 

iteration is defined as 

0.2Hz (48.6 Hz 49.0 Hz)
( 1,2, , )

0.3Hz (48.0 Hz 48.6 Hz)

d

i R

f
f i N

f
 

Where, RN  is the iteration number of the basic round. 

According to the thresholds in the first and last iterations, as well as the frequency 

range in each iteration, the maximal iteration number can be obtained as max 6RN . Thus, 

the thresholds in the iterations of the basic round are 49.2HZ, 49.0HZ, 48.8HZ, 48.6HZ, 

48.3HZ and 48.0 HZ, respectively.  
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          f)  The load amount to be shed in each iteration  

At the beginning of each iteration, the value of ROCOF is measured. Then, the active 

power deficiency in the system can be calculated by the swing equations of the equivalent 

generator. Finally, according to the available spinning reserve capacity, the active load 

power to be shed in each iteration can be determined. More details will be presented in 

subsection B of Section III. 

          g)  The load shedding priority in each iteration  

In the basic round, the load shedding starts from the load with the least importance. 

Then, the loads with the same importance will shed in order of their static characteristics. 

More details will be presented in subsection C of Section III. 

          h)  The iteration number 

Based on the frequency and the threshold in the last iteration, the following constraints 

should be associated with the iteration number of the basic round: 

max

max

( )

( )

R

R

d

R N

R d

R N

N f f
N

N f f
 

B. The Special Round 

As mentioned before, DGs have some impact on the development of the optimal UFLS 

strategy. With this in mind, the fluctuation in the low frequency range or floating around 

a low frequency value can be prevented by optimizing the output powers of DGs and 

adjusting some loads in a special round.  

The settings of the special round are given below. 

          a)  The delay time 

After the execution of the basic round, some loads are shed, and the frequency may 

still be fluctuating. To limit the frequency fluctuation range, a delay time 
2Dt  should be 

set so as to judge the direction of ROCOF and reduce the frequency search scope. The 

setting value of 
2Dt  should be properly determined by simulations or experience. For 

example, the setting value could be specified to be 1.0s by experience. 

          b)  The starting signal 

After the delay time 
2Dt  following the basic round, the special round will be executed 

when the following constraints hold: 
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1

0

d

df

dt

f f

 

          c)  The stopping frequency 

When the special round is completed, the frequency must satisfy: 

min max[ , ]S Sf f f  

Where, min

Sf and max

Sf are the permitted minimal and maximal values of the frequency 

respectively. 

          d)  The load amount to be shed 

The load amount to be shed is determined by the optimization results, which are 

obtained by solving the optimization model of the special round. More details about the 

mathematical model will be presented in Section IV. 

          e)  The iteration number 

By solving the optimization model of the special round, the output powers of DGs are 

optimized directly in the special round. If necessary, some loads could be shed. Thus, the 

iteration number in this round is * 1RN . 

The special round is designed to be similar to the basic round with two important 

considerations. First, the fluctuation in the low frequency range and the floating around a 

low frequency value should be avoided. Secondly, the potential benefits of DGs should 

be maximized with a proper optimization method. In fact, the basic round and the special 

round represent the macro and fine adjustment procedures respectively. 

C. The Procedures and Applications of the Optimal UFLS Strategy 

The implementation procedures and applications of the developed UFLS strategy in 

this work are shown in Fig.1. In the developed optimal UFLS strategy, the basic round is 

executed first, with the starting signal making up the frequency and ROCOF. Then, the 

load amount to be shed in each round is executed according to the swing equations of an 

equivalent generator and the spinning reserve of the power system concerned.  

Following the basic round with some specified delay, the special round is next 

implemented by optimizing the output powers of DGs and adjusting some loads.  The 

application of the developed optimal UFLS strategy is shown in Fig. 2. 
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Fig.1 The implementation procedures of the developed optimal UFLS strategy 
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Fig.2 The application of the developed optimal UFLS strategy 

 

III. The mathematical model of the basic round 

With the frequency crisis caused by imbalance between generation and load, power 

systems may black out if frequency cannot be restored to the normal range in time. 

