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Introduction

More and more decentralized generation systems are integrated into electrical network, as
result, new structures of the electrical system should be considered. The microgrid is one of
the solutions. The advantages of the microgrids consist of
- the association of the local generators and local loads in order to minimize the energy
losses in the electricity transport;
- the possibility of electricity and heat cogeneration in order to increase the energy
generation efficiency;
- the ease of using communication means in order to optimise the total electricity
generation and to increase the quality and the reliability of the power system.

Nowadays, it is preferred to integrate renewable energies in the microgrid in order to reduce
the CO, emission and the fossil fuel consumption. But the renewable energy sources are
usually very intermittent and fluctuant. Moreover the renewable energy production is
generally difficult to predict. The power balance between the production and the consumption
becomes very difficult. In order to increase the development of renewable energy generators
in the electrical network, we must imagine new renewable energy generators, which are more
flexible and more controllable for the grid operation.

The topic of this thesis is the transformation of a renewable energy generator into an active
generator by using energy storage systems. A hybrid power system is studied in the thesis. It
consists of a wind generator (as primary energy source), super-capacitors (as fast-dynamic
storage system), fuel cells and electrolyzers (as long-term storage system in the form of
hydrogen). They are all connected to a common DC bus and an inverter is used for the
connection of the whole system to the grid.

The objective of this thesis is to design the control system, including the power balancing and
energy management strategies for all embedded sources. The proposed active wind generator
is able to supply controllable powers as most conventional power plants. As result, it is able to
provide ancillary services to the electrical system of the microgrid [Appendix H].

The context of the thesis is introduced in the first chapter. And then the thesis work is
presented in four chapters.

In Chapter Il, a wind energy conversion system is studied. The system modelling and the
control design are detailed. In order to overcome the fluctuation problems of the wind power,
a super-capacitor based fast-dynamic storage system is added. Power balancing strategies are
proposed for their coordination in this hybrid power system. The delivered power to the grid
is well smooth, but the operation can not be ensured for a long time. Hence a hydrogen based
long-term storage system (including the fuel cells and the electrolyzers) is considered in the
following chapters.

In Chapter 111 and in Chapter 1V, the studies of a fuel cell system and of an electrolyzer
system are presented. The system modelling and the control design are studied and validated
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by some experimental tests on the commercial systems (1200W Ballard Nexa fuel cell system
and 500W CETH GENHY electrolyzer system). In order to set up a flexible experimental
platform, some real-time emulators are built for the fuel cell and the electrolyzer by using
validated models. These emulators can provide the same electrical behaviours as the fuel cell
and the electrolyzer. This allows us to test the power balancing strategies in the active wind
generator, which is presented in the following chapter.

In Chapter V, the study of the active wind generator is presented. The modeling and control of
the entire system are detailed. The power balancing strategies are proposed according to the
characteristics of each energy source. They are experimentally implemented in the digital
control board (DSpace 1103), and their performances are compared with respect to the DC-
bus voltage regulation and the grid power control. The energy management strategies are
implemented in order to ensure the good energy availability. They are performed with
different operating modes to adjust the required energy storage levels.

The conclusion and the perspectives of this thesis are finally presented in Chapter VI.

The main scientific contributions of this thesis are the followings:
- the use and the adaptation of the graphical tools for the modeling of complex systems and
their control design;
- the design and the experimental implementation of real-time emulators in order to reduce
the time and the cost of an experimental test bench;
- The proposition and the validation of two power balancing strategies for the active wind
generator to regulate the DC-bus voltage and to control the grid power;
- The proposition of different energy management strategies with the definition of the
operating modes for the active wind generator to ensure the energy availibility.
These contributions can be adapted and extended for other hybrid power systems, which
consist of a renewable energy source, a fast-dynamic energy storage system and a long-term
energy storage system.
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In the last decades, Renewable Energy Sources (RES) and Distributed Generation (DG)

have attracted special attention in Europe and all over the world, in order to reach two goals:
- Increasing the security of energy supply by reducing the dependency on imported fossil
fuels such as oil, natural gas and coal;
- Reducing the emission of greenhouse gases, specifically carbon dioxide, from the burning
of fossil fuels.
In the mean time, new concepts and technologies are being developed in the Transmission and
Distribution Networks (like Smartgrid) and in the management and control concepts (like
Microgrid), in order to improve the grid integration and the local consumption of these
distributed renewable energy generators. Controllable and reliable generators are necessary in
order to make all these concepts above feasible and flexible. In this PhD thesis we propose the
association of a wind generator, super-capacitors and hydrogen technologies to assess an
active generator for a microgrid application.

So before presenting this generator, this chapter recalls some concepts about renewable
energy sources, distributed generators, smart grids and microgrids. Then in a second part,
characteristics and opportunities of hydrogen as alternative energy carrier to electricity is
presented. Hence, the context, which is related with microgrid and active generators, is
explained as well as the structure of the active generator. Finally, the objectives of the
research work and the followed methodologies are presented.

I.1 Renewable energy sources and distributed generation
I.1.1 Renewable energy sources

Renewable Energy Sources (RESs) refer to the sustainable natural energy sources, such as
the sun and the wind. Renewable energy systems convert these natural energy sources into
consumable energy forms (electricity and heat), which are easy to transport and to use.
According to the European directive on RES for production of electricity [Dir 01], RESs
include:

- Wind;

- Solar (photovoltaic, thermal electric);

- Geothermal,

- Wave and tidal energy;

- Biodegradable waste;

- Biomass (solids, biofuels, landfill gas, sewage treatment plant gas and biogas).

Nowadays, hydropower and wind power are technically and economically the best
renewable energy utilizations. In countries with hydropower potential, small hydro turbines
are used at distribution level to sustain the utility network in dispersed or remote locations. In
many countries, the wind power potential has led to a fast development of wind turbine
technologies in the last decade [Ewe 05]. A total amount of nearly 120GW wind power has
been installed in the world by the end of 2008 (Fig.l-1a). Another renewable energy based
sustainable power supply is the photovoltaic (PV) technology [lea 05]. The number of PV
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installations increases exponentially and the worldwide PV cells production reaches 3.7GW
(Fig.1-1b), mainly thanks to the governments and utility companies that support programs
focusing on grid-connected PV systems.

The main advantage of renewable energy systems is the low impact on the environmental
pollution as no fossil fuels are involved. An additional advantage is the insensitivity to fuel
prices since they are free natural resources. This decreases the operational cost of renewable
energy systems and reduces economic operation risks.

The major drawback is the initial investment in renewable energy systems. It is often
more expensive to build renewable energy systems than non-renewable energy systems, since
the environmental deterioration has not yet been taken into account for the cost calculation.
However, this investment cost will be reduced with the fast developing technologies (just like
the development of computer industry in the last three decays). Other disadvantages of RES
are the specific requirements of the site and the unpredictability of the generated power. The
intermittent availability of the RES means a higher cost for balancing the electricity and for
maintaining reserve capacity, for example in the event that the wind drops below or
increases above the operating area of wind turbines. These quality and security problems
have already been encountered in areas with a high penetration of wind turbines, such as in
Germany and in Denmark.
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Figure I-1: Evolution of installed wind power and photovoltaic cell production in the world [Eur 09].
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1.1.2 Distributed generation

Distributed Generation (DG) refers to distributed energy generation and energy storage
(like electricity and heat, near to or at the load center). Generally, a part of the electricity is
used locally and the remainder is delivered to the grid. The heat, on the other hand, is always
used locally, as heat transport is costly and involves relatively large losses. In this dissertation,
we focus on the generation of electricity. DGs are usually smaller than 50 MW and are
connected to the distribution network, which has a low or medium operating voltage level
(240/400 up to 110kV). Fig.1-2 gives an overview of DG systems and their typical uses.
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Figure 1-2: Overview of distributed generation (based on [Ack 01] [Van 05] and of typical uses)

Today, central electricity production still dominates electricity production because of
many issues, like economy of scale, efficiency, fuel capability and lifetime [Wil 00]. However,
the advantage of the central production’s economy of scale is decreasing, because fossil fuels,
which are economically suitable for central production, are not abundant enough for the next
century (without steady supply or stable price). Recently, the world has shown its great
interest and ambition of integrating RES and DG into the Transmission and Distribution
Network (electrical grid) because of many advantages. These advantages include additional
energy-related benefits (improved security of supply, avoidance of overcapacity, peak load
reduction, reduction of grid losses) and network-related benefits (transmission network
infrastructure cost, power quality support, reliability improvement) [Sch 03]. Moreover, DG
can increase the overall fuel efficiency of the plant considerably, as the heat can be used
locally. Appendix A outlines the ongoing research, development and demonstration (RD&D)
efforts currently in progress in Europe, the United States, Japan and Canada.

Except for large-scale hydro, offshore wind farms and co-combustion of biomass in
conventional (fossil fuelled) power plants, most renewable energy systems are small DG
systems. In the last decades, electric power systems undertook several modifications toward a
more decentralized energy system paradigm, allowing the increase of DG integration. With
the fast development of distributed renewable energies, many efforts should be done in the
following domains:
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- Modernization of the Transmission and Distribution (T&D) networks (like SmartGrid), for
distributed renewable energies’ grid integration;

- Innovation of the local system’s Management and Control Concepts (like Microgrid), for
distributed renewable energies’ local demand and supply optimization;

- Implementation of Controllable and Reliable Generation (like Active Generators), to
overcome the intermittent and fluctuant availability of renewable energies and to supply
ancillary services to the electrical network.

In this context, we propose solutions to transform a wind generator into a controllable
production unit.

1.1.3 Smart grid

Today’s electrical grid has to take the challenges to match the modern digital economy
and information age, which requires higher load demands, uninterruptible power supplies, and
other high-quality, high-value services. Especially, the integration of more and more DGs
based on intermittent and fluctuant RES will lead to reliability problems of ancillary service,
power quality disturbances, brownouts, and blackouts. The original power grid technology
has its control systems embedded in the generating plants. The utilities attempt to meet the
demand and succeed or fail with varying degrees (brownout, rolling blackout, uncontrolled
blackout). The total amount of power loaded by the users can have a very wide probability
distribution, which requires a lot of spare generating plants in standby mode to respond to the
rapidly changing power usage. Thus, the clusters’ generating capacity should usually be
oversized, so it is very expensive for the power producers, and the resulted brownouts and
outages can be also very costly for consumers.

As new electricity transmission and distribution network is required for integrating the
newly emerging distributed renewable energies. Smart Grid is a modernized “grid” that uses
robust two-way communications, advanced sensors and distributed computers to improve the
efficiency, reliability and safety of power delivery and use. With the application of
communication and information technologies to the electric grid, many smart digital meters
can be integrated in the modernized grid to replace analog mechanical meters. The Smart Grid
System Operator (SGSO) is able [Maz 03]:

- to control the electrical powers down to the residential level, small-scale DGs and storage
devices;
- to communicate information on operating status and needs and to collect information on
prices and grid conditions;
- to transform the grid under central control into a collaborative network.
Moreover, the Demand Response (DR) will be the next step for the smart grid development.
This can be very simple like timers to switch off electric water heaters during peak-demand
periods, but such systems are unable to respond to contingencies. The full Smart Grid allows
generators and loads to interact in real time, by using modern communication and information
technology. So the demand managements can eliminate the cost of generators, can cut the
wear and extend the life of equipment and allow users to get more value from the system by
putting their most important needs first.
A comparison of a future’s Smart Grid with the today’s grid is summarized in Table I-1.
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Table I-1: Comparison of future’s Smart Grid with today’s grid [Glo 05]

20™ Century Grid
Electromechanical
One-way communications (if any)
Built for centralized generation
Radial topology
Few sensors
“Blind”
Manual restoration
Prone to failures and blackouts
Check equipment manually
Emergency decisions by committee and phone
Limited control over power flows
Limited price information

Few customer choices

1.1.4 Microgrid

21% Century Smart Grid
Digital
Two-way communications
Accommodates distributed generation
Network topology
Monitors and sensors throughout

Self-monitoring

Semi-automated restoration and, eventually, self-healing

Adaptive protection and islanding
Monitor equipment remotely
Decision support systems, predictive reliability
Pervasive control systems
Full price information

Many customer choices

With a large number of widely dispersed distributed generators, the real-time
communication and control are difficult to perform for the whole power system, especially
with extremely large amounts of information and long transmission distance. Therefore, the
optimized real-time control and management of distributed generators and loads should be
implemented within local power systems. The necessary information should be firstly
gathered and then be exchanged with the Grid System Operator (GSO) for the whole power
grid’s control and optimization. As a new control and management concept of organizing the
distributed renewable energies and local loads, microgrids have attracted great attention all
over the world. An example of organizing all distributed generators and loads by means of
smart grid and microgrids in a hierarchical structure is shown as in Fig.I-3.
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Figure I-3: Example for organizing distributed generators and loads by means of Smart grid and Microgrid
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The power connections are presented by the bold lines, which symbolize the
infrastructure network. The Smart Grid interfaces many microgrids and each microgrid
combines locally the dispersed generators and load, which are totally or partially controllable.
The information connections are presented by the dotted lines, which symbolize the advanced
communication technologies connecting Smart Grid System Operator (SGSO), MicroGrid
System Operator (MGSO) and the controllers of distributed generators and loads

Microgrids comprise dispersed energy resources (like wind turbines, photovoltaic panels,
fuel cells, micro gas turbines...), storage devices (like flywheels, super-capacitors and
batteries) and controllable loads in order to offer considerable control capabilities to the local
network operation. These systems are interconnected to the low-voltage distribution network,
but they can also be operated in islanding mode in case of faults in the upstream network.
From the customer’s point of view, microgrids provide both thermal and electricity supplies,
and in addition enhance local reliability, reduce emissions, improve power quality by
supporting voltage and reducing voltage dips, and potentially reduce costs of energy supply.
A series of microgrid symposiums have started in California, on 17 June 2005, and then have
been organized in Montreal on 23 June 2006, in Nagoya on 6 April 2007 and recently in
Kythnos on 2 June 2008. The main researches include control philosophies, energy
management, local generator and load issues and analysis tools...

Islanded operation is expected to happen very few times in a year and it is obvious that
the main concern is to “keep the lights on” in such periods. In interconnected operation,
MicroGrid System Operator (MGSO) should ensure the maximization of renewable energy
generation and the optimization of the microgrid’s operation. Controller functions have to be
considered in order to achieve optimal operation of the microgrid in interconnected mode.
The MGSO might use load forecasts (electric and possibly heat) and production capacity
forecasts (from local generators). It uses the market prices of electricity, the gas costs, the
local production capability, the local load demands, the grid security concerns and the
distribution network’s requests to determine the amount of power that the microgrid should
draw from its owned distributed generators and another amount of power that should be
exchanged with the upstream grid network. The defined optimized operating profile can be
achieved by controlling the local generators and the local loads in the microgrid by sending
control signals to their controllers. In this framework, non-critical, controllable loads can be
cut off, when necessary. Furthermore, it is necessary to monitor the actual active and reactive
power balancing. These techniques can be considered equivalent to the secondary control of
the interconnected grid [Tsi 05].

Many technical challenges are associated with the operation and the control of microgrids.
Energy management is very important for the achievement of good energy efficiencies by
optimizing production and consumption of heat, gas and electricity. With various conflicting
requirements and limited communication techniques among a large number of distributed
energy sources, the management of instantaneous active and reactive power balancing is a key
challenge of microgrids. Another key challenge of microgrids is to ensure stable operation
during faults and various network disturbances. Transitions from interconnected operation to
islanding operation are likely to cause large mismatches between generations and loads, and
to cause severe frequency and voltage control problems. Maintaining stability and power
quality in the islanding mode of operation requires the development of sophisticated control
strategies.

11



Chapter I Context and Methodologies

In this context, we propose to design a local control interface of a wind generator based
hybrid power system in order to make it available for the microgrid management.

1.1.5 Hybrid power system

Because of the intermittent and fluctuant availability of the renewable energy sources,
Hybrid Power Systems (HPS) provide a high level of energy security through the mix of
various generation systems and often incorporate energy storage systems to ensure maximum
reliability of power supply. Several kinds of hybridization of power sources are presented as
follows:

- Hybridization of renewable energy sources and backup power units: Because of the
intermittent availability of renewable energy sources, backup power units are usually
integrated for a high level of local energy security. For example, diesel generator, micro
gas turbine and fuel cells are usually used as for uninterrupted power supplies [Che 03].

