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Targets for future sustainable electrical networks 

The electricity is suffering from a constraint irrefutable: At any moment, electrical systems 
must ensure a balance between production and consumption, while maintaining a satisfactory 
voltage. Historically, grid reliability was mainly assured by having excess capacity in the 
system with unidirectional flow to dispersed consumers from centrally dispatched large power 
plants. To combat climate change and increase the EU’s energy security while strengthening 
its competitiveness, the EU Heads of State and Government have set a series of demanding 
climate and energy targets to be met by 2020, known as the "20-20-20" targets: 

• A reduction in EU greenhouse gas emissions of at least 20% below 1990 levels, 
• A 20% reduction in primary energy use compared with projected levels, to be 

achieved by improving energy efficiency, 
• 20% of EU energy consumption coming from renewable resources. 

Current limitation of the PV resource 

Today, renewable energies are considered as a potential solution for greenhouse gases 
emissions reduction and energy safety. Fueled by economic, environmental and social drivers, 
the penetration of photovoltaic generators rises in distribution networks. Thanks to its 
operation without noise and gas emission, it can be easily installed outdoor and on roofs. But 
the development of grid-connected PV generation is limited by the intermittent power 
generation and time-lag between the PV electrical production and the real consumption. A 
massive deployment of PV systems complicate the balancing between production and 
consumption, that may cause blackouts if it is disturbed 

A new concept: the PV based active generator 

Because of the intermittency of PV power generation, PV panels can not be used as a 
stable, reliable and controllable power source and can not provide ancillary services like 
conventional generators. The topic of this thesis is the transformation of a PV generator into 
an active generator by using an embedded energy storage system and a local energy 
management system for the coordination of inner sources. Long-term energy storage batteries 
are used to shave the midday PV power peak and provide a complementary power supply 
during the night. Fast dynamic ultracapacitors storage can smooth the generated PV power, 
compensate the power gap and absorb the instantaneous high power peaks. 

Local controller for a dispatched management 

Three sources with different characteristics must be coordinated inside the PV active 
generator. So for ensuring an optimal operation, a local energy management system of the PV 
based active generator has to be developed to enable: 

• the management of the renewable energy intermittency and resources, 
• the quality of power supply,  
• the energy level management, 
• the power system protection, 
• the provision of grid ancillary services. 
This PV based active generator is then an additional controllable dispersed generation, 

which have to be dispatched. In the context of a large scale development of PV based active 
generators, the operation mode of the electric network will have to be changed.  
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Dispersed generation in a centralized network 

Another characteristic of PV generators is that they are decentralized as are consumers. 
Mini Combined Heat and Power (CHP) units have this same specificity and are also awaited 
to heat entire residential area and even our individual home in the future. Hence electricity 
becomes a by-product it will be fatal to absorb at the right time. As example the future 
development of electric vehicles offers the opportunity to intelligently manage the charging of 
their batteries in order to participate in the storage of the power generated by renewable 
sources. 

Until recently such operational problems due to the large development of dispersed 
generators were solved at the planning stage through reinforcements to keep the system 
within deterministic operational limits. This method is limited by the extreme cost of these 
reinforcements in the network. Investments in the electric system were made to meet the 
increasing demand and the accommodation of dispersed stochastic generators; but not to 
change fundamentally the way the system works.  

An evolution towards new electrical system architectures for distributed generation must 
be imagined for the future. A second method is to develop advanced management strategies 
of the power system and the dispersed generators in order to maintain their current reliability 
and the security of supply. A fundamental shift from passive to active network management is 
proposed by “smart grids” for the reduction of carbon dioxide emissions and the increasing 
power demand. 

Smarter grids 

The concept of smart grid is based on the integration of a communication infrastructure 
and a variety of automation technologies and digital communication services into the 
electrical infrastructure. The Web can be used as a platform for the incremental addition of 
new grid applications and their integration with utility systems and external systems and 
users. The Smart Grid transforms the current grid to one that operates functions more 
cooperatively, responsively and organically [Url 10f]. Bidirectional flow of energy transfers 
and bidirectional flow of information, coupled with new management capabilities will pave 
the way for a range of new features and applications that will improve: 

• the capacity through the supply of electricity by integration of renewable sources for 
the huge demand, 

• the reliability, through a high quality electricity available whenever it is needed with 
no interruptions 

• the efficiency, through the energy saving from production and transport to 
consumption of electricity and the best use of resources, i.e. maximize benefits and 
minimize costs, 

• the sustainability, through the use of low carbon energy sources. 
• For distribution system operators, first features concern the control of power flows for 

a better solicitation of assets, the peak shaving and the deployment of renewable 
energies. Three levels of innovation can be identified: 

• the improvement of physical infrastructures, 
• the development of customer interfaces in order to refine the management of small 

dispersed producers and the load demand (communicating meters, wired or not 
communication network, sensors, communication box, …), 

• the use of grid technologies to improve the energy management of the entire electrical 
system. 



General Introduction 

5 
 

This last point and more precisely the design of advanced energy management systems for 
integrating more PV generators is the general topic of this PhD report. 

New organization of the electrical system and application of micro 
grid concepts 

The cumulative installed PV capacity in March 2010 is 422 MW in the French distribution 
network that is 106% more than in December 2009 (200 MW) [ERD10]. This fact shows that 
PV generators will be soon the main dispersed generation technology closed to consumers. 
Moreover 2 953 MW are awaiting agreements for connection because the existing electric 
power system is not ready for a significant and large deployment of PV systems. Following 
the smart grid concept the distribution grid will need to be adapted to interact with DG and 
load demand and, in some cases, to control them. An organization must be imagined to make 
evolve the small PV energy market with passive PV generators to a larger market, where PV 
based active generators are used to sell energy for customers and services for the grid.  

In this context, the presented research works have been oriented to the use of the PV based 
active generator in the management of a residential grid. A new organization of the power 
system is considered and is based on an aggregator, responsible for a cluster of producers and 
consumers. Its management system will be derived from concepts of micro grids. For this task 
radial distribution systems can be arranged into several micro grids including a group of 
consumers, a group of producers and an entire feeder. The interconnection of small 
production of different technologies concerns a vast research domain as sizing, control design 
of generators, design of power converters, coordination of generators, reactive power 
compensation, etc. Here the work is focused on the energy management and the coordination 
of multiple sources. This research topic can be decisive for the technically and economically 
integration of PV generators in distribution networks. The problem is an operational problem. 
It involves making the best environmental improvement of the installed production capacity 
while ensuring a proper operation of the network. 

This work is an additional contribution in the topic of “Integration of Distributed 
Generation in the micro grid” within the research group “Electrical networks” from the 
Laboratory of Electrical Engineering and Power electronic (L2EP) of Lille. 

Layout of thesis 

In the first part, the design of PV based active generator is introduced. The architecture 
and the configuration of the active generator are presented. The characteristics of each source 
(PV panels, lead acid batteries and ultracapacitors) are detailed. The system modeling is 
carried out with macroscopic energetic representation. 

In the second part, a local controller for the PV based active generator is developed by a 
hierarchical structure of the control system and is organized in different levels. Each level is 
in charge of a specific control function. A local energy management system is developed for 
controlling the power flows inside the PV active generator. This management system 
implements several algorithms in order to supply the power demanded by the grid operator. In 
the same time it extracts the maximum PV power and respects the storage capacity and power 
limits. A low-pass filtering method for the inner dispatching of power references is detailed. 

In the third part, the micro grid concept is described. The different functions of the smart 
grid with the renewable energies are developed. Several research examples will show the state 
of the art about MGs in the world. Then fundamental principles of grid management systems 
and classical practices are recalled in order to better highlight constrains, required control 
functions for the DG as well as control system and practical implementation for the grid. 



General Introduction 

6 
 

In the last part, a residential smart grid with PV active generators is taken as example for 
presenting the energy management process. The long-term energy management (24-hour 
operational planning) and the medium-term energy management (half-hour power point 
setting adjusting) are implemented in a master centralized controller and are designed by a 
determinist approach from a forecasting of the PV power and the load demand. The short-
term power management is implemented in local controllers of generators and is designed to 
to compensate for uncertainties in loads and renewable energy. The coordination is performed 
by droop controllers. 
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Chapter I. Renewable energy based active generator 

I.1.Introduction 

Faced with the challenges of energy, the demand for primary energy in the world wide is 
evolving. However, the stock of oil in our planet will soon be exhausted. Today global 
warming becomes more serious due to the greenhouse effect. Some emissions of greenhouse 
gases come from the human activity. The production and processing of electrical energy is 
one of the main sources of greenhouse gases. For reducing the greenhouse gas emission and 
assuring the energy security, renewable energy is promoted in the electrical power production.  

However, an electrical generating system depending entirely on the renewable energy 
sources is not reliable because the availability of the renewable energy sources can not be 
constantly assured. 

In this report a hybrid active generator is proposed to deal with the problem of the 
renewable energy intermittent power. A hybrid power system combing the renewable energy 
sources and the storage units can be considered as an active generator, which can provide the 
power that is demanded by the grid operator. Integrating photovoltaic power sources with 
batteries as storage, can lead to a long-term reliable energy source. The ultra-capacitors have 
fast dynamics, thus can be used to smooth fast fluctuations of the photovoltaic power and can 
ensure a good power quality. 

In this chapter, different forms of renewable energy and different kinds of electrical 
storage technologies will be presented. A hybrid system based on PV panels, lead acid 
batteries and ultracapacitors will be proposed. In the end of this chapter, each source inside 
this hybrid generator is modeled. 

I.2.Renewable energy 

Renewable energy is the energy generated from natural resources. Renewable energy 
flows involve natural phenomena such as sunlight, wind, tides and geothermal heat, as the 
International Energy Agency explains: 

“Renewable energy is derived from natural processes that are replenished constantly. In 
its various forms, it derives directly from the sun or from heat generated deep within the earth. 
It includes the electricity and the heat generated from solar, wind, ocean, hydropower, 
biomass, geothermal resources and bio-fuels and hydrogen derived from renewable resources” 
[IEA 03]. 

I.2.1.Benefits of renewable energy 

The potential contribution of renewable energies to IEA member countries (United 
Kingdom, Germany, France, United States, Japan…) is growing, as the technologies mature 
and there is an increasing awareness about the full contribution that renewable energies can 
make. Renewable energy sources contribute to the diversity of the energy supply portfolio and 
reduce the risks of continued (or expanded) use of fossil fuels and nuclear power. Distributed 
renewable energies provide options to consumers because of their deployment close to use. 
Renewable energy is also the most environmentally benign energy supply option available in 
current and near-term markets. Finally, renewable energies contribute to a healthy economy, 
both in their contribution to the efficiency of the energy system, and in the employment and 
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investment opportunities that arise from continued rapid market growth [URL 06b]. 

The primary benefits to us are the energy security, the environment protection and the 
economic growth.  

a. Energy security 

Faced with the energy challenges, the demand for primary energy in the world wide is 
evolving, particularly in fast developing countries like China. However, the stock of oil in our 
planet will soon be exhausted. Such dependency over an extended period is unsustainable. 
Renewable energy can relieve some of that increasing need for imported fossil fuels and 
reduce dependence on foreign sources.  

The distributed capability of renewable energies brings the electrical production closer to 
the end-use, thus minimizing energy transport concerns and costs. The Renewable Energy 
Working Party also believes that a greater use of renewables in the energy portfolio can 
minimize overall generation costs relative to the risk [IEA 03]. Energy policies should focus 
on developing efficient generating portfolios that do not solely rely on stand-alone costs but 
also on expected portfolio risk, including year-to-year cost fluctuations. 

b. Environment protection 

Moreover, today global warming becomes more serious due to the greenhouse effect. 
Some emissions of greenhouse gases come from the human activity. The production and 
processing of electrical energy is one of the main sources of greenhouse gases. Directly or 
indirectly, environmental concerns dominate the thrust for an expanded deployment of 
renewable energy technologies. Climate change concerns, which arose during the late 1980s, 
have created a new input for clean, low-carbon energy technologies, such as renewable energy 
technologies. In December 1997, the Kyoto protocol has been established in order to reduce 
global emissions of greenhouse gases. In the area of power generation, this protocol promotes 
renewable energy sources [KYO 09]. 

c. Economic growth 

Renewable energy has several important economic benefits. In IEA (International Energy 
Agency) countries, the main economic benefits are employment creation and increased trade 
of technologies and services. 

I.2.2.Dispatchable renewable energy based generators 

The renewable energy based generation can be divided into two kinds: dispatchable 
production and non-dispatchable production. Dispatchable production refers to sources of 
electricity that can be dispatched at the request of power grid operators. They are able to 
change their power production upon demand. 

a. Water power 

Water power can be exploited in a form of kinetic energy. Since water is about 800 times 
denser than air, a slow flowing stream of water can yield considerable amounts of energy. 
Water power exists in many forms. Hydroelectric energy is a term, which is usually reserved 
for large-scale hydroelectric dams. Micro hydro systems are hydroelectric power installations 
that typically produce up to 100 kW of power, which are often used in water rich areas as a 
Remote Area Power Supply. Ocean energy describes all the technologies to harness energy 
from the ocean and the sea including marine current power, ocean thermal energy conversion, 
wave power and etc. 



Chapter I: Renewable energy based active generator 

13 
 

b. Biofuel 

Plants use photosynthesis to grow and produce biomass. Also known as biomatter, 
biomass can be used directly as fuel or to produce biofuels. Agriculturally produced biomass 
fuels, such as biodiesel, ethanol and bagasse (often a by-product of sugar cane cultivation) can 
be burned in internal combustion engines or boilers. Typically biofuel is burned to release its 
stored chemical energy. 

c. Geothermal energy 

Geothermal energy is from the heat of the earth itself, both from kilometers deep into the 
Earth's crust in some places of the globe or from some meters in geothermal heat pump in all 
the places of the planet. Geothermal technology is mostly used for thermal power production, 
the space heating is becoming increasingly important. Geothermal electricity production is a 
base load technology, and can be a low-cost option if the hot water or steam resource is at a 
high temperature and near the earth’s surface. 

I.2.3.Non-dispatchable renewable energy based generators 

a. Wind power 

Wind energy is considered as one of the most promising technologies for electricity 
production and the costs, with good wind regimes, are comparable to fossil alternatives, 
particularly when the environmental benefit is considered. Airflow can run wind turbines for 
generating electricity. The rated power of modern wind turbines ranges from 600 kW to 5 
MW [EWE 07]. The power output of a turbine depends on the wind speed and so, as the wind 
speed increases, the power output increases. The location of wind turbine installation is 
usually chosen in the areas where winds are strong and constant, such as offshore and high 
altitude sites. Offshore resources experience have shown that mean wind speeds are about 
90% greater in onshore, so offshore resources may contribute more significantly to the supply 
of energy. Globally, the long-term technical potential of wind energy is believed to be five 
times equal to the total current global energy production, or equal to the 40 times current 
electricity demand [URL 06a]. 

b. Solar power 

Solar energy comes from the radiant light and heat of the sun. Sunlight can be converted 
directly into electricity by using PhotoVoltaic (PV) panels or indirectly with Concentrating 
Solar Power (CSP). CSP normally focuses the sun's energy to boil water, which is then used 
to provide electrical power. Photovoltaic (PV) technologies use semiconductor materials to 
convert sunlight directly into electricity. They have dropped in price to between one-third and 
one-fifth their cost in 1980 [URL 06b]. PV is now widely viewed as cost competitive for 
many grid-connected, building-integrated uses and for off-grid applications as in 
telecommunications, power supply of village power. 

I.2.4.Renewable energy development  

Today different kinds of renewable energy technologies have been established in world 
markets. Some renewable energy technologies are becoming quickly competitive in growing 
markets, and some are widely recognized as the lowest cost option for stand-alone and off-
grid applications. The capital costs of certain renewable energy technologies have been 
obviously reduced over the last decade and it is possible to be halved again over the next 
decade. 
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From the end of 2004 to the end of 2008, the PV power has increased six times and now 
is more than 16 Gigawatts (GW), wind power capacity has increased 250 percent to 121 GW, 
and the total power capacity from new renewable energies has increased to 75 percent to 280 
GW (Figure I.1) [URL 09a]. 

The IEA’s World Energy Outlook 2000 (WEO 2000), in its reference case, estimates that 
the non-hydro share of renewables will grow from the current 2 percents of TPES (Total 
Primary Energy Supply) to 4 percents of TPES by 2020 in the OECD (Organization for 
Economic Cooperation and Development) region. Non-hydro renewables are expected to be 
the fastest growing primary energy sources, with an annual growth rate averaging 2.8 per cent 
over the outlook period. Throughout the world, hydroelectricity is expected to increase by 50 
per cent between 2000 and 2020, even though its overall share of TPES will decrease. More 
than 80 per cent of the increase will take place in developing countries [REN 09]. 

 

 

Figure I.1 2008 worldwide renewable-energy sources [URL 09a] 

I.2.5.Constraints 

The development of the different renewable sources is limited by different constraints 
depending on their intrinsic characteristics. 

Hydropower and geothermal power are naturally limited because of the lack of 
geographic sites. Biomass requires large storage places for the natural resources. 

This is the reason why a large development of PV and wind turbines is waited. 
Unfortunately these renewable energy sources are intermittent power sources (Figure 2.a). 
The production of electricity from solar sources depends on the amount of light energy in a 
given location. Solar output varies throughout the day and through the seasons, and is affected 
by cloud cover. Wind-generated power is a variable resource, and the amount of produced 
electricity will depend on wind speeds, air density and turbine characteristics (among other 
factors). If the wind speed is too low (less than about 2.5m/s) then the wind turbines will not 
be able to make electricity. If it is too high (more than about 25m/s) the turbines will have to 
be shut down to avoid damage. As this primary source is uncertain these kinds of renewable 
energy sources may produce a large amount of power when loads in the grid are very low. 
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And they are not always available when it is necessary, such as solar in the night and wind 
power when the wind is not blowing.  

The addition of intermittent resources causes large amounts of variable power.  
Renewable energy based generations with intermittency decrease the reliability of a power 
system. The nature of the intermittency is, of course, different for the respective renewable 
energy technologies and this difference could be a relevant factor so far as mitigating the 
impacts of intermittency is concerned. As the percentages of intermittent generation capacity 
increase and become more significant, additional uncertainty is created in the management of 
the electrical system balance in real time the demand and generation. This requires the 
increasing amounts of conventional power reserve capacity that can be made available 
immediately (spinning reserve) and of plants capable of providing ancillary services 
(frequency response and voltage control as example), which are required to manage the 
electrical power system securely [Pea 08]. 

Actual wind and PV generators must be considered as passive generators because they 
can not participate to the grid management, because they are dependent on the availability of 
the primary renewable source. Most of the time, they work far below their nominal capacity 
(Figure I.2a). Moreover, the reliability and efficiency of the power system can not be ensured. 
Therefore, they can not provide ancillary services to the grid, like power balance between the 
production and the consumption. They are not dispatched by a grid system operator because 
their output active and reactive powers are not controllable. 

In contrary conventional power plants are controllable and can supply necessary powers 
to satisfy the grid requirements. They are considered as active generators because they can 
usually provide some ancillary services to the grid, basically frequency regulation by active 
power control, voltage regulation by reactive power control, etc. They are mostly fossil and 
nuclear fuelled and rely on the abundant fuel supply like coal, oil, natural gas or nuclear fuels. 
Most of the time, they can work at any power level below its nominal power (Figure I.2b) by 
controlling the fuel supply.  

 Power 

Tim e

Nominal 
Powe r 

 
(a) No dispatchable renewable energy source  

 Po w er

Tim e 

No min al
Po we r

 
(b) Conventional plant 

Figure I.2:  Characteristic of different kinds of energy sources 

I.3.Energy storage 

Facing to the problem of the power intermittency from renewable energy sources, 
different kinds of technological solutions have been proposed. The use of electrical energy 
storages is considered as an effective solution. The electrical energy storages can balance the 
intermittency of power supply, which is caused: 

• by the renewable energy sources  

• by the operating error, unplanned outage, component failures and etc.  

They can help to provide ancillary services in an electrical network such as frequency 
regulation, voltage regulation and etc. 
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I.3.1.Different kinds of energy storage 

All forms of energy are either potential energy (e.g. chemical, gravitational or electrical 
energy) or kinetic energy (e.g. thermal energy). Energy can be stored in different forms: 
- Chemical: Hydrogen, biofuels, liquid nitrogen, oxyhydrogen … 
- Electrochemical: Batteries, flow batteries, fuel cells … 
- Electrical: Capacitor, supercapacitor, superconducting magnetic energy storage, … 
- Mechanical: Compressed air energy storage, flywheel energy storage, hydraulic 
accumulator … 
- Thermal: Ice storage, air-conditioning… [URL 09g] 

For electrical applications, according to the different requirements, various kinds of 
storage technologies are used with specific characteristics such as the rated current /voltage, 
the capacity of electrical power/energy, the maximum current, the minimum voltage, the 
weight, the volume and etc. The Figure I.3 shows the characteristics of the energy density and 
the power density for different electrical storage technologies. 

 
Figure I.3 Energy and power density of different storage technologies Source: Maxwell [URL 06c] 

I.3.2. Long term energy storage and fast dynamic power storage 

According to the different energy and power densities, the energy storage technologies 
can be classified into two types: long term energy storage and fast dynamic power storage.  

The long term energy storage units have the higher energy density. They are usually used 
as an energy reserve for a long time (several hours or several days). And long term energy 
storage units can continually release the electrical power during a relatively long period (from 
dozens of minutes to several hours). The different battery technologies, the hydrogen storage 
and the compressed air storage system are considered as the long term energy storage. This 
kind of long term energy storage units can be used in Uninterrupted Power Supply (UPS) 
systems and for providing ancillary services in an electrical grid [Pen 07] [Bar 09] (Figure I.4). 
Recently long term energy storages have been also proposed for solving the problem of the 
intermittent power supply of renewable energy sources [Bha 05] (Figure I.5).  

Compared to the long term energy storage, the fast dynamic power storage units have 
higher power density. They are suitable for the fast balancing of high power. Their period of 
electrical power release and restoration is significantly less than the long term energy storage 
(from several milliseconds to minutes). This kind of power storage can perform a good 
dynamic characteristic in the application of hybrid electric vehicle [Lho 05]. In the domain of 
renewable energy based power production, they can also provide an improvement of the 
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power quality. 

Figure I.4 NaS battery installation at Tokyo 
Electric Power Co.'s Ohito (6MW/48 MWh) 

[www.powermag.com] 

Figure I.5  Compressed Air Energy Storage 
(CAES) system with wind turbines, Huntdorf, 

Germany [Gaelectric Energy Storage Ltd] 

I.4.Hybrid power generator 

I.4.1. Interest 

Wind and solar energy based generators are passive generators since they can not 
participate in the energy management of a grid. Their power production depends on the 
availability of the primary renewable source. So a high reliability with a good efficiency for a 
power system can not be ensured with 100% of renewable energy based generators. 

In contrast, conventional power generators (fossil fuel generators, nuclear fuels…) are 
controllable and can supply the necessary power to satisfy the grid power requirements. 
Moreover, this controllable power can provide some ancillary services to the grid, basically 
frequency regulation by active power control, voltage regulation by reactive power control, 
etc… However, conventional power generators must face to the fossil exhaustion and 
environmental challenge. 

Energy storage devices can serve as backup power plants. They can be used to store or to 
release electrical power like an energy buffer, supporting the operation of sources, 
transmission, distribution and loads. Therefore, they can help to solve the problems of 
renewable energies’ intermittent availabilities and fast transients.  

The combination of energy storage devices and a renewable energy based generator 
constitutes a hybrid power generator. It provides not only a clean energy but also a high power 
quality. Moreover, this hybrid power system becomes an active generator, which can supply 
ancillary services to the grid as conventional generators. 

Previously, at the L2EP lab, a PhD has worked on the use of hydrogen storage and fuel 
cells within a wind generator to design an active wind generator [Zho 09]. In a similar way 
one challenge of this research work is to upgrade actual passive PV generators to active PV 
generators.  

I.4.2.Configuration of an hybrid power generator 

a. Improvement of reliability and erasing the intermittency 
In our study, photovoltaic panels work as the main power source in this hybrid power 

generator. A set of lead acid batteries is chosen as the long term energy storage device for 
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shaving the PV power peak during the daytime and restoring it during sun unavailability. 
There sizing will depend on the wanted reliability for the active generator. In order to smooth 
the transient PV power fluctuations a bank of ultracapacitors is used for the fast dynamic 
power regulation. Components are now presented. 

b. Photovoltaic technology 
Solar cells are classified into three generations. At present there are concurrent researches 

on all three technology generations while the first PV generation is the most highly 
represented in commercial production, accounting for 89.6% of the 2007 production.  

First generations of PV cells consist of large-area, high quality and single junction devices. 
First technologies involve high energy and huge inputs, which prevent any significant 
progress in reducing production costs. Single junction silicon devices are approaching the 
31% theoretical limiting efficiency and achieve an energy payback period of 5–7 years 
(Figure I.6a).  

The second generation has been developed to address energy requirements and production 
costs of solar cells. Alternative manufacturing techniques, such as solution deposition, vapour 
deposition, electroplating, and use of Ultrasonic Nozzles, are advantageous as they reduce 
high temperature processing significantly. It is commonly accepted that, as manufacturing 
techniques evolve, production costs will be dominated by constituent material requirements, 
whether this be a silicon substrate or glass cover (Figure I.6b). 

Third generation technologies aim to enhance the poor electrical performance of the 
second generation (thin-film technologies) while maintaining very low production costs 
(Figure I.6c). Current research is targeting conversion efficiencies of 30-60% while retaining 
low cost materials and manufacturing techniques [Gup 09] [Gre 06] [ISE 09]. 

   
(a) Single crystal solar cells in panel (b) Polycrystalline solar panel (c) Amorphous silicon solar panel 

Figure I.6 Different types of silicon solar cells 

PV cells consist of two types of material, often the P-type and N-type silicon ((Figure I.7). 
Light of certain wavelengths are able to ionize the atoms in the silicon (causing atoms to 
either gain or lose electrons) and the internal field produced by the junction separates some of 
the positive charges ("holes") from the negative charges (electrons) within the photovoltaic 
device. The holes are swept into the positive or p-layer and the electrons are swept into the 
negative or n-layer. Although these opposite charges are attracted to each other, most of them 
can only recombine by passing through an external circuit outside the material because of the 
internal potential energy barrier. Therefore if a circuit is made (Figure I.7), power can be 
produced from the cells under light because the free electrons pass through the load to 
recombine with the positive holes. 

Why do we choose the photovoltaic cells as the main power source in a renewable energy 
based active generator? The 89 Petawatt (1015 W) of sunlight reaching the Earth's surface is 
plentiful, almost 6,000 times more than the 15 terawatts of average electrical power consumed 
by humans [URL 09b] [URL 09c]. Additionally, solar electric generation has the highest 
power density (global mean value of 170 W/m²) among renewable energies. PV installations 
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can operate for many years with little maintenance or intervention after their initial set-up, so 
after the initial capital cost of building any solar power plant, operating costs are extremely 
low compared to existing power technologies.  

 
Figure I.7 Photovoltaic effects in a solar cell [URL 09b] 

c. Lead-Acid battery 
Lead-acid batteries, invented in 1859 by the French physicist Gaston Planté, are the oldest 

type of rechargeable battery. Despite having the second lowest energy-to-weight ratio (after 
the nickel-iron battery) and a corresponding low energy-to-volume ratio, their ability to 
supply high surge currents means that the cells maintain a relatively large power-to-weight 
ratio [URL 09d]. 

Batteries use a chemical reaction to do work on charge and to produce a voltage between 
their output terminals. A lead-acid battery uses lead and lead oxide for electrodes and sulfuric 
acid for the electrolyte solution (Figure I.8). The reaction of lead and lead oxide with the 
sulfuric acid electrolyte produces a voltage. The discharge reaction can be reversed by 
applying a voltage from a charging source. The supplying of energy to an external resistance 
discharges the battery. The discharge reaction can be reversed by applying a voltage from a 
charging source. With the energy for charging battery, the lead sulfate is broken down and 
with oxygen from ionized water, lead oxide is deposited on the positive electrode and lead is 
deposited on the negative electrode.  

For isolated PV applications, lead-acid batteries are yet used as an energy buffer Because 
of their low cost and also because lead recycling is a well-established industry we will 
consider this storage technology for our study [URL 09e]. 
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Figure I.8 Lead acid batteries [URL 09d] 

d. Ultracapacitor 
Ultracapacitors are electrochemical capacitors that have an unusually high energy density 

when compared to common capacitors. In an ultracapacitor charge are stored at the interface 
of the solid electrodes ant the liquid electrolyte, forming a double layer [End 01]. So the two 
monolayers form a capacitance. The distance between the charge layers is only a few atomic 
diameters; hence an improvement of about two or three orders of magnitude in capacitance is 
obtained, but usually at a lower working voltage.  A double layer is formed at each electrode. 
Larger, commercial electric double-layer capacitors have capacities as high as 5,000 Farads. 
The highest energy density in production is 30 Wh/kg [URL 09f]. 

Ultracapacitors have a variety of commercial applications, especially in "energy 
smoothing" and momentary-load devices. Some of the earliest uses were motor startup 
capacitors for large engines in tanks and submarines (Figure I.9). As the cost has fallen, 
ultracapacitors have started to appear on diesel trucks and railroad locomotives. Recently their 
ability to store energy quickly made them particularly suitable for regenerative braking 
applications, whereas batteries have difficulty in this application due to slow charging rates.  

            

Figure I.9 Ultracapacitors (Maxwell) 
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Due to the ultracapacitor’s high number of charge-discharge cycles (millions or more 
compared to 200–1000 for most commercially available rechargeable batteries) there are no 
limit parts during the whole operating life of the device, which makes the device 
environmentally friendly. Other advantages of ultracapacitors are: the extremely low internal 
resistor, the high efficiency (up to 97-98%), the high output power, extremely low heating 
levels and the improved safety. According to ITS (Institute of Transportation Studies, Davis, 
CA) test results, the specific power of electric double-layer capacitors can exceed 6 kW/kg 
with 95% efficiency [Zub 00]. 

In our study, the ultracapacitors are used for implementing the fast dynamic power 
compensations thanks to their high power density. 

I.4.3.Structure of the studied hybrid power generator 

The structure that has been widely used for isolated power systems is based on the direct 
connection of a battery bank to the dc-bus of the grid-connected inverter (Figure I.10). A PV 
controller is used to extract the Maximum Power from PV panels and send it to the battery 
bank. However, the stochastic nature of the PV power output and power demand leads to a 
fast charge/discharge action of batteries and a fast battery ageing.  
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Figure I.10 Cascade coupled structure 

To enable a more efficient use of batteries, AC coupled and DC-coupled structures can be 
considered in order to have control abilities of the exchanged powers with the batteries.  

In an AC-coupled Hybrid Power Generators (HPG), all sources are connected to a main 
AC-bus (Figure I.11.a) [Bas 06] [Li 08a]. This AC-bus can be the utility network.  In AC-
coupled structure, different sources of HPG can be located anywhere in the grid with a long 
distance from each other. However, the voltage and the frequency of the main AC bus should 
be well controlled in order to ensure the stability of the distributed sources and the 
compatibility with the utility network.  

In a DC-coupled HPG, all sources are connected to a main DC-bus before being 
connected to the grid through a main inverter (Figure I.11.b) [Yu 04]. In a DC-coupled 
structure, the voltage and the frequency of the grid are independent from those of each source. 
A first interest is that the battery bank is connected to the dc-bus via a DC/DC converter. This 
DC/DC converter can be used to implement an optimized charge/discharge operation mode. A 
second advantage is that a super capacitor bank is added and is also connected to the dc-bus 
via another DC/DC converter. The PV array is connected to the dc-bus via a PV converter.  

Apart from these two coupling structure, a mixed structure can be also used to build a 
HPG (Figure I.11.c) with some advantages taken from both of DC and AC coupled structures. 

In our study, a DC-coupled structure is chosen because it is flexible and expandable since 
the number and the type of the energy sources can be freely chosen. Moreover, the grid 
frequency is independent from the sources through a DC bus. The grid voltage is also 



Chapter I: Renewable energy based active generator 

22 
 

independent from the DC bus voltage and for each source’s voltage through different power 
converters.  