Therefore, at this time, a fast and effective UFLS strategy is the key solution to getting 

rid of power system emergency. 
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A. Determination of K 

The load power in a node may change with the variation of the voltage in this node or 

that of the frequency in the system or both. This is part of load characteristics. Generally, 

the load characteristic can be divided into static and dynamic. The load static 

characteristic is generally described as a quadratic polynomial or a power function, while 

the dynamic characteristic is generally described as a differential and algebraic equation 

set. In this work, the following load static characteristic model is employed [K .A. 

Palaniswamy et al, 1985]: 

0 0 2 0

0 0 2 0

[ ( ) ( ) ](1 )

[ ( ) ( ) ](1 )

L L p L L p L L p pf

L L q L L q L L q qf

P P a V V b V V c K f

Q Q a V V b V V c K f
        (1) 

Where 

 0

LV  is the rated voltage magnitude of the load studied; 

 
LV  is the actual voltage magnitude of the load studied; 

 0

LP / 0

LQ  is the rated active/reactive load power; 

 
LP /

LQ  is the actual active/reactive load power; 

 f  is the frequency variation of the system; 

 pfK / qfK  is the frequency sensitivity factor of the active/reactive load power, and their 

values generally range from [0.0, 3.0] and [-2.0, 0.0], respectively [C. Concordia and 

S. Ihara, 1982]. 

The coefficients in Eqn. (1) should satisfy 

=1

=1

p p p

q q q

a b c

a b c
        (2) 

With Eqn. (2), the variation amount of active load power at the load node caused by a 

unit frequency variation, defined as the so-called K value, could be obtained as 

0 0 2 0[ ( ) ( ) ]L
L p L L p L L p pf

P
K P a V V b V V c K

f
      (3) 

It can be derived from Eqn. (3) that the same amount of frequency decline could lead 

to more active load power reduction for a larger K. After the implementation of a 
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developed UFLS strategy, if the K values of remained loads are large enough, then the 

active power deficiency of the system concerned could be alleviated and the frequency 

decline stopped [V. V. Terzija and H. J. Koglin, 2002]. Thus, the sequence of loads to be 

shed should be consistent with the decreasing sequence of their K values in each iteration 

of the basic round. 

B. The Calculation of the Load Amount to Be Shed 

For a power system with 
GN  generators, the swing equation of the ith generator can 

be formulated as follows [H. Seyedi and M. Sanaye-Pasand, 2009]: 

0

2
( 1,2 , )

i i

i i

m e G

H df
P P i N

dtf
        (4) 

Where 

 
iH  is the inertia time constant of the ith generator; 

 
imP  is the mechanical power of the ith generator; 

 
ieP  is the electromagnetic power of the ith generator; 

 
0f  is the rated frequency of the system. 

Thus, the total active power deficiency can be obtained as 

1 10

2
( ) ( )

G G

i i

N N

i i

m e

i i

H df
P P

f dt
         (5) 

Rearranging Eqn. (5) yields 

1

1 10

2 ( )
G

G G

N

i
N Ni

i

mi ei M E

i i

df
H

dt
P P P P

f
        (6) 

Where 

 
1

G

i

N

M m

i

P P  is the total mechanical power; 

 
1

G

i

N

E e

i

P P  is the total electromagnetic power. 

Eqn. (6) could be simplified as 
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10

2
( )

GN

i i M E

i

d
H f P P

f dt
         (7) 

Substituting 
1

GN

i

i

H H  into Eqn. (7) yields 

1

0

( )
2

GN

i i

i

M E

H f
H d

P P
f dt H

         (8) 

Finally, Eqn. (8) could be simplified as 

0

2
M E

H df
P P

f dt
          (9) 

Where 

 1

( )
GN

i i

i

H f

f
H

 is the actual frequency of the system; 

 
1

GN

i

i

H H  is the inertia time constant of the equivalent system generator. 

Hence, the swing equation of the equivalent system generator can be described as 

0

2
S

fdf
P

dt H
          (10) 

Where,
S M EP P P represents the total active power imbalance. 

