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Abstract
As the air pollution has become a serious problem, there is an increasing number of renewable
source generators used in the electrical grid system, especially in microgrid system. Microgrid
system usually including distributed generator resources, client loads and commercial loads, etc.
And it also can be switched between grid-connected mode and island mode. For a large-scale
microgrid is more stable than a small-scale microgrid, and it will not have affected by the
fluctuations of voltage and frequency. In recent years, as an old technique, demand response has
been widely used to control and limit the load so that the demand matches the generation. In this
paper, demand dispatch as a new technique has been analyzed which is not only decrease the
loads when the supply is limited but also add some extra loads when the generation capacity is
increased. Droop control methods are considered as the most effective strategy in Demand
response and Demand Dispatch. The droop control method is related to the load changes in
microgrid system, and output power can be adjusted by droop control automatically. According to
the characteristics of the equation of droop control, the number of loads can be curtailed or
added when the generated power change happens. Moreover, a typical microgrid system has
been built base on ETAP software; some case studies results have presented the frequency control
method was successful for the demand control.
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1.0 Introduction
1.1Introduction of Thesis
An increasing number of renewable energy resources have been developed in the electrical power
field. With more and more widespread use of microgrid, how to match the demand and
generation of microgrid system has become a significant issue. One of the efficient ways to solve
this problem is to use Droop control method if such a technique is not utilized, some extra
renewable resources need to be curtailed which is not economical to the owners of the renewable
system and networks operators.
Demand response is an old technique which has been used for cutting off loads once a generation
is not capable of the demand. Especially in an islanded microgrid mode. The algorithm and
definition of demand response will be discussed in the literature review chapter 3. In addition,
demand dispatch is some loads need to be turned on when the demand is less than generation
and bring the frequency back to its rated level. This thesis will focus on how to use frequency
droop control method to achieve the demand dispatch method. An operational flow chart of
demand dispatch has been developed in chapter 4, and a typical microgrid system with Wind
Turbine and Diesel generator was built by using ETAP software. The calculation of all demand
dispatch case studies have also displayed in this thesis, Moreover, in chapter 7, the information
about another type of droop control has been explained.

1.2 Thesis Structure
The purpose of this thesis is to use frequency droop control method to do the demand dispatch
on the microgrid system and validating the reliability of method by using ETAP software. There is 7
chapter in this thesis. The first chapter is talking about the introduction and structure of the
thesis. Moreover, the second chapter is focusing on the Background of a microgrid, which
including application, types, limitation, and benefits. Chapter 3 shows the literature review of
demand response, demand dispatch, and renewable curtailment. In this chapter, the basic
mathematical model of demand response and demand dispatch will be explained in detail. In
addition, chapter 4 will describe the droop control schemes and proposed droop method used for
demand dispatch, an operational flow chart also included in this chapter. Chapter 5 will focus on
explaining the operation of ETAP software and how to use load flow analysis to choose a suitable
size of equipment. Serval case studies in ETAP will illustrate in chapter 6 to validate the proposed
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droop method. chapter 7 will summarize the whole project and proposes other droop methods
for demand control. All references in the project and appendix are included in the last chapter.

2.0 Background
2.1 Microgrid
In this review, we will concentrate on the definition of microgrid and operation of the microgrid.
The concept of a microgrid is supplying power to its local area by using a series of loads, and
sources operate as a controllable system. (R.H.Lasseter, 2002) Microgrids are part of the
distribution network that including distributed generation, energy storage and integrating load. In
order to be able to run connected with the grid, as an independent power island, the microgrid
must maintain the voltage and frequency stable and also protect the equipment connected to the
microgrid; and also microgrid needs to allow multiple coupling points (PCC) attached to itself. In
general, some microgrids are complex as they have large energy capacity and multiple power
sources. (CENTER, 2014)
Moreover, Micro-source controllers, system optimizer, and distributed protection are three
essential parts of the structure of microgrid, high reliability and low cost are the advantages of this
structure. (R.H.Lasseter, 2002) Figure 1 is showing the Microgrid Architecture, assume that
microgrid system is to be radial with three feed (A, B, C) and a set of loads, the distribution
network is connecting to the radial system by separation device. Power flow controllers and circuit
breakers are installed on each feeder. In this figure, assuming that feeder A & C have critical loads
while feeder B has non-critical loads that can be shed if need. For example, when the power
distribution system failure the microgrid can be converted into island mode, and circuit break can
be used for non-critical feeder B. (R.H.Lasseter, 2002)
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FIGURE 1 MICROGRID ARCHITECTURE (R.H.LASSETER, 2002)

2.2 Limitation & benefits
This review will focus on comparing the microgrid with the traditional grid. They have been
divided into two sections; the first section will concentrate on the benefits of microgrid and
second section will point out some limitations for the current status of the microgrid. (CENTER,
2014)
The purpose of a microgrid is providing the power to critical loads and through the integration and
optimization of various energy sources to improve the reliability and power quality. It has reduced
carbon emissions and saves energy cost due to solar panels, wind turbine and air source, heat
pumps are used for the source of the microgrid. (N.W.A.Lidula, 2010) Secondly, during the peak
period, a “Load-shedding” method can be utilized for preventing utility grid failure and microgrid
requires less technical skills to execute and are more dependent on automation. Moreover, it will
be reducing the need to import energy from other countries, especially when the source of such
energy may be to some extent political or socially unstable. (CENTER, 2014)
It must be emphasized that there still has some limitation for the microgrid, such as under the PV
system, although the system can generate power to loads during the “island mode,” the PV
system will not provide energy after sunset. Therefore, the system’s capacity is limited.
Furthermore, when a lot of megawatts of renewable sources are added into the grid, the
intermittency will result in the instability problem for the grid, for example, it may increase the
load of the system leading to the entire system operating unstably. (CENTER, 2014)
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2.3 Types
The following paper reviews different types of a microgrid in nowadays. The main categories are
usually classified as follows; For Commercial & Industrial, this kind of microgrid is used for
providing a server to large buildings or industrial where the demand of customer and generation
are located close to each other. One typical example is the microgrid of the Tohoku Fukushi
University in Japan. (Nikos Hatziargyriou, 2007) Moreover, for residential & Domestic, this
microgrid is usually operating by an independent company and offers to serve to multi-clients,
such as the Mannheim-Wallstadt residential microgrid in Germany. (Nikos Hatziargyriou, 2007)
Furthermore, single-user means the microgrid is a completely private and individually owned
microgrid. Santa Rita Jail in the United States is one examples. In contrast, Multi-user microgrid is
referred to the existence of different assets of the microgrid. In conclusion, by reviewing this
literature, a better understanding of the various types of a microgrid in different aspects was
given. (Nikos Hatziargyriou, 2007)

2.4 Applications
The use of distributed power generation in developed countries is increasing because they can
significantly reduce the number of carbon emissions. Although DER can decrease the demand for
traditional systems, a large number of DER brings a new challenge for operation and control. This
kind of challenge can be correctly solved by microgrid. (Scott, 2016)The purpose of this review is
to understand the different microgrid systems were developed in Europe, the United States,
Japan, and Canada. The large-scale integration of micropower generation into low-voltage grid
activity executed in Europe, which including the Kythnos island microgrid in Greece and
Continuum's MV/LV facility in Netherlands. Moreover, a microgrid system in rural Vermont has
been installed and operated by Northern Power and Renewable Energy Lab in U.S. Furthermore;
Japan is one of the leaders in research of microgrid, the first NEDO microgrid project was
commissioned in October 2005 that mainly used for the Shimizu company and commercial
building construction company. (Scott, 2016) Finally, microgrid activities in Canada are focused on
MV, such as the Remote Microgrids applications and Grid-connected Microgrid applications. In
conclusion, it is clear that Microgrid concepts and technologies also need to evolve to address the
challenges of industrial engineering, therefore, extensive research and development work in
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progress in Europe, the United States, Japan, and Canada. (Scott, 2016) The below figure has
shown the Fortis-Alberta grid-tied microgrid

FIGURE 2 FORTIS-ALBERTA GRID-TIED MICROGRID (SCOTT, 2016)

2.5 A distributed generator and Distributed storage
Distributed generators cover all possible renewable sources in a microgrid, such as diesel
generator, wind turbines, photovoltaics, etc. Lower voltage and higher reliability are the main
advantages of these renewable energy. (Juavi H, 2008) Distributed generators are normally
connected between the main grid and MV or LV side of the distribution network. Figure 3 shows
the block diagram of distributed renewable sources; it consists of main energy resources, interface
media, and switchgear on the connection point. In traditional distributed generator units, rotary
generators convert the primary power to electrical form and act as an interface to the microgrid.
(F, 2008) Due to most micro-power supplies installed in the microgrid cannot be directly
connected to the electrical power system, power electronics interface is an essential component
of the control of inverter.

