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Abstract
The intermittent and random nature of renewable sources, such as photovoltaic and wind turbine,
asks for the complement of storage, such as battery and back-up energy, such as diesel generator,
especially in a standalone power system. Concerning the diesel generator, it needs some time to start up
and cannot immediately offer the needed power, due to its dynamic behaviour. Hence, the power quality
is lowered down during this period because of the shortage of power. Therefore, during the period of
the diesel generator starting up, a supercapacitor is suggested to compensate the power balance because
of its fast response and high power density. A power control strategy is proposed to achieve the
coordination between diesel generator and supercapacitor. Both simulation and experimental results
show that the proposed control strategy is able to regulate the DC bus voltage within the acceptable
limits and supplying the load during the renewable power under generation or load step-increase
situations.
In addition, the supercapacitor can be also used to overcome the electrochemical storage limits like
its state of charge and maximum current. So, this thesis proposes the real time power control for a hybrid
photovoltaic-battery-supercapacitor-diesel generator DC microgrid system, aiming to meet the load
power demand with reliability and stabilizing the DC bus voltage. Both simulation and experimental
results show that the designed control strategy improves the DC microgrid dynamic and static
performances under different operating conditions.
Furthermore, in order to minimize the diesel generator energy cost, the fuel cost and fuel
consumption are analysed through several experimental tests. Therefore, the optimal value of its power
generation is deduced and applied in a newly proposed energy management strategy. This strategy can
achieve the goal of maximizing the utilization of photovoltaic energy and taking into account the slow
start-up characteristic and energy cost of diesel generator. Both simulation and experimental studies are
carried out by using the real photovoltaic data to illustrate the performance and the behaviour of the
hybrid system. The obtained results verify the effectiveness of this strategy. Furthermore, the
comparison with the previous energy management strategy, in which the diesel generator energy cost is
not considered, demonstrates that the newly proposed energy management strategy can reduce the total
cost of the hybrid DC power system.
Keywords: DC microgrid; power management strategy; diesel generator energy cost; photovoltaic;
supercapacitor; power balance.
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General introduction
Energy is the basis for human survival and society development. The rational use of electricity is
like creating a sun in the night, bringing great convenience to mankind. However, the conventional fossil
energy (such as coal and petroleum), which provides the driving force for generating electricity, is
drying up gradually all over the world. At the same time, the problem of environmental pollution (such
as climate change and greenhouse gas emission) caused by the use of fossil fuels is attracting increasing
attention around the society and the governments around the world. As a result, governments are paying
more and more attention to the development of renewable energy resources. Although the traditional
power system network is still served as the main role of power supply, it can incorporate with the
renewable energy resources, which are in the form of distributed generation sources and served as the
necessary complement to the traditional electricity generation.
The distributed generation technology makes use of various dispersive energy sources, including
green renewable energy (such as wind energy, solar energy, geothermal energy, biomass energy, tidal
energy and small hybrid energy) and the local easily-accessible fossil fuels (such as natural gas, coal
gas and diesel), in the form of single power generation unit and connect them to the traditional power
grid to improve the environmental friendly degree. The capacity of small distributed generation system
is within tens of kilowatts while the large one can be more than one megawatt. The use of distributed
power generation technology helps to make full use of the rich clean and renewable energy around the
users and to provide users with green power. It is an important measure to energy saving and emission
reduction. Flexibility, economy and environmental protection are the main features of distributed power
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generation technology. However, due to the intermittent and random nature of renewable energy sources,
it is difficult to meet power balance by relying solely on their own regulatory capacity. Therefore, other
power supplies are often required, such as the utility grid and the storage sources. Hence, according to
its relationship with the main grid, distributed generation system can be classified as:
-

Grid-connected system
The distributed generation resources imply a total and permanent power injection into
the main grid.

-

Off-grid system
The system can not only run together with the grid, but also run in off-grid mode when
there is main grid failure or when it is needed to disconnect the main grid. Back-up
power, like diesel generator (DG) and storage, is used together with the distributed
sources.

-

Standalone system.
The system runs alone to support the users’ demand and balance the power, mostly seen
in remote areas or islands. Back-up power is strongly required in these cases.

As an effective complement to centralized power generation, distributed generation technology is
becoming more and more mature. Along with the liberalized electricity market as well as the strong
support of relevant government policies, the relevant technology is becoming more and more widely
used nowadays.
However, the increasing number of distributed power supply into the utility grid also puts forward
a new challenge to the operation of the utility power system. Unlike the hundred megawatts coal-fired
generator or nuclear generator, which can be controlled directly by the power system operators, a large
number of distributed small-capacity distributed power generation are often ‘invisible’ to the main
power grid operators, some of which are even uncontrollable and less controllable. Just as large-capacity
wind farms and high-capacity photovoltaic (PV) power plants have a lot of impact on the safe and stable
operation of the transmission network, when the distributed power generation system achieves a higher
proportion in the low-voltage distribution system, the power balance and reliable operation will be
difficult to the personnel workers of operation. The existing structure and operation of conventional
power distribution system is not well adapted to large-scale access demands of the distributed generation
system. The increased development leads to the grid-connection incidents, which became true technical
constraints. This is due to the hardly predictable and intermittent characteristics of the renewable power
generation given its dependency on the environment and weather conditions, which is not participating
in ancillary services (technical regulation of frequency and voltage) in current alternating current (AC)
system. They behave like passive electric generator. Therefore, when there are fluctuations in both users’
demand and renewable power generation, it is the conventional generation units to balance the power
between generation and demand and to ensure the power quality. In face of these technical problems,
research works are paying attention on grid integration and control of renewable decentralized
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generation or developing new power system structure, energy and power management strategy, and real
time power control.
A lot of research works have proposed the microgrid structure, which is a small generating and
distributing power system. It includes low voltage distribution lines, distributed energy sources, power
conversion devices, controllable loads, monitoring, and protection devices, which is an autonomous
system being capable of self-control and self-management. Under this definition, the power is generated
by itself and also absorbed by itself. Microgrid is regarded as a small power system, which has a very
good energy management capability and can effectively maintain the energy balance and energy
optimization within itself, providing power quality to the end user as well as increasing renewable
energy penetration. It can also be defined as a group of interconnected loads and distributed generation
units within clearly defined electrical boundaries that act as a single controllable entity with respect to
the grid. Under this definition, microgrid is considered as a "virtual" power supply or load and connected
to the larger outer power system at the point of common coupling (PCC). Through the coordinated
control of the distributed renewable output power in the microgrid, it can play the role of load shedding,
utility grid power valley filling and peak shaving. The influence of the fluctuation of the power
generation on the external distribution network and the surrounding users is decreased and it also
effectively reduces the difficulty of the control operation.
As aforementioned, the microgrid generally refers to the local power system connected to the utility
grid, which can operate both in grid-connected mode and off-grid mode. In the grid-connected mode,
the microgrid can receive power from the utility grid. On the contrary, excess power can be returned
back to the utility grid. The microgrid and the outer medium voltage distribution network support each
other to achieve the two-way flow of the energy. In the case of external power grid failure, the microgrid
can be turned into independent operation mode, continuing to supply the important users within the grid.
As a special case of the conventional microgrid, the standalone microgrid is not connected to an
external distribution network, which is always working in off-grid mode, fully utilizing its own
distributed power generation to meet the load demand. This microgrid is generally equipped with energy
storage system to suppress the power fluctuations of renewable energy, in the full use of renewable
energy on the basis of meeting the needs of different loads in the different periods of time. On the other
hand, it is possible that the energy storage is used up because of the long-term bad weather. Therefore,
back-up power, like DG, is very important to start up to continue to supply the users. To meet the basic
requirements of the user's electricity, this type of microgrid is generally used in islands, mountains and
remote areas where the conventional power distribution system is difficult to reach and/or very
expensive.

-21/159-

According to this context, this thesis intends to make a further contribution on the real time power
control of the standalone microgrid. This study presents a direct current (DC) microgrid consisting of
PV sources, an electrochemical storage system (batteries), a supercapacitor (SC), a DG, and a DC load
(electric appliances of buildings and houses). As the main back-up power, DG is studied to understand
its start-up characteristic. A local rules-based power management for the real time control is designed
to start up the DG accordance with the SC, to meet the load demand and stabilize the DC bus voltage.
Then, the diesel consumption status is obtained through experiments. Based on the DG production tariff
under different output power value, another rules-based energy management strategy for the real time
power control is proposed to further enforce the power supply reliability and power system stability.
The economic criteria are chosen and the energy cost of system in one day is calculated. The results
show that the latter strategy is more cost saving than the former strategy. Both of the energy management
strategies are verified through the experiments, the results of which showing that the proposed strategies
are able to balance the power and maintain the DC bus voltage stable.
The thesis is organized in four chapters. After the general introduction, Chapter I firstly gives the
research background and thesis objectives. By comparing the traditional grid and smart grid, the thesis
summarises the driving force of the smart grid and answers the question why the human needs to develop
the smart grid. As the local level of smart grid, microgrid is regarded as one of the promising solutions
to construct the smart grid. According to the form of power transmission, AC microgrid and DC
microgrid are compared. It points out that, with the development of technology and the consideration of
the energy conversion stages efficiency, DC microgrid is a better choice in the future power system.
Therefore, this study focuses on DC microgrid, consisting of PV sources, batteries storage, DG, SC, and
DC load. Chapter I gives also the relevant review of the utilization of DG in the DC microgrid. At last,
this chapter outlines the objectives of the thesis.
In Chapter II, SC is used as compensatory energy to overcome the sluggish dynamic behaviour of
DG while starting up. Firstly, based on the experimental results and technical notice data, simplified DG
and SC models are presented. Then, a power control strategy is proposed to achieve coordination
between DG and SC, to resist against the shortage of renewable power or the sudden load power surge.
The individual control schemes are coordinated through the proposed control coordination approach to
maintain the DC bus voltage stable and the system’s power balance. The control strategy is verified by
simulation and experiment. The results show that the proposed control strategies are able to regulate the
DC bus voltage within the acceptable limits and supplying the load during renewable power under
generation or load step-increase situations.
Based on the study of SC/DG coordinating control strategy, Chapter III further develops a whole
power management strategy for the real time control, which controls the operation of an off grid and
standalone DC microgrid, consisting of PV source, battery storage, SC, DG and DC load. It implements
the SC/DG coordinating control strategy into the following rule based energy management strategy. SC
and DG operate together to balance the DC power and stabilize the DC bus voltage, during the period of
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starting up DG. On the other hand, SC is used to supply/absorb power when the needed batteries power
is out of the range of its discharging/recharging power. Thus, this section firstly presents the hybrid
system including PV, batteries, SC and DG. Then, an energy management strategy is proposed to achieve
coordination between these sources. Simulation with a real PV profile is done for validation of this
strategy, which consists of twelves cases. Then, controllable experimental cases are operated to verify all
the twelve possible cases. In addition, a one day experiment is operated to verify the feasibility of
implementing the energy management algorithm in a real environment, based on the real weather data.
The results show that the proposed control strategy is able to regulate the DC bus voltage within the
acceptable limits, balance the power, and supply the DC load.
At the beginning of the chapter IV, the experimental analysis of DG is done to understand its energy
cost and fuel consumption. Based on several tests a precise fuel consumption function contributes to the
research of the optimal operating mode of DG and the calculation of total energy cost of the whole
power system. The environmental temperature influence on the operation of DG is also studied by means
of experimental methods. Then, the diesel fuel consumption rates under different DG output power
values are also obtained by several experiments. Therefore, a precise DG power production tariff is
deduced, which are used in the following parts. According to the instruction manual of its manufacture,
DG operation and maintenance cost is also defined in this part. And then, considering the DG energy
cost, an improved energy management strategy for the real time power control is newly proposed. The
aim of this strategy is to provide a continuous supply to the building with a low energy cost under
relevant constraints. The simulations are firstly done to verify the control strategy theoretically. Then,
an experimental platform is set up and the power management strategy is implanted into the real-time
control system. The experimental tests, for both DG duty cycle mode and DG load following mode, are
carried out with the experimental platform. To analyze DC microgrid validation and its technical
feasibility, three test studies, corresponding to three types of solar irradiance evolution, are proposed
and discussed following the two DG operating mode: duty cycle and load following. Given the obtained
experimental results, the feasibility of DC microgrid control with the power management strategy, in
real operation with respect to rigid constraints, is validated. In addition, the energy tariff of each element
is defined and the total cost of the whole system is calculated. Compared with the DG load following
mode, the fuel cost is reduced in the newly proposed strategy with a reasonable operation mode of DG
(duty cycle), which is good from economic point of view and environmental point of view (reducing the
emissions).
General conclusions and perspectives of the proposed off-grid DC microgrid research are given in
the end.
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Chapter I. Research background and thesis
objective
After entering into the 21st century, the governments and research institutes evidently pay close
attention to the energy and environmental problems, such as increasing growth of energy demand,
depletion of fossil energy, the emission of greenhouse gas, global warming, the promotion of ecological
civilization awareness and the requirement of the power supply reliability. With the proposition of Paris
Agreement at COP21 [1], the world-wide countries will take further measures to realize the goal of
reducing the risks and impacts of climate change and global warming. Concerning the field of electrical
power system, it asks for the change and improvement of the existing power grid system: the smart grid
has come into the field of researchers’ vision [2,3]. As the basis of smart grid, microgrid that combines
distributed energy resources and loads is believed as an effective and promising approach to achieve
high level renewable energy penetration into smart grid [4], in which the power is generated and
absorbed by themselves so that to decrease the influence on the utility grid. With communication
technology [5,6], microgrid can interact with smart grid in order to assist grid power balancing by an
advanced energy management and so to reduce the cost and to improve power quality. In microgrid, the
output power of many distributed generation sources is in the form of DC form, such as PV power
generation and fuel cell power generation. With the development of society and technology, the DC load
is increasing largely in our daily life, such as electric vehicles, solid state lighting systems, and motors
speed variation systems. Therefore, DC microgrid attracts more and more attention both in industry field
and academic circle. However, the intermittent and uncertain characteristics of renewable energy
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sources give rise to the requirement of backup power, such as DG and gas turbine generator. DG, or biodiesel generator, is a good choice because of its ease-removability and ease-accessibility. This chapter
gives a review of issues about research background, places DC microgrid concept and its comparison
with AC microgrid, and the application of DG.

I.1. Traditional grid and smart grid
In the 21st century, the power industry is facing enormous challenges. In order to meet the new
needs of economic and social development and to upgrade the existing power system, many countries
and governments gradually form and finally propose the smart grid as the core content of development
planning of electrical power system, in accordance with their national energy resources and current
power system characteristics.
In United States of America, electric power research institute has proposed the future development
power grid concept, which is called as Intelligrid [7]. In April 2003, senior experts from the power
companies, power equipment manufacturers, federal and state government officials, universities and
national laboratories, gathered together to discuss the future of the united states power system. After the
meeting, in June 2003 on behalf of the meeting, the United States Department of energy transmission
and distribution office published a report named "Grid 2030 - power of the next 100 years of national
vision" [8]. This report can be described as a programmatic document of the US electricity reform,
depicting the future of the United States power system vision, and to determine the various stages of
research and development and experimental work objectives. At the beginning of 2009, the former
President Obama signed the American Economic Recovery Investment Act (2009) [8] and made the
construction of the smart grid the main content of the United States economic revitalization plan. He
took smart grid as the core of the energy development strategy, actively responding to global warming,
the international financial crisis and the United States economic revitalization, which makes the concept
of smart grid, gradually get the attention of national research institutions and power companies.
European countries have different modes of grid operation and the demand for electricity is
gradually saturated. The energy policy of Europe emphasizes the protection of the environment and the
development of renewable energy generation and the low carbon economy. At the same time, the
European power companies are subject to competition from the open electricity market pressure,
needing to improve the quality of power supply services, to improve customer satisfaction, and to win
more customers. Therefore, improving operational efficiency, using more renewable energy, lowering
down power prices and strengthening customer interaction have become key issues to construct the
European smart grid. In 2005, the European Commission for the first time proposed the concept of
"smart grid" and established the "Smart Grids European Technology Platform", the goal of which is to
transform the traditional grid into the user and operator interactive service network, to improve the
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European transmission and distribution system efficiency, security and reliability, as well as to remove
the barriers to the access of large-scale distributed generation power. In 2006, the Forum published two
important documents: "The Vision and Strategy of the Future Grid in Europe" [8] focuses on the vision
and needs of the future European power grid; the "Strategic Research Agenda (SRA) for Europe’s
Electricity Networks of the Future" [9] focuses on the priorities of research and highlights the
development priorities and routes of the European smart grid, which is updated in 2012 [10]. The two
documents describe detailed the European Smart Grid development roadmap, to carry out related
projects and to promote the realization of smart grid. According to the European grid strategy in the
future requirements, by 2020 the proportion of renewable energy sources in Europe well increase by
20%, energy efficiency will increase by 20%, greenhouse gas emissions will decrease by 20%, therefore
known as the 20/20/20 plan. On September 16, 2009, the European proposed in the "Energy Technology
Development Strategy": 30 cities will be selected as the smart grid pilot cities, in order to become the
world leader in green technology competitions.
On May 21, 2009, the ex-chairman of the board of State Grid Corporation of China, Liu Zhenya
announced the development strategy of building a strong and smart grid in China, at the 2009
international conference on extra high voltage transmission technology. It clearly stated that based on
the special high-voltage grid as the backbone grid, by using the advanced communications, information
and control technology, the strong smart grid will be constructed. It can realize flexible access and
convenient use of diverse power users and different characteristics. It can greatly improve the ability of
power network optimization and configuration, greatly enhance the service capability of power grid,
and promote the power industry and other industries. This technology upgrade is to meet China's
economic and social development requirements, coordinated and sustainable development requirements.
This major strategic decision will be a strong impetus to China's smart grid research and construction,
especially in this special period of the current financial crisis, which has seriously affected the China's
economy.
The countries all over the world are researching on smart grid. But it does not have a definite and
doubtless concept, and the worldwide experts in various fields elaborate on the connotation of the smart
grid from different angles. With the depth of research and the understanding of practice on smart grid,
it will be redefined and be enriched in the contents.
Broadly speaking, smart grid, which is essentially defined as intelligent, is based on integrated, highspeed two-way communication network, through the application of advanced intelligent sensing and
measurement technology, communication technology, information processing technology, and decision
support system technology application, to achieve the safety, reliability, economy, efficiency of the
environmentally friendly electrical power system. According to the development of smart grid around
the world, the driving force of the smart grid will be summarized as follows in several aspects:
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(1) Energy depletion and environmental pressures.
With the rapid growth of global energy demand, the reliability of energy supply and national energy
security has put forward a severe test to the world; global warming and environmental pollution
problems are increasingly serious, making the environmental constraints more stringent. Resourcesaving and environment-friendly development objectives require the power industry to shoulder the
energy-saving emission reduction, the development of low-carbon economy, safeguard the economic
and social development. To develop wind energy, solar energy, biomass, and other renewable energy
has become an inevitable choice. These renewable energies, both large-scale and small-scale or
individual local plants, have to be connected with the utility grid to supply the users. As the generation
of wind power, PV power is also greatly affected by the weather conditions. Their intermittent and
uncontrollable characteristics will increase the power mismatching in the utility grid and cause
fluctuations in voltage and frequency, or even blackout. So, the power grid is required to be stronger
and more compatible to solve these large-scale renewable resources development, access and
consumption, to truly realize the effective use of green energy. Therefore, the research on smart grid,
which is to protect energy supply security and to ease the pressure of resources and environment, is of
great significance.
(2) Power grid security and a wide range of electricity demand.
With the rapid development of modern power grid and the gradual formation of interconnected
power grid, ultra-high voltage, long-distance transmission, AC-DC hybrid, large power supply side and
large power demand side, diversification of power generation forms and other characteristics become
increasingly obvious. Power grid operating conditions are more complex. So, how to effectively resist
all kinds of serious faults and how to reduce the risk and harm of accidents put forward great challenges
to the planning, operation and management of power system. The future power grid should have
integrated coordination and management level, a high degree of flexibility and reliability to enhance the
ability to control the safe operation of large power grids. The large power grid can be flexibly dispersed
into small microgrid. At the same time, with the improvement of people's living standards, the demand
for power supply reliability, power quality and power services, is increasing. In addition, with the
progressive development of small wind power, PV power generation, small hydropower, electric
vehicles, and other distributed power sources, the distribution network has to meet the two-way trend
(from power generation to the users and inversely). So, there is an urgent need for intelligent power
technology to support these requirements.
(3) The global financial crisis.
Before the global financial crisis, the scholars have begun to imagine the future of power grid, which
should have a variety of intelligent functions, and put forward the idea of smart grid which did not attract
enough attention at that time. The outbreak of the financial crisis prompted many countries to introduce
the economic stimulus plan. As the basis for economic development industry, the upgrading of the power
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grid not only influences the people's livelihood but also promote the development of related industries
(information industry, materials, equipment manufacturing, renewable energy etc.). Smart grid is not
only conducive to promote economic growth, but also ease the employment pressure. Therefore, the
financial crisis has become an iconic event to forcedly drive the rapid development of smart grid.
Especially after the United States Obama government proposing smart grid development strategy, the
idea of smart grid gradually gets the world recognition and attention.
(4) The demand of economic operation under electricity market environment.
Facing the need of resource-saving and environment-friendly social development, the grid is
necessary to fully improve energy efficiency, but also energy-saving and environmental protection and
to achieve economic operation. Therefore, to promote the use of energy efficient power generation and
transmission equipment, to improve power generation scheduling and to strengthen demand side
management, are the future developments of the power grid requirements. On the other hand, if all the
generators can run near optimal output, the installed capacity can be greatly reduced, which can save
social resources and reduce greenhouse gas emissions. What is more, under the environment of
liberalized market competition, power generation enterprises, transmission enterprises and distribution
enterprises should also optimize the utilization of equipment, reduce the costs and absorb more
customers as much as possible.
(5) The new technologies and new equipment are widely used.
New technologies and new equipment, such as information, communication, network, computer,
renewable energy, energy storage, and power electronics and so on, have been widely used in the power
system. They provide technical support to the operation and control so that the smart grid is possible to
achieve.
Therefore, compared with the operation mode of traditional power grid, the smart grid is a complete
enterprise-class information framework and infrastructure system. It can achieve continuous monitoring
of customers, the assets of electric enterprise and the power operation, so that to improve management
level grid reliability and the users’ service level. The energy resources are not properly configured in
the traditional way of electricity distribution, resulting in energy and wealth losses, but smart grid can
eliminate such waste, by temporarily selling the unused power to other People who need electricity
according to the power resources market. In addition, the smart grid can combine the centralized
generation and a large number of "plug and play" distributed power generation. It is a flexible
architecture by intelligently reorganizing the system’s structure and optimizing the grid control at all
levels, to get the best system performance configuration. According to the above analysis, the specific
differences between the traditional grid and the smart grid are shown in Table 1.
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Table 1. Differences between traditional grid and smart grid.
Traditional grid