Considering the available spinning reserve [P. M. Anderson and M. Mirheydar, 1990], 

the load amount to be shed can be obtained as 

( )S S SRP P P           (11) 

Where 

 
SRP  is the spinning reserve capacity; 

 1.05  is the correction factor. 

The load amount to be shed as calculated by the measured value of ROCOF is usually 

insufficient. Thus, a correction factor is added in Eqn. (11) for this purpose. 
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C. The Load Shedding Priority and Steps 

To make UFLS more effective, the priority of loads for shedding could be specified in 

advance. Two basic principles of the load shedding priority in each iteration of the basic 

round are detailed below: 

1) Loads are first divided into n classes, i.e. ( 1,2, , )L i i n , respectively. The smaller 

the class number, the less important the load will be. 

2) Loads with the same class are shed in the order of increasing K values. The load with 

the smaller K value will be shed earlier. 

Based on the above principles, the load shedding priority in each iteration of the basic 

round could be described as 

1

2

min max

1 1 1

1 2

2 2 2

1 2

1 2

1

2

n

L L L

i

w

w

n n n

w

K K K

L K K K

L K K K

L n K K K

       (12) 

Where, ( 1,2, , )iw i n  is the number of loads in class L i . 

The basic load shedding steps in each iteration of the basic round are detailed below: 

Step 1) Set the load class counter i. 

Step 2) Start load shedding from the load class L i  with the sequence of increasing K  

values. In this procedure, the specified shed load level must be respected. If the shed 

load in this class is sufficient, then stop; otherwise, go to the next step. 

Step 3) Set i= i +1, and go back to Step 2. 

The flowchart of the load shedding in each iteration of the basic round is shown in 

Fig.3. 
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Fig.3 The flowchart of the load shedding in each iteration of the basic round 

 

IV. The mathematical model of the special round 

A. The Objective Function 

In this work, the multi-objective function of the special round is defined as the 

minimization of three indexes, namely the load shedding cost, the total sum of the 

squared voltage deviations at all nodes, and the network losses [D. Xu and A. A. Girgis, 

2001]. The mathematical model could be formulated as 

22

1 2 3

1 1 1 1

( ) cos sin
N N N N

Si Si i N N i j ij ij ij ij

i i i j

min f C P V V V VV G B     (13) 

Where 

 N is the number of nodes in the distribution system, and node N is the swing node; 

 
1
, 

2
 and

3
 are weighting coefficients and their values can be determined by the 

well-established Analytic Hierarchy Process (AHP) [J. Jeonghwan et al, 2010], and  

1 2 3 1 ; 

 
SiC is the cost coefficient of the load shedding at node i; 

 
SiP  is the active load power to be shed at node i; 

 
NV  is the voltage magnitude at the swing node N ; 
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 
iV  and jV  are respectively the voltage magnitudes at nodes i  and j ; 

 
ij
 is the voltage phase angle difference between nodes i  and j ; 

 
ijG /

ijB  is the conductance/susceptance in the feeder between nodes i  and j ; 

B. The Equality Constraints 

The equality constraints are the well-known load flow equations as 

1

1

cos sin 0

sin cos 0

N

DGi Li i j ij ij ij ij

j

N

DGi Li i j ij ij ij ij

j

P P V V G B

Q Q V V G B

       (14) 

Where 

 
DGiP /

DGiQ  is the active/reactive output power of the DG at node i ; 

 
LiP /

LiQ  is the active/reactive load power at node i ; 

 0(1 )ij ijB f B ;  

 0

ijB  is the susceptibility between nodes i  and j  based on the rated frequency, and 

in ijB the frequency-dependent characteristic is considered [M. EL Arini, 1999]. 

C. The Inequality Constraints 

The inequality constraints considered here include: 

1) The lower and upper limits of active output power of DGs (i.e. min

DGiP  and max

DGiP ): 

min max
1, 2, ,

DGDGi DGi DGi i NP P P         (15) 

Where, 
DG

N  is the total number of DGs. 