- Hybridization of renewable primary sources: Two or more renewable primary sources can
be associated for complementary advantages. For example, the PV-Wind system are often
proposed, because the PV panels provide powers only in the day time and wind generators
produce usually more powers with stronger wind in the night. [Ahm 06].

- Hybridization of renewable energy sources and energy storage devices: The association
of energy storage devices with renewable energy sources can ensure reliability and security
of the distributed power generation system while maximizing the benefit from renewable
energies. For these systems, the excess and deficit of energy production can be optimally
adjusted by the energy storage units to increase the energy efficiency [Abb 05].

- Hybridization of different kinds of energy storage devices: In this PhD thesis, we have
classified energy storage devices into two categories: fast-dynamic storage devices and
long-term storage devices. We propose an association of these two kinds of device to bring
their complementary advantages to the renewable energy based generator for improvement
of the power supply [Zho 07].

In this PhD thesis, a hybrid power system is proposed to assess an active wind generator in
order to provide some ancillary services to microgrid.

1.2 Hydrogen as alternative energy carrier to electricity
1.2.1 Hydrogen market

Because of the effects of carbon emissions into the atmosphere on global climate change,
a carbon-constrained world is coming and alternative energy sources will be required to
supplement the carbon-intensive sources that currently power the utility network and the
transport vehicles. One promising solution to this problem is the direct use of hydrogen.
Hydrogen, is not a primary energy source like coal and oil, but is an energy carrier like
electricity. Ideally, 1kg of hydrogen at 25°C and 1bar corresponds to 39kWh of electricity.
But unlike electricity, hydrogen can be stored quite easily.

Hydrogen can be manufactured or extracted from hydrogen-rich materials such as coal,
natural gas, biomass or water. Currently, the primary means of manufacturing hydrogen is to
strip it from natural gas via steam methane reforming. The technologies to produce hydrogen

12
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from non-fossil sources are also available, such as biomass, wind, and solar. As advantages,
the hydrogen production cycle from non-fossil sources can produce less greenhouse gases
than from fossil sources.

The current market for hydrogen is divided into two segments: captive users, who
produce the hydrogen at the location where it is to be used; and merchant users, who have
their hydrogen delivered to the point of use. In the worldwide, the captive market is larger,
and includes chemical producers, refineries, fat and oil hydrogenation and metal production.
The merchant market is smaller and serves industries such as electronics manufacturers, float
gas producers and public utilities for generator cooling in nuclear plants [Sur 04].The future
market for hydrogen is even much larger, if hydrogen is to be used as fuel for vehicles.

1.2.2 Hydrogen-electric economy

Hydrogen economy refers to a society that can use hydrogen as an energy carrier because
of the following advantages:

- hydrogen can be produced from a clean energy sources;

- hydrogen can be distributed and stored in a variety of ways;

- hydrogen can replace fossil fuels to provide electricity and transportation fuels;

- domestic resources can be used for hydrogen production to lead to energy independence.
Such an idea is not new and it dates back up to 1874 “...Water will one day be employed as
fuel, that hydrogen and oxygen of which the water is constituted will be used, simultaneously
or in isolation, to furnish an inexhaustible source of heat and light”[Ver 01].

As in France, the all-electric economy relies on inexpensive nuclear electricity [Gre 72].
Additional means are required to modulate the electricity production with fast response time.
Classically they are pumped-storage hydro and coal or oil based thermal generators. Both
additional power-regulation means have their own drawbacks as the site-specific application,
the increasing price of the fossil fuel and environmental pollution.

The use of hydrogen to replace fossil fuels and as an alternative to the all-electric
economy 1S examined. The term hydrogen-electric economy was also developed [Lot 74] to
describe the possibilities of combining production, transmission and sales of both energy
carriers. Like electricity, hydrogen can be centrally produced and then be distributed to the
point of use. It can also be produced locally (decentralized hydrogen production) (Fig.I-4).
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Figure I-4: Examples of wind electrolysis [Kot 08]
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If hydrogen can be produced economically, hydrogen-based internal combustion engines
(IECs) and fuel cells could be used to provide electrical power in distributed energy
applications. If the loads can also use the heat from the distributed generators, a combined
heat and power (CHP) application can increase the overall efficiency of the packaged system.
Moreover, new technological advantages may be developed:

- the electrolyzers can be used during off-peak times in order to increase the efficiency of
the electrical power system by allowing it to run close to its rated capacity [Fer 74];

- the hydrogen, which is produced on site, can be used for generator cooling with its high
thermal capacity and low density[Gre 73];

- For wind electrolysis, the wind tower may even be used as hydrogen storage tank [Kot 03].

1.2.3 Hydrogen as storage for electricity

a) Hydrogen production from electricity

Hydrogen can be produced from a variety of sources. Currently, hydrogen is mainly
produced by reforming natural gas and dissociating hydrocarbons and a smaller amount is
produced by electrolysis. Reforming natural gas is currently the least expensive way to
produce large quantities of hydrogen. However, some drawbacks exist:

- the process is based on a non-renewable fossil-fuel source;

- the reactions produce also carbon dioxide;

- the produced hydrogen gas can have high impurities.
As another way, electrolysis uses direct current electricity to split water into its basic elements
of hydrogen and oxygen. For large-scale energy storage, the hydrogen should be further
compressed before stored. Since the electrolysis process uses only water and electricity, it can
produce pure hydrogen and oxygen (99.9995%).

In the actual hydrogen market, electrolyzers are still used in places where low electricity
prices are available or for high hydrogen purity requirements. As the price of natural gas
increases, electrolysis becomes a viable option for competition in the hydrogen market and
electric utilities are well placed to provide the electricity for hydrogen production by water
electrolysis.

b) Electricity generation from hydrogen

Hydrogen can also be used to generate electricity in different ways. Hydrogen can be used
as fuel to supply the combustion engine for electricity generation by rotating machine.
Hydrogen can also be directly used through electro-chemical reactor (eg. fuel cells) to
generate electricity. For high power levels, the most efficient conversion from hydrogen to
electricity can be achieved in combined heat and power (CHP) plant, where the thermal
energy can also be used. For lower power levels, fuel cells alone can be applied.

¢) Round-trip evaluation

Fuel cells require very high hydrogen purity, so electrolyzers are very suitable for the
application. Both components use direct electro-chemical conversion and higher round-trip
efficiency can be expected (in the range of 35-40%) than using “steam methane reforming”
(for hydrogen production) and “hydrogen combustion” (for electricity generation).
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1.3 Integration of renewable energy based generators into a microgrid
1.3.1 General framework of the microgrid operation

In our study we consider a microgrid, which is powered by a gas micro-turbine (Fig.I-5).
At first sight the use of Renewable Energy System can decrease the environmental impact. So
we want to evaluate the integration of a wind generator into the operation and the
management of the studied microgrid.

The microgrid can operate both in connected mode with a distribution network and in

islanding mode. The MicroGrid System Operator (MGSO) controls the microgrid’s operation
through the local generator controllers (Fig.I-3).

In connected operation, a timing power planning is established between the DSO and the
MGSO. The MGSO adapts the power reference of the gas micro-turbine in order to fulfill this
contract.

In islanding operation, the microgrid should ensure the local electricity supply and energy
security. To perform the power balance between the production and consumption, the MGSO
should predict the local production capacity and the local consumption needs for the next
period. If the production is more than the consumption, the power production of the gas
micro-turbine must be reduced and during this transient state the excess power is dissipated in
dummy resistor loads in case of overvoltage. If the production is less than the consumption,
two solutions exist. The micro gas turbine will be prepared to supply the deficit power or a
part of loads will be disconnected from the microgrid (if necessary).
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Figure I-5: Example of a microgrid
1.3.2 Problems of renewable energy sources

Actual wind generators are not dispatched by a microgrid system operator because their
output active and reactive powers are not controllable. In an isolated microgrid if a wind
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generator is used the electrical production may exceed the consumed load power. This event
may occur during the night when the loads are very low. This is a typical problem, which is a
barrier for the integration of wind generator in grids. So research efforts must be done to
transform this wind generator into a classical generator.

As example one desirable control action is to be able to reduce the wind power production
when it is not useful for the microgrid operation. In order to increase the value of renewable
energy, it is interesting to store locally the non-used electrical power. Another advantage of
having load storage capability is to make able the supply of more power (as the wind turbine
can) if the microgrid operator asks it.

Moreover the generated wind power is very fluctuant. So the gas micro-turbine has to
perform a real time compensation of power transients and it implies abnormal stresses.
Important collateral effects may decrease expected economic and environmental benefits. So
a great improvement is to erase the wind-caused power variations by using a local storage unit
with fast dynamic abilities. It should smooth the produced power. A local control system must
manage the storage to supply or absorb the power difference between the generated wind
power and the power reference set by the MGSO.

In connected mode, it is very important to have a constant power exchange with the grid
during each period (15 or 30 minutes) between the microgrid and the distribution grid. If
renewable energy based generators are connected, the MGSO must estimate the production
capacity with the climate forecasts as well as the local consumption demands for the next
period z,,. To have a great benefit of “clean” electricity production we must imagine a possible
scenario. The MGSO should send to the DSO the average power, which will be exported
during the period 7, . Hence the DSO has enough time in advance to gather and to send set
points to coordinate the power production for his interest. At the same time, the MGSO
assigns the power references to each local generator for the period z, according to the climate
condition. Then each active generator should respect its power reference during the period z,,
against the possible large fluctuations of the weather condition.

These problems and possible solutions show the necessity to get a wind generator, which
is capable of exchanging information with the MGSO and of supplying the power
requirements of the microgrid.

1.3.3 Concept of active generator

The task of an active generator is to supply the electrical power references, which has
been previously set by the MGSO for a given period by taking into account all the local
factors and the distributed network’s requirements.

Conventional power plants are usually active generators because they are controllable
and can supply necessary powers to satisfy the grid requirements. Moreover, they can usually
provide some ancillary services to the grid, basically like 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 (Fig.l-6a) by
controlling the fuel supply.

Renewable energy generators are usually 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
(Fig.1-6b). Moreover, the reliability and efficiency of the power system can not be ensured.
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Therefore, they can not provide ancillary services to the grid, like power balance between the
production and the consumption.

Energy storage devices can serve as backup power plants. They can work at any power
level between two nominal powers, for storing and releasing energies (Fig.l-6¢). So they can
be used to support the operation of sources, transmission, distribution, and loads. When they
serve as source devices, they can help to solve the problems of renewable energies’
intermittent availabilities and fast transients.

For each unit, the classified power domain can be achieved by a proper control (Fig.I-6).

Thus, a hybrid power system combining a renewable energy based generator and energy
storage devices can be a good solution to make an active generator. Such an active generator
corresponds to both the needs of clean energy generation and high power quality for the
future’s electrical network. For this objective, two major innovative improvements should be
made:

- Energy Storage Systems should be well chosen and associated with renewable energy
generators to compensate or to absorb the power difference between the actual renewable
energy production and the required grid consumption;

- Energy Management Strategies should be properly designed and adapted to control the
power flows among the renewable energy generator, the energy storage systems and the
grid. Various additional control functions have to be implemented to provide ancillary
services for the grid [Appendix H].
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Figure 1-6: Characteristic of different kinds of energy sources

With proper power control and energy management strategies, active generators must
perform local optimization of the active and reactive power production and fast load tracking.

|.4 Presentation of the studied active generator

1.4.1 Technologies of wind generators

Among the different renewable energy generators, the wind generator is technically and
economically the most developed one. In general, wind generators can be classified into three
categories [Bla 06].

Wind generator without power electronic converters: Most of these topologies are based
on a squirrel-cage induction machine (SCIM), which is directly connected to the grid. A soft
starter is usually used to reduce the inrush current during start up. Moreover, a capacitor bank
is necessary for the reactive power compensation (Fig.1-7a).

By adding power electronic converters into the wind generator, a variable-speed wind
generator can be achieved. Although the system complexity and the solution cost are
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increased, a better control of the converted primary power and of the grid connection can be
obtained. For example, maximum power can be extracted for a large variation of wind speed.
The use of power electronic converters in the wind generator can be further divided into two
categories: systems using partial-scale power electronic converters and systems using full-
scale power electronic converters.

Wind generator using partial-scale power electronic converters: A particular structure is
based on a wounded-rotor induction machine. An extra resistor controlled by power electronic
converters is added in the rotor and gives a variable speed range of 2% to 4%. The power
converter for the rotor resistor control is for low voltage but high currents. This solution also
needs a soft starter and a reactive power compensator. Another solution is to use a back to
back power electronic converter with the wounded rotor induction machine, as shown in
Fig.I-7b. In this case, a power converter connected to the rotor through slip rings controls the
rotor currents. If the generator is running super-synchronously, the electrical power is
delivered through both the rotor and stator. If the generator is running sub-synchronously, the
electrical power is only delivered into the rotor from the grid. A speed variation of 60%
around synchronous speed may be obtained by the use of a power converter of 30% of the
nominal power.

Wind generator using full-scale power electronic converters: By implementing a full-
scale power converter between the electrical machine and the utility grid, additional technical
performances of the wind generator can be achieved. Normally, as shown in Fig.l-7c, a
squirrel-cage induction machine (SCIM) or a synchronous machine (SM) is used in this
configuration. By using a multi-pole wound rotor (or permanent-magnet) synchronous
machine (MPSM), the gearbox can be eliminated (Fig.I-7d).

Input side control Grid side control

(a) Minimum electronics unit. (b) Partial power converter.

Input side control Grid side control
Input side control Grid side control

(c) Full-scale power converter with gearbox. (d) Full-scale power converter without gearbox.
Figure I-7: Wind generator with power electronics

In our study, a variable-speed wind generator as shown in Fig.l-7c is considered for
extracting the maximum available wind power. Such kind of wind generator supplies
continuously varying powers, which depend on the intermittent and fluctuant wind velocity.
When a large scale of wind generators is connected to the grid, stability problems will occur
due to the dependence of the power production on the wind condition. It is very important for
the future’s power grid to transform wind generators into active generators. So we choose
wind generators as the renewable energy source in our studied system.
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1.4.2 Classification of energy storage systems

Energy storage systems can be classified in accordance with the storage of electrical,
magnetic, thermal, chemical, kinetic and gravitational potential energy. From the system view,
more attentions should be paid to the access time, application and control of the storage units,
as illustrated in Fig.1-8. According to this Ragone Chart, they can be classified into two
categories:

- Fast-dynamic storage systems (“power sources™), which usually can deliver high specific
power with fast dynamics. They can not store much energy for a long-term operation but
can provide fast and high power variations, such as flywheels, super-capacitors, super-
conducting magnetic energy storage (SMES);

- Long-term storage systems (“energy sources”), which usually have slow dynamic and high
specific energy. They can not provide fast varying power but can store much energy for
long-term operation, such as diesel generator, micro gas turbine, batteries, fuel cells with
electrolyzers and hydrogen bottles.

Therefore, long-term storage systems are suitable to overcome the uncertainty of energy
availability of the renewable energy generators. Fast-dynamic storage systems can be used to
compensate the power difference between the fast power variations of loads and the fluctuant
power supply of the renewable energy generation. In order to make the wind energy
conversion system work like a conventional power generator, energy storage systems will be
used to store or to compensate the power difference between the continuously varying
production and consumption.

An ideal energy storage device, which can work as an excellent long-term energy source
and as a perfect high-dynamic power source, does not exist. The batteries are the “trade-off”
product, which are usually used to provide medium performances in both energy density and
power density. In order to combine the complementary advantages of these two kinds of
energy storage devices, hybrid power systems are chosen for our study and the batteries are
not considered.
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Figure 1-8: Characterization of main energy backup systems
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1.4.3 Long-term storage system through hydrogen technologies

Diesel generators and micro gas turbines have a good controllability, so they are good
candidates for long-term backup power plants. They are often used in microgrids for the
security of power supply. However, they consume fossil fuels, which should be transported
from far away.