Smart grid

Power sources

Dominant centralized power
generation

Centralized power generation
assisted by a large number of "plug
and play" distributed generation

Renewable energy

Difficulty on absorbing the
power generation of large-scale
renewable energy

Support the access and integration
of large-scale renewable power
generation

Power quality

Power outages are concerned but
rarely care about power quality.

Both power reliability and power
quality are guaranteed

Self-healing

Cut off users to protect the
electrical assets and equipment
if there is an emergency, natural
disasters or even terrorist attack

Prevent power failure, reduce the ill
impact, resist attack, have fast
recovery capabilities.

Information flow

Rarely concern about the user
needs, one-way information
stream and power flow

Interact with the users and two-way
information exchange

Electricity price

Constant electric price with few
changes

Time-of-use tariff

As the local level of smart grid, microgrid is regarded as one of the promising solutions to construct
the smart grid. The power is generated locally and consumed by the local users. The microgrid can
participate in the global smart grid interaction with a bidirectional information communication, which
is based on proper routers and protocols. Several microgrids can be organized together through a
dedicated adaptive controller and they are connected to the traditional utility grid by the PCC. A
microgrid can also operate in islanded operation mode through the intelligent switches, if there is power
failure and electricity fault either in the utility grid or in the microgrid itself.
AVENUES laboratory has been working for more than nine years on the DC microgrid as the main
body of smart grid, in order to optimize the local energy sources and users’ demand and to pursue the
power quality. The research aspects include the human-machine interface, power prediction, the design
of the energy management strategy, and the detailed operation and control of the distributed sources.
The smart grid topology presented in Figure 1, shows the vision of the smart grid structure and the role
of microgrid.
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Figure 1. Smart grid topology [11].

I.2. AC and DC microgrid
Different countries and different organizations have different definitions of microgrid and the
microgrid structure also varies according to different applications and projects. But after synthesizing
these researches and studies, microgrid can be generally considered as a small low-voltage system,
which composes of distributed generation resources, energy storage device, load and its monitoring and
protection devices. The internal power supply of microgrid is mainly clean energies, which are
connected to the main bus by power electronic devices. These electronic devices are controllable to
balance the power within the grid and the operation mode (grid-connected mode and off-grid mode).
Compared to the external utility grid, microgrid can be expressed as a single autonomous control unit:
if the external utility grid is in the normal state, microgrid operates as a controllable and dispatch unit,
reducing the effects of the influence of intermittency and uncertainty of distributed generation on large
power grids; when the large power grid fails or the power quality does not meet the requirements, the
microgrid can operate independently as an autonomous system to increase the flexibility and reliability
of the power supply to the internal load of the system.
Concerning microgrid approach, several main advantages can be given: improving renewable energy
penetration level, better energy supply for remote areas or islands, power balancing at local level with
self-supplying possibility, and maintaining load supply during standalone operation or off-grid mode.
Figure 2 displays the general microgrid scheme.
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Figure 2. General microgrid scheme [12].
According to the form of power transmission within the microgrid, it can be divided into AC
microgrid [13,14], DC microgrid [15,16] and hybrid AC/DC microgrid [17,18]. In the DC type
microgrid, a large number of distributed power and energy storage systems directly supply the DC load
through the DC main grid; and for AC load, the use of power electronic converter device will convert
DC power into the AC form. In the AC microgrid, the output of all distributed power and energy storage
systems is first converted to AC power to form an AC backbone network and then directly given to AC
load; and for DC load, AC power is converted to DC power by means of power electronic invertor. In
the hybrid microgrid, either the DC load or the AC load can be directly supplied from the microgrid
without the power conversion between AC and DC. That is to say, the renewable sources (RS) that
generate DC energy, and the DC loads are connected directly in the DC bus while the AC loads and the
AC power sources are connected on the AC bus.
As for the present, the microgrid mainly adopts AC microgrid structure, because the electrical form
of utility grid is AC form and the AC loads are still the principal loads. But more high-voltage direct
current (HVDC) transmission lines have been built in MW level [19], while DC grid has already been
used for years, such as telecommunication systems, data centres [20]. In addition, with the access of a
large number of DC loads, like light-emitting diode lighting, electrical vehicle and variable-frequency
drive machines (refrigerators, heaters, air conditioners, washing machines), and the large-scale
application of renewable energy sources, it is the extension of DC to future appliances and to those that
were traditionally operating on AC backbone that will make a true difference.

-32/159-

Compared with DC configuration of microgrid, AC microgrid has advantages in the following two
aspects. Firstly, increasing or decreasing AC voltage is easy and economical by the transformer while
DC transformation needs specific power electronic devices. But with the development of high-power
converter technology [21], the DC transformation has already become easy and convenient. Secondly,
the technology of AC circuit breaker is much more mature than DC and breaking the high current rating
of DC circuit is much more difficult. After all, the present electrical AC power supply systems are the
invention of a long-term technological development which started at the end of 19th century. However,
ABB’s Hybrid HVDC Circuit Breaker has partly solved this 100 year old dilemma [22,23].
Even though there are some problems in DC system, its advantages gain more than its shortcomings
and these merits are not available in AC power grid.
1) The output form of the most renewable energy sources is the DC form. PV generation and fuel
cells can be easily connected to DC microgrid with a DC/DC converter stage while it needs a
more DC/AC invertor stage to transform the DC power into AC power in AC microgrid. So, the
AC microgrid requires at least double commutation devices, resulting in, on the one hand an
increase of system investment, on the other hand the poor reliability and flexibility of system.
2) There is no need for thinking over the synchronization. The varieties of distributed AC sources
in DC microgrid, such as wind turbine, DG and micro gas turbine, are integrated into DC bus
through the AC/DC rectifier. The control is relatively simple and there is no longer need to
consider the output voltage frequency, phase synchronization and other issues. In addition,
between DC microgrid and large power utility grid, it needs only a bidirectional flow DC/AC
converter.
3) There is no reactive power in DC bus. Since no reactive power is present in DC bus, the AC
sources could run with only active power so that the power efficiency and power transfer ability
are increased. In addition, the DC bus voltage is the only parameter that characterizes the power
balance in DC microgrid. It is the only control goal of DC microgrid. That is to say, the power
balance of each unit in the DC microgrid system can be realized as long as the stability of the
bus voltage is ensured. The control of the power flow in the grid can be realized directly by
controlling the current flow direction.
4) The power quality is improved. As DC/DC conversion significantly reduces the distortion and
clutter of current which often are introduced by the AC/DC conversion process, the DC
microgrid can significantly improve the quality of power supply. The AC/DC converter between
DC microgrid and AC utility grid can effectively isolate the disturbances caused by the largescale power grids. DC microgrid can be cut off from the large power grids in the event of a large
power grid failure. This improves the quality and reliability of the power supply.
5) Higher efficiency. With the development of technology, a large number of DC load springs up
in the family house and office buildings [24]. But conversion from AC to DC often loses energy.
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6) In the reality of a variety of DC microgrid projects, the system design is easier. DC systems do
not suffer from skin effect, so thinner cable can be used with improved material efficiency. The
line cost can be controlled in an acceptable range.
To sum up, compared with AC microgrid, DC microgrid is easy to realize the coordination of
distributed sources and energy storage within the grid. The power control management is simple and
reliable to achieve the power flow and the energy scheduling, to improve the power quality and the
supply reliability, to obtain a higher efficiency and lower expense. Under the traditional large grid
structure of AC transmission, DC microgrids show good adaptability to distributed generation and micro
source of renewable energy, especially the sources in DC output form. Because of its internal use of DC
transmission, there is a series of outstanding advantages. In the new energy power generation and smart
grid development trend, the DC microgrid has broad prospects in the future.

I.3. Utilization of diesel generator in DC microgrid
Even though renewable energy is gradually taking up the main power sources in DC microgrid, the
traditional fossil energy source, like gas turbine and DG, still acts as a component connected into the
DC bus in some DC microgrid structure, especially for standalone microgrid. This is because of the
intermittent and uncertainty characteristics of renewable energy. In the PV power dominant DC
microgrid, it is possible that there is no power output in the daytime if it is overcast and it is sure that
there is no power output in the night. In the wind power dominant DC microgrid, obviously, there is no
power output or insufficiency if the wind forth is not enough. Therefore, when operating in standalone
or off-grid mode, DC microgrid needs backup energy to deal with the intermittent feature of renewable
energy. However, bio-diesel generator may be also considered.
When the microgrid operates in grid-connected mode, the outer utility grid is a better choice than
DG to supply the users’ demand when the renewable source is not enough. This is because that the prize
of electricity of utility grid is evidently lower than the energy cost of DG. Taking the company Electricité
de France (EDF) as an example, the prize of peak hours is 0.1593 euros/kWh, while in the off-peak
hours, the prize is 0.1252 euros/kWh [25]. However, the prize of diesel is 1.25 euros/litre [26]. When
the diesel prize is converted into the electricity prize, the energy cost of DG is much higher than the
electricity bought from the DEF. The energy cost and fuel consumption of DG will be analysed by
experiments in detail in the beginning of Chapter IV. Therefore, this thesis mainly discusses the
standalone DC microgrid or DC microgrid in off-grid mode, which needs the back-up sources.
For a small-scale PV generator as the main renewable source, the lead-acid battery is commonly
utilized as energy storage because of the comparatively low cost with respect to its good performance
[27]. Due to the size and economic constraints, the capacity of battery storage is limited [28]. Therefore,
it is possible that there is not enough power supply after battery storage is used up.
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In conclusion, the plug and play backup power resource (like gas turbine and DG) is very important
for off-grid microgrid to guard against the deficiency of RS and storage. On the other hand, the power
supply from traditional DG is controllable and independent of weather and climate conditions [29]. DG
can be a good choice for using as backup power due to its several advantages, such as low investments,
ease of move and compatible combination with other energy sources and storage system in hybrid
configurations [30]. The integration of a DG into a renewable energy generation based on DC microgrid
system enhances the regulation of DC bus voltage and power support.
According to the operational mode of DG and the research work of others scholars, DG can be
operated in continues-running mode to participate in maintaining the power balance of the whole system
as one of the main power sources, or is regarded as backup energy which is used when needed. Once
the DG is stated up, it can also operate in load-following mode (only supply the load) and in duty-cycle
mode (not only supply the load but also recharge the storage).
Several energy management strategies and control methods of DC microgrid have been proposed.
In [31], the control strategy uses DG as back-up power to study the multi-objective optimization of a
stand-alone PV–wind–diesel DC power system with batteries storage, by using the HOGA software.
The optimization results show that in many cases the DG is a good option to be added in the hybrid
system. In addition, the DG is a backup source of electrical energy that is independent of the meteorology.
In [32], a power control and energy management for an hybrid standalone diesel-wind-battery system is
investigated through experimental methods. The system is managed by the developed controller which
ensures the automatic start and stop of the emergency DG as needed and instant control of the battery
charge state. The principal role of the developed controller is to continuously supervise the input power
and load demand and to optimize the diesel operation under all working conditions. In the PV-DGbattery DC microgrid presented in [33], DG serves as the backup energy source and only operates to
supply the power in the case of insufficient PV power and battery storage. A nonlinear adaptive
backstepping controller is proposed to balance the power and stabilize the voltage of DC bus. In [34],
the power from PV system and DG is controlled by the designed linear quadratic regulator controller in
a PV based DC microgrid. The DG is only started up to supply the power when the PV power is not
enough and battery storage is exhausted. In [35], backup diesel generation is used when there is shortage
in electricity. Both a centralized and a decentralized demand-response multi-agent control and
management system are devised to minimize the operational cost and inconvenience of electricity
consumers. In [36], the pumped-storage hydroelectricity is used to store or release energy when the PV
and wind turbine generating power is sufficient or short. If all of them cannot response the load energy
requirement, DG would serve as the last resort. In [37], both the load following control strategy and
cycle-charging dispatch control strategy are considered and compared in the proposed PV-DG-battery
power system. Two tests using real metrological data and load demand have been done to validate the
proposed hybrid system.
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Different from the above research work, in the paper [38], the DG is operating all the time to
participate in the power balance of an isolated DC microgrid, which includes wind turbine, PV panels
and battery storage. A discrete Fourier transform method for the coordinated dispatch of battery and DG
is proposed in this paper to compensate the power fluctuations and lower the fuel consumption of the
system. In [39], battery and SC are used to improve the performance of wind-DG generation by
absorbing disturbances due to wind speed variations. But in this power management, DG is operated
continually to replenish the deficient power and regulate the bus voltage. So, if there is no deficient
power, the DG is still operating to stabilize the bus voltage, which is not indeed economical. In [40],
two control strategies (continuous operation control and on/off control) are applied to the PV-DGbattery hybrid system. Continuous control has more fuel saving while on/off control achieves more DG
daily operating time reduction. However, the pros and cons of long running time and several starts and
stops are not clearly investigated in this paper.
However, the fuel combustion efficiency and power generating efficiency are proved to decrease in
case of low load operating mode [41], especially for small size DGs. Thus, there are some works which
study variable speed control method of DG to reduce fuel consumption and greenhouse gas emission
[42]. One notes that the commercial DG is often fixed speed synchronous generator. Thus, for a small
size DG in a small-scale microgrid, DG would be better to be regarded as backup energy source which
is involved only when needed.
Even though DG is a good choice as backup energy source to support a long-time operation in offgrid DC microgrid, it cannot output power immediately as needed because it takes several seconds, even
several minutes, depending on the machines’ capacity, to output the stable power [43]. In [44], it is also
considered that fuel-based generators needs a warm-up period for a certain length of time to reach a safe
operating temperature and to stabilize the output power before being connected it to the grid. Power
interruptions during the DG start-up can cause the interruption of the entire microgrid power system.
The power interruptions are very costly and unacceptable to the critical power consumers, such as
hospital, data centre and security system, etc.
Thanks to its rapid power response and high-power density, SC is a solution that may solve the
discontinuity problem of power supply during DG start-up. The research work in [45], uses SC to
improve the dynamic characteristics and to compensate the sluggish dynamic behaviour of a variable
speed commercial diesel engine in an isolated system. In [46], SC is applied to improve the sluggish
dynamic response of the diesel engine for hydraulic mining shovels, to make the diesel engine a nearly
constant speed while keeping the DC bus voltage stable. In [47], the evolution of specific fuel
consumption versus the specific DG generating power is presented. The proposed energy management
of PV-battery-DG hybrid system can get evident savings in the fuel cost (-7.8%), compared to the case
of using only DG. In [48], it presents an optimal energy management for PV-DG-battery hybrid off-grid
power system, to minimize both fuel costs and battery wear costs. The DG runs in load-following
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strategy to only supply the load, so that there is no fuel cost comparison with the duty cycle mode in
which DG also recharges the battery.
The handbook of manufacturers gives generally the basic information about DG, such as the rated
power and the root-mean-square value of output voltage, but the situation of fuel consumption is not
clearly addressed, especially in low power situation. To overcome this issue, in the papers [49,50] the
linear regression function is used for fuel consumption calculation, based on its rated power PDG and
the actual output power pDG of the DG. According to other research work [51,52], the specific fuel
consumption, noted F (L/kWh), can be formulated as a quadratic function of the corresponding
generated power.
2
F ( pDG )  cDG _ 2 pDG
 bDG _ 2 pDG  aDG _ 2

(1.1)

where cDG _ 2 , bDG _ 2 and aDG _ 2 are the coefficients of fuel consumption function and can be found by
curve fitting by the Approximate Diesel Fuel Consumption Chart given by different manufacturers [53].
In the research work [54], a similar third order polynomial fuel consumption cost function is also
obtained by being fitted to this fuel consumption chart. However, this chart shows an estimate of the
fuel consumption of a DG based on the size of the generator and the load at which the generator is
operating. As various factors can alter the fuel consumption, this chart is not an exact figure; it is based
only on consumption per hour. Therefore, the exact fuel consumption should be known by experiments.
After concluding the control problems and the energy cost description of DG in the above context,
the lake or shortage in the recent research about the utilization of DG in DC microgrid can be
summarized in three aspects:
1) Most of the research works do not consider the start-up time of DG in the hybrid standalone
power system.
2) The fuel cost and fuel consumption of DG is not clearly addressed, which is not precise.
3) The impact of DG operating modes on standalone DC microgrid is not studied thoroughly,
especially in the economical aspect and the energy cost analysis.
Therefore, in order to solve the shortcomings in the above, the objectives of this thesis will be
explained in the next section.
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I.4. Objective of the thesis
By aggregating loads and multi-source, renewable and traditional, microgrid can operate in both offgrid and grid-connected configuration, but the self-supply tendency increases (cost competitive microsource technologies). Microgrid could be able to control RS instead of direct injection and interacts with
smart grid in order to assist the utility grid power balancing by an advanced energy management. The
AVENUES project research focuses on DC microgrid whose supervision implies intelligent control
strategies as well as smart grid communication. The proposed DC microgrid structure, consisting of
various sources and energy management strategy, is proposed in Figure 3.