2) The lower and upper limits of reactive output power of DGs (i.e. min

DGiQ  and max

DGiQ ): 

min max
1, 2, ,

DGi DGDGi DGiQ Q Q i N         (16) 

3) The lower and upper voltage limits at each node (i.e. min

iV  and max

iV ): 

min max
1, 2, , 1i i i i NV V V         (17) 

4) The permitted maximal current limits in each feeder (i.e. maxijI ): 
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max , 1, 2, ,ij ij i j NI I         (18) 

Where, 
ijI  is the current in the feeder between nodes i and j . 

5) The permitted minimal and maximal amounts of the active load power to be shed at 

each node [Y. Halevi and D. Kottick, 1993] (i.e. min

SiP  and max

SiP ): 

min max
1, 2, ,Si Si Si i NP P P          (19) 

6) The permitted minimal and maximal values of the frequency after load shedding 

(i.e. min

Sf  and max

Sf ): 

min max

S Sf f f           (20) 

7) The constant load power factor at each node before and after load shedding (this is 

used to make the power factor of the load bus): 

Si Si

Li Li

P Q

P Q
         (21) 

Where, 
SiQ  is the reactive load power to be shed at node i. 

Thus, the developed mathematical model of the special round considering DGs and 

load static characteristics can be formulated as 

min max

min max

( )

. . ( ) 0

( )

min f X

s t X

H H X H

X X X

      

      G
        (22) 

Where 

 X is the set of state variables; 

 
minX /

maxX  is the set of the lower/upper limits of X; 

 ( )f X , G( )X  and ( )H X are the objective function, equality constraints, and inequality 

constraints respectively. 

 
minH /

maxH  is the set of the minimal/maximal limits of inequality constraints. 

It should be mentioned that the developed mathematical framework of the special 

round in this work could accommodate other constraints. 
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The modified primal-dual interior point algorithm presented in [Z. P. Liu et al, 2010] is 

employed to solve Eqn. (22), which is a nonlinear programming problem. 

 

V. Case studies 

The modified IEEE 37-node test feeder
 
[IEEE Radial Test Feeders, 2010], as shown in 

Fig.4, is used to demonstrate the effectiveness of the developed optimal UFLS strategy. 

Four DGs are installed at nodes 703, 704, 705 and 734. This test feeder is connected to 

other systems through node 799. Thus, suppose that the inertia time constant of the 

equivalent generator is 0.8s. The data of installed DGs and original loads are shown in 

Table I and Table II, respectively. 

Suppose that one of the adjustable transformers is forced to trip off due to some faults. 

Thus, the active power from other systems through node 799 is reduced by 200 kW, 

which represents 22.33% of the total active power demand in this test feeder. 
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Fig.4 The IEEE-37 node test feeder 
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TABLE I 

DATA OF THE INSTALLED DGs 

Node DGiH /(s) min

DGiP /(kW) max

DGiP /(kW) min

DGiQ /(kVar) max

DGiQ /(kVar) 

703 0.30 10.00 30.00 5.00 15.00 

704 0.25 25.00 40.00 10.00 25.00 

705 0.35 5.00 15.00 2.00 10.00 

734 0.30 20.00 30.00 10.00 19.00 

 

 

TABLE II  

DATA OF THE ORIGINAL LOADS 

Type Node Load Model* 0

LiP /(kW) 0

LiQ /(kVar) pfK  qfK  

First-class Load 
714 D-I 17.00 8.00 1.30 -0.10 

742 D-Z 8.00 4.00 1.20 -0.09 

Second-class Load 

728 D-PQ 42.00 21.00 1.30 -0.05 

729 D-I 42.00 21.00 1.40 -0.06 

744 D-PQ 42.00 21.00 1.50 -0.03 

Third-class Load 
718 D-Z 85.00 40.00 1.50 -0.10 

733 D-I 85.00 40.00 1.30 -0.04 

Fourth-class Load 

701 D-PQ 140.00 70.00 1.40 -0.03 

737 D-I 140.00 70.00 1.20 -0.07 

738 D-PQ 126.00 62.00 1.70 -0.02 

*Note:  

1) D-PQ: The load is assigned with the delta connection code and constant kW and kVar model. According to Eqn. (1) and Eqn. 

