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SUMMARY OF THE THESIS

In recent years, researchers all over the world have been focusing on
renewable energy more than ever. Vietnam is a tropical country, where there is not
only a high potential of renewable energy but also a challenging electrical demand in
years to come. This thesis will offer a solution to help the Vietnamese power scheme
with a new smart micro grid concept. This new smart microgrid also brings some
control challenges to researchers such as power quality and reliability control, power
sharing control, system stability, and power flow management, etc. Among the power
flow management control, model predictive control has also drawn strong attention
among recent control strategies. This thesis will describe the control of grid-connected
inverter with model predictive control to obtain the desired real and reactive powers
that transfer between the microgrid and utility grid. Numerical simulation and
experimental test results will be presented in this thesis also.

The literature review in Chapter Two draws the whole background of the
picture. It presents the current state of the power scheme in Vietnam, the smart grid
and its characteristics along with the control techniques used in a smart microgrid. To
understand the smart microgrid, a detailed microgrid is described with distributed
generations (DGs), loads, and power converters. The term “smart” used in “smart
microgrid” is defined in this chapter also. The state of art of the microgrid control
technique is revealed afterwards. Moreover, several control methods and strategies for

microgrids are presented in the last part of this chapter.
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With all the demand in the upcoming years from Vietnamese power scenario
and its renewable energy potential, the Vietnamese Government is trying to develop
the national electrical system in both stability and capacity to ensure the supply
throughout the country. Chapter Three offers a whole new structure of the smart
micro grid with a major part of the energy coming from renewable sources. This
chapter also presents several study cases about different scenario of various power
scales in Vietnam. This not only helps to solve the problem of being blackouts that
both individual and industrial customers will have to face with years to come but also
can take advantage of the great amount of renewable energy sources that are plentiful
in Vietnam.

To specify the structure of the microgrid, Chapter Four designs a detail smart
microgrid which consists of a hybrid AC-DC bus, with its renewable energy sources
as photovoltaics and wind turbines, energy storage, and AC and DC loads. The whole
smart micro grid system that fits into the rural areas of Vietnam in the next 10 to 15
years not only benefits the end-user customer but also helps the main grid in case the
Vietnamese Government have a change in the energy policy in the near future to
encourage people extract more and more green energy. This chapter also describes the
several operation options of either cost or energy efficiency of the smart microgrid.

To connect the smart microgrid with the main grid, a grid-interfaced inverter
is used in this thesis to control the power flow between the microgrid and utility grid.
In Chapter Five, several control methods and strategies to control real and reactive
power have been applied. Firstly, the system is transformed into the d-g rotating
frame; therefore the active and reactive power can be controlled separately by
controlling the d and q axis current components, id and iq. The first method uses the

traditional PI control with feedforward to improve the control performance.
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In Chapter Six, the other control method known as model predictive control is
also used to control the active and reactive power flows based on the d-g rotating
frame. Recently, the direct power control and model predictive control of real and
reactive power flows has also been applied widely in the power electronic converter
control. These new control techniques appear very attractive with several advantages
in comparison with classical modulation methods, especially its excellent dynamic
response, simple concept and easy implementation. In the model predictive control, a
model is used to predict the future behaviour of the controlled variables. This
information is then used in a cost function as the criterion to select the optimal
switching state for the system. The control objectives can vary with different cost
functions.

In this thesis, a new smart micro grid is designed with its special features
along with the model predictive control technique for the grid-connected inverter
control. The results have been numerically simulated by both MATLAB Simulink and
PSIM software. A protocol has been tested for the grid-connected inverter control.
Important conclusions based on the research findings through the thesis project are
drawn, and possible future work for further development of the technology are

suggested in the last chapter.
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CHAPTER 1. INTRODUCTION

1.1. SIGNIFICANT AND BACKGROUND

To begin with Vietnam, a tropical developing country where the electrical
demand has been increasing by an average of 14.5% annually over the last 15 years,
one of the most important tasks that the Government has been struggling to solve
recently is the electricity. Although the total amount of energy used per person is still
relatively small in comparison to that of other Asian countries as well as all over the
world, the rapid growth in electricity demand will continue to be a big pressure on
Vietnam in the future. Given the favorable hydrological conditions, many newly
completed power generation and network projects were added to the national power
system, enabling Vietnam Electrical (EVN) to ensure sufficient power supply for
socioeconomic development. However, the total electricity production still cannot
meet the demand of the country. Currently in Vietnam, 80% of people are living in
the rural areas, which do not have a reliable utility grid. A majority of them are still
doing agricultural works for living. In years to come, with the integration of advance
technology as well as mechanized equipment, rural people will have to face the rising
problem of power supply sooner or later. The electrical grid in the rural area is very
unreliable and unstable, which causes a lot of troubles to Vietnamese rural people.

One of the foreseeable solutions is the wide use of distributed power generations.



This is also the direction for the developed countries like USA, EU and Japan
from 2000 to date to deal with the crisis on oil prices, environmental pollution and
global warming caused by emissions of greenhouse gases, such as CO>, CH4 and N>O.
Also, due to the environmental issues and the international agreement on the trade of
emission quota, the calculated price of oil is forecast to increase to USD 190 per
barrel in 2020. This forces the government to promote the diversification of energy
sources, especially to encourage the use of renewable energy sources (RESs). An
interesting example of attempts to solve this problem is that the Australian
Government helps its citizens by a refund of money when they set up solar panels at
home, so as to encourage people to utilize more and more RESs. The most exploited
RESs are hydroelectric, photovoltaic (PV), and wind. Over the years, RESs have
experienced one of the largest growths in percentage, being comparable with the
growth of coal and lignite energy but still below that of natural gas. Between 2004
and 2009, grid connected PV capacity increased at an annual average rate of 60% and
over this five-year-period, annual growth rates for cumulative wind power capacity
averaged 27%. On the other hand, the global wind power installed capacity has
increased from about 40,000 MW in 2003 to 59,091 MW in 2006. That number is
expected to grow to well over 1,260,000 MW in 2020, which will be sufficient for
12% of the world’s electricity consumption.

In order to help the Vietnamese rural people keep the development pace with
other countries all over the world, this thesis aims to exploit the local RESs in
Vietnam. According to the Vietnam Electricity Annual Report in 2016, the potential
of wind energy in Vietnam is relatively high, and the energy density is evaluated at
about 800 to 1,400 kWh per square meter per year on islands, 500 to 1,000 kWh in

coastal regions and highlands, and under 500 kWh in other areas. For solar energy,



located in the tropic area, Vietnam has the average sunshine hours of approximately
about 2,000 to 2,500 hours per year with a total solar radiation of about 1,700 kWh
per square meter per year, giving a theoretical potential of about 43.90 billion tons of
oil equivalent (TOE, each TOE equals 11,630 kWh) per year. Vietnam also has
potential of biogas energy about 43-46 million TOE per year including timber,
firewood, straw, garbage, but only about 10% has been exploited so far. For this
reason, this thesis will focus on helping the Vietnamese people especially in rural
areas maximize the power that can be extracted from the renewable resources.

On the other hand, as the distributed generations’ number increases, the
distribution networks are becoming active distributed systems where the generation
and load nodes are mixed. This trend leads to many technical issues in power flows,
voltage change, increase in network fault levels, and power quality, thus, leading to
the introduction of microgrid concept, which is composed of renewable power
generators, loads, energy storage devices and distribution control units. The microgrid
term was proposed in early 2000s and developed throughout the world in the last two
decades as an effective means to integrate intermittent renewable power sources in the
power grids. More recently, the smart microgrid was also introduced and has attracted
many research attentions all over the world. The newly developed smart microgrid
will have several state of the art features such as smart infrastructure, smart
communication system, and smart power flow control, etc. This thesis will present a
new smart microgrid structure that can be applied to various Vietnamese scenarios
including a design for a rural farm in detail.

The operations of the smart microgrid will not only help the rural people in
Vietnam to have a high-quality power supply but also can help the main grid improve

in many aspects. One of the most important features is the active and reactive power



flow control of the smart microgrid. It can be explained that the sub-grid can inject the
exact amount of active and reactive power to the main grid when needed. In order to
function as described, the proposed smart microgrid uses a grid-connected inverter to
control the power flow between it and the main grid. This thesis will also focus on
studying the control strategy of this interfacing-inverter. Moreover, the model
predictive control, which is a very popular control method recently, is also applied to
improve the performance of the system. The power flow control of this grid-
connected inverter is the numerical simulation by both Software for Power
Electronics Simulation (PSIM) and MATLAB Simulink software packages and
experimental verification by tests in the laboratory. This powerful model predictive
control method along with different constrains in the cost function will also optimize
the smart microgrid performance by reducing its operational cost. Numerous case

studies for smart microgrids are also presented in the thesis.

1.2. AIM AND SCOPE OF THE THESIS

In order to exploit the potential of RESs in Vietnam with the optimized
operation in the smart microgrid, this thesis focuses on the technical issues related to
the structure, modelling, control and management of power flow control of smart
microgrids. The main objectives of this thesis will be:

e To develop a new structure for smart microgrids that helps to improve the

Vietnamese power scheme with different scenarios,

e To achieve smart microgrids operation to reduce the operating cost for

customers and help the main grid as well, and



e To achieve power flow control management with feedback plus feedforward

control and the new model predictive control technique applied.

1.3. OUTLINE OF THE THESIS

This thesis is divided into seven chapters where the first chapter is the general
introduction of the thesis and remaining chapters of the thesis are presented as
follows.

- Chapter 2 with the literature review draws the whole background of the
thesis. It presents the current state of the power scheme in Vietnam, the smart grid and
its characteristics along with the control techniques used in a smart microgrid. To
understand the smart microgrid, a detailed structure is designed with DGs, loads,
power converters. The term “smart” used in “smart microgrid” is also defined in this
chapter. The state of art of the smart microgrid control technique is revealed
afterwards. Moreover, several control methods and strategies for smart microgrid are
presented in the last part of this chapter.

- Chapter 3 proposes a new structure of the smart micro grid with a major part
of the energy coming from RESs. This chapter also presents several case studies about
different scenarios of various power scales in Vietnam. It not only helps to solve the
problem of being blackouts that both individual and industrial customers will have to
face with years to come but also can take advantage of the great amount of RESs that
are plentiful in Vietnam.

- Chapter 4 designs a detailed smart microgrid which consists of a hybrid AC-
DC bus, the RESs such as PVs and WTs, energy storage, AC and DC loads as well.

The smart micro grid system that fits into the rural areas of Vietnam in the next 10 to



15 years not only benefits the end-user customers but also helps the main grid in case
the Vietnamese Government has a change in the energy policy in the near future to
encourage people to extract more and more green energy. This chapter also describes
several operating options of either cost or energy efficiency of the smart microgrid.

- Chapter 5 and 6 propose several control methods and strategies to control the
active and reactive power that flow between the utility grid and microgrid. The first
method uses the traditional PI control with feedforward to improve the control
performance. The other control method called MPC is also used to control the active
and reactive power by controlling the currents in the d-g rotating frame. Recently,
DPC as well as MPC of active and reactive power has also been applied widely in the
power electronics control. The results have been obtained from simulations in both
MATLAB Simulink and PSIM software. The experiment has been tested for the grid-
connected inverter control.

- Chapter 7 concludes the thesis achievements and proposes future work for

smart microgrid control.



CHAPTER 2. LITERATURE REVIEW

2.1. INTRODUCTION

This chapter presents a literature review on the current state of the power
scheme in Vietnam, the smart grid and its characteristics along with the control
techniques used in smart microgrids. To understand the smart microgrid concept, a
detailed microgrid with distributed generations (DGs), loads, power converters, etc. as
an example is described. A novel smart microgrid to apply for a specific area in
Vietnam will also be presented. The gap that needs to be bridged through the thesis
project in the microgrid control technique is revealed afterwards and a new strategy

for microgrid control is proposed in the last part of this chapter.

2.2. POWER SCHEME IN VIETNAM

Vietnam is a developing country where the electricity demand has been
increasing by an average of 14.5% annually over the last 15 years. Although the total
amount of energy used per person is still relatively small (approximately 900 kWh per
person per year) in comparison to other Asian countries as well as all over the world
(e.g. 2,680 kWh and 15,370 kWh in Thailand and USA, respectively), the rapid

growth in electricity demand will continue to be a big pressure on Vietnam in the



future. Table 2-I illustrates a prediction of the future energy needs according to the
general energy planning scheme of the government.

TABLE 2- I. FORECAST OF ELECTRICAL DEMAND AND POWER
SUPPLY OF VIETNAM UNTIL 2025

Year 2009 2013 2017 2021 2025

Annual energy

85,596 130,069 188,736 263,438 349,523
used, in GWh

Peak power, in

MW

14,929 22,248 31,671 43,584 57,826

In Vietnam, the main traditional energy resources are coal, oil, gas and
hydropower. Currently a large number of hydro-electric power systems have been
installed with the 10 major rivers in the country fully exploited. Crude oil extraction
has actually decreased in recent years (17.4 million tons in 2006, 15.9 million tons in
2007 and 15.0 million tons in 2008). The amount that can be exploited is not as much
as predicted. The fluctuation of oil and coal prices placed Vietnam in an extremely
difficult position to meet the energy demand in the near future. For that reason, the
government has planned a project to increase the amount of DG and renewable energy
systems. The potential of wind energy in Vietnam is relatively high, and the energy
density is evaluated at about 800 to 1,400 kWh per square meter per year on islands,
500 to 1,000 kWh in coastal region and highlands, and under 500 kWh in other areas.
For solar energy, located in the tropic area, Vietnam has the average sunshine hours of
approximate about 2,000 to 2,500 hours per year with a total solar radiation of about
1,700 kWh per square meter per year, giving a theoretical potential of about 43.90
billion ton of oil equivalent (TOE, each TOE equals 11,630 kWh) per year. Vietnam
also has potential of biogas energy about 43-46 million TOE per year including

timber, firewood, straw, garbage, but only about 10% has been exploited so far.



2.3. SMART MICROGRIDS

2.3.1. An outline

Access to modern trends in the management, utilization and power
consumption by applying new technology is the best way to ensure energy needs for
the foreseeable future. This is the direction by the developed countries like USA, EU
and Japan from 2000 to date to deal with the crisis on oil prices, environmental
pollution, global warming caused by emissions of CO2, CH4 and N>O. Also, due to
the environmental issues and the international agreement on the sale of emission
quota, the calculated price of oil is forecast to increase to 190 USD per barrel in 2020.
This forces the government to promote the diversification of energy sources,
especially to encourage the use of RESs. An interesting example of an attempt to
solve this problem is that the Australian Government helps its citizens by a refund of
money when they set up solar panels at home, so as to encourage people to utilize
more and more RESs. The most exploited RESs are hydroelectric, PV, and wind.
Over the years, renewable energies have experienced one of the largest growths in
percentage, being comparable with the growth of coal and lignite energy but still
below that of natural gas.

Various DGs have been connected to electrical distribution networks in recent
years, such as fuel cells, wind turbines (WTs), small hydro power plants, and
combined heat and power plants (CHP). As the number of DGs increases, distribution
networks are becoming active distributed systems where generation and load nodes
are mixed. This trend leads to many technical issues in power flows, voltage change,
increase in network fault levels, and power quality. Therefore, this literature review
will concentrate on possible solutions to these technical issues such as DGs and the

smart microgrid concept with grid-connected and stand-alone modes.



2.3.2. Distributed generations

From the inception of electricity as an industry, it has competed against gas for
customers. Indeed, electric arc lighting, a mid-19th century stand-alone system
located on the customer’s premises, attempted to replace the less expensive but
volatile gas lamps supplied with “town gas”, a mixture of hydrogen and carbon
monoxide. In that time, the light was poor, tremendous waste heat made rooms smoky
and hot, and the noxious elements of town gas mentioned earlier left room for a
cleaner, better alternative in the marketplace, and that was electricity. Thomas Edison
created the first electric utility system, mimicking the gas lighting industry but
supplying energy through virtual “mains” to light filaments instead of via gas burners.
The same reduction in capital cost per unit of power generated applied to electricity as
it did to gas. From that moment, the inexorable trend toward centralized power
generation, distribution, and system management began. Initially, the systems were
isolated, without connection to other utilities. By the end of the 1920s, however,
utility grids adjoined one another, and the interconnection brought obvious benefits
such as back-up power and sharing peak load coverage. Years later, fuel cells were
first developed for space flight, and aero derivative gas turbines that powered jet
aircraft found a market in stationary power. The pursuit of soft path, environmentally
sustainable economies produced solar engineering and PV systems. Those were
among many types of DGs that operated in many different industries all over the
world.

DG is any small-scale electrical power generation technology that provides
electric power at or near the load site; it is interconnected to the distribution system,
directly to the customer’s facilities, or both. The advantages of DG applications can

be listed as follows:
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e High reliability of power supply, especially when interruption of service is
unacceptable,

e More flexible to exploit the RESs,

e High power quality, and

e Ideal power supply for remote areas where utility grid is unavailable for

customers.

Research indicates that the distributed power has the potential to capture up to
20% of all new generating capacity, or 35 GW, over the next two decades. DG
technologies include small and micro combustion turbine generators, internal
combustion reciprocating engines and generators, PV panels, and fuel cells. Other
technologies including solar thermal conversion, Stirling engines, and biomass

conversion can also be considered as DGs.

Despite the benefits provided by DGs mentioned above, there are technical
limits in reality on the degree to which DGs can be connected. The main concerns of
connecting DGs can be summarized as the following:

e Possible power quality problems, such as voltage sag and current surge, and

harmonics,

e The effects of connecting or disconnecting DGs on the power quality and

stability of the utility grid,

e The efficiency of DGs when connected to the grid,

e The fluctuation of DG output power due to the intermittent nature of RESs,

which could cause negative impacts on electric appliances, and

e Impact on power system dynamics performance.
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2.3.3. Microgrids and smart microgrid

The concept of microgrid, which is composed of DGs, renewable power
generations, such as solar PVs, WTs and fuel cells, together with customer loads,
energy storage devices and power converters, was introduced in the early 2000s [2.1]
and developed throughout the world in the last decade as an effective means to
integrate intermittent renewable power sources in power grids [2.2-2.7].