Some fuel cells consume hydrogen to generate electricity and heat and the only product is
water, which has no environmental impact. There are many methods to produce hydrogen. If
we can find a way to produce hydrogen by using electrical power, the electricity can be stored
in the form of hydrogen. The water electrolyzer is the good candidate. The idea is to design an
intelligent control system to perform a combined use of both power sources.

The excess wind power can be consumed by the electrolyzer to produce hydrogen, which
is stored in a hydrogen tank and later is used to compensate the deficit wind power by fuel
cells. In a system point of view, the whole hydrogen based energy storage system can be
charged and discharged like traditional batteries. The power capacity can be sized by
adjusting the nominal powers of the fuel cells and the electrolyzers. The energy capacity can
be sized by adjusting the hydrogen tank volume. Therefore, it is easier to avoid wasting over-
sizing problems with the hydrogen devices than with the batteries. So we choose hydrogen
devices for long-term energy storage in our studied hybrid power system.

Regenerative fuel cells have also earned many researchers’ interests. They are
electrochemical reactors, which can be operated both in fuel cell mode and in electrolyzer
mode. However, we can not ensure good efficiencies because different catalysts are needed
for the different operations. Therefore, regenerative fuel cells have not yet been
commercialized today. However, although some technical points should still be improved and
the cost should be decreased, fuel cells and electrolyzers are relatively mature products and
have already been commercialized. So we choose the fuel cells and the electrolyzer for our
hybrid power system.

1.4.4 Fast-dynamic storage unit by super-capacitors

Thanks to their high dynamics, long lifetime and good efficiency, flywheel systems are
suitable for fast-dynamic energy storage [Fra 02] [Gra 06]. A flywheel is a rotating mass,
which can store energy in the form of kinetic energy through an electrical machine (working
in motor or in generator). However, being a mechanical system, it is currently hampered by
the danger of “explosive” shattering of the massive wheel due to overload (tensile strength
because of high weight and high velocity).

Recent progress in technology makes super-capacitors the best candidates for fast-
dynamic energy storage devices [Tho 05] [Abb 07]. Compared to the batteries, super-
capacitors are capable of very fast charging and discharging and can achieve a very large
number of cycles without degradation, even at 100% depth of discharge without “memory
effect”. Globally, super-capacitors have a better round-trip efficiency than batteries. For
discharge peak power, super-capacitors have always a high efficiency of 95%, but batteries
have only an efficiency of 50% with large thermal dissipations. Super-capacitor can be
recharged in several minutes with high current magnitude, but batteries take much more time
because of the limited charging current. Moreover, super-capacitors are less sensitive in
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operating temperature than batteries and have no mechanical security problems that the
flywheel has. So we choose super-capacitors for fast-dynamic energy storage in our hybrid
power system.

1.4.5 Structure of the studied hybrid power system

The structures of Hybrid Power System (HPS) can be classified into two categories: AC-
coupled and DC-coupled.

In an AC-coupled HPS, all sources are connected to a main AC-bus before being
connected to the grid (Fig.1-9a) [Bas 06] [Li 08a]. In AC-coupled structure, different sources
can be located anywhere in the microgrid 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 DG and the compatibility with the utility network.

In a DC-coupled HPS, all sources are connected to a main DC-bus before being
connected to the grid through a main inverter (Fig.1-9b) [Yu 04] [Fra 04]. In a DC-coupled
structure, the voltage and the frequency of the grid are independent from those of each source.

However, not all HPSs can be classified into AC or DC-coupled system, since it is
possible to have both coupling methods (Fig.I1-9c) [Ona 06], then a Mixed HPS is obtained. In
this case, some advantages can be taken from both structures.

In our study, we use the DC-coupled structure as shown in Fig.l1-9b. The DC-coupled
structure is flexible and expandable since the number and the type of the energy sources may
be freely chosen. Even more, the grid frequency is independent from the sources through the
use of the DC bus. The grid voltage is also independent from the DC-bus voltage and each
source’s voltage through the use of different power converters. So even if both the control
structure and the power management are developed properly for a specified hybrid power
system, the number and the type of the power sources do not alter the global control structure
of the HPS and the main idea of the power management.
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Figure 1-9: Structures of hybrid power systems for distributed generation
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1.5 Objectives and methodologies of the PhD thesis
1.5.1 Objectives

The global goal of the thesis is to theoretically propose and to practically validate
efficient energy management strategies to implement an active generator. These strategies
must control the power flows among the different energy sources in the studied hybrid power
system (Fig.1-9b), in order to supply the active and reactive power required by the microgrid
system operator during a certain period. In our laboratory, the system modeling and the
control design for wind generators have already been studied. The following objectives have
been formulated:

1. In order to build the proposed multi-source hybrid power system, power balancing
strategies should be studied to control the power flows among the different sources.
These power balancing strategies should firstly be tested in a wind/super-capacitor
based hybrid power system. Technical limitations must be highlighted.

2. In order to integrate the hydrogen based long-term energy storage system, the modeling
of the fuel cells and the electrolyzers should be studied and experimentally validated.
Then proper control strategies should be proposed by taking into account the low
dynamic of the auxiliary systems. The performances of the fuel cells and the
electrolyzers should be tested before we integrate them in the hybrid power system.

3. With integrated long-term energy storage system, the whole hybrid power system
should be modeled and the control system should be adapted. Moreover, efficient power
balancing and energy management strategies should be proposed to decide the operating
mode of the hybrid power system and to control the power flows among the different
sources.

1.5.2 Tools

a) Equivalent average modeling

Different power converters are used in our system. The power electronic converters are
discrete-event systems [Hau 99] [Lab 98], whereas the generator and the AC grid are
continuous systems. For the analysis of the dynamical behavior of the generators and for the
design of the different controllers, it is very useful to define firstly an equivalent average
model of the global system including power converters [Rob 01] [Rob 02].

Equivalent average models of power electronic converters take into account only the
useful components of modulated currents and voltages in our system (Appendix B). Hence
they allow the simulation of the global dynamical behavior of the power system and are
sufficient for the analysis and control of the power flow. Moreover, the numerical simulation
time is reduced because the integration step is smaller than the switching period of power
electronic converters. Even more, the models of other complementary elements, which are
connected to the DC bus, can be easily added in.

However, it must be noted that the equivalent model is not able to calculate the voltage
and current harmonics because the switching frequency is not taken into account.
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b) Graphical tools for system modeling and control design

The studied hybrid power system is a very complex system and a large number of
physical quantities are involved. For the system modeling and control design, graphical tools
can help the understanding and the analysis of the global system. In our study, we will refer to
the following graphical representation tools:

Causal Ordering Graph (COG) has been introduced in 1996 [Hau 96] [Hau 04] to
describe power electronics and electrical machines for developing their control systems. This
graphical description exclusively uses integral causality [Iwa 94] [Rub 97] on the contrary as
the well-known Bond Graph, which allows the derivative causality [Pay 61]. The inversion of
this graph yields the control structure of the system with sensors and controllers [Gui 00] [Gui
03]. More details are presented in Appendix D.

Energetic Macroscopic Representation (EMR) has been introduced in 2000 for research
development in complex electromechanical drives especially multi-drives [Bou 00]. It is
based on action-reaction principle, which organises the system as interconnected subsystems
according to the integral causality as for the COG. Inversion of the graphical description by
using specific rules leads to a Maximal Control Structure of the system [Bar 06] for which we
assume that all variables are measurable. This methodology has been successfully applied to
fault-tolerant supplies [Del 03], railway traction systems [Bou 06a], wind energy conversion
systems [Bou 05a], hybrid electric vehicles using super-capacitors [Lho 05a] and energy
storage system using compressed air [Bos 07]. More details are presented in Appendix E.

Multi-Level Representation (MLR) has been recently proposed for a synthetic and
dynamic description of the electromechanical conversion systems [Li 08b]. The MLR has the
same advantages as the EMR. Moreover, it integrates power modelling levels (“power
calculation” and “power flow”) as well as the corresponding control levels (“power control”
and “power sharing”) , in order to design the power supervision for microgrid application. It
has been successfully used for the power management of a PV unit and a standalone super-
capacitor unit and a gas micro-turbine [Li 09]. More details are presented in Appendix F.

In our study, all generation systems and power conversion systems are physically causal
systems. In order to model the process and to design the control, the COG is adapted to make
appear the causality among the different quantities. However, the hybrid power system is a
very complex multi-physic system, including electro-mechanic fields (wind generator),
electrochemical fields (fuel cells and electrolyzer), etc. In order to give a synthetic description,
EMR is adapted to organise the different subsystems together. For our microgrid application,
power flow control is an important task for the energy management and system supervision.
MLR will be properly used to make appear the power flows and to design the different power
control strategies.

c) Real-time emulator for flexible experimental assessment

Real-time emulators by Hardware-In-the-Loop (HIL) simulations are more and more used
for first validation tests before implementation on the entire real process [Rab 02] [Lu 07].
HIL simulation uses one or several real devices for experimental tests, the other parts of the
process are simulated in real time on a control board or parallel computers. Such a
methodology has been used in aeronautics and automotive industry since a long time [Han 96]
[Mac 97]. Traction applications are nowadays more and more developed by using HIL
simulation [Ter 99] [Ath 04] [Bou 06b]. HIL simulations of wind energy conversion systems
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have also been developed during the last decade [Koj 04][Bou 05b] [Ste 06]. Different HIL
simulation concepts for electric drives are presented in Appendix G [Bou 08].

In our study, we need to build an experimental test bench of the hybrid power system in
order to test the power balancing and energy management strategies. In order to make the
experimental test bench more flexible, we have decided to implement some real-time
emulators to replace the real components because of the following advantages:

- Equivalent performances: HIL simulator can provide the same electrical behavior (with
the same current-voltage characteristic) as the real component. It is accurate enough to
test the power balancing and energy management strategies of the hybrid power system,
which is the main objective of the PhD work.

- Flexible control: The commercialized systems (fuel cells or electrolyzers) are usually
closed systems and the users have no access to modify the control algorithms for better
performances. With HIL simulation, advanced control strategies can be implemented
according to the wished functions.

- Simple implementation: It takes less time to implement an HIL simulation, thus time and
money are saved during the development of the experimental test bench in laboratory,
without unnecessary constraints (with reduced system sizing, without security concerns,
etc);

- Updating capacity: With HIL simulation, the system characteristic can always be updated
with mathematic modeling and this implies a very long lifetime and a good immunity to
the fast developing market. Moreover, it can be used to compare different technologies
and products with the static and dynamic characteristics, which are provided by the
manufacturers.

1.5.3 Methods

We recall that the objective is to test the control functions and the energy management of
a hybrid active wind generator. Specifically in our experimental test bench, real-time
emulators by HIL simulation are used to replace the wind generator, the fuel cell and the
electrolyzer, in order to avoid sizing constraints and security worries for laboratory
implementation. The following steps have been followed (Fig.1-10):

1) Firstly a real system is studied to obtain the system model with mathematical equations
and modeling tools in order to make appear necessary and useful properties.

2) A real-time emulator of certain parts of the system is constructed with corresponding
modeling equations in order to make a fast assessment of the experimental platform for
cost and risk reasons.

3) The emulators are validated by comparing the obtained performances with the behaviors
of the studied real systems in the same conditions.

4) The system modeling is also used to design the control algorithms for certain wished
performances of the system.

5) The control system can be firstly implemented on the experimental platform with real-
time emulators to test the performances. This can be considered as the demonstration of
the control performances because normally the same control performance can also be
obtained when the control system is implemented on the real system.
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1) System representation
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Figure 1-10: Methodologies of the PhD work

1.5.4 Thesis layout

According to the existing problems and the formulated objectives, the following parts of
the dissertation are organized as follows.

In Chapter 2, the wind/super-capacitor based hybrid power system is studied, including
the system modeling, the control design. Two power balancing strategies are proposed and
tested for the power flow control among the different sources.

In Chapter 3, a detailed study of fuel cells is presented. An analytical model is chosen for
the study and is experimentally validated with a commercial fuel cell system. A control
method is proposed to regulate the fuel cell power flow and is validated with a fuel cell
emulator.

In Chapter 4, a detailed study of electrolyzers is presented. An analytical model is chosen
and is experimentally validated with a commercial electrolyzer system. A control method is
proposed to regulate the electrolyzer power flow and is validated with an electrolyzer
emulator.

In Chapter 5, we present the hybrid power system, consisting of a wind energy conversion
system, super-capacitors based fast-dynamic storage system and hydrogen based long-term
storage system (fuel cells and electrolyzers). The system modeling and control design are
presented. Different power balancing and energy management strategies are proposed to
implement the active wind generator. Finally, the experimental test bench of the hybrid wind
generator is presented.

Finally, some conclusions are driven from the studies on the implementation of this active
wind generator.
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Chapter II Wind Energy Conversion System

As introduced in the previous chapter, hybrid power systems can be a good solution for
the integration of distributed renewable energies in a microgrid. Before presenting the
proposed active wind generator (in Chap.V), a classical wind energy conversion system is
firstly studied in this chapter, including the system modeling by EMR (Appendix E), the
control design and the power balancing strategies. This energy conversion system enables to
extract the maximum wind power by adjusting the wind turbine’s rotational speed. The
obtained electrical power must be adapted (sinusoidal wave form at 50 Hz, phasing) before
being sent to the grid. A “grid following” power balancing strategy must be used, while the
wind generator works in Maximum Power Point Tracking (MPPT) strategy. Then the DC-bus
voltage is regulated with the grid power.

Then, in order to reduce wind power variations, super-capacitors are used to build a first
hybrid power system. The system modeling, the control design and the power balancing
strategies are presented. The “grid following” strategy and the “power dispatching” strategy
can both be used for the power balancing. In the “power dispatching” strategy, the DC-bus
voltage is regulated with the powers from the wind generator and the super-capacitors. The
performances of these two power balancing strategies are compared in the end of the chapter.

11.1 Study of a wind energy conversion system
11.1.1 Presentation

A classical wind energy conversion system consists of a 3-blade turbine, a gearbox, an
electrical machine, a three-phase rectifier, a DC-bus capacitor, a three-phase inverter, line
filters which are connected to the grid through a grid transformer (Fig.II-1).

Shaft &  Electrical o -
turbine é@dﬁbO_X)(_ m_ach_ine_ )Szhase rectifier N°2> Dc bus  3-phase inverter N°1 line filters Grid with transformer
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Figure II-1: A classical variable-speed wind energy conversion system

When the wind energy conversion system works in MPPT strategy, the power, which is
delivered to the grid, is very fluctuant. We are going to use a wind speed profile, which has
been recorded in a wind farm in the north of the France (Fig.II-2) [Lec 04] [Bou 07].
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Figure II-2: Experimentally recorded wind speed and wind power [Lec 04][Bou 07]
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11.1.2 Modeling of the wind energy conversion system

a) Average modeling of the electrical conversion chain

By using equivalent average models of power electronic converters (Appendix B), the
average modeling of the electrical power conversion chain is obtained for the wind energy
conversion system (Fig.II-3). The grid with transformer is considered as three-phase voltage
sources and the electrical machine is considered as three-phase current sources. The two back-
to-back voltage source converters introduce control inputs for the power control. As the DC
bus has a relatively slow dynamic, it’s shown that we can have three different subsystems
with their inner dynamic and control tasks: the wind generator, the grid connection system
and the DC bus.

Wind generator DC bus Grid with transformer

P -~ - -
Three-phase inverter ! < >
> T e

( ) Uinvi3>

<iinv>

Figure 11-3: Equivalent average modeling of the power electronic converters

Three-phase rectifier: The equivalent average model is used with average modulation
functions It yields the average values (<tec>=[(<trec13> <u,e023>]T) of the modulated voltages
from the dc-bus capacitor voltage (u,4.) and the average value (<i,..>) of the modulated current
from the machine currents (imac=[imacs imac2]") :

{< grec >=< mrec > udc

. T . : (H'l)
< lrec >:< mrec > lmac

where m;,.. is the vector of modulation functions of the grid inverter.

Three-phase inverter: The three-phase inverter is modeled in the same way. The average

value of the modulated voltages (<wjn>=[(<tinv13> <u,-,wg3>]T) is calculated from the DC-bus

voltage (u4.) and the average value (<i;,>) of the modulated current from the line currents

(~lin 21"

{< zinv >=< minv > udc
, (11-2)

. T .
< linv >=< minv > ll

where m;;,, is the vector of modulation functions of the grid inverter.

b) Modeling of the wind generator
The modeling of the wind energy generation system is presented in detail with the help of
the EMR as below (Fig.I1-4).
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Figure 11-4: EMR of the considered wind energy generation system
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Wind: The wind is modeled by a mechanical source (oval pictogram), which sets the wind
velocity (Vying) to the blades.