Figure 3. DC microgrid structure.
Before establishing a microgrid, the energy sources must be sized according to the load, to the
electricity consumption, to the environmental conditions, and to the solar irradiation, within the
technical specifications of the desired microgrid. This is the problem of sizing of microgrid [55–57].
This thesis focuses on the power management and the real time control of a standalone DC microgrid
without consideration on the sources sizing. One of the reason why the sizing is not considered here lies
in the fact that the research work is validated by experimental tests based on test benches already
available in our laboratory. One notes that the experimental equipment is gradually purchased,
depending on experimental conditions and funding.
The research, through this thesis, aims to study, analyze and evaluate the best setting parameters of
the DG set that could lead to a global energy efficiency and cost optimization of the DC microgrid taking
into account its different operating modes (load following mode and duty cycle mode). The main
research work and objectives are as follows:

-38/159-

1) How to start up DG and how to connect the DG into DC bus is the first research point. If it
needs to utilize the DG, its characteristics should be understood at first and then the power
control of DG should be studied.
2) After the DG will being controlled, its economic features and fuel consumption conditions
should be known so that it can be used in the most economical and optimized way. This is good
for fuel saving and decreasing the harmful exhaust gas.
3) At last, the power management strategy for the real time control of DC microgrid including DG,
needs to be proposed. Under this condition, the actual power system can have application in
industrial field and in the human life.
Therefore, this thesis focuses on the impact of DG operating modes on standalone DC microgrid
and aims to design the necessary control strategies with respect to the economic analysis.
Compared to the research works mentioned above, this thesis is distinguished by the integration of
two complementary systems, DG and SC and by applying the DG energy cost into the power
management strategy, in order to balance the power, i.e. to stabilize the DC bus voltage, as well as to
reduce the energy cost for the end users. The most original scientific contributions of this thesis concern:
1) DG is compensated by SC during the DG start-up stage. When the microgrid needs to start up
DG and the DG output is not yet stable, SC outputs power to support the microgrid bus during
this short period. Therefore, the microgrid system is steady and the DC bus voltage is stable.
2) DG fuel cost function is found according to the experimental results, which is much more
precise then the past research work. In addition, the research work takes into account the
environmental temperature influence on the DG start-up.
3) Impact of DG operating modes on standalone DC microgrid has been studied. DG different
operating modes (load following and duty cycle) are analysed and compared. The fuel cost of
DG and the total cost of the whole power system are calculated, so that the optimal DG running
mode of DG has been found.
4) The power management strategies for the real time control have been proposed for the
standalone DC microgrid, which can keep the bus voltage stable as well as reduce the energy
cost.
Regarding the technical contributions, the work of this thesis built up several experimental test
benches for standalone microgrid based on PV sources emulator, which allows the repeatability
conditions and reproducibility (the comparisons of different DG operating modes under the same solar
irradiance and air temperature conditions). Numerous experimental tests were carried out and allowed
the validation of the proposed concepts and power management strategies. Therefore, the ideas and
innovations are validated not just by simulation in the computer, but also by the experiments, which can
have applications in real environment and in industrial field.
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I.5. Conclusion
Brief description about the traditional grid and smart grid has been introduced in this section,
especially the summarization of the driving force of the smart grid. The comparison between AC and
DC microgrid gives the conclusion that DC microgrid gains more than the AC microgrid in several
aspects such as the efficiency, the coordination with the renewables sources and so on, so that the DC
microgrid has broad prospects in the future. Therefore, this thesis focuses on the standalone DC
microgrid system, which consists of PV sources, battery storage, SC, DG and DC load. Facing to the
state of the art of the utilization of DG in DC microgrid, the thesis summarises the shortcomings and
inadequacies in the current research. Under this academic and industrial circumstance, it describes the
research purposes, motivations, and research contributions. The first objective of this thesis, DG startup compensation by SC, is given in the next chapter.
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Chapter II. Diesel generator start-up
compensation by supercapacitor
Regarding the DC microgrid, the use of DG enhances the regulation of the DC bus voltage and
power support. Thus, for off-grid operating mode or standalone microgrid, power balance is performed
by adjusting DG power and storage for voltage stabilization. Although DG large capacity backup power
can provide long-term support, its response speed is slow and the starting time lasts several seconds
even tens of seconds to reach stable output power. Therefore, due to the slow dynamic behavior of the
DG, the DC microgrid power balancing needs compensation for sudden load power increase or sudden
renewable power decrease. On the other hand, storage as SC has a fast response and high power density
but a low energy density.
This chapter focuses on DG slow dynamic compensation by SC for DC microgrid power balancing
at DG start-up stage. A cooperative control strategy for SC and DG is proposed to realize the start-up of
DG. SC and DG serving as a unity, work together to meet load demand when there is the shortage of
RS power or sudden increase of load power. Based on the simulation and experimental results, this
section shows that the designed control strategy improves the dynamic characteristics and achieves the
maintained power quality. The whole system is given in the Section II.1. The power control strategy is
described in section II.2. In Section II.3. and II.4., the simulation results and experimental verifications
are presented and analysed. The conclusions of this chapter are given in Section II.5.
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II.1. System modelling and description
The DC microgrid system consists of RS energy, batteries storage, SC, and DG. For DC microgrid
running in off-grid mode or in standalone mode, DG and storage should work as backup energy
equipment. Each of these backup components has a different role for the DC microgrid operation,
according to the different power fluctuations that can occur. Storage, which is based on electrochemical
batteries, is used for longer fluctuation periods (in the range of minutes/hours). If the storage’s state of
charge or its stored power reaches their minimum limit, DG has to be turned on and used for supplying
the load and even to recharge the storage. However, because of the sluggish response of the DG during
the start-up stage, the output power of the generator cannot respond to the rapidly increasing load power,
and the voltage of DC bus cannot be maintained constant. The power quality of the system can be
enhanced by using SC against the sudden load power surge or the shortage of renewable power. The SC
is controlled to compensate the initial slow dynamics of the DG while starting up and keep the DC bus
voltage constant. To realize this control, the characteristics of the DG and SC have to be determined: the
starting characteristic of DG before reaching its stable output and the SC charging-discharging curve.
Based on experimental results as well as technical notices of manufacturer, DG model and SC model are
described in the following.

II.1.1. Diesel generator system and modelling
DG sets convert fuel energy (diesel or bio-diesel) into mechanical energy by means of an internal
combustion engine, and then into electric energy by means of an electric machine working as generator.
The DG main parts are: internal combustion engine, electric synchronous generator, mechanical
coupling, automatic voltage regulation system, speed governor, battery and small motor for dragging
the rotor to rated speed in start-up phase, automatic fuel injection and ignition system, fuel tank,
command panel. The minimum combined time necessary for the start-up of internal combustion engine,
reaching the stabilized regime of the generator is several seconds, or even tens of seconds. When the
frequency and voltage have reached their rated value, the switch is closed to connect the generator to
DC bus. The DG used in the experiment is SDMO Technic 6500 E AVR. A Kohler diesel engine is
mechanically coupled with a single-phase brushless synchronous generator, which has a closed loop
automatic voltage regulator that controls and keeps constant the generator output voltage. The speed of
engine is constant because of its speed governor system, which ensures the 50Hz frequency of the AC
voltage. The DG parameters are listed in Table 2.
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Table 2. Parameters of diesel generator.

PDG _ MAX

6.5kW

VDG _ RATED

230V

PDG _ RATED

5.2kW

I DG _ RATED

22.6A

Number of Phase

Single

Frequency

50Hz

In order to study the start-up characteristic of DG, no load test of DG has been done and the output
voltage has been measured. Figure 4(a) shows the experimental results, namely output voltage curve of
DG while starting up and Figure 4(b) presents the details of the changes of the same voltage curve
between 4s and 5s. It is noticed that the output voltage increases gradually. At the beginning of this
stage, the output power cannot be stable. And if the reference DG power is big while the voltage is not
stable, the DG current will be huge which can burn out the generator.

(a)

(b)

Figure 4. (a) Start-up voltage curve of DG without load and (b) the voltage curve between 4s and 5s.
Several same tests have been done and the similar results of output voltage curve of DG like in
Figure 4, show that this DG needs at least 6 seconds to deliver a stable output power [58].
Since the rotor’s speed control system and generator voltage control system are integrated inside the
DG as a whole system, this DG can be regarded as an independent voltage source. It is able to maintain
the fixed voltage independent of the load resistance or the output current. So, the model of DG is
simplified to two main elements: a second order model representing fuel injection and the internal
combustion, and a delay time representing the time needed to reach stabilized output. Figure 5 shows
the model of the DG by using a controlled voltage source block in Matlab/Simulink SimPowerSystem
library.
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Figure 5. DG model.
By using this model, the DG start-up simulation result is shown in Figure 6 with the blue curve; it is
an ideal voltage source ignoring the voltage noises and vibrations. In contrast, the actual voltage curve,
which is the red curve in Figure 6, shows the signal image and its noises.

Figure 6. Start-up voltage curve of real DG and of the DG model.

II.1.2. Supercapacitor system and modelling
SC has a high-power density that can be released sharply and rapidly, so that SC can supply a great
power in a short term. There are some earlier works which have shown the application of SCs both in
AC and DC microgrids. In energy managements mentioned in [39,59–61], SC is effectively used to
mitigate high frequency load variations. In addition, hydraulic mining shovels [46], and electric vehicle
[62] also use SC to meet and improve the sluggish dynamic performance of diesel engine during load
changes. Thus, SC may be integrated in DC microgrid to compensate for dynamic power fluctuations
before the steady operation of DG [45].
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The general SC model is presented in Figure 7, with CSC capacitor, R1 equivalent series resistor
representing the charging-discharging resistor, and R2 equivalent parallel resistor as the selfdischarging loss.

Figure 7. SC model.
Therefore, based on this model, the SC voltage can be calculated by (2.1):

vSC 

iR2t  CSC ( R2  R1 )vSC _ init  tvSC _ init

(2. 1)

CSC ( R2  R1 )

where vSC _ init represents the initial voltage of SC, vSC the final voltage after charging or discharging,

iSC the charging or discharging current, t charging or discharging time.
In the electrical model of SC, each parameter can be calculated according to the data given by the
SC manufacturer. This study uses a module from Maxwell Company; its parameters are listed in Table
3 and profiles for constant current discharge curves are shown in Figure 8 [63].
Table 3. Parameters of supercapacitor.
Rated Capacitance

94F

Rated Voltage

75V

Maximum Current

1900A

Maximum Voltage

91V

Leakage Current

50mA

Stored Energy

73Wh

Equl Series Resistor

0.013Ω

Equal Parallel Resistor

1500Ω
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Figure 8. Profiles for different constant current discharge curves.
In order to validate this SC model, the actual discharging-charging experiment has been done. At
first, the SC is charged with a recharging current of 25A until reaching its rated voltage value. This
process lasts 286.3 seconds. Then, the SC discharges its energy with a discharging current of -25A. The
voltage and current curves during SC charging-discharging are measured and presented in Figure 9.
With the same recharging and discharging current (±25A), the simulation of this SC mode has been
done, the result of which is also draw in Figure 9. The comparisons between them indicate that this
simple model can be used.

Figure 9. Voltage charging and discharging curve of experiment and simulation.
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II.2. Power control strategy
The power control strategy is a self-decision module, whose main function is to generate the
switches control signal of SC and DG based on local information, so that to achieve their coordination.
The configuration of the power system is shown in Figure 10. Since in this section, the power control
strategy concentrates on the coordination of SC and DG, the parts of renewable energies (PV, wind
power, etc.) are regarded as a one source, namely RS. RS energy is connected to the DC bus through a
DC/DC converter. DG is connected to the common DC bus by an AC/DC rectifier and SC is connected
to the DC via a bidirectional DC/DC converter.

Figure 10. Configuration of the power system.
In Figure 10, the voltages vRS , vDG , and vsc are the measured voltage of RS, DG and SC respectively,
while iRS , iDG , and isc are the measured current of RS, DG and SC respectively. The voltage vDC is the
measured DC bus voltage, which is the control object.
In general, if the RS power is enough to meet the load demand, the system operating mode is called
RS dominant mode. When microgrid needs to start DG because of shortage of RS power and the power
generation of DG is not yet stable, SC outputs power to support the microgrid and to balance the DC bus
voltage. This period of time is called SC dominant mode. After completion of DG starting up, DG and
SC work together in a specific coordinate strategy to stabilize the DC bus voltage. SC does not discharge
anymore, but absorbs power from the microgrid to replenish its lost power in the last period. This period
is called as SC/DG cooperative control mode. When SC approaches the depth limit of recharge, in order
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to avoid excessive recharge, SC is disconnected, and the power balance is supported by DG. This period
is DG dominant mode.
The detailed cooperative control strategy for SC and DG is presented step by step in the following.
Renewable Sources Dominant Mode
Figure 11 presents the RS dominant operating mode. If the RS energy is enough to meet the load
demand, the DC bus voltage is mainly stabilized by the RS. Thus, RS controllable logical switch S1 is
positioned at 2 and only the RS energy is participating in the stabilization of DC bus voltage. In addition,
DG and SC controllable logical switches S 2 and S3 are positioned at zero and both SC and DG are not
operating.

Figure 11. Control block diagram for the renewable source dominant mode.
In Figure 11, DC bus voltage is controlled by a proportional integral (PI) control loop, namely
*
PI_bus, to stabilize the DC bus voltage at the reference vDC . The PI controllers PI_RS, PI_DG and

PI_SC are utilized to control the current of RS, DG and SC respectively. The PI controller PI_V_SC is
*
used to control the voltage of SC when the SC is needed to recharged to its reference value vSC . Pulse

width modulation (PWM) is a modulation technique used to allow the control of the electrical power
converter.
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Supercapacitors Dominant Mode
If the renewable power cannot meet the load power demand, in order to be able to quickly support
the DC bus voltage, the SC and DG start-up algorithm is activated. This algorithm has to be based on the
specific changes of DC microgrid electrical signals, to determine whether or not it is necessary to start
up the DG. When the DC microgrid is stably running, the DC bus voltage is stable in the vicinity of the
rated voltage with some slight ripples. But, when the supplied power is not enough, the voltage of DC
bus deviates from the allowable range and there is a voltage drop. So, when the DC bus voltage becomes
less than lower limiting value, a start-up signal is created to activate the SC and DG. The lower limiting
value is chosen according to the voltage fluctuation tolerance range of DC microgrid, generally less than
±5%. When this signal occurs, the SC controller logical switch S3 is closed to 1, while the DG is in a
cold and static standby condition. Before connecting DG to DC bus, the generator’s frequency and
voltage need to reach the rated values, that is no-load condition. So, the DG logical switch S 2 still stays
at 0, as shown in Figure 12. In this period, the role of SC is to stabilize the DC bus voltage and supply
the power difference for a short term. Therefore, the RS logical switch is closed to 1, meaning that RS
energies are not participating in the DC voltage stabilization but running in the mode of generating power
as much as possible. The controller of SC consists of one PI control loop PI_SC, which controls the
discharge current inside the DC bus voltage PI controller that controls the DC link voltage.

Figure 12. Control block diagram of the supercapacitor dominant mode.
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Supercapacitor/Diesel Generator Cooperative Control Mode
Because the SC discharges in the second period, the SC voltage decreases. Since the SC voltage
should be recovered after supplying the sudden load power, the SC rated voltage is used as one of the
references. So, when the DG reaches the stabilized regime, a charge signal is created. The stable state is
given by a program which observes the change of amplitude vDG _ Peak and frequency f DG of the DG’s
output voltage. When these two parameters satisfy (2.2), the DG enters the stable state and the charge
signal is excited.

310V  VDG _ Peak  340V

 48Hz  f DG  52Hz

(2. 2)

This signal is used on one hand as the stimulus of connecting DG, and on the other hand it indicates
the SC changing mode from discharging to charging. Therefore, the logical switches S 2 and S3 are
closed to 2, as shown in Figure 13.

Figure 13. Control block diagram of the SC/DG cooperative control mode.
For DG controller, the SC voltage added with DC bus voltage is regarded as the total reference. The
controller of DG includes one PI control loop, which controls the generator current inside another two PI
controls that control the DC link voltage and SC voltage. The power is generated according to the load
power demand and the required recharge power of SC.
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Diesel Generator Dominant Mode.
When the SC voltage reaches the rated voltage, SC off-bus signal is created. The logical switch S3
is closed to 0, disconnecting SC from the microgrid common bus. At the same time, the logical switch

S 2 is changed to 1, as shown in Figure 14. The power balancing is now mainly supported by DG to
maintain the DC bus voltage at its rated value.

Figure 14. Control block diagram of the DG dominant mode.
Whole process of the control strategy
From RS dominant mode to DG dominant mode, Figure 15 shows the complete conversion process
of SC and DG coordination control strategy.

Figure 15. Status of DG and SC in the conversion process.
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II.3. Simulation verification
To verify the feasibility of the effective coordination of control strategies, two simulation cases are
presented and described by using MATLAB/Simulink software. The relevant structure and system
parameters are given in Figure 10. The reference value of DC bus voltage in this thesis is 400V DC
[64,65]. One notes that in France the voltage tolerance is within +6%/-10% [66]. Therefore, the lowest
limit of DC bus voltage is 360V. In order to further strengthen the stability of the power system and to
reduce the influence of voltage fluctuations on the end users’ appliances, the lower limiting value to
stimulate the start-up signal is set as much smaller, at 390V. Two cases are concerned in the simulation:
the load is stable, but the renewable power is insufficient to supply the load (i); the renewable power is
operated at maximum power point tracking (MPPT) mode while the load suddenly increases (ii).

II.3.1. Shortage of renewable sources power
Since the simulation is to verify the feasibility of the coordination of SC and DG and the simulation
time is short (just several minutes), the load power demand is considered constant in the period of
simulation and equals to 1kW. If the renewable power is near zero due to weather conditions and storage
is fully discharging, it is necessary to connect the DG to cover the missing power. The simulation results
in this case are shown in Figure 16 and zoomed in Figure 17; each stage is explained in detail in the
following.