Distribution storage consists of many forms, such as the supercapacitor and batteries on the DC
bus and communicates directly with AC storage device, etc. In an islanded mode, microgrid usually
requires distribution storage to be transient. The distribution storage needs to have the ability to
store energy and give the power measurements needed to maintain stability between energy
generation, also interference or significant load changes when consumption. (Pecas Lopes JA,
2006)
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FIGURE 3 DG UNITS IN BLOCK REPRESENTATION
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3.0 Literature Review
3.1 Demand Response
With the increasing number of distributed energy resources used in the power grid, the power
network control becomes more complicated. In a microgrid, demand response is a novel method
to operate a large electricity grid system, and it also plays a significant role in an islanded
microgrid mode. (Leger, 2015)
In this review, demand response is modeled with consumption information of household
appliances in a microgrid. Both multiple consumers and single consumer are included in the model
and minimization of the microgrid costs are the goal of both parties. Demand Response program
is used to capture the costs and reason of consumer’s power outage. Those costs are incorporated
into the energy management of microgrid. (Nnamdi l. Nwulu, 2015)

3.11 Mathematical model of microgrid
The conventional generators are included in this microgrid system, renewable energy source and
demand response formulations are respectively on the supply side and client side. Renewable
sources consist wind turbine and Solar power. The energy output of Photovoltaic per hour is
shown below: (Nnamdi l. Nwulu, 2015)
𝑆𝑡 = 𝑛𝑝𝑣 𝐴𝑐 𝐼𝑝𝑣𝑡
Where Npv = Efficiency of the PV generator; IPvt = Solar irradiation per hour on the solar panel; Ac
= The area of the PV panel; St = per hour energy output. The hourly energy output of wind turbine
has been given below: (Nnamdi l. Nwulu, 2015)

𝑣ℎ𝑢𝑏𝑡 = 𝑣𝑟𝑒𝑓𝑡 (

ℎℎ𝑢𝑏 2
)
ℎ𝑟𝑒𝑓

Where vhubt is the wind speed; vreft is wind speed at the reference height; B is power – law index
that range from (1/4 to 1/7), 1/7 is being used in this formula. The following formula is used to
convert wind speed to electrical power: (Nnamdi l. Nwulu, 2015)
𝑊𝑡 = 0.5𝑛𝑤 𝑝𝑎𝑖𝑟 𝐶𝑝 𝐴𝑉 2
Where V stands for wind velocity, Pair is the air density; Cp is the coefficient of the wind turbine. A
is the area of rotor swept; nw is the efficiency of the wind turbine, and Wt is the energy output of
wind turbine. (Nnamdi l. Nwulu, 2015)
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3.12 Grid-connected microgrid
In this section, we assume that the microgrid can be either operation with main grid or in the
islanded model. If Wt is the maximum power of wind turbine and St is the maximum power of PV,
we define that Pwt and Pst as the power generated by a wind turbine and solar respectively. And
also PTt is standing for total transferable power at time t, the total transaction cost Ct for total
transferable power has given below: (Nnamdi l. Nwulu, 2015)
𝑦𝑡 ⋅ 𝑃𝑟𝑡 𝑃𝑟𝑡 < 0
𝑃𝑟𝑡 = 0
𝐶𝑟 (𝑃𝑟𝑡 ) = { 0
−𝑦𝑡 ⋅ 𝑃𝑟𝑡 𝑃𝑟𝑡 > 0
The minimum transaction cost of transferable power is shown below:
𝑇

𝑚𝑖𝑛 ∑
𝑡=0

𝐼

𝑇

∑ 𝐶𝑖 (𝑃𝑖,𝑡 ) + ∑ 𝐶𝑟 (𝑃𝑟𝑡 )
𝑖=0

𝑡=1

The fuel cost of the conventional generator is also provided below:
𝐶𝑖 (𝑃𝑖,𝑡 ) = 𝑎𝑖 𝑃𝑖,𝑡 2 + 𝑏𝑖 𝑃𝑖,𝑡

3.13 Demand Response Model
is defined as the cost of consumption of decrease power, the benefit function of the
consumer is shown as:
𝑉1 (𝜃, 𝑥, 𝑦) = 𝑦 − 𝑐(𝜃, 𝑥)
Where y is the value of monetary compensation received by the customer; Due to the consumers
only participate if V1 >= 0. Therefore, the new benefits function is (Nnamdi l. Nwulu, 2015)
𝑉2 (𝜃, β) = β𝑥 − 𝑦
βis the cost without power supplied into the grid, it is usually calculated from OPF (Optimal Power
Flow). The maximum of this benefit function has shown below:
max(β𝑥 − 𝑦)
Customer Cost Function
The mathematical function of c(𝜃, 𝑥) is given below:
c(𝜃, 𝑥) = 𝐾1 𝑥 2 + 𝐾2 𝑥 − 𝐾2 𝑥𝜃
Where K1 and K2 are two coefficients, the range of 𝜃 is 0 <= 𝜃 >= 1, Uj is the benefit of consumer j
is given below:
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𝑢𝑗 = 𝑦𝑗 − (𝐾1 𝑥 2 + 𝐾2 𝑥 − 𝐾2 𝑥𝜃), 𝑓𝑜𝑟 𝑗 = 1, … 𝐽,
The benefit of utility is determined by following formula:
𝐽

𝑢0 = ∑ β𝑗 𝑥𝑗 − 𝑦𝑗
𝑗=1

The next formula is the maximum of the utility benefit:
𝑦𝑗 − (𝐾1 𝑥𝑗 2 + 𝐾2 𝑥𝑗 − 𝐾2 𝑥𝑗 β𝑗 ) ≥ 𝑦𝑗−1 − (𝐾1 𝑥𝑗−1 2 + 𝐾2 𝑥𝑗−1 − 𝐾2 𝑥𝑗−1 β𝑗−1 ), 𝑓𝑜𝑟 𝑗 = 2, … . 𝐽
There are two variables are presented in the above formula, it consists incentive paid ($y) and
power curtailed (x MW). The “personal rationality constraint” ensures that the benefit of each
customer is more than zero and the “incentive constraint “ensures that the level of the client is
properly compensated. Due to the demand management formulations have been extended to
several time intervals, the maximum total budget is added into model: (Nnamdi l. Nwulu, 2015)
𝑇

𝑚𝑖𝑛 ∑
𝑡=1

𝐽

∑[β𝑗,𝑡 𝑥𝑗,𝑡 − 𝑦𝑗,𝑡 ]
𝑗=1

Combined microgrid with demand response model
There are two functions for the microgrid with demand response model. The first function is to
calculate the minimum cost of conventional generators and transaction cost. Secondly, the
purpose is to maximize the benefits of demand response. The mathematical formulation is shown
below (Nnamdi l. Nwulu, 2015)
𝑇

𝑚𝑖𝑛 ∑
𝑡=0

𝐼

𝑇

𝑇

𝐽

∑ 𝐶𝑖 (𝑃𝑖,𝑡 ) + ∑ 𝐶𝑟 (𝑃𝑟𝑡 ) + (1 − 𝑤)[∑

∑[𝑦𝑗,𝑡 − β𝑗,𝑡 𝑥𝑗,𝑡 ]]

𝑖=0

𝑗=1

𝑡=1

𝑡=1

𝑤 + (1 − 𝑤) = 1
In this formula, w and (1-w) are standing for the objective function weights; it has to meet the
requirement when choosing the weights of the objective function.
The goal of this case is to investigate the demand response model with microgrid system. This
system includes three-diesel generators, one wind turbine generator, one PV generator and three
consumers. The operation time interval of PV generator is from 8 a.m. to 6 p.m and xj, yj, Pwt, Pst,
Prt and pi are considered as the variables. Table 4 has displayed the parameters of a diesel
generator, and Table 5 gives the initial demand of microgrid per hour. The maximum power rating
15
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for wind and solar are 11KW and 15KW respectively, and maximum transfer power is 4KW. Table
6 has shown the solar radiation data which is calculated from the tilted-plane model. Also, the
wind data is measured at 1480m sea level. (Nnamdi l. Nwulu, 2015)
The table 4, Table 5 and Table 6 are included in the appendix section.
According to the formula which shows in section 3.13, we assumed that w =0.5 for both objective
functions. However, it is become imperative in multi-client optimization problem to analyze the
effects of applying different preference weights to objectives. Therefore, the range of w is from 0
to 1, when w = 1, which means the objective is trying to minimize the cost without demand
response benefits; when w = 0, it means the objective is trying to maximize the demand response
benefits. (Nnamdi l. Nwulu, 2015)