 
Figure I.11 Structure of hybrid power generator for distributed generation 

I.5.Modeling of the studied hybrid power generator 

I.5.1. Presentation 

A domestic 3kW PV installation is considered. A set of 106Ah lead-acid batteries is used 
to enable at least four hours power supply. The ultracapacitors are sized to welcome the PV 
peak current as well as to supply the peak power (3kW) during 12 minutes in case of PV 
shortage.(Appendix I) Photovoltaic panels, batteries and ultracapacitors are coupled to a 
common 48V DC voltage bus by three DC/DC power electronic converters (Figure I.12).  
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Figure I.12 PV based hybrid power generator 

These converters are used for the power control of each source. The grid connection is 
performed by a three-phase inverter. In order to satisfy the power demand from the grid 
operator and to provide several ancillary grid services, the control system sends control 
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signals to each power electronic converter. In order to design the power management and the 
control system for this grid-connected PV generator including both storage units (see Chapter 
III) the mathematical modeling the HPG is now presented. 

I.5.2.PV panels 

a. Modeling of a PV cell 

P-N junction 
Today, the most used photovoltaic cell consists of large-area P-N junctions, which are 

made from silicon. As a simplification, one can imagine bringing a layer of N-type silicon 
into direct contact with a layer of P-type silicon. In practice, P-N junctions of silicon solar 
cells are not made in this way, but rather, by diffusing a N-type dopant into one side of a P-
type wafer. 

In a P-N junction, the piece of P-type silicon and the piece of N-type silicon are 
intimately contacted. The electrons diffuse from the N-type side of the junction (high electron) 
into the P-type side of the junction (low electron concentration). When the electrons diffuse 
across the P-N junction, they recombine with holes on the P-type side. The diffusion of 
carriers does not happen indefinitely however, because of an electric field, which is created by 
the imbalance of charge immediately on either side of the junction. The electric field across 
the P-N junction creates a diode that promotes a charge flow, known as the drift current that 
opposes and eventually balances out the diffusion of electron and holes. This region where 
electrons and holes have diffused across the junction is called the depletion region because it 
no longer contains any mobile charge carriers. It is also known as the space charge region. 

Equivalent circuit of a solar cell 
In order to analyze the electronic behavior of a solar cell, an electrical equivalent model is 

considered. An ideal PV cell may be considered as a current source in parallel with a diode. In 
practice a PV cell is not ideal, so a shunt resistance and a series resistance component are 
added to the model [Xia 04]. The resulting equivalent circuit is shown on the Figure I.13.  

 

  Figure I.13 Equivalent circuit of a solar cell 

Characteristic equations 
In this equivalent circuit, the PV cell is considered as a current source with the 

photovoltaic effect. The output current is expressed as: 

)()()()( tItItItI SHDL −−=   (R.I-1) 

where 
I: output current (amperes), 
IL: photogenerated current (amperes), 
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ID: diode current (amperes), 
ISH: shunt current (amperes). 
The current through these elements is governed by the voltage across them: 

sj RtItVtV )()()( +=    (R.I-2) 

where 
Vj : voltage across the diode and the resistor RSH (volts), 
V : voltage across the output terminals (volts), 
I : output current (amperes), 
RS : series resistor (Ω). 
With the Shockley diode equation, the current through the diode is expressed as: 
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where 

I0 : reverse saturation current (amperes), 
n : diode ideality factor (1 for an ideal diode), 
q : elementary charge (1.6022*10-19 coulomb), 
k : Boltzmann's constant (1.3806*10-23 J/K), 
T : absolute temperature and 0259.0≈

q
kT Volt at 25°C. 

With the Ohm's law, the current through the shunt resistor is expressed as: 
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Where RSH : shunt resistor (Ω). 

Substituting equations (R.I-4), (R.I-3) and (R.I-2) into the first equation gives the 
characteristic equation of a PV cell, which relates PV cell parameters to the output current and 
voltage: 
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For a given voltage )(( tV  the equation may be solved to determine the output current 
)(( tI . Because the equation involves the current on both sides in a transcendental function the 

equation has no general analytical solution. However it is easily solved by using numerical 
methods.  

Since the parameters I0, n, RS, and RSH cannot be measured directly, a characteristic 
equation is generally used with a nonlinear regression to extract the values of these 
parameters on the basis of their combined effect on the PV cell behavior. 

Photovoltaic cell model 
When the cell is operated in short circuit, V = 0 and the current )(tI  through the terminals 

is defined as the short-circuit current ( ))(tISC . For a high-quality PV cell (low value of RS and 
I0, and high value of RSH) the short-circuit current ISC is expressed as: 
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)()( tItI LSC ≈  (R.I-6) 

By taking into account the effect of the irradiance and the temperature, the current ISC is 
expressed as: 

)()])((1[)()( tITtTI
G

tGItI LsSC
s

SCSSC =−∆+=  (R.I-7) 

With     G: irradiance (W / m²), 
             T: cell temperature (K), 
            SCSI : short circuit current measured in Standard Test Conditions (STC), 
            sG : Standard illumination: 1000 W / m², 
            sT : standard temperature: 298.15 K. 
           SCI∆ : temperature coefficient of short circuit current 
When the cell is operated in open circuit and I = 0, the voltage across the output terminals 

is defined as the open-circuit voltage (VOC). Assuming the shunt resistor (RSH) is high enough 
to neglect the final term of the characteristic equation (R.I-5), the open-circuit voltage is 
expressed as: 
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In an open-circuit condition: OCVV = and I=0, the equation (R.I-1) can be written as: 
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With 
q

AkTVt = and A the Ideal factor of the diode, 

The saturation current is defined as: 
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The open-circuit voltage is expressed as: 

)( sOCOCSOC TTVVV −∆+=  (R.I-11) 

With VOCS: open-circuit voltage in STC, 

∆VOC: temperature coefficient of open circuit voltage. 

Note: The resistors and the ideal factor are influenced by the temperature [Sha 04]. In 
order to simplify the model, these values are set in STC. 
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b. Maximum Power Point Tracking (MPPT) 
A solar cell may operate over a wide range of voltages (V) and currents (I). By increasing 

the voltage of an irradiated cell continuously from zero (a short circuit) to a very high value 
(an open circuit) the maximum-power point can be determined. The point that maximizes the 
product V, I is achieved when the cell delivers the maximum electrical power for the received 
level of irradiation (Figure I.14).  

 
Figure I.14  I=f(V) and P=f(V) characteristics of a PV Cell 

The maximum power point varies with the incident illumination. For large PV systems, a 
maximum power point tracker tracks the instantaneous power by continually measuring the 
voltage and current. It uses this information to dynamically adjust the voltage so that the 
maximum power is always transferred, regardless of the variation in lighting. 

 The MPPT control may be processed by using different algorithms [Cha 05]. 
Perturbation and observation (P&O) and Incremental conductance are the most used 
algorithms. 

• Perturbation and observation (P&O) algorithm 

Thanks to its ease of implementation, the P&O algorithm is widely used. However, it 
does not follow exactly the point of maximum power when the solar radiation varies quickly 
because of its low speed. Figure I.15 shows the operating principle of the P&O algorithm.  

 
Figure I.15 Perturbation and observation method 
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In this algorithm, a slight disturbance is introduced in the PV voltage. Because of this 
disturbance, the power of the solar panel changes its value. If the power variation is positive 
(∆P> 0), the research of the point of maximum power is in the good way. If ∆P <0, the search 
must be done in the reverse path. 

• Incremental conductance algorithm 

For the search of the maximum power point, this algorithm uses the equation: 

PVPVPV IVP ⋅=  (R.I-12) 

By differentiating equation (R.I-12) versus voltage VPV, we get: 

PV

PV
PVPV

PV

PV

dV
dIVI

dV
dP

⋅+=  (R.I-13) 

At the maximum power point, we get: 

0=
PV

PV

dV
dP  (R.I-14) 
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−=  (R.I-15) 

As shown in Figure I.16, the algorithm seeks the point at which the conductance (
PV

PV

V
I ) is 

equal to the conductance increment (
PV

PV

dV
dI ). 

 
Figure I.16 Conductance increment method 

c. Simplified model with MPPT 
The I (f,V) characteristic shown in Figure I.17 consists of 4 important values: 

- ISC: short-circuit current, 
- Voc: open-circuit voltage, 
- Imp: current at the maximum power point, 
- Vmp: voltage at the maximum power point. 
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Figure I.17 I (V) characteristic of a PV panel 

Rauschenbach [Rau 80] has developed equations that generate the I-V characteristic curve 
of a cell according to these 4 values as: 
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The current corresponding to the maximum power is expressed as: 

[ ])(1 smp
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GII −∆+=  (R.I-19) 

With Imps the current at maximum power point is measured in standard test conditions 
(STC: standard test conditions) and ∆Imp the temperature coefficient of the current at the 
maximum power point. 

The voltage corresponding to the maximum power is calculated by using [Ger 03]: 
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With :Vmps the voltage at the point of maximum power in STC, 
∆Vmp : temperature coefficient of the voltage at the maximum power point, 
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K1, K2: constant parameters. 
In a normal operation of the photovoltaic system, the MPPT inverter search always for the 

maximum power point. This allows us to simplify this model with only the current and the 
voltage at the maximum power point (Imp and Vmp). 

The parameter identification has been done by using the data of the photovoltaic system 
at the “Arts & Métiers Paristech” research center of the L2EP (Figure I.18).  

 

 
Figure I.18 PV panels at L2EP 

Experimental data are chosen for constant temperature and illumination. 

The characteristic parameters of the BP3160 panel can be found in Table I-1. 
Vocs 43,9 V 
Iscs 5,1 A 
Rs 1,2 Ω 
Rsh 161 Ω 
Vmp 34,5 V 
Imp 4,6 A 
∆Voc 160 mV/°C
∆Isc 0,065 %/°C

Ns :number of cells in series 72 
Np : number of cell in parallel 1 

Table I-1 Identified parameters 

Obtained coefficient values and constant parameters are detailed in Table I-2: 
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Constant parameters value Constant 
parameters value 

∆Imp 2,4e-3 K1 -10 

∆Vmp -4,58e-3 K2 - 1851 

Table I-2 Constant parameters (simplified model) 

The manufacturer characteristic curve is compared witch the characteristic curves, which 
are simulated with the model. The given manufacturer curve is only valid for a 25°C cell 
temperature and a 1000W/m2 irradiance. Obtained simulation results are much closed with 
the experimental results (Figure I.19).  

 
 

Figure I.19 Simulation results (V-I) of a simplified model for a PV panel 

The powers characteristics for different illuminations and temperatures are shown on 
Figure I.20. For any value of the temperature and of illumination the MPPT algorithm achieve 
the maximum power by varying the voltage. 

 

Figure I.20 P-V characteristic of a PV panel with a simplified model under different conditions 
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I.5.3.Lead-acid battery 

a. Basic cell model 
An equivalent electrical circuit of the CIEMAT battery model [Ger 03] is shown in Figure 

I.21. 

 
Figure I.21 Equivalent electrical circuit of the CIEMAT battery model 

This model consists of a voltage source Eb, and an internal resistor Ri. This model 
includes the main variables of the system: the battery State Of Charge SOC, the current 
flowing across the battery Ibat, the temperature T and the number of cells in series nb. The 
circuit equation is expressed as: 
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The voltage source Eb represents the voltage in open circuit across the battery terminals. 
This voltage is due to the stored energy into the battery through the electrochemical reactions. 
Obviously, this term depends directly on the stored energy. Ri is a resistor and represents the 
losses. This resistor value includes the effects of the working point (I, SOC, T) and the health 
of the battery. A damaged battery has a high value of resistor irrespective of its working point. 
Also, the resistor is inversely proportional to the state of charge. Furthermore, at the same 
time as the battery is discharging, the resistor value is increasing. Note that all physical effects 
are expressed into electrical equations and are modeled in these terms. 

The state of charge must be considered as an indicator of the electrical charge stored in 
the battery. The value range is 0<SOC<1. The following equations describe the behavior of 
this indicator.  
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Terms involved are: C(t) the battery capacity, ηc the charging efficiency and Ibat(t) the 
current flowing through it. Cnominal is the rated battery capacity (at n hours), Ctcoef, Acap and 
Bcap are model parameters, ∆T  is the temperature variation from the reference value at 25°C, 
Inominal the discharge current corresponding to the Cnominal rated capacity, n is the time in hours, 
αc and βc are the temperature parameters [Gua 03]. 

The SOC must be understood as the relation between the accepted energy and the 
available capacity at all times. The inner integral term models the accepted energy over the 
battery working life. Also, the outer integral term models the battery capacity due to the 
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working point environment at any given time. Both terms are functions of time and are 
evolving continuously. When the SOC is unity the battery cannot accept more energy from the 
system, because the stored energy fills all the battery capacity. And when the SOC is null the 
battery has no energy. 

For a more intuitive use of the SOC concept in photovoltaic applications, a new indicator 
has been introduced: LOE, the Level Of Energy. This indicator shows the amount of energy 
available in the battery under normal working conditions. Equations (R.I-25, R.I-26) define 
the LOE, where 1T  and 2T  define the known temperature range of battery operation. Note that 
LOE depends only on the constitutive parameters of the device and the accumulated charge 
over time, not on the working environment of the battery. The LOE calculus may be carried 
out by considering the maximum available battery capacity Cn, obtained by taking into 
account the range of possible current and temperature values. So, Cn is evaluated from 
Equation (R.I-26), with battery current equal to zero and maximum temperature value (if a 
standard temperature range [-40°C, 40°C] is considered for a first theoretical approach, then 
T=40°C). Thus, LOE is not limited to the higher limit of unity, but LOE values near or greater 
than unity are undesirable in order to avoid damaging the battery. 
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LOE represents directly the stored energy in the battery (Cn is constant). Therefore the 
SOC and the LOE are complementary. Furthermore, a battery can have SOC=1 and LOE≠1; 
this indicates that the battery is saturated, but only at a percentage of the nominal capacity. 

Figure I.22 illustrates the time variation of the battery voltage evolution due to the current 
flowing through it. Thus, different possible working zones for a 2V element can be observed. 
For the first 16 hours the current is flowing inside the battery, and it evolves into different 
zones: charging, overcharging and saturation zones. From 16 hours to 27 hours the current is 
flowing outside the battery and it evolves into discharging, over discharging and exhaustion 
zones. 

 
Figure I.22 Working areas of a battery 
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b. Simplified model 
In the studied case, a simplified model is used by considering a constant internal resistor 

Ri. The resistor is supposed to be constant during the charge and the discharge cycles and does 
not vary with the magnitude of the current. When this preset model is used in the 
SimPowerSystem software, a generic value is loaded, corresponding to the nominal voltage 
and the rated capacity of the battery. The battery voltage is expressed as: 
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−=  (R.I-27) 

∫=
t

t batt dttii
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with 
E0 = Fully charged voltage (V)  Q = Battery capacity (Ah) 
A = Exponential voltage (V) B = Exponential capacity (Ah) 
K = Polarization voltage (V) 
All parameters of this equivalent circuit can be identified, by considering the discharge 

characteristics with a nominal current. A typical discharge curve is composed of three sections 
(Figure I.23): 

E0 

Section 1 Section 2 Section 3 

 
Figure I.23 Discharge curve (Q-V) of a battery 

The first section represents the exponential voltage drop if the battery is initially fully 
charged. The width of this region depends on the battery type. The second section represents 
the charge that can be extracted from the battery until the voltage drops below the battery 
nominal voltage. Finally, the third section represents the total discharge of the battery, when 
the voltage drops quickly. 

c. Parameters determination 
A STECO 3000 lead-acid battery is used for practical experimentations. Its nominal 

voltage is 12 volts (E0) with a 106 Ah capacity (Q), a 5A rated current and a 2.8mΩ internal 
resistor Ri. From the rated current discharge characteristic curve (Figure I.24), the parameters 
of the battery model are estimated. 
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E0 

 

Figure I.24 Discharge curves of the lead acid battery STECO 3000 

 From the discharge curves of the lead acid battery STECO 3000, the following detailed 
parameters are deduced: 

• Fully charged voltage factor: 13 Volt/12 Volt=108.33% 
• Nominal Discharge current: 5.3A/ 106Ah=20% 
• Capacitor @Nominal Voltage: 3.6 hours/ 5.2hours= 69% 
• Exponential Voltage factor: 12.4 Volt/ 12 Volt=103.3% 
• Exponential capacity factor: 0.15 hours/ 5.2 hours=2.88% 

From the rated current discharge curve, all model parameters are determined with a 
graphic estimation:  K=0.33 Volt, A=0.66 Volt, B= 35.38 Ah. 

I.5.4.Ultracapacitor 

There are several different models describing the characteristics of ultracapacitors. The 
various equivalent electrical circuits of ultracapacitor model can be ranged according to the 
complexity.  

a. Transmission line model 
The transmission line model is currently the most used model for ultracapacitor. The 

ultracapacitor exhibits a non-ideal behavior, mainly because of the porous material, which is 
used to form the electrodes. This causes the resistance and capacitance to be distributed in 
such a way that the electrical response of the ultracapacitor can be described by the behavior 
of a transmission line [Zub 00]. 

A five stage model has a good accuracy for most applications and accounts for 
frequencies up to 10 kHz (Figure I.25). The transmission line model physically mimics the 
ultracapacitor distribution and has a good accuracy over a wide range of frequencies. The 
capacitance in the highly porous electrodes results in each of the pores is modeled as a 
transmission line. The model gives the double layer capacitance and the electrolyte resistor 
that extends deep into the pores of the material. The resistor of the electrode material is taken 
to be much smaller than the electrolyte resistance and the capacitors behave like small 
impedance elements at high frequencies. The current mainly flows among R1 and C1 into the 
electrode material and almost no current flows deep into the pore. The resistor and the double 
layer capacitance are reduced at high frequencies.  
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Figure I.25 Transmission line model of an ultracapacitor 

b. 3 branch model 
The number of RC branches chosen for the model depends on the duration of the required 

time response. The 3-branch model covers a time range of up to approximately 30 minutes 
(Figure I.26.) [Spy 00]. Each branch has a different time constant. The first or immediate 
branch gives the behavior in the order of a few seconds. The second (delayed branch with Rdel 
and Cdel) gives the behavior over the range of a few minutes, while the third (long term branch 
with Rlong and Clong) gives the behavior of the ultracapacitor for a time longer than 10 minutes. 
A leakage resistance Rl, is also included in the equivalent circuit and represents the self 
discharge of the ultracapacitor. Finally the voltage dependency of the ultracapacitor is 
modeled by a voltage dependent capacitor in the first branch of the model for simplicity. 

Each of the branches has a different time constant, therefore the transient process of each 
branch can be observed independently from the others by measuring the terminal voltage as a 
function of time. This allows the model parameters to be calculated by using a single fast 
current controlled charge [Spy 00]. 

 

Figure I.26 3-branch model of an ultracapacitor 

c. Classical equivalent circuit model 
The classical equivalent circuit model in Figure I.27 is used to describe the capacitor 

performances in fast discharge applications (in the order of a few seconds). The variable 
capacitor (Cu) depends on the technology and the used equipment. It may bee neglected. It 
consists of an equivalent series resistance (Rs), which represents losses and models the 
internal heating in the capacitor. It is important during charging and discharging. The 
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equivalent parallel resistance (Rl) models the current leakage effect. C0 is the capacitance.  

d. Simplified model 
In our application, the charging and discharging cycles are enough fast to ignore the 

phenomenon of relaxation. The leakage resistance Rl is also neglected because of its great 
value. The simplified model (ssical equivalent circuit model             Figure I.28) includes the 
final capacitor Co in series with a resistance Rs [Li 08b]. 

All internal electrical relations are expressed in the following equation: 
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With the ultracapacitor current uci and the output voltage ucv . 

Comparison of model simulation results and the experimental results have validated this 
model (Appendix II). 

                                              
Figure I.27 Classical equivalent circuit model             Figure I.28 Simplified model of ultracapacitor 

I.6.Conclusion 

In this chapter, the different kinds of renewable energy sources are presented. This part 
details the characteristics of different forms of renewable energy. Then, the interests of 
renewable energy are shown in different aspects: energy security, environment protection and 
economic development. In the same time, the constraints about the use of renewable energy in 
an electrical power system are discussed. 

Facing to the problem of the power intermittency with the renewable energy sources, we 
propose to design a hybrid power generator with embedded energy storage units. The 
electrical energy storages can deal with not only the intermittency of power supply, but also 
they can help to provide the ancillary services in an electrical network. Several long term 
energy storage and fast dynamic power storage technologies are introduced in this chapter. 

In order to transform PV panels in an active generator, a hybrid system is designed with 
PV panels, batteries and ultracapacitors. The photovoltaic panels, the batteries and the 
ultracapacitors are coupled to a common DC voltage bus by three DC/DC power electronic 
converters. The model description of each source is detailed. From the different models, a 
simplified model is chosen. In the next chapter the modeling of this active generator will help 
to analysis its characteristics for the design of the control system.  
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Chapter II.Control system of the active PV generator 

II.1.Introduction 

In the previous chapter, the interest of a PV based hybrid active generator and the need for 
grid operator to get more dispatched distributed generators have been justified. In order to 
have a local energy reserve and to filter fast PV power fluctuations, lead-acid batteries and 
ultracapacitors are used to build a PV/batteries/ultracapacitors hybrid power system in a DC 
coupled structure. Lead-acid batteries and ultracapacitors have been separately studied and 
modeled. 

The power flows between the different sources must be controlled in order to supply the 
real and reactive power required by the grid operator ( refagrefag QP __ , ). This is performed by the 
control of the different power electronic converters, which must be then coordinated (Figure 
II.1). Different control strategies have been presented to design the energy management of 
hybrid power systems and for various applications. These strategies are based on the 
evolution of the state of the system [Aya 07], on the fuzzy control or the neural network 
control [Haj 07] [Mor 06], on the DC-bus regulation [Mar 06] [Tho 09], on the passivity and 
the flatness systems [Pay 07] [Bec 06]. In order to achieve the previous objectives, several 
specific problems have to be overcome, e.g. the fast and exact power control of each source 
with the power electronic converters; power dispatching of storage units according to their 
different technological characteristics for ensuring their optimal use of each storage device 
(life of the batteries, energy limit of the ultracapacitor). 
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Figure II.1 Grid-connected PV based active generator with the control system 

In this chapter, the presented study consists in the modeling in mean values of the entire 
PB based active generator. Then a hierarchical control structure is used and the design of the 
control system, including the power balancing and energy management strategies are detailed. 
The objective is to set up an active PV generator, which can work like a classical power plant; 
e.g. it must supply the power references from an electrical grid operator. 
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II.2.Modeling of the PV active generator 

II.2.1.Methods 

 In order to design the control system of the PV active generator, the model of this entire 
system has to be analyzed. An equivalent average modeling of the power converters is enough 
for the design of the power control and the energy management moreover the harmonic 
analysis and the modulation techniques are not the scope of this study. Moreover, this 
characteristic can reduce significantly the simulation time for pre-validation. So, for the 
modeling of the PV based active generator, all the modulated values are replaced by their 
average values during the modulation period (Appendix III). So each power electronic 
converter can be replaced by an equivalent double modulated generator (Figure II.2). 
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Figure II.2 Equivalent electrical diagram of the PV based active generator 

The equivalent electrical diagram with the equivalent average modeling of power 
electronic converters makes appear five parts corresponding to the PV conversion system, the 
batteries, the ultracapacitors, the grid connection and the DC bus. These four power 
converters are used to introduce control inputs for each power conversion system, in order: 
- to control the power generated by the PV panels; 
- to maintain a constant DC bus voltage; 
- to supply the required power exchange with the grid; 
- to ensure the power buffering of each energy storage unit. 

In order to illustrate the processing of the power conversion, the Energetic Macroscopic 
Representation (EMR) is used to model the whole PV based active generator (Appendix IV). 
The EMR is a synthetic graphical tool and is based on the principle of action and reaction 
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between connected elements. It leads to a synthetic description of the overall conversion 
system. In such a representation, coupling devices distribute the different electrical quantities 
from upstream or downstream elements. A first interest of the EMR is that an overview of all 
interaction of physical quantities is given and action chains can be found. A second one is that 
the structure of the control system can be deduced by using inversion rules in order to obtain a 
Maximum Control Structure (MCS). This will be used in part II.3.  

II.2.2.PV power conversion system 

The modeling of PV panels has been introduced in the first chapter. In the whole PV 
power conversion chain, the photovoltaic panels are considered as a current source (iPV) and it 
must be supplied by a voltage (uPV) (Chapter 1, Part 1.5.2.b). The voltage comes from a filter 
(C1, L1), which is fed by the modulated voltage (Figure II.3).  
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Figure II.3 Equivalent electrical diagram of PV power conversion system 

The choke is also modeled as a current source ( 1Li ). This current depends on the PV 
voltage and the modulated voltage of the chopper output ( PVmu _ ): 
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Losses in the filter and the capacitor are neglected. The capacitor (C1) can stabilize the 
voltage (uPV) across the terminals of the PV panels. This capacitor can be modeled by using 
the PV current (iPV) and the filtered current (iL1): 
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CPVi  is the injected current in capacitor. The mean value of the terminal voltage of the 
chopper (um_PV) is obtained from the DC voltage (uDC) and the duty cycle ratio (m_PV): 
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Comment: 
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Formerly the notation x  means “the average values of the instantaneous electrical 
quantities” ( )tx  (Appendix III). As all quantities are in fact in mean values the notation x  
will not be used later.  

In the EMR, the PV panels are an electrical current source and are represented as a green 
oval (PV) (Figure II.4).  The capacitor and the inductor of the filter are two elements with 
energy accumulation, which are represented as two orange rectangles (C1and L1). The PV 
chopper is an electrical converter without energy accumulation, which is represented as an 
orange square. Between each block exchanged electrical quantities are depicted. 

 
Figure II.4 EMR of the PV power conversion system modeling 

II.2.3.Batteries energy storage system 

The modeling of lead acid batteries has been also introduced in the first chapter. In the 
whole batteries energy storage system, the batteries are considered as a voltage source (uBAT), 
which is connected to a choke filter (L2) (Figure II.5).  

uDC 

<im_BAT> iDC 
<um_BAT>uBAT 
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<mBAT>

Batteries 

L2 

BAT chopper L2 

 
Figure II.5 Equivalent electrical diagram of the batteries energy storage system 

By neglecting losses in the filter, the dynamic equation of the filtered current ( BATi ) is 
expressed with the battery voltage ( BATu ) and the modulated voltage ( BATmu _ ): 

))()((1
_

2

tutu
Ldt

di
BATmBAT

BAT −= ⋅  (R. II-4)

where L2 is the inductor of the filter. 
The mean value of the terminal voltage of the battery chopper ( BATmu _ ) is obtained from 

the DC voltage and the duty cycle ratio ( BATm ): 
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BATBATBATm
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 (R. II-5)

In a same way, the filtered current (iBAT) is modulated by the chopper, and then this 
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modulated current (im_BAT) is injected into the common DC bus. The average value of the 
output current (im_BAT) of the chopper is equal to the battery current (iBAT) multiplied by the 
duty cycle ratio (mBAT).  

The modeling of the batteries system is described by using the EMR (Figure II.6). 

 
Figure II.6 EMR of the batteries energy storage system modelling 

II.2.4. Ultracapacitors 

The modeling of ultracapacitors has been also introduced in the first chapter. In the whole 
ultracapacitor power storage system, the ultracapacitors are considered as an ideal voltage 
source (uUC), which is connected to a choke filter (L3) (Figure II.7).  
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Figure II.7 Electrical diagram of the ultracapacitor power storage system 

By neglecting losses, the filter current ( UCi ) is expressed with the following differential 
equations: 

))()((1
_

3

tutu
Ldt

di
UCmUC

UC −= ⋅  (R. II-6)

The mean value of the modulated voltage is obtained with the DC voltage ( DCu ) and the 
duty cycle ratio ( UCm ): 







⋅=

⋅=

)(

)(

_

_

timi

tumu

UCUCUCm

DCUCUCm  (R. II-7)

The filtered current ( UCi ) is modulated by the chopper, and then this modulated current 
(im_UC) is injected into the common DC bus. The output current (im_UC) of the chopper is equal 
to the ultracapacitor current (iUC), which is multiplied by the duty cycle ratio (mUC). The 
ultracapacitors system is described by using the EMR in Figure II.8. 
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Figure II.8 EMR of the ultracapacitors power storage system modeling 

II.2.5. Grid connection 

A three-phase inverter within a choke as filter is used for the grid connection. Hence, an 
equivalent mean modeling of this three-phase inverter is sufficient for representing 
fundamental components of voltage/current (Figure II.9) as dependent phase to phase voltage 
sources ( 13_INVu and 23_INVu ) with the DC bus voltage ( DCu ) through modulation indexes 
( 13_INVm  and 23_INVm ) and a dependent current source ( INVi ) with AC currents through the 
same modulation indexes. 
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Figure II.9 Electrical diagram of the grid connection 

Then mean values of modulated phase to phase voltages and of the average currents are 
expressed as: 







⋅=

⋅=

DCINVINV

DCINVINV

umu

umu

23_23_

13_1_  (R. II-8)

223_113_ gINVgINVINV imimi ⋅+⋅=  (R. II-9)

By assuming that grid voltages are balanced, line voltages are obtained through: 
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 (R. II-10)

The filter currents are deduced from following differential equations: 
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 (R. II-11)

Three-phase inverter voltages, grid voltages, currents and duty cycles can be expressed as 
vectors, respectively by: 
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The grid connection part is described by using the EMR on Figure II.10. 

 

 
Figure II.10 EMR of the grid connection modeling 

II.2.6.DC bus 

In this hybrid generating system, four energy sources (PV panels, batteries, 
ultracapacitors and the electrical grid) are all connected to the common DC bus via different 
power electronic converters (Figure II.2). So according to this DC-coupling, the capacitor 
current of the DC bus (iDC) is expressed as: 

)()()( __ tititi UCmBATmsto +=  (R. II-13)

)()()( _ tititi PVmstosour +=  (R. II-14)

)()()( tititi INVsourDC −=  (R. II-15)

with im_PV: the modulated current from the PV chopper; 
         im_BAT: the modulated current from the BAT chopper; 
         im_UC: the modulated current from the UC chopper; 
         iINV: the modulated current from the grid inverter. 

The DC bus voltage is expressed as: 

)(1 ti
Cdt

du
DC

DC

DC =  (R. II-16)

CDC  is the capacitor of the DC bus. 

The EMR is obtained by using double squares for current node equations and one square 
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for the voltage equation (Figure II.11). 
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Figure II.11 EMR of the DC bus modeling 

II.2.7. Modeling of the entire PV energy conversion system 

The EMRs of each source’s power conversion system modeling have already been 
presented in the previous sections (Figure II.4, Figure II.6, Figure II.8, Figure II.10, Figure 
II.11). By combining these EMRs, the EMR of the entire active PV generator is obtained 
(Figure II.12). Four action paths appear from the control inputs of the four power converters 
to the different electrical quantities (uPV, iBAT, iUC,  ig): 

- from the PV chopper (mPV) to the PV panels terminal voltage (uPV) in yellow; 
- from the BAT chopper (mBAT) to the batteries current (iBAT) in green; 
- from the UC chopper (mUC) to the ultracapacitor current (iUC) in magenta; 
- from the grid connection three-phase inverter (mINV) to the line currents (ig) in blue. 
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Figure II.12 EMR of the PV active generator 
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II.3.Control of the active PV generator 

II.3.1.Hierarchical control structure 

A hierarchical structure of the control system is proposed for this active PV generator. 
The structure of this hierarchical control system includes 4 levels (Figure II.13). Each one has 
precise control tasks depending on its hierarchical position: 
- Switching Control (SC); 
- Automatic Control (AC); 
- Power Control (PC);  
- Mode Control (MC). 