(2), the parameters of its load model are 1p qc c , 0p p q qa b a b ; 

2) D-I: The load is assigned with the delta connection code and constant current. The parameters of its load model are 1p qb b ,

0p p q qa c a c ; 

3) D-Z: The load is assigned with the delta connection code and constant impedance. The parameters of its load model are 

1p qa a , 0p p q qb c b c . 

 

When ROCOF<0 and the delay time 
1Dt  has passed, the optimal UFLS strategy 

developed in this work will be activated. The system frequency variations during the 

whole execution procedure are shown in Fig.5. 
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Fig.5 The frequency variations in the execution procedure of the developed optimal UFLS strategy and 

the adaptive approach 

 

As shown in Fig.5, compared with the adaptive approach, the frequency decline is 

stopped by shedding some loads quickly in the basic round. The basic round has been 

executed with two iterations when the ROCOF is larger than zero. The thresholds of the 

two iterations are 49.2 Hz and 49.0 Hz, respectively. It can be concluded that the load 

amount to be shed in each iteration is calculated exactly and the frequency emergency has 

been alleviated.  

However, the security/stability of the power system usually cannot be maintained by 

simply implementing the basic round, because the state of the power system is always 

dynamic. To restore the frequency to a secure state as quickly as possible, a special round 

could be executed after the basic round is over. Moreover, the fluctuation in the low 

frequency range or the floating around a low frequency value has been avoided by 

optimizing the output power of DGs and adjusting some loads in the special round.  

The shedding schemes in each iteration of the basic round are shown in Table III. After 

the execution of the special round, the loads are shown in Table IV. It can be seen from 

Tables II-IV that the load amount shed in the basic round is more than that in the special 

round. Finally, the output power variations of DGs and the values of all terms in the 

objective function expressed by Eqn. (13) before and after the execution of the special 

round are shown in Table V and Table VI, respectively.. From Table V, we observe that 

the output power of DGs has increased before and after the execution of the special round. 

With these supports of DGs, the shed load amount has been reduced, shown in Table III 
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and IV. It also means that some load has been restored and adjusted reasonably in special 

round by the optimization of the output power of DGs. In addition, as shown in Table VI, 

the voltage profile at each node of the test feeder has been improved by the special round, 

the load shedding cost has been declined and network loss reduced. 

 

TABLE III 

THE LOAD SHEDDING SCHEMES IN EACH ITERATION OF THE BASIC ROUND 

Iteration 

/(times) 

Frequency  

Setting 

/(Hz) 

ROCOF 

/(Hz/s) 

Load Amount Shed in 

Each Iteration/(kW) 

Load Amount Shed at Each 

Node/(kW) 

Percentage between Load 

Shed and Total Load/(%) 

First 49.20 -17.21 137.70 

742 8.00LP  

714 17.00LP  

728 41.13LP  

729 41.70LP  

744 29.65LP  

18.94 

Second 49.00 -2.66 21.24 
744 11.51LP  

733 9.73LP  
2.92 

 

TABLE IV 

THE LOADS AFTER THE EXECUTION OFTHE SPECIAL ROUND 

Type Node LiP /(kW) 
LiQ /(kVar) 

First-class Load 
714 4.63 2.18 

742 2.28 1.14 

Second-class Load 

728 15.43 7.72 

729 25.38 17.69 

744 36.96 18.48 

Third-class Load 
718 84.92 39.96 

733 84.93 39.97 

Fourth-class Load 

701 139.88 69.94 

737 139.90 69.95 

738 125.87 61.94 

 

TABLE V 

THE OUTPUT POWER VARIATIONS OF DGs BEFORE AND AFTER THE EXECUTION OF THE 

SPECIAL ROUND 

Node 
Before Execution After Execution 

DGiP /(kW) DGiQ /(kVar) DGiP /(kW) DGiQ /(kVar) 

703 13.82 6.69 28.31 13.71 

704 26.17 12.68 37.67 18.24 
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705 9.35 4.53 13.98 6.77 

734 21.93 10.62 27.54 13.34 

 