A smart microgrid can be operated in two different modes: grid-connected mode
or stand-alone mode (islanded mode) in order to provide power to the emergency load
during system outages. The stand-alone power system is used primarily in remote
areas where utility lines are uneconomical to install due to the terrain, right-of-way
difficulties, and environmental concerns. Building new transmission lines is
expensive even without these constraints. A 230 kV line costs more than USD 1
million per mile. A stand-alone wind system would be more economical for some
potential consumers (especially households), who

o Are wanting connections to an electrical network, but are located at a long
distance from the network (high interconnection costs, potential place for
installation of autonomous renewable energy systems, for example wind
generator and battery);

o Plan to increase their power demand, but could not be satisfied (without
substantial distribution investments) due to bottlenecks in the network;

o Would like to be independent from the centralized power supply and
prefer to have their own base-load generator; such consumers remain
connected to the central power supply to exchange a surplus (top-up) and

deficit (back up, usually to cover its peak load demand) of power;
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o Distribution system operators, who may be interested in enhancement of

power quality (especially voltage problems); and

o Isolated consumers / energy systems, such as oil derricks, and islands.

To satisfy all these needs, a novel power flow control method for autonomous
operation of micro-grids in the island mode was presented in [2.8]. By using a
controller, the power flow from an inverter and synchronous generator to the load can
be controlled. In this particular case, the proposed power flow controller makes use of
a new adaptive estimation unit, which can estimate the amplitude, phase angle, and
frequency of the fundamental component of potentially non-stationary power signal,
as well as the associated active and reactive power. This method is very useful for
power systems containing many different DGs to operate in the standalone mode.
However, controlling parallel-connected inverters in a standalone AC supply system
is a very important target to achieve. For that reason, a scheme was designed, which is
suitable for controlling inverters in distributed source environments, such as isolated
AC systems, large and distributed uninterruptible power supply (UPS) systems, PV
systems connected to AC grids, and low voltage DC power transmission meshes [2.9].
A key feature of the control scheme is that it uses the feedback of only those variables
that can be measured locally at the inverter and does not need communication of
control signals among the inverters. However, the system dynamic performance can
be substantially improved if an observer structure is used to determine the frequency.
The position of the AC system voltage vector can be determined very accurately at
any time.

However, when a large number of RESs are connected to the grid, a power
system with DGs should be designed. Both the wind and PV systems interface with

the grid at the output terminals of a synchronizing breaker after the inverter. The
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power flows in either direction depending on the site voltage at the breaker terminals.
The fundamental requirements on the site voltage for interfacing with the grid are as
follows:

o The voltage magnitude and phase angle must equal that required for
the desired magnitude and direction of the power flow. The voltage is
controlled by the transformer turns ratio or the power electronic
converter firing-angle in a closed-loop control system.

o The frequency must be exactly equal to that of the grid or else the
system will not work. To meet the exact frequency requirement, the
only effective means is to use the utility frequency as the inverter
switching frequency reference.

o In the wind system, the base-load synchronous generators in the grid
provide the magnetizing current for the induction generator.

A distributed power system that was controlled by an autonomous state
estimation method was reported in [2.10]. The infrastructure is a combination of
distributed hardware and software tools that modernize the distribution grid. A
noticeable advance of this method is the communication between devices through the
global positioning system (GPS). For that reason, it is considered as a real-time
supervisory control and data acquisition (SCADA) system with distributed reliable
and high-speed communication devices. This paper also offers a load levelization
method. Further work was proposed on security problems of the GPS system and
bringing more convenience to users when levelising the load.

As suggested in [2.11], the control method using multi-agent systems, such as
distributed energy resource agent, database agent, control agent, user agent are more

and more widely employed nowadays. These SCADA systems provide
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communication architecture capable of controlling and maintaining power system
hardware using certain signalling protocols, and the control agent contains software to
perform generator synchronization, maintain operating frequency and voltage, sustain
suitable real and reactive power, and loading and unloading. One disadvantage of this
method is that each agent requires a lot of specifically developed software and
hardware.

The load conditions and voltage sags can also be factors used to regulates the
terminal voltage of sensitive loads in the island mode and power flow in the grid-
connected mode [2.11]. In [2.12], a closed-loop controller for the filter capacitor
voltage and a feed-forward loop for the load current are presented. An outer control
loop was designed for sharing the real and reactive power in the grid-connected mode
which determined variation of the magnitude and phase angle of the three-phase
capacitor voltage space vector. In [2.13], the transition between grid-connected mode
and island mode is mentioned to provide a useful method to change from one mode to
another if needed.

However, there are several issues which needed to be addressed are power
quality and reliability, system stability and protection. Unstable output power from
DGs, unbalanced and nonlinear loads, and disturbance of the grid could be a
challenge for stabilization of the frequency and voltage, which can be evaluated in
terms of voltage (magnitude and frequency) variation, flicker, and harmonics, etc. In
[2.14] and [2.15], compensators were designed for a microgrid with unbalanced and
nonlinear loads with the purpose of improving power quality. On the other hand,
much attention has been paid to enhance the microgrid power quality under grid

voltage disturbance [2.16-2.18].
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In addition, the system stability during load sharing, the transient stability of
the power system with high penetration level of power electronics interfaced DG, the
low frequency stability problem with change in power demand and the robust stability
of the control system are also concerned .The influence of control parameters on
system stability should be taken into account in terms of sensitivity analysis, using
qualitative analysis and small-signal techniques [2.19-2.21].

Therefore, the definition of smart microgrid can be introduced as following: A
smart microgrid is a microgrid with smart infrastructures including metering and
communication system along with smart control techniques applied. A novel structure
of the microgrid, smart control strategies and control algorithms will be studied and
presented in this thesis. For the smart operation of a microgrid system, all the DG
units should be able to participate in the optimized control mechanism. The basic
requirements for a microgrid to achieve smart operation can be described as:

e Provide high quality power for the loads, i.e., establish a stable output
voltage regardless of intermittent power generation and the fluctuating
power demand; and

e Provide utility grid support such as voltage boost and frequency
stabilization during grid faults, by exploiting the static synchronous
compensator (STATCOM) capability of the power electronics within

the microgird.

2.3.4. Communication System For Smart Microgrids

The smart microgrid concept can enable new network management strategies
to provide effective grid integration of DGs for demand side management and energy
storage for DG load balancing, etc. [2.22],[2.23]. While the RESs are widely studied

by many researchers [2.24], the effective integration of RESs, to reduce the system
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loss and increase the reliability, efficiency and security of electricity supply to
customers are some of the advantages that the smart grid system can provide [2.25].
In contrast to the existing power grid which has limited communication capabilities, a
smart power grid infrastructure is full of enhanced sensing and advanced
communication and computing abilities. Different components of the system are
linked together with communication paths and sensor nodes to provide
interoperability among them, such as distribution, transmission and substations, as
well as residential, commercial, and industrial sites.

The communications technologies available for smart microgrids are

introduced as follows.

2.3.4.1. ZigBee

ZigBee is a wireless communication technology that is relatively low in power
usage, data rate, complexity, and cost of deployment. It is an ideal technology for
smart lightning, energy monitoring, home automation, and automatic meter reading,
ZigBee and ZigBee Smart Energy Profile (SEP) have been realized as the most
suitable communication standards for a smart grid residential network domain by the
U.S. National Institute for Standards and Technology (NIST) [2.26]. The
communication between smart meters, as well as among intelligent home appliances
and in home displays, is very important. Many Advanced Metering Infrastructure
(AMI) vendors, such as Itron, Elster, and Landis Gyr, prefer smart meters, that the
ZigBee protocol can be integrated into [2.27]. ZigBee integrated smart meters can
communicate with the ZigBee integrated devices and control them. ZigBee SEP
provides utilities to send messages to the home owners, and home owners can reach

the information of their real-time energy consumption.
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The following is a brief outline of the advantages and disadvantages of

ZigBee:

e Advantages:

- ZigBee has 16 channels in the 2.4 GHz band, each with 5 MHz

of bandwidth. 0 dBm (1 mW) is the maximum output power of
the radios with a transmission range between 1 and 100 m with
a 250 Kb/s data rate and OQPSK modulation[2.26].

ZigBee is considered as a good option for metering and energy
management and ideal for smart grid implementations along
with its simplicity, mobility, robustness, low bandwidth
requirements, low cost of deployment, its operation within an
unlicensed spectrum, easy network implementation, being a
standardized protocol based on the IEEE 802.15.4 standard
[2.28].

ZigBee SEP also has some advantages for gas, water and
electricity utilities, such as load control and reduction, demand
response, real-time pricing programs, real-time system

monitoring, and advanced metering support [2.26],[2.29].

e Disadvantages:

There are some constraints on ZigBee for practical
implementations, such as low processing capabilities, small
memory size, small delay requirements and being subject to
interference with other appliances, which share the same
transmission medium, license-free industrial, scientific and

medical (ISM) frequency band ranging from IEEE 802.11
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wireless local area networks (WLANSs), Wi-Fi, Bluetooth and
Microwave [2.26].

- The robustness of ZigBee under noise conditions increases the
possibility of corrupting the entire communications channel due
to the interference of 802.11/b/g in the vicinity of ZigBee
[2.30].

- Interference detection schemes, interference avoidance schemes
and energy-efficient routing protocols, should be implemented
to extend the network life time and provide a reliable and

energy-efficient network performance.

2.3.4.2. Wireless Mesh
A mesh network is a flexible network consisting of a group of nodes, where
new nodes can join the group and each node can act as an independent router. The
self-healing characteristic of the network enables the communication signals to find
another route via the active nodes, if any node should drop out of the network. Each
meter acts as a signal repeater until the collected data reaches the electric network
access point. Then, collected data is transferred to the utility via a communication
network. A private company, Sky Pilot Networks uses mesh networking for smart
grid applications due to the redundancy and high availability features of mesh
technology [2.27].
The following is a brief outline of the pros and cons of wireless mesh:
e Advantages:
- Mesh networking is a cost effective solution with dynamic self-
organization, self-healing, self-configuration, high scalability

services, which provides many advantages, such as improving
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the network performance, balancing the load on the network,
extending the network coverage range [2.31].

- Good coverage can be provided in urban and suburban areas
with the ability of multichip routing.

- Acting as signal repeaters and adding more repeaters to the
network can extend the coverage and capacity of the network.

- AMI and home energy management are some of the
applications it can be used for.

e Disadvantages:

- Network capacity, fading and interference can be counted as
the major challenges of networking systems.

- In urban areas, mesh networks have been faced with a coverage
challenge since the meter density cannot provide complete
coverage of the communications network.

- Providing the balance between reliable and flexible routing, a
sufficient number of smart nodes, taking into account node
cost, are very critical for mesh networks.

- A third party company is required to manage the network, and
since the metering information passes through every access
point, some encryption techniques are applied to the data for
security purposes.

- Data packets travel around many neighbours, there can be loop
problems causing additional overheads in the communications
channel that would result in a reduction of the available

bandwidth [2.9].
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2.3.4.3. Cellular Network Communication

The existing cellular networks can be a good option for communicating
between smart meters and the utility and between far nodes. The existing
communications infrastructure avoids utilities from spending operational costs and
additional time for building a dedicated communications infrastructure. Cellular
network solutions also enable smart metering deployments spreading to a wide area
environment. 2G, 2.5G, 3G, WiIMAX, and LTE are the cellular communication
technologies available to utilities for smart metering deployments. When a data
transfer interval between the meter and the utility of typical 15 min is used, a huge
amount of data will be generated and a high data rate connection would be required to
transfer the data to the utility. Code-division multiple-access (CDMA), wideband
code-division multiple-access (WCDMA), and Universal Mobile
Telecommunications System (UMTS) wireless technologies are also used in smart
grid projects. A CDMA smart grid solution for the residential utility market has been
introduced by Verizon, and Verizon’s 3G CDMA network will be used as the
backbone of the smart grid communications with the Smart Synch smart grid
solutions [2.27]. UMTS is IP-based and a packet oriented service that is suitable for
metering applications [2.27] Telenor with Cinclus technology is offering UMTS
technology for smart grid communications [2.27]. An Australian energy delivery
company, SP AusNet, is building a dedicated communications network for smart grid
applications and chose WiMAX technology for the communications need of the smart
meters. WiIMAX chip sets are embedded into the smart meters and wireless
communication is dedicated between smart meters and the central system in SP
AusNet’s system. Some major companies, such as Cisco, Silver Springs Network, and

Verizon, also implement WiMAX smart grid applications. The world’s largest
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WiMAX vendor, Alvarion, has announced its partnership with a U.S. utility company,
National Grid, for a WiMAX-based smart grid project. Lower deployment and
operating costs, proper security protocols, smooth communications, high data speeds
(up to 75 Mb/s), an appropriate amount of bandwidth and scalability are the
advantages of today’s WiMAX technology.

The advantages and disadvantages of cellular network communication can be
summarized as the following:

e Advantages:

- Cellular networks already exist so utilities do not have to incur
extra cost for building the communications infrastructure
required for a smart grid.

- Due to data gathering at smaller intervals, a huge amount of
data will be generated and the cellular networks will provide
sufficient bandwidth for such applications.

- Secure data transmissions with strong security controls.

- Having a wide area deployment capability of smart grid since
the cellular networks coverage has reached almost 100%. In
addition, GSM technology performs up to 14.4 Kb/s, GPRS
performs up to 170 Kb/s and they both support AMI and
Demand Response applications.

- Lower cost, better coverage, lower maintenance costs, and fast
installation features highlight why cellular networks can be the
best candidate as a smart grid communications technology for
the applications, such as demand response management, AMI,

HAN, outage management.
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e Disadvantages:

- Some power grid mission-critical applications need continuous
availability of communications.

- The services of cellular networks are shared by the customer
market and this may result in network congestion or decrease in
network performance in emergency situations.

- In abnormal situations, such as a wind storm, cellular network
providers may not provide guaranteed service. Compared to
public networks, private networks may handle these kinds of
situations better due by the usage of a variety of technologies

and spectrum bands.

2.3.4.4. Powerline Communication

Powerline communication (PLC) is a technique that uses the existing
powerlines to transmit high-speed (2-3 Mb/s) data signals from one device to the
other. PLC has been the first choice for communication with the electricity meter due
to the direct connection with the meter [2.30] and successful implementations of AMI
in urban areas where other solutions struggle to meet the needs of utilities. PLC
systems based on the LV distribution network have been one of the research topics for
smart grid applications in China [2.32]. In a typical PLC network, smart meters are
connected to the data concentrator through powerlines and data is transferred to the
data centre via cellular network technologies. PLC technology is chosen for data
communication between the smart meters and the data concentrator, while GPRS
technology is used for transferring the data from the data concentrator to the utility’s

data centre [2.27].
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The following is a summary of the advantages and disadvantages of power
line communication technology:
e Advantages:

- Existing infrastructure decreases the installation cost of the
communications infrastructure. The standardization efforts on
PLC networks, the cost-effective, ubiquitous nature, and widely
available infrastructure of PLC, can be the reasons for its
strength and popularity [2.33].

- Data transmissions are broadcast in nature for PLC, so the
security aspects are critical. Confidentiality, authentication,
integrity, and user intervention are some of the critical issues in
smart grid communications.

e Disadvantages:

- The powerline transmission medium is a harsh and noisy
environment that makes the channel difficult to be modelled.
The low-bandwidth characteristic (20 kb/s for neighbourhood
area networks) restricts the PLC technology for applications
that need higher bandwidth [2.27].

- The network topology, the number and type of the devices
connected to the powerlines, wiring distance between
transmitter and receiver, all, adversely affect the quality of
signal that is transmitted over the powerlines [2.27].

- The sensitivity of PLC to disturbances and dependency on the
quality of signal are the disadvantages that make PLC

technology not suited for data transmission.
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2.3.4.5. Digital Subscriber Lines

Digital Subscriber Lines (DSLs) is a high-speed digital data transmission

technology that uses the wires of the voice telephone network. It is common to see

frequencies greater than 1 MHz through an ADSL enabled telephone line [2.34]. The

already existing infrastructure of DSL lines reduces installation cost. Hence, many

companies chose DSL technology for their smart grid projects.

The pros and cons of digital subscriber lines can be summarized as the

following:

Advantages:

Widespread availability, low-cost

High bandwidth data transmissions

Disadvantages:

The reliability and potential down time of DSL technology may
not be acceptable for mission critical applications.

Distance dependence and lack of standardization may cause
additional problems.

The wired DSL-based communications systems require
communications cables to be installed and regularly
maintained, and thus, cannot be implemented in rural areas due
to the high cost of installing fixed infrastructure for low-density
areas.

Wired technologies, such as DSL, PLC, optical fibre, are costly
for wide area deployments but they have the ability to increase

the communications capacity, reliability and security. On the
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other hand, wireless technologies can reduce the installation

costs, but provide constrained bandwidth and security options.

To conclude, each of these communication systems is applicable to smart
microgrids. However, for certain scenario, one might be better than the others due to
its advantages and disadvantages. For example, when considering smart system for a
small building, a wireless mesh is the perfect solution for its coverage, management

and advanced infrastructure.

2.4. CONTROL OF MICROGRIDS

2.4.1. Control Of Power Electronic Converters In Microgrids
The following are the common definitions in the field of power electronics:

e Power electronic components are those semiconductor devices, such
as diodes, thyristor, transistors, that are used in the power circuit of a
converter. In power electronics, they are used in the non-linear
switching mode (on/off mode) and not as linear amplifiers.

e A power electronic converter or “converter” for short is an assembly
of power electronic components that converts one or more of the
characteristics of an electric power system. For example, a converter

can be used to change

. AC to DC

= DCto AC

= Frequency

. Voltage level

] Current level, and
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. Number of phases
There are also some different types of converters depending on the purpose of
converters such as:

e A rectifier is a converter that converts AC to DC

e An inverter is a converter that converts DC to AC

o An AC to AC converter is a converter that converts AC of one voltage
and frequency to AC of another voltage and frequency, which are often
variable

o An AC frequency converter is a special type of AC converter

e A DC to DC converter is a converter that converts DC of one voltage
to DC of another voltage

o An electronic switch is a device that electronically connects or
disconnects an AC or DC circuit and can usually be switched ON
and/or OFF.

In this case, we will investigate further about some types of power converter.

2.4.1.1. AC/DC converters

Rectifier
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Fig.2.1. Basic concept of rectifier

The first stage of an AC frequency converter is the conversion of a 3 phase
AC power supply to a smooth DC voltage and current. Simple bi-stable devices, such

as the diode and thyristor, can effectively be used for this purpose. In a diode rectifier
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circuit, a diode turns ON and starts to conduct current when there is a forward voltage
across it, 1.e. the forward voltage across it becomes positive. This process usually
results in the forward voltage across another diode becoming negative, which then
turns off and stops the conducting current. In a thyristor rectifier circuit, the switches

additionally need a gate signal to turn them on or off.