The MC level decides the operating mode for the whole hybrid generator according to the 
availability of the PV production, the states of each storage unit and the actual power demand 
from the grid. The PC level calculates the power reference for each source according to the 
sensed values and the selected operating mode from the MC level. The AC level applies the 
control algorithm to meet the current or voltage references. The SC level implements the 
modulation technique to each converter and generates the semiconductor signals ({-5, +15}) 
to apply wished ideal states ({0, 1}).  

In the studied active PV generator, four sources are considered: the PV panels (PV), the 
ultracapacitors (UC), the batteries (BAT) and the grid connection (GC). Four power electronic 
converters are used to regulate the power exchanges among them. So in the control system, 
four SCs and four ACs are used for the control of the four sources, a common PC and a 
common MC are used for the power dispatching among the different sources, the real time 
power balancing and the long term energy management of the entire active generator (Figure 
II.13). 
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Figure II.13 Hierarchical control structure for the active PV generator 

In the SC level of each power electronic converter, the IGBT and PWM techniques are 
used to control the switching legs. These units are not the main concerns of the study, so they 
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will not be detailed here. However, the control algorithms in the AC level should be presented 
in order to highlight the physical quantities, which can be used for the power flow control 
among the different energy sources. 

II.3.2.Automatic Control unit 

a. Task and method 
The task of the Automatic Control units is to calculate duty cycles for each SC in order to 

set dynamical quantities equal to their references (current and voltage), which are coming 
from the Power Control level. They will be designed by applying inversion rules to the EMR. 
A Maximum Control Structure (MCS) is obtained and can be later reduced if necessary. From 
the MCS a schema bloc representation can be easily found. 

b. PV controller 
The AC of the PV power conversion system must regulate the terminal voltage across the 

PV panels in order to implement a Maximum Power Point Tracking (MPPT) strategy or a 
Power Limitation (PL) strategy. The variation of this voltage will modify the generated PV 
power (Figure II.14). 

 
Figure II.14 Power characteristics of one PV module 

From the Energetic Macroscopic Representation of the PV power conversion system 
(Figure II.15), an action chain from the duty cycle ratio ( PVm ) and pointing to the PV 
terminal voltage ( PVu ) appears and has been highlighted in yellow. A control chain is 
obtained by inverting this action chain. The controllers are depicted by parallelograms with an 
oblique bar. 

According to the inversion rules of the Maximum Control Structure (MCS), the automatic 
control system is achieved by: 

• a closed loop control (L1’) of the filtered current (iL1) with a IP controller (CL1) 
(detailed in Appendix VIII), 
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mespvmesL_refLLPV_refm uiiCu __111_ )( +−=  (R. II-17)

• a closed loop control (C1’) of the terminal voltage (uPV) with a IP controller (CC1), 

mespvmesPVPV_refC_refL iuuCi __11 )( +−=  (R. II-18)

• a converter control (PVC’) for the calculation of the duty cycle, which will be sent to 
the SC level: 

mesDC

refPVm
regPV u

u
m

_

__
_ =  (R. II-19)

The design of the IP correctors is detailed in the Appendix V. 

 
Figure II.15 EMR and MCS of the PV power conversion system 

c. Batteries controller 
From the Energetic Macroscopic Representation of the batteries energy storage system, an 

action chain from the duty cycle ratio ( BATm ) and pointing to the battery current (iBAT) appears 
and has been highlighted in green (Figure II.16).  

 
Figure II.16 EMR and MCS of the BAT energy storage system 

A control chain in blue is obtained by inversing this action chain. The inversion rules of 
the Maximum Control Structure (MCS) yields to two control functions: 

• a closed loop control (L2’) of the current with a PI controller (CL2) 
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( )mesBATBAT_refLBAT_refm iiCu _2_ −=  (R. II-20)

•  a converter controller (BVC’) to calculate the duty cycle ratio, which will be sent to 
the SC level: 

mesDC

refBATm
regBAT u

u
m

_

__
_ =  (R. II-21)

d. Ultracapacitors controller 
From the Energetic Macroscopic Representation of the ultracapacitor power system, an 

action chain from the duty cycle ratio ( UCm ) and pointing to the ultracapacitor current (iUC) 
appears and has been highlighted in magenta (Figure II.17). A control chain is obtained by 
inverting this action chain. 

 
Figure II.17 EMR and MCS of the UC power storage system 

The objective of the control of the ultracapacitors power storage system is to make equal 
the ultracapacitor current to a reference (iUC_ref) by varying the duty cycle (mUC ). According 
to the inversion rules of the Maximum Control Structure (MCS), the automatic control system 
is achieved by: 

• a closed loop control (L3’) of the current in the blue block L3’, with a PI controller 
(CL3 )  is used: 

)i(iCu mesUCUC_refLUC_refm _3_ −=  (R. II-22)

• a converter controller (UVC’) calculates the duty cycle ratio, which will be sent to the 
SC level: 

mesDC

refUCm
regUC u

u
m

_

__
_ =  (R. II-23)

e. Grid connection control 
The EMR of the grid connection system modeling makes appear a path in blue from the 

control inputs (minv) of the inverter to the line currents (ig) in Figure II.18.  
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Figure II.18 EMR and MCS of the grid connection 

The control scheme of the grid connection system is obtained by inverting this path. It 
consists to calculate the reference of the inverter’s duty ratios (minv_ref) according to the line 
currents’ references (ig_ref). The objective of the grid connection control is to regulate the 
delivered active power and reactive power to the grid. The grid is a voltage source (ugrid), so 
the line current should be controlled in order to regulate the exchanged power with the grid. 
Hence, the delivered power control is based on the grid current control. According to the 
inversion rules of the Maximum Control Structure (MCS), the automatic control system is 
achieved by an inverter controller (block GCI’) and a closed loop control of currents (block 
GF’). This grid current controller is presented as a blue block (GF’) in the MCS (Figure II.18). 

For the design of the controllers, a Park transform is used. The voltages and currents in 
the three-phase frame (a,b,c) can be transformed to two voltages and two currents in the two-
phase rotating frame (d,q) with synchronization with the first line voltage: 

[ ]
[ ]









=

=
=

gdqg

gdqg

INVdqINV

iPi

vPv
vPv

][_

_

_

 (R. II-24)

[P] is the matrix of the Park transformation. 
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Hence in this frame, filter current equations are expressed as: 
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fs πω 2=  , with f the grid frequency. 

So the control of these currents is organized in three parts: a current decoupling, a 
compensation of grid voltages and a closed loop control (Figure II.19). The modulated voltage 
references of the inverter outputs can be expressed as: 
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with two current PI correctors (Cigd, Cigq). 

The obtained voltage references in the dq frame can be transformed to the three voltage 
references in the abc frame with an inverse Park transformation: 

[ ] refdqINVrefINV vPv __
1

_
−=  (R. II-28)

Phase to phase voltages are obtained with the following equations: 
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Mean values of the modulation functions are calculated by using the inverse equation (R. 
II-8): 
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Figure II.19 Block diagram of the grid current controller 
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f. DC bus control 
The decomposition into the different subsystems relies on the assumption that the DC-bus 

voltage (uDC) is constant. The control scheme of the DC bus is obtained by inverting the EMR 
of the system modeling (Figure II.20) and requires a closed loop control of the DC bus 
voltage (uDC) with a PI corrector (CCDC.): 

)( ___ mesDCrefDCCDCrefDC uuCi −=  (R. II-31)
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Figure II.20 Control scheme of the DC bus 

The current flowing the capacitor of the DC bus (iDC) can be expressed (Figure II.20) as: 

INVUC_mBAT_mPV_mDC iiiii −++=  (R. II-32)

So the regulation of the current in the capacitor can be achieved by controlling the 
currents of each source (PV panels, batteries and ultracapacitors) corresponding to the power 
control of each source. It is detailed in the next section. 

g. Control of the entire PV energy conversion system 
The global control scheme of the entire active PV generator is obtained by combining all 

control schemes, which have been presented in the previous parts. A block diagram of all 
control functions inside the Automatic Control Units (ACU) is presented on Figure II.21. Five 
references (iDC_ref, ig_ref, uPV_ref, iUC_ref, iBAT_ref) must be set to interface the automatic control 
units with the power control unit. 
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Figure II.21 Block diagram of the automatic control units for the active PV generator 

II.3.3.Power control unit 

a.  Layout of the Power Control Unit 

The Power Control Unit is divided into two levels: the Power Control Level and the 
Power Sharing Level.  

The Power Control Level consists to calculate the reference quantities (ig_ref, uPV_ref, iUC_ref, 
iBAT_ref) from power references.  

The Power Sharing Level coordinates the power flow exchanges among the different 
energy sources with different power balancing strategies (Figure II.22). They are presented 
here in details with the help of the Multi-Level Representation, which has been developed by 
Peng LI in 2008 [Li 08c] (Appendix VI). 
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Figure II.22 Multi-Level Representation of the power modelling of the active PV generator
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b. Power calculation 
In order to implement the power control, the inner power flow of the active generator has 

to be calculated. In order to focus on the power exchanges with the different sources around 
the DC bus, the instantaneously exchanged power with the choke, the losses in the filters and 
the losses in the power converters are neglected. Only the sources’ powers and the exchanged 
power with the DC-bus capacitor are taken into account here (Figure II.23). Powers in the DC 
part are easy calculated by multiplying dc currents and dc voltages (Table II-1). All the 
variables with hat symbol are the sensed variables. 

Table II-1:  Power calculation and power control algorithms for the active PV generator 
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c. Power control 

The expressions of the powers are inverted to obtain the control equations (Figure II.23).  
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Power control of PV panels 
A reference value for the PV power can be set by calculating the PV voltage reference 

(uPV_ref) with the sensed PV current: 

mesPV

refPV
refPV i

p
u

_

_
_ =  (R. II-33)

Power control of storage units 
For the storage systems, the powers are calculated by multiplying currents with the 

voltages (Int3 and Int4 in Table II-1). The current references are given by dividing 
corresponding power references with the sensed voltages (Int3c and Int4c in Table II-1).  

Power control of the Grid connection 
The powers, which are exchanged with the grid, can be calculated through the “two-

wattmeter” method (Int1 in Table II-1). According to the grid power reference and the 
measured phase to phase voltages of the grid, the current references for the inverter can be 
deduced by inverting this equation (Int1c in Table II-1). 

Power control of the DC bus 
The output of the DC-bus voltage control loop is the current reference (iDC_ref) of the DC-

bus capacitor, and its product with the measured DC-bus voltage gives the power reference 
(pDC_ref) for the DC-bus voltage regulation (Int0e).  

Comment: This regulation power for the DC bus voltage control can be satisfied by the 
difference between the sources power and the grid power.   

The reference of the controllable variable should be limited while the powers are divided 
by a too small value. A look-up table can sometimes be used to avoid division by zero. 

d. Power sharing level 
The power sharing level is used to implement the power balancing strategies in order to 

coordinate the various sources in the hybrid power (Figure II.21).  The power references for 
each source are set according to different power control strategies, which are specific to 
different operating modes. Operating modes are defined according to the various conditions 
(the power demand from the grid, the availability of the PV power, the state of the energy 
storage units …). In order to set the power reference of each source, the power flow between 
each source should be determined and balanced. So a modeling of the power flow in the 
active generator for each mode is necessary. Here three typical operating modes (mode1, 
mode2, mode3) are studied in normal operation, in PV power limited mode and disconnected 
from the grid [Lu 09a]. 

II.4.Power balancing strategies for the active PV generator 

II.4.1. Role of the DC bus 

The DC bus leads directly to the stability of the generator. All power exchanges are 
performed via the DC-bus and have an impact on the DC-bus voltage (uDC): 

agBATUCagsourDC
DCDC

DCDC pppppp
dt

dE
dt

duuC −+=−===  (R.II-34)
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with EDC: the energy stored in the DC-bus capacitor; 
 pDC: the resulted power into the DC-bus capacitor; 
 ppv: the power, which is injected into the DC bus from the PV generator; 
 pBAT: the power, which is exchanged between the batteries and the DC bus; 
 pUC: the power, which is exchanged between the ultracapacitorsand the DC bus; 
 pag: the power, which is extracted from the DC bus into the grid; 
 psour: the total power from the sources. 
So to get a constant DC bus voltage, the instantaneous powers must be balanced. For the 

different studied modes, the power flow must be then modeled in order to be controlled in a 
second step. 

II.4.2.Normal mode 

a. Power flow modeling 
In a normal mode, the PV panels work always in MPPT for obtaining a maximum power 

from the solar energy. The two types of storage units are always available to enable a charge 
or discharge action of power. 

For the theoretical analysis, batteries and ultracapacitors are assumed to be in generating 
mode. The power flow from sources to the grid is described in Figure II.24. 
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pag 

 
Figure II.24 Power flow in normal mode 

The exchanged power with batteries (pBAT) and with ultracapacitors (pUC) constitutes the 
total exchanged storage power (psto). 

Pow3: UCBATsto ppp +=  (R. II-35)

The total exchanged storage power can be used for compensating or absorbing the 
produced photovoltaic power (ppv). The resulting power is named (psour). 

Pow2: PVstosour ppp +=  (R. II-36)

By taking into account the power for the DC bus voltage regulation ( DCp ), the output 
power to the electrical grid ( agp ) is found: 

Pow1: DCsourag ppp −= , (R. II-37)

On Figure II.24, the DC bus power is decomposed into two terms: chaDCp _ if the DC 

capacitor is loaded ( chaDCDC pp _= ) and decDCp _ if the capacitor is unloaded ( decDCDC pp _= ). 
By deducing losses in the filter (l4), the supplied power (pag) is obtained: 
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The grid power (pag) must be equal to the power reference (pgc_ref) sent by the microgrid 
system operator.  

The DC power (pDC) must be equal to the required value (pDC_ref) to regulate the DC-bus 
voltage (uDC) to a constant value. Hence the sources’ total power (psour) can be adjusted by 
regulating the total power exchanged with storage units (psto). So the power flows must be 
supervised with power references, which must be calculated by the Power Sharing Level of 
the Power Control Unit (Figure II.21). 

In this PV/batteries/ultracapacitor hybrid power system, four power electronic converters 
are used to regulate the power transfer with each source. The PV chopper is used to control 
the PV generator with a MPPT strategy. The three-phase inverter in the grid connection 
system and the DC choppers in the other power conversion systems can be used for the DC-
bus voltage regulation and the grid power control. According to the chosen power flow, two 
power balancing strategies can be implemented [Zho 09a]:  

- The grid following strategy uses the line current loop to regulate the DC-bus voltage, then 
the total power form sources (psour) can be dispatched by a grid operator; 

- The power dispatching strategy uses the line current loop to control the grid active power, 
and the DC-bus voltage is regulated with the PV generator and storage units. 

The power dispatching strategy is useful for islanding operation. The grid following 
strategy is the control scheme, which is used in classical “passive” PV generators. Here, we 
consider an upgraded PV generator that is dispatched by a microgrid operator. So the grid 
following strategy is modified to take into account storage units and this new task.  

b. Grid following strategy 
With the grid following strategy, the DC-bus voltage is regulated by adjusting the 

exchanged power with the grid, while the PV generator works in MPPT strategies.  

MPPTPVrefPV pp __ =  (R. II-38)

In Figure II.25, it is depicted by a closed loop (pDC_ref  pag_ref  pag  pDC). So the 
required power for the DC-bus voltage regulation (pDC_ref) is used to calculate the grid power 
reference (pg_ref) with an estimation equation,  

Pow1e: refDCsourrefag ppp __
~ −=  (R.II-39) 

The sources’ total power (psour) is a disturbance and should also be taken into account by 
using estimations of the PV power and the storage’ power:  

 Pow2e: pvstosour ppp ~~~ +=  (R. II-40) 

 Pow3e: BATUCsto ppp )) +=~  (R. II-41) 

The energy storage systems help the PV energy conversion system to satisfy the power 
references, which are asked by the microgrid operator. In steady state, the DC-bus voltage is 
regulated and the averaged power exchange with the DC-bus capacitor (pDC) can be 
considered as zero in the equation (Pow1). Hence in steady state, the grid power (pag) is equal 
to the total power from the sources (psour).  
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Figure II.25 Multi-Level Representation of the grid following strategy 

If the microgrid system operator sets a power requirement (pgc_ref), it must be equal to the 
sources’ power reference (psour_ref) as shown in Figure II.25: 

Pow1c: refgcrefagrefsour ppp ___ ==  (R. II-42)

In order to help the PV energy conversion system to respect the active power requirement, 
the energy storage systems should be coordinated to supply or absorb the difference between 
this power requirement (pgc_ref) and the fluctuant PV power (ppv) as shown in Figure II.25: 

Pow2c: pvrefsourrefsto ppp ~
__ −=  (R. II-43) 

However, the power reference (psto_ref) is a fast varying value due to the fluctuant PV 
power (ppv) and the varying grid power (pag). Moreover, the batteries have relatively slow 
power dynamics, fast varying power reference are not welcome for their operating lifetime. 
For the first step of the tests, a simple method to dispatch the power between batteries and 
ultracapacitors is used with a Low-Pass Filter (LPF) [Lu 08a]:  

Pow3c’: refstorefBAT p
s

p __ 1
1
τ+

=  (R. II-44)

where τ  is the time constant of the LPF. Its value should be set large enough according 
specific application by taking into account the power dynamics of the batteries as well as the 
size of the super-capacitors.  

The ultracapacitors are not a long-term energy backup unit because they have limited 
energy storage capacities due to their low energy density. However, they have very fast power 
dynamics and can supply fast varying powers and power peaks. They can be used as an 
auxiliary power system of the batteries to fill the power gaps during their transients: 
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Pow3c: BATrefstorefUC ppp )−= __  (R. II-45)

The block diagram of the grid following strategy for the active PV generator is shown on 
Figure II.26. 
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Figure II.26: Block diagram of the grid following strategy 

II.4.3.PV limitation mode 

Figure II.23 shows that the PV power can be evacuated to storage units or to the grid. If 
both ways out can not be used then the PV power must be limited. This case appears when the 
energy storage units can not be charged and the PV power is greater than the grid power 
reference. 

The power references for storage units must be calculated according their characteristics. 
There are two restrictions.  

The first one is the rated power limit. For any kind of energy storage device, its rated 
power must be considered. The exchanged power with the energy storage unit must be in a 
certain range according to its characteristics. To detect a limitation mode, the exchanged 
power with the storage unit (ultracapacitors) has to be first considered: 

PVDCrefagrequiredsto pppp ~~
__ −−=  (R. II-46)

If this power is higher than the rated value (psto_rated), then the PV power has to be limited 
to the following value (Figure II.27): 

PVratedstorefDCrefagrefPV ppppp ~
____ <−+=  (R. II-47)

The second one is the energy capacity limit. If the energy storage units (batteries) are 
fully charged, they cannot absorb more energy in case of PV production. If they are empty, 
they cannot compensate the power gap in case of a PV power shortage. The management of 
the stored energy must be performed in coordination within the missed PV energy and it is 
implemented in the central microgrid management in the next chapter. 
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Figure II.27 Principle of the PV limitation 

II.4.4.Disconnection mode 

a. Power flow modeling 
Under certain conditions, the PV active generator must be disconnected from the 

electrical grid and must work in an isolated mode. In this mode, the whole active generator 
does not deliver any power into the electrical grid. Hence the modeling equation Pow1 is 
simplified since: 

Pow1: DCsour pp =  (R. II-48)

But the PV panels go on and its generated power can be stored in the energy storage units if 
they are available ((Figure II.29, Figure II.29).  
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Figure II.28 Multi-Level Representation of the power modelling and control in the disconnection mode 
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Figure II.29 Power flow in the disconnection mode 

b. Autonomous charging strategy 
If the grid is disconnected, the active generator is not dispatched and then the local 

control objectives change. Moreover the DC-bus voltage can not be regulated by adjusting the 
exchanged power with the grid and so the grid following strategy can not be used. The only 
way to control the DC bus voltage is a combined use of the PV and storage units’ power. In 
Figure II.30, it is depicted by a closed loop: pDC_ref  psour_ref  psto_ref and then a dispatching 
of the storage power is performed between the batteries and the ultracapacitors. 
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Figure II.30 Multi-Level Representation of the power dispatching strategy 

In this case, the necessary total power reference (psour_ref) is equal to the required power 
for the DC-bus voltage regulation (pDC_ref): 

Pow1c: refDCrefsour pp __ =  (R.II-49)

Then the total power reference of the storage systems is deduced by taking into account 
the fluctuant PV power with the inverse equation of Pow2 (Figure II.31): 
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 Pow2c: pvrefsourrefsto ppp ~
__ −=  (R. II-50)

This power reference is shared among the batteries and the super-capacitors in the same 
way as explained above with equations Pow3c’ and Pow3c. The block diagram of the grid 
following strategy for the active generator is shown in Figure II.31. If the storage units are not 
fully charged, the PV panels can work in MPPT: 

MPPTPVrefPV pp __
~=  (R. II-51)
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Figure II.31 Block diagram of the autonomous charging strategy 

II.4.5.Synthesis 

To enable the operating of the PV based generator in a normal mode and in a 
disconnected mode, two different control algorithms must be used: the grid following strategy 
and the power dispatching strategy. A better organization of the power sharing relies on a 
single strategy, which can be easily used for both operating modes. This one has been 
designed from the power dispatching strategy by making appear the power flow 
corresponding to the inverter: pgc_ref  ig_ref  ig_ref  pag (Figure II.32). 
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Figure II.32 Multi-Level Representation of the power dispatching strategy 

The power sharing level can be depicted by using block diagrams and by highlighting a 
switching between them in FigureII.33. 
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 Figure II.33: Block diagram of the power sharing level 
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II.5.Control of operating modes 

The up grating of the PV generator to active generator depends on the state of both 
storage units.  

Lead acid batteries are used as an energy buffer. Hence if they are full they can not be 
used if the PV production is higher than the requested grid power reference.  So the State Of 
Charge of the batteries is calculated by using equations (R. I-22).  

If it is over the maximum value, the active generator must be operated in the “PV 
limitation mode” since the over energy can not be stored and neither sent to the grid.  

If batteries are empty they can not be used to perform the energy balancing in order to 
supply the grid power reference. Hence the active generator must be operated in the 
“Disconnection mode”. 

When the SOC of the batteries is between SOCmin and SOCmax, batteries can be used as 
an energy buffer in a normal operating. 

The selection of the operating mode (“Selected mode”) can then be implemented by the 
synoptic of Figure II.34. 
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PV limitation 
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Figure II.34: Synoptic for the selection of the operating modes 

Figure II.35 shows the integration of the control operating mode in the control system. 
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Figure II.35 Integration of the control of operating modes 

In the PV based active generator ultracapacitors are used to perform the power balancing 
inside the generator. When both energy storage systems are available (with their storage levels 
in a good range), the PV based active generator works in the previous presented “normal 
operating mode”. The power balancing algorithms can be directly used without any 
modification.  

Ultracapacitors are fast power units and so their state of charge can be managed directly 
in the balancing algorithms. 
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II.6.Energy management of the embedded ultracapacitors 

II.6.1. Energy level and management scheme 

The energy level of the ultracapacitors can be expressed with the ultracapacitors voltage 
and is indicated in percentage: 

2
max_

2

2
max_

2

max_ 2/
2/

UC

UC

UCUC

UCUC

UC

UC
UC u

u
uC

uC
E

ELevel ===  (R. II-52)

with EUC: the energy, which is stored in the ultracapacitors; 
 EUC_max: the maximal energy, which can be stored in the ultracapacitors; 
 uUC: the voltage across the ultracapacitors; 
 uUC_max: the maximum voltage across the super-capacitors bank; 
 CUC: the equivalent capacitance of the ultracapacitors bank. 
For efficiency and security reasons, the energy level must be limited from 25% to 95%. It 

corresponds to an operating voltage from 50% to 97.5% of the maximal voltage. In our study, 
BOOSTCAP 48V ultracapacitors modules are used in series and the rated voltage is 48V. So 
the operating voltage range of the super-capacitors is from 24V to 46.8V. 

In order to avoid the chattering phenomena, two hysteresis operators are used to define 
the supercapacitor storage state (Stateuc) as Emptyuc or Normalsc or Fulluc (Figure II.36).  
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Figure II.36 Hysteresis control of the ultracapacitor energy management. 

II.6.2. Full ultracapacitors mode 

When the ultracapacitors voltage increases above 46.8V, the ultracapacitor energy storage 
level is too high (Leveluc>95%). If the battery energy storage level is still in a good range, the 
active PV generator begins to work in the “full ultracapacitors mode”. A special energy 
management strategy should be performed to recover the supercapacitor storage level (Leveluc) 
as soon as possible, while the PV power and the real grid power are always well regulated to 
achieve the power requirements. The strategy consists not to use batteries in generating mode. 
As result, the ultracapacitors start to be discharged and return back to the normal state. With 
the same power control algorithms for the other sources, the ultracapacitors will be 
automatically discharged. 
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II.6.3. Empty ultracapacitors mode 

When the ultracapacitors voltage decreases below 24V, the supercapacitor energy storage 
level is too low (Leveluc<25%). If the battery energy storage level is still in a good range, the 
active PV generator begins to work in the “empty ultracapacitors mode”. A special energy 
management strategy should be performed to recover the supercapacitor storage level as soon 
as possible, while the PV generator the active grid power are always well regulated to achieve 
the power requirements.  

The strategy consists not to use the batteries to store the over power then super-capacitors 
start to be recharged for returning back to its normal state (Figure II.37). 
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Figure II.37 Energy management of ultracapacitors 

II.7.Simulation and experimental results 

II.7.1.Simulation results 

a. Scheme 
In order to valid the models of each element in the PV active generator and to test the 

control design, a simulation for the operation of the PV active generator system is 
implemented with the Matlab/Simulink Software. Figure II.38 and Figure II.39 show the 
considered power production plan. Here we consider a change each ten secondes in order to 
have a better view on electrical waveforms during the transient states. 
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Figure II.38 Active power reference for the active PV generator 
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Figure II.39 Reactive power reference for the active PV generator 

Three simulation tests have been done under the three different operating modes. 

b. Normal mode 
In Figure II.38, at 10th second, the grid power reference (pag_ref) increases very quickly to 

3kW according to the power production plan. The generated power from the PV panels (ppv) is 
about 2.5kW and is not sufficient (Figure II.40). The batteries cannot provide the missing 
power because the batteries have low dynamics. We show that the ultracapacitors are well 
used to compensate the power gap. Unless the fluctuations of the produced PV power, a good 
coordination of both storage units is achieved. The generated powers (pag, qag) meet the 
requested references (Pag_ref, Qag_ref). 
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Figure II.40 Simulation results in normal mode 
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c. Limitation mode 
In this simulation test, the weather is very sunny. The generated power from the PV 

panels can satisfy the grid power demand. But the surplus power can not be injected into 
storage units, which are already fully charged. Thus the exchanged power with batteries and 
ultracapacitors is null and we can see that the PV panels are controlled in a dynamic limitation 
mode (Figure II.41). 
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Figure II.41 Simulation results in limitation mode 

d. Disconnection mode 
In this test, the weather is very cloudy. The generated power by the photovoltaic panels is 

insufficient. In Figure II.42 Simulation results in disconnection mode, we can see that the 
batteries are charged with the available PV power. Ultracapacitors are used to limit the battery 
current during the starting and to filter the PV power fluctuations. 
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Figure II.42 Simulation results in disconnection mode 

II.7.2.Experimental results 

In order to test our power control system, a prototype system of the PV based active 
generator has been built. A set of 106Ah batteries and 112kWp ultracapacitor modules are 
used as storage components. A DC current source is used for simulating PV panels. The 
control system is implemented into a DSpace card (Figure II.43). 

 
Figure II.43 Prototype PV based generator for the experimental test 

Two experimental tests are presented.  

Ultracapacitors Batteries Power Electronic Converters Control system 
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First in the night, there is no electrical production from PV power. Figure II.44 shows the 
variation of the grid power and the dynamic currents from both storage units. When a step 
change from 0 to 200W occurs in the grid load demand (pg), at the 19 second the batteries are 
discharged with a slow power increase and, in the same time, the ultracapacitors are 
instantaneously discharged with a high current to meet the grid load demand (Figure II.44). 

The second presented experimental test corresponds to the day time operating. A 400W 
power demand from the grid (pg) between the 17 to the 82 second during this test (Figure 
II.45).  

 
Ch1 (200W/div): pg; Ch2 (200W/div): puc;Ch3 (200W/div): pbat; Ch4 (200W/div): ppv. 

Figure II.44 Experimental results in the night test 

 
Ch1 (200W/div): pg; Ch2 (200W/div): puc;Ch3 (200W/div): pbat; Ch4 (200W/div): ppv. 
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Figure II.45 Experimental results in the day test 

The PV power production changes between 4th and 7th second from 250W to 100W. 
Powers from both storage units are shown in Fig.15. When the PV production decreases fastly, 
the batteries can not immediately supply all the surplus production, the ultracapacitors help to 
perform the power balancing while charging more power with a higher power appears at 4th 
second. 

II.8.Conclusions 

In this chapter, an average model of a PV based active generator in a DC-coupled 
structure has been detailed. The modelling of this complex generation system is led by 
considering each source with the dedicated power electronic converter. The EMR of the 
system model is used to make appear power conversion chains. 

The objective is to control the different sources in order to satisfy the microgrid power 
requirements, in spite of the fluctuations of the PV power. For the design of the control 
system, a hierarchical structure including four levels has been used. 

Control algorithms are obtained by inverting the EMR and are implemented in the 
Automatic Control level. The modelling of the possible power flows inside the active 
generator is presented and various operating modes are introduced. The Multi-Level 
Representation is used to show the different power paths. For a dedicated operating mode, the 
inversion principle helps to find all control equations of the different powers in the Power 
Control level. From the calculated power references, electrical references (voltages, currents) 
are deduced for the various control algorithms. 

A part of the power is required to regulate the DC bus. The regulation scheme of the DC 
bus depends on the chosen operating mode. A grid following strategy is used when the active 
generator is connected to the microgrid. In this mode grid power references are received and 
supplied by the generator. An autonomous charging strategy is used to load storage units when 
the active generator is disconnected. A synthesis is performed to design an unique control 
strategy for any operating modes. 

The reference of the exchanged power with both storage units has been calculated by 
using an estimation of the produced PV power. For the first step of the tests, a simple method 
to dispatch the power between batteries and ultracapacitors is used with a low-pass filter. 
Ultracapacitors are controlled to supply the required transient power from storage units. 

Several simulations show the performances of the control system. 

Experimental test results verify the effectiveness of the proposed control and show the 
good dynamic performances thanks to the coordination of each source embedded the PV 
based active generator. 
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Chapter III.Micro Grid framework for integrating DG in energy 
management and control system of power networks 

III.1.Introduction 

In the previous chapter power fluctuations of a PV generator have been compensated by 
integrating storage units. The local controller has been enhanced in order to perform the 
independent and simultaneous control of the generated active and reactive power. Hence, the 
PV based active generator is able to generate a predetermined real and reactive power. These 
new control capabilities have been developed in order to create new possibilities to manage a 
power system in presence of renewable energy based generators.  

Continuously small and smart grid energy systems are under development to integrate 
massively renewable resources, micro generators, small energy storage systems, critical and 
non-critical loads in the control system of grids. In this chapter, the context of future 
electricity system development is first presented and the interests for Micro Grids (MGs) are 
exposed specifically for integrating renewable and non conventional energy resources. 

Then several demonstration projects will show the state of the art about MGs in the world.  

The PV based active generator uses a power electronic converter for the grid connection 
and so dedicated control functions are required for a better integration into the micro grid 
management system. Different control schemes are reviewed and classified in order to 
highlight the required interface with the grid control system to make it operate as a classical 
dispatchable distributed generator. 

Then fundamental principles of grid management systems and classical practices are 
recalled in order to better highlight: 
_ constraints,  
_ required control functions for the DG as well for the grid control system and 
_ practical implementation. 

III.2.Architecture of future electrical systems 

III.2.1.Issues 

The different scenarios for future architecture of electricity systems recognize the 
fundamental fact that with increased levels of distributed generation penetration, the 
distribution network can no longer be considered as a passive appendage to the transmission 
network. The entire distributed system has to be designed and operated as an integrated unit. 
In addition this increased complex operation must be undertaken by a system under a multi-
level management electrical system. 