FIGURE 2 OPTIMAL POWER FROM CONVENTIONAL GENERATORS

The Figure 4 shows that the generators cannot meet the demand along. Demand response must
be applied to microgrid and transaction with the main grid.
The table 6 (in the Appendix section) result has shown that the consumer's incentive received
with the amount of load curtailed. It is clear that consumer 3 has larger incentive than consumer 1
and consumer 2, which means consumer 3 (40 KWh) has more energy curtailed. Therefore, the
most willing consumer is consumer 3 ($145.32). In addition, consumer 1 reduces the least amount
of energy to get the least incentive. (Nnamdi l. Nwulu, 2015)
This literature is about the investigating of demand response program on the microgrid. The aim is
to minimize the cost of generator and transaction cost for convertible transaction power, while
maximizing the benefits of demand response. The result shows the microgrid achieved the lowest

16

Demand Dispatch of an Island Microgrid

cost when the benefits of demand response are maximized, and both the incentive compatibility
and individual rationality were satisfied. (Nnamdi l. Nwulu, 2015)

3.2 Renewable Curtailment
To decrease the greenhouse gas emissions, some renewable energy sources, such as wind Turbine
and solar power have been increasingly used. However, due to the variability and uncertainty of
renewable energy, the integration of the grid has been some problems. Thus, some renewable
energy has to be wasted to balance between load and power system. The wasted energy is called
curtailed electrical energy (CEE). During this literature review, we will concentrate on the main
reason for CEE and one particular example in China. Moreover, the possible method to reduce CEE
will be presented. (Canbing Li, 2014)

3.2.1 Main Causes
1. For renewable generation itself, CEE can be caused by serval reasons, such as incorrect
parameters setting, equipment failure, and low generation of flexibility. (Canbing Li, 2014)
2. For large-scale renewable energy, if the output power of wind Turbine is high due to wind
speed, the load supports to be increased. Because of transmission constraints, dispatching
between the dispatch centers is not coordinated, a large number of CEE occurs. (Canbing Li, 2014)
3. For a distributed small capacity renewable generation, CEE usually happens due to
decentralized small-capacity renewable energy is not considered generation scheduling for small
capacity. In the event of an imbalance, the output of renewable energy will be limited. (Canbing Li,
2014)
4. The adjustable load limitation and adjustable power supply are also could be one of the reasons
resulting CEE occurs. In addition, the complexity of electromagnetic and renewable energy power
generation interaction limits. (Canbing Li, 2014)
The flowing figure has shown the curtailed wind energy occurs in large wind Turbine. The blue
arrow indicates that the lack of reduced wind energy under normal condition; the yellow arrow
means the lack of reduced wind energy beyond the limit of the transmission line. (Canbing Li,
2014)
17
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FIGURE 3 CURTAILED WIND ENERGY OCCURS IN LARGE WIND TURBINE (SCOTT, 2016)

3.2.2 One specific example of CEE
curtailed solar power energy
In China, the cumulative installed capacity of PV generation reached 3.3 million kilowatts in 2011,
and another 15 million kilowatts was added between 2012 and 2013. In 2013, grid-connected
photovoltaic power generation and concentrated solar thermal power of about 11.9 billion KWH
(According to the Table 5), and the curtailed solar power was approximately 21.49 billion KWH.
(Canbing Li, 2014)
𝑇𝑜𝑡𝑎𝑙𝑊2 − 𝑊2 = 18.3 𝐺𝑊 ∗ 1825 ℎ − 11.9 𝑏𝑖𝑙𝑙𝑖𝑜𝑛 𝐾𝑊 ℎ = 21049 𝑏𝑖𝑙𝑙𝑖𝑜𝑛 𝐾𝑊ℎ

curtailed wind power energy
In 2011, china’s cumulative installed capacity of wind turbine energy had reached 62.41 million
kilowatts; it was ranked first in the world and 26.24% of the market share. The curtailed wind
power was 0.912 billion KWH in 2009, and about 1.963 billion KWH energy has been curtailed with
an average annual growth rate of 115.24% in 2010. (Zhao X) In 2012 and 2013, china’s curtailed
wind power reached 20 billion KWH and 16.2 billion KWH respectively. (CREIA, 2014)
curtailed hydropower energy
In 2013, the total accumulative installed capacity of hydropower was about 260 million kilowatts, by
comparing with 2012, it has increased 11.1 million kilowatts. And 911.6 billion KWH was the hydropower
energy generated in 2013. Thus, the curtailed hydro energy was approximately 227.2 billion KWH. (Canbing
Li, 2014)
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𝑇𝑜𝑡𝑎𝑙𝑊3 − 𝑊3 = 260 𝐺𝑊 ∗ 4380 ℎ − 911.6 𝑏𝑖𝑙𝑙𝑖𝑜𝑛 𝐾𝑊 ℎ = 227.2 𝑏𝑖𝑙𝑙𝑖𝑜𝑛 𝐾𝑊ℎ

The following figure shows the proportion of curtailed wind Turbine, PV energy and hydropower
energy in China between 2008 and 2013

FIGURE 4 PROPORTION OF CURTAILED ELECTRIC ENERGY IN CHINA (SCOTT, 2016)

3.2.3 CEE reduction strategy with technology
Capability of renewable energy generator
Generator always plays an important role in the electrical power system. Increasing the reliability
of the generator can reduce the failure rate and improve the efficiency of renewable energy. The
wind energy of driveline is converted to an available shaft is a significant element in the wind
energy system. In (Ricardo) proposed that by improving the reliability of wind transmission system
the reliability of renewable generator will increase. (Canbing Li, 2014)
Improved the flexibility of renewable generators, transmission constraints and generation
flexibility are the two largest elements for renewable curtailment. Conventional generators are
not only can be arranged to solve the uncertainty of renewable source, but also providing
sufficient reserves once renewable energy integrated into the main grid. (Canbing Li, 2014) If the
flexibility of generator is restricted, the excess energy is unable to use in the local area. Therefore,
improving the traditional generator flexibility can be adapted to the integration of renewables.
(Canbing Li, 2014)
Energy storage technologies
The energy storage technology is essential for integration of intermittent renewable energy.
Because they could be providing the secure supply to the consumers. Load balancing, operational
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reserves, replacement and extension of transmission are the primary applications for the energy
storage technologies. (Canbing Li, 2014)
There are two mechanisms can be used for reducing the renewable energy curtailment, which is
the time shift of generator away from the full period and improves the grid flexibility by providing
operating reserves. Some of the wind power is far from the main load area and have limited
capacity for integrates into the network. (Canbing Li, 2014) On the other hand, energy storage will
reduce the cost of transmission and increase the transmission efficiency. Therefore, some results
show that energy storage contributes high penetration rate of renewable sources in a flexible
electrical system. Such as permeability may fall by about 50% with curtailment rate reduces 10%.
(Canbing Li, 2014)
Power system coordinated scheduling and planning
The match between renewable energy and electricity consumption and the convergence between
renewable energy planning and network planning are the major issue of the renewable
curtailment problems. The stochastic microgrid energy dispatch model was presented to meet the
intermittent nature of renewable resources. A modified PSO algorithm solved the daytime
scheduling of high-penetration microgrid for distributed generation. Thus, the penetration of
renewable energy was enhanced by coordinating schedules. The optimal planning of Renewable
distributed generation (RDG) has also been considered by some researches. By using the lowcarbon distribution system, the efficiency of RDG and CO2 mitigation have been effectively
improved. (Ming Z) In China, many of the small-scaled wind power is widely used by local
consumers to achieve the stable power output from wind energy. In conclusion, as an increasing
of popularity of renewable energy in the electrical system, some advanced methodology is needed
to address the uncertainties of renewable energy resources. (Canbing Li, 2014)

3.3 Demand Dispatch
For the demand dispatch, continually decrease the error to zero between the load and power
supply, keeping the frequency close to its rating. In the demand dispatch mode, load usually
follows the power generator to maintain a stable balance between load and supply. During this
literature review, the following sections will a focus on, such as these loads in distribution grid can
be stabilized according to whether they are classified as dispatchable or non-dispatchable and also
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investigate the effect of the power system by deploying different types of loads in the radial
network. (Andisheh Ashourpouri)
Non-dispatchable loads cannot participate in the load management plan and need to be
supplied all the time. However, dispatchable loads can be changed at any time according to the
difference between renewable energy sources and demand and dispatchable loads can quickly
responsed when they receive the commands from demand dispatch. In this paper, from the
perspective of balanced authority to achieve demand dispatch. Also, the smart grid is equipped
with bi-directional communication and intelligent devices, for example, each house installs the
smart meter to record the energy consumption and equipment status data. And also a smart
device is connected to each equipment, data of on/off cycle will be sent to Home Energy
Management(HEM) system by Wi-Fi. Aggregator plays a mediator between various load and
utility. The above method has been used to evaluate the different combinations of load cluster
under different scenarios by PSCAD. (Andisheh Ashourpouri)

3.3.1 Grid structure
The grid is combined with a diesel generator and different variety of loads. As the following figure
(figure 6) shows, all of the loads are considered as the aggregated loads. PG, QG; PL1, QL1; PL2,
QL2 and PL3, QL3 represent the real and reactive power of generator and loads (Z1, Z2, Z3). CB1,
CB2, and CB3 are used to break the circuit.