Fig.2.2. A simple circuit showing commutation from diode D1 to D2

The factors affecting commutation may be illustrated in the idealized diode circuit in
Figure 2.2, which shows two circuit branches, each with its own variable DC voltage
source and circuit inductance. Assume, initially, that a current / is flowing through the
circuit and that the magnitude of the voltage V; is larger than V2. Since V; > V>, diode
D; has a positive forward voltage across it and it conducts a current /; through its
circuit inductance L;. Diode D; has a negative forward voltage across it and is
blocking and carries no current.

Practical power electronic converter circuits follow the same basic sequence
above. The figure below shows a typical 6-pulse rectifier bridge circuit to convert 3-

phase AC currents /4, Iz and Ic, to a DC current Ip.
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Fig.2.3. Phase commutation with a 6-pulse diode bridge

This type of circuit is relatively simple to analyse because only 2 of the 6
diodes conduct current at any one time. The idealized commutation circuit can easily
be identified. In this example, commutation is assumed to be taking place from diode
D to D3 in the positive group, while D> conducts in the negative group.

The output DC voltage and operating sequence of the diode rectifier above is
dependent on the continuous changes in the supply line voltages and is not dependent
on any control circuit. This type of converter is called an uncontrolled diode rectifier
bridge because the DC voltage output is not controlled and is fixed at 1.35 %X Vrums. If
the diodes are replaced with thyristors, it then becomes possible to control the point at
which the thyristors are triggered and therefore the magnitude of the DC output
voltage can be controlled. This type of converter is called a controlled thyristor
rectifier bridge and requires an additional control circuit to trigger the thyristor at the

right instant. A typical 6-pulse thyristor converter is shown in Figure 2.5.
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Fig.2.5. Pulse controlled thyristor Rectifier Bridge

The output of the rectifier bridge can be controlled by delaying the instant at
which the thyristor receives a triggering pulse. This delay is usually measured in
degrees from the point at which the switch can turn on, due to the forward voltage
becoming positive. The angle of delay is called the delay angle, or sometimes the
firing angle, and is designated by the symbol a. The reference point, for the angle of
delay, is the point where a phase voltage wave crosses the voltage of the previous
phase and becomes positive relative to it. A diode rectifier can be thought of as a
converter with a delay angle of a= 0°.

At a delay angle a, the DC voltage is given by:

V,= 1.35 xV

s X Cosa

Fig.2.6 shows the voltage waveforms of a controlled rectifier.
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Fig.2.6. Voltage waveforms of a controlled rectifier

Most of AC/DC converters nowadays are controllable and are based on the
fundamental description above. Some people all over the world have developed the
AC/DC converter for better performance such as for step-up voltage conversions
[2.35-2.37], step-down-only voltage conversions [2.38, 2.39], and also for step-
up/down voltage conversions [2.40, 2.41]. Lung-Sheng Yang and Tsorng-Juu Liang
have designed a novel three-phase buck-boost converter that operated in
discontinuous conduction mode by using the PWM technique [2.42]. This converter

can simply achieve purely sinusoidal input current, high power factor, low total
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harmonic distortion (THD) of the input current, and step-up/down output voltage.
Moreover, Dylan Dah-Chuan Lu proposed a single-stage AC/DC converter with high
power factor, regulated bus voltage, and output voltage [2.43]. This power converter
is formed by integrating a boost power factor correction converter, which is based on
the concept in [2.44, 2.45], with a two-switch clamped flyback converter into a single
power stage circuit.

Recently, Zhao et al [2.46] designed a new AC/DC/DC isolated converter with
bidirectional power flow capability. This novel converter consists of a three-phase
current source converter and a special DC/DC isolated converter. In this DC/DC
converter, the primary side is a current source converter and the secondary side is a
voltage source converter (VSC). Using a single switch to provide a bypass for the
inductor current, the voltage spikes are reduced and the safety of current flow is
realised. In addition, the direction of the current flow in the inductor remains the same

in both the power and load modes.

2.4.1.2. DC/AC converters

To establish the principles of inverter circuits, Figure 2.7 below shows four
semiconductor power switches feeding an inductive load from a single-phase supply.

This circuit can be considered to be an electronic reversing switch, which
allows the input DC voltage V'p to be connected to the inductive load in any one of the
following ways:

(1) Si =on, S4 = on, giving +/p at the load

(2) S2 = on, S3 = on, giving —V'p at the load

3) S1 =on, S = on, giving zero volts at the load

S3 = on, S4 = on, giving zero volts at the load

4) S1 = on, S3 = on, giving a short circuit fault
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S> = on, S4 = on, giving a short circuit fault
However, these four switches can be controlled to give a square waveform

across the inductive load as shown in Figure 2.7.
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Fig.2.7. Single-phase DC to AC inverter

This makes use of switch configuration (1) and (2), but not switches
configuration (3) or (4). Clearly, for continued safe operation, option (4) should
always be avoided. In the case of a purely inductive load, the current waveform is a

triangular waveform as shown in the Figure 2.8.
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Fig.2.8. Square wave modulation waveforms
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In the first part of the cycle, the current is negative although only switches §;
and Ss are on. Since most power-electronic devices cannot conduct negatively, to
avoid damage to the switches, this negative current would have to be diverted around
them. Consequently, diodes are usually provided in anti-parallel with the switches to
allow the current flow to continue. These diodes are sometimes called reactive or
free-wheeling diodes and conduct whenever the voltage and current polarities are
opposite. This occurs whenever there is a reverse power flow back to the DC supply.

The frequency of the periodic square wave output is called the fundamental
frequency. Using the Fourier analysis, any repetitive waveform can be resolved into a
number of sinusoidal waveforms, comprising one sinusoid at fundamental frequency
plus a number of sinusoidal harmonics at higher frequencies, which are multiples of
the fundamental frequency. The harmonic spectrum for a single-phase square wave
output is shown in the figure below. The amplitude of the higher order harmonics
voltages falls off rapidly with increasing frequency.

This illustrates that the square wave output voltage has a lot of unwanted
components of reasonably large magnitude at frequencies close to the fundamental.
The current flowing in the load because of the output voltage is distorted, as
demonstrated by the non-sinusoidal current wave-shape. In this example, the current
has a triangular shape. If the square-wave voltage were presented to a single-phase
induction motor, the motor would run at the frequency of the square-wave but, being a
linear device (inductive/ resistive load), it would draw non-sinusoidal currents and
would suffer additional heating due to the harmonic currents. These currents may also
produce pulsating torques. If it is required to also control the magnitude of the output
voltage, the average inverter output voltage can be reduced by inserting periods of

zero voltage, using switch configuration (3) as shown in Figure 2.9.
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Fig.2.9. Square-wave harmonic spectrum

Each half cycle then consists of a square pulse that is only a portion of a half

period as shown in the Figure 2.10 below.
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Fig.2.10. Square wave modulation with reduced voltage pulse width

The process of changing the width of the pulse to reduce the average RMS
value of a waveform is called pulse width modulation (PWM). On the other hand, the
ideal inverter output is one that results in a current waveform of low harmonic

distortion. Since an AC induction motor is predominantly inductive, with a reactance
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that depends on the frequency (XL = j2nfL), it is beneficial if the voltage harmonic
distortion can be pushed into the high frequencies, where the motor impedance is high
and not much distorted current will flow. One technique for achieving this is sine-
coded pulse width modulation (sine-PWM). This requires the power devices to be
switched at frequencies much greater than that of the fundamental frequency
producing a number of pulses for each period of the desired output period. The
frequency of the pulses is called the modulation frequency. The width of the pulses is
varied throughout the cycle in a sinusoidal manner giving a voltage waveform as
shown in Figure 2.11. This figure also shows the current waveform for an inductive

load showing the improvement in the waveform.
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Fig.2.11. Sine-wave pulse width modulated voltage and current

Increasing the modulation frequency will improve the current waveform, but
at the expense of increased losses in the switching devices of the inverter. Therefore, at
low modulation frequencies, the losses in the inverter are low. At high modulation

frequencies, the losses in the inverter increase.
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One of the most common techniques for achieving sine-wave PWM in
practical inverters is the sine-triangle intersection method shown in Figure 2.12. A
triangular saw-tooth waveform is produced in the control circuit at the desired inverter
switching frequency. This is compared in a comparator with a sinusoidal reference
signal, which is equal in frequency and proportional in magnitude to that of the
desired sinusoidal output voltage. The voltage Van (Figure 2.12(b)) is switched high
whenever the reference waveform is greater than the triangle waveform. The voltage
Ven (Figure 2.12(c)) is controlled by the same triangle waveform but with a reference

waveform shifted by 180°.
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Fig.2.12. Principle of triangle intersection PWM

The technique using sine-triangle intersection is particularly suited for use with
the older analogue control circuits, where the two reference waveforms were fed into
a comparator and the output of the comparator was used to trigger the inverter

switches. Modern digital techniques operate on the basis of a switching algorithm, for
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example by producing triggering pulses proportional to the area under a part of the
sine wave. In recent times, manufacturers have developed a number of different
algorithms that optimize the performance of the output waveforms for AC induction
motors. These techniques result in PWM output waveforms which are similar to those
shown in Figure 2.12. The sine-coded PWM voltage waveform is a composite of a
high frequency square wave at the pulse frequency (the switching carrier) and the
sinusoidal variation of its width (the modulating waveform). It has been found that,
for lowest harmonic distortion, the modulating waveform should be synchronised
with the carrier frequency, so that is it should contain an integral number of carrier
periods. This requirement becomes less important with high carrier frequencies of
more than about twenty times the modulating frequency.

A three-phase inverter could be constructed from three inverters of the type
shown in Figure 2.7. However, it is more economical to use a 6-pulse (three-leg)

bridge inverter as shown in Figure 2.13.
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Fig.2.13. Three-phase inverter using gate controlled switches



The output voltage of a three-phase converter has a harmonic spectrum very
similar to the single-phase square wave, except that the tripled harmonics (harmonics
whose frequency is a multiple of three times the fundamental frequency) have been
eliminated. In an inverter with a 3-phase output, this means that the third, 9th, 15th,
and 21st, etc harmonics are eliminated. Manufacturers of AC frequency converters
continue to work on the development of more efficient PWM algorithms in an attempt
to improve the current waveform. The ultimate objective is a completely sinusoidal
current, which produces no harmonic losses in the motor. These more advanced PWM
algorithms have become possible because of the increased speed and power of

microprocessors .

Var &
+vC.‘
Van A time
+\.r'u_
Vie a tirme
l'\.u"u
time

e e e R

v

Fig.2.14. Quasi-square wave modulation output waveforms
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Fig.2.15. Output voltage waveform of a 3-phase sine coded PWM

The PWM DC/AC converter has been the main choice in the power electronics
for a decade, because of its circuit simplicity and rugged control scheme. Typical
applications for PWM DC/AC converter can be found in uninterruptible power
systems, motor drives, and induction heating. Due to the switching losses and the
limitations of semiconductor devices that are currently available, the switching
frequency of PWM converter is usually around a few kilohertz when the power rating
is tens of kilowatts. For that reason, a new inverter topology was developed; it gives
either zero voltage or zero current during switching, to reduce switching power loss to

a very low level. This new technique was soft.
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Fig.2.16. The topology of a single-phase resonant link soft-switch inverter

One of the possible designs for achieving this goal is the resonant link
inverter, which is shown for a single-phase case in Figure 2.16. The front-end is
identical to a normal hard switched inverter, except for the series inductor and shunt
capacitor between the DC bus and the inverter stage. The circuit is controlled as
follows:

e Assume that the capacitor is shortly discharged from the previous cycle
of inverter operation.

e All inverter switches are turned ON at zero voltage, applying zero volts
to the load and shorting out the capacitor. The inductor current then
ramps up through the switches.

e When the inductor current reaches an appropriate level, one switch in
each leg is opened (at zero voltage) to apply voltage to the load. The

capacitor voltage then rings up to a value exceeding the supply while the
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inductor current decreases. The oscillation continues with capacitor
voltage now decreasing.
When the capacitor voltage decreases to zero, the anti-parallel diodes
clamp the capacitor voltage from going negative, in effect, placing a
short-circuit across the capacitor and shortly discharging it.
e The process is repeated.

The supply across the inverter legs has the form of a series of pulses with the

same waveform as the capacitor voltage as shown in Figure 2.17. The inverter legs

must switch at one of the voltage zeros if the resonance is to be continued and low

switching losses are to be achieved.
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Fig.2.17. Resonant link inverter waveform at inverter leg

In the soft-switched topologies, a high-frequency resonant network is added to
the conventional hard-switching PWM topology. The resonant network can be
composed of only passive elements and or it can also have additional auxiliary diodes
and/or switches. As a result, the switch voltage or current swings and crosses zero

point, which thus creates the soft-switching conditions for the power devices.
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Therefore, the switch waveforms are shaped by the resonant network such that the
switching losses can be minimized, the switch stresses can be reduced, and EMI can
be prevented. Therefore, depending on the chosen resonant network scheme, different
shapes of voltage and current waveforms in the converter can be obtained. Based
upon the location of the resonant network, soft-switching converters can be classified

into three groups.

2.4.1.2.a. Load resonant DC-AC converter:

An LC resonant tank is added at the load side in a series, parallel, or in a
combination of series and parallel LC schemes. Hence, the ZVS or ZCS condition can
be produced for the active switches on the inverter bridge. The DC-bus waveform of
the load resonant DC—AC converter is unaltered.

These converters can be generally classified as series resonant converters and
parallel resonant converters. In series resonant topologies, the inverter bridge supplies
a square-wave voltage to a resonant network that is connected in series with the
inverter bridge. The load can be connected to the resonant network in series [2.47],
parallel [2.48] or in a hybrid resonant configuration, such as series/parallel [2.49]
parallel/series [2.50] and multi resonant [2.51]. In the parallel resonant converter, the
inverter supplies a square-wave current into a resonant network that is connected in
parallel with the inverter.

Since the resonant elements are connected in the main power transfer path, these
converters suffer from high voltage and current ratings in every component. Because
of this, series resonant converters have limitations at high power levels (at the 20-
kHz/100-kW level, for example), due to the difficulty of implementing a compact,
high-efficiency high-power resonant inductor [2.52]. However, load resonant

converters can provide excellent output regulation by tuning the load closely to the
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resonant frequency. In this case, the load power factor approaches one, and the
voltage and current ratings of the power devices can be minimized, when compared to
the un-tuned load case using PWM. However, if one is interested in extracting low-
frequency AC from a high-frequency switched signal at the output of a DC-AC
converter, it is convenient that the resonant network does not take part in the main
power flow, and it is activated only as a means of creating the soft switching

conditions during the switch state changes.

2.4.1.2.b. Resonant transition DC-AC converter

A resonant network is added to the inverter bridge, thereby creating the ZVS or
ZCS conditions. The characteristic of the switches can also be part of the resonant
scheme. The input DC bus is not altered.

In resonant transition DC—AC converters, the input bus voltage or current is
fixed. The soft-switching condition is implemented by resonating the voltage and/or
current of the inverter switches. Ideally, the resonant network should be activated only
during the switching transition intervals, should make the resonance circulating
energy be as low as possible and completely decoupled from the main power transfer
to the load. The resonant network should operate according to the controller
commanding signals, which are usually provided by a PWM-type controller. It is
shown that the concepts of quasi-resonant [2.53-2.55] , resonant snubber [2.56] and
soft-transition PWM conversion [2.57, 2.58] [zero-voltage transition and zero-current
transition] are closely related, and that can be generally termed as resonant transition

when they are applied to DC—AC conversion.
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2.4.1.2.c. Resonant link DC-AC converter

The resonant network is connected between the input DC source and the
inverter bridge. Thus, the input bus is oscillating in order to create the soft-switching
conditions for the power devices. Therefore, the input buses of these resonant link
converters are different from the conventional PWM system.

The resonant link DC—AC converters shift the resonant network from the
inverter bridge to the DC bus. Depending on the resonant network configuration and
the switching scheme, the resonant link DC-AC converters can be divided into two
types:

e Resonant AC-link DC-AC converter - The link waveform can be either
an alternating voltage or alternating current, in order to create ZVS or
ZCS conditions for the inverter bridge. Hence, bidirectional switches
should be used [2.59, 2.60]; and

e Resonant DC-link DC-AC converter - The link is a DC-biased oscillating
waveform, whereby unidirectional switches can be implemented in the
inverter bridge and with zero-voltage source or zero-current source

conditions [2.61-2.65].

2.4.1.3. AC/AC converter

AC converter is that special type of converter that converts AC, of one voltage
and frequency, to AC of another voltage and frequency, which are often variable. An

AC frequency converter is a special type of AC converter.
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AC Converter
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Fig.2.18. AC/AC converter

In a power electronic AC converter, it is common to use an intermediary DC

link with some form of smoothing.
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Fig.2.19. AC/DC/AC converter

A mains-friendly AC-AC converter with bidirectional power flow can be
implemented by coupling the DC-link of a PWM rectifier and a PWM inverter. The
DC-link quantity is then impressed by an energy storage element that is common to
both stages: a capacitor Cpc for the voltage DC-link back-to-back converter (V-BBC)

or an inductor Lpc for the current DC-link back-to-back converter (C-BBC).
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Fig.2.20. Basic three-phase AC—AC converter topologies with DC-link energy
storage. (a) Voltage DC-link, (b) Current DC-link back-to-back converter

Due to the DC-link energy storage element, there is an advantage that both
converter stages are, to a large extent, decoupled regarding their control for a typical
sizing of the energy storage. Furthermore, a constant mains-independent input
quantity exists for the PWM inverter stage, which results in a high utilization of the
converter’s power capability. On the other hand, the DC-link energy storage element
can have a relatively large physical volume compared with the total converter volume,

and when electrolytic capacitors are used for the DC-link of the V-BBC, the service
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lifetime of the converter can potentially be reduced. In the case of the V-BBC, the
PWM inverter stage is considered, and for the C-BBC, the PWM rectifier stage is
considered [2.66, 2.67].

At first, all AC converter designs contain energy storage elements, such as
inductance and capacitance, as well as the semiconductor power switches. The energy
storage components result in extra losses, are bulky, and contribute to unreliability.
The matrix converter attempts to eliminate these storage devices. The concept is very
simple, consisting of a matrix of switches joining each of the three input lines to an
output line. The output voltage waveform is made up of sections of the input as shown
in the Figure 2.21 below. It has been demonstrated that the circuit can operate in all

four quadrants with an input line current of any desired power factor.