The growing share of DG in the electricity system may evolve in three distinct stages 
[Kok 05]: the accommodation step, the decentralization step and then the dispersal stage.  

First, at the accommodation step, the DGs are accommodated in the current market. 
Distributed units are running free while the operating of the network is performed through the 
conventional production units. In this scheme Renewable Energy Based Generators (REBG) 
must not be dispatched and so classical wind generators and PV generators are connected. 
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Figure III.1 Integration of DG in the actual electrical network [Url 10c] 

If the share of DG increases massively, the decentralization step is achieved. Then virtual 
utilities optimize the services of decentralized providers through the use of common ICT-
systems. A virtual utility is view as a flexible collaboration of independent, market-driven 
entities that provide efficient energy service demanded by consumers without necessarily 
owning the corresponding assets. Central monitoring and control is needed. In this scheme 
REBG and DG must be dispatched with a virtual utility and receive power references. 

 
Figure III.2 Massive DGs in the electrical network with the virtual utilities [Url 10c] 

At the last dispersal stage, local low-voltage network segments (here microgrids) provide 
their own supply with limited exchange of energy with the rest of the distribution network. 
The distribution network operator operates more like a coordinating agent between separate 
power systems (different microgrids) rather than a controller of the system. This kind of 
electrical network is smarter; can provide more different services based on intelligent 
appliances. 
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Figure III.3 Future electrical network based on smart grid [URL 10a] 

For the integration of our PV based generator, we consider a micro grid organization to 
implement the virtual utility inside the MG central controller like in the decentralization step 
and also to enable a possible islanding operation as required in the dispersal stage. 

III.2.2.Interest of micro grids and specificities 

MGs are small electrical distribution systems that connect multiple customers to multiple 
distributed sources of generation and storage. MGs are typically characterized by 
multipurpose electrical power services to communities with overall energy demands ranging 
up to several thousand kWh per day and are connected via low voltage networks. A great 
interest is that these hybrid power systems have the potential to provide reliable power supply 
to remote communities where connection to transmission supply is uneconomic. 

In general, the MG concept assumes a cluster of loads and DERs operating as a 
controllable system that provides both power and heat to its local area. The benefits of MG, 
such as, the enhancement of the local reliability, the reduction of feeder losses, the control of 
the local voltage, provide an increased efficiency through the using of waste heat from 
Combined Heat and Power (CHP) generators, the voltage sag correction or the provision of 
uninterruptible power supply functions.  

Generally, a MG is centrally controlled and managed by a MG Central Controller (MGCC) 
installed at the Medium Voltage/Low Voltage substation. The MGCC includes several key 
functions, such as economic managing functions and control functionalities and is the head of 
the hierarchical control systems. The MG is intended to operate in the following two different 
operating conditions: the normal interconnected mode with a distribution network and the 
emergency mode in islanding operation via a central switch, which must also implement the 
synchronization between both power systems. 

As example Figure III.4 shows the MG concept of ABB where Micro-source Controllers 
(MC) are similar to Local Controllers for DG and Load Controllers are similar to Local 
Controllers for dispatched loads. 
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Figure III.4   A control architecture for a MG [ABB] 

Most DERs that can be installed in a MG are not suitable for the direct connection to the 
electrical network due to the characteristics of the energy produced. Therefore, power 
electronic interfaces (DC/AC or AC/DC/AC) are required. Inverter control is thus an 
important concern in MG operation. 

When the total number of MGs reaches a significant high share in Low Voltage 
substations, similar technical benefits can be expected in upstream grids as a consequence of 
multi-Microgrid operation. 

III.2.3.Basic MG architectures 

The basic MG network is assumed to be radial with several feeders and a collection of 
loads Figure III.5). The radial system is connected to the distribution system through a 
separation device, usually a static switch at the PCC. Each feeder has a circuit breaker and a 
power flow controller [Hua 08].  

In the EU project “Microgrids”, an operational architecture has been developed. It 
consists of a LV network, loads (some of them are interruptible), both controllable and non-
controllable power generators, energy storage units and a hierarchical-type management. The 
control scheme is supported by a communication infrastructure used to monitor and control 
power generators and loads. The centre of the hierarchical control system is the Micro Grid 
Central Control (MGCC). At the low hierarchical control level, Local Controllers (LC) of 
loads and DGs exchange information with the MGCC for managing the MG operation by 
providing set-points to LCs. The exchanged information includes mainly messages about 
power reference setting for each source; MG switches orders that are sent by the MGCC to 
LC and the sensed voltage/current information to MGCC from each local capture. 
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Figure III.5 Basic MG architecture with a MGCC 

III.2.4.Operation modes 

a. Normal operation in a grid-connected mode 
MG flexibility can be achieved by allowing its operation under two different conditions. 

In the normal operation, the MG is connected to a main MV grid being either partially 
supplied from it or injecting some amount of power into it. Depending of the custom desire, in 
this grid-connected mode, the main grid and local DGs may send power to the loads. As the 
MV grid sets the RMS voltage, all DGs inside the MG can only generate currents but can be 
dispatched by the MGCC in order to provide power references. The control system into the 
LC of the DG is known as “PQ inverter control” and the DG is said to be in “PQ mode”. 
Corresponding local controllers for DGs, which are connected to the grid with power 
electronic converters, will be detailed in paragraph III.4.5. 

b. Emergency operation in an islanded mode 
If any events in the main grid appear, an islanded operating mode can be implemented 

because the electrical system is organized in the form of a MG with a MGCC. The MG 
islanding process may result from an intentional disconnection from the MV grid (due to 
maintenance needs) or from a forced disconnection (due to a fault in the MV network such as 
voltage dips). The disconnection is performed by a static bypass switch opening itself as a 
controllable load or source.  

The emergency operation of MG consists of the disconnection but also of the operation in 
the islanded mode. Hence, one DG in the MG should be in charge of maintaining the 
frequency and the voltage. The corresponding local controller must implement a Voltage 
Source Inverter (VSI) control with an inner RMS voltage reference and frequency set point 
and so compensate the power unbalancing between loads and other DG produced power 
(paragraph 4.6). The DG is said to be in “Vf mode” and is defined as the “Master Source”. 
Other DGs are “Slave Sources”, whose local controllers must operate in a PQ mode 
(paragraph 4.5). The MGCC share the total amount of real power to produce among the 
“Slave Sources” and send them PQ references. It is important to avoid the overload of 
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inverters and to ensure that load changes are controlled in a proper form. So in an islanded 
mode, one DG must be in “Vf mode” and the others in a “PQ mode”. 

c. Fault detection 
When the MG is operating in islanded mode, any current fault must be covered by 

generators inside of the MG. These fault currents may have low values. But compared with 
the current limit of the power electronic converters for the generators, these fault currents are 
relatively too high. This margin is insufficient to trip conventional over-current protection and 
therefore other protection techniques have to be found. 

One approach proposed by Lasseter [Las 04], that is quite powerful, is to develop a real-
time fault location technique that will identify the exact location of the fault much more 
accurately that the classical relaying is capable of doing under any circumstances. These 
methods may be too costly. Low cost approach such a Current Transformer (CT) based zero 
sequence detection, and differential current and/or voltage methods also show promise. 

Hernandez-Gonzalez and Iravani [Her 06] have presented an active islanding detection 
technique for a DER at the distribution voltage level, which uses a three-phase, voltage-
sourced converter (VSC) as the interface unit. The proposed method is based on injecting a 
disturbance signal into the system through either the direct axis (d-axis) or the quadrate axis 
(q-axis) current controllers of the interface voltage-sourced converter. Signal injection 
through the d-axis controller modulates the amplitude of the voltage at the PCC, whereas 
signal injection through the q-axis controller causes a frequency deviation at PCC, under 
islanded conditions. 

d. Safety analysis 
A fault in a MG may cause a ground potential rise, even if the energy sources operate at 

LV. Thus grounding the distributed energy sources and the transformer connecting the MG to 
the utility network must be carefully analyzed and appropriate rules need to be developed. 

LV earthling systems are defined according to the earthling techniques of the secondary 
side of the MV/LV transformer and the frame of the load equipment. Besides, a grounding 
system for a typical MG has been designed in [Jay 05] and its adequacy during fault 
conditions studied from an electrical safety point of view.  

III.3.State of the art 

Intense research activities on various aspects related to micro grids have been launched in 
Europe, in the United States and in Japan. In this part we focus the attention on technological 
aspects and the market organization is not discussed here.  

III.3.1.In Europe 

In the EU, two major research efforts have been devoted exclusively to micro grids: the 
project “Microgrids” and the project “More Microgrids”. Main general results are exposed 
and three specific European applications of the microgrid concept are presented. 

a. Project Microgrids (1998-2002) 
In the 5th Framework Program the project “Microgrids: the large-scale integration of 

micro-generators for low voltage networks” was led by the National Technical University of 
Athens (NTUA), with 14 partners from seven EU countries [Haz 07]. The objectives of this 
project were: 
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- to study the operation of microgrids to increase penetration of renewable and other DERs 
while reducing carbon emissions, 

- to study the operation of microgrids in parallel with the grid and in islanded mode, as may 
follow faults, 

- to define and develop control strategies to ensure efficient, reliable, and economic 
operation and management of microgrids, 

- to define appropriate protection and grounding policies to assure safety, fault detection, 
separation, and islanded operation, 

- to identify and develop the required telecommunication infrastructures and protocols, 
- to determine the economic benefits of microgrid operation and propose systematic methods 

to quantify them, 
- to simulate and demonstrate microgrid operation on laboratory scales.  

 This project has proposed several solutions and innovative techniques: 
- DER models and steady-state and dynamic analysis tools enabling simulation of LV 

asymmetrical, inverter dominated microgrid performance, 
- islanded and interconnected operating philosophies both hierarchical and distributed (agent 

based) control algorithms, 
- local blackstart strategies, 
- definitions of DER interface response and intelligence requirements grounding and 

protection schemes, 
- methods for quantification of reliability benefits, 
- laboratory microgrids of various complexities and functionalities. 

Several levels of centralized and decentralized control have been developed by 
participating laboratories: ISET (Germany), University of Manchester (UK), School of Mines 
(France) and NTUA (Greece). 

b. Projet More Microgrids (2002-2006) 
A follow-up project titled “More Microgrids: Advanced Architectures and Control 

Concepts for More Microgrids” within the 6th Framework Programme was aiming to increase 
micro-generation systems in electric power systems by broadening the original concept of 
microgrid. This second consortium, again led by NTUA, comprises manufacturers, including 
Siemens, ABB, SMA, ZIV, I-Power, Anco, Germanos, and EmForce; power utilities from 
Denmark, Germany, Portugal, the Netherlands, and Poland; and research teams from Greece, 
the United Kingdom, France, Spain, Portugal, and Germany. The new objectives include: 
- the investigation of new DER controllers to provide effective and efficient operation of 

microgrids, 
- the development of alternative control strategies using next generation information and 

communications technology, 
- the creation of alternative network designs, including application of modern protection 

methods, modern solid-state interfaces, and operation at variable frequencies, 
- the technical and commercial integration of multiple microgrids, including interface of 

several microgrids with upstream distribution management systems, plus operation of 
decentralized markets for energy and ancillary services, 

- the standardization of technical and commercial protocols and hardware to allow easy 
installation of DERs with plug-and-play capabilities, 

- the study of the impact on power system operation, including benefits quantification of 
microgrids at regional, national, and EU levels of reliability improvements, reduction of 
network losses, environmental benefits, etc, 
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- the exploring of the impact on the development of electricity network infrastructures, 
including quantification of the benefits of microgrids, to the overall network, and to the 
reinforcement and replacement strategy of the aging EU electricity infrastructure, 

- the executing extensive field trials of alternative control strategies in actual installations, 
with experimental validation of various microgrid architectures in interconnected and 
islanded modes, and during transition testing of power electronics components and 
interfaces and of alternative control strategies, communication protocols, etc. 

c. Agent based control of the Kythnos Island Microgrid 
The island operation of the Gaidouromandra microgrid in Kythnos (Greece) has been 

designed, installed and operated by IWES through two European Joule Projects ”PV-Mode” 
and ”MORE” [Gei 09], [Par 09]. In this microgrid, six PV generators (10kW) at different 
locations feed in AC current. 12 vacation houses (12 kVA) by a combination of three parallel 
battery inverters (53 kWh). A 5 kW diesel generator set is available as a back-up unit. 
Additional 2 kW PV array, mounted on the roof of the control system building, is connected 
to a SMA inverter and a 32 kWh battery bank to provide power for monitoring and 
communication (Figure III.6) 

 
Figure III.6 Kythnos microgrid [Van 08] [Cob 08] 

Residential service is powered by three SMA battery inverters (“Sunny Island”) 
connected in a parallel master-slave configuration forming one strong single-phase circuit. 
More than one of the 3.6 kW battery inverters is used only when more power is demanded by 
consumers. The battery inverters can operate in frequency droop mode (paragraph III.5.5.a), 
allowing information flow for switching load controllers if the battery state of charge is low, 
and limiting the power output of the PV inverters when the battery bank is full. 

An innovative centralized supervisory system was designed in order to monitor 
individually all generators and users, in real time and with a time resolution of up to 1 sec. 
First, ANCO intelligent Load Controller units (AN-ILC-01) are used to monitor the status of 
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power lines and to sense voltages, currents and the frequency. In addition it can remotely 
control up to PLC (Power Line Communication) load switches connected to the power line. 
Hence each DER/RES as well some of the loads are considered as intelligent agents and are 
managed with a Multi Agent System approach. An agent has the ability to take autonomously 
decision and to communicate with other agents (paragraph III.3.5.6.b). The agents may 
cooperate or compete according to their internal goals and behaviors. A flexible controller, 
based on an embedded processor, the Java based platform for agents called Jade host the Java 
based platform for agents called Jade. 

This project has demonstrated the possible optimization of the operation in islanded mode 
by using agent based control of non-critical loads. 

d. Improvement of the voltage quality with energy storage 
The Bronsbergen holiday resort near Zutpen, the Netherlands, is equipped with a vast 

amount of PV systems [Cob 08]. During the summer the electricity generated by the solar 
panels (315 kW) is more than twice the peak consumption of the 210 cottages (150 kW). 
Moreover the PV inverters cause specific harmonic problems and asymmetries in the network. 
Over 700 kWh of electricity storage is installed. Two 200 kVA inverters have been connected 
to the main LV busbar. Each inverter is connected to a set of 360 battery cells. A Battery 
Monitoring System monitors and logs the voltage across each set of six cells, so that failing 
cells can be quickly identified. 

An automatic disconnection/reconnection switch was installed between the transformer 
and the main LV busbar of the network. The MGCC has its own voltage measurements on 
both sides of the disconnection/reconnection switch to support the resynchronization process. 

Battery inverters have droop controllers (paragraph III.5.5.a) for automatic parallel 
operation with distribution grid. Automatic sharing of active and reactive power between 
inverters in the network is ensured by a systematic application of droop control.  

Communication between a central controller and the individual inverters is needed only 
for the transfer of setpoints and to prepare an islanded microgrid for reconnection to the 
public network. In grid-connected operation, the active compensation has shown to reduce the 
5th and 7th harmonic voltages originating from the public grid by at least a factor 2. 

In order to fully support islanded operation, the following capabilities have been 
implemented and demonstrated: 

- Black start of the complete microgrid from a single battery inverter, 
- Clearing a feeder fault by blowing a 200 A feeder fuse with a single battery inverter, 
- Automatic islanding on an open-circuit fault in the external public network, 
- Automatic islanding on a short-circuit fault in the external public network, 
- Automatic synchronization and reconnection of the islanded microgrid to the external 
public network. 

e. Reliability and economic issues in a microgrid  

The MG at the research center IKERLAN (Mondragón, Spain) contains residential loads, 
the PV, a microturbine (CHP), a Stirling engine (CHP) and a storage system based on batteries. 
The microgrid is controlled by a centralized energy management system in order to optimize 
the microgrid operation both in grid-connected and in stand-alone modes. In grid-connected 
mode the optimization of the economic exploitation of the microgrid is privileged by applying 
optimization techniques. In stand-alone mode, management functions are applied to improve 
the reliability of the facility by means of islanding operation capability. An optimization 
analysis has been carried out in simulation while the reliability improvement of the microgrid 
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operation has been analyzed and proven experimentally [MIL 09]. 

f. Micro Grids in France 
At the Laboratory of Electrical Engineering and Power electronics (L2EP) of Lille, an 

experimental platform « Distributed Energy» has been developed to study electrical networks 
and systems in presence of small dispersed generators. It is composed of several generation 
systems, storage systems and loads; as examples a monitored 18kW photovoltaic plant, super 
capacitors as well as static and dynamic hardware in the loop emulators of generations and 
loads. Furthermore, the central core of the platform is a real-time simulator that can be 
connected to hardware equipments through power amplifiers. Using this experimental 
platform, several control techniques for the coordination of various generation systems can be 
studied. This platform will be used in the last chapter to test an energy management system. 
Micro grid concepts will be derivate to design an energy management system of a small 
residential network with a gas micro turbine and PV based generators. This platform will be 
used to test it. 

The center PREDIS (ENSE3 and G2Elab) meets a set of technology platforms centered on 
the production, the distribution and energy uses. PREDIS is a demonstration tool on the 
intelligent management of energy, closed to the real networks, connecting different modes of 
decentralized energy production to different uses through an expert supervision system. It 
includes a hybrid real-time simulator, a PV generator, a CHP micro turbine, a fuel cell, 
controllable loads, systems, emulators wind generators, control systems and control of a 
supervisor driving and driving and other charges controllable. 

At the laboratory SATIE (Système et Applications des Technologiess de l’information et de 
l’énergie) at Antenne de Bretagne of ENS (Ecole Normale Superieure) de Cachan, a power 
generation system of PV panels and wind turbines with lead-acid battery storage on a 
common DC bus has been set up in 1999. The research works concern the development of 
energy models in view to optimize the design and sizing of such systems based on economic 
criteria, the consummation management, the Li-ion technology evaluation and etc [Thi 10]. 

III.3.2.In the United States 

The United States has a modest but slowly expanding microgrids research program for a 
number of years, supported both by the U.S. Department Of Energy under the Office of 
Electricity Delivery and Energy Reliability and by the California Energy Commission through 
its Public Interest Energy Research Program. Heightened demand for high Power Quality 
Requirement (PQR) in the U.S., primarily to match the high end of heterogeneous end-use 
requirements, has naturally led to increased focus on enhancing PQR locally using microgrids. 

a. CERTS Microgrid 
The most well-known U.S. microgrid R&D effort has been pursued under the Consortium 

for Electric Reliability Technology Solutions (CERTS) [URL 10b], which was established in 
1999 to explore implications for power system reliability of emerging technological, 
economic, regulatory–institutional and environmental influences. The specific concept of the 
CERTS Microgrid (CM) was fully developed in 2002. Subsequently, building physical 
examples was undertaken. 

The CM, as for other microgrid paradigms, is intended to, as seamlessly as possible, 
separate from normal utility service during a disruption and continues to serve its critical 
internal loads until acceptable utility service is restored. The CM provides this function for 
relatively small sites (~<2MW peak power) without need for costly fast controls or expensive 
site-specific engineering. No single device is essential for operation, creating a robust system. 
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Figure III.7 shows a part of the CM, whose salient features are: 
- The operation of generators is controlled locally by power electronic devices incorporating 
droop characteristics that respond to locally monitored frequency and voltage. Consequently, 
some devices that naturally require a power electronic interface, e.g., dc sources, are 
particularly amenable to incorporation in a CM. 
- There is a single Point of Common Coupling (PCC), and without export. To the utility the 
CM appears as a single controlled load, similarly as “customers.” 
- There is an explicit design to provide heterogeneous PQR. As example the architecture on 
Figure III.5 shows a varying reliability on the three circuits. Circuit C is exposed to normal 
grid power; however, in the event of inadequate grid power quality, e.g. voltage sag, the static 
switch opens and circuits A and B are served as an intentional island until acceptable power 
quality is restored. 
- This is a dispersed plug-and-play system. No custom engineering is required for 
interconnection of any single device, making system configuration flexible and variable. 
Generators may not only be spread across circuits, they may be physically placed around the 
site, quite possibly co-located with convenient heat sinks that offer economically attractive 
CHP opportunities. 

 
Figure III.7 Schematic of an example CM (source: CERTS). 

b. General Electric (GE) global research Microgrid 
GE aims to develop and demonstrate a Microgrid Energy Management (MEM) 

framework for a broad set of microgrid applications that provides a unified control, protection 
and energy management platform (Figure III.8) [Hat 07]. At the asset level, MEM is intended 
to provide advanced controls for both generation and load assets that are robust with respect 
to low-inertia environments. At the supervisory level, MEM will optimize the coordinated 
operation of interconnected assets in the microgrid to meet customer objectives such as 
maximizing operational efficiency, minimizing cost of operation, minimizing emissions 
impact, etc., and is also intended to enable integration of renewable energy generators and 
microgrid dispatchability. 

The program is executed in two phases. The completed Phase I of the program focused on 
fundamental controls and energy management technology development guided through the 
use of case studies considered to have market potential. These technologies were validated in 
simulation on a detailed model of a microgrid field demonstration to be executed in Phase II. 
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A multi-building campus is selected to demonstrate the technologies in a real-world 
application. Upon installation of equipment, validation and verification experiments to prove 
the advanced microgrid functionality is executed in mid 2008[Hat 07]. 

 
Figure III.8 GE MEM framework (source: GE Global Research) 

Another project of General Electric at its research labs will let homeowners cut annual 
energy consumption to zero by 2015. This will be done by combing on-site power generation 
through solar panels or wind turbines with energy efficient appliances and also on-site storage. 
Home Energy Manager will give consumers to get detailed energy data and also control 
appliances. This device will cost between $200 and $250 which is a fair enough price for 
getting the power bills to zero. GE is piloting the in-home products and expects to have the 
appliances and energy display available in the future. A net-zero energy home would cost 
about 10 percent more by 2015. So as an investment basis, it is sure a higher end home like 
this would pay back the investment if there is nothing to pay on energy bills every month. 

III.3.3.In Japan 

Japan is the current world leader in microgrid demonstration projects. The Japanese 
government has set ambitious targets for increasing the contribution of renewable energy 
sources, such as Wind Turbines (WT) and PV, but the fluctuating power of renewable energy 
sources might degrade the country’s outstanding PQR. Traditionally, customers that operate 
fossil fuel-fired DERs, such as natural gas gensets with Combined Heat Power (CHP) do so 
baseloaded at rated power. Others that use intermittent renewable sources balance supply and 
demand through purchased grid power. In either case, residual purchases from the grid are 
volatile. Conversely, a microgrid can contribute to the load-following capability for a utility 
grid by balancing its own energy requirement using controllable prime movers to balance 
fluctuating load and renewable output. For example, a microgrid with electrical storage and/or 
gensets can potentially fully compensate its intermittent renewable supply and so is presented 
itself to the grid as a constant load. This principle has motivated much of the R&D in Japan, 
and has led to an emphasis on controls and electrical storage. 
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a. The Aomori project in Hachinohe 
This microgrid was put into operation in October 2005 and is being evaluated for PQR, 

cost effectiveness, and GHG (Green House Gases) emission reductions over a planned 
demonstration period lasting until March 2008 [Mar 07]. 

Figure III.9 gives an overview of the microgrid. A central feature of the system is that 
only renewable energy sources, including PV, WTs (100 kW) and biomass are used to supply 
electricity and heat. The controllable DGs consist of three 170 kW gensets (510 kW total) 
burning sewage digester gas, a 100 kW lead-acid battery bank and a 1.0 t/h woody biomass 
boiler. The microgrid serves seven City of Hachinohe buildings. These facilities are 
interconnected through a 6kV, 5.4km duplicate distribution line, with the whole system 
connected to the commercial grid at a single PCC.  

The energy management system developed through this project optimally meets building 
demands for electricity and heat by controlling the output of the gensets and boilers, together 
with the charging and discharging of the battery bank. The control objective is to minimize 
operating costs and CO2 emissions while maintaining a constant power flow at the PCC. From 
November 2005 and July 2006, primary energy consumption was reduced by 57.3%, thanks 
to reduced electricity purchases, while carbon emissions were also reduced by 47.8%.  

 
Figure III.9 Overview of the Aomori project 

b. The Aichi Project near the Central Japan Airport 

The first NEDO demonstration project started operation at the site for the World 
Exposition in March 2005 [Mar 07]. The system was moved to the Central Japan Airport City 
near Nagoya in 2006, where it began operation in early 2007. It now supplies a Tokoname 
City office building and a sewage plant via a private distribution line. Its main feature is a 
combination of the following fuel cells as the main sources: 270 kW and 300 kW Molten 
Carbonate Fuel Cells (MCFC), four 200 kW Phosphoric Acid Fuel Cells (PAFC) and a 50 kW 
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Solid Oxide Fuel Cell (SOFC). The MCFCs use biogas generated from high temperature 
(1,200 °C) treatment of wood waste and plastic bottles. The MCFCs and SOFC are base-
loaded while the PAFCs load follow. The total PV capacity is 330 kW and a 500 kW NAS 
battery is used for balancing. Experiment results of intentional islanding mode have also been 
obtained. The efficiency of this MG with Storage has been improved thanks to batteries in 
reliability, economy and environment assessments. 

III.4.Dispatchable distributed generation for grid control 

III.4.1.Interest 

Today, large centralized facilities provide most of the electrical power around the world 
with fossil fuel (coal, gas powered) or nuclear or hydropower plants. Normally, these large 
centralized plants have good economies of scale. But they usually have to transmit electricity 
to customers far away and so may affect the environment. 

DG or DER is another approach. These sources are installed near customers end and 
reduce relatively the electrical power losses on transmission lines because the electricity is 
generated very close to the point of end use. This also decreases the size and number of power 
lines that must be constructed. DER appears as a faster, less expensive option to the 
construction of large, central power plants and high-voltage transmission lines. They offer 
consumers the potential for lower cost, higher service reliability, high power quality, increased 
energy efficiency, and energy independence. The use of renewable distributed energy 
generation technologies and "green power" can also provide a significant environmental 
benefit since they have few emissions. 

As shown in chapter 1 (Section 2), DG can be or can not be dispatched. In our research 
study, an enhanced control organization of the power system is studied to make dispatchable 
DGs with a grid operator in the framework of a MG. The studied active generator in chapter 2 
is considered as a dispatchable generator who participates to the management of the grid. 

III.4.2.Classical isochronous speed control of conventional DGs 

Isolated power systems and industrial microgrids are relatively small power systems. 
They are usually powered by an AC single generator, which is driven by a gas turbine or a 
diesel engine generator. The frequency of a synchronous AC generator is directly proportional 
to the speed of the rotating electrical field. Hence the power management relies on an 
isochronous speed control, which maintains the turbine at a constant speed. Hence the energy 
being admitted to the prime mover is regulated in response to changes in load, which would 
tend to cause changes in the speed as it is shown for a gas turbine in Figure.III.10. Any 
increase of loads would tend to cause the speed to decrease. The kinetic energy in the large 
inertia contributes to maintain constant the speed in the few instants. Moreover energy is 
quickly admitted to the prime mover to maintain the speed at the set point by the speed 
regulation. Any decrease in load would tend to cause the speed to increase, but energy is 
quickly reduced to the prime mover to maintain the speed at the set point. 

An Automatic Voltage Regulator (AVR) is used to control the output RMS value of the 
machine ( mesV ) by regulating the voltage across the field exciter ( refV ). 
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Figure III.10 Scheme of an isochronous speed control system of gas turbine 

III.4.3.Energy storage requirements in power systems 

Current power systems can provide energy storage with the large inertia of all rotating 
conventional large power generation units. In case of a load change in the network, the power 
system’s inertia can perform energy balance with detection of the variation of system 
frequency.  

Lasseter [Las 02] points out that a system with clusters of small power DG (with small 
inertia) designed to operate in an islanded mode must provide some form of storage to insure 
initial energy balance. Due to the large time responses (from 10 to 200 s) of some small DG, 
such as fuel-cells, additional storage units may provide the amount of power required to 
balance the system following disturbances and/or significant load changes. For this operating, 
additional storage units must act as controllable ac sources to face sudden system changes. 
Anyway these devices have physical limitations and thus a finite capacity for storing energy 
may be considered. 

In a MG, several forms and structures of energy storage can be considered as the use of 
traditional generator based DG with inertia, direct connection of additional ac storage systems 
(batteries, flywheels, etc.) and additional batteries or/and ultracapacitors coupled with a 
renewable energy source on a common dc bus (chapter 1, Section 3). 

III.4.4. Control functions for grid connected inverters  

Because of their internal characteristics, the most of DERs is not suitable for a direct 
connection to an electrical network. Therefore, power electronic interfaces (dc/ac or ac/dc/ac) 
are required.  

The most classical power electronic topology is a back to back structure with two Voltage 
Source Converters (VSC) (one for the generator-side converter and one for the grid-side 
converter). In PV generators and wind turbine applications, the generator side converters are 
usually controlled to implement a Maximum Power Point Tracking (MPPT) (and are usually a 
chopper for PV applications). The grid-side converter is usually a three-phased inverter.  
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Power electronic interfaces can provide more flexible operation compared to the direct 
connection of synchronous and induction generators to the grid [Las 03] [Zho 09e]. Functions 
that must be implemented by the control system of the inverter must be distinguished 
according to the operating mode of the microgrid (paragraph III.2.4). For a grid connected 
mode of the microgrid the ac voltage and frequency are supplied by the grid. So all 
dispatchable DG’s inverters must be controlled in a “P/Q mode” to inject powers. For an 
islanded mode of the microgrid the inverter has to control the RMS value and the frequency 
of the ac voltage in a “Voltage Source Inverter mode”. 

III.4.5.Control strategies for a grid-connected mode of the microgrid  

a. Grid following strategy for passive generators 
With a grid following strategy, the grid-side converter can control the voltage across the 

DC-link capacitor and control the reactive power exchanged with the grid. 

This is the unique strategy for non-dispatchable DGs, as wind and PV generators because 
the primary energy resource is uncertain and can not enable a correct DC bus voltage control. 
Moreover if the DC-link voltage can be adjusted then different DC voltage values can be 
provided in order to MPPT for PV or wind turbines with synchronous generators and diode 
rectifiers [Bar 07] (Figure III.11).  
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Figure III.11 Grid following strategy of a PV generator with a variable DC bus voltage for MPPT 

This function can also be done by an additional generator side converter (Figure III.12). 
With a grid following strategy, the grid side inverter is controlled as a current-controlled 
voltage source because of the use of a choke filter. Direct and quadrature components of 
currents are calculated by a Park transformation for power calculation. Generated real power 
variations of the DG cause a DC-bus voltage error, which is corrected via the PI regulator by 
adjusting the magnitude of the currents injected to the grid. The reactive power output is also 
controlled by the PI regulator by adjusting the magnitude of the inverter reactive current 
output. This inverter can be operated with a unit power factor or can receive a set-point (from 
the MGCC) for the output reactive power. 
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Figure III.12 Grid following strategy of a PV generator with a generator side converter for MPPT 

b. Grid following strategy for the “PQ mode” 
With a grid following strategy, the inverter operates by injecting into the grid the power 

available at the primary source because the DC bus voltage is constant. For PV generators or 
wind generators, this power is fluctuant. The DG is not dispatchable. For DG with 
possibilities to increase or to decrease the amount of the primary power, an additional active 
power reference can be used by the local controller or the MGCC to make variable the 
generated active power. These kinds of DG are dispatchable and their control system is 
known as “PQ control” (Figure III.13). 
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Figure III.13 Grid following strategy of a dispatchable generator in a PQ mode 

c. Power dispatching strategy for the “PQ mode” 
With a power dispatching strategy, the voltage of the DC-link capacitor is maintained by 

controlling the generated power from the primary source (Figure III.13). The primary source 
is responsible for responding to this power demand in order to maintain a constant DC voltage 
bus. This is suitable for applications with controllable power generation such as hydro 
turbines, gas micro turbines and fuel cells as the availability of the primary energy is 
guaranteed. Then the voltage across the DC bus can be considered as constant and the grid-
side converter can control the active and reactive power output [Tra 07]. These kinds of DG 
are dispatchable [Cal 03]. The “PQ inverter control” consists in an outer loop power that 
calculates current references for the current control inner loop (Figure III.14). 