Figure 16. Dynamic response of shortage of renewable power.
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Figure 17. Detailed dynamic response curves of microgrid parameters before and after SC connection
in the case of renewable power shortage.
Renewable Sources Dominant Mode. In Figure 16(a), from 0 to 10s, microgrid load is supplied by
renewable power. SC and DG are isolated from the DC microgrid through their dedicated switches. The
DC bus voltage is 400V.
Supercapacitor Dominant Mode. At time 10s, the renewable power becomes zero and storage is no
more available resulting in the drop of the DC voltage (Figure 16(c)). When the lower limiting value
(390V) of DC bus voltage is detected at time 10.04s (Figure 16(c)), the SC and DG are activated. SC
immediately offers the power needed and at time 10.2s, the bus voltage recovers to the rated value as
shown in Figure 16. The detailed dynamic response of connecting SC to the DC bus is also presented in
Figure 17, which offers detailed parameters evolution of DC bus voltage getting back to normal. Since
DG needs some time to reach the stabilized state, SC supplies the load and maintains the bus voltage at
400V.
Supercapacitor/Diesel Generator Cooperative Control Mode. At time 25.4s, the DG stabilized state
is identified. When the DG is connected to common bus, the instantaneous output power jumps to a
great value, which leads to a change of the DC bus voltage within an acceptable range. However, due to
fast turn on and off of the IGBT (AC/DC converter) and electrical harmonics induced by the PWM,
high-frequency electrical noises are injected into DC bus. To replenish the SC power discharged in the
first stage, DG not only supplies the load power but also recharges the SC. Figure 16(b) presents the SC
voltage gradually recovers and Figure 16(a) shows the DG output power decreases along with it.
Diesel Generator Dominant Mode. When the SC voltage reaches the rated voltage at time 73.7s
(Figure 16(b)), SC off-bus signal disconnects the SC from DC bus (Figure 16(a)) and causes a little
deviation of DC bus voltage (Figure 16(c)). After that, only DG maintains the power balance.
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II.3.2. Sudden increase of load power
If the RS power is in its maximum output status and storage is fully discharging, DG is started up to
maintain the power balance for sudden load power increase. The simulation results in this case, for
which the load power increases from 1kW to 2kW, are shown in Figure 18 and zoomed in Figure 19;
each stage is explained in detail in the following.

Figure 18. Dynamic response curves of microgrid parameters

Figure 19. Detailed dynamic response curves of microgrid parameters before and after the SC
connection in the case of sudden load power increase.
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Renewable Sources Dominant Mode. The renewable power is considered constant and equal to 1kW.
In Figure 18(a), from 0 to 10s, the renewable power can meet the load. SC and DG are isolated from the
microgrid DC bus through their dedicated switches. The DC bus voltage is 400V (Figure 18(c)).
Supercapacitor Dominant Mode. At time 10s, the load power increases to 2kW (Figure 18(a)), which
is higher than the renewable source power, resulting in the drop of the DC voltage (Figure 18(c)). When
the lower limiting value (390V) of DC bus voltage is detected at time 10.04s, the SC and DG are
activated. SC immediately offers the power needed and at time 10.2s (Figure 18(a) and Figure 18(b)),
the bus voltage recovers to the rated value as shown in Figure 18(c). The detailed dynamic response of
connecting SC to the DC bus is also presented in Figure 19, which offers detailed parameters evolution
of DC bus voltage getting back to normal. Since DG needs some time to reach the stabilized state, both
SC and RS supply the load and maintain the bus voltage at 400V.
Supercapacitor/Diesel Generator Cooperative Control Mode. At time 25.4s, the detector finds that
the DG reaches the stabilized state. When the DG is connected to the bus, the instantaneous output power
jumps to a great value (Figure 18(a)), which leads to a change of the DC bus voltage within an acceptable
range (Figure 18(c)). However, due to fast turn on and off of the IGBT (AC/DC converter) and electrical
harmonics due to the nature of PWM, high-frequency electrical noises are injected into DC bus. To refill
the SC power discharged in the first stage, DG supplies the load power and also recharges the SC. From
Figure 18(b), it is observed that the SC voltage gradually recovers and from Figure 18(a) that the DG
output power decreases along with it.
Diesel Generator Dominant Mode. When the SC voltage reaches its rated voltage at time 73.7s
(Figure 18(b)), SC off-bus signal disconnects the SC from DC bus (Figure 18(a)). There is also a little
deviation of DC bus voltage Figure 18(c). After that, DG and renewable source maintain the power
balance.

II.4. Experimental verification
To verify the feasibility of the proposed control strategy, an experimental platform is set up. The goal
is to operate the two simulation cases in real environment, to verify that the control strategy can be
implemented in the real system.

II.4.1. Experimental platform
The experimental platform is composed by SC and the following emulators: a programmable DC
electronic load emulates the DC load, a programmable DC source emulates the RS energies, and a
programmable AC source emulates the DG. The output voltage of this programmable AC source can be
controlled and programmed from the external input through the data cable. The start-up data of the
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SDMO Technic 6500 E AVR is firstly recorded in the host computer and then inputted into the
programmable AC source through dSPACE controller board. The dSPACE controller board is a
processor board, which provides the computing power for the real-time system and also functions as an
interface to the I/O boards and the host computer. The sensors are utilised to measure the relevant voltage
and current of the experimental platform ( vDG , iDG , vSC , etc.), and then transmit the measured values to
the host computer through the dSPACE controller board. Recorder is utilised to store the original data
for post processing. The host personal computer (PC) is installed with the ControlDesk and Real-time
Interface to perform all the necessary tasks and give a human interaction working environment, to
compile the programme and then implement it. The details of the experimental platform are shown in
Table 4. The picture of the experimental platform is given in Figure 20.
Table 4. Elements detail for experimental test.
Element

Parameter

Device

Supercapacitor

94F/75V

Maxwell 75V modules: BMOD0094 P075 B02

Renewable
source emulator

600V/5.5A

GEN 3.3kW series power supplies: GEN600-5.5

Load emulator

2.6kW

High power DC electronic load: Chroma 63202

DG emulator

3kVA

Programmable AC source Puissance+ PA-3000-B/260V-12A

600V-100A

SEMIKRON SKM100GB063D

IGBT converter
Controller board

dSPACE 1006

Figure 20. Experimental platform.
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II.4.2. Shortage of renewable sources power
The load power in the experimental test is supposed as 1kW at first. This is because the maximum
power of load emulator is 2.6kW. On the other hand, as in the next section a sudden increase of load
power is required, the load power will be increased to 2kW. Therefore, being subject to the experimental
condition, the load power in this test is supposed as 1kW. If the RS is near zero due to weather conditions
and storage is fully discharging, it is necessary to connect the DG to cover the missing power. The
experimental results in this case are shown in Figure 21 and zoomed in Figure 22; each stage is explained
in detail in the following.

Figure 21. Dynamic response of shortage of renewable power.

Figure 22. Detailed dynamic response curves of microgrid parameters before and after SC connection
in the case of renewable power shortage.
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Renewable Sources Dominant Mode. In Figure 21(a) from 0 to 10s, the renewable power is equal to
the load demand. SC and DG are isolated from the DC microgrid through their dedicated switches. The
DC bus voltage is stable at 400V.
Supercapacitor Dominant Mode. At time 10s, the renewable power becomes zero and the batteries
storage is no more available resulting in the drop of the DC voltage (Figure 21 (c)). When the lower
limiting value (390V) of DC bus voltage is detected at time 10.02s (Figure 21 (c)), the SC and DG are
activated. SC immediately offers the power needed and at time 12s, the bus voltage recovers to the rated
value as shown in Figure 22. Compared with the simulation results, the DC bus voltage declines more
deeply. This is because that the inertia of experimental system is higher than the simulation. The detailed
dynamic response of connecting SC to the DC bus is also presented in Figure 22, which offers detailed
parameters evolution of DC bus voltage getting back to normal. Since DG needs some time to reach the
stabilized state, SC supplies the load and maintains the bus voltage at 400V.
Supercapacitor/Diesel Generator Cooperative Control Mode. At time 25.4s, the DG stabilized state
is identified. When the DG is connected to common bus, there is a rate limiter to limit the instantaneous
DG output power, which leads a smooth change of the DC bus voltage within an acceptable range
compared with the simulation. However, due to fast turn on and off of the IGBT (AC/DC converter),
high-frequency electrical noises are injected into DC bus. To replenish the SC power discharged in the
first stage, DG not only supplies the load power but also recharges the SC. Figure 21(b) presents the SC
voltage gradually recovers and Figure 21(a) shows the DG output power decreases along with it.
Diesel Generator Dominant Mode. When the SC voltage reaches the rated voltage at time 101.1s
(Figure 21(b)), SC off-bus signal disconnects the SC from DC bus (Figure 21(a)) and causes a little
deviation of DC bus voltage (Figure 21(c)). After that, only DG maintains the power balance.

II.4.3. Sudden increase of load power
If the RS power is in its maximum output status and storage is fully discharging, DG is started up to
maintain the power balance for sudden load power increase. The experimental results in this case, for
which the load power increases from 1kW to 2kW, are shown in Figure 23 and zoomed in Figure 24;
each stage is explained in detail in the following.
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Figure 23. Dynamic response curves of microgrid parameters.

Figure 24. Detailed dynamic response curves of microgrid parameters before and after the SC
connection in the case of sudden load power increase.
Renewable Sources Dominant Mode. The renewable power is considered constant and equal to 1kW.
In Figure 23(a), from 0 to 10s, the renewable power can meet the load. SC and DG are isolated from the
microgrid DC bus through their dedicated switches. The DC bus voltage is 400V (Figure 23(c)).
Supercapacitor Dominant Mode. At time 10s, the load power increases to 2kW (Figure 23(a)), which
is higher than the renewable source power, resulting in the drop of the DC voltage (Figure 23(c)). When
the lower limiting value (390V) of DC bus voltage is detected at time 10.02s, the SC and DG are
activated. SC immediately offers the power needed and at time 12s (Figure 23(a) and Figure 23(b)), the
bus voltage recovers to the rated value as shown in Figure 23(c). The detailed dynamic response of
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connecting SC to the DC bus is also presented in Figure 24, which offers detailed parameters evolution
of DC bus voltage getting back to normal. Since DG needs some time to reach the stabilized state, both
SC and RS supply the load and maintain the bus voltage at 400V.
Supercapacitor/Diesel Generator Cooperative Control Mode. At time 25.4s, the detector finds that
the DG reaches the stabilized state. When the DG is connected to the bus, there is a rate limiter to limit
the instantaneous DG output power so that the DG power increases smoothly (Figure 23(a)). The DC
bus voltage is stable within an acceptable range compared with the simulation (Figure 23 (c)). However,
due to fast turn on and off of the IGBT (AC/DC converter), high-frequency electrical noises are injected
into DC bus, which can be seen through the noises of DC bus voltage. To refill the SC power discharged
in the first stage, DG supplies the load power and also recharges the SC. From Figure 23(b), it is
observed that the SC voltage gradually recovers and from Figure 23(a) that the DG output power
decreases along with it.
Diesel Generator Dominant Mode. When the SC voltage reaches its rated voltage at time 101s
(Figure 23(b)), SC off-bus signal disconnects the SC from DC bus (Figure 23(a)). There is also a little
deviation of DC bus voltage Figure 23(c). After that, DG and RS maintain the power balance.
Compared with the simulation results, it needs much more time to recharge the SC to its rated voltage
in the experimental verification. In addition, the output power of DG at the time of being connected to
the DC bus, shows a pulsing increase in the simulation while in the experimental verifications, the output
power of DG is much smoother. There are several reasons causing these differences. Firstly, the
generator model and the super capacitor model are not very precise. So, there are a lot of inaccuracies.
Because this thesis concentrates on the power management for the real time control, the modelling is
simple but precise enough to be used for designing the strategy and the controller. Secondly, when
experiments are done, there are a lot of factors that can influence the results, for example, the inductor
characteristic and the power loss. Thirdly, in order to prevent the DG from increasing its current too
rapidly, there is a rate limiter to restrict the rate of rise of DG output power in the experimental tests.
This is an artificial factor to further increase the slow dynamics of DG. But with this rate limiter, the
DG output power is changed more smoothly.
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II.5. Conclusion
In order to overcome the sluggish dynamic behaviour of DG while starting up, SC is used as
compensatory energy to resist against the shortage of renewable power or the sudden load power surge.
The object of this chapter is to understand the characteristics of DG and SC, to propose a power control
strategy of the coordination of starting up DG and SC, and then to verify it.
Firstly, simplified DG and SC models are presented according to experimental results and technical
notice data. Then, a power control strategy is proposed to achieve coordination between DG and SC.
The individual control schemes are coordinated through the proposed control coordination approach to
maintain the DC bus voltage stable and the system’s power balance. The simulation results show that
the proposed control strategies are able to regulate the DC bus voltage within the acceptable limits and
supplying the load during renewable power under generation or load step-increase situations.
An experimental platform is set up, in which several emulators are utilised to simulate the RS
energies, DC load and DG. The experimental results show that the proposed control strategies can be
used in the real system. It can be implanted into a whole power management strategy, which controls
the operation of an off-grid DC microgrid, consisting of PV source, battery storage, SC, DG and DC
load. This strategy is a power management of DC microgrid with DG load following mode, which will
be introduced and presented in the next chapter.
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Chapter III. Power management of DC microgrid
with DG load following mode
DG slow dynamic behaviour is compensated by SC, which was investigated in the previous chapter.
It presents the coordination control mechanism between the DG and SC. Therefore, this chapter proposes
a power management strategy for a hybrid PV-battery-SC-DG power system, which involves the
coordination control.
Moreover, concerning the electrochemical storage, used as backup power for an off-grid DC
microgrid [67], its charging and discharging power are limited by its maximum charging and discharging
current. It cannot provide as much as the required power for DC bus even though its energy capacity is
enough to support the electrical power system for operating in a long time. In situation like this, for the
power balancing, load shedding strategies are proposed as shown in the several works [67,68]. On the
other hand, when the power generation of RS is higher than the demanded load power, the excess power
is eliminated by a dedicated limited power control [69,70]. Undeniably, load shedding and limited power
control strategies are applicable in these two situations to protect the electrochemical storage from being
over-discharged and over-charged. However, with the help of SC, the occurrence number of load
shedding and the cut of renewable energy generation can be reduced. For this, the strategy proposed in
this power management is that when the power of renewable energy generation and electrochemical
storage is not enough, SC can supply the extra power, while conversely, the excess power is absorbed
by SC.
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This chapter focuses on a power management strategy for a standalone DC microgrid, which consists
of PV sources, electrochemical storage combined with DG and SC. The goal is to regulate the DC bus
voltage at the required voltage reference and to balance the power in the DC bus. The proposed power
management strategy in this section brings the following improvements.
1) DG is compensated by SC during the DG start-up stage. When the microgrid needs to start the
DG and the DG output is not yet stable, SC outputs power to support the microgrid bus during this short
period.
2) As complementary energy of the electrochemical storage, SC releases or absorbs energy when
the power difference between PV and load is greater than the storage maximum charging or discharging
power accordingly.
3) An experimental platform, set up in the laboratory, is used for experimental validation, which
is lacked in most scientific papers. Twelve possible different cases are shown one by one, and one real
day experiment is carried out. Based on the experimental results, this study shows that the designed
control strategy improves the DC microgrid dynamic characteristics under these operating conditions.
The organization of this section is summarized as follows. Section III.1. describes each part of the
system and respective characteristics. Section III.2. describes the configuration of the proposed hybrid
system and details the power management strategy for the real time control, which is verified firstly by
simulation in Section III.3. The experimental platform description is given in Section III.4, in which
intentionally designed experiments to show the twelve cases of power management are presented
together with the one-day experiment. Finally, conclusions and work in progress are given in Section
III.5.

-64/159-

III.1. Description of hybrid system and its components
The standalone DC microgrid system consists of PV source, storage formed by electrochemical
batteries, DG, SC, and DC load which are shown in Figure 25.

Figure 25. DC microgrid power system configuration [71].
These elements are connected on a common DC bus by their dedicated power converters. Each
element is controlled by independent controller, but the power arrangement of each part is managed by
power management strategy block. As the main energy source of the system, the PV source is connected
on the DC bus through the DC–DC power converter, which is controlled by a MPPT method in most of
the cases. However, it can be also operated to output a constrained power [72]. DG, SC and batteries
work as backup energy equipment. Each of these three backup components has a different role for the
DC microgrid operation, according to the different power fluctuations that can occur. Electrochemical
storage is the main backup energy used for longer fluctuation periods (in the range of minutes/hours). If
the batteries state of charge SOCB reaches its minimum limit, DG has to be turned on and used for
supplying the load and even to recharge the batteries. However, because of the sluggish response of the
DG, the generator cannot immediately respond to power fluctuations, and the DC bus voltage cannot be
maintained constant. The power quality of the system can be enhanced by using SC against the power
deficit of the DG start-up as shown in the last chapter. Therefore, the SC is controlled to compensate the
initial slow dynamics of the DG while starting and keep the DC bus voltage vDC constant. In addition,

-65/159-

SC can be also controlled as complement for batteries charging power, or inversely as buffer for batteries
discharging power.
The DC microgrid power flow between the different sources is controlled by a central power
management strategy. It provides overall control of the power system and sets the current reference for
the different converters that control the power system components according to the energy balance of
the system. Moreover, the main controller cooperates with a local DC load controller, which can give
the load shedding order. It can reduce a part of the demanded load power when the system is under the
deficiency of supplying power.

III.1.1. Photovoltaic array
The generated PV power depends on the solar irradiance, PV cell temperature, array voltage, and
the current through the PV array. In order to maximize the produced PV energy, a MPPT method is
needed to find and maintain the peak power [73,74]. On the other hand, to prevent electrochemical
batteries being overcharged, PV production should be limited via a constrained algorithm [75]. Thus,
PV power production pPV is described as:

pPV (t )  pPV _ MPPT (t )  pPV _ S (t )

(3. 1)

where pPV _ MPPT is the MPPT PV power reference, pPV _ S is the PV shed power reference. The
calculating result of these two references decides the final PV generation power.

III.1.2. Electrochemical storage
Lead-acid batteries are used as electrochemical storage for this standalone DC microgrid after
considering its comparatively low cost and matured technology. In order to protect the batteries from
over-recharging and over-discharging, the batteries SOCB is limited between SOC B _ MAX and

SOCB _ MIN as upper and lower limitation respectively, as shown in (3.2) and computed by (3.3).
Moreover, the charge–discharge rate of the batteries is controlled by current regulation and the batteries
power can be controlled by giving corresponding current reference. Thus, the discharging and
recharging current iB has to respect the limitations, iB _ MAX and iB _ MIN , as in (3.4). Since batteries
discharging power is positive and recharging power is negative, iB _ MAX and iB _ MIN are positive and
negative separately.

SOCB _ MIN  SOCB (t )  SOCB _ MAX
SOCB (t )  SOCB _ init 

1
CB  3600  vB



t

0

pB (t )dt  SOCB _ init 
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1
CB  3600  vB

(3. 2)
t

v
0

B

(t )iB (t )dt (3. 3)

iB _ MIN  iB (t )  iB _ MAX

(3. 4)

where pB (t ) is the batteries power, SOC B _ init is the initial batteries state of charge, vB is the voltage of
batteries bank, and CB is the total capacity of the batteries bank.

III.1.3. Supercapacitor and diesel generator
SC has a high power density characteristic that can be released suddenly and rapidly, so that the SC
can supply a great power during a short time [76]. In general, there is no power constraint and SC power
pSC can be positive and negative, which represent discharging power to the DC bus and absorbing

power from the DC bus respectively. The SC energy ESC , lies on the SC voltage vSC and the SC
capacitance CSC :
ESC 

CSC vSC 2
2

(3. 5)

Hence, with the change of capacitor voltage, the stored energy will change accordingly and the state
charge of SC noted SOCSC can be computed as:

SOCSC

CSC vSC 2
 vSC
2

 100%  
2
v
CSC vSC _ RATED
 SC _ RATED

2


  100%


(3. 6)

2

where vSC _ RATED is the SC’s rated voltage. In addition, it should be noticed that SC has a self-discharging
nature. According to the experimental results of self-discharging shown in Figure 26, it is noted that in
40 hours, the SOCSC decreases from 100% to 15%.