TABLE VI 

THE VALUES OF ALL TERMS IN THE OBJECTIVE FUNCTION BEFORE AND AFTER THE 

EXECUTION OF THE SPECIAL ROUND 

Index Name 
Weighting 

Coefficients 
Before Execution After Execution 

Cost of UFLS 0.42 1.6218 1.1605 

Network Loss 0.29 0.2667 0.1826 

The Sum of Squared 

Voltage Deviations 
0.29 0.1140 0.0230 

 

VI. Conclusions 

With the fast development of distributed generators (DGs), the impact of DGs on the 

UFLS strategy is becoming an issue of extensive concern. Given this background, an 

optimal UFLS strategy taking into account DGs and load static characteristics is 

developed in this work. Based on the frequency and ROCOF, the presented strategy 

consists of the basic round and the special round. In the basic round, the frequency 

emergency can be alleviated by quickly shedding some loads. In the special round, the 

frequency security can be maintained and the operating parameters of the distribution 

system can be optimized by adjusting the output powers of DGs and some loads.  

The detailed settings, procedures, mathematical models and methods of the basic round 

and the special round are systematically investigated. In particular, some basic issues, 

such as the determinations of the load amount to be shed and the load shedding priority, 

are well resolved.  

Finally, a modified IEEE 37-node test feeder with four DGs is employed to 

demonstrate that the developed optimal UFLS strategy can not only stop the severe 

frequecy decline and prevent a threat to the secure and stable operation of the system, but 

also improve the voltage profile at each node of the test feeder and reduce the load 

shedding cost and network loss.  
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Chapter 4 Microgrid Load Shedding Simulations 

 

In order to examine different dynamic responses in a microgrid subject to a disturbance, 

as well as the effects of the developed UFLS strategy in Chapter 3 for the thermal unit 

and the wind unit in the microgrid environment, an effort is made in this chapter to 

simulate different scenarios in a microgrid with a thermal unit and a wind unit. 

A micro-grid (connected with a power system) has 1 MW fossil-fueled or wind power 

generation capacity. Supposing that the micro-grid is suddenly disconnected from the 

power system, we will examine different requirements imposed by the 1 MW 

fossil-fueled or wind power generator on the under-frequency load shedding (UFLS) 

scheme under insufficient generation capacity in the microgrid. 

An equivalent generator is employed to simulate the generator in the microgrid. First, a 

large generator inertia constant is specified (used to simulate the fossil-fueled generator), 

then the inertia is reduced (used to simulate the wind generator). The system dynamic 

response curve under different inertia constants could, to a certain degree, reflect the 

UFLS scheme needed. The load in the microgrid is variable and can be specified, for 

example as 1.5 MW. The inertia constants of generators are obtained from references. 

 

Note: the UFLS (Under Frequency Load Shedding) scheme mentioned below is the same 

one presented in Chapter 3. The frequency response curve represents the system 

frequency change with respect to the time after a disturbance occurred. 

 

I. The frequency-dependent charactteristic of the load and the output fluctuation of 

the generator are not taken into account 

 

(1) The design diagram in Simulink 
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Fig. 1 The design diagram in Simulink 

 

(2) Settings of simulation parameters 

 The thermal generating unit: the rated active power 0

TP =1MW, and the inertia 

constant 
TH =0.5s; 

 The wind generating unit: the rated active power 0

WP =1MW, and the inertia constant 

TH =0.2s; 

 The load in the microgrid 0

LP =1.5MW.  

 

(3) Simulation results without the UFLS scheme 
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Fig. 2 The frequency response curves of the wind unit and thermal generating unit 

 

(4) Simulation results with the UFLS scheme 

 

 
Fig.3 The frequency response curve of the wind unit and thermal generating unit after the execution of 

the UFLS scheme 
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II. The frequency-dependent charactteristic of the load and the output fluctuation of 

the generator are taken into account 

 

(1) The design diagram in Simulink 

 

Fig. 4 The design diagram in Simulink 

 

(2) Settings of simulation parameters 

 The thermal geneating unit: the rated active power 0

TP =1MW, and the inertia 

constant 
TH =0.5s; considering the output fluctuation, the output mean value is specified 

as 0.98avg

TP MW, the standard deviation 0.02T
MW, and the initial value 0 0.99TP

MW. 