Turbine: The turbine is modeled as a mechanical converter (triangular pictogram). The
torque (7%,), which is produced by the turbine, depends on the wind velocity (v,,s) and on the
blade pitch angle ( 3):

1
T;ur = E CT (2” ﬂ)prvavzuind (11_3)

with  Sp: the area, which is swept by the blades;
Ry: the blade length;
p: the air density;
Cr:  the torque coefficient, a non-linear function of the tip-slip ratio (4) (Fig.11-5);
A the tip-slip ratio depending on the wind velocity and the rotational speed (€2 ;).
Rthur

\%

A (11-4)

wind

For the study, we will consider a normal turbine operating with a constant pitch angle.

0,075
Cr
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Figure II-5: Blade characteristic: Cr versus A for a fixed blade angle

Inertia: The shaft is an element with energy accumulation (rectangular pictogram), which
imposes the rotational speed (€2 ,,) with the torque difference between the blade torque (77,)
and the gear torque (7gcqr),

dQ ur
Jshaft dtt = T'tur - Tgear - fshaftQtur (II-S)
with  Jges:  the equivalent inertia moment of the shaft;
Jsnai: the friction coefficient of the equivalent shaft.

Gearbox: The gearbox is a mechanical converter (triangular pictogram) and adapts the
low speed of the turbine with the high speed of the electrical machine. It yields the rotational
speed (Q ,4) and the torque (7geq) through the gear ratio (mgeq):

{Q mac = mgear Q tur

11-6
T =m__T (II-6)

gear gear ™ mac

Electrical machine: The electrical machine can be globally modeled as an
electromechanical converter (circular pictogram) with the rectifier voltages (u,ec=[trecis,
urecgg]T) and the gear speed (Q ,..) as the inputs. The stator currents (i,ac=[imaci, imacg]T) and
the machine torque (7,,.) are the outputs. It can be divided into three sub-blocks.

The first block corresponds to mathematical transformations (square pictogram) from
phase-to-phase voltages (u,..) to machine line voltages and then into a rotating d-q frame
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(4s4g). This Park transformation expresses stator voltages and currents in a d-q rotational
frame:

. 4 (11-7)
Lyae =T (esdq )] Ldq
where 0,4, 1s the angle of the rotating d-q frame with respect to the stator stationary frame.
The second block is an element with energy accumulation (rectangular pictogram). In the
d-q frame, the equivalent stator windings set the stator currents (isi;=[iss, isq]T) as state
variables, which are calculated with the stator voltages (wug=[tsa usq]T) and the e.m.f.

T
(gsdq:[esd; esq] )7

{zsdq =[T(0,4,)l,.

di

s — = uvd - evd - Rsivd

S s s st
di 5 (I1-8)

2=y —e, —Ri
s ¢ sq sq s'sq
with R,: the resistor of the stator winding;
Ly the cyclic inductor of the stator winding.

The third block is an electromechanical converter (circular pictogram), which leads to the
machine torque (75u.) and the e.m.f. (ey,) from the stator currents and the rotor’s electrical
angular speed (Q juac).

T e = PPy s (11-9)
esd = Lstacisq (II_ 1 O)
esq = Lstac isd .
with  p: number of pole-pairs;
¢.,.  constant rotor flux of the permanent magnet.

¢) Modeling of the grid connection
The modeling of the grid connection system is presented in detail with the help of the
EMR as below (Fig.II-6).

3-phase inverter line filter rid
SPrBeIYete ><--J:->(-—g—-->
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Z G}rid )
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Miny
Figure I11-6: EMR of the grid connection system

Grid filter: The line currents (i;) are calculated from dynamic equations of the filter with
the inverter phase-to-phase voltages (u:») and the phase-to-phase grid voltages (ugi):

di, 1[2 -1 ,
Lline 7; = §|:_ 1 2 :|(gmv - ggrid )_ rlineil > (II'I 1)

with  Lj,.: the equivalent inductor of the grid filter;
rine:  the equivalent resistor in series of the grid filter.
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Grid: The electrical network with the grid transformer is considered as ideal sinusoidal
phase-to-phase voltage sources g i7=[Ugriar3 ugn-dgg]T.

d) Modeling of the DC bus
The modeling of the DC bus is presented in detail with the help of the EMR (Fig.II-7).
Coupling: In order to control the power exchange around the DC bus, the DC coupling
should be modeled in detail:
e = e =l (I1-12)
with ...  the rectifier’s modulated current;
imy:  the inverter’s modulated current.
Capacitor: The DC-bus capacitor is an element with energy accumulation and its voltage
is calculated from the dynamic equation:

du,,

dc dt = idc H (11_13)
with  C4:  the DC-bus capacitor;
uq:  the DC-bus voltage.
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Figure II-7: EMR of the DC bus

e) Modeling of the entire wind energy conversion system

The modeling of the entire wind energy conversion system is obtained (Fig.II-8) by
combining all EMR, which have been previously presented (Fig.1I-4, Fig.II-6 and Fig.II-7).
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Figure 1I-8: EMR of the entire wind energy conversion system

11.1.3 Hierarchical control structure

The wind energy conversion system is designed to transfer powers from the wind
generator to the electrical grid. Two power converters are used to regulate the power
exchange. A hierarchical control structure is used to implement the control system (Appendix
C). Two Switching Control Units and two Automatic Control Units are used seperately in the
control system for the two power converters. A common Power Control Unit and a common
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Mode Control Unit are used for the power balancing and the energy management of the entire
power system (Fig.I1-9).

In the SCU of each converter, the IGBT drivers and PWM techniques are used to control
the commutation circuits. These control units are not the main concern of this study, so they
will not be detailed here. However, the control algorithms in the ACU should be presented in
order to highlight the physical quantities, which can be used for the power flow control
among the different energy sources.
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Figure 11-9: Hierarchical control structure of the wind energy conversion system

The ACU is designed from the EMR of the system modeling according to inversion rules
(Appendix E). The use of an average modeling of power electronic converters gives three
different subsystems, whose ACUs are now respectively detailed.

11.1.4 Automatic control unit

a) Control of the wind generator

The electrical power vs. speed curves of a typical wind turbine is given in Fig.II-10. For
example if the wind velocity is v; the output power can be raised to the maximum value at
point 4 by setting the mechanical speed to £2;. If the wind speed changes to v, the power
output jumps to point B. For this wind velocity the maximum power can be extracted by
setting the speed to (2 at point C. This shows that, as the wind speed changes, the generator
speed should track these changes in order to extract the maximum power. This strategy is
called Maximum Power Point Tracking (MPPT) strategy.
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Figure II-10: Turbine power vs. speed
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The EMR of the wind energy conversion system modeling (Fig.I1-8) shows that the speed
(£2,,) can be controlled by acting on two inputs: the aerodynamic torque (7%,) and the torque
of the generator (7g.q-). As here we consider a normal operation with a constant pitch angle,
the aerodynamic torque must be considered as a perturbation input (linked to the wind speed)
for the system. So the turbine speed can be controlled by acting on the gearbox torque (7gear)
via the control input (m,..) of the power electronic converter.

From the EMR of the wind energy conversion system modeling, an action chain appears
from the control inputs (m,..) of the rectifier to the gear’s mechanical torque (7geq) (Fig.1I-8).
The control scheme of the wind energy generation system is obtained by inverting this action
chain (Fig.II-11). It consists to calculate the reference of the rectifier’s duty ratios (e ref)
according to a torque references (Tgear ref). It is composed of a torque control, a field oriented
control and a rectifier control.

wind turbine  inertia earbox electrical machine 3(—!9hase rectifier
D R e R e e > €-=-=-== >
Vvent A Ttur Q tur Q mac Esdg Zqu Zmac irmr
—
Wind \
FP Q wr Urec Myec

Myec_re)

Lvdqire/ Usdg ref
————————————— € ———— -

«—-=-->« >
torque control field oriented control rectifier control
Figure II-11: Control scheme of the wind energy generation system.

T, gear_ref T, mac_ref

Torque control: The calculated mechanical torque reference (7gear ref) from a MPPT

strategy is converted into the machine torque reference (T ) by inverting Eq.I1-6:
1
Tmac_re_’f = Tgear_ref . (11-14)
gear

Field oriented control: A standard field oriented control is used to control the electrical
machine (Fig.II-12) [Bou 02]. The inversion of Eq.II-9 leads to the current references
(isdg ref=lisd ref isq refl')s Isq rer is Obtained from the torque reference (T rof) With the constant
rotor flux (¢,,) of the permanent magnet and is; ,.r1s set to zero with a properly chosen frame

orientation:

1

1
mac _ref

P . (1I-15)

l'sd _ref = O

sq _ref =

As the stator windings are accumulation elements, closed-loop controllers are needed to invert
Eq.11-8:

%sdqiref = Pl(zsdqin;f - Lsdq )+ re\ivdq . (II_16)
where PI(x,.r—x) is the controller of the variable x. In practice, the e.m.f. (esw,) can not be

measured, but it can be estimated through the sensed rotor’s rotational speed (Q ,,.) by using
Eq.II-10:
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¢ =LO (11-17)

2, =10
Finally by inverting Eq.II-7, the inverse Park transformation ([T(6s4,)]") leads to the

references of the rectifier voltages (& ec rep):
u = [T(gsdq )]_1 zsdqiref . (II_1 8)

Zrec_ref

Rectifier control: The reference modulation functions .. ,.r are obtained by inversion of
Eq.II-1 through the measurement of the DC-bus voltage uy.:

mac lsq

mac lsd

(11-19)

Inverse
Transforms

Urec ref

Corrector|
PI +

Transform

Q mac lSt{

Figure II-12: Block diagram of the oriented field control of the electrical machine.

b) Control of the grid connection
The EMR of the grid connection system modeling makes appear a path from the control

inputs (m;,,) of the inverter to the line currents (i;) in Fig.I[-6. The control scheme of the grid
connection system is obtained by inverting this path (Fig.II-13). It consists to calculate the
reference of the inverter’s duty ratios (m2 ) according to the line currents’ references (i; /o).

_ ] line filter rid
Iphase inverter, line filter _ grid

]

Ude Uiny £
—_— €
b
O

Ugrid

Liny Miny

Miny_ref

Uiny_ref ilircff i

Figure II-13: Control scheme of the grid connection system.

Line current control: The grid is a voltage source (ugq), SO the line current should be
controlled in order to regulate the exchanged power with the grid. In order to control this
current, a current controller is needed with a Park transformation (T) and an inverse Park

transformation (T™) as shown in Fig.11-14:

35



Chapter II Wind Energy Conversion System

Uiy rop = [T(edq )]_ll’iinvidqiref

TIPS J( (R A F A (11-20)
{ —pii, , ., —i, )+
with i, 4y g =[O Ly =ITOD]E L By 4 =100 o @, =27L,,0, , and
€y = 27y‘Lh.n€zT,7 . » where fis the frequency of the grid voltage.

umviqiref grid _q + eld

4 PI controllers v ! Voltage Y ¢ Cross-coupling
feedforward

Uiny d_ref

Transform

Figure 1I-14: Block diagram of the line current contgol in the grid connection system.

Inverter control: The modulation functions of the inverter are obtained by inverting
Eq.1I-2:

n. o — —U. . -
=inv_ref 1:[\ Zinv_ref (II 21)

dc

c¢) Control of the DC bus

The wind energy conversion system can be decomposed into three independent
subsystems if the DC-bus voltage is constant. The control scheme of the DC bus is obtained
by inverting the EMR of the system modeling. The DC-bus voltage should be well regulated
for the stability of the grid connection because it is used in a division operator in the converter
control algorithms (Eq.II-19 and Eq.II-21). So a voltage controller is needed (Fig.II-15):

l.dciref = Pl(udciref - ﬁdc) . (11-22)

idc
Z System modeling Udc_ref

Control scheme

1 Udc
—>

}
[}
[}
[}
[}
[}
|
[}
Control scheme

System modeling

(a) Energetic macroscopic representation (b) Block diagram
Figure II-15: Control scheme of the DC bus.

d) Control of the entire wind energy conversion system

The control scheme of the entire wind energy conversion system is obtained by
combining all the control schemes presented above (Fig.II-16). And the corresponding bloc
diagram is shown in Fig.II-17.
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wind turbine  inertia §earbox electrical machine 3z7hase rectifier DC bus 3-phase inverter line filter  grid
B T e e e it R >E-E-TES e mmm e >l oo >€e - D>e "=
Veen: Tour Q ur A Q ml(n‘ Esdg Lsdq Lmac Trec Md: Uiny ll
Wind
£, P Q wr Ude - i
Miny
Miny_ref

Uiny_ref

Tonac_ref Isdg ref  Usdg_ref Urec_ref

Tgear rer 1l ref

Figure 1I-16: Control scheme of the entire wind energy conversion system.

VAN /\S,,
Srec_ref Simy r
Switching Control Unit L =
(S.C.U) S.C.U.2 S.CU.1
M rec_ref Minv_ref
Automatic Control Unit Uge
(AC.U) .
:r Line | Ugria
{ Current

\ Control } 2

N S

Tgear_ref v ide ref L _rer
Figure II-17: Block diagram of the automatic control units for the wind energy conversion system.

11.1.5 Power control unit

In the studied wind energy conversion system, all power exchanges are performed via the
DC-bus (Fig.I1-18) and have an impact on the DC-bus voltage:
dE, du,, :
d; = dcud07:=udcldc =pdc =pwg _pgc' (11_23)
with  E,:  the stored energy in the DC-bus capacitor;
pac:  the exchanged power with the DC-bus capacitor;
DPwe:  the power, which is injected into the DC bus from the wind generator;

Pec:  the power, which is extracted from the DC bus into the grid;

. Power flow exchange
Wind : :

Pwg in the DC bus via DPec

Generator power conversion systems

DC-bus capacitor

Grid
Connection

Figure II-18: Power flow exchanges around the DC bus
a) Layout

The Power Control Unit (PCU) can be divided into two levels: the Power Control Level
(PCL) and the Power Sharing Level (PSL). The power control level consists to calculate the
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reference of the related quantities (Tgear refs ide ress i rey) from the power references (Puwg refs
Dde refs Pe refs 4 ref)- The power sharing level coordinates the power flow exchanges among the
different energy sources.

b) Power control level

Each controlled quantities implies a power, which is calculated in Table II-1.

For the wind generator, a MPPT strategy is used to extract the maximum power. The
power reference (p.g ror) can be set by calculating the corresponding torque reference (Tgear ref)
with the sensed value of the rotational speed (Q ,,) according to the inverse equation (Int2c).

The powers, which are exchanged with the grid, can be calculated through the “two-
wattmeter” method with the equation (Intl) and the line current references are calculated by
the inverse equations (Intlc).

The output of the DC-bus voltage control loop is the reference of the required dc current
(ac rer) and 1its product with the measured DC-bus voltage (uq) gives the necessary power
reference (pa. o) for the DC-bus voltage regulation according to the equation (IntOe).

Table II-1: Power calculation and control algorithms for the wind energy conversion system.

Energy source Power calculation Power control
DC—buS CapaCitor Into pa’c = udcidc Intoe pdcirc{f = izd(' id('iref
; _ (2”713 — Uy )pg e T \/§ﬁ23qgirﬁf
) ) Int1: Dy =iy + Uy, Intlc: |- 212123 —2u,5U,, + 21,7223
Grid connection ) N . o X
9. = 3(u13ll T Upl ) (2”23 _ul3)pg7ref _\/§u13qgjef

i =
12 ref — — o)
2ufy = 2u5uy, + 2uy,

. 1
Wind generator Int2: pwg = Qtur Tgear Intzc: Y;Earirsz = Qipwgiref

tur

c) Power sharing level

The choke filters are sized to obtain a small voltage drop across them and their losses and
reactive powers are small. Moreover, these powers will be considered as disturbances and can
be attenuated by the various used closed-loop controls. So we will not discuss in detail the
power estimation of losses and compensation algorithms in order to focus on the power
balancing algorithms.