Figure 26. SOC of SC during the self-discharging.
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The steady state of DG is described in Section II.2. and the condition to connect DG to the DC
microgrid is to satisfy the equation (2.2).

III.2. Power management strategy design
The aim of control strategy is to balance the power in the DC microgrid and therefore to maintain the
DC bus voltage, whose configuration is shown in Figure 25. On the other hand, the power system should
satisfy the load power demand as much as possible and meanwhile exploit the PV energy to the greatest
extent.
In the power system, PV power pPV is uncertain and unreliable, changing with solar irradiance and
PV cell temperature. This behavior is also valid for load power pL , ( pL  vDC iL ) , varying according to
users’ demand. But both of them can be limited in case of need; if not, the PV power can be regulated in
MPPT mode and the load power can be satisfied. In contrast, batteries power p B , DG power pDG , and
SC power pSC can be controlled, within their physical limits, by giving corresponding current reference,
*
*
iB* , iDG
, and iSC . Neglecting the conversion losses and line power losses, the physical law of power

balancing is described as:

pPV (t )  pB (t )  pSC (t )  pDG (t )  pL (t )  C  vDC

dvDC (t )
dt

(3. 7)

where p L , pPV and pDG are always positive; p B and pSC can be positive and negative, which
represent discharging power to the system and absorbing power from the system respectively.
At the beginning, with the required measurements and data collecting through the sensors, the PV
generated power and the demanded load power are assumed to be known. Secondly, the control
management starts by computing the difference of PV generation and load demand, p  pPV  pL ,
which causes fluctuations in the DC bus voltage vDC . Steady vDC signifies well balanced power in the
power system. Thus, power balance is performed by adjusting other controllable sources for stabilizing
*
the DC bus voltage. The required power is calculated by the error between vDC and its reference vDC ,

with a proportional-integral (PI) controller as in (3.8):
*
*
pB (t )  pSC (t )  pDG (t )  K P (vDC
(t )  vDC (t ))  K I  (vDC
(t )  vDC (t ))dt  p L (t )  p PV (t )

(3. 8)

where K P is the proportional gain and K I is the integral gain. Depending on the priorities of
controllable sources, the detailed power management strategy for the DC microgrid is described in the
following three subsections according to the constrictive values. Each of the last two subsections offers
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six power flow cases according to the possible operating modes of this hybrid system in order to meet the
power system restraints.

III.2.1. PV power is equal to the required load power
The first case is when the generated power by the PV array is equal to the power demanded by the
users. In this case, the load demand is totally fulfilled by the PV array and there is no power extracted
from the batteries. In the long run, the PV power and load power can be regarded as approximately
equivalent. But from a short-term period, this case rarely happens since PV power and users’ demand are
always dynamically changing. Thus, it is not discussed any more in this section.

III.2.2. PV power is less than the required load power
If there is no sufficient power to supply the load demand, the deficient power needs to be
complemented by other sources. There are six cases according to the SOCB as well as to the SOCSC ,
whose flow chart is shown in Figure 27.

Figure 27. Flow chart of the power management strategy when PV power is less than the required load
power.
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III.2.2.1. Case 1
This is the case where the PV output power is less than the required load power and the difference
between these two powers is calculated to know that the controlling batteries current is lower than the
batteries maximum discharging current. The shortage of power is provided only by the batteries.

III.2.2.2. Case 2 and case 3
With the consumption of batteries energy, SOCB decreases to its minimum value. If SOCSC is higher
than SOCSC _ MIN _ MAX , DG can be started up. SOCSC _ MIN _ MAX is defined as maximum value of the
minimum SOCSC and indicates that the SC energy is enough to launch DG as a last chance to start up
DG. Another value of the minimum SOCSC is SOCSC _ MIN _ MIN , which is defined as the minimum value
of the minimum SOCSC and means that SC already releases its storage energy to the constraint. Before
connecting DG to DC bus, the generator’s frequency and voltage need to reach the rated values, that is
no-load condition. In this period, the role of SC is to stabilize the DC bus voltage and supply the power
difference for a short term. When the DG reaches the stabilized output regime, it will be connected to the
DC bus and will supply the load together with the PV source. This is the case 2. However, if SOCSC is
less than SOCSC _ MIN _ MAX , the power system loses its last chance to start up DG. Therefore, the load will
be shed partially to prevent the system failure and DC bus voltage drop-down. This is the case 3.

III.2.2.3. Case 4
This case is activated in the condition that power deficit is greater than the maximum power of the
batteries which is expressed by the constrained batteries current iB _ MAX . The condition is reinforced that

SOCB is higher than SOCB _ MIN and SOCSC is also higher than SOCSC _ MIN _ MAX , so the batteries can
offer the restrictive power while SC supplies the remain of system demanding power.

III.2.2.4. Case 5 and case 6
The cases 5 and 6 are the extensions of case 4. Whether the system turns into case 5 or case 6, it lies
on storage if it is completely discharged or not. If the batteries reaches its SOCB _ MIN as lower limit, and
the SOCSC is higher than SOCSC _ MIN _ MAX , SC is able to operate and DG will be launched; this is the
case 5. On the other hand, if SC becomes empty earlier than the batteries, load will be limited. Hence,
batteries will supply first the restricted power; afterwards, the load will be further shed when the batteries
storage is used up. This is the case 6.
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III.2.3. PV power is higher than the required load power
This subsection presents the situation when the PV power is higher than the load power. Under this
condition, the load demand is fulfilled by the PV source while there is an excess amount of PV energy.
For PV power excess, the power management strategy defines six modes of operation, which are
represented in the flow chart given in Figure 28.

Figure 28. Flow chart of the power management strategy when PV output power is more than the
required load power.

III.2.3.1. Case 7
This case is the very common case. After calculating, if the recharged current of batteries is less than
the current upper limit, all the surplus power is injected into batteries storage until the SOCB reaches its
maximum limit.

III.2.3.2. Case 8 and case 9
These two cases can be the extensions of case 7. After that the batteries is fully charged, the excess
power flows into SC if SOCSC is less than SOCSC _ MAX _ MIN until the SOCSC reaches SOCSC _ MAX _ MAX ,
and then PV source generates energy through the constrained PV power control mode; if not, PV source
will operate directly into constrained PV power production mode. These are the cases 8 and 9
respectively. Here, SOCSC _ MAX _ MIN is defined as the minimum value of the maximum SOCSC while

SOCSC _ MAX _ MAX is defined as the maximum value of the maximum SOCSC . When SOCSC is in this
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range, it means that SC is fully charged. This is because SC has a self-discharging current and after tens
of seconds, it can be obviously seen that SOCSC goes down. If the SC’s fully charging state is represented
by a fixed value, when SOCSC is under this value, SC is recharged to this fixed value but SC will be
recharged again after several seconds because SOCSC decreases under this value. So, in order to prevent
that SC is frequently recharged, SC saturation state is expressed as a length of range. Therefore, when SC
is recharged to SOCSC _ MAX _ MAX , the PV power is limited, but after tens of minutes, when SOCSC drops
to SOCSC _ MAX _ MIN , PV array enters into MPPT mode to recharge again the SC.

III.2.3.3. Case 10
After calculating, if the recharging current of batteries is less than the current lower limit and SOCB
is less than its maximum limit, batteries are recharged by constant recharging current iB _ MIN and the
remaining surplus power is charged into SC.

III.2.3.4. Case 11 and case 12
Case 11 and case 12 are the extension of case 10. Whether the system turns into case 11 or case 12,
depends on if storage is fully recharged or not. If batteries take the lead to be fully recharged, all the
excess power will be charged into SC until the SOCSC reaches its maximum maximum value. Then, the
PV power will be limited. This is case 11. On the contrary, if SC is recharged entirely, PV power will be
limited to supply the load and the batteries recharging; afterwards, the PV power will be damped to only
supply the load. This is the case 12.

III.3. Simulation results
The described power system has a hybrid aspect from the higher level, which is centralized power
management strategy, to the lower one, which is the dedicated local controller. In order to validate the
hybrid power system and the proposed power management strategy from the theory aspect, the hybrid
simulation is proposed. Due to the hybrid nature of the power system behaviour, the simulation is carried
out under the MATLAB/Simulink software.
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The simulation data of PV power generation come from a real PV array during one day MPPT
experimental test ( 09: 00  t  18: 00 (hour:minute)), which was operated on 16th April 2015, at
Compiègne in France. This real PV array, formed by 8 PV panels, has been installed on the university
building’s roof since 2008. The real solar irradiance and PV cell temperature of this day are illustrated in
Figure 29. Under this environment, the MPPT PV power generation, pPV _ MPPT is recorded and profiled
in Figure 30.

Figure 29. Solar irradiance and PV cell temperature on 16th April 2015.

Figure 30. Load power demand and PV MPPT power.
Regarding the load power curve, a simple and arbitrary load power demand evolution is also
considered and depicted in Figure 30.
The system constraints and values are also defined and shown in the second column of values in
Table 5.
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Table 5. Arbitrary values and limits.
Variables

Values
Manual

One-day

SOCB _ MAX

51%

53%

SOCB _ MIN

49%

47%

SOCSC _ MAX _ MAX

90%

90%

SOCSC _ MAX _ MIN

85%

85%

SOCSC _ MIN _ MAX

50%

50%

SOCSC _ MIN _ MIN

45%

45%

iB _ MAX

5A

5A

iB _ MIN

-5A

-5A

v*DC

400V

400V

In the first column of values, the word “manual” means that the load power and PV power are changed
manually, according to the experimental operators input commands in the twelve experimental
verifications (Section III.4.2). On the other hand, the word “one-day” means that the load power and PV
power come from the real recorded data, which are not be subject to human interference during the whole
process in this simulation and in the one-day experimental test (Section III.4.3). The system constraints
and values are set according to the experimental facilities. Regarding the DC microgrid test bench, the
batteries bank’s capacity is too large for the power level of the test bench. Thus, in order to observe all
the twelve cases, SOCB is limited in a narrow range while the scope of SOCB in the one-day
experimental test is slightly larger. Similarly, the batteries bank’s current limit is limited at the same
power level of experimental bench. Moreover, the SC current is not limited, but the same amount of
power can cause great current in the case of the low SC voltage, which can be harmful to the experimental
facility. Thus, SOCSC is limited to a minimum of 45% since it is quadratically proportional to the SC
voltage.
Figure 31 shows the power evolutions performance of the simulation results. During the first interval
( 09 : 00  t  10 : 23 ), the load is firstly supplied by the batteries (case 1). During the second interval (

10 : 24  t  11:14 ), around 10 : 24 , SOCB reaches its lower limit value and then SC supplies the load
before the DG starting up to generate power. With the increasing of PV power, DG power gradually
decreases until PV power is higher than the load power demand. This is the case 2.
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Figure 31. Power evolution.
Thereafter, during the third interval ( 11:14  t  13: 38 ), the DG is out-of-service and the excess PV
generation is used to charge the batteries. This is the case 7. However, from 12 : 30 to 12 : 58 , the excess
PV power surpasses the maximum recharging power of batteries. Hence, the excessive PV power is
absorbed by SC. This is case 8. And when the SC is fully recharged, there is PV power shedding and the
batteries absorb the PV power in its maximum recharging power, which is case 12. In the fourth interval
( 13:38  t  15: 40 ), since the batteries are already fully charged and the SC is also in maximum state,
PV power shedding is operated to only supply the load. But SC is recharged again up to SOCSC _ MAX _ MAX
when SOCSC reaches the value SOCSC _ MAX _ MIN at the time 14 :11 and 15 : 23 . And then, PV power is
shed once more until PV power is less than load demand. This is the case 8. After this moment, load
power demand is only provided by batteries during the fifth interval ( 15: 40  t  18: 00 ).

SOCB and SOCSC evolutions in Figure 32 and Figure 33, show that storage capacities are entirely
respected. Battery and SC work well for both providing energy and absorbing energy. The DC bus
voltage evolution shown in Figure 34, remains almost constant even though there are small variations
(less than 1% of the rated DC bus voltage), signifying that the proposed control strategy is able to
regulate the DC bus voltage within the acceptable limits. The simulation results show the correctness of
the logic of the proposed power management.
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Figure 32. SOC evolution of batteries.

Figure 33. SOC evolution of supercapacitor.

Figure 34. Evolution of DC bus voltage.
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III.4. Experimental verification
To verify the feasibility of the proposed power management strategy, an experimental platform is
implemented with the purpose of checking the strategy in the real environment so that it can be put into
use in the industrial field. The goal is to operate the twelve possible cases, one by one as controllable
experiments, and also to operate a continuous test of one-day period (9 hours) for the proposed DC
microgrid.

III.4.1. Experimental platform
The experimental platform is composed by electrochemical storage, SC, and the following emulators:
a programmable DC electronic load emulates the DC load, a programmable DC source emulates the PV
source, and a programmable AC source emulates the DG following the start-up data of the SDMO
Technic 6500 E AVR recorded and then implemented. All these elements are connected on the same DC
bus through their dedicated power converters. In addition, a set of inductors and capacitors is added in
order to ensure compatibility between the different elements.
The DC load is powered directly by the DC bus. The PV power is outputted by the PV array emulator.
The batteries, SC, and DG are controlled by hysteresis controller following current references given by
the power management strategy algorithm, which is compiled into dSPACE. The fundamental calculating
sample time is 50μs. The DC bus voltage reference value in this test is 400V DC. Aiming a building
integrated DC microgrid, the choosing of the value of 400V DC takes into account the energy efficiency
and the use of the already existing cable infrastructure (400/230 V AC) [64,65]. Concerning the SC, the
rated capacitance CSC is 94F, the rated voltage vSC_RATED is 75V, and therefore the rated stored energy is
equal to 73Wh. The other main parameters of the experimental platform are given in Table 5 and Table 6
and the image is presented in Figure 35.
Table 6. Elements detail for experimental test.
Element

Parameter

Device

Bateries (serial 8 units)

96V/130Ah

Sonnenschein Solar: S12/130A

94F/75V

Maxwell 75V modules: BMOD0094 P075 B02

600V/5.5A

GEN 3.3kW series power supplies: GEN600-5.5

Load emulator

2.6kW

High power DC electronic load: Chroma 63202

DG emulator

3kVA

Programmable AC source Puissance+ PA-3000-B/260V-12A

600V-100A

SEMIKRON SKM100GB063D

Supercapacitor
PV emulator

IGBT
Controller board

dSPACE 1103
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Figure 35. Image of experimental platform

III.4.2. Twelve experimental cases
In these twelve experimental cases, both the load power and PV power are changed manually. The
experiments are divided into two parts depending on the cases which are expected to be shown. Before
carrying out the experiments, system constraints and values are defined and shown in the first column of
values in Table 5.

III.4.2.1. PV power is less than the required load power
This experiment mainly discusses the cases where PV power is less than the load demand. The entire
sequence is divided into six intervals according to the described cases. Figure 36 shows the power
evolution of the proposed microgrid during different operating cases. The SOCB and SOCSC evolutions
are shown in Figure 37 and Figure 38 respectively.
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Figure 36. Power evolutions.

Figure 37. SOC evolution of batteries.

Figure 38. SOC evolution of supercapacitor.
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During the first interval ( 00: 00  t  29: 00 (minute:second)), the input PV power reference pPV _ REF
is set to be 200W and the load power demand pL _ D is 600W ; the deficient power is only supplied by
the batteries (case 1). At t  17 : 23 , SOCB reaches its minimum value and since SOCSC is still greater
than its minimum maximum value, DG can be started. Hence, before connecting DG on the DC bus, SC
supplies power; and after being connected to the DC bus, DG provides the power. When the load power
changes to 800W, the DG power also changes correspondingly. This is the case 2.
For the second interval ( 29: 00  t  33: 00 ), the following powers are chosen: pPV _ REF  1000W and

pL _ D  300W . This experiment is to charge the batteries and SC because the energy in the batteries is
used up in the first interval. Thus, it has to recharge the batteries to continue observe the other cases. The
charging operations of both batteries and SC are shown in Figure 37 and Figure 38 respectively. This is
also the display of case 10.
During the third interval ( 33: 00  t  42: 00 ), pPV _ REF  200W and load demand pL _ D  800W ; after
calculating, the needed batteries discharging current is higher than its constrained limit iB _ MAX . Therefore,
SC has to offer the complementary power, which is the case 4. When the SOCB reaches the minimum
value, because the SOCSC is still higher than the minimum maximum value, the DG can be started.
Before connecting the DG on the DC bus, SC supplies power. When the DG meets the connection
requirements, DG is jointed into the system and provides the deficient power. This is the case 4.
For the fourth interval ( 42: 00  t  50:30 ), the following powers are chosen: pPV _ REF  1000W and

pL _ D  300W . This experiment is to charge the batteries and SC because the energy in the battery is used
up in the third interval. Thus, it has to recharge the batteries to continue observe the other cases. The
charging operations of both batteries and SC are shown in shown in Figure 37 and Figure 38 respectively.
This is again the display of case 10.
During the fifth interval ( 50:30  t  63:35 ), the case 6 can be seen. At the beginning of this interval,
both the batteries and SC are operating to provide the power to the load. But SOCSC reaches its lower
limit faster than SOCB . So, at t  57 :57 , SC stops to supply the system and at the same time, the load
is shed that only the batteries supply the restricted power. But after one minute sixteen seconds (at

t  59:13 ), the batteries are also completely used up. However, the SOCSC is lower than the minimum
maximum value so that DG cannot be started up. Without any doubt, load has no choice but to be shed
again and only the PV source supplies the partial load.
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During the last interval ( 63:35  t  81: 41 ), the chosen powers at the beginning are

pPV _ REF  1000W and pL _ D  500W . In this case, the batteries are recharged firstly while the SC is not
recharged to make sure that SOCSC is lower than its minimum maximum value. At t  68:30 , the PV
power decreases from 1000W to 200W while the load power demand increases from 500W to 600W.
Under these conditions, the batteries can provide sufficient power to the system within its current limit.
After a few minutes, the batteries are completely consumed. As the SOCSC is still below the minimum
maximum value, the DG cannot be activated. So, the load power is directly shed to 200W even though
the load power demand is 600W. This is the case 3.
The whole DC bus voltage evaluation in this experiment is presented in Figure 39. It can be noted
that the DC bus voltage remains almost constant with some negligible fluctuations.

Figure 39. Evolution of DC bus voltage.

III.4.2.2. PV power is more than the required load power
This experiment mainly discusses these cases that PV power is higher than the load power demand.
The entire sequence is divided into six intervals according to the cases described. Figure 40 shows the
power evolutions performance of the proposed microgrid during different operating cases. The SOCB
and SOCSC evolutions are shown in Figure 41 and Figure 42 respectively.
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Figure 40. Power evolutions.

Figure 41. SOC evolution of battery.