This control scheme is very similar to classical isochronous speed control of conventional 
DGs (Paragraph 4.2). If we consider that the role of the DC bus is equivalent to the inertia as 
the primary power is injected in order to regulate a constant DC voltage. In practice, 
performances are nor similar because of the small value of the DC bus time response. 
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Figure III.14 Control strategy of a gas micro turbine with a PQ control system 

III.4.6.Control strategies for a “Vf mode” in an islanded mode of the microgrid  

In an islanded mode one DG must ‘‘feed’’ the MG with predefined values for the voltage 
and the frequency (Paragraph III.2.4.b). In order to generate AC voltages, AC capacitors are 
required and so a LCL filter is used for the grid connection (Figure III.15). 
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Figure III.15 Power dispatching strategy of a gas micro turbine for a VSI control system 

With this power structure, the control strategy of the grid-side converter can control the 
voltage and the frequency at the PCC and thus can emulate the behavior of a synchronous 
machine [Las 03], [Awa 08], [Bar 07]. This control scheme is known as the “Voltage Source 
Inverter Control”. Phase to phase voltages are controlled by a closed loop control to be equal 
to following references: 
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 (R.III-1) 

Voltage references are generated by an oscillator, which is fed by the shift between the 
grid voltage and the modulated voltage ( refδ ) and the wished RMS value of line voltages 
( refRMSV _ ). In practice the inductance of the grid connected choke is low to minimize the 
voltage drop and so voltages across ac capacitors are nearly equal to grid voltages. Details 
about the calculation of the correctors can be found in [Dav 07].  

By neglecting the filter losses (and so the equivalent resistor), the single-phase equivalent 
circuit of the grid connection is obtained (Figure III.16).  
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Figure III.16: Equivalent single-phase circuit of the grid connection and vector diagram. 

In order to generate a current ( i ) to the grid, the modulated voltage ( mV ) must be higher 
than the ac capacitor voltage (V ). Vectors mV  and V  correspond respectively to the vector of 
the three modulated voltages and of the three grid voltages. The powers at the grid connection 
are expressed as follows [Bou 09]: 
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With: 

– V:  the line grid voltage RMS value, 
– Vm:  the fundamental modulated voltage RMS value, 
– Lω the reactance of the coupling reactor. 

In practice the quantity mV
L
V
ω

3  is large and so the quantity δsin  is very small. In this 

condition, we can assume: 
δδ =sin 1cos  , =δ  (R.III-4) 

Thus, the real power can be expressed as: 

δ
ω

.3 .mg V
L
VP =  (R.III-5) 

The real power is classically controlled by a droop controller (paragraph III.5.a), which 
calculates the required frequency, the speed variation is calculated and the shift is obtained by 
an integration operator. Figure III.17 shows that the increase of the shift induces an increase 
of the generated power. Moreover the grid voltage (V) must remain constant then the grid 
current (i) must change and so the reactive power. 
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Figure III.17: Increase of the shift 

The closed loop control of the grid voltage is used to calculate the required reactive power 
to be produced. The reactive power can be expressed as: 
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The RMS value of the modulated voltage is obtained by inverting the equation. 

VQ
V
LV refgrefRMS += __ 3

1 ω  (R.III-7) 

III.4.7.Control capabilities of the PV based active generator 

For dispatchable DGs the power reference is sent to the Local Controller of the generator. 
Inverter control is thus a very important main concern in MG operation since it will give or 
will not give new control flexibilities to the grid operator.  

Classical PV generators are controlled with a grid following strategy since that their 
primary energy is volatile (Chapter 1, Section 5). The grid following control strategy has been 
applied for the studied PV based active generator in Chapter 2 (Section 2) for the normal 
operating mode. In a disconnected mode a “power dispatching strategy” must be used to 
control the DC bus voltage. Finally a “power dispatching strategy” for both operating modes 
has been developed to unify the local control system of the DG. 

As the PV active generator has embedded batteries (energy storage units) the availability 
of enough energy can be guaranteed as long as the storage unit is not empty and can be used. 
In this condition a “power dispatching strategy” can be implemented for this DG and the 
availability of the embedded energy power must be known and managed by the MGCC. This 
organization will be detailed in the next chapter. 

III.5.Control system for microgrids 

III.5.1.Objectives and tasks 

The energy control system should respect the following criteria, which govern the 
operation of an electric power system: Safety, quality, reliability, economy [Eih 00]. The 
safety is the first criterion and the most important criterion. The consideration of the safety 
covers the personnel, the environment, and the property in every aspect of system operations. 
Quality is defined in terms of variables, such as frequency and voltage that must conform to 
certain standards to accommodate the requirements for proper operation of all loads 
connected to the system. Reliability of supply does not mean a constant supply of power, but 
it means that any break in the supply of power is one that is agreed to and tolerated by both 
supplier and consumer of electric power. Making the generation cost and losses at a minimum 
motivates the economy criterion while mitigating the adverse impact of power system 
operation on the environment. 

So, in order to the preceding criteria, the following tasks should be performed for an 
operating power system: 
- The real power balancing between the generation and the load, 
- the reactive power balancing for the voltage regulation, 
- the optimum generation scheduling for limiting the cost and environment impact of the 
power generation, 
- the security of the network against credible contingencies.  

These tasks require protecting the network against reasonable failures of equipment or 
outage. 
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III.5.2.Communication system 

To automate the operation of an electric power system electric utilities rely on a high 
sophisticated integrated system for monitoring and control. Such a system has a multi-tier 
structure with many levels of elements. The bottom tier (level 0) is the high-reliability 
switchgear, which includes automatic equipment such as protective relays and automatic 
transformer tap-changers. Tier 1 consists of tele-control cabinets mounted locally to the 
switchgear, and provides facilities for actuator control, interlocking, and voltage and current 
measurement. At tier 2, is the data concentrators/master remote terminal unit, which typically 
includes a man/machine interface giving the operator access to data produced by the lower 
tier equipment. The top tier (level 3) is the supervisory control and data acquisition (SCADA) 
system. The SCADA system accepts tele-metered values and displays them in a meaningful 
way to operators, usually via a one-line mimic diagram. The other main component of a 
SCADA system is an alarm management subsystem that automatically monitors all the inputs 
and informs the operators of abnormal conditions. 

III.5.3.Control functions and management tasks 

a. Presentation 
Normally there are two types of control implemented in an electric utility. The EMS is for 

the operation of the generation-transmission system. And the distribution management is for 
the operation of the distribution system. The two systems are intended to help the dispatchers 
in better monitoring and control the power system. In this thesis, we focus on the EMS. 

System dispatchers are required to make short-term and long-term decisions on 
operational and outage scheduling on a daily basis. Moreover, they have to be always alerted 
and prepared to deal with contingencies that may arise occasionally. We can classify these 
functions in the following manner: base functions, generation functions, network functions. 

b. Base functions 
The required base functions of the EMS include: 

- the ability to acquire real time data from monitoring equipments throughout the power 
system, 
- the processing of the raw data and the distribution of the processed data within the central 
control system. 

So it consists of data acquisition, supervisory control, logical alarming, sequence of 
events function, historical database, automatic data collection, load shedding function, safety 
management and etc… 

c. Generation functions 

The main functions that are related to operational scheduling of the generating subsystem 
involve the following: load forecasting, unit commitment, economic dispatch and Automatic 
Generation Control (AGC), interchange transaction scheduling with the distribution grid. 

d. Network Functions 
Network applications can be subdivided into real-time applications and study functions. 

The real time functions are controlled by real time sequence control that allows for a 
particular function or functions to be executed periodically or by a defined event manually. 
The network study functions essentially duplicate the real time function and are used to study 
any number of “what if” situations. The functions that can be executed are: 
- Topology processing (model update) function, 
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- State estimation function, 
- Network parameter adaptation function, 
- Dispatcher power flow, 
- Network sensitivity function, 
- Security analysis function, 
- Security dispatch function, 
- Voltage control function, 
- Optimal power flow function. 

III.5.4.Time scale analyzing and implementation constraints 

The microgrid supervision can be analyzed through various functions, which are 
classified in a timing scale (Figure III.18). 

 
Figure III.18 Timing classification of control functions in the context of microgrid 

The short-term power balancing corresponds to a primary control and includes: 
- the real time “Balancing and power dispatching” among DG units and storage units 
according to the storage level capacity and to the specific requirements/limitations of each DG 
unit, including available power from Renewable Energy Based Generators (REBG), 
- the RMS voltage regulation and primary frequency control.  

The medium-term energy management includes: 
- the adjustment of renewable energy source production and load prediction each half hour, 
- the available storage energy estimation, 
- the correction of power set-point of each source each half hour, 
- the secondary regulation supply for the system ancillary services. 
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The long-term energy management corresponds to a secondary control and includes: 
- the hourly “RES production forecast” including the time dependency of the prime source, 
environmental impacts and cost of generation, 
- the management of non-sensitive loads that may be disconnected/shed according to the 
supervision requirement, 
-  the maintenance intervals, 
- the provision of an appropriate level of power reserve capacity according to the electricity 
market and the load demand forecast. 

In a classical vertical integrated electrical system, the long-term energy management is 
implemented by the Grid System Operator and the short term power balancing is implemented 
into generators. 

For supplying these functions, DG’s must be coordinated either in a grid connected mode 
or an islanded mode of the microgrid. Two types of system managements exist [Kat 08] [Ped 
08] [Li 09]: 
- The short term power management by sensing electrical quantities is achieved by using the 
knowledge of physical quantities at the Point of Common Coupling (PCC) [Las 02] [Kat 06] 
and a droop characteristic control; 
- The long term and medium-term energy management require a communication network to 
exchange information and control signals [Dim 05] [Bar 05] [Gaz 06] [Deg 06] [Dim 07]. 

The details of both control schemes are presented in the following paragraph. Discussions 
about the choice for our studied microgrid are carried out. 

III.5.5. Power management by sensing electrical quantities 

a. Basic concept of droop controllers 
In a power system all generators must respond in a coordinated manner to a variable load 

in real time: the global balance of power must be ensured at the same time as the main 
parameters (voltage, frequency) must be controlled. In Europe, existing electrical networks 
have been developed after the Second World War. At this time, communication 
infrastructures were limited. Coordination of all generators has been implemented through the 
measurement of two grid physical dynamic quantities: the frequency and the RMS value of 
the voltage [Las 02] [Kat 06]. With these data, a droop characteristic control performs the 
coordination of generators with a frequency/real power droop characteristic and 
voltage/reactive power droop characteristic in order to share the adjustment of the total 
demand for real and reactive power. This function is mainly provided by the speed governors 
and voltage regulators and ensures a stable operation of several DGs connected in parallel. 

For example, when the frequency deviation exceeds a pre-defined threshold value, the 
characteristic modifies the power reference in order to increase or decrease the generated real 
power to restore the power balance. The primary frequency control contribution of a generator 
is based on a droop constant, which gives the additional power that is supplied as a function 
of the frequency deviation: 

( )ffkfkP refg

)
−−=∆−=∆ 0_  (R.III-8) 

0f  is the frequency in the normal operation (50 Hz for the studied case), f
)

is the sensed 
value of the frequency. Hence the reference of the generated power will move from the value 
in normal conditions (point 1 in Figure III.19) to another value (point 2 in Figure III.19). After 
restoration of the power balance by the primary control, the system is stable (point 2 in Figure 
III.19) but at another frequency ( 1f ). 
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Figure III.19 Idealized static characteristic of the power/frequency control 

The power/frequency constant is calculated as:  

0

_1
f

P
s

k ratedg=  (R. III-9) 

With the droop: %5=s and Pg_rated is the maximum available power, which can be exported to 
the microgrid. 

For the reliability and stability of a power network, a voltage/reactive power droop 
control is also necessary. With small errors in voltage set points, the circulating current can 
exceed the ratings of the DGs. This situation requires a voltage and reactive power droop 
control. The reactive power generated by the MS becomes more capacitive, the local voltage 
set point is reduced. Conversely, as reactive power becomes more inductive, the voltage is 
increased. 

b. Application to MG 
Each grid connected inverter of DGs must have an external power loop based on a droop 

control, called also as autonomous or decentralized control, whose purpose is to share active 
and reactive power among DG units and to improve the system performance and stability, 
adjusting at the same time both the frequency and the magnitude of the output voltage. 

As a real power reference is required, the only usable strategy is the « Power dispatching 
strategy » as shown on Figure III.20. Then the magnitude and frequency of the output voltage 
directly influence generated currents through droops. The “PQ mode” and the droop control 
are implemented in the Local Controller (LC) of the DG.  

The main advantage of this method is its simple hardware implementations, since the 
development of central supervision devices is unnecessary. Moreover this local 
implementation enables a very fast response and then a good adequacy for frequency control 
and RMS voltage regulation.  
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Figure III.20 Droop controllers for the « Power dispatching strategy » 

This organization works in an autonomous way and sometimes is called “non interactive” 
(Figure III.21) since it is not coordinated with a higher control center. In this case power 
references 0_refP  and 0_refQ  in Figure III.21 are constant. The main disadvantage is the fact 
that an optimization function of the microgrid can not be designed with accuracy, since no 
sufficient information is known from operating points of other generators in the electrical 
system. 
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Figure III.21 Setting of DG control strategies in a “non interactive” organization 

III.5.6. Energy management by signal communication 

a. Presentation 
If a communication network can be used then power references (as example, references 
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0_refP  and 0_refQ  in Figure III.20) can be changed to implement an energy management of each 
DG in order to optimize the global operating of the microgrid. This “interactive“ control can 
be implemented with an enough low dynamic for the changes of power references in order to 
faithful the time delays of the communication network. So it is suitable for the long term 
energy management of DGs. Control by signal communication enables information exchange 
and includes three categories of controllers as described in [Kat 08]: 
- Distribution Network Controller (DNC); 
- Micro Grid Central Controller (MGCC); 
- Local Controllers (LCs), which are associated with generators or loads. 

This type of system organization implies either a centralized control achieved by a global 
supervision function [Deg 06], either a decentralized control, which uses the results of 
negotiations between agents of every LC functions (multi-agent systems) [Dim 05] [Dim 07]. 

The DNC is intended for an area in which more than one microgrid exists. It does not 
belong to the microgrid but is the delegate of the distribution network. The main interface 
between the DNC and the microgrid is the MGCC. The MGCC assumes different roles 
ranging from the maximization of the microgrid value to the coordination of LCs. In part III.4, 
several LC strategies in order to implement the received set points have been presented. 

In a centralized operation, each LC receives set points from the corresponding MGCC. In 
this context the MGCC corresponds to a virtual utility or an aggregator at the decentralized 
step, as explained in paragraph II.2.1. In a decentralized operation, each LC makes decisions 
locally. 

b. Centralized control: Micro Grid hierarchical control 
The centralized approach suggests that a central processing unit collects all the 

measurement and decides next actions for a coordinated operation inside of the MG (Figure 
III.22). The goal is to coordinate and to schedule generators and controllable loads in order to 
maximize the revenues from energy market participations. 
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Figure III.22. Centralized control of a microgrid in an “interactive” organization 

The MGCC is responsible for a real time provision of set points for micro sources and 
controllable loads. Here he is a virtual utility who manages a dedicated electrical network 
(here a microgrid) as explained at the decentralization step in paragraph III.2.1. The controller 
and communication infrastructure are constructed to allow optimal operation of the whole 
micro grid system. Real time information of the production and consumption in MG is 
collected at the central controller via a fast and reliable communication system. An advanced 
information and communication infrastructure is required, but an optimal operation 
economically and reliably can then be obtained. The central controller monitors the system 
frequency, real time production/consumption in the microgrid, and energy and ancillary 
service market information, calculates and communicates the appropriate set-points for each 
individual micro source and responsive load based on the available forecast of market prices 
and the availability of micro-sources and responsive loads. Nowadays most small scale 
generators do not have local frequency controller implemented. The communication system 
enables the exchange of the required data between the central controller and each source/load, 
playing a central role in such implementation. 

With a centralized control method, the MGCC takes into account constraints in order to 
perform an optimization operating. The constraints can be: 
- generators, dispatched DGs and loads operating points, 
- market prices, 
- network security constrains, 
- demand and/or renewable production forecasts. 

This optimization is achieved by receiving the information from LCs and by sending the 
control references to LCs.  

The MGCC calculates the control reference and the necessary data for the optimization, 
such as: 
- Power references for generators and dispatched DER units; 
- Set points for the non-critical loads; 
- Market prices for the next optimization period.  

Therefore, the LCs can adjust their own operating points by using the reference signals 
send by the MGCC. 

Based on management tasks (Chapter II.5.3), the MGCC is constructed by considering a 
formulation of constraints, an implantation of economic optimizations and an interface with 
LCs (Figure III.23) 

The constraints depend on the weather forecasts, which have an impact on the daily load 
profiles and the energy potential of the intermittent renewable primary sources. The 
exploitation cost of microgrid generators is present in the constraints and also the environment 
impacts (by taking into account the generators using fossil energy, the efficiency of different 
generators…).  

On the technical level, the ancillary services for the whole microgrid are quantified and 
dispatched to the different generators. Moreover, the function mode of every generator is also 
specified. From available information (the frequency, the AC bus voltage, the storage level, 
etc.), these algorithms make the necessary decisions for the generators, in order to provide a 
correct function of the microgrid. 

The interface in the MGCC enables the real-time generation of the references for each 
generator according to a selected function mode. It shapes also the information of generators 
about their availability (set point, storage level, production potential, etc., an example is given 
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in the appendix 7 of the [Li 09]). 

Figure III.23 illustrates the information exchange path in a central supervision and 
indicates that a two-way communication bus between the MGCC and each LC is required for 
control signals and information signals of the generator. The communication can be 
performed through electric cables, optic cable with photoelectric devices, telephone lines, 
power line carriers, or a wireless transmission, an intranet or the internet, etc. For our 
experimental work, an Ethernet communication system is used to communicate the signals 
between the central supervision and the LCs. The details will be given in the last chapter. 
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Figure III.23 Architecture of a MGCC 

The economic considerations and the prevision are not in the scope of this PhD thesis. We 
will focus on the power dispatching, the energy management and the ancillary services 
supplies, which are the basic element to ensure the operation of our studied microgrid. Other 
considerations can be integrated by modifying our achieved fundamental functions. 

The architecture of the MGCC for the grid connected mode with a distribution network 
will be detailed in chapter 4. The microgrid is then considered by the DNC as an independent 
electricity producer and a specific interface has to be developed in order to synthesis the 
necessary information for the MGCC (Figure III.23). 

c. Decentralized control: Multi-Agent System (MAS) 
The decentralized approach suggests that advanced controllers are installed in each node 

forming a distributed control system.  
This is the case for the primary control of the frequency and the voltage. The controllers 

are tuned with a predefined droop characteristic so that it can react to system frequency 
changes and voltage changes. 
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For implementing a full decentralized control concept, the intelligent Multi-Agent System 
(MAS) approach is a good solution [Dim 05]. The MAS approach can solve certain specific 
operational problems in the MG. Since the DERs have different owners and several decisions 
should be taken locally, an unique centralized control is difficult. Furthermore because of a 
liberalized market, the decisions of the controller of each unit concerning the market should 
have a function of intelligence. At last, for the local DERs besides deliver power to the grid, 
they have  also other tasks: producing heat for local installations, keeping the voltage locally 
at a certain level or providing a backup system for local critical loads in case of a failure of 
the main system [Dim 04] [Hat 05]. These tasks suggest the importance of the distributed 
control and autonomous operation. 

Dimeas and Hatziargyriou [Dim 05] have described four kinds of agents: production 
agent, consumption agent, power system agent and MGCC agent. The MGCC agent has only 
coordinating tasks and more specifically it announces the beginning and the end of a 
negotiation for a specific period and records final power exchanges between the agents in 
every period. In the market environment, three control levels are distinguished: 
- Distribution Network Operator (DNO) and Market Operator (MO) at the level of the MV; 
- MGCC; 
- Local controllers (LC), which could be either micro source controllers or load controllers. 

The main interface between the DNS/MO and the MG is the MGCC. The MGCC is the 
main responsible for the optimization of the MG operation, or alternatively, it simply 
coordinates the LC, which assumes the main responsibility for this optimization.  

A main feature of the MAS is that the software within each agent can embed local 
intelligence. Each agent uses its intelligence to determine future actions and independently 
influences its environment [Reh 03] [Bar 05] [Dim 07] (Figure III.24).  

An intelligent microgrid requires a fairly advanced communication system with 
capabilities similar to the human speech; for example, the Agent Communication Language 
(ACL) provides an environment for information and knowledge exchange. The need for a 
high-level communication environment can be shown by considering the communication 
needs of two agents within a microgrid. For example, at a given time one may have an 
instantaneous surplus of 1,500 W and the other may need 500 W. It is neither efficient nor 
required to provide the exact values, since the situation can change within a short time. The 
ACL provides the environment to exchange messages of the form “I have currently some 
watts and do not expect to use them in the next 30 minutes” or “I need a few extra watts in the 
next 30 minutes.”  

The agents exchange not only simple values and on-off signals but also knowledge, 
commands, beliefs, and procedures to be followed through the ACL. For example, the agent 
that controls a load can participate in the local micro-grid market by sending a request 
message to all DER agents stating the amount of required energy. Furthermore, its object-
oriented nature and data abstraction enables each agent to handle only the necessary or 
allowable information and knowledge.  

Figure III.24 shows a decentralized microgrid control structure. The higher level (“Agent 
of DNC”) corresponds to a medium-voltage network (grid level) and its agent is responsible 
for communication between the microgrid and the DNC and the message exchange regarding 
the energy market. The medium level is the management level in which the agents of all 
MCCs coordinate:  
- Controllers of DER/load units; 
- Market participation; 
- Possible collaborations with the adjacent microgrids.  
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Figure III.24 MAS architecture for a decentralized control of a microgrid in an “interactive” 

organization 

In Figure III.24, the left part shows multi microgrids connected to a distributed network 
and the topological structure of their controllers. In a micro grid, its MGCC is charged for the 
communication among all the controllers inside of this microgrid and also the external 
communication with the other MGCC and the DNC.  

The right part of Figure III.24 shows the MAS architecture. In order to control all the 
DERs inside the microgrid and make the electrical system operate in an economic and 
environmental optimal mode, the discussions among the agent of each LC and the MGCC are 
implemented.   

The bids and the offers result from negotiations among the local agents (“Agent of LC”). 
Operation of LCs requires an external part and an inner part. The external part provides 
interface with the microgrid and is identical for all LCs to exchange set points, bids and 
commands. The inner part is specific to each LC and responsible for translating orders and/or 
set points and applying them to the corresponding unit.  

The main challenge of this method is to develop communication functions such that a 
new functionality requires minimum changes in the agent-based software. To add a new 
functionality, all that should be required is to train the agents to deal with a new type of 
message or a new object. The method is also used to coordinate a large amount of production 
systems whose task can not be easily clarified. However, in our studied microgrid, each of the 
three typical production systems has respectively specified task (a dispatchable generator for a 
long-term power management, a non-dispatchable generator for a MPPT power generation, 
and a storage system for a short-term power management). The method necessitates also the 
construction of a complicated communication interface. This is not the case of our application, 
in which only some simple communication interface devices are available.  

Therefore, the centralized microgrid control is chosen for our study. 
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III.6.Conclusion 

In this chapter a cluster of DGs is proposed to form a micro grid in order to achieve 
technical and economic benefits. Through advanced control and communication, these 
integrated DGs should be more controllable, flexible for the grid operator and competitive for 
the economic market. Some research projects and practical demonstration with micro grids 
around the world are exposed. 

Different control approaches for the grid connection can be implemented in a DG and are 
presented according to the operating mode of the microgrid. The islanded mode and the grid 
connected mode imply various control strategies for the DGs : the PQ mode (slave) mode and 
Vf (master). In a PQ mode, the generator controls the active and reactive power injected to the 
network. In a. Vf mode, the generator controls voltage and frequency at its terminals. In a grid 
connected mode, all generators are in PQ mode and inject powers to the grid because the 
voltage and frequency of the electrical system are imposed by the main distribution network. 
In the islanded mode, one of the generators, the master, works in Vf mode by controlling both 
the voltage and frequency of the system and therefore absorbing the power imbalances that 
can occur, whereas others generators, slaves, working in PQ mode. 

All generators in large electrical power systems are coordinated through droop 
characteristics without fast communication networks. 

In a grid connected mode, the balancing between generators and loads and the control of 
main electrical parameters (voltage and frequency) are guaranteed by the main distribution 
network. Consequently, the generators can be operated to maximize the economic exploitation 
of the facility in terms of the sale of energy. 

The organization of a micro grid control system is recalled as well as new requirements 
for welcoming DGs: 
- The management of dispatchable real and reactive power, 
- The voltage/frequency control and the utility controlled islanding. 

In the next chapter, a centralized control system with a hierarchical structure for a Micro 
Grid will be proposed by using a communication bus for information exchanges between 
embedded Local Controllers in DG and a central Micro Grid Central Controller. The long-
term energy management and short-term power management of the MGCC for the whole 
Micro Grid will be detailed. 
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Chapter IV.Planning and energy management system of a 
residential micro grid 

IV.1.Introduction 

The building sector currently accounts for 18% of emissions of greenhouse gas 
emissions and 65% of the French electrical consumption [BEF 08]. Past oil crisis and more 
recently the risks of global warming caused by the massive release of greenhouse gas 
emissions, impose new obligations in energy saving and reduction of home electrical 
consumption. The evolution in the building industry tends to the construction of healthy 
buildings, intelligent, high environmental quality and with positive energy. The goal of 
positive energy buildings is to design long-term buildings that do not consume more than 
they produce, with a view to increase the energy autonomy of the individual home. Currently, 
the annual consumption in the residential sector is 250 kWh / year / m², the objective for 
new homes are 80 kWh / year / m². The research project at the European level sets as goals 
to reach 40 kWh / year / m² in 2025 and Positive Energy in 2050. 

Another changing factor is the liberalization of the electricity market and the opening to 
new producers. Home sources (meeting the needs of the building sector) concerns only the 
modular small power generation (less than 1 kW to several tens of kW) and are connected to 
the grid at low voltage (LV). Most interesting technologies for the residential and tertiary 
sector concern PV generators and cogeneration. Photovoltaic systems have now a relative 
maturity even if new improvements of energy performances are awaited and that their 
current deployments will induce a significant reduction of costs. The increasing of PV 
generators connection and decentralized electricity producers into power grids is causing 
strong structural changes within the electrical energy supply. The number of new 
connections of PV facilities has increased dramatically in France since the new feed-in 
tariffs of PV based electricity in July 2006. In March 2010, a 422 MW amount of PV 
production was installed in the French distribution network that is 106% more than in 
December 2009 (200 MW) [ERD10]. In addition, the rated power of a single producer is 
generally less than 3kW and represents nearly 92% of the total PV producers connected to 
the low voltage distribution network. This increasing of decentralized PV producers 
generates locally many troubles in the grid. As explained in part III.2.1, their system-
compliant integration into the supply process must be performed in order to enable their 
extensive expansion. As example, in a residential network with all homes equipped with PV 
panels, the total produced power may be higher than the consumed power and so induce 
overvoltage. In this case a part of the PV power has to be switched off by the grid operator. 
The PV power is no longer valued. Hence the arrival of 100% green energy production 
induces new requirements to manage technically and economically the network automation 
processes in an efficient manner. 

Because of the intermittent and fluctuate power generation based on the renewable 
energy, these generators can not actually provide services to the electric network. As shown 
in chapter 2 integration of energy storage units in a renewable energy based power 
generation system makes these generators more active for the ancillary services supply. 

Moreover, an international trend suggests feed-in tariffs will disappear with a price drop 
over a few years. A sale of the entire production would be less interesting in the future. It is 
already the case in Germany, with the new GET regulation tariff subsidizing self-
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consumption of renewable energy systems for a rated power below 30 kW [EEG 09], [RIF 
09]. A recommendation from European research groups [EUD 04] is the abandonment of 
fixed prices for electricity. Such abandonment would increase the interest among other smart 
control of the customer loads by using tariff changes in the day to optimize its own 
production and consumption. Dispersed generation brings benefits in particular the 
flexibility of production and consumption that can be adapted to price. As example, in 
chapter 2, a standardized interface of the active generator’s local controller between the 
energy sources and the grid has been developed with the possibility to store locally a part of 
the PV electrical production or to generate more power as the one available from the 
renewable source if it is necessary. 

This chapter describes a practical application concerning the energy management of 
active PV based generators for the buildings, as part of the ANR project SUPERENER: 
“Energy supervision of dispersed production plants for the provision of ancillary services in 
a microgrid”. This project brought together different partners: Ecole Centrale de Lille, Arts 
et métiers ParisTech, Hautes Etudes d’Ingénieur. The application aims at establishing a 
smart electrical system for the management of energy in a residential district to better 
promote the use of PV energy produced locally. The project adopts a medium-term vision 
where purchase prices will be scaled back or disappears. To this end, the building has no 
incentive to inject all the energy produced. It will rather consume it locally or store it if there 
is a surplus to export it later or shed or defer controllable loads in case of peak demand. The 
PV active generator is linked directly to a central energy management system via an 
Internet-based communication network. This proposed smart grid organization is designed 
to facilitate the organization, operation, optimization and the clustering of DG’s. Hence a 
main contribution of this chapter is to derivate microgrid concepts to implement an active 
participation of PV active generators via this system organization and control schemes 
previously presented in chapter 3. 

So in section II, the integration of the presented active generator in a home is first 
presented. A cluster of producers-consumers is organized into a residential electrical network 
and are interfaced within an aggregator via a communication network. Then microgrid 
concepts are used to define control functions, to locate them and to organize the control of 
the residential microgrid system. Tasks of the microgrid energy management are recalled 
and the strategy is exposed. 

In section III fundamental techniques for the PV power forecasting as well as for the 
load forecasting are presented. Then data are processed to estimate the different available 
and required energies.  

The daily power planning for the different generators is detailed in section IV and a 
determinist algorithm is proposed to satisfy the different constraints. 

Unavoidable forecasting deviations are taken into account each half of an hour by the 
medium-term energy management in section 5. 

The control system of the active generator is modified in order to implement control 
functions for the short-term power management of the microgrid and the dispatching of the 
producer-consumer. Section VI describes the local controller in charge of the coordination of 
home energy resources whose function is to satisfy grid power references.  

Finally, the implementation of the residential network on the L2EP experimental 
platform: “Distributed Energy” is presented and experimental results concerning the 
penetration ratio of PV production are given in the last section. 
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IV.2.Residential network application 

IV.2.1. Integration of the active generator in a home 

For several decades, utilities try to partially adjust loads to market constraints (economic) 
and network (technical) through a demand side management. A demand side management 
refers to a set of scenario whereby the consumer can reduce energy consumption during 
peak usage or other critical energy use periods. It is based on different payment/incentive 
schedules that can be classified into two families: 

Demand response is based on price signals that are used to motivate customers to 
change its load profile. In this scheme customers manage voluntary their loads by 
curtailing/shedding some electrical loads at peak times. The price is higher during peak 
hours for customers to move their loads during hours when electricity is cheaper. Demand 
response can be implemented by a dynamic pricing and then customers pay for the used 
electricity according to a specific pricing structure (hourly pricing, time of use, critical peak 
pricing, …). Or, demand response can be also implemented by a (day-ahead) notification 
program and then customers are paid an incentive or pay a penalty based on a calculated 
load reduction. 

Another option is the direct control of some loads. In this case customers offer the 
ability to switch ‘off” and ‘on’ loads under certain circumstances. 

In this context electrical vehicles and their batteries will play an important role in the 
future as a possible flexible load and a possible storage of the local PV electrical production. 

Figure IV.1 shows a home application with PV panels and storage units and a demand 
side management capability via some controllable loads.  

 
Figure IV.1 Prosumer with load demand response and electrical production capabilities. 

During the day this home application may be a power producer or a consumer and is 
also known as a “prosumer”. 