Input

Output

Fig.2.21. Matrix converter connection circuit
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Fig.2.22. The input and output voltage waveforms of the matrix converter

2.4.1.4. DC/DC converter

DC converter is one that converts DC of one voltage to DC of another voltage.

DC Converter

DC |n o— — 0 DC Out

Fig.2.23. DC/DC converter

In a DC converter, it is common to use an intermediary AC link, usually with

galvanic isolation via a transformer.
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Fig.2.24. DC/AC/DC converter
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2.4.1.5. Grid-connected power converters

Most of control methods for DGs nowadays use power converters as the
interfaced devices not only to integrate RESs with power grid but also to approach
different goals in controlling voltage or current of the grid. Here are some papers with

different strategies to control these converters.
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Fig.2.25. Power converter system

First of all, a controller with optimization methods was designed to stably
coordinate multiple inverter-interfaced distributed generators and to control individual
inverters against voltage and frequency disturbance on the island mode [2.68]. The
DG controllers are composed of two controllers: DG coordination controllers and
inverter-output controllers. The coordinate controllers need to calculate the output
power references, whereas the inverter controllers should control the inverter-output
voltage. Another method to control the voltage and current of the grid is the perfect
robust servomechanism problem theory, which has been widely used all over the
world [2.69-2.71], and a discrete-time sliding mode current controller. This method
(seen in figure 2.25 above) consists of a typical three-phase PWM voltage inverter

with LC output filter and a delta-wye transformer that acts both as a potential
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transformer and electrical isolation to the load. A digital signal processor (DSP)
system controls the operation of the power converter, providing required PWM gating
signals to the power devices. In conclusion, this paper outlined the development of a
digital control strategy for PWM inverters in DG systems. The power converter, as
can be seen, can be used as not only as a controller but also as a grid-interfaced
device.[2.72, 2.73]. Both of the two papers referenced above, [2.72, 2.73], propose a
grid-interfacing power quality compensator with two inverters connected in shunt and
series. The control of shunt inverter contains internal voltage/current regulation loops
and external power control loops, which control real and reactive power flow by
producing the desired command frequency ®, phase & and positive-sequence voltage
magnitude E. The series inverter is expected to supply zero real and reactive power to
the grid system as it injects only negative-sequence voltage along the feeder, which
now conducts only positive-sequence currents. This is a new grid-interfacing power
quality compensator to be used with individual DG systems in a micro grid. To
improve this research, another tasks will be considered, the stabilising of /" and f, and
application in WT sources, where the input power fluctuated wildly.

An overview, that consists of the main Distributed power generation system
structures, PV, fuel cell system and WT as well, was introduced to provide an all-
rounded look about the DG system [2.74]. About grid-side, the controller has some
main tasks: control of active power generated to the grid, reactive power transfer
between the DGs and the grid; control of DC-link voltage; ensure high quality of the
injected power; grid synchronization. Then the converter consists mainly of two
loops, current loop and voltage loop or power loop and voltage loop. Some power
quality considerations and also some different implementation structures like dg and

stationary and natural frame control structures were also mentioned [2.74]. In
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addition, a conventional PI-controller, which was used for the boost DC/DC
converters, was designed [2.75]. Beside that, a d-g transformer two-loop current
control scheme is presented for the space vector PWM based inverter to control power
delivered from the PV cell power system to the grid. A space vector PWM controller
is designed for the inverter to satisfy voltage regulation. The input and output are DC
rather than sinusoidal quantities, hence, enabling the controller to obtain a complete

elimination of phase error between the reference and controlled currents.

2.4.1.6. Renewable energy storage control

Renewable energy, especially wind power and solar energy are not load
following. The utilization of energy and power in industry, working and living may
often be in at a different time of day compared to the available period of renewable
energy, which is particularly true with wind energy that tends to be more available
during off-peak hours in Europe. If, at some times, the grid cannot absorb the entire
output of the generator, then output must be curtailed and the value of the excess
power is effectively zero [2.76]. However, at other times, demand is so high that
expensive generators are used to meet that demand then the price will be high as a
result. Therefore, the storage of energy and power becomes a critical issue in the
future, where renewable energy provides the major power supply for meeting a
variety of needs.

The traditional objective of direct electricity storage was to optimize the match
between demand and generation in a power plant but in the future, maybe this method
will be essential and critical. For that reason, renewable energy needs to be stored as
electricity or other forms of energy such as hydrogen, fuel, etc. [2.77, 2.78] in order to

provide electricity needed without time restriction.
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However, with the rising proportion of renewable energy nowadays, electricity
storage such as batteries, capacitors... are facing some technical problems to match
not only periods but also capacity. For example, the size of a central station wind farm
was more than 2 MW, and lead-acid batteries have been used for many years and the
maximum energy storage has reached 40MWh and this number with sodium sulphur
batteries is 57 MWh in 2008 [2.77]. Increasing the capacitor of energy storage will be
more difficult than investigating a novel method to control the micro grid that

includes DGs, local loads and energy storages.

2.5. POWER FLOW CONTROL THEORY

The DG unit above consists of a DC bus powered by any DC source or AC
source with a rectifier, a voltage source inverter (VSI), an LC filter stage, and a
delta/Y type isolation transformer with secondary side filtering. The DG unit has a
local load, linear or nonlinear, and is connected to the utility grid through a three-
phase static switch. In island mode, the inverter conducts voltage control, where the
load voltage V4pc should track the given reference. In grid-connected mode, the DG
unit conducts power control, where the output active power P and reactive power Q

from the DG unit to the utility grid should be regulated to desired values P.rand Q;er.
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Fig.2.26. A grid-connected DG unit with local load.

With inverter control, both active and reactive power pumped into the utility
grid from the DG units can be controlled. The proposed approach achieves decoupled
P and Q control under grid-connected mode; an integral approach to conduct the
power flow control has been developed to control P by adjusting the power angle and
control Q by adjusting the filter capacitor voltage [2.79, 2.80]. It was indicated that
both P and Q are affected by only adjusting one of V" and J (power angle) , which is so
called coupling between P and Q. However, variations of V' and ¢ have different

levels of impact on P and Q as described in each paper.

Pret: Qret + __ Ep EQ Vel @ v
reh e " P, Qcontrol =" | v iloops -
P.Q
PQ|

Fig.2.27. Block diagram of P, Q control.
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In 1987, Kalaitzakis et al [2.81] first introduced the power control concept for
synchronous generator paralleled with power system into the application of grid
connected inverters, which states that active power P can be controlled by adjusting
the phase angle of output voltage and reactive power Q can be controlled by adjusting
the magnitude of output voltage. Since then, Chandorkar et al. [2.9] have developed
an inverter control technique for line-interactive operation where P and Q can be
separately controlled through closed-loop control, and Sedghisigarchi et al. [2.82]
have performed a simulation research on P and Q dynamic control under reclosing
operating condition although its control strategy is inadequately addressed and the
transient response is slow.

Illindala et al. [2.11] presented a different power control strategy based on
frequency and voltage drop characteristics of power transmission, which allows
decoupling of and at steady state. In this method, power regulation errors are used to
generate output voltage phase angle and magnitude changes respectively, which
decouples and controls in steady state. Unfortunately, the presented simulation result
does not show a satisfactory performance in response time which could be caused by
low feedback gain and implies that higher gain may cause problems.

Since the DG unit uses a VSI with a strong voltage control, its output active
and reactive power are determined by the unit’s output voltage, including magnitude

and phase angle, as stated in

P=EWV,, sind)/ X (2-1)
0= (VOZM ~V .EcosS ) /X (2-2)

where V; is the equivalent main voltage, X is the equivalent line reactance where the

resistance is ignored, and § is the power angle — the phase angle difference between
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Vout and E. Since the DG already exists, the task of the power controller is to generate
the voltage command for the voltage controller based on the desired power value Py, f
and Qy¢s and actual value P and Q as illustrated in Fig. 3 above.

It is apparent that the desired DG unit output voltage V and the power angle §
can be calculated from (2-1) and (2-2) given desired P and Q values and system
parameter X. If this is true, the power control problem is solved. However, in practical
systems, the above approach is not feasible based on the existing techniques due to
the following three reasons:

e [Equations (2-1) and (2-2) show that the power system parameters, both X and
E need to be known to solve the equations, which is difficult based on the
existing approaches. Practically, the value of X may change due to the
operation of the power system.

e Both P and Q are sensitive to variation of X since it appears in the
denominators and especially when X is small. The greater the difference
between the power system capacity and the DG’s power rating, the less the
value of X could be.

e Both equations are nonlinear and are difficult to solve in real time, which
prevents the idea being implemented in practice.

Therefore, power control solutions requiring knowledge of X have not been
practically used, and people tend to search for other solutions, which is an integral
method. It can be observed from (2-1) and (2-2) that both P and Q will be affected by
only adjusting one of V" and § and we have different levels of impact on P and Q as

described in the following partial derivatives
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With normalized V, E and X, it can be observed from (2-3)-(2.6) that, when |5
is small and ¥V is close to 1 which is true for large capacity power systems, dP /94 is
close to 1 and dP/dV,,; is close to 0 and conversely, dQ/d4 is close to 0 and
dQ/0dV,,; is close to 1. This fact indicates that P is more sensitive to § and Q is more
sensitive to V,,;especially when the DG unit is connected to a large capacity system
where the power angle § is usually small. The different levels of sensitivity of P and
Q to § and V,,; provide a chance to control P and Q relatively independently, not
completely independently though. Based on the above analysis, an integral approach
to conduct the power flow control can be developed to control P by adjusting § and
control Q by adjusting V,,,;. If the phase angle associated with the system voltage E is
assumed to be 0, § = ¢ holds, where ¢ is the phase angle associated with is V.

The voltage and phase angle references can be generated as
¢re :J(Kp(P;fef_P)+a)n)dt+¢0 (2-7)

Vi =1K (O —Q)dt +7, (2-8)

where w,, = 2m.60rad /s is the system nominal angular frequency, ¢, and V,, are the
initial voltage and phase angle at the moment that the DG unit is connected to the grid

from island mode. The integral power controller is illustrated in Fig. 2.28.
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Fig.2.28. Power regulator for P and Q.

However, in recent years, as discussed earlier, the greatest potential market for
DG is to enhance its important role in energy industry by creating more microgrids so
as to minimize the transmission and distribution losses. Thus, the technologies for
both energy storages and load following control in a microgrid are more promising
than for one power grid of a state or a nation. However, this method requires its own
control technique to maintain the stabilization of the frequency and power flow of the
grid regardless of wild fluctuation of the wind and solar energy. Modern technology
has made just a little study in this promising field of renewable energy [2.79, 2.83].

Several control schemes have been proposed for the power flow control of the
microgrid converter. The classic linear controllers, which include two common
methods, voltage oriented control (VOC) and direct control, have been the widely
employed control strategies for power converters. Later on, more complex control
techniques, such as fuzzy logic, and predictive control, were developed with the rapid

evolution of digital signal processing capacity.

2.5.1. Voltage oriented control

Fig. 2.29 shows the classic block diagram of VOC. Since the line current
vector, i = i4 + ji, is aligned with the phase voltage vector, v = v4 + jv,, of the

power line supplying the converter, the stationary abc system is transformed into the
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dg system, and the active and reactive power of the converter output can be controlled
by adjusting the reference value , ig* and i,*, of the quadrature component of i, [2.84,
2.85]. The current references are compared with the actual values, and the errors are
then delivered to the proportional-integral (PI) controllers to produce the voltage
references. Finally, the switching signals for individual phases of the rectifier are
generated by a classic space vector modulator (SVM). VOC has various advantages
including fixed switching frequency and being insensitive to the line inductance
variation. However, the requirement of the decoupling term between active and
reactive components and PI regulators results in a complex algorithm and

compromised transient performance.

iy e

T I

dq /' | —»
| 2 V, |SVM |—»
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NI

Fig.2.29. Block diagram of VOC

2.5.2. Direct power control
Another control method using linear control is direct power control (DPC).
Among the existing direct control methods for power converter control, the DPC is

one of the most commonly used methods. The conventional switching table-based
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direct power control (SDPC) is derived from the original direct torque control (DTC)
for AC machine drives [2.86, 2.87], and has now become one of the most popular
control strategies, because of its excellent transient performance, robustness, and
simplicity. In the SDPC, the converter switching states are determined using a
switching table, which is built up from the output signals of hysteresis active and
reactive controllers as well as the position of grid voltage vector or virtual-flux vector
[2.88-2.94]. The referenced active and reactive power, P* and Q%*, are delivered to
two fixed bandwidth hysteresis comparators using the tracking errors between the
estimated and referenced values of active and reactive power. The converter switching
states are selected from a look-up switching table according to generated dQ, dP and
the position of power source voltage, which is located in an a-f plane of 12 sectors.
This algorithm is implemented in the stationary reference frame without involving
any modulations or transformation systems. The major drawbacks are the variable
switching frequency and large power ripples, and a high sampling frequency is

required to obtain a satisfactory performance.

2.5.3. Fuzzy logic control

Fuzzy logic control has adaptive characteristics in nature, and can achieve
robust response to a system with uncertainty, parameter variation, and load
disturbance. It has been broadly used in the field of power electronics. Compared to
the SDPC, this method selects the converter switching states by means of fuzzy logic

rules using instantaneous errors of active and reactive power, P and £Q, respectively.

2.5.4. Model predictive control
Recently, the concept of predictive control emerged as an attractive alternative

for the control of electrical machines and power converters. Several kinds of control
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methods have been developed under the name of predictive control. The most
important types are the deadbeat control, model predictive control (MPC) and vector-
sequence based predictive control (VPC). The deadbeat control uses a system model
to predict the required reference voltage once every sampling period. This voltage is
then generated using a modulator [2.95-2.103]. In the MPC, a system model is used to
predict the behaviour of the variables over a certain time horizon, and a cost function
is used as the criterion to select the optimal switching states [2.104-2.110]. The
principle of the vector based predictive control is to force the system variables onto
the pre-calculated trajectories, where several voltage vectors are typically used within
each sampling period [2.111-2.117]. More recently, several multi-objective model-
predictive control methods are also studied and applied for microgrid with PVs as
well as WTs [2.118].

This thesis focuses on traditional VOC and MPC which will be present in the

coming chapters.

2.6. CONCLUSION

This chapter reviewed the Vietnamese current power scheme, the
characteristics to define a smart microgrid along with several control techniques that
can be applied for a smart microgrid. It should be noted that Vietnam has a great
potential of RESs, therefore smart microgrid is a very promising topic for researchers.
A new smart microgrid structure will be proposed in Chapter 3 with several case
studies for various Vietnamese scenarios. This literature review also highlighted the
power flow control techniques for grid-connected inverters that will be further

developed in the upcoming chapters.
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CHAPTER 3. MICROGRID AND
APPLICATION IN VIETNAM

3.1. INTRODUCTION

Based on the current scheme of Vietnamese power scenario and its renewable
energy potential presented on Chapter two, to meet the demand in the upcoming
years, the Vietnamese Government is trying to develop the national electrical system
in both stability and capacity to ensure the supply throughout the country. However in
the near future, both individual and industrial customer will have to face the chance of
blackouts occurring. On the other hand, the potential of RES in Vietnam is plentiful
with large amount of both wind and solar energy. Therefore the Vietnamese
Government will have to overcome a great challenge with the years to come. This
chapter will present a new structure of microgrid with the usage of RES, which are
very abundant, along with several study cases about different power scales in

Vietnam.
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3.2. MICROGRID TOPOLOGY

3.2.1. Microgrid structure

The concept of microgrid, which is composed of DGs, renewable power
generations, such as solar PVs, WTs and fuel cells, together with customer loads,
energy storage devices and power converters, was introduced in the early 2000s [3.1]
and developed throughout the world in the last decade as an effective means to
integrate intermittent renewable power sources in power grids [3.2-3.5].

Various microgrid structures have been present in recent year. Depending on
the scale and area properties, there are different types of microgrids:

- AC bus microgrids [3.6-3.13]

- DC bus microgrids [3.14-3.22]

- Hybrid AC/DC bus microgrids [3.23-3.28]

For example, a microgrid in a city household with the main power sources
being PV cells and WT on top of the building generates electricity for electrical
devices in the house of which the majority require 220 V AC power. For that reason,
this microgrid should have a 220 V common AC bus for convenient use.

Fig. 3.1 (a) and (b) show the structures of two proposed microgrids with DC
and AC buses, respectively. In these microgrids, the DG sources include AC sources
such as WTs or biogas, and DC sources such as PV cells. Energy can be stored in
battery cells, super capacitors or can be transformed into another form of energy for
convenient storage. AC and DC loads are connected to the transmission bus through
converters. In the grid-connected mode, the microgrid connects to the utility grid
through a converter. When connected, this inverter controls the power flow between

the microgrid and the utility grid. If not connected, the micro grid operates in the
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island mode, in which the loads are supplied by DG sources and from the energy

storage system (ESS).
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Fig.3.1 Structure of microgrid: (a) microgrid with DC common bus;

(b) microgrid with AC common bus
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3.2.2. Operation of microgrid

The microgrid control center sends and receives control signals from an
external regional control center and from other devices in the microgrid. It controls
the operation of every device and storage system. The ESS can be charged from the
common bus in grid-connected mode or from DGs in the stand-alone mode. When a
fault occurs, this energy storage can provide energy to support the bus voltage
immediately. All AC and DC loads are connected to the common bus by power
converters so that the performance can be improved. The microgrid uses droop or
some other control methods to stabilize the voltage and frequency. A comprehensive

study about the microgrid operation will be presented in Chapter 4.

3.3. MICROGRID TOPOLOGIES FOR
DIFFERENT APPLICATIONS

Nowadays, many different areas have successfully applied a microgrid
topology with various kinds of power DGs such as WTs, solar panels and diesel
generations. In this thesis, several microgrid applications will be presented. Analysis
including electrical reliability and power quality requirements, advantages and
disadvantages will be carried out to determine the most suitable microgrid for each

casc.