Figure 42. SOC evolution of SC.
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During the first interval ( 00: 00  t  22:15 ), the PV power (1000W) is greater than the load power
demand (500W). Thus, the excess power recharges firstly the batteries (Case 7). Then, at t  17 : 23 , the

SOCB reaches its maximum value. Because SOCSC is less than its maximum minimum value, the excess
power recharges now the SC until reaching SC fully charging state ( SOCSC _ MAX _ MAX ). This is the case 8.
The charging operations of both batteries and SC are shown in Figure 41 and Figure 42 respectively.
During the second interval ( 22:15  t  91: 00 ), when batteries and SC are completely recharged,
the PV power is limited to only supply the load and to balance the power system. When the load power
increases from 500W to 800W, the limited power of PV source also changes correspondingly. This is the
case 9. Within this interval, the SOCSC goes down gradually and slowly because of the self-discharge
nature of SC as shown in Figure 42. After 57 minutes and 14 seconds (at t  79: 29 ), SOCSC reaches the

SOCSC _ MAX _ MIN and then the SC is recharged again up to SOCSC _ MAX _ MAX .
For the third interval ( 91: 00  t  95: 40 ), the following powers are chosen: pPV _ REF  200W ,
pL _ D  800W . As both of storages are already fully recharged, this part is to release the energy of the

batteries and SC, in order to continue to observe the other cases later. This is also the display of case 4.
During the fourth interval ( 95: 40  t  105: 24 ), pPV _ REF  1000W and pL _ D  300W ; after
calculating, the batteries recharging current is lower than its constrained limit iB _ MIN . Meanwhile, SOCSC
is lower than SOCSC _ MAX _ MIN . Therefore, SC also has to absorb the surplus power, which is the case 10.
When the load demand power drops from 300W to 200W at t  98: 40 , SC absorbs more extra surplus
power. At t  99 :51 , the SOCB reaches its maximum value. So after this time, only SC absorbs the
surplus power until reaching its maximum state. When both of the storages are fully recharged, the PV
power is limited by the dedicated control. This describes the case 11.
During the fifth interval ( 105: 24  t  115:17 ), with pPV _ REF  0W , the load power demand pL _ D is
firstly set to be 400W and then goes up to 600W; this part is to release the energy of the battery and SC
to continue observe the case 12 afterwards.
During the sixth interval ( 115:17  t  125:35 ), the following powers are chosen at the beginning:

pPV _ REF  1000W and pL _ D  200W . Both storages are recharged but SOCSC reaches its higher limit
faster than SOCB . Therefore, at t  118:52 , SC stops to absorb power from the system and at the same
time, PV power is limited that only the batteries absorb the restricted power. At t  123: 08 , the batteries
are also completely recharged. Therefore, PV power is limited again and only supplies the load.
The whole DC bus voltage evaluation in this experiment is presented in Figure 43; the DC bus voltage
remains almost constant with some negligible fluctuations.
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Figure 43. Evolution of DC bus voltage.

III.4.3. One-day experimental test
Unlike the previous two tests which are to show the twelve possible cases, the aim of one-day
experiment is to illustrate and prove the effectiveness and application of the whole system strategy in a
genuine and natural circumstance. So, this test is without human interference during the whole process.
It is to verify that under the control of the proposed strategy, the hybrid PV/DG/battery/SC power system
can work well with the real PV power and load profile.
During the one-day test ( 09: 00  t  18: 00 (hour:minute)), the real solar irradiance and PV cell
temperature of this day are illustrated in Figure 29. The MPPT PV power generation and the load power
curve are the same as the data of simulation, which are profiled in Figure 30. For this one-day
experimental test, the recorded PV power data are implemented into the PV emulator which simulates
the real 8 PV panels’ MPPT power production. The system constraints and values are also defined and
shown in the second column of values in Table 5.
Figure 44 shows the power evolutions performance of the proposed DC microgrid during 9 hours.
During the first interval ( 09: 00  t  10: 24 ), the load is firstly supplied by the batteries (case 1). During
the second interval ( 10: 24  t  11:14 ), around 10: 24 , SOCB reaches its lower limit value and then
SC supplies the load before the DG starting up to generate power. With the increasing of PV power, DG
power gradually decreases until PV power is higher than the load power demand. This is the case 2.
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Figure 44. Power evolutions.
Thereafter, during the third interval ( 11:14  t  13:55 ), the DG is out-of-service and the excess PV
generation is used to charge the batteries. This is the case 7. At the beginning of the fourth interval (

13:55  t  15: 40 ), since the batteries are already fully charged, the excess PV power flows into SC.
After about three minutes, around 13:58 , SC also reaches its maximum state. Therefore, PV power
shedding is operated to only supply the load. But SC is recharged again up to SOCSC _ MAX _ MAX when

SOCSC reaches the value SOCSC _ MAX _ MIN and then, PV power is shed once more until PV power is less
than load demand. This is the case 8. After this moment, load power demand is only provided by batteries
during the fifth interval ( 15: 40  t  18: 00 ).

SOCB and SOCSC evolutions in Figure 45 and Figure 46, show that storage capacities are entirely
respected. Battery and SC work well for both providing energy and absorbing energy. The DC bus
voltage evolution shown in Figure 47, remains almost constant even though there are small variations
(less than 1.5% of the rated DC bus voltage), signifying that the proposed control strategy is able to
regulate the DC bus voltage within the acceptable limits. Taking into account that the goal of this oneday test is to further verify the feasibility of the proposed control strategy in a real environment, the
experiment results display that the power is well balanced in the proposed microgrid system. What is
more, the feasibility of this strategy shows that it can be put into use in an off-grid community or an
islanded remote village with the hybrid PV/DG/battery/SC power system.
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Figure 45. SOC evolution of batteries.

Figure 46. SOC evolution of supercapacitor.

Figure 47. Evolution of DC bus voltage.
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III.5. Conclusion
DG can be a good choice in off-grid and isolated microgrid as a backup power when electrochemical
storage is used up. But it cannot be launched immediately and needs several seconds to produce stable
power. In order to overcome this sluggish dynamic behavior of DG while starting up, SC is used as
compensatory energy source to resist against the shortage of PV array power and batteries. The second
function of using SC is to supply/absorb power when the needed batteries power is out of the range of its
discharging/recharging power. Thus, this chapter firstly presents the hybrid system including PV,
batteries, SC and DG. Then, a power management strategy is proposed to achieve coordination between
these sources. The individual control schemes are coordinated through the proposed control coordination,
approaching to maintain the DC bus voltage stable and the system’s power balance. According to the
different constraint conditions, twelve cases are likely to appear in a true situation, which are illustrated
in detail.
In order to validate the hybrid power system and the proposed power management strategy from the
theory aspect, the hybrid simulation is proposed, which is carried out under the MATLAB/Simulink
software. The simulation results show the correctness of the logic of the proposed power management.
In order to further verify all the twelve possible cases, controllable experimental cases are operated.
In order to verify the feasibility of implementing the power management algorithm in a real environment,
based on real weather data, a one-day experiment is operated in the real-time. The experimental results
show that the proposed control strategy is able to regulate the DC bus voltage within the acceptable
limits, balance the power, and supply the DC load. Fairly good performance of one-day experimental
test proves that the power management strategy can be employed in a real hybrid PV/DG/battery/SC
power system. Furthermore, the strategy can be programmed into Digital Signal Processor or Field
Programmable Gate Array to replace the real-time simulation system (dSPACE), so that it can have
application in industrial field.
A power management strategy for a PV-battery-SC-DG based DC microgrid system is proposed in

this section, which is verified by test bed. The experiment results show that it can correctly balance the
DC bus power and stabilize the DC bus voltage. However, there are cases that the DG outputs low power
and there is no consideration about the fuel cost and fuel consumption of the DG. The efficiency and
energy consumption of DG need to be considered in this power management strategy, which means to
search the optimal rate between power production and diesel fuel consumption. In the beginning of the
next chapter, the economic criteria of DG operating modes will be done to understand its energy cost and
fuel consumption.
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Chapter IV. Power management of DC microgrid
with DG economical mode
In the Chapter III, a power management strategy for a PV-battery-SC-DG based DC microgrid
system. The simulation and experiment results show that it can well balance the DC bus power and
maintain the DC bus voltage. However, there are cases that DG is operated in the low load situation and
there is no consideration about the fuel cost and fuel consumption of DG. What’s more, the priority of
batteries storage is higher than SC in this power management strategy, so that it is possible that the
energy stored in SC will be empty because of the self-discharging. Under this case, the DG cannot be
started up and the stability of the hybrid power system is reduced. The DG runs in load-following
strategy to only supply the load, so that there is no fuel cost comparison with the duty cycle mode in
which DG also recharges the battery.
Therefore, in order to advance the research work of the fuel cost and fuel consumption of the hybrid
PV-battery-DG-SC power system, this section is the further research on the basis of Chapter III.
Furthermore, facing to the power management strategy proposed in Chapter III, a new power
management strategy consisting of nine cases for the real time control is presented to balance the power
and regulate DC bus voltage, which is verified by the experiments and simulation. The results show that
the new strategy can save more fuel cost than the previous one (DG load following mode).
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The rest arrangement of this chapter is depicted as follows. Firstly, fuel consumption and cost
analysis through experiments is presented in Section IV.1. Then, the DC microgrid system and its
components are described in Section IV.2. The power management strategy is introduced and analyzed
in Section IV.3 while the simulation verification and experimental verification are given in Section IV.4
and Section IV.5. Finally, Section IV.6 gives the conclusions.

IV.1. Fuel consumption and cost analysis through experiment
Even though the handbook of manufacturers gives the basic information about DG, such as the rated
power and the root-mean-square value of output voltage, the situation of fuel consumption is not clearly
addressed especially in low power generating situation. Different researchers and research teams use
different fuel consumption functions to express the fuel consumption of DG.
In the papers [31] [77], a linear function (4.1), is used for fuel consumption calculation, based on its
rated power PDG _ RATED and the actual output power pDG supplied by the DG.

F ( pDG )  bDG _1PDG _ RATED  aDG _1 pDG

(4. 1)

where F ( pDG ) is the fuel consumption (L/h), bDG _1 and aDG _1 are the coefficients of fuel consumption
function.
In the papers [78] [79] [52], the fuel consumption noted F (L/kWh) is formulated as a quadratic
function of the corresponding generated power pDG .
2
F ( pDG )  cDG _ 2 pDG
 bDG _ 2 pDG  aDG _ 2

(4. 2)

where cDG _ 2 , bDG _ 2 , and a DG _ 2 are the coefficients of fuel consumption function and can be found by
curve fitting by the Approximate Diesel Fuel Consumption Chart given by different manufacture [53].
In the research work [54], a similar third order polynomial fuel consumption cost function is also
obtained by being fitted to this fuel consumption chart. However, this chart shows an estimate of the
fuel consumption of a DG based on the size of the generator and the load at which the generator is
operating. It is not an exact figure as various factors can alter the amount of fuel consumed. This is based
on consumption per hour. Therefore, the exact fuel consumption should be known by experiments.
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IV.1.1. Electrical scheme and experimental platform
In order to measure the actual fuel consumption rate, an experimental platform has been set as show
in Figure 48, and the detail parameters of the experimental devices are listed in Table 7.

Figure 48. The figure of experimental platform.
Table 7. Elements detail for experimental test.
Element

Parameter

Device

DC Load

2×2.6kW

High power DC electronic load: Chroma 63202

96V/130Ah

Sonnenschein Solar: S12/130A

Diesel generator

5.2kW

SDMO Technic 6500E

IGBT converter

600V-100A

SEMIKRON SKM100GB063D

Bateries (serial 8 units)

Controller board

dSPACE 1006

Weight balance

Ohaus Defender D15HR

Measuring device

Scaime CPJ Analog signal conditioner

Even though the maximum rated power of DC electronic load is 2.6kW and two loads can
theoretically consume the DG maximum output power (5.2kW), the DC electronic load cannot absorb
2.6 kW in reality. Therefore, there are two DC electronic loads in addition with batteries storage, which
can be used to absorb a certain power. The two DC loads are connected directly into the DC bus while
the batteries storage is connected vie DC-DC converter. The DG is connected to the DC bus through the
AC-DC rectifier. Hence, the physical law of power balancing must be completely respected according
to the following equation at any time:
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pDG (t )  pDC (t )  pB (t )  C  vDC (t )

dvDC (t )
dt

(4. 3)

where pDC is the DC load, C is the DC bus capacitor and vDC is the DC bus voltage. The batteries
storage is utilized on one hand to absorb partial power and on the other hand to regulate the DC bus
voltage.

IV.1.2. Diesel consumption and cost optimization analysis
In this section, aiming at analysing the fuel consumption of DG, several experiments has been done
to study the temperature influence on the DG and diesel fuel consumption rate under different output
power value. DG operation and maintenance cost is also gotten according to the instruction manual of
manufacture.

IV.1.2.1. Temperature influence
The total cost of power production from the DGs includes fuel, start-up, and shut down costs. The
start-up cost is largely dependent on the temperature of the diesel turbine and ambient atmospheric
conditions [80]. The fuel consumption during the cold start-up is higher than the start-up if the diesel
turbine is warm, especially the large capacity generator unit. But for a small capacity DG, like less than
10kW, the influence of temperature is not studied yet. So, the temperature influence of SDMO DG is
firstly researched. Three experiments have been done in January, Compiègne, France, where the
environmental temperature is about 1~3 °C and each test lasts 12 minutes. The interval of the test is one
day so that to ensure the diesel turbine is enough cold. All the three tests are under no load so that to
show the diesel consumption condition during the start-up. The fuel consumption curves are shown in
Figure 49, in which the blue lines are the measured weight of diesel fuel and the blue lines are the curvefitting.
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Figure 49. Three tests of declining curve of weight of fuel in 12 minutes experiment.
From the three experimental curves, it can be seen that there is no evident decline of diesel
consumption during the cold start-up. So, the temperature has little influence on this type of DG. After
calculating according to the curve-fitting of linear function, the absolute values of slope are the diesel
consumption rates, which are 0.2688g/s, 0.2691g/s and 0.2695g/s separately. Therefore, the no load
diesel fuel consumption rate can be got as mean value 0.2691g/s.

IV.1.2.2. Diesel fuel consumption rate under different output power value
In order to get the diesel fuel consumption rates, the experiments have been done under different
output power values ( pDG  vDG  iDG ). For example, the output power of DG is set as 250W and when
DG operates during 12 minutes, the situation of diesel fuel weight is observed and measured. The
experimental results are drawn partially in Figure 50. The diesel consumption rates are listed in Table 8
and drew in Figure 51.
Table 8. The diesel consumption rates.
Power (W)

Rate(g/s)

Power (W)

Rate(g/s)

0

0.2691

2500

0.4611

250

0.2929

3000

0.5060

500

0.2852

3500

0.5607

750

0.3105

4000

0.6009

1000

0.3281

4500

0.6366

1500

0.3780

5000

0.6880

2000

0.4183

5200

0.7184

Figure 50. Declining curve of weight of fuel of different output power.
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Figure 51. The diesel consumption rate along with the output power.
Just like the fuel cost function (4.2), the diesel consumption rate (Rate: gram/s) can be also fitted as
a quadratic equation according to the data given in Figure 51. This function is shown in the following:
2
Rate( pDG )  2.7615  109  pDG
 7.2729  105  pDG  0.2615

(4. 4)

According to this function, even though the diesel consumption rate at different output power value
is still calculated roughly, it is much more precise than the calculated results from function (4.2).
According to the data given in [26], the fuel price in France currently is 1.24 euro/liter, which is updated
dynamically every week, and according to the data given in [81], the diesel density is about 0.835 kg/liter.
Thus, the DG production tariff under different output power value is shown in Figure 52.

Figure 52. DG generation tariff along with the output power.
From this figure, it is observed that once the DG is started up, the minimum efficient generating
power of DG would be better more than 2 kW. Furthermore, the DG power production cost can be fitted
as a polynomial equation of degree 8.
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8
7
6
cDG ( pDG )  c8  pDG
 c7  pDG
 c6  pDG
 ...  c1  p1DG  c0

(4. 5)

27
22
in which cDG is the DG power production tariff, c8  5.9231 10
, c7  1.4176  10 ,

c6  1.4239  1018 , c5  7.7990  1015 , c4  2.5345  1011 , c3  4.9859 108 , c2  5.8162  105 ,
c1  0.0378 , c0  12.4759 .

IV.1.3. DG operation and maintenance cost
DG operation and maintenance (O&M) cost C DG _ O & M is defined as follows. According to the
instruction manual of manufacture, DG O&M costs include oil change and the replacement of QuadClean precleaner at a cost of 15€ every 50 hours, the replacement of air cleaner element at a cost of 25€
every 200 hours, the replacement of low-profile air cleaner element and the replacement of fuel filter at
a cost of 35€ every 300 hours, and the replacement of spark plug at a cost of 45€ every 500 hours. So,
the average O&M cost per hour is 0.63 euro/h and the DG O&M cost is described in (4.6).

CDG _ O&M  TDG _ run  cDG _ O&M

(4. 6)

where cDG _ O&M is the average O&M cost per hour, and TDG _ run (h) is the running time of DG.
In this part, the fuel cost function is found according to the experimental results. Thus, the lower
limit generating power is confirmed so that the generation tariff of the DG is kept in a low status. Firstly,
it studies the temperature influence on the start-up stage of DG, resulting that these is little influence of
temperature on the research DG object in this thesis. And then, several experiments have been done to
get fuel consuming rate at different DG output power. Based on the real time fuel price which is updated
every week, the curve of the generation tariff of the DG is got. At last, the DG operation and maintenance
cost is calculated according to the user manual. The outcomes of this section about the energy tariff of
DG will be applied into the proposed power management in the following parties, to further decline the
power system whole cost.

IV.2. Power management strategy design
The core of the hybrid power system is related to the power management design, which concerns
the power balancing, load shedding, PV power limiting and imposed limits by the system itself
characteristic, like the maximum recharging power of batteries. To obtain a real time control, power
system elements must be ranged in specified sequence and an algorithm could be obtained. Hence, the
continuous dynamics of the system are operated through an implemented algorithm that calculates
power system references with respect to imposed limitations and gives the load shedding level. This
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algorithm focuses on the power system control strategy. The system configuration will be firstly
described and then the energy tariff of each element will be defined.

IV.2.1. System configuration
The configuration of a typical PV-based off-grid DC microgrid is shown in Figure 53. In order to
well adapt to the existing cable infrastructure in a building or a community, the rated DC bus voltage is
chosen as 400 V [64,65]. This off-grid electrical power system consists of PV source, electrochemical
batteries, DG, SC and DC load. All components of the system are connected through power electronic
converters to a common DC bus. The PV source is connected to the DC bus through a DC-DC converter,
which can be controlled by a MPPT method to exploit the PV energy as much as possible. The DG is
connected through an AC-DC rectifier. The electrochemical batteries are installed in series as a pack
and then connected via a bidirectional DC-DC converter. The SC is also connected by a bidirectional
DC-DC converter. The DC load can be connected directly to the DC bus if its rated voltage is equal to
that of the DC bus. However, in most cases, the voltages are different so that a DC-DC buck or boost
converter may be involved. In addition, the AC load requires DC-AC power inverter to change the
current form. Taking into account that this study focuses on power control and power management
strategy, both the AC load and DC load are regarded as the DC power demanded on the DC bus.

Figure 53. Topology of proposed off-grid DC microgrid system.
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A central power management strategy is proposed to control the power flow between the different
sources while each element is controlled by their respective controller. The centralized power
management gives the current reference of each element according to their respective restrictive
condition and the power balance of the system. Each independent controller receives the reference
command and controls the respective power source. Although this study supposes to avoid the
occurrence of load shedding, some objective circumstances will lead to power supply shortage, such as
short-circuit of distribution lines due to adverse weather and the accidental fault of distributed energy
sources. Therefore, there is also a local load controller which can reduce partly the power demand when
receiving the load shedding order from the central power management block or fault detection program.
But this is the fault recognition and protection research area [82], which is important but not emphasized
in this study. However, in this section, the load shedding percentage is supposed to be equal or less 20%
of the total power demand; when the shortage of power supply from batteries and PV source is more
than this value, the DG will be started up.