A few years ago, Energy-boxes (E-boxes) were developed in order to follow energy 
consumption. They have been upgraded to increase consumer satisfaction with various 
options for automatic control of some loads. This customer-enabled management provides 
opportunities for consumption adaptation to time pricing and new grid services for higher 
quality power supply (Yellow Strom’s meter, Linky meter …). The concept of placing a 
smart driver at the grid coupling point allows the integration of all technical components 
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(processor card, relays, communication devices, sensors …) required implementing 
strategies for energy management. This concept must be kept and upgraded to enable also 
the management of the storage and PV systems.  

Here advanced E-boxes with on-board intelligence are considered. They receive signals 
from a grid operator and are able to reduce home demand or increase power production as in 
the NEDO project of Ohta City [Har 09],[Mar 07]. The home has a dedicated connection for 
the injection of energy to the distribution network (Figure IV.2). The E-box integrates at 
least three functions: a load manager, an advanced meter and a local energy management. 
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Figure IV.2 Advanced energy box 

IV.2.2.Residential network and electrical system organization 

The load manager enables customers to automatically pre-program appliances to turn on 
when prices are lower or to create energy consumption habits, such as: uninterrupted supply 
of critical loads, time programmable use, etc. Moreover it can reduce a part of the home 
power demand when the grid is under stress by disconnecting offered controllable loads [Lu 
09]. An advanced meter feeds the local energy management system as well as the load 
manager. Moreover the utility is able to ping the meter. 

In this work a DC coupling of the PV system and storage systems is considered to form 
a home active PV generator (as presented in chapter 2). The interesting aspect of this hybrid 
generator is that it is able to deliver a prescribed power level (Pag_ref) like a conventional 
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generator (for example, a gas micro turbine). The local energy management thus allows the 
use of PV energy according to the grid operator requirement also when the sun is not shining. 
In this case batteries are tapped to provide the required power. To highlight the difference 
with conventional PV panels, this concept is called an active generator. Excess PV energy is 
stored in batteries for use when needed and the local real time power control is performed 
with ultracapacitors. The local energy management corresponds to a Local Controller of a 
DG. 

The E-box gives a remote control of facility to the grid operators. It enables faster 
adjustments to conditions and gives more flexibility to re-route power in a certain offered 
margin. 

The idea is to install small PV panels on roofs of all houses in a residential area with the 
aim of: 
- an energy optimization,  
- an economic recovery through the sale of energy generated locally and the delivery of 
services to the system and 
- the increase of the system reliability through the opportunity to work in islanded mode.  

A residential network with several prosumers with PV active generators, several houses 
with controllable loads and a micro gas turbine is considered in order to optimize the 
electrical and environmental operating (Figure IV.3). 

 
Figure IV.3 Residential network 

This studied power system is in a certain small area, all power generators and electrical 
loads are locally connected. So line losses and voltage drops can be ignored.  

All electrical power demands are based on the domestic loads of several residential 
homes. Loads are modeled by constant impedances. Loads are classified into critical loads 
and controllable loads in order to implement load shedding in islanded mode if necessary (as 
for the CERTS microgrid, Figure III.7). In this micro grid, the prime movers comprise the 
photovoltaic panels installed on the home’ roofs and a gas turbine. 

A considerable research activity is focused on the integration of large amounts of 
Distributed Energy Resources (DER) in the electrical system. The attention is now oriented 
toward the use of DER for improving grid operation by contributing to ancillary services, 
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increasing the energy reserve and reducing CO2 emissions. In practice, new facilities are 
expected to reduce congestion, to minimize the production costs and to maintain the 
frequency and voltage.  

These developments require a fundamental redesign of the grid control. Here an 
aggregated architecture of an urban power system is considered as a mean to facilitate the 
integration of distributed prosumers both in the electrical system and in the market. In this 
architecture, the aggregators are the key mediators between prosumers and consumers on 
one side and the markets and the other power system participants on the other side. The 
aggregators collect from the DSO (and the markets in future) the requests and signals for 
prosumers. They gather the “flexibilities” and the contributions provided by prosumers and 
consumers to form grid services and they offer theses services to the different power system 
participants through various markets [PEE 09]. At the prosumers’ premises, electrical 
appliances, distributed generation can be controlled and optimized by the energy box, the 
interface with the external world. This business and market organization is an example of 
the “decentralization step” in the development of the future grid (Chapter 3, Paragraph 
II.2.1). 
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Figure IV.4 Example of a system organization for the decentralization step 

IV.2.3.Application of microgrid concepts and global objective 

One way to apply the microgrid concept to the implementation of an aggregator is to 
coordinate home applications with conventional production units by a central Energy 
Management System (EMS) to form a microgrid (Figure IV.5). Here a centralized control of 
a microgrid in an ‘interactive” organization (Figure. III.22) is derived for the organization of 
the energy management system. The global objective consists in matching the total power 
production to demand in an optimal way [Kro 08]. This concept is pertinent in the 
framework of smart grids through the combined use of an additional communication 
network within an intelligent energy management system and local controllers [Lu 08], [Zho 
09]. This scheme is a step between current grid requirements and future needs. 
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Figure IV.5 Framework of the central energy management system. 

In this electrical system two types of generators are used: a gas microturbine and PV 
based active generators. All generators are grid connected with power electronic converters. 
Grid-inverter control is thus an important concern for the microgrid operation. 

The residential microgrid can operate in two different modes: the islanded mode and the 
grid- connected mode. The control algorithms for these two operating modes are different. 
[Li 09]. 

In the islanded mode, all the power demand is satisfied by the local power generators 
(PV panels and micro gas turbine). The gas micro turbine is chosen as the single master 
generator in the microgrid system because it is the main source of energy. Hence it is 
controlled in a “V f mode” (Chapter 3, paragraph III.4.6). PV based active generators are 
controlled in a “PQ Mode” with droop controllers (Chapter 3, Paragraph III.4.5). 

In a grid-connected mode, the residential network can provide or absorb the electrical 
power from the distribution grid and the voltage is imposed by the distribution grid. Then 
the micro turbine and the PV based active generators are controlled in a “PQ Mode” with 
droop controllers. A communication bus is used in order to share the grid control functions 
among all generators in an ‘interactive” organization (Figure III.22). In this chapter, the 
grid-connected mode is detailed. 

The microgrid central controller measures the microgrid state variables and dispatches 
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orders to micro sources through the communication bus. Local controllers (of the micro 
turbine and the PV based active generator) receive power set points from the micro grid 
central controller. In the same time they send various information, as example the sensed 
power production at the coupling point. Hence the MGCC has to manage the micro turbine 
and the PV active generator in order to control the microgrid.  

The design of a centralized control strategy for this MG is presented in this chapter. The 
global objective is to use in priority PV based active generators to power the residential 
network as well as the gas micro turbine can be used as a backup generator. To facilitate the 
presentation of theoretical developments a single prosumer and a micro gas turbine are 
considered in this microgrid (Figure IV.6). 
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Figure IV.6 Microgrid integration of a prosumer and a micro gas turbine. 

IV.2.4.Microgrid energy management 

a. Tasks and organization 
From a general point of view the task of the central EMS is to manage the power and the 

energy between sources and loads into the microgrid. The real and reactive power 
production must then be shared among the DG units (here a single prosumer) and the gas 
micro turbine. So the central energy management system must assign real and reactive 
power references and also other appropriate control signals to the DG units, conventional 
production units and controllable loads.  

The microgrid management has been analyzed through three various grid management 
functions that are classified in a timing scale: the long-term energy management, the 
medium-term energy management and the short-term energy management (Chapter 3, 
Paragraph III.5.4). Each layer is characterized by its goals, its degrees of freedom, its 
response time and its time horizon. 

According to the different management objectives, the proposed energy management 
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system is implemented in two locations: a central EMS of the whole micro grid for the long-
term and medium-term energy management and a local energy management system in the E-
box for the short-term power balancing (in real time). 

A communication between these two management units is set up because the data 
acquisition and information about the states of each resource (such as the SoC and the real-
time produced power …) are very important for the central EMS of the microgrid. Control 
orders from the microgrid central energy management are also sent to the local controllers 
(Figure IV. 6).  

b. Strategy 
In order to integrate active generators into the electrical system, the central energy 

management has to be upgraded. Control systems of electrical generators in a power system 
are characterized by adjustment criteria of the produced electrical power according to the 
request, depending on the economic value and under different constraints uncertainty. The 
design of a power planning should take into account many criteria for the operation, such as: 
- The operating of generators; the reference provided to them should not cause a loss of 
performances or modify its characteristics, such as the reducing of the lifespan; 
- The efficiency; references must use generators in their power range where the operating is 
optimal. 

Finally, criteria to be considered are numerous and contradictory and therefore, the 
obtained planning is generally a compromise between performance and robustness. 

The strategy adopted here is based on a prediction of loads and PV production. The load 
curve is not known a priori, it is predicted, the day-ahead from data sets of the past days, 
measurements and predictions of weather. The power planning must optimize the operation 
of the microgrid in terms of technical, economic or ecological on the basis of available 
information (network state, availability of generators, consumption forecasts, current rates, 
etc.) and determines the electrical production planning.  

The medium term management monitors planned references and corrects each half of an 
hour deviations from the load predictions. 

Several functions in the central EMS have to be modified or created as power prediction 
of the renewable energy, load forecasting, energy storage reserve, peak shaving, maximized 
use of renewable energy source, reduction of CO2 emissions and new power planning. A 
deterministic approach is studied for the design of the microgrid energy management system, 
by having information on the load demand and PV production. So in the next section 
forecasting techniques are presented and the processing of data for the design of the long-
term energy management is presented.  

IV.3.Forecasting techniques and processing of data 

IV.3.1.PV power prediction 

In the studied case, the naturally poor predictability of the solar energy level is a 
weakness for the purpose of its use in an electric system. Photovoltaic panels provide 
electrical power only during the day with a power peak around the midday. Meanwhile huge 
production variations may occur.  

As example, frequent huge fluctuations of the PV power production during 16h-18h can 
be shown on the recorded data at our laboratory (Figure IV.7). Moreover, one other 
disadvantage occurs during the winter, when the maximum power consumption peak in the 
grid meets with the moment of sunset. However, according to the historic data the obtained 
power prediction can be adapted more and more accurately to the real situation by means of 
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predictive models and studies.  

 
Figure IV.7 Recorded PV power production data at L2EP - Art et Métiers ParisTech (Lille, France) 

(11/05/2008) 

The produced power output of PV panels as a function of time, can be written as the 
sum of two functions: on one hand, the “typical” curve that corresponds to an irradiation 
profile with a clear sky, and on the other hand, a “stochastic” curve that is a function of the 
cloud coverage [Cop 10].  

The correlation is determined between weather predictions of the evening before and the 
measured PV power output. A least square method can be applied to calculate the best 
possible prediction of a local PV power production based on irradiation predictions of 4 
meteorological stations. The success of the prediction is strongly dependent on the weather 
type. In 20% of the studied days in [Cop 10] the error between production and prediction 
was more than 100%.  

The “typical” curves for two PV-systems at different locations correlate strongly, such 
that the total produced energy equals the sum of both systems. However, short-term 
fluctuations due to cloud coverage are not correlated for two different locations. In theory, 
two non-correlated signals are orthogonal and such the energy of the sum of two signals 
increases by a factor 2 [Cop 10]. But in practice, the cloud influence is not easy to forecast. 

In some applications, the sky photograph of a meteorological satellite is used for the 
cloud detection [Kle 08]. UC San Diego addresses forecasting of cloudiness through: 

- a continuous collection of a 1 second global horizontal solar radiation data at 8 DEMROES 
stations located throughout the 1200 acre campus, 
- a Total Sky Imager (YES TSI‐440, Figure IV.8) that takes hemispherical sky photographs 
and compute cloud fraction every 30 seconds. Cloud motion vectors are determined through 
pattern matching analysis of subsequent images, 
- a ceilometer to record cloud height and aerosol optical depth. 
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Figure IV.8 Hemispheric sky image showing raw sky image left and processed image with cloud 

identification (right). Yankee Environmental Systems 

For our residential application, a one day ahead PV power forecasting and a real-time 
PV power forecasting are used.  

The one day-ahead PV power forecasting is used for the 24-hours planning of the long-
term energy management and is based on the one day-ahead weather forecasting and the 
historic data. The forecasting gives a 24 hours PV power prediction with a constant value for 
each half-hour (Figure IV.9).  

The real-time PV power forecasting is used for the MPPT and for the real-time set point 
correction in the inner energy management of the short term energy management and for the 
real-time set point correction fin the short term power management. The real-time PV power 
forecasting is based on the real-time weather condition detections (solar irradiation, panel 
temperature, cloud identification etc.). 

 
Figure IV.9 24 hours ahead PV power forecasting 

IV.3.2.Load forecasting  

Load forecasting has many applications including energy purchasing and generation, 
load switching, contract evaluation, and infrastructure development. In this study, the load 
forecasting is used for the generation power planning and the energy management inside the 
micro grid. 

Load forecasting can be performed during different time scales according to the needs 
[Fre 08]. A forecasting longer than a year is used for the sizing for power systems. The 
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purchasing, the generation of electricity and the energy management of a power system 
require a load forecasting from one hour to one week or a load forecasting from a week to a 
year. 

The natures of these forecasts are different. For example, for a particular region, it is 
possible to predict the next day load with a 1-3% accuracy of approximately. However, it is 
impossible to predict 24h ahead the peak load with the similar accuracy since accurate long-
term weather forecasts are not available. 

Most forecasting methods use statistical techniques or artificial intelligence algorithms 
such as regression, neural networks, fuzzy logic, and expert system. Two methods, so-called 
end-use and econometric approach are broadly used for medium- and long-term forecasting. 
A variety of methods, which include the so-called similar day approach, various regression 
models, time series, neural network, statistical learning algorithms, fuzzy logic, and expert 
systems, have been developed for short-term forecasting [Mcm 98][ Mis 08]. 

As shown, a large variety of mathematical methods and ideas have been used for load 
forecasting. The development and improvements of appropriate mathematical tools will lead 
to the development of more accurate load forecasting techniques. The accuracy of load 
forecasting depends also on the accuracy of forecasted weather scenario. 

Important factors for load forecasting 
For short-term load forecasting several factors should be considered, such as time 

factors, weather conditions, and customers’ power demand behaviors.  

The time factors include the season in the year, the day in the week, and the hour in the 
day. There are important differences in load between weekdays and weekends. The load in 
different weekdays can also behave differently. For example, Mondays and Fridays being 
adjacent to weekends, may have structurally different loads than Tuesday through Thursday. 
This is particularly true during the summer time. Holidays are more difficult to forecast than 
non-holidays because of their relative infrequent occurrence. [Fre 08] 

Weather conditions are an important impact factor for the load. Forecasted weather 
parameters must be used for the short-term load forecasts. Various weather variables could 
be considered for load forecasting. Temperature and humidity are the most commonly used 
load predictors. An electric load prediction survey published in [Cho 96] indicated that in the 
studied 22 research reports, 13 use only the temperature, 3 use the temperature and humidity, 
3 use additional weather parameters and 3 use only load parameters. Among the weather 
variables listed above, two composite weather variable functions, the THI (Temperature-
Humidity Index) and WCI (Wind Chill Index), are broadly used by utility companies. THI is 
a measure of summer heat discomfort and similarly WCI is cold stress in winter. 

Most electric utilities serve different types of customers such as residential, commercial, 
and industrial. The electric usage pattern is different for customers that belong to different 
classes but is somewhat alike for customers within each class. Therefore, most utilities 
distinguish load behavior on a class-by-class basis. 

The following figures show the load forecasting curves and the real power consumption 
in France for several days [ERD 10]. 
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Figure IV.10 Load forecasting (orange curve) and real power consummation (blue curve) in 

France for July 20TH - 21TH, 2010 (MW) 

 
Figure IV.11 Load forecasting (orange curve) and real power consummation (blue curve) in 

France for July 18TH - 21TH, 2010 (MW) 

From the above two figures, the load forecasting results are very close to the real power 
consummation. But the forms of these two curves are different. The first one (Tuesday 20 
July, 2010) is a working day and the industrial loads and shops are a great part of the total 
power consummation. The second curve (Sunday 18 July, 2010) shows the situation without 
industrial loads. The first power peak is shifted to 13h00. For both days a peak appears at 
23h00 in reason of electric water heaters. 

During one year, differences are attributable to heating, which explains the difference in 
power peak levels between winter and other times in the year, and additional lighting 
consumption. In winter, the dark causes a peak around 19h later in the summer and mid-
season. Similarly, the lighting need in the morning in the winter locates the maximum 
consumption at 9h00, while it tends to shift to 12h00 when the sun rises earlier. 

For our residential studied case, the load forecasting is different from the RTE load 
curve because the industrial loads do not exists. A perfect knowledge of the residential 
consumption of the next day is unrealistic. Anyway a set of information can be used to 
estimate load profiles and can be used to determine decisions. Based on historic electrical 
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power production requirements for these residential homes in this region, the behavior of the 
loads in this micro grid can be forecasted and estimated. Several important factors influence 
the load in the electrical network: weather situation (temperature, cloudiness…), economic 
activity (huge modifications of load forecasting in the holidays), the legal working time and 
etc. The method of load forecasting is based on the meteorological data and the historical 
consumption data. About the availability of meteorological data, a similar service is already 
offered by Météo France, called "recepteurs météorologiques” with forecasts cut by quarter 
of a day, communicating with the METEO FRANCE centers through radio [MET 10]. 

A 24-hour-ahead load forecasting profile ( h_LoadP~ 24 ) is given in Figure IV.12 with data 
each half hour. For the study, the pattern of the studied home power consumption in a day 
has been characterized by five timing domains: 
- the morning peak (Figure IV.12, Zone A) related to the resumption of activities in homes, 
rail transport, industry and tertiary sector,  
- the lunch peak (Figure IV.12, Zone B), the sag in the afternoon (Figure IV.12, Zone C),  
- the evening peak (Figure IV.12, Zone D) due to end activities of the day in the office, the 
recovery of the residential consumption and the activity transportation peak and  
- the night sag (Figure IV.12, Zone E). 
At that time, consumption is restricted to continuous industrial processes, public lighting, 
electronic stand by devices and the winter heating. 

 
Figure IV.12 24-hour-ahead load forecasting ( h_LoadP~ 24 ) 

IV.3.3.Energy estimation 

a. Context 

In order to plan the power generation and implement the energy management algorithms, 
an energy analysis is necessary. The maximum available energy generated by the PV panels 
during the daytime, the consumed electric energy during the daytime and the stored energy 
in the batteries are all estimated values and are used to decide how much complementary 
energy generated by the back-up generator (Micro Gas Turbine) is needed. Therefore, the 
energy estimation from the forecasting data (PV power prediction and load forecasting) is 
essential. 

For the energy estimation the initial time point is the starting of the day ( 0t ) and the day 
duration is named ( t∆ ) (Figure IV.13).  
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Figure IV.13 Time axis for the PV power application 

The timing of sunrise is usually chosen as the initial time point ( 0t ). However for cloudy 
days or raining days, the initial time point may be changed, because the solar irradiation and 
the temperature influence the PV power production. The duration of the sunshine is also 
always changed. Both parameters depend on the season and the weather conditions. So in 
the morning, when, the initial time of a day ( 0t ) is set as soon as the PV panels start to 
generate the power for the first time. And the time tt ∆+0  is fixed at the start of sunset. 

b. Estimation of the available PV power 
The long-term PV power prediction is based on a half hour forecasting (Fig. IV.9). The 

scheduled energy of the PV production during each 1/2h interval can be calculated with data 
from the PV power prediction as:   
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The total PV energy for one day is the sum of all the previous calculated half hour PV 
energies: 
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c. Estimation of the required load energy 
In order to plan the production program, the energy, which is demanded by the load is 

also estimated during the same interval: 
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d. Estimation of the required stored energy 

The energy demanded by the load during the daytime is also necessary to estimate the 
energy difference between the PV power and the demanded power. If the PV power is not 
enough, the micro gas turbine has to generate more power to assure the power supply in the 
micro grid. If the PV power is more than the load during the daytime, the surplus PV power 
can be stored in the energy storage units (batteries). The energy difference ( hdiffE 2/1_

~ ) for 
each half hour can be estimated from the PV power prediction and the load forecasting: 

)(~)(~)(~
2/1_2/1_2/1_ tEtEtE hLoadhPVhdiff −=  (R. IV-4) 

Thanks to the energy storage devices, this energy difference ( hdiffE 2/1_
~ ) can be absorbed 

or compensated. The size of the storage device determines the capacity of the power 
absorption and the power compensation. Because of the rated power limit, the exchanged 
energy with the batteries during the half hour is limited. If we consider a constant rated 
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value ( max_batP ), we get: 

ebat

Te

bathbat TPdtPE ⋅== ∫ max_0 max_max_2/1_
~

 (R. IV-5) 

IV.4.Daily power planning / Setting of half-hour power references 

IV.4.1.Objectives 

In this studied case two power sources are considered: the PV based active generator 
and a micro gas turbine. Because of the renewable energy benefits (less gas emission and 
low operating cost), the PV based active generator is considered as the prior source and the 
micro gas turbine as a back-up source for the missing energy. The objective of the daily 
power planning is to calculate the power reference setting for each generator and each 
controllable load. In our studies, controllable loads will not be considered but additional 
information may be found in [FOG 09]. In this part, we focus only on the system 
management functions directly related with technical information, while the remaining 
functions such as forecasting and economic information are considered as idealized. 

IV.4.2.Constraints 

a. Battery power constraint 
A first constraint concerns the optimal charging/discharging of the batteries to increase 

their lifetime. There are four basic methods for charging batteries [Url 10b]: 

Constant voltage: A constant voltage charging is based on a stable DC power supply. The 
lead-acid cells used for cars and backup power systems typically use constant voltage 
charging.  
Constant current: A constant current charging varies the voltage applied to the battery to 
maintain a constant current flow and is switched off when the voltage reaches the level of a 
full charge. This design is usually used for nickel-cadmium and nickel-metal hydride cells or 
batteries. 
Taper Current: The charging is operated by a crude unregulated constant voltage source. 
The current diminishes as the cell voltage builds up. There is a serious danger of damaging 
the cells through overcharging. To avoid this, the charging rate and duration should be 
limited. This charging technique is suitable for SLA (Sealed Lead Acid) batteries only. 
Pulsed charge: A pulsed charging feeds the charge current to the battery with pulses. The 
charging rate (based on the average current) can be precisely controlled by varying the width 
of the pulses, typically about one second. During the charging process, short periods of 20 to 
30 milliseconds between pulses allow the chemical actions in the battery to stabilize by 
equalizing the reaction throughout the bulk of the electrode before starting a new charge 
cycle. This enables the chemical reaction to keep pace with the rate of inputting the 
electrical energy. It is also claimed that this method can reduce unwanted chemical reactions 
at the electrode surface such as gas formation, crystal growth and passivation.  

Generally, battery cycle life is defined as the number of complete charge - discharge 
cycles a battery can perform before its nominal capacity falls below 80% of its initial rated 
capacity. Lifetimes of 500 to 1200 cycles are typical. The actual ageing process results in a 
gradual reduction in capacity over time. In our studied case the lead-acid battery cycle life is 
limited. So some algorithms of charging and discharging should be used for improving the 
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battery life.  

The simplest and most obvious way of getting the maximum life out of a battery is to 
ensure that it always works well within its designed operating limits. There are however 
some further actions, which can be taken to increase the battery life. Most battery failures 
are due to an inappropriate charging. The use of a flexible charging algorithm and a 
protection system, which prevents the overcharging may not extend battery life but, at least, 
can prevent it from being cut short. 

In PV application, the battery charging source is the PV panels, which are an 
intermittent current source. So the intermittency of the PV power can not ensure a continue 
complete process of charging because the charging current usually varies greatly. In the 
chapter 2, ultracapacitors are added and a low-pass filter is used to erase all fast transient 
components in the charging current of batteries. In this chapter, another technique is used by 
setting a constant charging current during each half hour. And for ensuring the battery cycle 
life, the batteries are not discharged during the daytime. Even although the PV power is not 
enough for the power supply, only the micro gas turbine is asked for the power 
compensation. In the night, the batteries are discharged. This charging and discharging 
algorithm assures not only a high charging/discharging efficiency, but also increases the 
battery cycle life (one cycle of charging and discharging each 24-hour) [LU 08]. The depth 
of discharge is maintained between 0% and 70% during a normal operation to increase the 
battery lifetime. Here the storage battery capacity is 106 Ah. Moreover the rated battery 
power ( max_batP ) is also considered. [Url 10b] 

b. Micro gas turbine constraint 

The rated power of the micro gas turbine ( max_MGTP ) is 33kW. 

A start of a micro gas turbine needs much more fuel than a continuous operation with a 
constant generated power and it causes a lot of air pollution. Moreover the start should take 
several minutes if the turbine is cold. [Pil 02] 

In order to minimize energy losses and the gas emission at each start, the gas turbine 
should always work. Therefore, in the case of low power demand, the turbine is forced to 
work with a low power level ( _minMGTP ), corresponding to the minimum energy: 

TePdtPE MGT

Te

MGThMGT .~
min_0 min_min_2/1_ == ∫  (R. IV-6) 

IV.4.3.Determinist algorithm 

According to daily predictions of the available power and energy from the PV 
(   2/1_24_

~,~
hPVhPV EP ) and the required power and energy of the loads ( hLoadhLoad EP 2/1_24_

~,~ ), a power 
production planning for the prosumer ( 0ref_AGP ) and for the micro turbine ( 0ref_MGTP ) must be 
determined.  The central energy management system refreshes the power references each 30 
minutes. As no power is available from PV panels during the night, power references are 
calculated separately for the night and for the day. 

a. Day-time 

In the day ( tttt ∆+<< 00 ), and for each 1/2h period, two cases are considered.  

Case 1: If the available PV energy added with the minimum gas turbine energy is less 
than the demanded load energy ( hloadhMGThPV EEE 2/1_min_2/1_2/1_

~~~ <+ ), the PV panels can work 
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with a Maximum Power Point Tracking (MPPT) algorithm and all PV power is injected 
in the grid. The micro gas turbine has to generate the missing power: 

hPVrefAG PP 24_0_
~=  (R. IV-7) 

0_24_0_
~

refAGhLoadrefMGT PPP −=  (R. IV-8) 

with 0_0_ , refMGTrefAG PP the initial power references of the 24-hours power planning, 
respectively, for the PV active generator and the micro gas turbine. 

Case 2: Otherwise, the available PV energy added to the minimum gas turbine energy is 
more than the demanded load energy. The priority is then given to the renewable energy 
for the electrical production so that the micro gas turbine works with a minimum power 
and the active generator power is limited to the missing power: 

min_24_0_
~

MGThLoadrefAG PPP −=  (R. IV-9)

min_0_ MGTrefMGT PP =  (R. IV-10)

with min_MGTP the minimum power production of the micro gas turbine. 

The excess PV energy will be managed by the local controller. 

b. Night-time 

The energy management during the night ( htttt 2400 +<<∆+ ) depends on the available 
energy from batteries in homes. This energy ( batE~ ) can be estimated or communicated by the 
E-box to the central energy management system. In the night two cases are distinguished. 
For both cases batteries have to be discharged in order to be ready for charging the next day 
at 0t . According to the stored energy ( )(~

0 nTetEbat + ) and the rated energy (
max_2/1_

~
hbatE ), the 

available energy of batteries during the next 1/2h is obtained: 

[ ])(~,~min)(~
0max_2/1__2/1_ nTetEEtE bathbatresthbat +=  (R. IV-11) 

with : 
- resthbatE _2/1_

~ , the available battery energy for the next half hour, 

- max_2/1_
~

hbatE , the maximum battery exchanged energy for an half hour, 

- )(~
0 nTetEbat + , the stored energy in the batteries. 

Case 3: If the available stored battery energy, added to the minimum gas turbine energy 
is more than the demanded energy from loads ( hloadMGTresthbat EEE 2/1_min_2/1__2/1_

~~~ >+ ), 
priority is given to the active generator for the electrical production since it has enough 
previously stored energy from PV panels. The gas turbine will work with a minimum 
power: 
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min_24_0_
~

MGThLoadrefAG PPP −=  (R. IV-12) 

min_0_ MGTrefMGT PP =  (R. IV-13) 

Case 4: Otherwise, the stored battery energy added with the minimum gas turbine energy 
is less than the demanded energy from the loads. Then the power reference of the active 
generator is calculated in order to discharge batteries and the gas turbine must generate 
the missing power: 

Te
E

P resthbat
refAG

_2/1_
0_

~
=  

(R. IV-14) 

0_24_0_
~

refAGhLoadrefMGT PPP −=  (R. IV-15) 

The case where the battery energy is insufficient is then included. 
 Start 

Day 
tttt ∆+≤≤ 00

Night 

hloadMGTresthbat EEE 2/1_min_2/1__2/1_
~~~

>+  

Case 1 Case 2 Case 3 Case 4 

hloadhMGThPV EEE 2/1_min_2/1_2/1_
~~~ <+

 

 Figure IV.14 Determination of operating cases 

IV.4.4.Practical application 

In order to illustrate the theoretical results, the power planning (24h-ahead) is calculated 
with the load forecasting (Figure IV.12), as well as the estimated PV power (Figure IV.9) 
and with 0t =7h00 and t∆ =12h30. 

Estimations of the required energy during the day for the loads (
dayLoadE _

~ ) and the 
available energy from the PV panels ( dayPVE _

~ ) show that too much renewable energy is 
available (Figure IV.15). 

As the gas microturbine must produce the minimum energy during the day, the surplus 
energy is estimated as: 

max_min____
~~~~

batdayMGTdayLoaddayPV EEEEE <+−=∆  (R. IV-16) 

∫
+

=
ht

t MGTdayMGT dtPE
24

min_min__
0

0

~  
(R. IV-17) 

This energy can be stored in batteries. The required energy from the gas microturbine 
for the night operation is then deduced (Figure IV.16): 
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nightbatnightLoadnightMGT EEE ___
~~~ −=  (R. IV-18) 

With EE nightbat
~~

_ ∆= . 

day_MGTE~day_PVE~day_LoadE~  day_batE~  

min_day_MGTE~  

max_batE  

ini_batE

E~∆  

 
Figure IV.15 Energy analysis for the daytime 

night_LoadE~

max_batE

night_batE~ night_MGTE~  

Figure IV.16 Energy analysis for the nighttime 

As a communication network exists, the estimated value of the battery energy can be 
replaced by a sensed value, which is sent by the E-box at the beginning of the night ( tt ∆+0 ). 
Calculated power references from the determinist algorithm are shown on fig. IV.17. 
Between 7h00 and 7h30, the PV power is not enough (Figure IV.9) then the power reference 
for the gas turbine is equal to the load demand (Figure IV.12). Between 9h00 and 17h00; the 
gas turbine power reference is controlled with a minimum power (Figure IV.17). 
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Figure IV.17 Power references from the power planning in the central energy management 

IV.5. Medium-term energy management 

IV.5.1.Reduction of the uncertainty (MGCC) 

Power references from the long-term energy management are calculated by 24h ahead 
planning from the load and PV production forecasting. Sometimes the real situation 
(weather conditions, power demand by loads) are different from the forecasted conditions. In 
practice, If we consider the current forecasted loads ( hLoadP 2/1_

~ ) and forecasted PV 

production ( hPVP 2/1_
~ ) for the next half of an hour, we get then the following deviation from 

the 24h-ahead forecasted data: 

hPVhPVhPV PPP 24_2/1_2/1_
~~ −=∆  (R. IV-19) 

hLoadhLoadhLoad PPP 24_2/1_2/1_
~~ −=∆  (R. IV-20) 

The medium-term energy management takes into account these different conditions by 
modifying locally power references according to the real situations. This operating is quiet 
similar to the secondary control in large power systems. Here the refreshment is done each 
half of an hour in the Micro Grid Central Controller as: 
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hAGrefAGrefAG PPP 2/1_10_1_ ∆+=  
(R. IV-21) 

with 1_ refAGP , the power reference after the medium-term energy management; 

0_ refAGP , the power reference after the daily power planning; 

hAGP 2/1_1∆ , the power modification of the medium-term energy management. 
The modified reference of the medium-term energy management depends on the 

correction of the PV prediction and of the load forecasting:   
hLoadhPVhAG PPP 2/1_2/1_2/1_1 ∆+∆=∆  (R. IV-22) 

In a same way, the power reference for the micro turbine is corrected: 

hMGTrefMGTrefMGT PPP 2/1_0_1_ ∆+=  
(R. IV-23) 

with 1_ refMGTP , the power reference after the medium-term energy management; 

0_ refMGTP , the power reference after the daily power planning; 

hMGTP 2/1_∆ , the power modification of the medium-term energy management. 