3.3.1. A city building

Fig.3.2 shows as an example the power consumption of the Danish Embassy
building in Vietnam. A city building has a strong grid with a low penetration of
renewable energy because it is inconvenient for the user. For example, a university

building cannot have an extremely large wind farm or WT on its top. However, it is
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still possible to add DG to increase the reliability of the power system and reduce the
cost of electricity by using diesel generators or PV cells on top of the building. Some
loads are critical such as hospitals, and thus they need a power system with a
relatively high reliability and good power quality. Normally, these kinds of loads
always have back up power supplies such as diesel engine generators in order to
operate when the grid supply is lost.

Overall, a city building must be provided with a sustainable power system
with high reliability but it still can raise the percentage of renewable energy to reduce
the electricity cost. For this reason, a microgrid with DER, which generates part of the
electricity needed such as for lighting or air conditioning system, would be a smart
choice. Therefore, a DC bus microgrid with distributed resources like PV panels and a

small WT on the roof top is very suitable for this case.
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Fig.3.2. Power consumption of: Danish Embassy building in Vietnam.
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3.3.2. A small townvillage

Fig. 3.3 indicates the energy used in a small town. Normally, a small town or
village, which is located far away from the conventional electrical grid, has a grid
weaker than those in the cities, and is not attractive for energy investments. It also
requires very low demand for sustainability of electrical service. However, this target
has a greater potential for RESs such as large-scale wind farms or PV arrays.
Therefore, it can provide a large amount of electricity to the grid.

A DC microgrid with clean energy resources, especial solar and wind energy
is ideal in this case. The DC bus will bring more advantages to electrical quality and

transmission and is more economical in comparison with an AC bus.
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Fig.3.3. Power consumption of: a small town in Vietnam.
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3.3.3. A factory far from grid

Fig.3.4 shows the power consumption of the Vinapipe steel factory. Similar to
a small town or village, a Vietnamese factory is usually located in an area that is far
from the conventional electrical grid. Then it also has a weak grid, but the energy
demand is critical. Therefore, it certainly needs back up energy sources, such as diesel
engine generators or WTs. A factory can operate like a stand-alone microgrid with
DG or in grid-connected mode. One more advantage of a rural factory is that it has a
lot of ground to place RES such as large WTs or PV arrays to increase the amount of
renewable energy used. The investment cost is also an important factor when
considering the operation of a factory. Therefore, it should increase the proportion of
renewable energy.

In a factory, a DC microgrid is also suitable because of its demand for a grid
with high reliability. Back-up generations and the battery energy storage will provide

needed electricity in the stand-alone mode.
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86



3.3.4. A city household

Fig.3.5 shows the average electricity needed by a household in summer and winter.
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A house in the city is limited in a fixed area, so that the size of renewable
energy and DGs are very limited. For example, each small household in Sydney only
can have PV arrays of 1.5 or 3 kW in each. The amount of electricity used is
relatively small. Besides that, for a household, the electricity cost is a big concern.
Therefore, to choose a suitable amount of RESs along with energy storage is very
important. It helps not only the family reduce the money they have to pay but also the
Government decrease the needs of energy in peak hours. Moreover, the reliability is
important but not as much as critical loads. The power quality is not so important for
a single household, and thus a microgrid with common AC bus can be used. Another
reason to choose AC microgrid is that the majority of household devices use 220V

AC power, and therefore an AC common bus is the best option in this case.

3.3.5. A rural farm

Like a small town or village, which is located relatively far away from the
conventional electrical grid, a rural farm has an extremely weak grid and sometimes is
isolated. The energy demand is not critical. It can operate as a stand-alone microgrid
with a large number of DER like WTs, PV arrays or diesel generators. Electrical
equipment for a farm may include both AC and DC devices, and thus either DC or
AC microgrid can be applied in this area.

Assume that in the farm, it is possible to set up a great number of RES because
of the large available area, especially wind and solar energy. Most electrical
equipment in a farm uses the common 220 V AC power and some others the DC
power. For that reason, a common 400 V DC bus is suitable in this case. For domestic
devices like television, fridge, washing machine, computer, we use a DC-AC inverter

to create a small AC bus inside the house for convenience.
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Firstly, the WT with converter or PV cells establishes the low DC link with
voltage regulation. Then a common 400 V DC grid is formed using a DC-DC boost

converter as shown in Fig. 3.6.

Inverter
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Fig.3.6. Single phase three wire load inverter
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Fig.3.7. Bidirectional DC-DC converter
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As to the power quality control of the microgrid system, the ESS, which
should be the lead acid battery because of its low price, is established to maintain the
common DC bus voltage. This battery bank is interfaced to the common 400 V DC
grid by a bidirectional buck-boost converter as shown in Fig.3.7. During the charging
mode, the battery is initially charged under a constant current with a set charging
current. After the battery reaches the maximum voltage, the charging process is
changed to constant voltage floating charging mode. When the main grid fails to
provide the required electricity, the ESS can support the common DC bus voltage.
The battery bank will discharge into the common DC grid at 400 V.

Depending on the appliances used, the common DC grid can provide 220 V
AC sources for domestic devices by an Insulated Gate Bipolar Transistor (IGBT)
inverter as shown in Fig.3.8. The two outer legs in the IGBT module are arranged to
provide the 220 V AC voltage output, and the centre leg is used to maintain two
balanced 110 V voltage outputs. As generally recognized, to achieve high
performance of an inverter-fed plant, the control structured with inner current loop
and outer voltage loop is usually adopted. To simplify the control mechanism, a
robust voltage waveform control scheme for the developed inverter system without
current loop is proposed. The waveform generated by the two outer legs of the IGBT
module is handled by a master differential mode control scheme. The balance voltage,
which is regulated via the PWM switching for the centre-leg IGBT, is handled by a

slave common mode control scheme.
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3.4. CONCLUSION

With the majority of rural farms in Vietnam, there is a large potential for the

application of renewable energy. This case is very suitable for applying the microgrid

topology because it has great potential for distributed energy which can satisfy most

of the electrical demand. The details of a microgrid for this case will be presented in

the next chapter.
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CHAPTER 4. MICROGRID
APPLICATION FOR RURAL
FARMS IN VIETNAM

4.1. INTRODUCTION

Nowadays in Vietnam, 80% of people are living in the rural areas, which do
not have a reliable utility grid. A majority of them are still doing agricultural works
for living. In years to come, with the integration of advance technology as well as
mechanized equipment, rural people will have to face the rising problem of power
supply sooner or later. On the other hand, RESs are becoming more and more popular
and recently lowering the energy burden in a number of countries all over the world.
With a relative abundant potential of wind and solar energy resources, Vietnamese
rural areas are very promising fields for smart micro grid applications. Chapter 3
presented numerous applications of smart microgrids with Vietnamese scheme. In
each case, the suitable microgrids will be applied to cope with specific difficulties in
order to help the customers with a relatively “weak™ grid meet their electrical
demands. In this chapter, a complete microgrid structure for a typical rural farm in
Vietnam will be designed to not only maximize the electricity produced from
renewable energy but also minimize the operating cost of the whole microgrid

considering the energy price in Vietnam in the near future.
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4.2. CASE STUDY OF A TYPICAL VIETNAMESE
FARM

4.2.1. Current Vietnamese Power Scheme of A Rural Farm

Table 4-1 illustrates the power demand in a Vietnamese rural farm in 2015.
This number is projected to increase 10-15% annually to 15 kW in 2020 with the
addition of some electrical equipment, such as water pump and heating lamp system,
etc. Along with the progressive price system currently applied in Vietnam in Table 4-
I, the total money each Vietnamese rural family has to pay for the energy in 2015 is
around AUD 50, equivalent to 33% of the average income of Vietnamese people
according to the record of 2016. Another factor to take into account is that in the last 5
years, the energy price in Vietnam increased 5% annually. It is clear that the
economic problem which the Vietnamese rural people have to solve is getting harder

especially with electricity.

Another major problem with the rural area is that the total amount of energy
produced in Vietnam cannot meet its demand. For example, the Government had to
cut off some non-critical loads during the peak-hours last year. In some reports from
the local newspapers, each household in the countryside area had at least three days
without electricity every month. In order to help the rural area, this thesis will design
in detail a microgrid which can help increase the consumption of local RESs and
lower the dependence on the main grid, and therefore increase the reliability and

stability of the systems.
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TABLE 4-1. A TYPICAL VIETNAMESE RURAL FARM POWER DEMAND

IN 2015
No | Households Power Amount | Total Usage(h) | Energy(Wh)
(W) power(W)
1 Lamps
Type 1 20 5 100 6 600
Type 2 14 3 42 2 84
2 Televisions 340 2 680 3 2040
3 DVD 30 2 60 2 120
4 Computer 300 2 600 3 1800
5 Refrigerator 110 1 110 24 2640
6 Washing 300 1 300 2 600
machine
7 Rice cooker 300 1 300 2 600
Kitchen boiler 1000 1 1000 0.20 200
8 Heater/Air 500 1 500 7 3500
conditioner
9 Fan 50 1 50 2 100
10 | Laptop/Gadgets | 50 4 200 3 600
Total | 12984

TABLE 4- II. CURRENT ENERGY PRICE IN VIETNAM 2016

Price in Vnd

Price in Aus. cent

Division 1: 0-50 kWh 1.484 8.9
Division 2: 51-100 kWh 1.533 9.2
Division 3: 101-200 kWh 1.786 10.6
Division 4: 201-300 kWh 2.242 13.5
Division 5: 301-400 kWh 2.503 15.0
Division 6: more than 401 kWh 2.587 15.5
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4.2.2. Proposed Microgrid Structure For A Rural Farm

Table 4-II1 illustrates the differences in efficiency of power converter when
the electrical equipment is supplied with AC and DC power sources. It can be clearly
seen in the table that most of the electrical devices will work better with DC power
supply. Therefore, a microgrid with a DC bus is suitable for the rural farm. However,
many of the household devices nowadays have the AC socket as primary manufactory
setting; hence, the AC power supply brings more convenience to users. For this
reason, the microgrid with the main DC bus and an extra AC bus for household
devices and gadgets is the best solution. It will not only help obtain high efficiency

through the microgrid but also be more user-friendly.

TABLE 4- III. POWER CONVERTER EFFICIENCY WITH AC AND
DC POWER SUPPLIES

Efficiency
Equipment Power (Watt) AC DC
Flourescent Lamps 20|AC-DC-AC  |0.70x0.87=0.61|DC-AC 0.87
Lamps 20]AC-DC 0.70|DC-DC 0.87
Television 80JAC-DC 0.75|DC-DC 0.90
DVD 30]AC-DC 0.70|DC-DC 0.87
Ricecooker+Warmer 350|AC-DC-AC  |0.79x0.92=0.73|DC-AC 0.92
Laptop 60|AC-DC 0.75|DC-DC 0.90
Cellular 10|AC-DC 0.69|DC-DC 0.86
Iron 300 1.00|DC-AC 0.92
Air Conditioner 1000|AC-DC-AC  |0.83x0.93= 0.77|DC-AC 0.93
Computer 300|AC-DC 0.78|DC-DC 0.92
Refrigerator 70|AC-DC-AC  |0.75%x0.90= 0.68|DC-AC 0.90
Washing Machine 370|AC-DC-AC  |0.79x0.92=0.73|DC-AC 0.92

Fig.4.1 illustrates two proposed structures of the microgrids that can be

applied for the Vietnamese rural farm, with DC and AC common buses, respectively.
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4.3. MICROGRID MODULAR DESIGN

With the structure of the chosen microgrid above, this section will describe in

detail each component of the smart microgrid.

4.3.1. Modular Renewable and Distributed Energy Resources

4.3.1.1. Photovoltaic

The PV technology converts the solar energy directly into electrical energy by
means of solar cells, which are usually manufactured and combined into modules that
consist of 36 to 72 cells, depending on the output voltage and current of the module
[4.1]. Additionally, the modules can also be grouped together in various quantities
and configurations to form arrays with unique voltage and current characteristics
[4.2], [4.3]. The performance of a PV array can be affected by many factors, such as
the temperature, sun light strength, and shading, etc. This thesis will focus only on the
mathematical model and the simulation model of PV cells and panels. Fig 4.2 shows

the equivalent circuit of the ideal PV cell.

e practical PV device
ideal PV cell I

__________________________

Fig.4.2.Single-diode model of the theoretical PV cell and equivalent circuit of a
practical PV device including the series and parallel

According to the basic equation from the theory of semiconductors [4.4], the

mathematic equation describes the /-V characteristic of the ideal PV cell is:
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q]
I1=1 -1 exp| — |1 (4-1)
pv,cell 0,cell |: p ( akT j :|

where I 1s the current generated by the incident light, which is directly
proportional to the solar irradiation, /; the diode current, /, . the scale current of the
diode, g the electron charge (1.60217646x10 " C), k the Boltzmann constant
(1.3806503x10°2 J/K), T (in Kelvin) the temperature of the p—n junction, and a the
diode ideality constant. The net cell current / is composed of the light-generated
current /,, and the diode current /;. The characteristic I-V of the PV cell is shown in

Fig.4.3.

I].w li---.1 I

V V V
Fig.4.3. Characteristic -V curve of the PV cell.

Practical arrays are composed of several connected PV cells and the
observation of characteristics at PV array terminals requires the inclusion of
additional parameters to the basic equation:

1=1,-1,
(4-2)

where I,y and I, are the PV and saturation currents of the array, Vi= NikT/g is the
thermal voltage of the array with N cells connected in series, Ry the equivalent series
resistance of the array, and R, the equivalent parallel resistance. Fig.4.4 shows a

characteristic /-V curve of a practical PV cell.
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Fig.4.4. Characteristic I-V curve of a practical PV device and the three
remarkable points: short circuit (0, Isc ), MPP and open circuit (Voc,0)

The light-generated current of a PV cell depends linearly on the solar
irradiation and is also influenced by the temperature [4.5] according to the following
equation:

1,=(1,,+ K,AT)GE (4-3)

where I, is the light-generated current under the nominal condition (usually 25°C
and 1000 W/m?), AT=T —T, (T and T, being the actual and nominal temperatures), G
(watts per square meters) the irradiation on the device surface, and G, the nominal

irradiation. The diode saturation current /, and its dependence on the temperature may

Y |qE, (1 I
[ =1 | = e (4-4)
0 M[Tj exP|: ok (7; TJ:|

where E, is the band gap energy of the semiconductor, E, = 1.12 el for the

be expressed by:

polycrystalline Si at 25°C [4.6,4.7], and [, is the nominal saturation current:

Isc,n
fon = exp(V / an)— 1 &)

oc,n
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The PV model described in the previous section can be improved if /, is

replaced by:

I — Isc,n + KIAT (4-6)

0
V. —+K,AT
exp( — 4 )—1

al,

where K; and K, are the current and voltage coefficients

This modification aims to match the open-circuit voltages of the model with
the experimental data for a very large range of temperatures. This equation can
simplify the model and cancel the model error of the open-circuit voltages, and

consequently, in other regions of the /-V curve. The relation between R, and R, may

be found by making P =P  and solving the resultant equation for Ry as shown

by

V +RI V +RI
P =V I —I|exp|-Limw s | g Tmw vwl_p o (47)
, \p P kT Nga ,

q V p + RY[ mp
Vmplpv - Vmplo exp k7 N a + Vmp]o - })max,e

Equation (4-8) means that for any value of R; there will be a value of R, that makes
the mathematical /-V curve cross the experimental (Vi Inp) point. The goal is to find
the value of R, that makes the peak of the mathematical P-V curve coincide with the
experimental peak power at the (Vyp, Inp) point. This requires several iterations until

P =P _ . ltalsoshould be noted that the photocurrent /,, is proportional to the

solar irradiation level S and the cell temperature according to (4-3). Tracking the
maximum power point (MPP) of a PV array is usually an essential of a PV system,

which will be implemented by a DC/DC converter. Since the PV power characteristic

104



is nonlinear, many maximum power point tracking (MPPT) methods have been
developed and implemented over the years. Several methods are briefly introduced
here:

- Constant voltage method: Normally the voltage at MPP is around 70% - 80%
of the PV open-circuit voltage. Based on this experience, the MPP can be achieved by
controlling the PV output voltage to a specified value [4.8]. This method is an
approximate method.

- Fixed duty cycle: This method does not require any feedback, and the load
impedance is adjusted only once for the MPP.

- Beta method: This method is to approximate the MPP through the equation
of an intermediate variable f described as the following [4.9]:

i) =ln[11/‘”v J—chv (4-9)

pv

where ¢ = (q/(n.Kp.T.Ns)) is a constant that depends on the electron charge ¢, the
quality factor of the junction panel #, the Boltzmann constant K, temperature 7, and
the number of PV cells in series N;. The main drawback of this method is that the PV
electrical parameters must be obtained.

- Temperature method: This method employs a low-cost temperature sensor
and modifies the MPP algorithm function to maintain the right track of MPP and
eliminate the deviation of the MPP due to the variation of temperature [4.10],[4.11].

- Perturb and observe method (P&QO): The basic idea of the P&O method is to
periodically increase or decrease the output terminal voltage of the PV cell and then
compare the power obtained in the current cycle with the power of the previous one
by checking the sign of dp/dy [4.12,4.13]. It is noted that in steady state, the

operational point is not altered unless some changes in environmental conditions
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happen. The key is to reduce the dp/dy to zero using a closed loop control performing
the P&O based on PI.

In this section, the model of the PV cell is modeled in PSIM using the P&O
method which is described in Figs.4.5 and 4.6. A DC/DC boost converter is used to
boost the output voltage of the PV cell up to 48 V. Table 4-1V shows the parameters
of the simulation.

The input of the PV system will be the daily temperature 7 and irradiation s.
Fig 4.7 shows a typical solar irradiation (W/m?) and temperature in September in
north of Vietnam. Figs.4.8 and 4.9 show the simulation results of output power of the
MPPT implemented and voltage of the PV model after the DC/DC boost converter.

With these results, the smart microgrid with PV can be modelled using the

output power from the simulation of PV in PSIM.
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TABLE 4-IV. PARAMETERS OF PSIM SIMULATION PV ARRAY

MODULE
Number of cells N 36
Standard light intensity So 1000
Reference temperature T 25°C
Series resistance R 0.008 Q
Shunt resistance Ry 1000 Q
Short circuit current Lo 38A
Saturation current Lo 2.16x10% A
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Fig.4.7. Solar irradiation and temperature of an example day in September in

the north of Vietnam with (a) sunny day (b) cloudy day (c) rainy day
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Fig.4.8. Output power of the PV cell rated 60 W in (a) perfect condition weather
without rain (b) cloudy weather possibility 50%, rain possibility 30% (c) rain
possibility 80%, and cloudy weather possibility 10%
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Fig.4.9. Output voltage of PV array after DC/DC boost converter to 48 V.