We can assume that the wind power (p,,) 1s divided into two parts (Fig.II-19). One part
(pac) 1s sent to the DC-bus capacitor. The other part is sent to the grid (p,). The power
exchange can be expressed as,

POWL: P, = Py ~ Puc: (11-24)

Pg
Pwg

L 2 1 Pdc |

Wind Generation DC bus Grid
<€ >€

Figure II-19: Power flow exchange inside the wind energy conversion system.
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The wind generator is connected to a three-phase rectifier and various control strategies
can be used. For example, when the wind velocity is not too high, the wind generator can
work in a Maximum Power Point Tracking (MPPT) strategy to improve the global energy
efficiency. When the wind velocity becomes too high, the wind generator can work in rated
power strategy by reducing the power efficiency for security reasons. In our study, we assume
that the wind velocity is medium and we use a MPPT strategy in the form of a searching
algorithm of the maximum power as shown in Fig.II-10. Therefore, with the fluctuant wind,
the wind power is very fluctuant. This fluctuant power is rectified and sent to the DC bus.
Hence a “grid following” power balancing strategy should be used (Fig.II-20) because the
availability of the wind power is not ensured for the DC bus control. So the DC-bus voltage is
regulated by the line current controller through the three-phase inverter. The wind power (py.g)
must be seen as a fluctuant disturbance. In order to regulate the DC-bus voltage, the only way
is to use the grid power (pg), as shown in the closed 100p (Ui ref = Pdc ref 2 Pg ref 2 Miny =2
De¢ 2 Pac =2 uaqc) in Fig.11-20.

Wind energy generation system Grid connection system
<

D T L > emmm e a e E o
wind  turbine  inertia earbox electrical machine 3-phase rectifier  DC bus phase inverter line filter  grid
€Cm=> € m—m—> € ———=> e P = - - = —————— - - > € N > € = L= >

Power [ <
flow

Pwg

3 Esdg
‘ ‘

T, mac Lsdg

Uiny — L
LG
[ B
Grid
) i

System
modeling

Control
scheme

Uiny_ref.
L re

Intlc

Pdc_ref

Usdg_ref Urec_ref

T , Tonac_ref Lsdg_ref
wear rg

P ref

L

Figure II-20: Multi-Level Representation of the wind energy conversion system.
So the grid power reference (p, ) is obtained by taking into account the DC-bus power
reference (pac_rer) for the voltage regulation and the estimated wind power 3 (Fig.II-21),

Powle: pgiref = i’lwg - pdciref . (11_25)

In practice, we can set P, = Pug ref:

5 wg Pdc_ref
Pg ref
A
Q rur MPPT Pwg_ref
» strategies >

Figure II-21: Power flow balance and power sharing inside the wind energy conversion system.

All these power control and power sharing algorithms are presented with the help of the
Multi-Level Representation (Appendix F) in Fig.II-20, which has been developed by Peng LI
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in 2008 [Li 08]. The control system of the wind energy conversion system is then extended as
shown in the block diagram (Fig.II-22).

Srec ref
Switching Control Unit
(S.cu) S.C.U.2

Myrec_ref Miny_ref
Automatic Control Unit Ude Ude
A.CU
( ) L _Lir_gcjgf Uiny ref
i Closed loop ‘: ! Line i Egrid
: 1 Current 1
Corrector| : : Control :47
128 ¢ S o
____________ :
idcﬁref ilﬁref
Power Control Unit Ve 5 Grid power Jed Tgria
(P.C.U) control
Power .
control g re Ddc_ref Pg_ro Qg;l
Power
sharing Wind power Mot
strategies Pwg rated | switching
=t ®

Clmmm—}
MPPT
[Caerr 27 e

—

T
Operating mode qgclﬁf

Operating Mode Determination

Mode Control Unit (M.C.U.)

Vwind
Figure II-22: Block diagram of the hierarchical control for the wind energy conversion system.

11.1.6 Mode control unit

The operating mode of the wind generator depends on the wind speed condition and the
microgrid requirements (Fig.II-22). The wind generator can work normally while the
microgrid capacity is large enough to receive the fluctuant wind power without much impact.
If the wind speed is low or medium, the wind generator works in a MPPT strategy. Otherwise,
the wind generator should be limited with the rated power value (pug raea) With high wind
speed, or even be shut down with extremely high wind speed for the security reasons.

MPPT(Q,,) withweak or medium wind
P ref =3 Pug rated with strong wind . (11-26)
0 with extremely strong wind

These strategies can be switched in the Power Control Unit by a signal (Operating mode)
coming from the Mode Control Unit (Fig.11-22).
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11.2 Experimental test of the grid connection control
11.2.1 Wind power emulator

Recently, wind generator emulators have been designed in the laboratory [Sau 05]. In this
part, we present a simplified version because the main interest is to obtain the same power
variation as from the real wind generator (Fig.II-2). In order to have a flexible and “easy-to-
use” wind energy conversion system for testing control algorithms we have developed an
emulator with a reduced rated power (1.2kW).

a) Hardware structure

The wind power emulator is a controllable power source, which must provide the same
power profile as the wind energy generation system. So, the wind generator in Fig.II-3 is
replaced experimentally by the wind power emulator as shown in the equivalent average
modeling (Fig.I1-23).

Wind power emulator DC bus Grid connection
> €« >

Figure 11-23: Equivalent average modeling of the power conversion chain with a wind power emulator.

In this case, the average value of the modulated current from the chopper (<i, wo>) in
Fig.II-23 is proportional to the average value of the modulated current from the three-phase
rectifier (<i,..>) in Fig.II-3.

The power electronic stage of the wind power emulator is implemented with a step-up
power conversion circuit (Fig.II-24), including a constant DC voltage source (120V), a choke
filter (20mH), a DC chopper. By controlling the current (i,,,) of the filter inductor, the power
of the emulator can be well controlled through the duty ratio (,,) as control input.

dc source  choke filter ~ dc chopper dc-bus
D e R

Lyg Un_wg

> DC >
l L,g 20mH

Uyg Um_w,
120V

T DC
Fme

Figure 11-24: Power electronic stage of the wind power emulator.

b) Software implementation

Modeling and control of the power electronic stage are presented with the help of the
EMR (Fig.II-25).

The choke filter is an element with accumulation and the state variable is the current (i,,):
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=i, —u (11-27)

with L, the inductor ;
Um we: the modulated voltage of the chopper.
The chopper is a conversion element:

{um_wg = mwgudc

- (11-28)

i =m__1i

m_wg wg “wg
with  m,,: the duty ratio of the chopper
uq:  the DC-bus voltage.

The EMR of the power electronic stage of the emulator shows a path between the control
input (m,,) and the choke current (i,,) in Fig.II-25. The objective is to control this current.
The control scheme of the wind power emulator is obtained by inverting this path. So a
converter controller and a current controller are required.

A current controller is needed to make equal the inductor current (i) to a reference value

(l wgﬁref) :

umiwgiref = uwg _PI(lwgiref - lwg) * (II—29)
A converter controller is obtained by inverting the Eq.I1-28:
1
mwgiref -~ um7 wg ref * (II'3 O)
dc
dc source choke filter chopper dc bus
€ —m—> € === === > e mmm e —— = >
Power flow | Pwg_emu
Power calculation —[> Int2”
_______ - gy
Uwg iwg imﬁwg
> —_—
( Voltagé Z
source
System modeling Tyg Um_we Mg Uge
Control scheme Moyg_ref

Power sharing

Wind power .

Figure II-25: Multi-Level Representation of the wind power emulator.

Modeling and control of the emulated wind power are presented with the help of the MLR.
The generated power can be described as below (Fig.II-25),

Int2’: pwgiemu = uwglwg : (11_3 1)
Then, this power reference (pyg emu rey) for the emulator leads to a current reference (i,g o) for

the control system.

) 1
Int2’c: i, ,r = ﬁ—pwgi,e_,». (11-32)

wg
In normal operation, the DC-bus voltage is regulated to a prescribed constant value and
then from Eq.I1-24 (Pow1l), we obtain

pg = pwg * (11‘33)
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So the objective is to make the produced power from the emulator equal to a previously
recorded wind power profile (Fig.II-2),
Pug_rer = Pg_record (I1-34)
The “wind power profile”, which is implemented in the digital control board
(DSpacel103) set this power reference (pug emu ref) according to the recorded wind speed
profile (Fig.II-2). The experimental test bench is built with a 1.2kW rated power, thus the
coefficient (k) is adapted to have a wind power profile (Pwg emu ref~KwgDwg rer) below 1.2kW.

11.2.2 Experimental implementation

The grid connection system is experimentally implemented with a wind power emulator
through a DC-bus capacitor (2300uF), a three-phase inverter, three line filters (10mH) and a
three-phase grid transformer.

The implementation of the wind energy conversion experimental test bench is shown in
Fig.I1-26. Its modeling and control is obtained by replacing the wind energy generation
system by the wind power emulator. The Multi-Level Representation of the entire
experimental test bench is shown in Fig.II-27 with previously presented equations. The
proposed hierarchical control system (Fig.II-21) is experimentally applied and tested with the
real DC bus and grid connection system by taking into account the fluctuant wind power.

—— o ———— T e
IWind power Chopper N°2 I DC bus Inverter N°1 r Grid with transformer 1
Jemulator — — 1 I
1 | 000 ! | 1 |
' LT $||é| '
1 [bYe AL ack—m— | 4!
L o | ey | 1

| DSpace 1103 |

(a) Block diagram

Wind power emulator
Choke

 DSpace 1103
for system control

(b) Photo
Figure I1-26: Implementation of the wind energy conversion experimental test bench.
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Wind power emulator - Grid connection system
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Figure 1I-27: Multi-Level Representation of the wind energy conversion experimental test bench.

11.2.3 Simulation and experimental results

In order to validate our mathematical modeling and control design, we have firstly
simulated this academic study under the software Matlab/Simulink'™. We can see that the
obtained simulated active power (p,) in Fig.II-28a is very close to the recorded grid active
power (Fig.II-2).

Hence, this mathematical model gives us the same power dynamics as from a real wind
generator. Moreover, we have now some knowledge about the internal physical quantities and
also about the different control functions.

The grid connection test of the wind energy conversion system is performed with the
same wind power profile during 150 seconds. The experimental results are compared with the
previous simulation results.

We can see that the similar power profile (Fig.II-28b) can be generated as the recorded
wind power profile (Fig.II-2). The DC-bus voltage is well regulated (around 400V) by the line
current control loop in a “grid following” power balancing strategy. The emulated fluctuant
wind power is totally delivered to the grid through the three-phase inverter.

This experimental test bench enables us to have similar power dynamics and
characteristics as a real wind generator. We will use it to validate our proposed improvement
in order to design a wind based active generator.
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Figure 11-28: Test results of the wind energy conversion experimental test bench

11.2.6 Discussion

The fluctuant power from the wind generator depends entirely on the wind condition, but
not on the microgrid’s requirements. Therefore, the wind energy conversion system working
in MPPT strategy behaves like a passive generator. It can not supply smooth powers to the
microgrid and can not supply any ancillary services for the power system. It can only generate
continuously varying powers depending on meteorological conditions. Moreover, it becomes
a considerable disturbance input for the grid power quality if many wind generators are used.

Energy storage systems can help to solve the fluctuation problem of the wind power and
can ensure a good energy availability. However, additional control functions should be added
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to coordinate the different sources. In the following sections, a super-capacitor assisted wind
energy conversion system is studied in detail.

11.3 Study of a wind/super-capacitor hybrid power generator

11.3.1 Presentation

As explained in Chap.I, a hybrid power system combining renewable energy generators
and energy storage devices is a possible solution for clean energy generation and high power
quality supply for the future electrical network. In this chapter, we study a hybrid power
system, which consists of a wind energy conversion system and a super-capacitor based
energy storage system. The purpose is to filter wind power fluctuations in order to satisfy a
grid power reference from a microgrid system operator. A DC-coupled structure is considered
(Fig.II-29) and the super-capacitor system is connected to the DC bus through a DC/DC
power converter (N°3). This power electronic converter is used to have a control input for the

load of super-capacitors.

Shaft & Electrical .
turbine  geqrbox machine  3-phase rectifier N°2 Dc bus  3-phase inverter N°1 line filters Grid with transformer
(__)é--)(.___)é _____ D€ == D === = e —m P - == = = >

DC

a4

HPS Control system |

Figure II-29: A wind/super-capacitor hybrid generator.
11.3.2 Modeling of the super-capacitor storage system

A super-capacitor tank is used to enable fast-dynamic energy storage for high power
dynamic requirement. A choke filter and a chopper are associated to adapt the voltage levels
between the super-capacitor tank and the DC bus (Fig.II-30). As shown in the equivalent
average electrical model (Fig.II-31), the chopper introduces a control input, which is the duty
ratio of the chopper (m,.). We will use it for the power control. The modeling of the super-
capacitor storage system is presented in details with the help of the EMR (Fig.11-32).

super-capacitors choke filter chopper_) dc-bus capacitor

------ >€e-——-=-—>e€ €« -=-=--

Isc Im_sc

0> DC >

DC

Figure II-30: Super-capacitor power conversion system
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Figure 11-31: Equivalent average electrical modeling of the super-capacitor power conversion system
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Figure 1I-32: EMR of the super-capacitor power conversion system modeling

Super-capacitors: For the majority of energy storage applications, the model of Zubieta
and Bonert [Zub 00] can be used (Fig.II-33). This model takes into account a non-linear
equivalent capacitor (C, and C,), a leakage resistor (R;), a series resistor (R;) and the
relaxation phenomenon (R;, C;; Ry, Co; ...; R,, C,). Nevertheless, the load and discharge
frequencies of R;, C;; Ry, C; ...; R,, C, are weak enough in this application to neglect
relaxation phenomenon. The leakage resistor R; is also neglected due to its high value, as well
as the series resistor R due to its small value. Finally, a series connection of super-capacitors
can then be represented in the same way as an ideal capacitor [Lho 05b]. The super-capacitor
tank is modeled as a voltage source (terminal element), which has the choke current is. as
input and it’s voltage u,. as output:

o i, (I1-35)
with (s  the equivalent capacitor of the super-capacitor tank;

Uge: the voltage across the super-capacitor tank;

Iget the current applied to the super-capacitor tank.

Choke filter: The choke is an element with energy accumulation and the state variable is
the current (i.):

di
“=u. —uU , I1-36
sc dt sc m_sc ( )

with L. the equivalent inductor ;
um 5. the modulated voltage of the chopper.
Chopper: The chopper is a conversion element and the average model can be described as
below:

{< um sc >=< msc > udc
- (11-37)

<y, o >=<my >,

with mg.:  the duty ratio of the dc chopper;
uq:  the DC-bus voltage.
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Tt R Ry [] Rz [] - R, Use

Figure 11-33: Electrical model of super-capacitors
11.3.3 Modeling of the hybrid power system

a) Average modeling of the electrical conversion chains

An average modeling is sufficient for studying the power balancing and energy
management strategies of the hybrid power system. Moreover, it can reduce significantly the
simulation time for pre-validation. In this case, the modulated values are replaced by their
average values during the modulation period. It is shown in Fig.II-34. The electrical diagram
with equivalent average modeling of power electronic converters makes appear four parts
corresponding to the wind generator, the grid connection, the super-capacitors and the DC bus.
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Figure 11-34: Equivalent electrical diagram of the wind/super-capacitors hybrid power system

b) Modeling of the DC bus
In order to control the power flow among the three sources (the wind generator, the super-
capacitors and the grid connection), the DC coupling should be modeled in detail (Fig.II-35):

lsour = lrec + lmisc (11'3 8)
ldc = lsour - linv (11_39)
- _decoupling _ _  debus_
frec fsour Uac
- —

Uge Udc

Iim_sc

-
Ude

Figure II-35: EMR of the DC bus in the wind/super-capacitors hybrid power system.
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And the DC-bus voltage is obtained as follows:

dudc
—_— =1, .
dc ’t de

(11-40)

c) Energetic Macroscopic Representation

The EMR of the super-capacitor assisted wind energy conversion system is obtained
(Fig.I1-36) by combining the EMRs of the wind energy conversion system modeling (Fig.II-8),
the super-capacitor power conversion system (Fig.I1-32) and the DC bus modeling (Fig.II-35).

wmd turbme nertia - gearbo box Electrical machine Jphase rectifier N°2. _ de coupling 3 phase inverter N°I_ line filter grld
Vvent T A,I(Iff Lo Esdq dq Lnac Trec Tsour Ude Uiy —
Wind Grid
Qjapi ggu Tonae Lsdg Upee T Uge Uge Liny T i Ugrid
Myec Miny

super capacttor f Iter mductor chopper N°3

U _sc T Ude
Msc

Figure 11-36: EMR of the wind/super-capacitors hybrid power system.
11.3.4 Hierarchical control of the hybrid power system

a) Hierarchical control structure

We have used a hierarchical structure of the control system in order to organize the
control functions (Appendix C).