FIGURE 5 GRID STRUCTURE UNDER STUDY (ANDISHEH ASHOURPOURI)

3.3.2 Control strategy for demand dispatch
There are two steps for demand dispatch control strategy, the first step is using the frequency
droop method, and the loads are sharing between aggregated loads are discussed.
Frequency Droop for Demand Dispatch
The frequency is always dependent on active power. Once demand is changed, a difference
between electrical and mechanical will result in a deviation from its rated frequency. To
compensate the lack of electricity, the output power of generator has to be increased according to
frequency deviations. (p. Kundur, 1994) Frequency droop method has been used for this study;
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the frequency will drop below its level of synchronous when generator can not supply enough
power. Decreasing load is a good way to return the frequency to its rated level. On the other
hand, the frequency will go up when generation is greater than demand, so some extra loads need
to be supplied to consume more power. The frequency droop formula is shown below:
α = α𝑠 + 𝑚 ∗ (𝑃∗ − 𝑃) = α𝑠 + 𝑚 ∗ 𝑑𝑒𝑙𝑡𝑎 𝑃
which m is the droop coefficient, P is the instantaneous power, the droop control for consumption
part is showing in the below figure, where power consumption has placed on the left of X-axis.

FIGURE 6 FREQUENCY DROOP FOR LOADS (P. KUNDUR, 1994)

Demand Sharing Amongst Aggregated Loads
In this section, two approaches will be discussed, which are discrete variable loads and
continuously variable loads.
1) Demand sharing amongst continuous loads
Assuming that the following formula has total n loads of power consumption P1, P2….Pn.
𝑃𝑖_𝑛𝑒𝑤 = 𝑃𝑖 + delta P

𝑃𝑖
𝑃1 𝑃2 + ⋯ + 𝑃𝑛

where the delta P is different between the supply and demand; Pi is the power of ith which needs
fall or raises from the current level of consumption.
2) Demand sharing amongst the combination of Continuous and discrete loads.
In the previous section, all of the aggregated loads are continuously variable. But it cannot use for
practical, for example, by changing the voltage, some changes can be made for those loads.
However, since the change of voltage must be maintained at ±0.5, the load change is limited. For
the system with n discrete loads and m continuous loads. Every discrete load has its minimum and
maximum power limits. There are a few steps between those two limits; loads can belong to any
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of steps. One example is showing below; the discrete load z is between ak-1 and ak, this load will
be rounded down to next time interval. (Andisheh Ashourpouri)
𝐼𝑓 𝑎𝑘−1 ≤ 𝑃𝐷𝑗−𝑛𝑒𝑤 < 𝑎𝑘 𝑡ℎ𝑒𝑛 𝑃𝐷𝑗−𝑛𝑒𝑤 = 𝑎𝑘−1 , 𝑗 = 1, … , 𝑛
The process of load dispatch is shown by the following formula:
𝑃𝐶𝑖_𝑓𝑖𝑛𝑎𝑙 = 𝑃𝐶𝑖_𝑛𝑒𝑤 + delta 𝑃𝐶𝑖_𝑛𝑒𝑤

𝑃𝐶𝑖
𝑃𝐶1 𝑃𝐶2 + ⋯ + 𝑃𝐶𝑚

3.33 simulation studies
Some simulations have been used in this literature for validating the demand dispatch algorithm.
Case study: Implementation of Demand Dispatch for a system containing both Dispatchable and
Non-Dispatchable loads.
In this case, load 1, 2, 3 are considered as dispatchable loads, and load 4 is non-dispatchable. The
purpose of this case is to maintain a constant of load 4 and eliminate frequency offset. From the
Figure 8, it can be seen that the generation fell from 1s to 6s, all of the loads are changed except
for load 4. In figure 9, load 4 is still keeping constant while the other three loads are involved in
Demand Dispatch. According to figure 10, the frequency of system remains the same during the
whole process; this proves the validity of the demand dispatch method. (Andisheh Ashourpouri)

FIGURE 7 GENERATION SHORTFALL (ANDISHEH ASHOURPOURI)
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FIGURE 8 A RISE IN GENERATION (ANDISHEH ASHOURPOURI)

FIGURE 9 SYSTEM FREQUENCY FOR BOTH STUDIES (ANDISHEH ASHOURPOURI)

3.4 Droop control
3.4.1 Virtual impedance loop-based droop control
The imbalance of reactive power distribution becomes a critical issue in an AC microgrid. Some
studies have been conducted to simulate the line impedance through fast control loops to balance
the reactive power by using the virtual impedance loop-based droop control. Some detail of
virtual impedance loop-based droop control has been shown in figure 7. Therefore, the reference
voltage of each inverter can be changed by applying the following equation: (Micallef A, 2014)
𝑉𝑟𝑒𝑓 = 𝑉0 ∗ − 𝑍𝑣 𝐼0
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Which the Zv is the output impedance. The figure 8 is showing the equivalent circuit of virtual
impedance and also the phasor diagram. The virtual output impedance is usually chosen to
control the line impedance. Therefore, the virtual output impedance can be selected by the
summation method, if the voltage of each inverter can be dropped in a certain level, the balance
of reactive power sharing will be achieved. The voltage drop equation as follows: (Micallef A,
2014)
𝑉𝑑𝑟𝑜𝑝1 = (𝑍𝑙1 − 𝑍𝑣1 )𝐼𝑙1 = 𝑉𝑑𝑟𝑜𝑝2 = (𝑍𝑙2 − 𝑍𝑣2 )𝐼𝑙2

Where Zv1and Zv2 is the virtual output impedance of each pair of inverters. Zl1 and Zl2 are the
line impedance of each pair of inverters.
In the summation method, one of the virtual output impedance is assumed as zero; the other one
is set as an analogy line impedance. Based on the previous equation, if one virtual output
impedance is bigger than another, which is Z l1 > Z l2. Thus, the equation can be expressed as
follows:
𝑍𝑣2 = 𝑍𝑙1 − 𝑍𝑙2

Using the summation method is not only reducing the value of virtual impedance, but also
minimizing the degradation of voltage regulation. If the change of output voltage is significantly
higher than the voltage drops across the line, the reactive power sharing will be improved.
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FIGURE 12 VIRTUAL IMPEDANCE LOOP-BASED DROOP CONTROL

FIGURE 13 (A) EQUIVALENT CIRCUIT (B) PHASOR DIAGRAM

3.42 Virtual impedance loop-based droop control for single-phase inductive microgrid
Virtual impedance loop-based droop control is an improved droop control by using the integraldifferential term and high-pass filter virtual impedance. This technique enables a good transient
response, and some non-linear loads are shared effectively. However, the appropriate coefficients
for the integral differential term and the filter gain are hard to select. Also, the poor voltage
regulation is another issue need to be addressed. (JM, A wireless controller to enhance dynamic
performance of parallel inverters in distributed generation systems, 2004)
Voltage regulation can be enhanced by using three main circuits, which are inner loops, middle
loops, and outer loops. (Guerrero JM, Output impedance performance for parallel operation of
26

Demand Dispatch of an Island Microgrid

UPS inverters using wireless and average current-sharing controllers, 2004) Inner loops are
developed using a PID controller that can fine-tune the voltage, at the same time, the middle
loops and outer loops are controllers by virtual impedance droop control technique. This
technique supplies a suitable transient response and well reactive and active power sharing with
no steady-state deviations in frequency or amplitude. However, the initial current peak cannot be
avoided by applying this technique. (Guerrero JM, Output impedance performance for parallel
operation of UPS inverters using wireless and average current-sharing controllers, 2004)
In the article of “Wireless-control strategy for parallel operation of distributed generation
inverters.” An improvement of droop control technique is proposed. (JM, Wireless-control
strategy for parallel operation of distributed generation inverters, 2005) To achieve the reactive
power sharing, an adaptive virtual output impedance has been applied to this control method.
The initial current peaks issue is solved, and hot-swap operation is provided by using a soft-start
operation in the system. Moreover, the linear and non-linear loads are sharing properly by adding
a current harmonic loop. This loop is always tested to account for the different line impedance of
two distributed generator units regardless of the different power capacities of these distributed
generator units. This technique provides good current distribution and also minimizes harmonic
cycle currents. (JM, Wireless-control strategy for parallel operation of distributed generation
inverters, 2005) Another improved droop control technique is using both of virtual output
impedance loop and voltage amplitude loop. (Zhang P, 2013) These rings are effectively avoided
from the frequency deviation and enhancing the reactive power control accuracy. However, these
circuits increase the total harmonic distortions of voltage and current.
Another improved droop control method is specifically designed for island microgrid system, the
purpose of this technique is to enable the autonomous operation of inverters connected in
parallel. This technique can easily achieve stringent active and reactive regulation performance
and appropriate transient response. (Guerrero JM, Control strategy for Flexible Microgrid Based
on Parallel Line-Interactive UPS Systems, 2009) There is another more effective control method
was introduced in the “Virtual-impedance-based control for voltage-source and current source
converters.” In this method, a feeder current sense loop and a second order, universal integrator
scheme has been included. (Wang X, 2015) The accuracy of active power distribution and unable
to perform the time differential function are the main problems of these strategies. In addition,
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these methods enable faster transient response, enhanced the current harmonic distribution and
also reduce the output voltage’s harmonic distortion. Professor Brabandere proposed a more
advanced droop control strategy that use of virtual power architecture transformation to avoid
the coupling between active power and reactive power. (Wang X, 2015) This method improved
the control of frequency and voltage as well as ease the voltage harmonics.