After the correction of the power references, the Micro Grid Central Controller sends 
these corrected power references to the Local Controller for each generator (PV active 
generator and Micro Gas turbine) through the communication bus. 

IV.5.2.Energy management of batteries (LC) 

In the active generator, the critical sources, which are impacted by the medium term 
management, are the batteries. Deep discharging, under charging and overcharging may 
damage batteries and shorten their lifetime. So in order to optimize the use of the batteries, 
only one charging / discharging cycle in 24h has been set. Moreover, during the daytime, the 
battery charging power reference ( 0_ refbatP ) is set as a constant during each half hour 
according to the active generator power reference ( 0_ refAGP ), the local short-term PV power 
prediction ( hPVP 2/1_

~ ) and the estimated state of charge of batteries ( )(~ tOCS ) during this half 
hour. Moreover, the batteries are not set in the discharging mode during the daytime. The 
algorithm of the daytime charging is started as soon as the sensed PV power is higher than 
the load power demand. 

0~
1_2/1_ >− refAGhPV PP  (R. IV-24) 

If the predicted PV power ( hPVP 2/1_
~ ) is lower than the load reference during a half hour 

( 1_ refAGP ), the batteries are not charged and are in stand-by mode (Figure IV.18). Otherwise, 
they are charged in this half hour but, before, the battery energy constraint should be 
considered.  

If the batteries are fully charged, they will remain in stand-by mode; otherwise the 
battery power constraint should be taken into account.  

If the surplus PV power (the remaining PV power after satisfying the load) is less than 
the rated battery power, the batteries can be charged with this maximum power, otherwise 
the batteries are in stand by.  
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hPVrefAG PP 2/1_1_
~≥  

maxSOC)t(OCS~ ≥0

max_1_2/1_
~

batrefAGhPV PPP ≤−  

01_ =refbatP
1_2/1_1_

~
refAGhPVrefbat PPP −=

Start 

Disload 

Load 

Energy constraint 

Power constraint 

 
Figure IV.18 Flow diagram for the battery charging algorithm during the day 

In the night, the batteries are discharged. The discharging power reference is calculated 
each half of an hour according to the SoC. In the same way, the energy capacity limit and the 
discharging power limit should also be considered (Figure IV.19). 

min0 )(~ SOCtOCS ≤

max_1_ batrefAG PP ≥

01_ =refbatP  
max_1_ batrefbat PP =

1_1_ refAGrefbat PP =  

Start 

Energy constraint

Power constraint

 
Figure IV.19 Flow diagram for the battery discharging algorithm during the night 

IV.6. Short-term power management 

IV.6.1.Primary frequency regulation 

a. Organization 

The central energy management system sends wished power references 1_ refAGP  and 

1_ refMGTP  each half of an hour. These quantities are the refreshed and planned exchanged 
powers for this duration. As real time variations exist in the load and also in the produced 
PV power, a primary frequency control must be used to adjust in real time the power 
production of generators in order to achieve the real-time power balancing [Url 10a]. The 
two generators inside the micro grid can share this control function (chap. 3, paragraph 
III.5.5).  

A primary frequency control and the local controller of a gas micro turbine have been 
studied in [Li 09] and are recalled in Appendix VII. A primary frequency control has been 
designed inside the active generator in order to ensure the short-term power balancing [Cou 
08]. 
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When the frequency deviation exceeds a pre-defined threshold value, the controller is 
activated to increase or decrease the power for restoring the power balance [Cou 08]. A 
droop constant gives the additional power that is supplied as a function of the frequency 
deviation (Figure IV.20). 
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Figure IV.20 Droop controller for primary frequency control 

IV.6.2. Power balancing strategies for the active generator 

The active generator has to provide the real time power reference ( ( )tp refAG _ ), which is 

the sum of the secondary power reference ( 1_ refAGP ) with the real time primary power 

reference ( ( )tP refAG _∆ ). 

For our application, the battery power will be constant during an half of an hour 
(Paragraph IV.5). The real-time power balancing must be implemented by a power buffer 
with fast dynamic capabilities. As shown in Chapter 1 (paragraph I.3.2), ultra capacitors are 
fast dynamic storage systems with high power exchange capabilities. So they are suitable for 
the optimal charging of the battery and for supplying peak power to the grid if necessary, but 
their energy density is low. 

As batteries are now charged or discharged with a constant power reference, the power 
sharing level of the control system (Figure IV.21) must be adapted. One algorithm is still 
executed and calculates power references for the ultracapacitors, PV panels and the inverter 
according to a selected operating mode and the measured quantities ( 

Figure IV.21).  
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Figure IV.21 Modified control system for the application 

Then these power references are transformed to current or voltage references with 
closed loop controls. The day case and night case are respectively detailed. In real time, the 
SOC is also calculated and then the loading in the last 1/2h is stopped if necessary. 

b. Control of operating modes 
Here the power reference of the batteries is different since a constant battery power 

reference replaces the low-pass filter used in chapter 2. In this application the SoC of 
batteries is managed by the MGCC in order to maximize the value of the PV power (Figure 
IV.21).  

The PV limitation mode of the PV based active generator (paragraph II.4.3) is normally 
not possible if batteries are well sized. Anyway this operating mode is kept even it is 
(normally) not required for this application. Other modes remain unchanged as well as the 
selection of these operating modes (Figure II.33).  

c. Energy management of the ultracapacitors 

Now the batteries are dispatched by the MGCC and so the controllability of the active 
PV based generator relies on the state of charge of ultracapacitors. As batteries are now 
unavailable for the load/disload of ultracapacitors, energy from PV panels will be used to 
load them and injection to the grid will be used to disload them. The strategy is then derived 
from the Figure III.36 in order to modify the grid power reference in this emergency mode 
(fig. IV.22). 
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Figure IV.22: Block diagram of the power sharing level 
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IV.7.Experimental tests through Hardware in the Loop simulations 

IV.7.1.Description of the experimental platform 

Control algorithms of the MGCC have been tested and validated through real-time 
simulations under similar conditions as the residential microgrid may face in reality. These 
tests thus validating the pre analysis are performed through off-line simulations. Real-time 
analysis consists in using real parts of the electrical component under operating conditions 
very close to reality. However, in general it is difficult to make the testing of in situ because of 
the risks involved (disruption of service, etc. ), high costs involved (staff, equipment, etc.) and 
lack of flexibility (limited number and type of tests). Hardware In the Loop consists to 
simulate in real time the operating conditions and to reproduce them by using a power 
amplifier. Consequently, this type of analysis provides more realistic results as the simulation 
off-line regarding the operation of the device under study.  

In order to verify above algorithms for the residential micro grid application, our energy 
management system has been implemented on the L2EP experimental platform: “Distributed 
Energy” at the “Arts & Métiers Paristech” research center and with the real time simulator: 
OPAL RT. A micro grid platform has been set up with a central control host (Figure IV.23) 
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Figure IV.23 Micro Grid platform 
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Loop (HIL) test and to show the coordinated operation of different sources (PV active 
generator and micro gas turbine) in the microgrid. The HIL organization is presented in the 
Figure IV.24. Test devices are divided into two classes: the microgrid devices (the DER units, 
loads etc.) and the control devices (the LCs, the MGCC, etc.). 

 

 
Figure IV.24 HIL test set up 

Three types of devices are used: 
- The real PV based active generator, which is fed by a DC current source for emulating 
identical PV power productions in order to compare various control algorithms in the same 
illumination conditions; 
- Virtual devices are simulated under the real-time simulator OPAL RT-Lab in four SGI 
parallel cores. It includes the micro turbine generator, 4kW non-critical loads and 6kW 
passive loads. Passive loads represent the critical loads and must remain connected to the 
microgrid during the test; 
- A power amplifier, which is used as an interface to create the point of coupling of the active 
generator; it is interfaced to the real time simulator via Analog to Digital Conversion cards 
and Digital to Analog Conversion cards.  

The control devices are composed of four parts: 
- A DSpace 1103 card is used to implement the LC of the PV based active generator; 
- The MGCC is implemented in a PC with a SCADA software (PCView). It communicates 
with the LCs;  
- The LCs of the micro turbine unit and the load controllers are integrated into the RT-lab 
software simulator; 
- The communication bus exchanges the signals between the MGCC and LCs.  

An Ethernet with a Modbus protocol for the communication is used and enables the 
connection of various devices, for example a system that measures currents and voltages and 
the communication of data to a computer. For our application exchanged data are shown on 
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Figure IV.25. Modbus is suited to connect a supervisory computer with a Remote Terminal 
Unit (RTU) in Supervisory Control And Data Acquisition (SCADA) systems. 

To make comparisons, several different tests are carried out with different sizes of PV 
panel installation and different sizes of loads. 

 
Figure IV.25 Supervisor screen of Micro Grid Central Controller (PCView) 

IV.7.2. Analysis of the self consumption of one house 

The first case is studied with a PV panels’ installation of 3kW peak power and 3kW rated 
local loads for one house. 106Ah batteries are used with 800W maximum charging power and 
a 500W maximum discharging power. The 24h-ahead PV power prediction and the load 
forecasting for the test are given in following figures with 0t =7h00 and  tt ∆+0 =18h00. 

The various energies are first calculated as explained in paragraph IV 3.3 for the day-time 
and then for the night-time. During the day the available energy from PV panels is larger than 
the required one to feed the loads. The stored energy in batteries corresponds then to energy 
from the gas turbine, which remains switched on with a delivered minimum power. This 
stored energy is retrieved for the night operation. 
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Figure IV.26 24 hour-ahead PV Power forecasting for the self consumption of one house  
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Figure IV.27 24 hour-ahead load forecasting for the self consumption of one house  

 
Figure IV.28 Energy analysis for the day-time of the self consumption of one house 

 
Figure IV.29 Energy analysis for the night-time the self consumption of one house 

Power references (Figure IV.30 and Figure IV.31) are calculated by the Micro Grid 
Central Controller and are sent to Local Controllers. It is clear that between 12h30 and 13h30, 
PV panels are able to supply the loads but the micro turbine must not be switched off and 
must be drived with a minimum power (100W, case 2 during the daytime, R.IV-9 and R.IV-
10). The same situation appears in the morning between 8h00 and 9h00. The obtained 
calculated power references show that a good use of the PV based generator during these 
durations (Figure IV.30) and so a reduction of the micro turbine power reference to the 
minimum value (Figure IV.31). 



Chapter IV: Planning and energy management system of a residential micro grid 
 

 152

At 18h00 (start of the night-time) batteries are loaded ad the power reference is then 
calculated (R.IV-12) to disload them with a maximum rated current until 23h30 (Figure IV.30). 
We recall that the rated current of batteries is less than the one from PV panels. After the load 
has decreased and so the power reference for batteries is modified until the end of the night-
time. 
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Figure IV.30 Micro gas turbine power reference setting for the self consumption of one house 
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Figure IV.31 PV active generator power reference setting for the self consumption of one house 

Sensed powers on the experimental platform are shown on (Figure IV.32) and are equal to 
power references. 
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Figure IV.32 Generated powers in the micro grid for the self consumption of one house 

The sensed PV power and battery power inside the active generator are shown on Figure 
IV.32. A part of the PV power is lost at 11h30 because the PV power is reduced. At the same 
time, the battery current is at the rated value in a loading mode. For this test an increase sizing 
of batteries may avoid this loss. During the night time the batteries delivers a nearly constant 
power with a rated value between 18h00 and 23h30 (the rated value un disloading mode is not 
the same as in the loading mode) since the load demand is high. After this battery power is 
decreased and the turbine power is on the minimum value after 24h00. 
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Figure IV.33 Sensed powers inside the PV active generator for the self consumption of one house 

The following figure shows the evolution of the battery SOC for the self consumption of 
one house. 
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Figure IV.34 Time evolution of batteries SOC for the self consumption of one house 

From the above figure, one charging and discharging cycle of the batteries during 24 
hours are effectively set.  

The power planning is determined for a period of half of one hour. Then deviations occur 
in this time base. Nevertheless, even if the obtained average value of powers is good, the 
instantaneous values of power can have considerable differences with the planned references. 

A zoom is shown on Figure IV.35 during a constant generated PV power. When an 
instantaneous load increase occurs, the battery can not provide the full power compensation 
because of its slow dynamic characteristic. Under this condition, the ultracapacitors are used 
for the fast power compensation. 

 
Figure IV.35 Ultracapacitors dynamic power compensation 

pAG_mes(Ch1): 100W/div; pbat_mes(Ch2): 100W/div ; puc_mes(Ch3): 150W/div; pPV_mes (Ch4) 150W/div. 

On Figure IV.36, the grid load remains constant. When the instantaneous generated PV 
power increases, the battery is charged with a constant power, but it can not absorb all the 
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surplus PV power. In this case, the ultracapacitors are used to achieve the real-time power 
balancing. 

 
 

Figure IV.36 Ultracapacitors dynamic power absorption 
pAG_mes(Ch1): 100W/div; pbat_mes(Ch2): 100W/div ; puc_mes(Ch3): 150W/div; pPV_mes (Ch4) 150W/div. 

So for both cases the use of ultracapacitors enables the production in real time of a 
constant power during half of an hour. 
Comments: 

To get an easier verification, the primary frequency control is disabled for these tests. 
According to experimental results, the consumed electrical energies of each generator in 

the micro grid can be deduced. So for the case 1, the PV power provides 53% of the total 
power supply and the MGT power covers the remaining 47% power (Figure IV.37). 

 
Figure IV.37 Energy consumption percentages for case1 

IV.7.3. Increasing the penetration ratio in a residential network  

a. Impact of one producer 
The previous 3kW prosumer (PV based generator) is now located in a residential network 

with three other consumers. A 12kW rated local loads for the four houses is considered. The 
PV power prediction and the load forecasting for the test are given in the following figure. 
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Figure IV.38 24 hour-ahead PV power and load forecasting 

According to the forecasting information, the PV energy is much lower than the 
demanded power of the total loads. According to this day-ahead analysis, batteries will not be 
used.  

               
Figure IV.39 Energy analysis for the day-time       Figure IV.40 Energy analysis for the night-time 

As previously sensed powers on the experimental platform are equal to power references. 
Reference powers from the MGCC show a full contribution of the PV generation (without 
power limitation) but least than the gas turbine (Figure IV.41). For this case, in local the 
storage devices are not used, because the required load power is always more than the PV 
power during the daytime. This is confirming that for a small penetration of PV production, 
all the production can be sent to the grid and so storage is unnecessary. 
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Figure IV.41 Central Micro Grid Controller Power References setting for the case of one producer 

According to experimental results, the produced electrical energies of each generator can 
be deduced. The PV power provides 17% of the total power supply and the MGT power 
covers the remaining power 83% (Figure IV.42). 

 
Figure IV.42 Energy consumption percentages for the case of one producer 

b. Impact of full scaled PV based producers 
In this studied case the four houses have each one 3kW peak power PV panels The 

considered load profile is the same as previously. For this test, there is no storage installation 
in local. As houses are closed, PV productions are nearly equal and the total PV power is 
shown on Figure IV.43; the load forecasting remains the same. 
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Figure IV.43 24 hour-ahead PV power and load forecasting 
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In order to make easier comparisons, the four power references for prosumers have been 
summed in Figure IV.44. Sensed PV powers are also summed in Figure IV.45. Between 9h00 
and 12h30 and between 13h30 and 16h30, the PV power is limited and the gas turbine is 
drived with his minimum value since the loads are not enough. Hence a part of the available 
PV power is lost. Moreover the turbine has to provide alone the power peak at 19h00. The PV 
power provides 36% of the total power supply and the MGT power covers the remaining 
power 64% (Figure IV.46). 
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Figure IV.44 Central Micro Grid Controller power references setting  
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Figure IV.45 Total sensed PV power  
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Figure IV.46 Energy consumption percentages for full scaled PV based producers without energy 

storage 

c. Impact of full scaled PV based prosumers with energy storages 
4 sets of 106Ah batteries are now added with a total 3200 W maximum charging power 

and a total 2000 W maximum discharging power. The same 24 hour-ahead PV power 
prediction and load forecasting are used. 

The energy analysis shows that the total available PV energy is larger than the requested 
one from loads during the day. The available energy for battery storage is nearly equal to the 
energy of the gas turbine during the day. This energy is used for the night operating and so 
reduces the energy from the gas turbine during the night-operating. 

 
Figure IV.47 Energy analysis for the day-time for full scaled PV based producer 
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Figure IV.48 Energy analysis for the nightt-ime for full scaled PV based producer 

During the day the PV power is the same as previously. At the start of the night-time 
power references for prosumers are setting to disload batteries. The turbine peak power is a 
little bite decreased (Figure IV.49, Figure IV.50). 
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Figure IV.49 Central Micro Grid Controller power references for full scaled PV based prosumers 

with energy storages 
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Figure IV.50 Local PV active generator controller power references setting for full scaled PV 

based prosumers with energy storages 

Thanks to the batteries, more PV power is used and the penetration of the PV power 
generation is increased to 41%. 

 
Figure IV.51 Energy consumption percentages for full scaled PV based producer 

IV.8.Conclusions 

The main objective of this chapter is to describe the conceptual technical architecture 
developed to enable prosuming by the use an active generator and the application of 
microgrid concepts. A planning and an innovative energy management system concept for the 
smart networking of active based DGs into a residential micro grid are presented. A 
coordinated management of energy resources is proposed through a communication network. 
The energy management is organized in three parts: the long-term energy management, the 
medium-term energy management and the short-term power management. 

The long-term energy management takes into account the PV power prediction and the 
load forecasting and makes a 24-hour power planning. It also determines the loading and 
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disloading tracking of batteries by taking into account the available PV power and the load 
demand. A deterministic algorithm is proposed and is based on predicted data about the load 
and the PV production. 

Then the medium-term energy management sets the power references for each generator 
every half hour according to available new PV power and load forecasting. In the same time, 
a battery charging and discharging algorithm with a constant power is implemented. 

The active generator contributes to the short-term power management of the microgrid by 
using a primary frequency control. 

The inner power balancing is performed in real time by using ultracapacitors.  

In the end of this chapter, the correct coordination of generators and the correct 
distribution of powers are tested on a real time simulator. One advantage is the fact that 
control functions are executed onto real control devices in real time. The hybrid real-time 
analysis enables the test of algorithms for the energy management of the residential 
distribution power system face to situations, which can reproduce the various static and 
dynamic phenomena that can occur in a real power system. As example in this chapter for an 
identical PV illumination and a load profile, results from various configurations have been 
compared and show the impact of the battery sizing on the penetration of PV power in an 
electrical system.  
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Faced with the challenges of the energy and the environmental crisis, the development of 
renewable energies is encouraged. But their intermittent and fluctuant characteristics restrict 
the use of PV power as a main source of an electrical system. In this PhD thesis, the concept 
of  the PV based active generator is presented and consists in coupling on a common DC bus 
energy storage systems by in order to smooth the PV power fluctuations and to constitute an 
available energy reserve. 

In the first chapter, PV panels are modeled as a DC current source with the current output 
dependant on the terminal voltage, the temperature and the solar irradiation.  According to the 
analysis of the different storage technologies, the batteries and the ultracapacitors are 
respectively chosen for the long-term energy storage unit and the fast power responding 
storage units. The different models of storage components are detailed. Finally, the 
appropriate models are applied for the whole system modeling. 

In the second chapter, the whole PV active generator is modeled by the macroscopic 
energetic representation, which highlights the power conversion chains. Then a hierarchical 
structure of the control system has been proposed. The structure of this hierarchical control 
system includes 4 levels: switching control, automatic control, power control and mode 
control. Each one performs precise control tasks and is designed by applying a “multilevel 
formalism”.. 

A state of the art about micro grids is presented. The different control methods for the 
generator-side converter implement respectively the different operation mode of the micro 
grid (grid connected mode and islanded mode). The grid following strategy and the power 
dispatching strategy enable the transformation of distributed generators into dispatchable 
generators. Various functions of an energy management for an electrical system are also 
defined. 

The last chapter presents a determinist planning and an innovative energy management 
system concept for the smart networking of DGs into a residential micro grid. A coordinated 
management of energy resources is proposed through a communication network. For the 
integration of PV active generators in this microgrid, an embedded local energy management 
is in charge of local power production and participation to the ancillary services. Then a 
central Energy Management System of the micro grid is implemented through the long-term 
power planning, the medium-term power set point adjusting and the short-term power 
balancing. In the end, experimental results from the tests on a laboratory microgrid platform 
valid the control strategies. 

 
This thesis has developed a PV based active generator with an energy storage system in a 

DC-coupled structure. Several strategies for the energy management of storage units are 
designed to provide power references and provide ancillary services to the electrical grid 

A technical conceptual architecture of an electrical system has been developed to enable 
active renewable production and exploit its benefits 

Various microgrid concepts and control systems has been extended for managing DGs in 
a residential microgrid by using a communication network. A time-scale analysis method is 
applied for the energy management of this micro grid. The proposed management strategies 
allow a smarter operation by coordinating different sources by a long-term power determinist 
planning, half-hour set point adjusting and a real-time power balancing. 

 
First application cases have been developed and only partially responds to the problem of 

energy management have been exposed. It would be interesting to further explore and study 
various scenarios for different load profiles and production from renewable energy. 
In this work, a deterministic approach has been chosen for the power operational planning 
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with a strong assumption to have the load forecast and production forecast of intermittent 
generators.  

The prediction errors are compensated in real time by the primary controllers, which then 
no longer guarantees necessarily a maximum value for renewable energy and then the system 
loses much of its interest. Improvements about the reactivity to prediction errors or 
uncertainties could be sought. 

Further works can now be oriented to the optimization of the residential microgrid system 
by considering the economic (initial investment cost, the operation and maintenance cost) and 
environmental impacts (CO2, NOx emissions). A non linear optimization with multi 
optimization variables is required and may be studied in the future. 
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Appendix I. Technical data of multisource 

A.I.1. PV panels 
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A.I.2. Lead-acid battery 
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A.I.3. Ultracapacitor 
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Appendix II. Comparison of ultracapacitor model simulation 
and experimentation test 

En imposant un échelon de courant iL, la Figure AII-1 montre l'évolution temporelle de la 
tension vsc. 

A partir du modèle simplifié obtenu (Figure AII-2), nous avons établi un modèle présenté 
à la Figure AII-3. Les supercondensateurs sont représentés par une source électrique ayant le 
courant de l’inductance du filtre en entrée isc et la tension en sortie vsc.  

Les équations sont présentées ci-après (AII-1), (AII-2) et (AII-3). 

Un essai est effectué pour comparer entre la simulation et l’expérimentation. En 
imposant un profil de courant isc (Figure AII-3), on a tracé l’évolution temporelle de tension 
vsc présentée à la Figure AII-4. La tension obtenue par simulation correspond bien à celle 
mesurée par l’expérimentation. Cette comparaison valide donc notre modélisation. 

  
Figure AII-I. Evolution temporelle de vsc en 

fonction de isc 
Figure AII-2. Modèle simplifié du 

supercondensateur 
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Figure AII-3. Evolution temporelle de isc Figure AII-4.  Evolution temporelle de vsc en fonction 

de isc 
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Appendix III.  Equivalent Continuous Modeling of Power 
Converters 

A.III.1. Fundamental recall 

Equivalent continuous models of the power electronic converters are sufficient for our 
study, because we do with the power balancing and energy management strategies of a hybrid 
power system in order to transform it into an active generator [Rob 01][Rob 02]. In our study, 
three types of power converters are used: 1) the DC chopper, 2) the three-phase inverter and 3) 
the three-phase rectifier. They are all connected to a DC-bus capacitor. The studies with the 
equivalent continuous modeling of power converters are carried out under the following 
assumptions: 

- switches are ideal; 
- switchings are instantaneously; 
- switches are considered as short circuits in ON state and as open circuits in OFF state. 

A switching function (sij) is defined for each power switch. It represents the ideal 
commutation order and takes the values 1 when the switch is closed (ON) and 0 when it is 
opened (OFF).  

 { } { }
{ }




°∈
°∈

∈
circuitncommutatiotheinswitchtheofnj

legtheofni
withsij 2,1

3,2,1
1,0  

As ideal power switches are considered, the switches in a same commutation circuit are in 
complementary states: 

 { }3,2,1121 ∈∀=+ iss ii  

A.III.2. Equivalent continuous modeling 

a. DC chopper modeling 

In our power electronic structure a DC chopper is located between a current source and a 
voltage source. For the super-capacitor storage system, the current source is the choke Lsc and 
generates the current isc. The DC-bus capacitor is the voltage source and generates the voltage 
(udc) (Figure AIII-1).   
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(a) Electrical diagram of the DC chopper 
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(b) DC chopper with ideal switches 

Figure AIII-1:  Diagram of the DC chopper in the super-capacitor storage system 
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The modulation functions of the DC chopper can be expressed from the switching 
function (ssc11of the first switch in the commutation circuit: 

 11scsc sm =  

Then the modulated voltage um_sc and the modulated current im_sc of the DC chopper are 
obtained as follows: 
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In practice, a connection controller is used to create the two complementary switching 
functions (ssc11 and ssc12) with necessary dead times from the modulation function msc. Then 
the switching functions are converted into ON/OFF signal for each semi-conductor switch 
through some drivers and optocouplers. The modulation function msc is obtained by 
comparing an average modulation function <msc> with a triangular signal ξ (Figure AIII-2). 

In theory, when the modulation frequency of the carrier signal ξ is much higher than the 
frequency domain of the control signal (which is a continuous value for the DC chopper), the 
average modulation function can be obtained as follows: 

 )()(1
0tmdttm

t
m sc

tto

to scsc +
∆

>=< ∫
∆+

. 

By considering that the voltage udc and the current isc are constant during the time interval 
∆t, the average values of the modulated voltage<um_sc> and the modulated current <im_sc> are 
expressed as follows: 
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As result, the equivalent average model of the DC chopper is obtained and the electrical 
diagram is shown in Fig.B-3. Finally, a variable <msc> can be used to model the DC chopper.  
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Figure AIII-2:  Classical PWM method 
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Figure AIII-3:  Equivalent average electrical diagram of the DC chopper 

b. Three-phase inverter modeling 

In our study, a three-phase voltage source inverter VSI is used to connect the DC bus to 
the AC grid [Fra 99]. The task is to invert in real time the DC voltage into AC modulated 
voltages. The three-phase VSI is located between a three-phase current source and a voltage 
source. For the grid power conversion system, the current sources come from the choke filters 
and is set to generate the AC line current (iline=[iline_1  iline_2]T) and the voltage source comes 
from the DC bus and is set to generate the DC-bus voltage (udc) (Figure AIII-4). 
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(a) Electrical diagram of the three-phase inverter 
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(b) Three-phase inverter with ideal switches 

Figure AIII-4:  Diagram of the three-phase inverter in the grid power conversion system 

The modulation functions (minv=[minv13  minv23]) of the three-phase inverter can be 
expressed from the switching functions (sinv=[sinv11  sinv21  sinv31]) of first switches of the three 
commutation circuits : 
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Then the modulated voltage (uinv=[uinv13  uinv23]T) and the modulated current iinv of the 
three-phase inverter are obtained from the DC-bus voltage and the line currents (il=[il1 il2]), 
which are considered constant during the time window t∆ : 
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In practice, a connection controller is used to create the six switching functions {sinv11, 
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sinv12, sinv21, sinv22, sinv31, sinv32} with necessary dead times from the modulation function minv. 
Then the switching functions are converted into ON/OFF state of each switch through some 
drivers and optocouplers. The modulation function minv can be obtained by comparing an 
average modulation function <minv> with a triangular signal ξ (Figure AIII-5).  

In theory, when the modulation frequency of the carrier signal ξ is much higher than the 
frequency domain of the control signals (which are sinusoidal values for the inverter) the 
average modulation function can be obtained as follows: 

 )()(1
0tmdttm

t
m inv

tto

to invinv +
∆

>=< ∫
∆+

. 

Then the average values <uinv> and <iinv> of the modulated voltage and the modulated 
current are expressed as follows: 
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The voltage udc and the currents il are assumed to be constant during the switching period. 
As result, the equivalent continuous model of the three-phase inverter is obtained and the 
electrical diagram is shown in Figure AIII-6. Finally, a vector <minv> can be used to model the 
three-phase inverter.  
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Figure AIII-5:  Classical sinusoidal PWM method. 
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Figure AIII-6:  Equivalent electrical diagram of the three-phase inverter 

c. Three-phase rectifier modeling 

A three phase rectifier is used to rectify three-phase sinusoidal currents from the machine 
of the wind generator. For the three-phase rectifier, similar relations are obtained for the 
average values of the modulated voltage (<urec>=[(<urec13> (<urec23>]T) and the modulated 
current (<irec>) from the DC-bus voltage udc and the currents (imac=[imac1 imac2]T) of the 
electrical machine, with the averaged vector (<mrec>=[<mrec13> <mrec23>]T) of the rectifier 
modulation functions:  
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



>>=<<
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T
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dcrecrec
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umu
. 

As result, the equivalent continuous model of the three-phase inverter is obtained and the 
electrical diagram is shown in Figure AIII-7. Finally, a vector <mrec> can be used to model the 
three-phase inverter.  

urec13

urec23
udc 

irec 

Three-phase rectifier 

<mrec>

imac2 

imac1 

imac3 

 

Figure AIII-7:  Equivalent electrical average diagram of the three-phase rectifier 
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Appendix IV. Energetic Macroscopic Representation (EMR) 

EMR is based on action-reaction principle, which organises the system as interconnected 
subsystems according to the integral causality. Inversion of the graphical description by using 
specific rules leads to a Maximal Control Structure of the system. It is very suitable for 
research/development of complex multi-physic system [Bou 07]. 

A.IV.1. Interaction principle 

The system is decomposed into basic subsystems in interactions (Table AIV-1): energy 
sources (green ovals), accumulation elements (orange rectangles), conversion element without 
energy accumulation (various orange pictograms) and coupling elements for energy 
distribution (orange overlapped pictograms). All the elements are interconnected according to 
the action and reaction principle using exchange variable (arrows). The product of action and 
reaction variables between two elements leads to the instantaneous power exchanged. 

Table AIV-1:  Elements of EMR and of control 

 

Source of 
energy 

 

Element 
with 

energy 
accumulation  

Electromechani
cal converter  

(without energy 
accumulation) 

 

Electrical 
converter 

(without 
energy 

accumulatio
n) 

 

Mechanica
l converter 
(without 

energy 
accumulation) 

 

Mechanical 
coupling device 

(energy distribution)

 

Control 
block 

without 
controller  

Control 
block 

with 
controller 

 

 

Action and 
reaction 

variables 

A.IV.2. Causality principle 

As in COG, only the integral causality is considered in EMR. This property leads to 
define accumulation element by a time-dependant relationship between its variables, in which 
its output is an integral function of its inputs. Other elements are described using relationships 
without time dependence. In order to respect the integral causality specific association rules 
are defined, but there are taught only in the expert level unit. 
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A.IV.3. Inversion principle 

The inversion based control theory has been initiated by COG. The control structure of a 
system is considered as an inversion model of the system because the control has to define the 
appropriated inputs to apply to the system from the desired output (Fig.A3-1). In this method, 
relationships without time-dependence are directly inverted (with neither control nor 
measurement). Because the derivative causality is forbidden, a direct inversion of time-
dependence relationships is not possible. An indirect inversion is thus made using a controller 
and measurements. These inversion rules have been extended to EMR (blue pictograms, see 
Table A3-1): conversion elements are directly inverted and accumulation elements are 
inverted using controller. Moreover inversions of coupling element require distribution or 
weighted inputs. These inputs lead an organization of the energy distribution. This inversion 
methodology is another way to locate controllers and measurements or estimations. 

y(t)u(t)
System

yref(t)Control ?
utun(t) ?