4.3.1.2. Wind Turbine

Wind energy has become one of the most promising and fastest growing
energy resources in the world and the cost of electricity from wind energy has been
reduced steadily in recent years. The wind power installed capacity has increased
from about 40,000 MW in 2003 to 59,091 MW in 2006 all over the world and that
number is expected to grow well over 1,260,000 MW by 2020, which will be
sufficient for 12% of the world’s electricity consumption [4.14]. Three important
issues to be mentioned in wind energy generation system are the reliability, efficiency
and cost [4.15]. Besides that, the power quality improvement, and automated fault
ride-through have become the main research topic of wind system nowadays.

For a horizontal axis WT, the amount of power that WT is capable of
producing is given by:

P=05pAC,v (4-10)

where P is the power available in watts, p the mass density of air, 4 the cross-

sectional of air flow of interest, v the instantaneous free-stream wind velocity, and C,
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the power coefficient, which is a function of the tip speed ratio (TSR) 4 and the blade

pitch angle f. The TSR is defined as

1=RZ (4-11)
1%

where o is the turbine rotational speed and R the turbine radius.

Fig.4.10 shows the relationship between the output power P and the rotational
speed w. For different wind speeds, there is only one specific 4 at which C, is
maximum. This is why the rotational speed should be regulated to achieve MPPT. In
general, wind power generation uses either fixed speed or variable speed turbines

which can be characterised into these following types [4.16]:

I maximum power
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Fig.4.10. The power of a wind rotor as a function of rotational speed for different wind speed

- Fixed speed WTs or constant speed constant frequency system (CSCF): In

such a system, an asynchronous squirrel-cage induction generator (SCIG) is directly
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connected to the grid via a transformer as shown in Fig.4.11. The so-called “fix speed
WT” comes from the point that the rotational speed of the WT cannot be

automatically controlled and will only differ by the wind speed.

Gearbox

Capacitor

Fig.4.11. CSCF system with squirrel-cage induction generator

This type of WT needs a switch to prevent motoring operation during low
wind speeds, and also suffers a major drawback of reactive power consumption
subsequently there is no reactive power regulation. Besides, this type of WT transfers
the wind variations to mechanical instabilities and further converts these into
electrical power oscillations due to the fact that there are no speed or torque control
loops. These electrical power oscillations can lead to an effect in the case of a weak
grid. Also, the operating speeds are determined by choosing the number of generator
poles and/or the gear ratio. The smaller generator is used in low winds and the larger
one in high winds [4.17].

- Partial variable speed WT with variable rotor resistance: This type of
turbines uses a wound rotor induction generator (WRIG) directly connected to the
grid. The controlled resistances are connected in series with the rotor phase windings
of the generator. In this way, the total rotor resistances can be regulated, and thus the
slip and output power can be controlled. Due to the limitation of serial resistance
sizes, the variable speed range is usually small, typically 0-10% above the

synchronous speed [4.16].
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- Variable speed WT with partial scale power converter: This arrangement,
known as the doubly-fed induction generator (DFIG) concept, uses a variable speed
controlled WT. The stator phase windings of the DFIG are directly connected to the
grid, while the rotor phase windings are connected to a back-to-back converter via slip

rings as in shown Fig.4.12.

Utility
grid

-
|

EHE A

Fig.4.12. Doubly fed wound rotor induction generator system

The power converters could control the rotor frequency and thus the rotor
speed. The power rating of the power converters is typically rated 20% around the
rated power since the rotor of the DFIG would only deal with the slip power [4.18].
The smaller rating of the power converters makes this concept eye-catching from a
cost-effective viewpoint. Besides, this type of WTs can also achieve the desired
reactive power compensation.

- Variable speed WT with full scale power converter: Fig.4.13 shows the
structure of a permanent magnet synchronous machine (PMSM) with a full-scale
power converter. The stator phase windings are connected to the grid through a full-

scale power converter.
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Fig.4.13. Permanent magnet synchronous generator (PMSG) system

The PMSM has several advantages [4.19], such as:

(a) The PMSM can achieve full speed regulation;

(b) The PMSM makes it possible to avoid a gearbox; and therefore, there are no
mechanical stress issues when experiencing wind gusts;

(c) The PMSM does not need the slip-rings and brushes; and hence, less
maintenance will be needed. Therefore, a PMSM-based WT will be more
stable than a DFIG-based one, and

(d) The PMSM can also attain the active and reactive power control. The control

schemes are relatively simple and easy to implement.

Although there are still some disadvantages [4.20], such as high loss due to
power converters, high harmonic components, and the size limitation because of the
use of multi-pole generators, etc., the PMSM is still suitable for small systems like a

rural farm. Therefore, the microgrid designed in this project will use a PMSM WT.
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The phase a voltage of a wye-connected PMSM with surface mounted

magnets can be expressed as:

u =Ri +Ve (4-12)
dt

where u, is the voltage, R, the stator winding resistance, i, the current, and . the flux
linkage of phase a, respectively. The phase a flux linkage, y., can be further described

as

w,=(L,+L

s+ M i +M i +y,, cos(0 +¢) (4-13)
where L, is the leakage inductance corresponding to the flux that links only phase a
winding, L. the component of self-inductance corresponding to the flux that links

not only the phase a winding but also the windings of the other two phases, M., and

Mac are the mutual inductance between phase a and phases b and c, respectively, y,,
the permanent magnet flux linkage, 9. the angle between the reference point and the

north pole of the permanent magnet, and & the angle between phase a and the
reference.

The d-g model of PMSG in synchronous reference frame is shown in Fig. 3.6.
The d and g-axes voltages of PMSG can be given by

u, =, R +oy, - poy,

u, =i, R +oy, + poy, + poy, 419

where y,and y_ are the d and g-axes stator flux linkages, i,and i, the d and g-axes

stator currents. The d-¢ model of PMSG in synchronous reference frame is shown in

Fig.4.14.

116



s
Iy R, L Ll
= -
SN —
+

Ll(l’ l’(f

(a) (b)

Fig.4.14. d-q model of PMSG in synchronous reference frame (a) d-axis
equivalent circuit (b) g-axis equivalent circuit

For a PMSM with the chosen reference angle, the flux linkage and the torque
produced from an electrical machine modelled in the rotating reference frame can be

expressed as

Wy =Ly,
N 4-15
Y, _quq ( )
Wy =Mi,
m : .
T= 3]7[(‘//,, Wy )iy _l//dlq):| (4-16)

where m is the number of phases and p the number of pole pairs.
By substituting (4-15) into (4-16) the torque equation for a PMSM with surface

mounted magnets becomes

m . .. m . -
T == (v, + (L= L )iyi, ) === Wi, #17)

It is apparent that the torque is composed of the ‘“excitation torque” (occurring
between iy and the permanent magnet ) and “reluctance torque” due to the saliency

(difference in the d-axis and g-axis inductances). For the surface mounted magnet
PMSM, L;= L, because the stator inductances are independent of rotor position, the
torque of the WT is then controlled by controlling the current i;. Normally, if the wind

speed is below the rated number, the generator torque control is active while the blade
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pitch is typically held at the constant angle that captures the most power. Otherwise, if
the wind speed is above the rated number, the generator torque is typically held
constant while the blade pitch control is active. The PSIM simulation in this section

uses PMSM model which is shown in Fig.4.15.

U : U...
ﬂT i U ; ) gridConv . id
wind machine DC-link + - i

| Mechanical Generator | + { Grid
el AiRaiiin Generator controller/ - controller/ Grid
4 T converter I converter
w,., 0, ] DC- .
1 : 3 i
Tgsneratar machine Udc crowbar gri
——¢—— PLL
ggrid

Fig.4.15. An overview of the PMSM wind turbine power generating system
together with the measured quantities

With the PMSM as renewable energy of the smart microgrid, the DC link in
Fig.4.15 is the DC bus of the microgrid. Fig.4.16 presents the PSIM simulation model
of PMSM. The input of the system will be the wind speed, and the output is the power
from the WT. The speed regulation and DC voltage controller of the simulation model
are described in Fig.4.17. As seen in (4-20), for a PMSM the torque is proportional to
the current, so the generator-side converter of PMSM model in the PSIM software
controls the current in the a-f reference frame with a PI controller. If the WT is
connected to the grid, the purpose of the grid-side converter is to deliver the energy
from the DC-link to the grid. In real-time systems, there are always delays and other
disturbances, so in order to make the system more redundant, a DC-link voltage
controller is added to cope with energy offsets that may occur. Fig.4.18 shows the
result of the torque and DC-link voltage control of PMSM WT model in PSIM

software.
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Fig.4.16.PSIM model of PMSM wind turbine
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Fig.4.17. Speed regulated (a) and DC voltage control (b) of PMSM model

Table 4-V illustrates the parameters of the simulation in PSIM software.

TABLE 4- V. PARAMETERS OF THE SIMULATION

Rated output power P 2 kW
Base wind speed Viin 3.5m/s
Rated wind speed v 8 m/s
Machine stator resistance R 0.0125 Q

120



d-axis inductance Ly 0.001 H

g-axis inductance Ly 0.001 H
Machine torque constant K; 5.308 N.m/A peak
Machine pole pairs p 5
Inductor in buck converter L 500 uH
Capacitor in buck converter C 300 pF
N i | \
. e i N
Y P T > 0 "

Fig.4.18. Simulation results of Torque Nm and
DC output voltage at V =400 V DC.

Fig.4.19 (a) shows the actual wind speed information measured in a wind farm
during a day [4.21] with obvious fluctuation. Using this wind speed as the input of the
system, the obtained power output of a wind power system of 2 kW PMSM is shown

in Fig.4.19 (b).
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Fig.4.19. Wind speed (a) and Power output (b) of 2 kW PMSM system
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4.3.1.3. Other distributed power generator

In a smart microgrid, other disturbed energy sources can also be used such as
PEM fuel cells, and diesel generators, etc. Although the diesel generator is not
renewable and clean, and maybe expensive to install and operate, the diesel generator
or other distributed energy resources are quite essential sometimes, especially when
the power output from the RESs cannot meet the demand of critical loads and the
main grid is not available. This section will not go into detail of other type of DGs as

they are optional.

4.3.2. Model of Energy Storage System

The battery bank is used as the energy storage device here to absorb the
surplus power from the energy sources when the power generated is greater than the
power consumed, and deliver it back in the opposite situation. The equivalent model
of battery model is shown in Fig.4.20. Normally the manufacturer prevents intensive
use of the batteries and also protects them from a deep discharging or overcharging.
The batteries can support a specified peak current, but smooth operation is strongly
recommended by the manufacturer for expanding lifetime of the battery. The data of
the state of charge (SOC) from the battery bank is measured and sent to the control

centre.

Internal

Resistance
— +
I A

E Controlled
- Voltage
Source
0 E—

Fig.4.20. Equivalent circuit of battery bank
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4.3.3. Model of Loads

The load profile is taken from the actual electricity power consumption of a
Vietnamese household during a day with power consumption from all the electric
appliances including lights, personal computers (PCs), and air conditioners, etc.
Fig.4.21 shows the load profile during a day. It can be observed that the load profile
features an obvious fluctuation with peak power consumption at 12:00 — 13:00 and

20:00 — 22:00, respectively.
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Fig.4.21. Daily average load profile of Vietnamese household

With such a fluctuation of load profile as well as power output from renewable
energy, it seems that it is impractical to connect the renewable power generation units
directly to the loads because not only the power output of energy sources themselves
oscillate but also the load demand varies all the time. Therefore, the utilization of
battery bank becomes essential since it can absorb the power fluctuation thus

mitigating the power mismatch.
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4.4. SMART MICROGRID OPERATION AND
MODEL PREDICTIVE CONTROL TOPOLOGY

As mentioned early in this chapter, the Vietnamese main grid is quite
unreliable and unstable. Therefore, the term of “smart microgrid” introduced in this
section is proposed to cope with all the difficulties that Vietnamese rural people have
to face. Firstly, the smart microgrid can operate in both islanded and grid-connected
modes. During the time that the main grid is off, the local energy resources is the only
power supply for the loads, and the smart microgrid is expected to be a well-
controlled small system that can maximize the output of the RESs while still
maintaining to provide high-quality power to the local loads. When connected to the
main grid, the smart microgrid will minimize its operational cost and provide/absorb
the desired active and reactive power to/from the utility grid. This grid thus can be
thought of as a platform to meet the demand of both sides: main grid and end user
sides [4.22-4.24]

In general, the newly introduced smart microgrid in this chapter will have the
following features:

- Smart infrastructure: the microgrid structure consists of both DC main bus
and AC sub-bus will take advantages in both user-friendly characteristics of 220 V
AC bus [4.25-4.29] with small household devices such as air conditioning system, and
personal gadget devices, etc. and power efficiency optimization of DC bus [4.30-
4.34].

- Smart communication system: the smart microgrid will interface with the

main grid through a grid-connected inverter, which will be studied in the upcoming
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chapter. It also communicates with all the power converters inside the microgrid to
provide control signal as well as gathering all the data needed through the smart
control center. In this chapter, the smart control center is built up using
MATLAB/Simulink to exchange data through the serial communication. Then the
control command is sent from the software to control all the power converters inside
the smart grid.

- Smart control and power management system: the main objective of the
smart microgrid for the rural farm is to ensure the supply of high-quality power to the
local loads while minimizing the operational cost by using local RES. Moreover,
when there is a demand from the main grid, the smart microgrid should be able to
provide the desirable active and reactive power through the grid-connected inverter. It
is commonly necessary to use an ESS to smooth the gap between power generation
and power consumption within the microgrid.

In the section below, firstly, the smart micro operation in islanded mode and
grid-connected mode will be described. After that, the MPC scheme for smart

microgrid will be applied to optimize the operation of the system.

4.4.1. Voltage Control For DC Microgrid

There are two types of voltage control methods that are commonly used to
control the DC voltage in microgrids: the master-slave (MS) and voltage droop
control. The MS method depends on the communication between the interface
converters. The master converter controls the voltage of the DC bus and sends
reference signals to other converters. In the voltage droop control, the DC bus voltage
measured at the points of coupling of the converters is used to calculate the amount of

energy that each load or source will consume or supply. The block diagrams of the
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voltage droop control and MS control are illustrated in Figs.4.22. (a) and (b),

respectively.
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Fig.4.22. Block diagram of (a) voltage droop control

(b) master-slave control
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In [4.34], five different methods including the droop control and four other
control methods that need some level of communication are presented. In [4.36] and
[4.37], some improvements in the voltage droop control using adaptive control and
integral controllers were proposed to reduce the steady state errors. In [4.38], a
methodology is applied to assure the power sharing between different sources with
converters of the same power rating.

In Fig.4.22.(b), the master block, which is the microgrid control centre, will
control the voltage of the DC bus and send the signal to the other slave RES blocks.
This control scheme requires fast communication channels since the reference
currents for the slave converters are provided by the microgrid control. It fits
perfectly with the smart microgrid infrastructure and its smart communication system.
However, the loss of communication link or malfunctioning of microgrid control
centre can shut down the whole system [4.35], [4.39]. To avoid this, the smart micro
grid should be able to work during a fault mode with voltage droop control method

applied.

4.4.2. Grid-Connected Mode

4.4.2.1. Description

In the grid-connected mode, the grid-connect power converter acts as a
rectifier to transfer the 220 V AC from the main grid into 400 V DC bus of the
microgrid. The local loads are supplied by both RES and the main grid. The smart
microgrid will operate according to the following conditions:

- If the load demand is smaller than power output from the RES:
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+ case 1: SOC of ESS < 80%: load is supplied by RES; the power from

RES will be stored in ESS.

+ case 2: SOC of ESS > 80%: load is supplied by RES, the rest power

from RES will be sending back to main grid.

- If the load demand is greater than power output from the RES:

+ case 1: SOC of ESS > 20%: load is supplied by both RES and ESS.

+ case 2: SOC of ESS <20%: load is supplied by RES and main grid.

The power converter of the RES should be able to connect the local RES to the

common 400 V DC bus with MPPT applied all the time.

4.4.2.2. Numerical simulation

Using the data from each module of RES and the load profile, the system is

simulated using MATLAB/Simulink, and the results of power output and load

demand are shown in Figs.4.23 and 4.24.
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Fig.4.23. Power output from RES and load profile of a cloudy day in Vietnam
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Fig.4.24. Power output from RES and power gap of Pres and PL

Fig.4.24 shows the gap between the output power P, and load demand P;:
Pgup = Pres - Pr. This gap will be smoothed by power received from the main grid if
Poyp < 0 kW or will be stored in ESS if Pgy > 0. The total energy stored in ESS and

SOC of the battery bank capacity SkWh is illustrated in Fig.4.25.
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Fig.4.25. ESS total power and SOC during a day
4.4.3. Islanded mode
4.4.3.1. Description

When the smart microgrid is not connected to the main grid, the RES and ESS

supply the local loads. The non-critical loads will be shut down if the RES and ESS

131



cannot provide enough power to the system. If the RES output power is still smaller
than the demand of critical loads, the diesel generator will be used. The system will
operate as the following:
- If the load demand is smaller than output power from RES, the rest power
will be stored in ESS.
- If the load demand is greater than output power from RES:
+ case 1: SOC > 20%: load is supplied by both RES and ESS.
+ case 2: SOC < 20%: non-critical load will be shut down until output
power from RES meets load demand.
+ case 3: SOC < 20%, non-critical load will shut down but critical load

demand is still greater than RES output power: other DGs will be used.

4.4.3.2. Numerical simulation

Using the statistical from the previous section, suppose that the SOC of ESS in
the previous section is 55.6% at the end the day, when there will be a power outage
for the whole day next sunny day. The system simulation results are shown in
Fig.4.26.

It can be noticed that during 3 AM — 6 AM, there is no power from RES and
the ESS of the battery bank is 1 kWh which has the minimum SOC of 20%, the load
will be shut down or the diesel generator will be used to meet the load demand during

this time.
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Fig.4.26. Results of (a) Power output from RES and load demand (b) power gap
and energy stored in ESS (c¢) SOC of battery bank during islanded mode



4.4.4. Proposed Model Predictive Control For Smart
Microgrid Operation

Most of the previous work in microgrids control mainly focuses on a two-
parallel-DG based system, and the droop control method is generally used to control
the inverters for autonomous power sharing between DGs. However, with the MS
control, it is generally necessary to combine different kinds of DG sources, loads and
energy storage units in order to ensure both long-term and short-term energy storage,
and thus to bridge the gap between the power generation and power consumption
within the microgrid. Hysteresis band control [4.40] and fuzzy control [4.41,4.42] are
also employed in some development projects, due to their simple formulation control
rules.