IV.2.2. Definition of energy tariff of each element
In order to compare the merits and demerits between the DG load following mode and DG duty
cycle mode, the energy cost of the whole system is a good index. On the other hand, concerning PV
shedding, load shedding and storage aging cost, their energy tariffs calculation is quite complex and
depends on the chosen technology. This is why energy tariffs used in this study are somewhat arbitrary;
however, numerical values of energy tariffs given here below are chosen according to the manufacture’s
handbook, which is as approximate as possible to the actual values.
Diesel generator
The DG power production tariff cDG is calculated and given in the equation (4.5). Therefore, the
DG fuel consumption cost C DG _ Fuel for a given time period, from initial instant t0 to final instant tF, is
calculated as:
CDG _ Fuel 

1
3.6  106

tF

c
i  t0

DG

( pDG (i ))  pDG (i )  t

(4. 7)

The DG operation and maintenance (O&M) cost C DG _ O & M is defined and given in the equation (4.6).
Supercapacitor
The expected life of SC (held continuously at rated voltage at 25°C) is fifteen years [83]. However,
SC cannot be always under rated voltage so that its expected life is supposed as ten years and the SC
ageing cost is calculated in (4.8).
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CSC _ Ageing 

tF

1
3.6  106

c

SC _ Ageing

i  t0

 pSC (i )  t

(4. 8)

where cSC _ Ageing is the SC energy tariff.
Electrochemical batteries bank
Like the ageing of SC, battery aging should also be considered. The battery used in this thesis is the
Sonnenschein Solar Block of Exide Technologies, which has five years as expected life [84]. Its cost is
calculated in the following (4.9).
CB _ Ageing 

1
3.6  106

tF

c
i  t0

B _ Ageing

 pB (i )  t

(4. 9)

where cB _ Ageing is the batteries energy tariff.
PV shedding
Once the PV panels have been installed, the power generation does not need extra fee. However, the
occurrence of PV shedding means that the assets are not used efficiently. Therefore, the PV shedding is
penalized and its cost is defined as in (4.10).
CPV _ S 

tF

1
3.6  106

c
i  t0

 pPV _ S (i )  t

PV _ S

(4. 10)

where cPV _ S is the PV shedding energy tariff.
Load shedding
The main objective of the electrical power system is to guarantee the users’ power supply. However,
the load shedding case is possible to occur when the power demand is shortly superior to the power
supply. Thus, the electric appliances of a building which do not have priority, can be shortly shut down
and be restarted later. Hence, the load power p L is described as:
pL (t )  pL _ D (t )  pL _ S (t )

(4. 11)

where p L _ D is the load power demand, pL _ S is the load shed power reference.
It is supposed that the unimportant appliances account for at most 20% of the total power demand
and when the shortage of power supply from batteries and PV source is more than this value, the DG
will be started up. But the load shedding truly leads to the inconvenience for the end-users. Therefore,
the load shedding is penalized and its cost is defined as in (4.12).
CL _ S 

1
3.6  106

tF

c
i  t0

L_S

 pL _ S (i )  t
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(4. 12)

where cL _ S is the load shedding tariff.
Finally, the total energy cost of this DC microgrid is calculated as following.

CTotal  CDG _ Fuel  CDG _ O&M  CSC _ Ageing  CPV _ S  CB _ Ageing  CL _ S

(4. 13)

Concerning the energy tariff, arbitrary values are taken into account but with respect to:

cL _ S  cPV _ S  cSC _ Ageing  cB _ Ageing

(4. 14)

IV.2.3. Power management strategy
In the power system, both PV power pPV and load power p L are randomly variable, but PV power
can be limited and load power can be shed if needed. On the contrary, batteries power p B , DG power

pDG , and SC power pSC are the controllable elements. Hence, the physical law of power balancing must
be completely respected at any time according to the equation (3.7):
To get a real-time power control, an algorithm should be designed to arrange the power system
elements in a specified sequence. Therefore, this algorithm should assign the power references to each
source and give the power shedding references for the PV source and the load. This algorithm must
comply with the power balance equation, the predefined priority order of the components to operate in
the DC microgrid and the imposed limitations. The PV source has the first priority to supply the load.
Accordingly, the batteries are essential to ensure stable operation of the whole system due to the
intermittence of the PV generation. Otherwise, when SOCB decreases to its constraint, the DG operates
to supply the load and also to recharge storages, the electrochemical one and the electrostatic one.
Nevertheless, the DG needs some time to start up and cannot immediately offer the needed power.
Therefore, the SC is used to compensate the power deficiency during the DG start-up, i.e. the SC and
the DG are unified together as a backup source to supply the DC bus. The SC must always have enough
energy to supply the whole DC microgrid during the start-up phase of the DG. Because of this, the
priority of the SC is higher than that of the batteries in recharging sequence, so the excess power is
preferentially injected into the SC. In order to describe the overall power management strategy, Figure
54 presents the power system control algorithm flowchart and the nine possible power flow cases are
described in detail in the following.
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Figure 54. Flow chart of the power management strategy.
From this figure, it can be noted that there are four definitions on the constraints of SC’s state of
charge: SOCSC _ MAX _ MAX , SOCSC _ MAX _ MIN , SOCSC _ MIN _ MAX , and SOCSC _ MIN _ MIN . This is because of the
SC self-discharging nature and they are explained one by one in the following.
1) SOCSC _ MAX _ MAX is described as the maximum value of the maximum SOCSC while

SOCSC _ MAX _ MIN is described as minimum value of maximum SOCSC . Because of its self-discharging
current, SOCSC observably goes down after tens of seconds even though there is no command. If the
SC’s fully charged state is described as a fixed value, when SOCSC drops below this value, SC is
recharged but SC will be recharged again after several seconds once SOCSC drops below this value.
Under this case, SC is discharged and recharged again and again which is harmful to SC and its converter.
Thus, SC’s fully charged state is designated as a range.
2) Symmetrically, SOCSC _ MIN _ MAX and SOCSC _ MIN _ MIN define a range in which the SC is considered
to be empty. While SOCSC _ MIN _ MIN is the lower limit of SOCSC , SOCSC _ MIN _ MAX indicates that the SC
has still enough energy to support the whole system alone during the start-up of DG. Hence, the SC
must be recharged if SOCSC falls to SOCSC _ MIN _ MAX due to the self-discharging and in such case, the
recharging power can be so weak that the self-charging is merely compensated.
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Hence, SC should always have enough energy to stat up DG when there is no stored energy in
electrochemical batteries, which means that it is prohibited that SOCSC is smaller than SOCSC _ MIN _ MAX .
Thus, when the SOCSC reaches this value, the SC will be recharged like a load; the recharging power is
little and equal to the self-discharging power so that the SC’s stored energy is maintained to wait for
starting up DG. According to the self-discharging curve, the average self-discharging current is
calculated about 0.03A.

IV.2.3.1. Cases 1, 2, 3, 4
When PV power is greater than users’ demand, there exists the excess PV power after fully supplying
the load. If both the SC and the batteries are fully recharged, the PV power is limited to supply only the
load and stabilize the DC bus. This is case 1. If the batteries are not full, the excess PV power is injected
into the batteries bank. But if the excess PV power is more than the batteries’ maximal recharging power,
the PV power is limited to supply only the load and the batteries’ maximal recharging power. This is
case 2. Otherwise, the PV power is not limited. This is case 3. On the other hand, if the SC is not in its
saturation state, i.e. SOCSC  SOCSC _ MAX _ MIN , the excess power will be firstly injected into SC until

SOCSC reaches SOCSC _ MAX _ MAX . This is the case 4.

IV.2.3.2. Cases 5, 6, 7, 8, 9
If there is not enough PV power to meet the load demand, other sources are required to complement
the deficient power. The batteries are set to provide the energy in the first place. At the same time, the
energy in the SC decreases on account of self-discharging as the time goes by. It is possible that the SC
becomes empty before the batteries energy is depleted. As the SC is essential to start up the DG, the
drain of the SC energy should be avoided. Hence, when SOCSC reaches SOCSC _ MIN _ MAX , the batteries
should provide an additional amount of power to compensate the self-discharging power of SC, so that
the start-up of the DG can always be supported by the SC power. The role of batteries is not only to
supply the load but also to recharge the SC. But it is possible that the demanded power is more than the
maximal batteries discharging power, so the load power is limited and this is the case 5. Otherwise, the
batteries power is enough and this is the case 6. On the other hand, if SOCSC does not reach

SOCSC _ MIN _ MAX , the batteries bank only supplies the load demand. There are also two branches
depending on whether the batteries power is insufficient or not; these are the case 7 and the case 8
respectively.
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There are two conditions to start up the DG. Either of them is met, the DG will be started up. The
first condition is that the load power shedding demand is more than 20% of total load power demand.
The second is that SOCB reaches its lower limit. During the period of DG start-up, the SC is used to
stabilize the DC bus voltage and balance the DC bus power for a short term. When the DG reaches its
stabilized output state, it will be connected to the DC bus and operates not only to replenish the shortage
of PV power, but also to recharge up the two storages. In this case, the power reference of the DG is set
to be greater than or equal to 2kW, in order to have a reasonably low cost energy for the DG power as
aforementioned. According to the recharging priority, the SC is firstly recharged to SOCSC _ MAX _ MAX ,
and then, all the excess power will be injected into the batteries. The DG will then be stopped if one of
the two conditions is met: (i) the batteries are fully recharged and (ii) the DG has run for more than one
hour. The maximal running time limitation is for economical purpose. A short limit can save fuel but it
risks to lead to the frequent start-up of the DG since the batteries are not fully recharged, which can
reduce the DG lifespan. The one hour duty cycle is proposed as a good trade-off between the fuel
consumption and the start-up frequency. The case 9 is the only case in which the DG is started and
stopped.

IV.3. Simulation results
The power management is simulated firstly with numerical values based on the experimental DC
microgrid platform. In this section, simulation results are given. In order to compare the fuel cost and
fuel consumption with the other power management strategy presented in Chapter III, in which the DG
cost is not taken into account, the operating strategy of the DG in the case 9 in Figure 54 is changed to
load-following mode, producing the same amount of power as the load demand but freeing of recharging
the batteries and the SC. This modified strategy is also carried out through the experimental platform in
the next section.
For simulation validation, the PV generation real profiles are recorded under MPPT control,
recorded at Compiègne in France by our research team AVENUES. In addition, a simple and arbitrary
load power demand evolution is considered. In order to show all the possible 9 cases, three simulations
of the proposed power management are carried out over three given days considering the constraints
and values given in Table 9, which is based on the experimental platform.
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Table 9. Arbitrary values, tariffs, and constraints.
Parameter

Value

Parameter

Value

SOC B _ MAX

60%

*
vDC

400V

SOCB _ MIN

40%

cDG _ O&M

0.63€/h

SOCSC _ MAX _ MAX

90%

cSC _ Ageing

0.3€/kWh

SOCSC _ MAX _ MIN

85%

cPV _ S

0.7€/kWh

SOCSC _ MIN _ MAX

50%

cB _ Aging

0.07€/kWh

SOCSC _ MIN _ MIN

45%

cL _ S

1€/kWh

p B _ MAX

1kW

pB _ MIN

-1kW

According to the density of lead-acid batteries compared to the power level of the test bench, and in
order to observe all the cases, the SOCB is chosen in a narrow range [85]. Similarly, the batteries bank’s
power limit is limited at the same power level of the PV power. Concerning the SC, its power is not
limited, but the same amount of power can cause great current in the case of the low SC voltage, which
can be harmful to the experimental facility. Thus, SOCSC is limited to a minimum of 45% since it is
quadratically proportional to the SC voltage.
Depending on the meteorological day profile, the three chosen days represent three types of solar
irradiance: mixed high-low solar irradiance with some fluctuations and low solar irradiance almost
without fluctuations (Test 1, the 8th July 2016), high solar irradiance with strong fluctuations (Test 2,
the 9th July 2016), and high solar irradiance without fluctuations (Test 3, the 10th July 2016). The
simulation results are explained in the following.

IV.3.1. Simulation 1
The solar irradiance and the PV temperature of the first test are profiled in Figure 55. As can be seen
from this figure, it is an overcast weather, in most of the time the irradiance is under 400W/m2. So, the
PV power is far less than the load power demand, which can be seen from Figure 56. Under this weather
circumstance and load profile, two simulations are done according to the operating mode of DG: dutycycle model and load-following mode.
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Figure 55. Solar irradiance and PV cell temperature.

Figure 56. Load power demand and PV MPPT power.

IV.3.1.1. DG duty cycle mode
Taking into account the generation tariff of DG, the DG power is cheaper with a minimal generation
of 2kW. However, due to the power constraints of the batteries (±1kW) in the experimental environment
and the power balance in the microgrid, the DG output power cannot be set to be always equal to or
more than 2kW. For the sake of reducing the DG power cost, the DG power is set to be the sum of the
maximal batteries recharging power and the difference between the PV power and the load power at the
moment when the DG is started.
Figure 57 shows the DC microgrid power evolutions during the nine hours. During the first interval
( 9: 00  t  11: 06 ), the batteries and PV are the main suppliers (case 8). With the time going on, the
energy stored in the SC is self-discharging until reaching the constraint. So, during the second interval
( 11: 06  t  12: 05 ), the batteries bank not only supplies the load demand, but also gives some power to
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the SC to maintain the energy stored in the SC. This is case 6. Then, in the third interval
( 12: 05  t  13:57 ), there is an excess PV power, which is preferentially recharged into the SC. This
is case 4. Around 12 :18 , the energy in the SC is full. In the next interval ( 13:57  t  14:57 ), around

13:57 , the energy in the batteries is used up. SOCB reaches its lower limit value and then SC supplies
the load before the DG start-up. After DG can offer stable power, the excess power firstly recharges the
SC. Afterwards, batteries begin to absorb power when the SC reaches its maximum state. When the DG
runs for one hour, it stops. This is the case 9. In the fifth interval ( 14:57  t  15: 22 ), there is load
shedding. In the sixth interval ( 15: 22  t  17 : 40 ), around 15: 22 , the DG is started up for one hour
because the load shedding demand is more than 20% of the total power demand. Around 16: 40 , the
DG is started up again for one hour because the load shedding demand is once again more than 20% of
the total power demand. This is case 9. In the last interval ( 17 : 40  t  18: 00 ), the batteries bank
supplies the deficient power. These are case 8.

Figure 57. DC microgrid power evolutions.
Figure 58 and Figure 59 show SOCB and SOCSC evolutions, reflecting that the batteries and the SC
run well for providing and absorbing energy within their respective restrictions. Considering that the
goal of this nine hours simulation is to verify the feasibility of the proposed power management strategy
in a real PV power profile, the simulation results display that the power is well balanced and the DC bus
voltage is stable with acceptable fluctuations (the maximum fluctuation error is less than 2.5% of the
rated DC bus voltage), shown in Figure 60.
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Figure 58. SOC evolution of electrochemical batteries.

Figure 59. SOC evolution of supercapacitor.

Figure 60. DC bus voltage.
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IV.3.1.2. DG load following mode
In the case 9 in Figure 54, after DG is started up, the reference of DG generating power is given as
the deficient PV power, which is only used to supply the load demand. There is no consideration for
minimum efficient generating power of DG and there is no excessive power to recharge SC and batteries.
The simulation results are analyzed in the following.
Figure 61 shows the DC microgrid power evolutions during the nine hours. Before the diesel
generator being started up, the power evolutions are the same as these in Figure 57. In the fourth interval
( 13:55  t  18: 00 ), after the instant when the DG can generate stable power into the system, its output
power is equal to the load demand and there is no longer the situation of load shedding.

Figure 61. DC microgrid power evolutions.
Figure 62 and Figure 63 show SOCB and SOCSC evolutions, reflecting that the batteries and the SC
run well for providing and absorbing energy within their respective restrictions. Since there is no power
to recharge SC and batteries after DG being stated up, the SOCB shows that the batteries continue to be
in the empty state and the SOCSC shows that the SC is in a continued momentum of decline. The DC
bus voltage is stable with acceptable fluctuations (the maximum fluctuation error is less than 2.5% of
the rated DC bus voltage), shown in Figure 64.
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Figure 62. SOC evolution of electrochemical batteries.

Figure 63. SOC evolution of supercapacitor.

Figure 64. DC bus voltage.
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IV.3.2. Simulation 2
The solar irradiance and PV temperature is profiled in Figure 65. The weather is cloudy. It can be
seen from this figure that the solar irradiation fluctuates very violently, causing the solar power also has
strong fluctuations in Figure 66.

Figure 65. Solar irradiance and PV cell temperature.

Figure 66. Load power demand and PV MPPT power.
Figure 67 shows the power evolutions during the nine hours. At noon, since the excess PV power
goes beyond the batteries absorbing limit, the PV power is restrained now and then. In the afternoon,
the deficient PV power surpasses the batteries supplying limit so that load power is restrained now and
then by load shedding actions.
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Figure 67. DC microgrid power evolutions.
Figure 68 and Figure 69 show SOCB and SOCSC evolutions, reflecting that the batteries and the SC
run well for providing and absorbing energy within their respective restrictions. In the reason that PV
power fluctuates seriously, the DC bus voltage fluctuates up and down with acceptable range (the
maximum fluctuation error is less than 1.5% of the rated DC bus voltage), shown Figure 70. Since there
is no situation to start up DG, the other simulation with DG load following is not necessary to be done.
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Figure 68. SOC evolution of electrochemical batteries.

Figure 69. SOC evolution of supercapacitor.

Figure 70. DC bus voltage.
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IV.3.3. Simulation 3
The solar irradiance and the PV temperature of first test are profiled in Figure 71. As can be seen
from this figure, it is a perfect sunny day without any fluctuations, in most of the time the irradiance is
higher than 700W/m2. So, the PV power is more than the load demand in most of the time, which can
be seen from Figure 72.

Figure 71. Solar irradiance and PV cell temperature.

Figure 72. Load power demand and PV MPPT power.
Figure 73 shows the power evolutions during the nine hours. During the first interval
( 9: 00  t  10: 21 ), the batteries and PV are the main suppliers (case 8). During the second interval
( 10: 21  t  10:55 ), there are excess PV power, which is preferentially recharged into the SC. This is
case 4. Around 10:55 , the energy in the SC is full. Afterwards in the third interval ( 10:55  t  13:36 ),
batteries begin to absorb power. This is case 3. During this interval, around the time 12: 02 and 13:10
, SC is recharged again when SOCSC is under the value SOCSC _ MAX _ MIN and when there is excess PV
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power. This is case 4. In the next interval ( 13:36  t  15: 40 ), after the battery is fully charged, PV
power shedding is operated to only supply the load. In the last interval ( 15: 40  t  18: 00 ), the batteries
bank supplies the deficient power. These are case 8.

Figure 73. DC microgrid power evolutions.
Figure 74 and Figure 75 show SOCB and SOCSC evolutions, reflecting that the batteries and the SC
run well for providing and absorbing energy within their respective restrictions. Since the solar
irradiation is approximatively perfect without any big fluctuations, the DC bus voltage is stable (the
maximum fluctuation error is less than 1.5% of the rated DC bus voltage), shown in Figure 76. Since
there is no situation to start up DG, the other simulation with DG load following is not necessary to be
done here.
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Figure 74. SOC evolution of electrochemical batteries.