In a DC-coupled hybrid power system, all energy sources are connected to the DC bus
through different power converters [Zho 08]. In the super-capacitors assisted wind energy
conversion system, three energy sources are considered: the wind generator (WG), the super-
capacitors (SC) and the grid connection (GC). Three power converters are used to regulate the
power exchanges among them (Fig.II-34). So in the control system, three SCUs and three
ACUs are used to control the three energy sources, a common PCU and a common MCU are
used for the power balancing and energy management of the entire system (Fig.I1-37).

DC/DC AC/DC DC/AC
L5V, +15V} {5V, +15V}

| S.C.U. 3 || S.C.U.2 || S.C.U. 1 |

1T o 1T o1 1T o
- acusc |9 acuwc |4 acucc |

. .
1T i 1 [ Teewr 1T it

L\ Power Control Unit (P.C.U.)
B for the instantaneous power balancing

Power references
& operating mode
Mode Control Unit (M.C.U.)
for the long-term energy management

Microgrid requirements

Figure 1I-37: Hierarchical control structure of the wind/super-capacitors hybrid power system

Measurement and communication

In the SCU of each converter, the IGBT drivers and PWM techniques are used to control
the switching circuits. These units are not the main concerns of the study, so they will not be
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detailed here. However, the control algorithms in the ACU should be presented in order to
highlight the physical quantities, which can be used for the power flow control among the
different energy sources. The control scheme in the ACU and the power balancing algorithms
will be presented in the following sections.

b) Automatic control unit

For the wind generator, the DC bus and the grid connection, the control tasks are the same
as previously exposed (Paragraph I1.1.4). Then we retrieve the same control schemes (Fig.II-
38). For the super-capacitors, the EMR (Fig.II-32) shows a path between the duty ratio m,
and the choke current i;.. The objective is to control this current. The control scheme of the
super-capacitor power conversion system is obtained by inverting this path. So a converter
control and a current control are required. (Fig.II-38).

Current control: As the super-capacitor bank is a voltage source, a current controller is
needed to set its current:

m_sc_ref = usc _Pl(isciref - l:L) : (II_41)
Converter control: Then the duty radio of the dc chopper is obtained by inverting the
Eq.II-37:

u

1
msciref = ,«_un17sc7ref : (II-42)
udc
As result, four groups of physical variables (iuc refs i1 refy Tgear refs Isc ref) appear to interface

the automatic control units with the power control unit (Fig.II-39).
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C
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Usc L im_sc
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Super-capacitor choke filter
pa a > <« — Jilt - >

Figure II-38: Control scheme of the entire wind/super-capacitors hybrid power system.
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Figure 11-39: Block diagram of the automatic control unit for the wind/super-capacitors hybrid power system.
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c¢) Power control unit

The power control unit is divided in two levels: the Power Control Level (PCL) and the
Power Sharing Level (PSL).

The Power Control Level (PCL) is obtained by inverting the equations calculating the
different powers (Table II-2). For the super-capacitor storage system, the power (ps) is
calculated by multiplying the current (is.) and the voltage (u,.). The super-capacitor current
reference (iy o) 1s calculated by dividing the wished super-capacitor power reference (Psc ref)
with the measured voltage (us). For the other powers, the same equations are used (as in
Table II-1). As explained before (in Paragraph.Il.1.5), the instantaneously exchanged reactive
power with the inductors, the filter losses and the power converter losses are neglected.

The organization of the power control unit can then be presented with the help of the
Multi-Level Representation (Fig.I1-40). And the control system of the hybrid power system is
then extended as shown in Fig.I1-41.

Table 1I-2: Power calculation and control algorithms for the wind/super-capacitors hybrid power system.

Energy source Power calculation Power control
DC—buS CapaCitor Into Pa = uzlcidc Intoe pdciref = ﬁdc idciref
; _ (2"713 — Uy, )Pg gt \/§ﬁ23qg7;'ef
) ) Int1: Dy =iy +uyi, Intlc: | -7 217!123 —2u,5U,, +21,7223
Grid connection ) i ) o 3
9., = 3(u13ll T Upl ) ; _ (2”23 _uls)PgJe/' _\/guIngiref
12 _ref —

~2 — — —
2uy; — 2U,31y, + 2u5,

1

Wind generator Int2: J 2 O Intzc: Toir vy = Qipngqf
‘tur
, s 1
Super-capacitors Int3: p.=u_i, ING3C: 1, ,0r === Pse rer
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Wind generator Super-capacitors DC bus Grid connection
-------- D e i et
Power |
flow
Power KA B 1z 1Into
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T gear
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Figure I1-40: Multi-Level Representation of the power modeling and control for the hybrid power system
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Figure 11-41: Block diagram of the hierarchical control for the wind/super-capacitors hybrid power system.

The Power Sharing Level is used to implement power balancing strategies in order to
coordinate the different sources in the hybrid power system. They are developed by using the
power flow modeling equations. So before presenting the power balancing strategies in the
next paragraph, we explain here the modeling of the power flow inside the wind/super-
capacitor hybrid power system (Fig.11-42):

POWLE P, = Py — Pacs (11-43)
POW2: Py = Prg + Pic» (II-44)

with  pg:  the exchanged power with the DC-bus capacitor;
Dy the power, which is delivered to the grid from the DC bus;
Psour:  the total power, which arrives to the DC bus from the sources.
Pwg:  the power, which is injected into the DC bus from the wind generator;
Ppse: the power, which is injected into the DC bus from the super-capacitors.

A 4
| pec §
Psour pg
Pug
v
y Pdc
Wind generator Super-capacitor DC bus Grid
—————— P e L SERE S

Figure 11-42: Power flow balance inside the wind/super-capacitors hybrid power system.
11.3.5 Power balancing strategies of the wind/super-capacitors hybrid power system
a) Role of the power balancing

The power balancing plays a very important role in the control system of the hybrid
power system. It leads directly to the stability of the hybrid power system. In the studied wind
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energy conversion system, all power exchanges are performed via the DC-bus (Fig.I1-43) and
have an impact on the DC-bus voltage:

dE,, du,, )
d; = Cdcudc —= :udcldc = pdc = psour - pg = pwg + psc - pgc . (11_45)

dt

with E4:  the stored energy in the DC-bus capacitor;
pac:  the exchanged power with the DC-bus capacitor;
Pwg:  the power, which is injected into the DC bus from the wind generator;
Ppse: the power, which is injected into the DC bus from the wind generator;
)25 the power, which is delivered to the grid from the DC bus.

Wind D
Generator l Power flow exchange .
in the DC bus via Ds Grid

power conversion systems Connection
Super-
capacitors
Pac

DC-bus capacitor
Figure 11-43: Power flow exchanges around the DC bus in the wind/super-capacitors hybrid power system

The super-capacitors introduce a possibility to perform the regulation of the DC-bus
voltage. The various power balancing strategies can be implemented in the Power Control
Unit (PCU). In the super-capacitor assisted wind energy conversion system, the three power
electronic converters can regulate the power transfer with each source. The three-phase
rectifier is used to control the wind generator with a MPPT strategy. The three-phase inverter
in the grid connection system and the DC chopper in the super-capacitor power conversion
system can be used for the DC-bus voltage regulation and the grid power control. According
to the function of the line current loop’s function, two power balancing strategies can be
implemented [Zho 09a]:

- The grid following strategy uses the line current loop to regulate the DC-bus voltage;
- The power dispatching strategy uses the line current loop to control the grid active power.

b) Grid following strategy

For this hybrid power system, the grid following strategy is an extension of the previous
one (paragraph II.1.5) by taking into account the super-capacitor power (ps.). As shown in the
Multi-Level Representation (Fig.I1-44), the required power for the DC-bus voltage regulation
(pdc_rep) 1s used to estimate the grid power reference (pg ;) from the equation (Powl),

Powle: pgire_/' = ]stnur - pdciref ‘ (II'46)
And the sources’ total power (pso.) 1S considered as a disturbance and is estimated as below,
PowZ2e: ]stour = ]f\ng + ﬁsc ° (II'47)

While the DC-bus voltage is regulated, the exchanged power with the DC-bus capacitor
(pac) 1s zero in average value in the equation (Powl). With the presence of the super-capacitor
based fast-dynamic energy storage system, the microgrid system operator can set power
requirements (pgc rorand ge. o) for the grid power (p,). Hence we obtain

Powlc: psouriref = pgciref . (II_48)

In order to help the wind energy conversion system to respect the active power
requirement, the super-capacitor power conversion system is then controlled to supply or

53



Chapter II Wind Energy Conversion System

absorb the difference between this power requirement pg. s and the fluctuant wind power p,q
by inverting the equation (Pow2) in Fig.11-44:
POW2C: Py v = Poour ref — Poug - (I11-49)
The block diagram of the grid following strategy for the wind/super-capacitor hybrid
power system is presented in Fig.1[-45.

Wind energy generation system Super-capacitor power conversion DC bus Grid connection system
- -> <« > < > < >

Power
calculation

Tgear

Modeling

Ugrid
& control

Int2c

Pwg_ref

<&
.

Psour_ref
Figure 1I-44: Multi-Level Representation of the grid following strategy for the hybrid power system.
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Figure II-45: Block diagram of the grid following strategy for the hybrid power system.

c) Power dispatching strategy

If the stored energy is enough, the super-capacitors can also be used to regulate the DC-
bus voltage while the wind generator works in a MPPT strategy (Fig.II-46). This second
strategy relies on a second power-based closed 100p (Pac ref = Psour ref = Psc_ref 2 Dsc 2 Dsour
= pac). In this case, the necessary power from the sources (psour rer) must be first calculated by
taking into account the required power for the DC-bus voltage regulation (pg. ) and the
measured grid power (p,) by inverting the equation (Powl) in the Multi-Level Representation
(Fig.11-46),

POWIC: Py ror = Pc_res + P> (II-50)

Then the super-capacitor power reference (psc f) 1s deduced by taking into account the
estimated fluctuant wind power (p.,) in Fig.11-46,

Pow2c: pSC_VL_’f = psour_reff + ﬁwg H (II'S 1)
It is used to supply fast varying power (p4) to regulate the DC-bus voltage against the
fluctuant wind power (pyg).
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While the DC-bus voltage (u4.) is regulated, the exchanged power with the DC-bus
capacitor (pg.) is zero in average value. The microgrid system operator can directly set power
requirements (Pgc ror and gg. rer) for the grid connection system (Fig.11-46),

(I1-52)
Therefore, the hybrid power system can directly supply the required powers for providing the
ancillary services to the microgrid, like the regulations of the RMS grid voltage and frequency.

Moreover, if the grid power is well controlled (pg=pg re/=Pgc ref); We can modify the
equation (POW1C) as: psour ref~Pdc reftPgc ref:

The block diagram of the power dispatching strategy for the wind/super-capacitor hybrid
power system is presented in Fig.1[-47.

As the grid power is not used to regulate the DC-bus voltage, the grid power requirements
can be better satisfied. So the power dispatching strategy is preferred if the microgrid is fed by
this hybrid power generator alone.

pg_ref = pgc_ref‘

Grid connection system
€ ------=-Z-= >

T, gear

Modeling
& control

Power
control
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Pwg_ref

Pwg

Pae_ref Pg ref
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Q gear o MPPT pwg_rq};
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Figure 11-47: Block diagram of the power dispatching strategy for the hybrid power system
11.4 Experimental test of the wind/super-capacitor hybrid power generator
11.4.1 Experimental implementation
The super-capacitor based energy storage system is added in the previously presented
experimental test bench of the wind energy conversion system. Three “BOOSTCAP” super-
capacitor modules (160F and 48V) are connected in series. Therefore, the equivalent capacitor

of the super-capacitor bank is about 53F and the maximal voltage (u,.) is about 144V. The
super-capacitors are connected to the DC-bus capacitor through a step-up power conversion
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system, including a choke filter (20mH) and a DC chopper (Fig.lI-48). The two power
balancing strategies are respectively tested and compared on this test bench.

1Wind power Chopper N°2 f DC bus Inverter N°1 I' Grid with transformer !
] emulator e | e 1 | |
| | m 1 1 1
1 l pc! AC [ | | $!

1 PaN L 1

DC

DC

| DSpace 1103 |

' Three h'ase

inverter

(a) Block diagram

DC bus
capacitor

"\ Super-capacitor

AAAAA

DSpace1103
for system control

&

network

(b) Photo
Figure 11-48: Implementation of the experimental test bench for the hybrid power system.

11.4.2 Test of the grid following strategy

a) Test with grid power steps from the microgrid system operator

The dynamic performance of the “grid following” strategy is tested with grid power
requirement through simulation and experimental tests (Fig.11-49).

In first, the wind power is set to zero in order to highlight the performances of the super-
capacitor power conversion system and the grid connection system with respect to the grid
power steps. Two steps of the grid active power (pg. ry) are given from OW to 1000W then
from OW to —1000W. Two steps of the grid reactive power (gqc roy) are given from OVAR to
500VAR then from OVAR to —-500VAR. (Obviously, this operation is not possible with a
classical power generator)

We can see that the DC-bus voltage is well regulated around 400V by the grid connection
system. The reactive power requirement is well achieved dynamically. However, a small
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steady-state difference appears in the grid active power between the simulation results and
experimental results, because the power losses in the filters and in the power converters are
not considered in the simulation. In the grid following strategy, the grid power requirement is
directly sent to the primary sources and the storage systems (Psour refPgc ref)- As the wind
power is zero, the super-capacitor power is controlled to supply the same power as the grid
power requirement (Dsc ref~Pec ref)-

In practice, the exchanged power with the grid is slightly less than the requirement
(Pg<Pgc rer) because of the power losses in the filters and in the power converters. The super-
capacitor voltage varies differently in the experimental test in comparison with the simulation
results. It drops or rises about 1V instantaneously in the experimental results during the
transient because of the equivalent series resistance, which is not taken into account in the
simulation.
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Figure 11-49: Dynamic test of the wind/super-capacitor hybrid generator with the grid following strategy
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b) Test with wind power fluctuations

The performance of the hybrid power system in “grid following” strategy is now tested
with the prescribed wind power profile (Fig.II-50). The same wind power profile, which is
presented in Fig.II-2, is used here during 150s. The power requirement from the microgrid is
assumed to be pgc ~800W and g, ,,~0VAR.
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Figure II-50: Evolution test of the wind/super-capacitor hybrid generator with the grid following strategy
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The DC-bus voltage is well regulated by the line current loop in the “grid following”
strategy against the fluctuant wind power. The delivered grid power is smoothed because the
super-capacitors based energy storage system absorbs or supplies the difference between the
power requirement (pg. s) and the generated wind power (p..,) with its fast power dynamic.

11.4.3 Test of the power dispatching strategy

a) Test with power steps from the microgrid system operator

The dynamic performance of the “power dispatching” strategy is firstly tested with
respect to the grid power requirements (Fig.I1-51).

The wind power is set to zero in the test in order to highlight the performances of the
super-capacitor power conversion system and the grid connection system. The same steps of
the active and reactive grid power requirements are given as previously.

The DC-bus voltage is better regulated around 400V with less overshoots by the super-
capacitors during the transients. Both the active and reactive power requirements are exactly
achieved (1000W and 500VAR) because they are directly sent to the grid connection system
as power references. So the power dispatching strategy can have a better performance on the
power regulation than the grid following strategy.