3.43 Virtual impedance loop-based droop control for three-phase inductive microgrid
A novel structure of droop controller using virtual impedance loop is proposed for the three-phase
inductive microgrid. (Zheng L, 2015) This proposed method can normally achieve precise reactive
power sharing and perform a smooth operation of the inverter connected in parallel. The virtual
power conversion framework is another interesting structure for virtual droop control. (Lee CT,
2009) The virtual power is calculated using a transformed frame that depends on the R/X value of
the line, if the distribution system is purely inductive or an estimate of the R/X value is known, P/Q
is decoupled. Decoupling power control is effectively address this strategy, and it also improves
the processing speed of transient response. If the line impedance of Distributed Generator
inverters connected in parallel does not match, the angle of the transform will be changed, and
reference frame cannot be synchronized with other components. These phenomena are the
common shortcomings of virtual transformation controllers. (Lee CT, 2009)

3.44 Virtual impedance loop-based droop control for single-phase resistive microgrid
The resistive line impedance droop control is combined with harmonic power loop, and virtual
output impedance, the figure of resistive virtual impedance loop-based droop control has shown
below. (JM, Decentralized control for parallel operation of distributed generation inverters using
resistive output impedance, 2007) The theoretical basis of this method is P-E and Q-ω droops
which provide enhanced transient response and active power sharing. Furthermore, a new control
algorithm can be used for the future improvement of the active power sharing. Also, the
shortcoming of the resistance droop control is the atrophy of Q unit performance. However, in the
conventional droop control, the reactive power sharing is usually enhanced by applying the R-C
virtual impedance loop. (Tolani S, 2012)
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FIGURE 14 RESISTIVE VIRTUAL IMPEDANCE LOOP-BASED DROOP CONTROL

3.45 Virtual impedance loop-based droop control for three-phase resistive microgrid
The droop control approach used for three-phase resistive microgrid is by adding a virtual
negative impedance to the conventional droop control technique. (Hou G, 2015) Even two
distributed generator units have a different value of capacities; the improved droop control makes
active power sharing more accurate. In addition, a dual voltage loop control has been added to
avoid voltage drifts due to P-E droop. (Hou G, 2015)

4.0 Droop Control and Proposed Control method for Demand
Dispatch
4.1 Droop Control
Due to electricity generated by non-renewable resources causes’ environmental pollution, it is
necessary to develop a distributed generation system by using renewable resources. Distributed
generation system usually can provide highly reliable electricity, such as photovoltaic panels
system, wind turbine system, etc. A microgrid is playing an important role between the main grid
and distributed renewable resources, an inverter is a critical part of a microgrid. Inverters are
normally operated parallel with microgrid to enhance the reliability and performance because, in
the event of an inverter failure, the rest of modules can still provide the power to the loads.
(Usman Bashir Tayab, 2017) In island mode, the system’s frequency harmony is based on the mass
of rotating in the large electrical grid, which has a great significant to improving the stability of the
microgrid system. In practice, some control techniques have been used for analyzing the parallel-
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connected inverter in the microgrid. The voltage and frequency droop control has been
considered as the simplest and the most effective method.
The conventional droop control inverter’s out impedance is always considered as a pure
inductance, (Chandorkar MC e. a., 1993) due to it has large inductance filter and very high
inductance impedance. Figure 15 has shown the two inverters are connected in parallel to the
equivalent circuit of a common coupling point, and figure 16 is the phasor diagram of the
equivalent circuit. In a control system, the reactive power and active power from each inverter
can be represented by using the following equation: (al D. M., 2004)

P=
P=

𝐸𝑉 sin𝛼
𝑋

𝐸𝑉 cos𝛼 − 𝑉 2
𝑋

For above equation, E is expressed the amplitudes of the output voltage, and V has represented
the bus voltage. Moreover, α is the power angle and X is inverter output reactance.
Due to the small power angle that used in above equation, sin α ≈ α and cos α = 1. It is clearly to
see that the active power of inverter deliver to the common bus is mainly affected by the power
angle. In contrast, the value of the reactive power depends on the amplitude between E and V.
Furthermore, the phase of the output voltage can be changed by changing the frequency of the
output voltage. Therefore, frequency droop and voltage droop are the two main methods used for
controlling the output power of parallel-connected inverter. (Usman Bashir Tayab, 2017)

FIGURE 15 EQUIVALENT MODEL OF TWO INVERTERS CONNECTED IN PARALLEL TO THE POINT OF COMMON COUPLING BUS
(USMAN BASHIR TAYAB, 2017)
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FIGURE 16 PHASOR DIAGRAM (USMAN BASHIR TAYAB, 2017)

FIGURE 17 BLOCK DIAGRAM OF CONVENTIONAL DROOP CONTROL (USMAN BASHIR TAYAB, 2017)

FIGURE 18 P – Ω DROOP DIAGRAM AND Q – E DROOP DIAGRAM (USMAN BASHIR TAYAB, 2017)

31

Demand Dispatch of an Island Microgrid
The equation of P – ω can be expressed as: ω𝐾 = ω − 𝑚𝐾 𝑃𝐾

The equation of Q – E can be expressed as: 𝐸𝐾 = 𝐸 − 𝑛𝐾 𝑄𝐾

Where the Pk is the output active power, Qk is the output reactive power, k is the Frequency
droop coefficient, and nk is the voltage droop coefficient of the number K of the inverter.
Moreover, ω is represented the standard frequency, and E is the standard voltage amplitude. The
following equations have shown the expression of frequency droop coefficient and voltage droop
coefficient. (Usman Bashir Tayab, 2017)

𝑚𝐾 =
𝑛𝐾 =

Δω
𝑃𝐾 𝑚𝑎𝑥

𝐷𝑒𝑙𝑡𝑎 𝐸
𝑄𝐾 𝑚𝑎𝑥

In these equations, Δω is the maximum deviation of frequency and ΔE is maximum deviation of
voltage. PKmax is the nominal active power of the generator and QKmax is the nominal reactive
power of the generator.
Increasing the droop coefficient leads to a good power distribution but reduces the voltage
regulation. (al T. A., 1997) The intrinsic trade-off for this system is choosing the suitable droop
value. The main benefits of the droop control method are that avoids critical communication links
between inverter connected in parallel. There are no communication links between each pair of
inverters, which offers significant flexibility and high reliability to the system. (Chandorkar MC D.
D., 1996) However, the conventional droop control has several disadvantages, such as the
mismatch between each line, impedance influences the sharing of active and reactive power, the
load sharing between each inverter is not working properly under the non-linear load's condition,
and the performance of renewable energy is not good.

4.2 Proposed Control method for Demand Dispatch
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In this thesis project, the frequency droop control method (real power vs. frequency) has been
applied to the demand control. When frequency changes from the nominal value f0 to Δf, the
distributed energy sources tend to change it output by ΔP. (E, 2008) Within Island mode of a
microgrid, frequency droop control continuously adjusts the output active power with a specific
final target to ensure energy stability. The distributed energy sources can be used to ensure that
the active output power is constant. By implementing frequency droop control. Load variations
will support steady-state frequency deviations, due to the droop’s characteristics and frequency
sensitivity. (JA, 2005)

The below figure has shown the operational flow chart for demand dispatch.

Main Grid
Disconnected

Islanded
Define the reference
Frequency

Reference
Frequency is 50Hz

Measure the output power in
Microgrid

Determine the actual Frequency by comparing with reference value from Microgrid.
𝒇𝑎𝑐𝑡𝑢𝑎𝑙 = 𝒇𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 +m(𝑃 ∗ − 𝑃)
𝒇

Droop coefficient lml = 𝑷 𝑑𝑒𝑙𝑡𝑎 , 𝑷𝐾𝑚𝑎𝑥 is the nominal active power,
𝐾𝑚𝑎𝑥

𝒇𝑑𝑒𝑙𝑡𝑎 is the max allowed deviation of

frequency (0.5Hz)

𝒇𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 − 𝒇𝒂𝒄𝒕𝒖𝒂𝒍 = 𝒇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 > 𝟎

𝒇𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 − 𝒇𝒂𝒄𝒕𝒖𝒂𝒍 = 𝒇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 < 𝟎

Which means microgrid generate
power more than the demand and
some loads need to curtail

Which means microgrid generate
power less than the demand and
some loads need to added
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|𝑷𝑑𝑒𝑙𝑡𝑎 | =

|𝒇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 |
|𝑚|

The value of Delta P,
which means how much
loads need to be
curtailed or added.