Recently, the MPC has been widely adopted in industries. There are several
notable works regarding MPC implementation in MGs including energy scheduling
on a hydrogen-based MG without batteries [4.43], renewable energy power
management with battery storage in a water desalination plant [4.44], plug-in RES
with battery storage [4.45], and hybrid modelling control for a PV-fuel cell power
plant [4.46]. The electrical power transferred to the network and stored in ESS are the
control variables that are considered. In this section, the MPC control strategy will be
applied to control the whole smart-microgrid to optimize the power flows inside the
microgrid and between the microgrid and the main grid with active and reactive
power control when needed.

Define the power generated by RES as Pgres including Ppy from PV cell and
Pwmvp from WT, the total load demand as P;. The power to be received from or

transferred to the grid can be expressed as
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Périp = Pr- Pres = Pr - Ppy - Pwinp (4-18)
With all the data available, the microgrid control centre can calculate all the output
power as well as the demand from the load. The essential part of the MPC for smart

microgrid is how to minimize the cost function for the power of the day:
z F;zet = Z Cnet,k Enet,k (4_ 1 9)
k=1

where C.. and F

etk = Pnet’k .t are the cost and power purchased from the grid
during fixed time, respectively. Currently in Vietnam, the money received by selling

power to the grid is zero that means P.,=P.,, if Py >0 and P, =0 if P

Therefore, the most important control target is to determine the optimal operation
with the lowest purchasing cost.

According to the characteristics of PV and WT in the previous section, the
rated power of the PV is 1.5 kW and the rated power of the WT is 2 kW
corresponding to the rated power generated and no load. In contrast, the maximum
grid power is 1.6 kW for the load peak with no power from RES and minimum is -3.5
kW with no load and maximum power output from both PV and WT. The constraints

aforementioned can be written for the control problem formulation as:

P, =0kW <P, <16kW =P, (4-20)
P in = OKW < Py <3.5kW = Py 4-21)
P in =—35kW < P <1L6KW =Py (4-22)

Another constraint that needs to be taken into consideration is the protection of
the battery from over charging and deep discharging, which can be implemented by
setting the SOC as

SOC,, =20%< SOC <80% = SOC,,, (4-23)
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The operational cost function is defined as

n
min z qut = kZI Cnet,kEnet,k

" 4-24
= kZ_:](Ck,LEL - aCk,PVEPV - ﬂCk,WindEWind )+ 5kSOC ( )

The weighting factors, & and £, can be determined based on the installation
and operational cost of the PV and WT, respectively. The meaning of cost function

> E ., 18 that every factor of the microgrid will take into account the operational cost,

including the price of electricity during the day. The surplus power generated can be
fed to the utility grid rather than stored in the battery bank during those periods when
the electricity market price is higher than the cost of PV and WT. Currently in
Vietnam, there is no policy for people to sell electricity back to the grid so that the
only target of this cost function is to maximize the power output from the RES. But in
the near future, maybe there will be some changes in the market price to catch up with
other developed countries like Australia.
According to AGL, the electricity price in NSW for residential is:

- Domestic time of use peak 2pm - 8pm: 50.33 cents per kWh

- Domestic time of use off peak 10pm - 7am: 11.07 cents per kWh

- Domestic time of use shoulder: 19.89 cents per kWh

- Solar feed-in tariff options: 20 cents per kWh exported
Applying these figures in the cost function of the example in section 4.4.2.1, we can

have the results shown in Fig.4.27.
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Fig.4.27. Power flow chart of smart microgrid with cost function applied

As can be seen in Fig.4.27, during the peak hour from 14:00 to 20:00,
although the output power of the RES is greater than the load demand, the energy will
not be store in ESS but to feed back to the grid for feed-in tariff money, the SOC of
ESS maintain at minimum level of 20%. During the off-peak hours, because the rate
of the electricity is nearly equal to the feed-in tariff rate, the energy will be charged
and discharged from ESS if needed. For the rest of the day, the load is supplied by the

main grid. The total cost function of this scheme is calculated as

ZF;tet F;houlder + F;jj’ —peak - F;ell
z Elet - Z Eshoulder shoulder + Z Eo/f peak * Caff — peak - z Esell 'Csell

XF =1145%x19.69+6.1625x11.07 —5.765x 20

net

2 F =-24.536075(cents )

net

(4-25)
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where > Esnouider = 1.145 kWh is the total energy purchased in shoulder hours from the
grid, Y Eofrpeak = 6.1625 kWh the total energy purchased in off-peak hours and ) Esen =
5.765 kWh the total energy that sell to the grid.

In section 4.4.2.1 case study, without the application of the cost function
above, the total energy that purchased from the grid should be ) Egriv = 1.5425 kWh,
which is purchased during off-peak hours. So the total money that has to be paid to

the electricity provider in section 4.4.2.1 case study should be:

F =15425x11.07 =17.075475( cents ) (4-26)

Result from equation (4-25) with the cost function applied means the smart
microgrid will actually receive 24.50 cents by selling electricity to the main grid, well

below the result from equation (4-26) where the cost function is ignored.

4.5. CONCLUSION

This chapter has designed in detail a smart microgrid with its optimal power
flow control. The module of each microgrid component is designed and simulated in
PSIM software. The microgrid operation, both in grid-connected and islanded mode,
is then described. Finally, a MPC concept for smart microgrid operation is proposed,
where the power components generated by distributed energy sources, consumed by
the load, stored by the ESS, and injected to the utility grid have been taken into
account in the operational cost function. This MPC strategy along with its cost
function in this section is very important in the future for the Vietnamese scenario. In
order to control the power flow between the smart microgrid and utility grid, the

structure and control of the grid-interfaced inverter will be study in the next chapter.
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CHAPTER 5. FEEDBACK AND
FEEDBACK PLUS
FEEDFORWARD CONTROL OF
GRID CONNECTED INVERTER

5.1. INTRODUCTION

In the previous chapter, a three-phase inverter is implemented to transfer
active and reactive power between the microgrid and the utility grid. The VSC with
an output L-type or LCL-type filter is commonly used. The LCL-type filters, though
superior in terms of filter size and weight, introduces undesirable high-frequency
resonances in the output current. Passive damping of those resonances would cause
power losses, whereas the active damping often requires measurement of multiple
signals used in a complicated control method.

In general, the methods for three-phase grid-connected inverters are
implemented in either stationary domain [5.1, 5.2] or synchronous reference domain
[5.3-5.6]. The rotating frame can avoid the coupling terms and also the possibility of
controlling harmonics, but suffers from the higher order control, more complicated
design, sensitivity of the design to the grid frequency [5.7], and digital
implementation difficulties known for resonant controllers [5.8]. The great advantage

of the synchronous reference method is in mapping the AC variables into DC
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quantities and thus, it is possible to employ simple PI controllers. A side effect of this
transformation is, however, the introduction of mutual coupling terms into the model
equations. Conventionally, input decoupling terms are used to decouple the active and
reactive power control loops, and simple PI controllers are used.

The suppression of the injected grid current harmonics is an important aspect
of the power quality issues [5.3]. IEEE STD 1547-2009 gives the limitation of
injected grid current harmonics.

The control of active and reactive power has been widely understood and
applied in rectifiers, grid-connection inverters of PV fuel cells, and distributed power
generation systems [5.9-5.13]. This chapter presents several methods to control the
grid-interfacing inverter for a microgrid with a DC bus[5.14]. This inverter has the
following tasks:

(a) To control the active and reactive power transfer between the microgrid and

the utility grid and

(b) To ensure high quality of the injected power.

In this chapter, the system is modelled in the d-g rotating frame and therefore
the active and reactive power can be controlled separately by controlling the d and ¢
axis current components, Iz and /, . In the first place, the real and reactive power will
be controlled at the same time by the traditional PI control. The disadvantages of the
traditional PI control will be indicated and the new control scheme of PI control plus
feedforward will be proposed to improve the control performance.

Simulations of the system with both PI control and PI plus feedforward control
will be presented in this chapter. A prototype of the system was built to verify the

result of the method.
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5.2. ACTIVE AND REACTIVE POWER CONTROL
OF GRID-CONNECTED INVERTER IN
MICROGRID

5.2.1. Model In The Stationary Frame And Synchronous D-Q
Frame

Figs.5.1 and 5.2 show the structure of the microgrid and its grid-interfaced

inverter studied in this thesis, respectively. Assume that under the normal condition,

using the droop control method within the microgrid, the DC bus voltage of the

microgrid can be described as a DC source. A standard three-phase VSI with an L

filter connects the microgrid to the utility grid, where L and R are the inductor and

resistor, respectively.

E F |
Regional control signal = Micro gnd |
1 AC Loads |
AC :
fl |
Control signal |
DC Loads :
MICRO oc |_[PC N
wWer fiow
GRID sources ot;ontrol |
DC
CONTROL |
|
CENTRE Control signal i
Interface
OC bus T inverter |
L DC |
AC AC — |
sources DC |
DC |
Energy |
Contrel signal starage :
|

Fig.5.1. Structure of the proposed DC microgrid
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Fig.5.2. Simplified L-type filter grid-connected inverter

In this structure, the microgrid control centre is the most important part of the
microgrid, as it controls the microgrid according to its status and instructions from the
regional control centre. Based on all the data collected and the instructions reveived,
the microgrid control centre will determine the operation of each power converter
within the microgrid as well as the power and reactive power transfer with the utility
grid through the grid-interfacing inverter to meet the load demands or satisfy the
needs from the main grid.

According to Fig.5.2, the mathematical model in the stationary ABC frame of

the three-phase grid-connected inverter is described as

Vo, (0= Vi, (0) Ry )+ 121, (0)

Vot (0 =Vara, (1)+ Riy (0)+ L1 1) (5-1)

) d .
Vo, ()= Vria, (1)+Ri,(¢) +LEZC (1)

or

Vot (O] [V (0] Rl (425 i (0] 52)
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where

Wi (0] = Vot () ()W ()]

is the voltage vectors of three inverter legs,

Vit (] =[Veria, ()Yt (0)-Viia, ()]

the grid voltage vectors, and

e ()] =L () (0).2.(0)]

the inverter-side inductor currents.
Any three-phase variables can be transformed from the three-phase stationary
reference frame to a two-phase rotating reference frame by the constant power Park

transform. The coordinate transform matrix is

cos @ cos(@ - 2—7[) cos (9 + 2—7[)
3 3

[fwcﬁ@o]:J%j—”ﬂg —ﬂn(ﬁ—%gj —sm(9+3§) (5-3)

1 1 1

NE] NE] NE]

where =wt + J is the angle between the rotating and fixed coordinate system at time
t, and o0 the initial phase shift of the voltage. Applying this constant power Park
transformation to (5-2), the mathematic model of the interfacing-inverter in the d-g

frame can be expressed as

[V (O] Vi, )]+ R[4 ()] + a)LB ‘0] }.[idq (0] #1210, 1))

(5-4)

or
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. d . .
Voutd - Vgridd +Rld +LEld _a)qu ( )
5-5

y

outq

=V

. d . :
grid, +Ri, +L—i, +wLi,

dt

5.2.2. Active and reactive power control
The active and reactive power then can be controlled by controlling the current

in the synchronous rotating d-q frame as described in Fig.5.3.
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Fig.5.3. Active and reactive power control by regulating current in d-q frame

The synchronous d-g frame control has the particular advantage of controlling
the active and reactive current directly. The active and reactive power for a balanced

three-phase system can be written in the synchronous d-¢ frame as follows:

{PVd.Id +V,1, 50

Q:Vd[q_Vq]d

Therefore, with each given P and Q, I; and I, can be obtained as
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1y =— 2
Vd+Vq 5.7
P%+Qn
1y = vZiy?
d q

Equation (5-5) indicates that the feedback of inductor currents can be used for
PI control as described in Fig.5.4. With I; and I; control, we can control the real and

reactive power transfer between the microgrid and the main grid.

Vgrid_d
Id_ref -
P 3 G(s) 1/(5L+R)
+ +
ol
ol
= PI | G(s) Yist4R)
Iq_ref -
Vgrid_q

Fig.5.4. Feedforward scheme for the synchronous d-q frame

With the single-loop feedback PI control, we have a multi-variable system
with double input and double outputs. The distinctive point of this multi-variable
system is the interaction between the variables, which is shown by the decoupling
terms of wlL in (5-5). The coupling terms will affect the stabilization, static and
dynamic characteristics of the system. Therefore, this chapter will present some

decoupling method to control the real and reactive power independently.
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5.2.3. Simulation and result in PSIM

The system is simulated in PSIM software as shown in Fig.5.5.
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Fig.5.5. Feedback current control of I; and I, in PSIM

152



Id_act Id_ref Iq_act Ig_ref

80

40

B0 femseeee

o b ‘ o _—

-40

p_dq P_ref q_dq Q_ref ™

20K

L
e ‘ i
0K V"—/ ; ofion l ,

0 0.1 0.2 0.3 0.4
Time (s)

(@

-10K

lfil bl le_fil

(b)
Fig.5.6. (a) Feedback current control of I; and I, P and Q. THD =4.99%

(b) Result of three-phase inverter current 1, I I.

The system is simulated in the PSIM software with the following parameters:
the DC bus voltage is 400V; the grid voltage is 220Vrms line-line; f = 50Hz; P=
5000W at t= [0, 0.15] s, P=15000W at t >0.165s. Q= OVAR at t= [0, 0.3] s, and Q=

5000VAR att>0.3s. Fig 5.6 illustrates the simulation results.
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As can be seen in Fig.5.6, the coupling effects between /; and I, are so
obvious. When there is a step change in P or Q, it means the reference value of /; or J,
is also changed, there is surge on the other value as well. At ¢ = 0.15s, the set point of
active power changes from 5000W to 15000W, and at ¢ = 0.3s, the set point of
reactive power change from OVAR to 5000VAR. The peak of the fluctuations in P
and Q are quite large, which are 2000VAR and 1000W in Q and P axis, respectively.
In a small system, this small effect can be ignored. But in the near future, there will be
a lot of microgrids that connected to the main grid, when the main grid needs the
specific amount of real or reactive power, each microgrid will have to contribute to
the main grid with the available amount of power. Therefore, each microgrid can
cause a small surge in the real and reactive power control, and the total effect will be
noticeable. In order to help the main grid avoid this disturbance, a new control scheme

is proposed to reduce the coupling effect between real and reactive power control.

5.3. DIFFERENT DECOUPLING CURRENT
CONTROL SCHEME FOR THE SYNCHRONOUS
D-Q FRAME

5.3.1. State feedback scheme for the synchronous d-q frame
Fig.5.7 shows the additional paths, which can eliminate the effect of the grid
voltages to the injected current. The cross effect between the d and ¢ axis components
will also be removed. However, in a real time circuit, there is always a difference
between the dynamic responses and the regulated currents, which makes this method

not ideal.
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Fig.5.7. Feedforward scheme for the synchronous d-q frame

5.3.2. Series feedforward scheme for the synchronous d-q

frame

Fig.5.8 describes the idea of series feedforward, which adds a series block

H(s) behind the PI current controller to decouple completely the d and ¢ axis

1/G(s)

G(s)

components.
Id_ref
Pl
+
. PI
Ig_ref

Vgrid_d

1/(sL+R)

ol

ol

G(s)

1/G(s)

1/(sL+R)

v

Vgrid_q

v

Fig.5.8. The block diagram of series feedforward in d-q frame
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For this multi-variable control system, the “relative gain” concept proposed in
[5.13] can be applied to scale the degree of coupling and decoupling. Suppose y is a
row vector containing all included variables y; and u a row vector containing all

independent variables u;, the “relative gain” between u; and y; can be defined as

T (5-8)

Ty

If A;; = 1, it means that there is no interaction between the channel from u; to
y; and the other channels. Whether the other channels are closed or not, the open-loop
gain of the channel from u; to y; will not be affected. If A;; = 0, it means that y; is
unaffected by u;. The greater A;; > 1, the stronger is the coupling between the

channels. In Fig.5.8, let

[H(s)] {H”(S) H”(S)} (5-9)

Hy (s) Hy(s)
From (5-5) it can be given that
{Rm oL }PHH”(S) Hi, (ﬂlnm} (5-10)
oL R+sL[iy | |Hy(s) Hy(s)]| Vou,
The relative gain between the two input variables, iy and i; and the two

outputs, Vo, and Vout, is shown below

Ay = Ay

_ {(R + SL)HlZ + (ULHZl}{_(ULsz_ + (R + SL)sz}
- {(R + SL)H]_Z + wLHZl}{_wLHZI + (R + SL)sz} + {(R + SL)HlZ + (A)Lsz}{_(DLHll + (R + SL)HZ].}

(5-11)
When 4,; = 4,, = 1, one obtains

{(R+sL)H,, + oLH ,,}{~oLH,, +(R+sL)H, } =0
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Therefore, the interaction between the d and g axes can be decoupled

completely, if one chooses

—wL
H = 5-12
12(5) sL+R (-12)
ol
H =
21(5) sL+R

5.3.3. Simulation and experimental results

The system is simulated in the PSIM software with the following settings: the
DC bus voltage is 400 V; the grid voltage is 220 Vrms line-line, = 50 Hz; P = 5000
Watts = [0, 0.165] s, P = 15000 Watts > 0.165s, Q=0 VAR att =[0, 0.3] s, and O =
5000VAR at t> 0.3s. The parameters are tabulated in Table 5-1.

TABLE 5- 1. Parameters

Resistance R 0.51 Q
Inductance L 22 mH
DC-link capacitor C 680 uF
Load resistance RL 50 Q

Source voltage frequency  f 50 Hz
DC-link voltage Vic 50V
Sampling period T 50 ps

Fig 5.9 illustrates the PSIM model of the simulation.
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Fig.5.9. PI plus Feedforward current control simulation in PSIM

Figs.5.10 and 5.11 depict the simulation results.

Fig.5.10. PI plus Feedforward current control result of /4 1,, P and Q.
THD = 3.15%

Fig.5.11. Output currents of the grid interfaced inverter
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In Fig 5.10, the upper picture shows the d and ¢ axis current components, /4
and /;, while the lower picture describes the change in real and reactive power, P and
O respectively, when there are change in the set point of the simulation. Atz = 0.165s,
the set point of active power changes from 5000 W to 15000 W, and at ¢ = 0.3s, the
set point of reactive power change from 0 VAR to 5000 VAR. The surges in both
current and power pictures reduce significantly in comparison with the PI current
control, as the peak fluctuation in Q and P axis is only around 400 VAR and 200 W,
respectively.