The super-capacitors supply or absorb necessary powers to regulate the DC-bus voltage.
Because of the power losses in the filters and power converters, the super-capacitor power is
slightly more than the grid active power requirement (ps>pygc ror) In the experimental results.
The same kind of super-capacitor voltage drops can be observed in the experimental results
during the transient.

b) Test with wind power fluctuations

The performance of the hybrid power system in “power dispatching” strategy is then
tested with the same wind power profile and grid power requirements (Fig.II-52). The
delivered grid power is smoothed and the DC-bus voltage is well regulated, because the
super-capacitors based energy storage system absorbs or supplies the difference between the
power requirement (pg. rs) and the generated wind power (p,,;) with its fast power dynamic.
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Figure 1I-51: Dynamic test of the wind/super-capacitor hybrid generator in power dispatching strategy
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Figure 11-52: Evolution test of the wind/super-capacitor hybrid generator in power dispatching strategy
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11.4.4 Discussion

For the super-capacitors assisted wind energy conversion system, two power balancing
strategies are tested above: the grid following strategy and the power dispatching strategy.
Thanks to the help of the super-capacitors based energy storage system, both power balancing
strategies can be used. The DC-bus voltage is well regulated and the grid power requirements
from the microgrid are well achieved. This is a great advantage since now the microgrid
operator has the possibility to use this wind energy based generator as controllable power
plant to supply some ancillary services for the microgrid.

From the simulation and experimental results, we find that the “power dispatching”
strategy has better performances than the “grid following” strategy. With the grid following
strategy, the grid power is used to regulate the DC-bus voltage and is adjusted and fluctuant
all the time. Moreover, the power losses in the filters and in the power converters can not be
exactly estimated and compensated in practice. When the power reference is attributed to the
super-capacitors to supply the microgrid power requirements with the fluctuant wind power,
the delivered grid power can not be exactly controlled as same as the microgrid system
operator requires. With the power dispatching strategy, the microgrid power requirement is
directly set for the grid connection system and can be more exactly satisfied.

According to the study, the super-capacitors are able to provide fast power dynamic, so
they are suitable to filter the fast fluctuations of the wind power. However, due to the low
energy density, its storage capacity is quite small if its power level is properly sized. Its
storage level varies rapidly when the average wind power in a short period is different from
the microgrid’s power requirement. In the performance tests, since the average wind power
(about 550W) during 150s is smaller than the microgrid’s power requirement (800W), the
extracted power from the super-capacitor is more than the stored power into them. As result,
the storage level decreases from 125V to 120V, as well as the storage level from 75% to 69%.
If the hybrid power system works in this way, the super-capacitors can not sustain for more
than several minutes. However, in a microgrid operation, the power requirements are updated
about every 15 or 30minutes. If the super-capacitor is sized according to the energy capacity,
it is very expensive to add many super-capacitor modules. Moreover, the power capacity is
much oversized and the super-capacitors will work far below its rated power for most of the
time. Therefore, it is a huge waste of money and of power to use super-capacitors for storing a
large amount of energy.

So another kind of energy storage system, which can store much more energy, should be
added in the hybrid power system. Such a storage system should be cheap and have a high
energy density in order to ensure the energy availability of the whole system for a long term.

In our study, we propose the use of the hydrogen based energy storage system because of
many advantages, which have already been presented in Chap.l. It consists of fuel cells for
energy backup from hydrogen and electrolyzers for energy storage into hydrogen. If we want
to store more energy, we should increase the volume of the hydrogen tank and the effective
cost power unit can be consequently reduced. Even more, we do not have to increase the
power capacity of the fuel cell system and the electrolyzer system. The study of these two
systems will be presented in the Chap.III and Chap.IV.
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1.5 Conclusion

In this chapter, a wind energy conversion system is firstly presented, including the system
modeling, control scheme and power balancing. Since, only the grid following power
balancing strategy can be used, the DC-bus voltage is regulated by the line current control
loop and the fluctuant wind power is totally delivered to the grid. This fact indicates that the
grid power quality can not be ensured and some energy storage units should be associated in
order to add some new control functions into the power system.

Then the super-capacitors assisted wind energy conversion system is studied. Different
sources (wind generator, super-capacitors and the grid) are connected to a common DC bus
through different power converters. The power balancing is very important for the control of
the multi-source hybrid power system for the stability and efficiency reasons. We have
proposed and tested two power balancing strategies: the “grid following” strategy and the
“power dispatching” strategy. With this hybrid power system, the microgrid system operator
can now modify its generated power as necessary.

Super-capacitors have fast power dynamic and can filter the fast fluctuations of the wind
power and the peak power demand from the microgrid. However, an energy storage system
with a high energy capacity is still needed to ensure the energy availability for a long-term
operation. In our study, it refers to the hydrogen based long-term energy storage system
including a fuel cell system and an electrolyzer system for power conversion. These two
power systems will be presented in detail in the following chapters.
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Chapter III Fuel Cell for Energy Backup from Hydrogen

Continuous depletion of oil supply and the gradual increase of oil prices have emphasized
the need for a suitable energy alternative for our century’s economy. The progress of fuel cell
technologies makes the hydrogen a possible alternative energy carrier for the future. Fuel cell
power generation becomes a more and more interesting and promising solution for both
automotive industry and stationary power plants. In our study, the fuel cell system is proposed
as an energy backup solution.

A systemic study of the fuel cell system is presented in this chapter. An overview is firstly
presented, including the existing technologies, the operating principles, the fuel cell system,
the technical challenges and the modeling methods. More specifically, a commercialized fuel
cell system (Ballard Nexa™ module) is used and is presented in detail. The modeling and
control of the fuel cell system is detailed by using the Energetic Macroscopic Representation
(EMR) as a graphical tool in order to give a better mathematical presentation. The modeling
parameters are identified and validated through experimental studies. A flexible experimental
test bench by using Hardware-In-the-Loop simulations has been used to test and validate our
presented control system. It is presented in the end of this chapter. This fuel cell experimental
test bench is finally used to set up an active generator, which is presented later in Chap.V.

I11.1 Overview of fuel cells
111.1.1 Technologies

a) Classifications

The discovery of the fuel cell is generally attributed to Mr. William GROVE in 1845 [Gro
45]. With the ongoing development of the already successful steam engine and the later
discovery of the internal combustion engine and its adaptation for the transport sector, fuel
cells did not see any industrial development until the 20" century. Since then, different types
of fuel cells have been developed. They are typically classified by either their operation
temperature or the type of electrolyte as reported in Table III-1.

Proton Exchange Membrane Fuel Cell (PEMFC) or Polymer Electrolyte Fuel Cell is
based on a solid polymer electrolyte. Fast start-up times, low temperature operation and high
power densities make them an easy to use technology especially for portable or transport
applications. CO poisons the catalyst and the hydrogen fuel has to be very pure. Because the
polymer membrane has to be kept well humidified for good proton conduction, water
management is one of the critical aspects of successfully running a PEMFC.

Direct Methanol Fuel Cell (DMFC) is similar in construction to PEMFCs. Since liquid
methanol can be used as a fuel, no external fuel processing is required and high energy
storage densities can be achieved. Unfortunately, the polymer membrane is not impermeable
to liquid methanol and the resulting fuel crossover reduces overall system efficiency.

Alkaline Fuel Cell (AFC) is based on a liquid, concentrated KOH electrolyte. AFCs can
operate with non-precious metal catalysts (typically nickel) and therefore have a cost
advantage over other types of FCs. The use of a liquid electrolyte requires an additional
electrolyte re-circulation system. Unfortunately, CO; is a poison for the liquid electrolyte and
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needs to be scrubbed from process air. Typically, the use of AFCs has been limited to niche
applications such as military and space applications.

Phosphoric Acid Fuel Cell (PAFC) is based on a liquid acid electrolyte. Due to their
higher operating temperature, they are less sensitive to CO impurities in the fuel and water
management is less of an issue. Additionally, they exhibit excellent long term stability. Their
relatively long start-up times and low power densities limit their application to stationary
power or co-generation plants.

Molten Carbonate Fuel Cell (MCFC) is based on a liquid molten carbonate electrolyte
and generally exhibit very high conversion efficiencies. A high operating temperature allows
direct use of non noble catalysts along with direct internal processing of fuels such as natural
gas. Relatively long start-up times and low power densities again limit their application to
stationary power or co-generation plants.

Solid Oxide Fuel Cell (SOFC) is based on a solid oxide electrolyte conducting oxygen
O”> ions. As with the MCFC, the high operating temperature translates into non-noble
catalysts, direct internal hydrocarbon fuel processing and high quality waste heat that can be
used in combined-cycle power plants. Additionally, high power densities along with high
efficiencies can be attained. Slow start-up times dictate their primary use as stationary power
or co-generation plants.

Table I1I-1: Overview of the operating characteristics of the different fuel cells [Hoo 03]

Fuel Cell Type | Electrolyte | Charge Carrier | Temperature Fuel
PEMFC solid H 50-90°C H,
DMEFC solid H 50-90°C CH;O0H
AFPC liquid OH 60-250°C H,
PAFC liquid H 160-250°C H,
MCFC liquid Cco;™ about 650°C | H,, CO, CH,
SOFC solid o 750-1000°C | H., CO, CH,

b) Advantages
Fuel cell power generation becomes a more and more interesting and promising solution

for both automotive industry and stationary power plants. Fuel cell systems become attractive
thanks to many advantages over the conventional systems, such as:

- low pollution (or in some cases zero emission solutions);

- relatively high efficiency (55 — 65% stack);

- relatively high power density (>1MW/m’ stack);

- direct energy conversion (no combustion);

- silent operation (stack);

- fuel flexibility;

- ability of modular installations for load matching;

- high reliability;

- size flexibility;

- rapid load following capability (PEMFC compared to the internal combustion engines).
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111.1.2 Operating principles

Depending on the type of fuel cell and the used fuel, the reaction mechanisms may be
different from each other. We choose PEM fuel cells to consider the operation description,
moreover the main concept remains the same as for the other types of fuel cells. Within the
PEM fuel cells, hydrogen and oxygen are converted into water while generating electricity. A
schematic diagram of the processes occurring in a PEM fuel cells [Gra 07] is shown in Fig.III-
1.

Both reactant gases are supplied under pressure into the flow channels of the plate. At the
anode side the hydrogen oxidation reaction forms protons and electrons:

H, < 500" +2e” (II1-1)
Released protons and electrons are transferred through the membrane to the cathode catalyst
layer and the external electrical load, respectively. At the cathode side the oxygen is
consumed by the oxygen reduction reaction along with the protons and electrons and liquid
water is produced as the product with heat:

%02 +2e +2H" < 5y [ O+ Heat (I11-2)
As a result, the overall chemical reaction of the fuel cell is represented as follows:
H, + %O2 —> H,0+ Heat + Electrical Energy (111-3)

In order to technically exploit such a reaction, the two chambers are separated through an
electrically insulating (i.e. no electron conduction) and gas-impermeable membrane
electrolyte assembly, which is capable of conducting protons. The area in contact with the
membrane is called catalyst layer, which is covered with a platinum catalyst on both anode
and cathode sides.

Adjacent to the catalyst layers on both sides of the membrane is a porous, electrically
conducting gas diffusion layer. It allows reaction gases (i.e. hydrogen and oxygen) to flow to
the reaction sites on the catalyst layer and product water to flow back out.
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Figure III-1: Schematic representation of a PEM fuel cell. [Gra 07].
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111.1.3 Fuel cell system

a) Fuel cell stack

The fuel cell stack is the key component of a fuel cell system and performs the main
function of energy conversion within the system (Fig.ITI-2) [Ast 08]. Due to the fact that the
voltage of a single fuel cell is quite small (between 1} and 0.5} depending on the current
density) the desired voltage can only be produced by a series connection of cells. Such a
collection of cells in series is called a “stack”. This configuration corresponds to an electrical
series connection of the single elements. The reaction gases and cooling liquid are supplied to
the cells through a parallel network of supply channels.

One of the commonly used methods for cell interconnection in practice is to use a
“bipolar plate”. This makes connections all over a cathode of one cell and an anode of the
next cell (hence “bipolar”). At the same time the bipolar plate helps to feed oxygen to the
cathode and fuel gas to the anode. This distribution of the reactant gases over the electrodes is
done using a “flow field” formed into the surface of the plate, usually a fairly complex
serpentine pattern.

The heat, which is generated during the electrochemical reaction, is transferred to the
bipolar plates through conduction. Then it is either transmitted to the ambient air through
specially designed cooling fins or it is evacuated from the system through a cooling liquid
(CL) circulating within the bipolar plates.

Cantral - Heat Thermal
Supervisicn exchanger power out
Thermal
management

|

Fue — Fuel Power Elactrical
Storage M Processing " > conditicning :{);,‘l,.';,_';, "
“Wt Energy
Water  l——  Fyel Cell Stack storage
—* management
COxidant ﬂ
in T——?  Oxidant — —+ Exhaust gases
~® Proce ssing processing

Figure I1I-2: Fuel cell system scheme [Ast 08].

b) Fuel cell auxiliaries

For a proper operation, a fuel cell system needs many auxiliaries, which are also called
“Balance of Plant (BoP)” components. If the fuel cell stack is intrinsically able to respond
quickly to the load changes, the auxiliary subsystems (hydrogen supply, air compressor, gas
humidification, coolant circuit) respond much more slowly. This apparent contradiction
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decreases the reliability and performance of the entire fuel cell system [Spa 03]. Fig.III-2
presents a general scheme of a fuel cell system.

The fuel must first be produced and/or stored. Then, it is finally processed (mostly in
terms of pressure, hydration, and flow regulation) before arriving in the fuel cell stack. The
oxidant must also be processed in the same way. For both fuel and oxidant gases, the water,
which is produced by the fuel cell stack can be removed from the exhaust gases and can be
reused in the hydration of incoming gases. Since the electrochemical reaction is exothermal
and the fuel cell stack must be operated in a dedicated temperature range, a thermal
management is essential. Moreover, the gas supply and the stack thermal management are
strongly coupled with the gas hydration level control. The electrical power conditioning (in
association with, or not in association with, an energy storage device) and the overall control
of the whole system are also very important for an advanced fuel cell system.

There are many fuel cell stack manufacturers, few complete system suppliers exist.
Investment costs are still high at present and depend on cell materials (Pt catalyst, graphite,
membrane) and on the manufacturing mode. For the purpose of both energy savings and
pollutant emissions, the whole fuel cell system should be well designed and global optimized.
As mentioned above, many technological challenges have to be solved before that efficient,
competitive, reliable fuel cell power generators can be seen in the market.

111.1.4 Technical challenges

Among the different technological challenges, some of them concern mainly
electrochemical, mechanical or thermal engineering researchers. Obviously, the first research
area concerns electrochemical and material engineering researches on the FC stack itself.
The power density should be increased, whereas the amount of noble catalyst should be
reduced. Moreover, temperature and water management related issues are of the highest
importance. The temperature should increase for low-temperature FC stacks (to reduce water
management problems) and decrease for higher-temperature FC stacks (to reduce the thermal
stress on the materials and the startup time). The second large research area deals with
hydrogen production, distribution, or storage [Jou 03]. It is clear that hydrogen is not a
primary power source but an energy carrier. Today, hydrogen is usually produced by
reforming oil or natural gas (in this case, a fossil fuel has to be available and carbon is emitted)
or by electrolysis (in this case, electricity has to be provided). The reforming solution is based
on a time-limited resource and also suffers from hydrogen purity problems.

For electrical engineering researchers, the challenges concern mainly the fuel cell’s
electrical behavior and the auxiliaries. Auxiliaries are required to feed the stack with reactants,
to ensure the thermal equilibrium (temperature regulation or limitation), to perform the output
power conditioning (storage devices and power converters) and to supervise the system. Four
main research issues need to be considered:

- Power efficiency: The electrical efficiency of the electrochemical conversion is quite high,
between 50% and 60%, but it has to supply its own auxiliaries. To keep the global
efficiency as high as possible, the auxiliary consumption has to be minimized (particularly,
the motor compressor or the blower) and their efficiency has to be optimized (power
conversion system).
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- Power dynamic: The auxiliaries dominate the dynamic of the fuel cell system. In
comparison with the electrochemical time response of the fuel cell stack (below
milliseconds), they take much longer time to be regulated, such as the flow regulators and
valves (seconds and milliseconds), the air compressor (a few seconds) and the
humidification system (a few minutes).