FIGURE 19 OPERATIONAL FLOW CHART OF DEMAND DISPATCH

This operational flow chart gives the reader a clear overview of the process of demand dispatch.
First of all, due to the demand dispatch is operating in an island mode, main grid needs to be
disconnected with the system. Then the reference frequency of system has to be defined as 50Hz
in this study. Also by applying load flow analysis in ETAP software, the output power of each
distributed energy generator is displaying in the single line diagram and need to be recorded for
the future calculation. The next step is to determine the actual frequency of microgrid system by
comparing with reference frequency where the equation of actual frequency calculation has
shown in the above figure as well as frequency droop coefficient need to be considered by using
nominal active power divide by max allowed deviation of frequency which is 0.5Hz. Once the
actual frequency is known, if the value is greater than zero, which means power generated by
microgrid is more than demand and some loads need to be curtailed; if the value is less than zero,
which means the demand of system is greater than the power and some extra loads has to be
connected. The purpose of the last step is to calculate the power of loads that need to be
curtailed or connected, the equation of Delta P has shown in the above flow chart, and all of the
values in this equation are in absolute terms to ensure the value of power is a positive value.
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5.0 Modelling and Simulation
In this section, the information of ETAP software and microgrid simulation for this study are
introduced. In addition, the load flow analysis and short circuit analysis have been applied for this
particular microgrid simulation to ensure the appropriate size and ratings of the equipment are
being chosen.

5.1 ETAP software introduction
ETAP is a full-service analytics engineering Software Company specializing in power system
simulation, analysis, control, and optimization. ETAP software provides the most comprehensive
method of power system enterprise to customers as well as all the components required for
modeling to operation. For the Renewable energy, ETAP enables the collector system
conceptualization, determining the penetration of wind and photovoltaic solar cells and
implement grid interconnection researches. (ETAP, Renewable Energy Solution) ETAP includes a
combination of renewable energy source models and power system analysis to achieve the
accurate calculation, forecast analysis, equipment sizing and field validation of renewable sources.
Moreover, ETAP software also provides the distribution network analysis and system operation on
an advanced platform; it can be used for simulating and optimizing the performance of smart
electrical grid. (ETAP, Disstribution Sytem)
ETAP is particularly designed for electrical power system. Users can design a simple electrical
system to perform steady-state analysis or transient analysis on the system. Most of the electrical
modes can be found in the ETAP library, in addition, some advanced analysis such as optimal
power flow and safety assessment is provided by ETAP. On the other hand, there still have some
limitation for the ETAP, such as ETAP does not provide complex control algorithms and control
logics, those features are easy to address in Matlab. (Arumuga)
The following figure has shown the typical microgrid system that designed by using ETAP
software. In addition, the main components that included in the simulation are listed in Table 1.
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FIGURE 20 TYPICAL MICROGRID SYSTEM IN ETAP

Main Grid

In this microgrid system, Renewable energy sources, main
grid and customer loads are included. As above figure

Diesel Generator
Wind Turbine
High voltage Circuit breakes

shows, the main grid has disconnected from the system,
therefore, power is only coming from diesel generator and
wind Turbine. High voltage circuit breakes are used to
protect the circuit from overcurrent or overload damage.

Transformer

One static load and one lumped load are chosen to add

Static load

into the circuit, thestatic load is relatively constant over a
long period while the lumped load is always used on a

Lumped load

specific terminal. Load flow analysis and short circuit

Cable

analysis about this microgrid system will be discussed in

TABLE 1 MAIN COMPONENTS IN MICROGRID

next two sections, which will ensure the appropriate size
and value of components have been selected for this
system.
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5.2 Load flow analysis
ETAP provides load flow analysis with accurate and reliable results, it has the amount of built-in
features, such as automated device evaluation, load flow result analyzer and smart graphics, and
thus, making it becomes one of the most efficient analyzing tools in the electrical power field.
(ETAP, Load Flow Analysis) It can calculate power factor, bus voltages throughout the entire power
system. Moreover, the module is also capable of analyzing radial and loop system, and there are
several different ways to achieve the best computational results. (ETAP, Load Flow Analysis)
The following figure has shown load flow analysis for this particular microgrid system:

FIGURE 21 LOAD FLOW ANALYSIS FOR MICROGRID SYSTEM
Figure 22 is showing the load flow report for this particular microgrid system:

FIGURE 22 LOAD FLOW ANALYSIS REPORT
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According to the load flow analysis, it is clearly to see that none of the buses is out of range and
the size of line impedances are designed properly. In addition, diesel generator supplies 27KW
power, and Wind Turbine supplies 110kw to the system. There are two reasons cause the Wind
Turbine overload, firstly, the wind turbine is supplying 100% power to the system which is almost
excess the limit of power. The second reason is wind Turbine is an induction generator. Therefore,
it will supply all the absorbed power to the system, which is similar to the load. Regarding this
issue, I discussed with my supervisor Dr.Farhad and both of us think the overload of wind Turbine
does not affect the system operation. Therefore, the load flow analysis has been successfully
implemented to this microgrid system.

5.3 Short circuit analysis
Short-circuit analysis is usually used to determine the amount of short-circuit current that can be
generated by the electrical grid system. Short circuit analysis is needed to make sure that the
rating of existing devices is sufficient to withstand the short circuit energy at every point in the
power system. Moreover, short circuit analysis will protect personnel and devices by setting
suitable interrupt rating of protective devices. The consequences are catastrophic if an electrical
problem exceeds the protective device’s interruption rating. It can pose a series threat to human
life, substantial equipment damage, and expensive downtime. Short circuit analysis is not only
improving the reliability of electrical power system and distributed energy sources but also
decrease the risk of an electrical fault and avoid the unnecessary damage. (Solutions)
In this study, short circuit analysis has been applied to this microgrid system. Short circuit tool of
ETAP has the advantages of easy to operate and accurate. The next few figures have shown the
steps of how to operate the short circuit analysis for the system and the result of short circuit for
each bus.
Firstly, find the “study case toolbar” -----click “Edit Study Case,” an editor will be opened, and it
allows users change some options. In the Info page, one or multiple buses can be selected to be
faulted, then click Ok to close.

FIGURE 23 STUDY CASE MENU IN ETAP

38

Demand Dispatch of an Island Microgrid

FIGURE 24 SHORT CIRCUIT STUDY CASE EDITOR

When the above step has been done, then “Run 3-Phase Device Duty (ANSI
C37)” need to be clicked, except for this option, there are still have four
options can be used for different study purpose. The ANSI method is the
standard method in ETAP software, but it can be changed in the case study
editor.
The output report of short circuit analysis can be reviewed by click “Report
manager” button from the short circuit toolbar which shows in the figure
25. And then jump onto the “result page” and choose “Short circuit
report”.
If the alert settings need to be modified, we can select the “Alert page” in
the study case editor. The limit can be changed to 70% by clicking the
marginal box, in addition, clicking the “auto display” then “OK”.

FIGURE 25 SHORT CIRCUIT TOOLBAR
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5.31 Bus 17 fault
This Figure shows that the status of the rest of buses when bus 17 fault.

FIGURE 26 SHORT CIRCUIT ANALYSIS WHEN BUS17 FAULT

Figure 27 is showing the short circuit analysis report for bus 17 fault.

FIGURE 27 SHORT CIRCUIT ANALYSIS REPORT WHEN BUS17 FAULT

40

Demand Dispatch of an Island Microgrid

5.32 Bus 20 fault
This Figure shows that the status of the rest of buses when bus 20 fault.

FIGURE 28 SHORT CIRCUIT ANALYSIS WHEN BUS 20 FAULT

Figure 29 is showing the short circuit analysis report for bus 20 fault.

FIGURE 29 SHORT CIRCUIT ANALYSIS REPORT WHEN BUS20 FAULT
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5.33 Bus 21 fault
This Figure shows that the status of the rest of buses when bus 21 fault.

FIGURE 30 SHORT CIRCUIT ANALYSIS WHEN BUS21 FAULT

Figure 31 is showing the short circuit analysis report for bus 21 fault.

FIGURE 31 SHORT CIRCUIT ANALYSIS REPORT WHEN BUS21 FAULT
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5.34 Bus 22 fault
This Figure shows that the status of the rest of buses when bus 22 fault.