 

Figure AIV-1:  Inversion-based control principle 
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Appendix V. Utilisation du correcteur IP 

L’annexe 5 présente l’utilisation des correcteurs IP dans la thèse. Ils sont utilisés pour 
concevoir la commande des éléments de stockage, comme une bobine L, une capacité C, ou 
une inertie J. Un correcteur IP peut être paramétré selon la structure de processus. La 
conception d’un correcteur IP pour deux structures de processus possibles est présentée dans 
cette annexe :  

- Correcteur IP pour un élément de stockage seul ; 

- Correcteur IP pour un élément de stockage avec un autre élément qui représente ses 
pertes. 

A.V.1. Calcul du correcteur IP pour un intégrateur pur 

Le schéma bloc d’un correcteur IP est présenté par la figure suivante : 

sτ
1

s
KI

PK

 

Figure AV-1. Correcteur IP pour un élément de stockage seul 

La partie processus peut être une bobine L ( L=τ ), une capacité C (
C
1

=τ ), ou une 

inertie J ( J=τ ). L’équation de départ est : 
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Suite au calcul, on obtient : 

 d
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En asservissement, on obtient donc les paramètres suivants du correcteur, en fonction de 

l’amortissement désiré ξ  et de la fréquence désirée Nω  : 

 τξωNPK 2=  (AV-3)
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P

N
I K

K τω 2

=  

A.V.2. Calcul du correcteur IP pour une fonction de transfert du 1er 
ordre 

Le schéma bloc d’un correcteur IP est présenté par la figure suivante : 

s
K
τ+1

s
KI

PK

y
d

yref

 

Figure AV-2. Correcteur IP pour l’élement de stockage avec les pertes 
 

La partie processus peut être une bobine L avec une résistance R en série 

(
R
L

=τ ,
R

K 1
= ), une capacité C avec une résistance R en parallèle (

RC
1

=τ , RK = ), ou une 

inertie J avec un frottement visqueux f (
f
J

=τ ,
f

K 1
= ). 

L’équation de départ est : 
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Suite au calcul, on obtient : 

 d
ssKKKKK

sK

y
ssKKKKK

KKK

y
PPI

ref
PPI

PI

22 11
+

+
+

−
+

+
+

=

ττ

τ

ττ

τ  (AV-5)

En asservissement, on obtient donc les paramètres suivants du correcteur, en fonction de 

l’amortissement désirée ξ  et la fréquence désirée Nω : 
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Appendix VI. Multi-Level Representation (MLR) 

The Multi-Level Representation (MLR) has been recently proposed for a synthetic and 
dynamic description of the electromechanical conversion systems [Li 08]. The MLR has the 
same advantages as the EMR. Moreover, it integrates a power calculation level and a power 
flow level as well as their corresponding control levels, in order to solve the most important 
factor of the supervision for microgrid application. Here we take the Super-Capacitor Bank 
(SCB) power conversion system (Fig.AVI-1) as example to explain how to make and use a 
Multi-Level Representation (MLR).  

 

Figure AVI-1:Super-capacitor power conversion system 

Step 1: EMR level modeling 
The SCB is composed of the Super Capacitor (SC), a SC filter, a chopper, a DC bus, an 

inverter and a three-phase grid filter (Fig.AVI-1). The first step of the SCB multi-level 
modeling is consists to gather dynamical equations of each element into ‘ProX’ and ‘ES’ 
macro blocs in order to obtain an EMR (Fig.F-3, EMR level). 

1) Modeling of the SC (macro bloc ‘Pro1’) 

The super capacitor module is modeled as a voltage source. For the study of power 
system applications, the model of Zubieta and Bonert can be applied. Nevertheless, for the 
simplification of the study, the model with a resistor Rs and an ideal capacitor C0 in series is 
used. 

sc
C i

Cdt
dv

0

1
=

 
(AVI-1) 

scsR iRv =  (AVI-2) 

RCsc vvv +=  (AVI-3) 

2) Modeling of the filter (‘Pro2’) 

The SC filter is modeled as an inductance (Lfsc) and a resistance (Rfsc) in series. 

lfsc
fsc

sc v
Ldt

di
_

1
=

 
(AVI-4) 
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rfscchpsclfsc vvvv __ −−=  (AVI-5) 

scfscrfsc iRv =_  (AVI-6) 

3) Modeling of the chopper (‘Pro3’) 

The chopper adapts the low voltage across the super capacitor to the desired voltage for 
the DC bus. An equivalent continuous model of the chopper is used by a mean value 
modulation function mchp: 





=
=

scchpchp

dcchpchp

imi
vmv

, ]1,0[∈chpm  
(AVI-7)

4) Modeling of the grid-side DC bus (‘Pro4’) 

The DC bus is considered as a capacitor (Cdc) and a resistance (Rdc) in parallel. 

cdcdc
dc iC

dt
dv

_=
 

(AVI-8)

rdcinvchpcdc iiii __ −−=  (AVI-9)
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rdc v
R

i 1
_ =

 
(AVI-10)

5) Modeling of the inverter (‘Pro5’) 

An equivalent mean modeling of the power converters is sufficient for the study. It 
represents fundamental phase-to-phase voltage uinv=[uinv13, uinv23]T and line currents img=[img1, 
img2]T components as: 

dcinvinv vmu ⋅=  (AVI-11) 

mg
T
invinv imi ⋅=  (AVI-12) 

where minv = [minv1, minv2]T is the modulation index vector. Line voltages vinv=[vinv1n, 
vinv2n]T are obtained by: 
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(AVI-13) 

6) Modeling of the three-phase filter (‘Pro6’) 

The line current img are deduced from the inverter voltages uinv and the grid voltages 
umg=[umg13, umg23]T. 
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(AVI-15) 

mgfgrfg iRv =_  (AVI-16) 

where Lfg and Rfg are the inductance and resistance of the filter, the vfg_l = [vfg_l1, vfg_l2]T 
and vfg_r = [vfg_r1, vfg_r2]T are the voltages respectively across Lfg and Rfg. 
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7) Modeling of the microgrid (‘ES’) 

The grid voltages umg is modeled by : 
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(AVI-17) 

where A is the rms value of the grid phase-to-phase voltage, f is the grid frequency and 
�0 is the initial angle of the grid voltage. The line currents img are considered as disturbances 
for the microgrid. 

Sept 2: Power calculation level 
The second step for the multi-level modeling uses an interface, which is designed to 

calculate the different powers. They are classified in three terms: the intermediary powers 
between two elements, the exchanged powers with a storage element, and the losses (Table F-
1). All equations of this level have been respectively gathered into the macro blocs named 
‘IntX’ in the ‘Power Calculation’ level of the Fig.AVI-3. 

 
Step 3: Power flow representation level 

The third step for the multi-level modeling describes the power flow (Fig.A1-2) from the 
super capacitor modules to the microgrid. The macro blocs, which are named ‘PowX’ in the 
‘Power Flow’ level of the Fig.A1-3, represent the modeling equations. 

For the storage elements (as example the SC filter), the input power (Pscf from the SC) is 
separated into losses (Pfsc_los), the exchanged power with the storage unit (pfsc_sto) and the 
output power (pfch) is expressed as: 

Pow1: stofsclosfscscffch pppp __ −−=  (AVI-18) 

where pfsc_sto is the total of the accumulation power (p+
fsc_sto) and the restitution power (p-

fsc_sto). 
For the power electronic converters, the input power is equal to the output power since 

losses are neglected. The power flow from the SC to the microgrid is modeled by the 
following equations: 

Pow2: chbfch pp =  (AVI-19) 

Pow3: stodclosdcchbbin pppp __ −−=  (AVI-20) 

Pow4: infbin pp =  (AVI-21) 

Pow5: stofglosfginfmgs pppp __ −−=  (AVI-22) 

These power equations are bidirectional. For the SCB, it is possible to perform the 
accumulation and the restitution of the power. 

The complete multi-level modeling of the SCB is composed of three levels: EMR, Power 
Calculation and Power Flow (Fig.AVI-3). 

 
Design of the control system 
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The global system has three control inputs in order to manage the system. The inverter 
has two independent modulation functions minv1 and minv2 using its switching orders. The 
chopper has only one modulation function mchp. The control task is to reduce the power 
variations of the microgrid. The inverter is used to control the real and reactive power at the 
connection point. The control input of the chopper is used to control DC bus voltage, since the 
voltage of the DC bus must be constant for correct system performances. The control system 
is ordered by the following steps according to the rules of the multi-level representation. 

The global system has three control inputs in order to manage the system. The inverter 
has two independent modulation functions minv1 and minv2 using its switching orders. The 
chopper has only one modulation function mchp. The control task is to reduce the power 
variations of the microgrid. The inverter is used to control the real and reactive power at the 
connection point. The control input of the chopper is used to control DC bus voltage, since the 
voltage of the DC bus must be constant for correct system performances. The control system 
is ordered by the following steps according to the rules of the multi-level representation. 

 
Figure AVI-2:  Power flow from the SC to the microgrid 

Table AVI-1:  Equations of the Power calculation interface. 

Intermediary powers Storage powers Losses 

Int1 : scscscf ivp =  Int3 : sclfscstofsc ivp __ =  Int2 : 2
_ scfsclosfsc iRp =  

Int4 : scchpfch ivp =  Int7 : cdcdcstodc ivp __ =  Int6 : dcdclosdc Rvp /2
_ =  

Int5 : chpdcchb ivp =  Int11 : 

( ) ( )mg
T

lfgstofg iCvCp ⋅⋅⋅= 23_23_  

Int10 : 

( ) ( )mg
T

mgfglosfg iCiCRp ⋅⋅⋅= 2323_  

Int8 : invdcbin ivp =  

Int9 : mg
T
invinf iup =  

Int12 : mg
T
mgmgs iup =  
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23C  is the calculation matrix from two line currents to three line 

currents. 
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Figure AVI-3:  Multi-level representation of the modeling for a Super Capacitor Bank 

Step 4: Mark the stationary quantities and the non-measurable quantities in the EMR level 
The SC terminal voltage vsc changes very slowly thanks to a great quantity of stored 

energy. The DC bus voltage vdc has also a slow dynamic, since it has to be controlled as 
constant in order to ensure the inverter function. At the ac side, the principal component of all 
quantities (voltages and currents) is 50 Hz. By modeling them into a 50 Hz rotational Park 
form, they become stationary. Moreover if their magnitudes are constant, they can be 
considered constant as umg for the microgrid voltages. In the multi-level representation, the 
stationary quantities are visualized by the thick solid lines (Fig.AVI-5). 

The voltages vchp and uinv and the currents ichp and iinv are difficult to measure since they 
are modulated by the converters. These non-measurable quantities are visualized by the thick 
dashed lines (Fig.AVI-5). 
 
Step 5: Apply the ‘pass’ rule and the ‘block’ rule 

This step is necessary to fix the electrical chains. 
When a macro bloc in the Power Calculation level has a stationary quantity input in the 

EMR level, it can be used to serve as a possible passage bloc between the EMR level and the 
Power Flow level. In this condition, this type of macro blocs is colored in the dark blue color. 
Such as Int1 is colored in the dark blue for vsc, Int5, Int6, Int7 and Int8 for vdc, Int12 for umg. 

When a non-measurable quantity in the EMR level is used as an input of the macro bloc 
for the storage element, it is impossible to design the control strategy by the inversion of 
another chain of this macro bloc without estimator or a corrector which rejects the 
disturbances. Some symbols × are added to present the block in the control part. Such as in 
Pro2, the chain vsc→isc is blocked by the modulation quantity vchp, in Pro4, the chain ichp→vdc 
is blocked by the modulation quantity iinv, the chain iinv→vdc is blocked by the modulation 
quantity ichp; in Pro6, the chain umg→img is blocked by the modulation quantity uinv (Fig.AVI-
5). 
 
Step 6: Fix the electrical chains 

The multi-level representation helps us to find the electrical chain in the power model 
level in order to design the control system. 
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The first electrical chain is used to control the real and reactive power at the connection 
point to the microgrid by the modulation functions of the inverter. The path from the control 
input of the inverter to the powers injected to the microgrid is obvious (Fig.AVI-5): 
minv(Pro5)→uinv(Pro6)→img(Int12)→pmgs and qmgs 

The second electrical chain is used to control the DC bus voltage vdc by the modulation 
function mchp. Since vdc is a stationary quantity which is suitable for the processes of division 
in the control system (AVI-28), the first step of this electrical chain is mchp(Pro3)→vchp 
(Fig.AVI-5). Now the arrow is pointed to the left side of the chopper, but the destination vdc is 
at its right side. The power flow level is used to establish the relation between vchp and vdc. At 
the left side of the chopper, there is only one bloc Int1 for the passage. So the electrical chain 
is drawn from vchp to isc in order to reach Int1. Since both external currents (ichp and iinv) of the 
DC bus are modulation quantities, the end of the electrical chain in the power flow level is 
fixed on the DC bus storage power pdc_sto. Finally the equations Int7 and Pro4 are used to 
reach the DC bus voltage from pdc_sto. The second electrical chain is (Fig.AVI-5): 
mchp(Pro3)→vchp(Pro2)→isc(Int1)→pscf(Pow1)→pfch 

(Pow2)→pchb(Pow3)→pdc_sto(Int7)→idc_c(Pro4)→vdc 
 
Step 7: Control the fast dynamic quantities by the inversion of EMR 

The control system of fast dynamic quantities is obtained by using inversion rules of 
equations from the EMR modeling level (Fig.AVI-5). Hence a grid current controller (macro 
bloc ‘Pro6c’ in the Fig.AVI-5) is required to enslave grid currents to prescribed reference 
(img_ref). Two controllers (‘Pro3c’ and ‘Pro5c’) are used for power electronic converters. A 
voltage controller (‘Pro4c’) is used to set the DC bus voltage reference and a current 
controller (‘Pro2c’) sets the super capacitor current reference (Fig.AVI-5). The following 
sections give the details of each macro control bloc in the ‘Control of Dynamic Quantities’ 
level (‘ProXc’) in the Fig.AVI-5. 

 
1) Grid connection controller (‘Pro6c’) 

A Park transform is used with a synchronization with the first line voltage. In this frame, 
filter equations are written as: 
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   1 
 (AVI-23)

The control of these current is obtained by a compensation of grid voltages, a current 
decoupling and a closed loop control (Fig.AVI-4). 
 
2) Inverter controller (‘Pro5c’) 

Phase-to-phase voltages are obtained by inversion of the equation (AVI-13): 
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Modulation functions are calculated by inversion of (AVI-11): 
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Figure AVI-4:  Grid connection controller (macro bloc ‘Pro6c’) 

A vector is defined as: minv_ref= [minv1_ref, minv2_ref]T. Hence current references can be assumed 
equal to grid currents. 
 
3) DC bus voltage controller (‘Pro4c’) 

The DC bus voltage is controlled by the current idc_c (Fig.AVI-1). 
)( ____ dcrefdcpdcregcdc vvKi )−=  (AVI-26)

where Kdc_p is the proportional parameter of the corrector for the DC bus voltage control. 
 
4) SC current controller (‘Pro2c’) 

A control loop of the SC current generates the voltage reference of the chopper (vchp_reg) 
as: 

)( ___ scregscpfscscregchp iiKvv
)) −−=  (AVI-27)

where Kfsc_p is the proportional parameter of the corrector for the super capacitor current 
control. 
 
5) Chopper controller (‘Pro3c’) 

The modulation function of the chopper mchp_ref is calculated with the DC bus voltage 
measurement: 

dc

regchp
refchp v

v
m )

_
_ =  (AVI-28)

 

Step 8: Power calculation control 
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The Power Calculation Control level is designed by the inversion or the estimation of the 
Power Calculation level. 

Int1c : 
sc

regscf
regsc v

p
i )

_
_ =  (AVI-29)

Int7e : regcdcdcregstodc ivp ____ =  (AVI-30)

The grid current references are deduced (Int12c) from the equation Int12 for the real 
power (Table AVI-1) and the following equation for the reactive power: 
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(AVI-32)

Step 9: Power flow control 
The power flow control is obtained by model inversion of the Power Flow level with 

anticipation of calculated filter losses ( losfscp _
~  and losfgp _

~ ) (Table AVI-1). The exchanged 

powers with the filters (pfsc_sto and pfg_sto) and the losses in the DC bus (pdc_los) are slight 
enough to be neglected. 

Pow1c : losfscregfchregscf ppp ___
~+=  (AVI-33)

Pow2c : regchbregfch pp __ =  (AVI-34)

Pow3c : regstodcregbinregchb ppp ____ +=  (AVI-35)

Pow4c : reginfregbin pp __ =  (AVI-36)

Pow5c : losfgrefmgsreginf ppp ___
~+=  (AVI-37)

 
Storage level protection 

The terminal voltage of the super capacitor represents its energy storage level. For 
security reasons, it should be between the maximal allowed value and 50% of this value for 
an efficiency reason. 
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In order to limit the terminal voltage of the SC, an additional control function has to be 
used (macro bloc ‘SLP’ in the Power Supervision level of the Fig.AVI-5).  
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Figure AVI-5:  Control system of the Super Capacitor Bank 
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Appendix VII. Modeling of the gas micro turbine 

A.VII.1. Presentation 
In this research work, a gas micro turbine system (Capstone M330) is studied and is 

represented in the following figure [LAS 01] [YIN 01] [CAP 06] [Li 09]. In this appendix a 
detailed modeling is presented, and then a simplified model for the local control design is 
presented. Finally, a simplified model is presented for the operational planning of the 
electrical system. 

 

Figure AVII-1:  Gas micro turbine power generation system 

A.VII.2. Conversion of primary energy 
The dynamic modeling and simulation of a micro turbine have been discussed in several 

references [ROW 83] [HAN 93] [NER 94] [ALH 02] [FET 04]. A simplified model is 

used in this paragraph [NIK 02] [NIK 05]. 

Heat escape is used to preheat air before it enters the combustion room. This can reduce 
about 50 percents of the gas consumption. The combustion room mixes the heated air with the 
gas and the burns. The explosion of this mix air in the turbine drives the gas compressor and 
the generator to 96,000 rpm. The heated air is reused in the regenerator before being 
evacuated out of the exhaust. The mass flow of gas mf(t) and the mass flow of air m0(t) can be 
considered proportional to the gain k (62.5): 

)()(0 tkmtm f=  (AVII-1)

A compressor is used to pressurize the mass flow of input air, and to increase the 
temperature of the air entering the combustion room. The flow of air leaving the compressor 
is the same as the entry with a time delay: 

)()( 0 cc tmtm τ−=  (AVII-2)
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The delay cτ   (1.3 ms) depends on the gas velocity and the length of the compressor. The 

generated thermal power in the compressor is expressed by: 

2
))()((10*19.1)( 0

3
,

ac
cpcth

TTtmtmCtP −
+= −  (AVII-3)

where  

pC  is the power coefficient of thermal power (470), 

aT (210 °C) and cT (25°C) are the room temperature and the compressor outlet temperature. 

The mechanical power of compressor Pm,c is controlled by the following equation: 

cmcth
cm

c PP
dt

dP
,,

, −=τ  (AVII-4)

The mass flow of air from the compressor and the mass flow of fuel are injected into the 
entrance of the combustion room. The air and gas are mixed and burned in the combustion 

room. The time delay associated with this process is ( ccτ 1.4 ms): 

)()()( ccfccccc tmtmtm ττ −+−=  (AVII-5)

The generated thermal power in the combustion room is not involved in the mechanical 
power of the micro turbine, and is expressed by: 

])[(10*19.1)( 3
, cccccpccth TTtmCtP −= −  (AVII-6)

where TCC  is the outlet temperature of the combustion room (982°C). 

The mass flow of gas at the outlet mcc (t) of the combustion room is an input variable of 

the turbine. The time delay associated with this process is Tτ   (0.294 ms), and the mass flow 

of air from the turbine is given by: 

)()( TccT tmtm τ−=  (AVII-7)

The generated thermal power in this step is expressed by: 

2
))()((10*19.1 3

,
Tcc

ccTpTth
TT

tmtmCP
−

+= −  (AVII-8)

where TT  is the temperature of the outlet of the turbine (316°C). 

The mechanical power Pm,T of the turbine is governed by the following differential 
equation: 

TmTth
Tm

T PP
dt

dP
,,

, −=τ  (AVII-9)
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The mechanical power output of the MGT is respectively obtained from the mechanical 
power of the compressor and turbine mechanical power: 

cmTmsma PPP ,, −=  (AVII-10)

Then, the torque is deduced using the speed of the turbine: 

arb

sma
tur

P
C

Ω
=  (AVII-11)

A.VII.2. Mechanical part 
The simplified dynamic model of the mechanical part based on the following equations: 













Ω=
−−=

=
Ω

arbvisviscous

viscousemtursarb

sarb
arb

fC
CCCC

C
Jdt

d

_

_
1

 (AVII-12)

where  
J is the inertia (represents the total inertia 0.001 kg.m2), which appears on the generator rotor; 
fvis is the viscous friction of the mechanical transfer, modeled by a coefficient (1.5*10-5) ; 
Carb is the total torque; 
Cem is the electromagnetic torque; 
Cviscous is the torque of viscous friction. 

A.VII.3. Electrical energy conversion part 
The electrical diagram of the energy conversion part is presented in the following figure: 

 
Figure AVII-2:  Electrical energy conversion part diagram 

The used generator is a permanent magnet synchronous machine with two smooth poles. 
The synchronous machine is cooled by a ventilation system mounted on the axis of the micro 
turbine. The voltage of the generator is alternative and the frequency and the amplitude are 
variable. At 1600 Hz (96,000 rpm), the output power of the machine is 30 kVA and the RMS 
value of its nominal voltages is 400 V. 

For the rectifier, this model represents the low-frequency components of voltages and 
currents as: 

• sources of voltage (ured13 and ured23) dependent on the DC bus voltage by the 
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conversion functions (mred13 and mred23); 

• a current source (ired) dependent alternating currents through the same conversion 
functions. 







⋅=

⋅=

busredred

ind
T
redred

vmu

imi  (AVII-13)

For the same modeling of the 3-phase inverter and the filters is already presented in the 
Chapter II.  

A.VII.4. Modeling for the design of the local control system 
A simplified model of a real generator with control systems of the frequency and the 

voltage RMS value [SAA 99] [LAW 01] [DEL 06] has been developed in [Li 09] and is 
recalled here. The purpose of the model is to describe mathematically the transient stability of 
the electrical quantities from the power generator (such as the frequency variation or the 
voltage variation). So the mathematic equations are established with only variation quantities 
(∆) of physical variables. The model using an IEEE standard has been used and is composed 
of four parts: 

• the mechanical part; 

• the voltage regulation; 

• the coupling between these two parts; 

• additional equations between the per units and the International System of Units (SI 
Units).  

a. Mechanical part 

The mechanical part is composed of a governor, a turbine, a rotating mass including 
equivalent loads, a regulation system and the power angle calculation [KUN 94] [SAA 99]. 
The difference between the reference and the real power is transformed through the hydraulic 
amplifier to the steam valve position command ( vP∆ ). Assuming a linear relationship and 
considering a simple time constant τg (0.2s), the equation for the governor can be expressed as: 

 )(
1

1
regref

g
v PP

s
P ∆−∆

+
=∆

τ
 (AVII-14) 

where : 

∆Pref is the change of reference real power in per unit (0, for a constant generation set 
point); ∆Preg is the change of the real power in per unit.  

A simple prime mover model of the non-reheat steam turbine can be approximated with a 
single time constant τt (0.5s) : 

 v
t

m P
s

P ∆
+

=∆
τ1
1  (AVII-15) 

where ∆Pm is the change of mechanical power output in per unit. 
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Therefore, the speed-load characteristic (in p.u.) is approximated by considering the 
rotating mass and electrical load real power, which is approximately equivalent to the 
electromechanical power consumed by the generator (details can be found in [SAA 99] pp. 
460-463 and pp. 529-568): 

 )(
2

1
ecm PPP

HsD
∆−∆−∆

+
=∆ω  (AVII-16) 

where : 

∆Pc is the change of load real power in per unit; 

∆Pe is the change due to the effect of voltage upon real power in per unit; 

H is the per unit inertial constant (5 in per unit); 

D is expressed as a percent change of the load divided by a percent change in frequency 
(0.8 in per unit). Hence the load is changed by 0.8 percent for a 1 percent change in frequency. 

The small change of the power angle ( δ∆ ) is obtained by integration of the small change 
of the speed: 

 ωδ ∆=∆
s
1  (AVII-17) 

The regulation system is composed of a governor speed regulation with (or without) 
an Automatic Generation Control (AGC), which is based on an integral controller: 

 ))(1( ωω ∆−∆+−=∆ ref
I

reg s
K

R
P  (AVII-18) 

where: 

R is the speed regulation ratio (0.05); 

KI is the integral controller gain for the AGC (6); 

∆ωref is the variation reference of grid frequency (0). 

If the plant has not an AGC, the regulation system is expressed as: 

 ω∆=∆
R

Preg
1  (AVII-19) 

b. Voltage regulation 

The voltage regulation of the plant is composed of an amplifier, an exciter, a fourth order 
generator model, the calculation of the terminal voltage and a PID controller. 

The amplifier is represented by a transfer function with a gain AK  (10) and a time 
constant τA (0.1s): 

 C
A

A
A V

s
KV
τ+

=
1

 (AVII-20) 

VA is the terminal voltage of the amplifier in per unit and VC is the terminal voltage 
reference given by the PID controller in per unit. In the simplest form, the transfer function of 
a modern exciter can be modeled by: 
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 A
E

E
F V

s
KV
τ+

=
1

 (AVII-21)

Where: 

VF is the terminal voltage of the exciter in per unit; 

KE is the exciter gain (1); 

τE is a time constant (0.4s). 

A fourth order generator model is used [LAW 01] [DEL 06] to obtain a better accuracy 
of the generator field calculation than with a simple first order generator model [WAL-96]: 

R2: )(
)1)(1)(1)(1(
)1)(1)(1)(1(

4
4321

4321' δ∆−
++++
++++

= KV
sTsTsTsT
sTsTsTsTE F

pppp

zzzz  (AVII-22) 

Where :  

Tp1 (3.9517) and Tz1 (0.9087) are the pole-zero time constants of the first order model, 

Tp2 (0.1481) and Tz2 (0.1257) are the pole-zero time constants of the second order model, 

Tp3 (8.38×10-3) and Tz3 (6.88×10-3) are the pole-zero time constants of the third order 
model, 

Tp4 (9.37×10-4) and Tz4 (7.75×10-4) are the pole-zero time constants of the fourth order 
model, 

K4 is a gain. 

Including the small effect of the rotor angle upon the generator terminal voltage, the 
generator terminal voltage can be written as [SAA 99]: 
R3 : '

65 EKKVt +∆= δ  (AVII-23) 

K5 is the gain of the change in the terminal voltage for a small change in rotor angle 
with a constant stator emf (-0.1) and K6 is the gain of the change in the terminal voltage for a 
small change in the stator emf with a constant rotor angle (0.5). A PID controller is used to 
improve the dynamic response as well as to reduce or eliminate the steady-state error: 

R4: tDC
IC

PCC VsK
s

KKV )( ++=  (AVII-24) 

Where: 

KPC is proportional gain (3); 
KIC is integral gain (0.7); 
KDC is derivative gain of the PID controller (0.2). 

c. Coupling between these two parts 
Equation R5 represents the interaction between the frequency regulation and the voltage 

regulation. The small change in the real power due to the effect of voltage can be expressed as: 
R5 : '

2EKPP se +∆=∆ δ  (AVII-25) 

sP  is the synchronizing power coefficient in per unit (1.5) andv 2K  is the change in 
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electrical power for a small change in the stator emf (0.2). 

d. Adaptation between the per units and SI units 

The adaptation between the per units and SI units is derived by the equations R12, R13 
and R14. The change for the grid frequency is calculated as: 
R12 : )rad/s()Hz()rad/s( 2 ωπω ∆+= reff  (AVII-26) 

 )pu()Hz()rad/s( 2 ωπω ∆=∆ reff  (AVII-27) 

where fref is the grid frequency (50 Hz). 

The change from per unit to SI unit (volt) for the voltage is given as: 

R13 : 




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2
1sin(3
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tVVu

tVVu

tntgd
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 (AVII-28) 

Where: 

ugd = [ugd13, ugd23]T is the vector of phase-to-phase terminal voltages; 
Vtn is the nominal voltage value of the plant; 
θ0 is the initial angle. 
The change from SI units (Watt) to per unit of load power fluctuations is expressed as: 

R14 : )(1
ngdbgd

T
gd

ngd
c Piu

P
P −⋅=∆  (AVII-29) 

Pngd is the nominal generated real power by the plant (200 kW) and  
ibgd = [ibgd1, ibgd2]T is the vector of generator currents. 

A.VII.5. Simplified power model for the design of the operational 
planning 

In order to implement the energy management, a simplified model is used for the power 
modeling and energy management. The response time of the power output of the whole gas 
turbine with the control system is set as 30 seconds. So the power model of the gas turbine 
can be approximated with a first order model:  

 refMGT
MGT

MGT P
s

P _1
1

⋅+
=

τ
 (AVII-30) 

where PMGT is the power output from the simplified model, 
PMGT_ref  is the setpoint of the micro gas turbine and  

sMGT 10=τ . 
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Résumé 
L’intégration de panneaux PhotoVoltaïques (PV) dans un système électrique réduit la 
consommation des sources fossiles et apporte des avantages environnementaux. Toutefois, 
l'intermittence et les fluctuations de puissance détériorent la qualité d’alimentation 
électrique. La solution ici proposée est d’ajouter des éléments de stockage, coordonnés par 
un contrôleur local qui gère les flux de puissance entre toutes les sources et la disponibilité 
énergétique. Ce générateur actif PV peut générer des références de puissance et fournir 
des services « système » au réseau électrique. Puis, les concepts liés au micro réseau sont 
transposés pour concevoir un système central de gestion de l'énergie d'un réseau électrique 
résidentiel, qui est alimenté par des générateurs actifs PV et une micro turbine à gaz. Un 
réseau de communication est utilisé pour échanger des données et des références de 
puissance. Un système de gestion de l'énergie est développé avec différentes fonctions de 
contrôle sur des échelles de temps différentes afin de maximiser l'utilisation de l'énergie 
PV. Une planification opérationnelle quotidienne est conçue par un algorithme 
déterministe, qui utilise la prédiction d'énergie PV et de la charge. Ces références de 
puissance sont actualisées chaque demi-heure en tenant compte de la disponibilité de 
l’énergie PV et l’état des unités de stockage. Les erreurs de prévision et les incertitudes 
sont compensées par le réglage primaire de fréquence. Les résultats de simulation et les 
tests valident la conception de la commande du générateur actif photovoltaïque ainsi que 
le système central de gestion de l'énergie du réseau résidentiel étudié. 
  
Mots-clés: micro réseau, réseau intelligent, supervision énergétique, énergie renouvelable, 
panneau photovoltaïque, stockage énergétique, batterie, supercondensateur 
 
 
 
 
Abstract 
The integration of PV power generation in a power system reduces fuel consumption and 
brings environmental benefits. However, the PV power intermittency and fluctuations 
deteriorate the power supply quality. A solution is proposed by adding energy storages, 
which are coordinated by a local controller that controls the power flow among all sources 
and implements an inner energy management. This PV based active generator can 
generate power references and can provide ancillary services in an electric network. Then 
micro grid concepts are derived to design a central energy management system of a 
residential network, which is powered by PV based active generators and a gas micro 
turbine. A communication network is used to exchange data and power references. An 
energy management system is developed with different time-scale functions to maximize 
the use of PV power. An operational daily planning is designed by a determinist 
algorithm, which uses 24 hour-ahead PV power prediction and load forecasting. Then 
power references are refreshed each half of an hour by considering the PV power 
availability and the states of energy storage units. Prediction errors and uncertainties are 
compensated by primary frequency controllers. Simulation and testing results validate the 
design of the PV active generator local controller and the central energy management 
system of the studied residential network. 
 
Keywords: smart grid, micro grid, energy management, renewable energy, photovoltaic 
panel, electrical energy storage, battery, ultracapacitor 
 