 The wind geneating unit: the rated active power 0

WP =1MW, and the inertia constant 

TH =0.2s; considering the output fluctuation, the output mean value is specified as 

0.87avg

WP MW, the standard deviation 0.13W
MW, and the initial value 0 0.89WP MW. 

The load in the microgrid 0

LP =1.5MW. Considering the frequency-dependent 

characteristic of the load: 0 (1 )L L pfP P K f =1.2pfK . 

 

(3) Simulation results without the UFLS scheme 
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Fig. 5 The frequency response curve of the wind unit and thermal generating unit 

 

(4) Simulation results with the UFLS scheme 

 
Fig.6 The frequency response curve of wind unit and thermal generating unit after the execution of the 

UFLS scheme 

 

From the above simulation results, it can be concluded that a good UFLS scheme for 

a thermal unit may not be so good for a wind unit due to different inertia constants, and a 

different design philosophy should be employed for the system with significant wind 

generation capacity penetration.  
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The reason is that the bigger the inertia constant, the better the ability to stop the 

frequency decline of a system. Therefore, a good UFLS scheme for a system with a small 

inertia constant should be made with smaller iteration numbers and shorter delay time, 

more load amount to be shed in each round and more accurate calculation of the load 

amount to be shed. 
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Concluding Remarks  

 

 

Under frequency load shedding (ULFS) is not new problem. However, the wide 

penetration of distributed generators (DGs) in power systems, especially distribution 

systems, results in new solutions to this traditional problem. 

DGs have extensive impacts on power system planning, operation and market 

management. Specific to our problem in this report, the traditional ULFS strategy may not 

be applicable in a power system with wide penetration of DGs. Hence, it is necessary to 

examine the appropriate ULFS strategy for a power system, especially for a distribution 

system with DGs. On the other hand, one of the strong benefits of DGs is the ability to 

improve reliability by continuing operation of electrical islands when an event causes 

separation from the main grid. Hence the wide employment of DGs is helpful for the secure 

operation of a microgrid. With this in mind, it appears necessary to examine the ULFS 

strategy in an isolated distribution system/microgrid.  

In this report, the benefits of DGs versus load shedding in the grid connected mode 

and intentional electrical islands are summarized and reviewed. The UFLS strategies with 

DGs for both distribution systems and islanded distribution systems/microgrids are 

clarified. Then, an optimal under-frequency load shedding strategy taking into account 

distributed generators and load static characteristics is systematically developed.  

In the basic round, the frequency emergency can be alleviated by quickly shedding 

some loads. In the special round, the frequency security can be maintained and the 

operating parameters of the distribution system can be optimized by adjusting the output 

powers of DGs and some loads. In particular, some basic issues such as the 

determinations of the load amount to be shed and the load shedding priority are well 

resolved.  

Finally, a modified IEEE 37-node test feeder with four DGs is employed to 

demonstrate that the developed optimal UFLS strategy can not only stop the severe 

frequecy decline and prevent a threat to the secure and stable operation of the system, but 

can also improve the voltage profile at each node of the test feeder and reduce the load 

shedding cost and network loss.  
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Finally, simulations are carried out for different scenarios in a microgrid with a 

thermal unit and a wind unit, so as to examine different dynamic responses in the microgrid 

subject to a disturbance, as well as the effects of the developed UFLS strategy for the 

thermal unit and the wind unit in the microgrid environment. 

The simulation results have demonstrated that a good UFLS scheme for a thermal 

unit may not be so good for a wind unit due to different inertia constants, and a different 

design philosophy should be employed for the system with significant wind generation 

capacity penetration. Moreover, a good UFLS scheme for a system with a small inertia 

constant should be made with smaller iteration numbers and shorter delay time, more 

load amount to be shed in each round and more accurate calculation of the load amount to 

be shed. 

Based on the research work reported in Chapter 3 of this report, a paper has been 

completed and submitted to IET Generation, Transmission and Distribution. 
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