FIGURE 32 SHORT CIRCUIT ANALYSIS WHEN BUS22 FAULT

Figure 33 is showing the short circuit analysis report for bus 22 fault.

FIGURE 33 SHORT CIRCUIT ANALYSIS REPORT WHEN BUS22 FAULT
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5.35 Bus 23 fault
This Figure shows that the status of the rest of buses when bus 23 fault.

FIGURE 34 SHORT CIRCUIT ANALYSIS WHEN BUS23 FAULT

Figure 35 is showing the short circuit analysis report for bus 23 fault.

FIGURE 35 SHORT CIRCUIT ANALYSIS REPORT WHEN BUS23 FAULT
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5.36 Bus 24 fault
This Figure shows that the status of the rest of buses when bus 24 fault.

FIGURE 36 SHORT CIRCUIT ANALYSIS WHEN BUS24 FAULT

Figure 37 is showing the short circuit analysis report for bus 24 fault.

FIGURE 37 SHORT CIRCUIT ANALYSIS REPORT WHEN BUS24 FAULT
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5.37 Bus 25 fault
This Figure has shown that the status of the rest of buses when bus 25 fault.

FIGURE 38 SHORT CIRCUIT ANALYSIS WHEN BUS25 FAULT

Figure 39 is showing the short circuit analysis report for bus 25 fault.

FIGURE 39 SHORT CIRCUIT ANALYSIS REPORT WHEN BUS25 FAULT
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6.0 Simulation studies
The operational flow chart has been installed on a microgrid system. In this section, three typical
case studies have been given. The total power for the first case is 40KW and total load is 140KVA;
For the second case, the total generator power is 185, and the total load is 140KVA; For the third
case, the total generator power is…the total load is…By analyzing these three case studies, readers
will understand when the generation is less than the demand, the amount of load need to be
curtailed; when the generator is more than demand, how much load has to be switched on in
order to consume more power.

6.1 study case 1
The following figure has shown the case 1 which the total power is 40kw and total load is 140KVA.

FIGURE 40 MICROGRID SIMULATION FOR CASE STUDY 1

In the case 1 simulation, the diesel generator is considered as swing generator which nominal
active power is 10kw. And wind Turbine is another renewable generator that nominal active
power is 30kw. The total power, in this case, is 40kw. The total load is 140KVA which including
80KVA of static load and 60KVA of the lumped load.
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From the above simulation, the actual power of diesel generator which supplied to the system is
103kw, one of the reasons is the diesel generator was considered as a swing generator, which has
no limitation for power supply. Thus, it will supply as much power as it can according to the total
load of the system. That is why the diesel generator is overload and became red. Another reason
is the frequency was droop significantly, as the previous section mentioned that the maximum
allowed frequency deviation of the system is 0.5Hz, but the frequency deviation, in this case, is far
beyond the 0.5Hz, and the result of frequency will be showing in the next part.
If the diesel generator set as a normal synchronous generator, which means the ETAP software
only consider the fixed active power 10kw, but the software does not have a temporary overload
or temporary frequency drop. Therefore, the system will not be working and giving the errors due
to the system is not in the steady state.

6.11 Calculation for case study 1
1

lml𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 =

𝒇𝑑𝑒𝑙𝑡𝑎
𝑷𝐾𝑚𝑎𝑥

lml𝑊𝑖𝑛𝑑 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 =

2𝜋0.5𝐻𝑧

;

𝒇𝑑𝑒𝑙𝑡𝑎
𝑷𝐾𝑚𝑎𝑥

10𝐾𝑊

;

2𝜋0.5𝐻𝑧
30𝐾𝑊

= 0.314
= 0.105

Firstly, the Droop coefficient of each generator need to be calculated individually,
according to the left equation, it is known that the droop coefficient for diesel generator
is 0.314 and the droop coefficient for Wind Turbine is 0.105.
2

𝒇𝑎𝑐𝑡𝑢𝑎𝑙 = 𝒇𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 +m(𝑃∗ − 𝑃)
Actual Frequency of generator: 50𝐻𝑧+0.314 (10KW−103Kw) = 20.798 𝐻𝑧
Actual Frequency of Wind Turbine: 50𝐻𝑧+0.105 (30KW−30𝐾𝑊) = 50Hz

Secondly, the Actual Frequency of generator need to be considered in this step, from the
equation above, the actual frequency of diesel generator is 20.798Hz, but the actual
Frequency of Wind Turbine is 50Hz, it is because this actual frequency equation is only
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3

50𝐻𝑧 − 20.79𝐻𝑧 = 29.202𝐻𝑧
>0
Thirdly, the difference between reference frequency and actual reference has been
calculated in this step. As I mentioned in the previous section, one of the reason cause the
diesel generator supply 103kw to the system is Frequency drop too much. Thus, it is clearly
to see that 29.202Hz is much greater than 0.5Hz. It is also proving the simulation result was
reliable and correct. Due to the 29.202Hz is greater than zero, which means some loads
need to be curtailed in this case.

4

|𝑷𝑑𝑒𝑙𝑡𝑎 | =

|𝒇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 |

|29.202𝐻𝑧|

|𝑚|

|0.314|

= 93KVA

Finally, how much load need to be cut or added can be known by the above equation 4, in this
equation, Delta P can be calculated by using difference frequency divide by droop coefficient.
Therefore, 93KVA power of load need to be curtailed in order to match the amount of
generation.

Table 2 has shown the results of all the components in the microgrid system.

TABLE 2 CALCULATION RESULTS FOR CASE STUDY 1
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6.2 Study case 2
The following figure has shown the case 2 which the total power is 185kw and total load is 140KVA.

FIGURE 41 MICROGRID SIMULATION FOR CASE STUDY 2

In the case 2 simulation, the diesel generator is considered as swing generator which nominal
active power is 75KW. And wind turbine is another renewable generator that nominal active
power is 110KW. The total power, in this case, is 185KW. The total load is 140KVA which including
80KVA of static load and 60KVA of the lumped load.
From the above simulation, wind turbine was supplying all the absorbed power to the system
which is 110KW, and the actual power supply of diesel generator is 24.5KW. On the left side of the
simulation, even the main grid is connected with the system; the main grid does not affect the
system due to the power of main grid is only 5KVA which is very low. Due to the supplied power is
greater than the demand, some loads might need to be switched on in this study case. More
details will be shown in the following calculation part.

6.21 Calculation for case study 2
1

lml𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 =

𝒇𝑑𝑒𝑙𝑡𝑎
𝑷𝐾𝑚𝑎𝑥

;

2𝜋0.5𝐻𝑧
75𝐾𝑊

= 0.042
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lml𝑊𝑖𝑛𝑑 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 =

𝒇𝑑𝑒𝑙𝑡𝑎
𝑷𝐾𝑚𝑎𝑥

;

2𝜋0.5𝐻𝑧
110𝐾𝑊

= 0.029

Firstly, the Droop coefficient of each generator need to be calculated individually,
according to the left equation, it is known that the droop coefficient for diesel
generator is 0.042 and the droop coefficient for Wind Turbine is 0.029.

2

𝒇𝑎𝑐𝑡𝑢𝑎𝑙 = 𝒇𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 +m(𝑃∗ − 𝑃)
Actual Frequency of generator: 50𝐻𝑧+0.042 (75KW−24.5Kw) = 52.121 𝐻𝑧
Actual Frequency of Wind Turbine: 50𝐻𝑧+0.029 (110KW−110KW) = 50Hz
Secondly, the Actual Frequency of generator need to be considered in this step, from the
equation above, the actual frequency of diesel generator is 52.121Hz, and the actual
Frequency of Wind Turbine is 50Hz
3

50𝐻𝑧 − 52.121𝐻𝑧 = −2.121𝐻𝑧
<0
Thirdly, the difference between reference frequency and actual reference has been calculated
in this step. Due to the -2.121Hz is less than zero, which means some loads need to be
switched on in this case.
4

|𝑷𝑑𝑒𝑙𝑡𝑎 | =

|𝒇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 |

|−2.121𝐻𝑧|

|𝑚|

|0.042|

= 50.5KVA

Finally, how much load need to be cut or added can be known by the above equation 4, in this
equation, Delta P can be calculated by using difference frequency divide by droop coefficient.
Therefore, 50.5KVA power of load need to be switched on in order to match the amount of
generation.
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The table 3 has shown the results of all the components in the microgrid system.