The theory and numerical simulation are verified by experimental tests.
Fig.5.12 is a photo of the experimental setup of a grid connected inverter in the
laboratory. Fig.5.13 illustrates the three phase output voltage waveforms of the grid

connected inverter. As shown, they are reasonably sinusoidal as expected.

~

Fig.5.12. Setup in the laboratory of the grid-connected inverter
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Fig.5.13.0utput voltage of the grid interfaced inverter

S.4. CONCLUSION

As can be seen in Figs.5.6 and 5.10, by transforming the input variables of the
system P and Q into the synchronous d-g frame, the currents can be controlled to
achieve the desired active and reactive power transfer between the microgrid and
utility grid by the traditional PI feedback control. Fig.5.10 shows the result of the
cross-coupling feedforward. The cross effect between the d-q axes has been reduced
significantly but cannot be eliminated perfectly. In Fig.5.6, when there is a step
change in the active power or reactive power set point, there is also a small fluctuation
in the other variable, the surge of Q is around 2000 VAR and P is around 1000 W in
the figure. In Fig.5.10, the fluctuation is reduced significantly, with the value above is
400 VAR and 200 W, respectively. On the other hand, there is still some minor cross

effect between them which cannot be eliminated by this method. It can be explained
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that the frequency in the mathematical model of the system are assumed to be
constant; three phases are balanced; and all the transformations are in the steady state.
However, when there is a voltage change in the system, not all the assumptions are
valid at the time of operation; also the reference and the real-time values of the system
variables are not equal anymore. Therefore, the feedforward cannot achieve the
perfect result. This result means that the decoupling control method using feedback
with feedforward during the transient period is not an ideal solution and can be
improved. The MPC, which is a new control technique that can offer a better solution
than the both feedback and feedback plus feedforward especially in term of the

dynamic response, will be introduced in the next chapter.
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CHAPTER 6. MODEL PREDICTIVE
CONTROL OF ACTIVE AND
REACTIVE POWER

6.1. INTRODUCTION

In Chapter 5, the system is modelled in the d-g rotating frame; therefore the
active and reactive power can be controlled separately by controlling /s and /;. The
two control methods, which are traditional PI with feedback and feedforward plus
feedback, were implemented to achieving the desired active and reactive power. As
we can see from the previous chapter, the decoupling effects between active and
reactive power were reduced significantly, but the dynamic performance of the system
and the overall result are still not quite satisfactory. In recent years, a new interesting
control technique, known as direct control strategy, has been developed and applied
widely. One of the most common control method, DPC uses the conventional SDPC
which is derived from the original DTC for AC machine drives [6.1,6.2]. In DPC, the
active and reactive power replaces the torque and flux amplitudes that are used as the
controlled output in the DTC. Because of its excellent transient performance,
robustness, and simplicity, this method has emerged to become one of the most
popular and powerful control strategies. The switching states are determined using a
switching table, which is built up from the grid voltage vector or virtual-flux vector as
well as the states of the switching gates of the power converters [6.3]-[6.5]. Several
system-performance-enhanced switching tables have also been proposed to improve

the system behaviour [6.6]-[6.8].
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The concept of predictive control emerged as an attractive alternative for the
control of electrical machines and power converters more recently. Several kinds of
control methods have been developed under the name of predictive control. The most
important types are the deadbeat control, MPC and vector-sequence based predictive
control (VPC). In the MPC, a system model is used to predict the behavior of the
variables over a certain time horizon, and a cost function as the criterion to select the
optimal switching states [6.9]-[6.15]. This chapter will present a new active and
reactive power control method with the MPC applied to predict the current of the next
sampling period. The cost function is used to minimize the differential between
desired reference and actual values of active and reactive power that transfer between
the main grid and microgrid through the grid-connected inverter. Other technique has
also been applied to improve the performance of the MPC method [6.16-6.20].

The numerical simulation as well as a comprehensive comparison between the

two control techniques in Chapter 5 and this chapter are presented also.

6.2. THE CONCEPT OF DIRECT POWER
CONTROL AND MODEL PREDICTIVE
CONTROL

6.2.1. Direct power control

Fig.6.1 illustrates the block diagram of the conventional DPC.
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Fig.6.1. Block scheme of a conventional DPC

In order to correctly estimate the power and, at the same time, to reduce the
number of implemented voltage sensors, Noguchi proposes the use of voltage vector
estimation [6.21]. The implementation of such approach involves the computation of
the time derivative of the measured currents. The use of a derivative can increase the
noise in the control loop, thus increasing the level of distortion. The virtual-flux
strategy was proposed firstly [6.5], which basically assumes that the grid voltage and
the DC-sideinductors are quantities that are related to a virtual AC motor. By making
an analogy with AC motors, R, and L, represent the stator resistance and the stator
leakage inductance, respectively, and the grid voltage u, represents the machine’s
electromotive force.

According to the flux definitions, the grid virtual flux can be estimated.

v, = [ug.dt (6-1)
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where

— — di
u,=u,,, —R,i,—L

g g'g g'jtg (6-2)

By neglecting the series resistance of the grid inductor, the grid virtual flux can be

calculated as

— = di
v =lu,, — Ry i, “L,—~ (6-3)

By using the estimated grid virtual flux and the measured currents, the active and

reactive powers can be estimated as

3 ) .

p= Ea)(gyg’a.zgﬁ —Wgﬂ.lg’a) (6-4)
3 ) .

q = Ea)(l//g,a 'lg,a - l//gﬂ 'lg,ﬂ) (6'5)

assuming the stationary (o) transformation of

ST
R (2
o) 2 2 2 u, (6-6)
u,] 3| N3 A3
0 ~— -~ |lu,
L 2 2

Therefore, with the tracking errors between the estimated and the reference
values of active and reactive power, the digitized signal, dp and dp, are then generated
through two fixed bandwidth hysteresis comparators. A look-up switching table
according to dp, dp and power source voltage is then used to select the switching
states of the power converters. The major problem of the method is the high sampling

frequency required and large power ripples occurred.
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6.2.2. Model predictive control

More recently, to improve the performance of the system, the concept of
predictive control emerged as an attractive alternative for the control of electrical
machines and power converters. The principle of the vector based predictive control is
to force the system variables onto the pre-calculated trajectories, where several
voltage vectors are typically used within each sampling period. This section will
describe the MPC method and its application in controlling the active and reactive
power. Generally, the design of MPC controller can be divided into three steps:
system predictive model, cost function and parameters selection. Firstly, the system
model can be expressed as a discrete-time state-space model, the output of which is
determined by the input, the current state of the model, and the discrete interval. In
this way, the future behaviour of the system can be predicted until a certain horizon of
time. Secondly, the control problem can be defined as the determination of an
appropriate control action that will force a generic system variable, x(z), as close as
possible to a desired reference value, x*. A cost function over a finite horizon of
length N is then utilized to evaluate each switching state, and the one minimizing the
error between x(?) and x* will be selected for the next sampling period. Finally, as the
MPC allows the easy inclusion of system constraints and nonlinearities by revising
the cost function, a trade-off between different control objectives should be taken into
account in order to obtain the satisfied performance. Fig. 6.2 depicts the block

diagram of MPC system, where one step prediction is employed.
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Fig.6.2. Block scheme of a conventional model predictive control

The essential concept of this predictive DPC is to predict the power of the
(k+1)" instant for different voltage vectors. By evaluating the effects of each voltage
vector on the active and reactive powers according to a specific cost function, the
voltage vector that produces the least power ripple can be determined. In the rectifier
control, the control objectives are chosen as the DC-link voltage and the power factor
of the AC input, which can be regulated by controlling the active power, P, and
reactive power, (O, respectively. Consequently, the mathematical model of the

converter can be described in the stationary a-f coordinates as

dl

e, =L djﬁ +RI,+V,, (6-7)
Cd;dc:;(laz)a +1,D,)-1, (6-8)
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where €44 1s the three-phase input voltage vector, Vup the converter input voltage

vector, I, the line current vector, /; the DC load current, and D, and Dy are the

switching states (0 = off, 1 = on). The active and reactive power can be calculated as

PZ;Re{el*} ;[e 1, +eﬂlﬂ]

ngm{d*}:;(eﬁ[a +ea1ﬁj

The derivatives of active and reactive power can be obtained as

dP _ 3| de, di, de dl,
«],te, ﬁ]
dt 2{ da ¢ dt ﬂ d}
do _3 deﬁl dl, de, dl
t+e,—- —1 —e,—>
dt 2[ Bar  dar BT g
Substituting

ey _ _pe

dt B

de

ep _

dt ea

into (6-10) and (6-11) we have

dP R 3 (2 "
a9 __R 3 *
0 LQ+a)Q 2L]m(eV)

The next time sample value of active and reactive power will be

N R 3 .
P! :TS[—ZP—a)Q+Z(|e|2 —Re(eV ))}Pk

ki _ | R 3 * k
0 —Ts[ LQ+CUQ 2L1m(€V)}+Q
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Since the control target of this method is to control the active and reactive

power the cost function can be defined as

F =y (P =P P (0" - 0" ) (6-20)

From the (6-20), with the look-up table of the switching states, it can be
calculated which switching signal will give the best active and reactive power in the
next sampling time period. Therefore, the exact PWM control signal can be chosen.
This new control technique appears attractive has several advantages in comparison
with the classical modulation methods, especially its excellent dynamic response,
simple concept and easy implementation. The new control method of grid-connected

inverter in this chapter is based on this MPC technique.

6.3. MODEL PREDICTIVE CONTROL OF ACTIVE
AND REACTIVE POWER

In this section, the MPC is used to control the active and reactive power based
on the d-g rotating frame. In the MPC control, a model is used to predict the future
behaviour of the controlled variables. This information is then used in a cost function
as the criterion to select the optimal switching state for the system. The control
objectives can vary with different cost functions. For example, the control objective
can be the output voltage [6.22] or current [6.23-6.25]. A few control algorithms
[6.22], [6.26] have been presented as predictive control. The MPC strategy is also
applied in this chapter to control the currents in d-g rotating frame, which can take
advantage of the excellent dynamic response of the MPC method but still can get rid

of the coupling effect between active and reactive power.
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6.3.1. Model in the stationary frame and synchronous d-q

frame

Figs.6.3 and 6.4 show the structure of the microgrid and its grid-interfaced

inverter studied in this thesis, respectively.

Regional control signal Micro grid
7 AC Loads i
Control signal
DC Loads
MICRO
bc Power flow
GRID sources Lo control
CONTROL
CENTRE Cantrol signal
Interface
DC bus T inverter
DC
=l i
sources
DC
Energy
Control signal storage

Fig.6.3. Structure of the proposed DC microgrid
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- — —
[ — [N [N
— — — LR
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AV
. 6] s2
S > F—
— — —

Fig.6.4. Simplified L-type filter grid-connected inverter

Utility grid

Assume that under the normal condition, using the droop control method

within the microgrid, the DC bus voltage of the microgrid can be described as a DC
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source. A standard three-phase VSI with an L filter connects the microgrid to the
utility grid, where L and R are the inductor and resistor, respectively. In this structure,
the microgrid control centre is the most important part of the microgrid, as it detects
the condition of power sources, load and energy storage units and receives the
instructions from regional control centre. When all data is collected, the microgrid
control centre will determine the operation of each power converter within the
microgrid as well as the power and reactive power transfer with the utility grid
through the grid-interfacing inverter to meet the load demands or satisfy the needs
from the main grid.

According to Fig.6.2, the mathematical model in the stationary ABC frame of

the three-phase grid-connected inverter can be described as

. d .
Vo, ()= Veria, (¢)+Ri, (1) +LEZ“ (1)

Vot () =V, (0)+ Riy (1) + 53, (1) (6-21)

V

out,

. d .
(2) =Via (¢)+Ri.(2) tLd, (7)

[Voutabc (t)] :[Vgridab(, (t)} +R I:iabc (’)] +L%|:iabc (t)] (6-22)

where |:V0u[abc (t)] = [Voma (t),VOmb (t),Vomc (t)}T is the voltage vectors determined

by the switching status of three inverter legs,
[Vgﬁdabc (t)] = |:Vgrida (t), Verid, (t) Veria, (t)JT the grid voltage vectors,

and [iabc (t)] = [ia (t),ib (t),ic (t)]T the inverter-side inductor currents.

173



6.3.2. Model predictive control strategy for the synchronous d-

q frame

The switching states of the grid-connected inverter are determined by the

gating signals as the following:

_ (1, if S;onand S, of f

Sa = {0, if S, of f and S, on (6-23)
_ (1, if S3onand Se of f

% = {0, if S of f and Sg on (6-24)
_ (1, if Ssonand S, of f

% = {0, if Ssoff and S, on (6-25)

and can be expressed in vectorial form as
§=2/3(S,+aSy+a’S.) (6-26)

where a =e/(?7/3) The output space vectors generated by the inverter are defined by

2
V. = g(Voma +aV,, +a’V,, ) (6-27)

7

out

:Vd

c

S (6-28)

Here, variables S,, S, and S, represent the switching states of the three legs
of the inverter. Considering all the possible combinations the gating
signals S,, S, and S, eight voltage vectors are obtained, as shown in Table 6-1 and

Fig.6.5. The equation of the filter inductance in vectorial form is

) di
Vout zvgn. gt Ri,+L d; (6-29)
where
2
i, = E(ia +ai, +a’i)) (6-30)
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TABLE 6-1.VOLTAGE VECTORS AND SWITCHING STATES FOR THREE

PHASE GRID-CONNECTED INVERTER

»5‘&, -va 'S‘C Vpup

0 10 [0 [ vo=0

| 0 0 Vi = 2V,

T I O P R
0 | 0 Vg = _% —i_j%"{ic'
0 |1 |1 || va= =2V

0 10 11 [ vs=—4e -5 Ve,
| O |1 | ve= g — iV

l l l Vi —= U

Fig.6.5. Voltage vectors generated by the inverter

This equation can be written in state-space system as

dx

- Ax+ BV, +Cvyy

where

x=i,A=—-R/L,B=-1/L,andC=1/L
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A discrete-time model of the filter is obtained for a sampling time T can be
described as

Xk =Aqu +Bv

q " out

k k
+C Vg (6-32)

where

AT,
Aq—e

T,

B, =[e" Bt
0
Iy

C, =[e"Cdt
0

Based on the Park transformation (5-3) and (6-22) we can predict i,*"/ as well as i/’
and ;™. In order to predict the output current i,**!, v,,, is calculated using Table 6-I
and (6-32), and vg,;q considered as a known disturbance, along with the measured
variable i,*. After the currents are predicted, the next step is to evaluate the effects of
each vector on Iz and I, and to select the one vector which produces the minimum

mismatch between the predicted and reference variables according to the specific cost

function. In this chapter, the cost function is defined as

Flo = [Id,ef _Idk+1:|2 +[1q —qu”T (6-33)

The block diagram of the grid-connected inverter controller operation is shown in

Fig.6.6.

176



, 1,7 —p
Vie —h% e
vour(k) - —
Cost AY J
vgrid{k}_-' Id“l""]] Function —
' Predictive Model—}
bit— 1 (k)

Fig.6.6. MPC block diagram of grid-connected inverter

6.3.3. Numerical simulation

The system is simulated in the PSIM software with the following parameters:
the DC bus voltage is 400 V; the grid voltage is 220 Vrms line-line; /= 50 Hz; P=
5000 W at t = [0, 0.165] s, P = 15000 W at t > 0.165s. Q=0 VAR at t = [0, 0.3] s,
and Q = 5000 VAR att> 0.3 s.

As can be seen in Fig.6.7 (a), by transforming the input variables of the system
P and Q into the synchronous d-g frame, the currents can be controlled to achieve the
desired active and reactive power transfer between the microgrid and utility grid.
Fig.6.7 (b) shows the result of the traditional PI feedback control and the cross-
coupling feedforward. The MPC result can be seen in Fig.6.7 (¢). The result of the
MPC is clearly better than that of both feedback and feedback with feedforward
especially in term of the dynamic response. The overshoot is smaller and the settling

time is shorter.

177



et }'
L (b)
I\ |
L 1
S ]
N B—

(c)

Fig.6.7. Active and reactive power control of Id and Iq (a) result of three phase
current I Ip Ic (b) feedback control. THD = 4.99%, feedforward control. THD
=4.15% and (c¢) MPC current control. THD = 2.17%
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Fig.6.8.0utput currents of the grid interfaced inverter by MPC

6.4. CONCLUSION

This chapter presented a power and reactive power control technique which
use the MPC method to control the current in the synchronous d-g frames . This new
control strategy has the advantages of not only the quick response and better dynamic
performance from MPC method but also the decoupling technique in the previous
chapter. With the reduction of power and reactive power surge during transient
period, this method look very promising in the smart microgrid control scheme which

will be more and more popular in the year to come.
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CHAPTER 7. CONCLUSIONS AND
FUTURE WORKS

7.1. CONCLUSIONS

In this thesis, a smart microgrid with its application for various scenarios is
proposed along with a detailed microgrid structure for rural farms in Vietnam. The
active and reactive power flow control of the grid-connected inverter has been studied
and developed. The general conclusions can be summarized as the following:

- A new smart microgrid structure that can apply for Vietnamese schemes,
especial for rural farm case has been proposed,

- The microgrid operation has been studied in both islanded-mode and grid-
connected mode for a rural farm with optimal efficiency among different structures,

- A MPC scheme with a new operation cost function has been developed for
optimal smart microgrid performance and lowest cost,

- An active and reactive power control strategy in the rotating d-g reference
frame d-g with feedforward plus feedback control has been developed to reduce the
cross-coupling effects, and

- A MPC with a new operational cost function has been developed in rotating
d-q reference frame to improve the performance of active and reactive power flow

control.
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7.2. FUTURE WORKS

Based on the progress of this thesis, the future works related to the research
area can be:

- To validate the structure of the smart microgrid designed in Chapters 3 and 4
with practical implement in the Vietnamese scenario,

- To validate the MPC operation proposed in Chapter 4 with the practical
results of real systems, and

- The application of the proposed MPC method in other applications with
different control objectives such as the ESSs, and DC/DC converters inside the smart

microgrid, etc. with smart modular designs.
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