Figure 75. SOC evolution of supercapacitor.

Figure 76. DC bus voltage.

-114/159-

IV.4. Experimental verification
Through the simulation test in the last section, it theoretically validated the effectives of the power
management strategy. It shows the correctness of logic of the strategy. The power flow abides by the
rule based strategy and the DC bus is stable in the acceptable limit. In this section, the proposed power
management strategy is verified through experimental tests with the purpose of identifying and
illustrating the merits and disadvantages in real operating conditions.
An experimental platform, whose image is given in Figure 77, is set up. To simplify the comparison,
a PV emulator is installed instead of real PV panels. In order to compare the difference with the
simulation tests, this PV emulator follows the PV generation real profiles, which are shown in the last
simulation section and the load emulator also follows the same load profile.

Figure 77. Off-grid DC microgrid experimental platform.
The parameters of the DC microgrid components are listed in Table 10 and the arbitrary values,
tariffs, and constraints are as same as in the simulation tests, listed in Table 9.

-115/159-

Table 10. Elements detail for experimental test.
Element

Parameter

Device

Bateries (serial 8 units)

96V/130Ah

Sonnenschein Solar: S12/130A

94F/75V

Maxwell 75V modules: BMOD0094 P075 B02

600V/5.5A

GEN 3.3kW series power supplies: GEN600-5.5

Load emulator

2.6kW

High power DC electronic load: Chroma 63202

Diesel generator

5.2kW

SDMO Technic 6500E AVR

600V-100A

SEMIKRON SKM100GB063D

Supercapacitor
PV emulator

IGBT
Controller board

dSPACE 1006

IV.4.1. Test 1
Under the weather circumstance and load profile shown in Section IV.3.1, two experiments are done
according to the operating mode of DG: duty-cycle model and load-following mode.

IV.4.1.1. DG duty cycle mode
Figure 78 shows the DC microgrid power evolutions during the nine hours. During the first interval
( 9: 00  t  11: 01 ), the batteries and the PV sources are the main suppliers (case 8). With the time going
on, the energy stored in the SC is decreasing by self-discharging until reaching the constraint. So, during
the second interval ( 11: 01  t  12: 05 ), the batteries bank not only supplies the load, but also gives
some power to the SC to maintain the energy level stored in the SC. This is case 6. Then, in the third
interval ( 12: 05  t  13:52 ), there is an excess PV power, which is preferentially recharged into the SC.
This is case 4. Around 12: 22 , the SC is full. In the next interval ( 13:52  t  14:52 ), the energy of the
batteries is firstly used up. SOCB reaches its lower limit and then the SC supplies the load during the
DG start-up. After the DG can offer stable power, the excess power firstly recharges the SC. Afterwards,
batteries begin to absorb power when the SC is fully recharged. Then, the DG is stopped after one hour.
This is the case 9. In the fifth interval ( 14:52  t  15: 21 ), the deficient power is more than the batteries
maximal discharging power so that the load shedding takes place. This is case 7. In the sixth interval
( 15: 21  t  17 :38 ), around 15: 21 and 16:38 , the DG is started up twice because the load shedding
demand is more than 20% of the total power demand. This is case 9. In the last interval
( 17 :38  t  18: 00 ), the batteries bank supplies the deficient power. This is case 8.
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Figure 78. DC microgrid power evolutions.
Figure 79 and Figure 80 show SOCB and SOCSC evolutions, reflecting that the batteries and the SC
run well for providing and absorbing energy within their respective restrictions. Considering that the
goal of this nine hours experiment is to verify the feasibility of the proposed strategy with a real PV
power profile, the experimental results display that the power is well balanced and the DC bus voltage
is stable with acceptable fluctuations (the maximum fluctuation error is less than 1.5% of the rated DC
bus voltage), as shown in Figure 81.

-117/159-

Figure 79. SOC evolution of electrochemical batteries.

Figure 80. SOC evolution of supercapacitor.

Figure 81. DC bus voltage.
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IV.4.1.2. DG load following mode
In the load following mode, the reference of the DG generating power is given as the deficient power,
meaning that it only satisfies the load demand. There is no consideration for the DG power cost and
there is no excessive power to recharge SC and batteries. The experimental test of this mode is carried
out and the results are analyzed in the following.
Figure 82 shows the DC microgrid power evolutions during the nine hours. Before the DG being
started up, the power evolution of each component is similar to that given in Figure 78. In the fourth
interval ( 13:52  t  18: 00 ), the DG output power is equal to the load demand so that there is no longer
load shedding, but there is also no excessive power to recharge SC and batteries.

Figure 82. DC microgrid power evolutions.
Figure 83 and Figure 84 show SOCB and SOCSC evolutions, reflecting that the batteries and the SC
run well for providing and absorbing energy within their respective restrictions. Since there is no power
to recharge SC and batteries after DG being stated up, the SOCB evolution shows that the batteries
continue to be in the empty state and the SOCSC evolution shows that the SC is in a continuous decline.
The DC bus voltage is stable with acceptable fluctuations (the maximum fluctuation error is less than
1.5% of the rated DC bus voltage), shown in Figure 85.
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Figure 83. SOC evolution of electrochemical batteries.

Figure 84. SOC evolution of supercapacitor.

Figure 85. DC bus voltage.
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IV.4.2. Test 2
The weather condition is shown in Figure 65 and the PV power and load power profile in this
experiment are shown in Figure 66.
Figure 86 shows the power evolutions during the nine hours. At noon, since the excess PV power
goes beyond the batteries absorbing capacity, the PV power is restrained afterwards. This is case 2. The
SC is recharged several times while the batteries absorb power and discharge power dynamically.

Figure 86. DC microgrid power evolutions.
Figure 87 and Figure 88 show that both SOCB and SOCSC have respected their dedicated
restrictions. Since the PV power fluctuates severely and frequently, the DC bus voltage fluctuates with
acceptable range (less than 2% of the rated DC bus voltage), as shown in Figure 89. Since the DG has
not been started in this test, there is no analysis about the DG power.
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Figure 87. SOC evolution of electrochemical batteries.

Figure 88. SOC evolution of supercapacitor.

Figure 89. DC bus voltage.
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IV.4.3. Test 3
The weather condition is shown in Figure 71 and the PV power and load power profile in this
experiment are shown in Figure 72.
Figure 90 shows the power evolutions during the nine hours. During the first interval
( 9: 00  t  10: 20 ), the batteries and PV are the main suppliers (case 8). During the second interval
( 10: 20  t  10: 46 ), there are excess PV power, which is preferentially recharged into the SC. This is
case 4. Around 10: 46 , the SC is full. Afterwards, in the third interval ( 10: 46  t  13: 41 ), batteries
begin to absorb power. This is case 3. During this interval, around the time 11:50 and 12:58 , SC is
recharged again when SOCSC is under the value SOCSC _ MAX _ MIN and when there is excess PV power.
This is case 4. In the next interval ( 13: 41  t  15: 42 ), after the batteries are fully charged, the PV power
shedding is executed to supply the load and the SC when SOCSC falls below SOCSC _ MAX _ MIN around the
time 14: 03 and 15:13 . In the last interval ( 15: 42  t  18: 00 ), the batteries bank supplies the
deficient power. This is case 8.

Figure 90. DC microgrid power evolutions.
Figure 91 and Figure 92 show that SOCB and SOCSC evolutions remain always within the
constrained range. The DC bus voltage shown in Figure 93 is quite stable with the maximal fluctuation
error less than 1.25% of the rated DC bus voltage. The different DG operation modes are not compared
in this test because there is no need for the DG power in this day.
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Figure 91. SOC evolution of electrochemical batteries.

Figure 92. SOC evolution of supercapacitor.

Figure 93. DC bus voltage.
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IV.5. Economic analyses
Table 11 compares the energy cost between the DG duty cycle mode and DG load following mode
during the three experimental tests.
Table 11. Costs comparison of the different DG mode: duty cycle and load following.

(C DG _ Fuel  C DG _ O & M ) (euro)

CTotal (euro)

Day

Duty cycle

Load following

Duty cycle

Load following

th

9.20

10.19

8.58

10.05

th

0.32

0.32

0

0

0.38

0.38

0

0

Test 1 - 8 July
Test 2 - 9 July
th

Test 3 - 10 July

As shown in this table, when the microgrid needs to start up DG, the DG energy cost in duty cycle
mode is less than that in DG load following mode (the cost is cut down by 14.63%). Therefore, the total
cost decreases from 10.19 euros to 9.20 euros. Compared with the DG duty cycle mode, the DG in load
following mode outputs low power for long time and the DG energy efficiency would be higher when
the output power is high.
In the two other days, since there is no need to start up the DG, the DG cost is zero and the total cost
is same in both the duty cycle mode and load following mode. It’s interesting to find that the total cost
in the high solar irradiance day (Test 3) is higher than the solar irradiance with fluctuation day (Test 2).
This is because in the Test 3, there is a period of PV shedding (more than 1 hour), which is counted into
the cost.

IV.6. Conclusion
In this chapter, an improved power management strategy for considering the DG energy cost is
proposed. The simulations are firstly done to verify the control strategy theoretically. Then, an
experimental platform is set up and the power management strategy is implanted into the real-time
control system.
The experimental tests validate the proposed power management, which can work under different
weather condition for providing robust power balancing control strategy. Therefore, given the obtained
experimental results, the feasibility of implementing the strategy in real operation, is validated.
In addition, in order to comparing the advantages and disadvantages between the two DG operating
mode: load following mode and duty cycle mode, the energy tariff of each element of each element is
defined and the total cost of the whole system is calculated. Compared with the DG load following mode,
the fuel cost is reduced in the newly proposed strategy with a reasonable operation mode of DG, which
is good from economic point of view.
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General conclusions and perspectives
Under the duel pressures of the conventional fossil energises shortage and the environmental
pollution by the utilization of them, transformation and upgrading of energy industry attracts more and
more people's attention. In terms of electrical power industry, governments and electric companies all
over the world regard the smart grid as the future direction of the development of power systems, to
achieve the upgrading of the traditional power grid. As the local level of smart grid, microgrid is believed
to bring advantages in incorporating renewable energies, improving the overall energy efficiency and
improving reliability by self-operating in isolated mode in case of grid fault. DC microgrid is just one
kind of microgrid; it has some advantages compared with the AC microgrid, such as easy control and
conversion efficiency. The increase of DC load in the daily life will also drive the rapid development of
DC microgrid.
In islands, mountains and remote areas where the conventional power distribution system is difficult
to reach, standalone microgrid is utilizing its own distributed power generation to meet the requirements
of the user's electricity demand. In view of the PV, wind and other renewable energy affected by the
environment, this microgrid is generally equipped with energy storage system to suppress the power
fluctuations of renewable energy. On the other hand, it is possible that the energy storage is used up
because of the long-term bad weather. Therefore, back-up power, like DG, is very important to start up
to continue to supply the users. However, when we want to start up DG, it needs some time to reach the
stable output power. During this period, the users’ demand cannot be met and the DC bus voltage will
decrease to further influence the power quality.
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In microgrid studies, DG is mostly considered to immediately supply the power when needed and
the power management strategy of the whole system is mostly carried out by simulation. Besides, the
fuel consumption and energy cost of DG is mostly calculated by a rough function, which is not precise
as possible. In addition, the economical operating mode of DG can contribute the reducing of total cost
of the whole system and the decreasing of NOx emissions and carbon emissions. However, there is little
research work in this area. This thesis attempted to cover the research gap by studying the start-up
characteristic of DG, the energy cost of DG and its use in the power management of a microgrid power
system, which is tested by experimental tests.
This thesis firstly studied the DG start-up characteristic and the self-discharging characteristic of SC.
Based on the experimental and technical notice date, DG and SC models are presented. Then, a power
control strategy is proposed to achieve coordination between DG and SC, so that the SC can supply the
load demand during the period of DG start-up and the load demand can be supplied continuously and
smoothly without interruption. This control strategy is verified by both simulation and experimental
tests.
The proposed standalone DC microgrid consists of a power system and a power management
strategy for the real time control. The power system is composed of PV source, battery storage, SC, DG
and controllable DC load, which simulate the energy consumption of buildings. The electrical power
system relies on the power management strategy to keep the instantaneous power supply and power
balance. The first strategy proposed in this thesis which has twelve cases, can ensure voltage
stabilization and increase reliability by actively ensuring power balance, which are verified by
experimental tests. However, the DG operates in load following mode, which only supplies the load
demand and do not recharge the batteries and SC storages. In addition, the fuel cost is not considered in
this strategy. But the power management strategy should also minimize the energy cost and at the same
time respect the multi sources constraints.
Therefore, aiming at analysing the fuel consumption of DG, several experiments has been done to
study the temperature influence on the DG and diesel fuel consumption rate under different output power
value. The obtaining results are applied to a newly proposed power management strategy which has nine
cases. Meanwhile, algorithms for PV power limiting and load shedding management are also developed
and applied into the power management strategy to fulfill power control strategy. The DG operates in
duty cycle mode with an optimal running time and an ideal output power. The experimental tests have
been done to verify the feasibility of the proposed strategy. The more important improvement and
contribution from this thesis comes from the creation and practical development of an experimental
platform for microgrid based on PV sources emulator, which allows the repeatability conditions and
reproducibility. Based on this test bed, another experiment has been done, in which the DG operates in
load following mode with the same solar irradiation and environmental temperature. Therefore, under
the same weather condition, the cost analyses and comparisons between these two modes have
highlighted the benefits of applying the DG energy cost into the power management strategy when
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aiming to ensure cost reduction to the end user. Furthermore, both the fuel cost of DG and total cost of
the whole system are reduced when the DG operates in duty cycle mode.
After concluding the main research work of this thesis, the originality of this thesis concludes as
given below.
Firstly, in order to continuously supply the load, DG start-up is compensated by supercapacitor. The
proposed power control strategy can well supply the load demand during the operation without
interrupting the power balancing. This method is verified by the experiments in the real environment.
Therefore, DG and SC can also be used together in the emergency back-up power in case of the utility
power failure in the important facilities, such as hospital and data center.
Secondly, the DG fuel cost function is found according to the experimental results, which is much
more precise then the past research work. Thus, the lower limit generating power is confirmed so that
the generation tariff of the DG is kept in a low status. In addition, it studies the temperature influence
on the start-up stage of DG, resulting that these is little influence of temperature on the research DG
object in this thesis.
Thirdly, this thesis proposes a power management strategy for the real time control, applied into a
standalone DC microgrid, consisting of PV building-integrated sources, a battery storage system, SC
and DG to supply the building appliances. The proposed strategy is a local centralized approach where
all the available data about the microgrid system are concentred in one main system. The strategy is
flexible and can be implemented in a microcontroller or a computer so that real-time power balancing
control can be executed.
Fourthly, the DG different operating modes (load following and duty cycle) are analyzed and
compared. The fuel cost of the DG and the total cost of the whole power system are calculated.
Compared with the DG load following mode, the fuel cost is reduced in the duty cycle mode with a
reasonable operation mode of DG (practical DG running time and optimal DG output power), which is
good from economic point of view and environmental point of view. This reasonable operation mode of
DG is applied to the proposed DC microgrid architectures, even though this solution itself is not limited
to the DC microgrid case.
Fifthly, the proposed microgrid is a DC microgrid with DC bus. DC microgrid is believed to be the
trend of future development, which provides more advantages for energy efficiency. As microgrid
research is initiated by AC microgrid or grid-connected DC microgrid, the standalone DC microgrid has
not been studied as much as possible. This thesis contributes the standalone DC microgrid study from
an ensemble view combining power balancing, storage capacity power limits and energy cost saving.
Last but not least, all the power control strategies are verified through simulation in the first place.
Then experimental platforms are built up to further verify and realize functions of the proposed strategies,
which have been seldom reported in literature. Fairly good performance of one-day experimental test
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proves that the energy management strategy can be employed in a real hybrid PV/DG/battery/SC power
system. Furthermore, the strategy can be programmed into Digital Signal Processor or Field
Programmable Gate Array to replace the real-time simulation system (dSPACE), so that it can have
application in industrial field.
The accomplished work during this thesis opens up several perspectives, which are also the key
points needed to be improved.
Firstly, the future work will focus on joint-optimization of operation and component-sizing for the
standalone DC microgrid. Before constructing a real electrical power system, it should be solved the
sizing optimization problem with multiple objectives including the minimization of investment cost, the
maximization uses of renewable energy, the minimization of pollutant emissions and so on. The sizing
problem should also follow the constraints such as the peak load demand, the environment condition,
the peak day solar irradiation, the annual user’s energy consumption, the annual solar irradiation and so
on. With the optimal sizing and design of the power system, the energy management can be designed
from day-ahead to 10 minutes ahead to further minimize the total cost.
Secondly, the proposed strategy is a rule based power management. Even though for a standalone
microgrid, a rule based power management is enough to enhance the power system stability and load
supply continuity, future work should focus on enhancing optimization performance. It is possible that
the present research work combines with the other PhD’ research in our laboratory, such as operational
optimization. The different optimization techniques based on artificial intelligence or machine learning,
can be applied to the energy management.
Thirdly, the energy management strategy will be incorporated with day-ahead or even several daysahead PV forecasting, so that the running time of DG can be decided by the next several days’ weather
condition, to further save the fuel cost. In addition, the load demand can also influence the fuel cost.
Therefore, the energy management strategy can be combined with the prediction algorithm, which gives
the prediction of PV production and load consumption in the next several days. This prediction algorithm
can be designed as a prediction layer, which is mainly responsible for the interpretation of the load
demand plan and Météo France’s data which includes the load predication and the PV power calculation.
They are used to help to calculate the optimal running time of DG. The algorithmic method is also an
optimization aspect, which is related with the first perspective.
Fourthly, the demand side management strategy which is based on a critical load limit and on a load
shedding/restoration optimization algorithm, can also be studied. Regarding the demand side
management, since not all the electrical appliances of users have an ON/OFF characteristic, the
development of an approach being able to perform a partial load shedding/restoration, controlling each
appliance is a good research aspect. This demand side management strategy can work together with the
load prediction mechanism, which is related with the second perspective, to further optimize the
electrical power consumption and to improve users power utilization experience.
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Fifthly, further study will also take into account the electrical noises injected by DG that need to be
filtered. Due to the fast turn-on and turn-off of the IGBT (AC/DC converter), high-frequency electrical
noises are injected into the DC bus, which can be seen through the noises of DC bus voltage. While the
third order LCL filter could obtain better high frequency attenuation capability with small inductance,
it gradually becomes the mainstream filter to meet regulatory requirements. Current control of AC
generator connecting to DC microgrid by rectifier with LCL filter based on passive damping or active
damping can be another research aspect.
To sum up, the proposed standalone DC microgrid control structure combines energy cost
consideration and power management with power balancing control. Although the microgrid only refers
to an off-grid mode and involves only a few sources, the idea of parameterizing power balancing, power
supply reliability and continuity, can be generalized and thus can be used as solution for advanced
energy management for other microgrids to supply local power demand, to serve as emergency back-up
power and to improve future renewable energy penetration.
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Appendix 4: Parameters of SDMO Technic 6500E AVR
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Appendix 5: Parameters of programmable electric load PL6000-A Puissance+
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Appendix 6: Parameters of IGBT module SEMIKRON
SKM100GB063D
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Appendix 7: Parameters of industrial driver (SEMIKRON
SKHI22A) for IGBT
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