TABLE 3 CALCULATION RESULTS FOR CASE STUDY 2

7.0 Conclusions and Future improvement
7.1 Future improvement
In this thesis project, frequency droop control method has been successfully applied for this
particular microgrid simulation. There still has some other droop method can be used in demand
control, such as voltage droop control and adaptive droop control.
Voltage droop control is another way to achieve the demand dispatch in the microgrid. The
different between frequency droop and voltage droop is voltage is depending on reactive power,
and reactive power is mostly dependent on the amplitude difference between E and V. One
example for the DC voltage distributed system, when the reference P need to be changed, voltage
droop will provide a good transient response to the system because it allowed a continuous
regulation of reference voltage and DC voltage. (C.Dierckxsens, 2012) When the droop control is
applied to the master slack converter, once the voltage margin is out of range some other
converters are added to regulate the DC voltage.
Adaptive droop control method was proposed by Kim in 2002. Within this method, the accurate
reactive power distribution to significantly maintain the voltage amplitude. (JW, 2002) In addition,
it will store the maximum reactive power from each cell and compares it with the reference
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reactive power, if the reference reactive power is greater than the maximum value, then Q/E
droop equation will be used for voltage amplitude.

7.2 Conclusion
As the increased number of renewable source and distributed system connected to the electrical
power system, the utility and control method of demand dispatch become even more important.
This trend has led to the growing use of microgrid technology, reliability and stability are the two
main advantages of the microgrid system. In microgrid network, it is difficult to avoid the
mismatch between demand and generation. Therefore, how to effectively address the problem of
mismatch between demand and supply has triggered widespread attention.
In this study, frequency droop control method has been selected as the main approach to achieve
the demand control. The algorithm developed is based on the AC power flow hypothesis. Thus,
any power losses of line impedance or transformer are ignored in this paper. According to this
assumption, an operational flow chart of frequency droop method has been developed and
explained in this thesis. Moreover, as a part of demand dispatch, some necessary algorithms of
demand response are included in chapter 3.
In chapter 5, a typical microgrid system was designed in ETAP software, and load flow analysis and
short circuit analysis are applied for this microgrid system to ensure the appropriate size and
ratings of the device are defined. Furthermore, two specific case studies have been shown in
chapter 6, case study 1 shows that the amount of load need to be curtailed in order to meet a
small amount of power supply; and case study 2 indicates that when generation is greater than
demand, some loads have to be switched on to avoid a waste of power energy. Frequency droop
control has successfully applied for both cases.
To sum up, this paper aims to demonstrate that demand dispatch can improve the level of use of
renewable energy in the microgrid. This thesis focus on two case studies with demand dispatch
and demand response. In addition, voltage droop control and adaptive droop control are also
introduced in this paper.

53

Demand Dispatch of an Island Microgrid

8.0 Bibliography

al, D. M. (2004). Power flow control of a single distributed generation unit with nonlinear local load.
Proceedings of the power systems conference and exposition , 398-403.
al, T. A. (1997). Parallel operation of single phase inverter modules with no control interconnections.
Proceedings of the IEEE-APEC'97 conference, 94-100.
Andisheh Ashourpouri, A. G. (n.d.). Droop-Base Demand Dispatch Schedule in Smart Grid. IEEE.
Arumuga, M. (n.d.). How is ETAP different from Matlba? Which is better for power systems related
simulation?
C.Dierckxsens, K. S. (2012). A distributed DC voltage control method for VSC MTDC systems. Electric Power
Systems Reserach, 54-58. Retrieved from Electric Power Sytems Reserach.
Canbing Li, H. S. (2014). A specific example in China, Renewable and Sustainable Energy Reviews.
Comprehensive review of renewable energy curtailment and avoidance.
CENTER, M. (2014, February 3). Microgrids-Benefits, Models, Barriers and Suggested Policy Initatives for
the Commonwealth of Massachusetts,KEMA.
Chandorkar MC, D. D. (1996). Decentralized operation of distributed UPS SYSTEMS. Proceedings of the
1996 international conference on power electronics, drives and energy systems for industrial
growth, 565-571.
Chandorkar MC, e. a. (1993). Control of parallel connected inverters in standalone AC supply systems. IEEE
Trans Ind APPl, 136-143.
CREIA. (2014). China wind power review and outlook. Chinese Renewable Energy Industries Association.
E, B. (2008). Energy management in autonomous microgrid using stability constrained Droop control of
inverters. Retrieved from IEEE Trans Power Electron: 2346-52
ETAP. (n.d.). Disstribution Sytem. Retrieved from Distribution Network Analysis, Planning, Protection and
ADMS.
ETAP. (n.d.). Load Flow Analysis. Retrieved from One program One Database One Solution.
ETAP. (n.d.). Renewable Energy Solution. Retrieved from Renewables.
F, K. (2008). Microgrids management. IEEE power Energy Mag, 54-65.
Guerrero JM, e. a. (2004). Output impedance performance for parallel operation of UPS inverters using
wireless and average current-sharing controllers. Proceedings of the IEEE 35th annual power
electronics specialists conference, 2482-2488.
Guerrero JM, e. a. (2009). Control strategy for Flexible Microgrid Based on Parallel Line-Interactive UPS
Systems. IEEE Trans Industrial Electron, 726-736.
Hou G, e. a. (2015). Virtual negative impedance droop method for parallel inverters in microgrids.
Proceeding of the Proceeding of the 10th conference on industrial electronics and applications
(ICIEA), 1009-1013.
54

Demand Dispatch of an Island Microgrid
JA, P. L. (2005). Control strategies for microgrids emergency operation. Retrieved from Proceedings of the
International Conference on Future Power Sytem.
JM, G. (2004). A wireless controller to enhance dynamic performance of parallel inverters in distributed
generation systems. IEEE Trans Power Electron .
JM, G. (2005). Wireless-control strategy for parallel operation of distributed generation inverters.
Proceedaing of the IEEE international symposium on industrial electronics, 845-850.
JM, G. (2007). Decentralized control for parallel operation of distributed generation inverters using
resistive output impedance. IEEE Trans industrial Electron, 994-1004.
Juavi H, C. J. (2008). A review on distributed energy resources and Microgrid. Renew Sustain Energy , 72-83.
JW, K. (2002). A novel droop method for converter parallel operation. IEEE Trans Power Electron , 25-32.
Lee CT, e. a. (2009). Control strategies for distributed energy resources interface converters in the low
voltage Microgrid. IEEE Energy Convers Congr Expo, 994-1004.
Leger, A. S. (2015). Demand response impacts on off-grid hybrid photovoltaic-diesel generator microgrids.
AIMS Energy, 360-376.
Micallef A, e. a. (2014). Reactive power sharing and voltage harmonic distortion compensation of droop
controlled single phase islanded microgrids. IEEE Trans smart Grid, 49-58.
Ming Z, K. J. (n.d.). Overall review of China's wind power industry: Status quo, existing problems and
perspective for future development. Renewable Sustainable Energy.
N.W.A.Lidula, A. (2010). Microgrid reserach: A review of experimental microgrids and test systems.
Renewable and Sustainable Energy Reviews.
Nikos Hatziargyriou, H. (2007). MICROGRID An Overview of Ongoing Research, Development, and
Demonstration Projects. IEEE power&energy magazine, 78~94.
Nnamdi l. Nwulu, X. X. (2015). Optimal dispatch for microgrid incorporating renewables and demand
respose. Department of Electrical and Electronic Engineering Science.
p. Kundur, N. a. (1994). power system stability and control: McGraw-hill . New York.
Pecas Lopes JA, M. C. (2006). Defining control sreategies for microgrids islanded operation. IEEE Trans
Power Syst, 21.
R.H.Lasseter, F. (2002). Microgrids. IEEE, 305-308.
Ricardo. (n.d.). Ricardo leads project to improve offshore wind turbine reliability and reduce operating cost.
Scott, N. (2016). Microgrids a guide to their issues and value. Highlands and Islands Enterprise.
Solutions, E. T. (n.d.). Short circuit analysos.
Tolani S, S. P. (2012). An improved droop controller for parallel operation of single-phase inverters using RC output impedance. Proceedings of the 2012 IEEE international conference on power electronics,
drives and energy systems(PEDES), 1-6.
Usman Bashir Tayab, M. A. (2017). A review of droop control techniques for microgrid, Renewable and
sustainable Energy Reviews. 717-727.
55

Demand Dispatch of an Island Microgrid
Wang X, e. a. (2015). Virtual-impedance-based control for voltage-source and current source converters.
IEEE Trans power Electron, 19-37.
Zhang P, e. a. (2013). An improved reactive power control strategy for inverters in microgrids. Proceddings
of the IEEE international symposium on industrial electronics(ISIE), 1-6.
Zhao X, Z. Y. (n.d.). Constraint the effective utilization of wind power in China: an illustration from the
northeast China grid.
Zheng L, e. a. (2015). An enhanced droop control scheme for islanded microgrids. Int J control Autom, 6374.

56

Demand Dispatch of an Island Microgrid

9.0 Appendix
TABLE 4 DATA OF THE THREE-UNIT SYSTEM

TABLE 5 DATA OF THE THREE-UNIT SYSTEM

TABLE 6 THE INITIAL HOURLY DEMAND AND A VALUE

TABLE 7TOTAL ENERGY CURTAILED AND CUSTOMER INCENTIVE RECEIVED
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