- Power buffer: In general, the system is assisted by batteries. Super-capacitors and
flywheels can also be used. At least, the power buffer has to supply the supervision system
during startup and emergency shutdown. Moreover it can also be sized to balance the stack
power by supplying the peak power demand and improving the time response to transient
load changes.

- Power control: It consists of the control of each auxiliary system (including closed-loop
controls) and a global supervision of the fuel cell system. The global supervision must
guarantee the safe operation of the stack. Moreover, it has to control the power flows
among the different energy sources in a fuel cell based hybrid power system [Dav 09].

111.1.5 Modeling methods

The modeling is an important aspect in fuel cell system development since it facilitates a
better understanding of the features and parameters affecting the performance of fuel cells and
fuel cell systems. There are different approaches for fuel cell modeling, which can be
classified by using different criteria (Table I11-2) [Ast 08].

The first criterion is related to the system boundary, which defines the area of interest of
the model:

- fundamental cell level (electrodes, membrane);
- middle stack level (fuel cell stack);
- high system level (stack with auxiliary system).

The fuel cell models can also be subdivided into empirical and theoretical ones. The
theoretical (or mechanistic) models normally use the basic, phenomenological equations. For
example, the Nernst-Planck equation describes the species transport, the Stefan-Maxwell
equation is used for the gas-phase transport, the Butler-Volmer equation for the fuel cell
voltage. Spatial dimensions are the key criteria for mechanistic models. For instance, to
describe the fuel cell phenomenon of mass transport limitation at least a one-dimensional
model is required. For a proper treatment of the thermal and water management, except
electrochemical relationships, the model should contain also thermodynamic and fluid
dynamic equations. They are normally applied in two or three dimensions and can provide an
appropriate representation of almost all processes in a fuel cell and a fuel cell system.
Depending on its focus and complexity level, the model may provide details like fuel flow
pattern, current density distribution, voltage and pressure drops in the stack. Such a model is
normally an appropriate tool for detailed system studies, since it allows a high flexibility in
applications with a wide range of operating conditions. Usual drawbacks of such models are
the time demand for their development and validation, due to the difficulties in the
achievement of the detailed fuel cell stack features.

The other approach to model the FC is empirical. It is based on fitting experimental data
by a set of mathematical functions. Usually, these models are related to the particular fuel cell
experimental data specific to each application and operating condition. They typically do not
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provide as many details as theoretical ones but may serve as a fast start into fuel cell modeling
and a simplified basis for engineering applications.

The fuel cell models can also be classified into steady-state models and transient-state
models (or a special intermediary case, the quasi-steady-state models). This criterion is
especially useful for system engineers. Steady-state models describe one operating point in
each step. They are used mainly for parametric studies like sizing components in the system
(stack and/or auxiliary systems), calculating amounts of materials (e.g. catalyst) and
specification of the auxiliaries’ parameters. The transient models are useful for the design of
both the system’s electrical and thermal interfaces, as well as the dynamic properties of the
auxiliary equipments. The objective of the fuel cell system modeling and simulation could be
focused on both stationary and transportation fuel cell applications.

Table I1I-2: Summary of major FC modeling features [Har 04]

System Model Spatial Complexity/ Time
boundary approach dimension details domain
Electrode (gas Theoretical Electrochemical,
. . Steady-state,
channels, catalyst (mechanistic), Zero to three thermodynamic, .
. i . . . quasi-steady-state,
layer), fuel cell, empirical, dimensions fluid dynamic, .
. . transient-state
stack, system semi-empirical control
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(c) Installation of the fuel cell system

(d) Control panel from the computer screen

Figure I1I-3: Studied fuel cell system (Ballard Nexa™)
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111.2 Studied fuel cell system
111.2.1 Introduction

A Ballard Nexa™ power module is studied in our study. It is a compact, low-maintenance
and fully automated fuel cell system, which is designed for the back-up power markets. It
provides up to 1200W DC power with supplied hydrogen and air. Water and heat are the only
by-products of the reaction. So the Nexa'" module is extremely quiet and produces zero
harmful emission. Moreover, it operates at low pressure, with minimized parasitic losses and
enhanced system reliability. Furthermore, it does not require external fuel humidification and
it is air-cooled. The overall system design is then simplified.

The Ballard® fuel cell stack contains 47 cells of 100 cm? in series (Fig.IlI-3a), as well as
all necessary auxiliary systems for the fuel cell operation. Hydrogen, oxidant air and cooling
air must be supplied to the unit (Fig.I1I-3b). Exhaust air, product water and coolant exhaust is
emitted. The power conversion system is required to regulate the output electrical power. All
these auxiliary systems are integrated in a rolling cabinet (Fig.III-3c). A communication
interface must be provided to provide start/stop signals and to receive serial port
communications. A computer is equipped to visualize and control the operations (Fig.ITI-3d).

In this section, this commercial fuel cell plant will be modeled and then be used to
evaluate the feasibility of the proposed hybrid power system.

111.2.2 System operation

a) Fuel cell stack

The fundamental component of the Ballard® fuel cell consists of two electrodes, which are
separated by a polymer membrane electrolyte. Each electrode is coated on one side with a thin
platinum catalyst layer. The electrodes with catalyst and membrane together, form the
membrane electrolyte assembly (Fig.Il1-4a).

Gases (hydrogen and air) are supplied to the electrodes through channels formed in flow
field plates. Hydrogen flows through the channels to the anode where the platinum catalyst
promotes its separation into protons and electrons. The free electrons are conducted in the
form of usable electric current through an external circuit, while the protons migrate through
the membrane electrolyte to the cathode. At the cathode, oxygen from the air with electrons
from the external circuit and protons, are combined to form pure water and heat.

Individual fuel cells are gathered into a fuel cell stack to provide the required electrical
power. A single fuel cell produces about 1V at open circuit and about 0.6V at full load. On
one hand, cells are stacked together in series to provide the required voltage. On the other
hand, the current of a fuel cell is proportional to its active area. Consequently, the fuel cell
stack geometry can be tailored to provide the desired output voltage, current and power
characteristics.

b) Fuel cell auxiliaries

The security issues are very important but are not detailed here. We focus on the
operating principles of the auxiliaries (Fig.I1I-4b).
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Power Conditioning: The fuel cell stack provides an unregulated DC power. A power
conversion system is required to adapt the output electrical power. Due to the slow transient
response of the auxiliary systems, power buffers are sometimes integrated through power
electronic system to supply the peak power demand and to improve the time response to
transient load changes.

Fuel processing: The Nexa™ power module operates with pure, dry hydrogen from any
suitable source (hydrogen tank or hydride bottle). The fuel processing system monitors and
regulates the hydrogen supply. The pressure regulator maintains the pressure during the
operation by continuously replenishing hydrogen, which is consumed in the fuel cell reaction.

Oxidant processing: A small compressor provides excess oxidant air to the fuel cell stack
in order to sustain the fuel cell reaction. The compressor speed is adjusted to suit the current
demand of the fuel cell stack. Oxidant air is humidified before reaching the fuel cells to
maintain the membrane saturation for the fuel cell lifetime. A humidity exchanger transfers
both fuel cell product water and heat from the wet cathode outlet to the dry incoming air.
Excess product water is collected and discharged from the system.

Cooling system: A cooling fan is located on the bottom of the power module, blows air
through vertical cooling channels in the fuel cell stack. The fuel cell operating temperature
can be maintained at 65°C by varying the speed of the cooling fan. The hot air from the
cooling system may also be used in an energy cogeneration system for building heating in
some cases.

System control and supervision: The overall control and supervision should be
implemented for the security reasons and for improving performances, by receiving various
input signals from the onboard sensors, like stack temperature, hydrogen pressure, stack
current and voltage, air mass flow, etc.

Proton Exchange ( . _ o
Membrane (PEM) Fuel Cell Fuel Processing Fuel Cell Stack | PowerConditioning
Oxidant flow__ Fuel flow System H2 NHZ
field plate | field plate Pressure s —— 00— bc
- : g
_-1 t Fuel E J_
Exhaust L J Reaction 1 -|_
water e ) DC
J I 3 process
A 1 il
-~ K 2 .
Heat J #
L J Water and Gas
~ Fuel B0 1 Circulation Control | HIO &gases Stz U]
Air ) & Supervision
..J L Thermal & Water Management
(a) Operation of a fuel cell [Pri 02] (b) Operation principles of the studied fuel cell system

Figure I1I-4: Bloc diagram of a fuel cell system including the stack and its auxiliaries

Therefore, a fuel cell system is a very complex multi-physic system. Some graphical tools
are used in order to present the system modeling and the control. The modeling and control of
the studied fuel cell system will be presented by using the Energetic Macroscopic
Representations (See Appendix C).
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111.3 Modeling of the fuel cell stack
111.3.1 Open-circuit voltage

A fuel cell directly converts chemical energy into electrical energy. The chemical energy
released from the fuel cell can be calculated from the change in Gibbs free energy (4G),
which is the difference between the Gibbs free energy of the product and the Gibbs free
energy of the reactants. The Gibbs free energy is used to represent the available energy to do
external work. For the hydrogen/oxygen fuel cell, the basic chemical reaction is shown in (II-
3), and the change in the Gibbs free energy (4G) in a hydrogen fuel cell reaction is expressed
as:

Ach =Gy —Gyy =Gy (111-4)
with 4Gy: the change in Gibbs free energy of the hydrogen fuel cell reaction [J];
Guz0: the Gibbs free energy of H,O [J];
Guz:  the Gibbs free energy of H, [J];
Guo: the Gibbs free energy of O, [J].

The change in Gibbs free energy varies with both temperature and pressure [Lar 00],

0.5
Pur Por 1
Puiro 1

AG, =AG, -(T, —T,)AS, - RT, ln[ (IT-5)
with  A4Gy: the change in Gibbs free energy at standard pressure (1 bar) [J];

ASy:  the entropy change in standard temperature;

To: the standard temperature [K];

Tw:  the temperature of the fuel cell [K];

pu2 s the partial pressure of the hydrogen [bar];

po2 st the partial pressure of the oxygen [bar];

pH2o s-the partial pressure of the water vapor [bar];

R: the universal gas constant 8.31451 [J/(kg'K)].
The change in Gibbs free energy of the reaction in Eq.III-5 at standard pressure varies with
different reaction temperatures (Table I1I-3). Its value is negative and means that the energy is
released from the reaction.

Table III-3: Change in Gibbs free energy of hydrogen fuel cell at various temperatures at standard pressure

From of Water Product Temperature °C 4G, (kJ/mole)
Liquid 25 -237.2
Liquid 80 -228.2
Gas 80 -226.1
Gas 100 -225.2
Gas 200 -220.4
Gas 400 -210.3
Gas 600 -199.6
Gas 800 -188.6
Gas 1000 -177.4

We consider that all of the Gibbs free energy is converted to electrical energy, which is
the electrical work used to move an electrical charge around a circuit. For each mole of
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hydrogen, two moles of electrons pass around the external circuit and the resulted electrical
work (charge % voltage) is
Electrical work done = —nFE (1I1-6)
with  n: number of moles of electrons (=2 moles);
F: Faraday constant (=96485 Coulombs), electrical charge of 1 mole of electrons;
E: the voltage of the fuel cell [V].
This resulted electrical work would be equal to the change in Gibbs free energy if the system
is reversible. In practice, the fuel cell process is not reversible, some of the chemical energy is
converted to heat and the fuel cell voltage V.. is less than the theoretical value. By using
thermodynamic values of the standard-state entropy change, the open circuit voltage (£y.) of
the fuel cell can be expressed as [Amp 95]
E, =1229-0.85x107 (T, —298.15) + 43085 x 10T, In(p,, .pl .) (-7

It can be rewritten into two parts.

Rfcﬁl: Efc = EOffc - AEﬁ, s (III-S)
where
AG
E, = 0 —-1.229 (II1-9)
-2F
and

Rie 22 AE, =085x10°(T,, —29815)—4.3085<10° T, In(py;, Do 1) (I11-10)
The term Ey. is the theoretical thermodynamic voltage due to the change in Gibbs free energy

varies at standard-state condition (25°C and 1 bar). 4E. is the voltage drop, which depends on
the temperature and pressures.

111.3.2 Operating voltage

When the fuel cell operates, the actual cell voltage V.. is less than the open-circuit
voltage Ey,

Rie 32 Vey p=Ep—AV,.. (11I-11)
The voltage drop AV is the result of several irreversible losses, such as activation losses,
ohmic losses and concentration losses, which depend on the current density (jz.) [Lar 00]

J e : J e
R 4o AV, =4, ln[j f j+ Fedw t B ln[l —]—f] (I11-12)
0_fe lim_fe

where A4y and jj .. are the parameters for the activation losses, ry. is the parameters for the
ohmic losses, By and jn s are the parameters for the concentration losses. The current density
Jjr 1s described as:

lﬁ‘

Ry s jf'c =< (I1-13)
. Sfc
with  j: the fuel cell current density;
ir: the fuel cell current;
St the active surface area.
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111.3.3 Stack modeling

For the fuel cell stack of ny. cells in series, the gas flow (gu2 s and go» 1) of the consumed
H; and O, are described with the Faraday law:

R 6. Guy 1o = Z'—;iﬁ, (111-14)
ng .
Rie 70 40s 1 = aF (ITI-15)
And the output voltage of the stack V. can be deduced as follows:
Ry s U, =ng, Veen (ITI-16)

Since the fuel cell operation is not reversible in practice, the energy losses are converted
to heat. In order to present the losses by thermal flow, we define a variable “entropy flow”
(4S). Then we can describe the power losses in the fuel cell open-circuit voltage as

AE i,
Rfc;9: ASE fe = nfc (III-17)
and the power losses in the fuel cell operation as
AV i,
R 100 AS), 4 =ny (ITI-18)
The total power losses by thermal flow can be described as
Rpe 110 AS,,, . =ASy  +AS, , (I11-19)

111.3.4 Graphical representation

We can see that a fuel cell stack is a very complex multi-physic component, and many
variables are used in its modeling. In order to organize all relations among the different input
and output variables, the modeling equations are depicted by in a COG (Appendix D) and by
an equivalent macroscopic presentation (REM) (Fig.I1I-5). We can see four quantities, which
should be controlled by the auxiliary systems:

- the current (ir) should be controlled by the power conditioning system;
- the hydrogen pressure (px: ) should be controlled by the hydrogen handling system;
- the oxygen pressure (po: r) should be controlled by the oxygen handling system;

- the temperature (7}) should be controlled by the thermal management system.
PH2 fe

qm2 fe

Po2 fe Use
qo2 fe i
Ty

ASio1 1

Figure III-5: COG and EMR of a fuel cell stack modeling
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111.4 Modeling and control of the auxiliary systems
111.4.1 Modeling and control of the power conditioning system

The fuel cell stack supplies unregulated DC power,
P =tplp- (I11-20)
It should be adapted before being applied to the load. Since the fuel cell is considered as a

voltage source (uy), the power can be controlled by regulating the fuel cell current (ir). A
choke filter is needed to set this current (ir),

diy Up—Uy jo py
dt L,

where u,, . is the average value of the chopper’s modulated voltage. The DC chopper is
described by average values as below,

{um_fc =M U

bn_je =Ml

(I1-21)

(I11-22)

where my is the chopper’s duty ratio and i,, . is the average value of the chopper’s modulated
current. The voltage of the DC bus (u4.) can be considered as a constant voltage source, which
is maintained by the other sources in the studied hybrid power system.

An EMR is used to organize the modelling equations (Fig.IlI-6) of the power
conditioning system. We can see a causal path from the duty ratio (my) of the chopper to the
fuel cell current (i.). In order to control the fuel cell current, the control scheme is obtained by
inverting this path (Fig.IlI-6). The reference value (my ) of the chopper’s duty ratio is
obtained by inverting the equation (I1-22),

um _fe_ref

My = (I1-23)

Uge
where u,, 1 s 1s the reference of the chopper’s average modulated voltage. It is set by the
current corrector (P/) to keep the fuel cell current equal to the desired value iz .,
Un_ge_rey =1 (ifC_ref iy )+ iy, (I11-24)
The used equations in the EMR are summarized in (Table I11-4)

Suel cell stack choke filter chopper dc bus
€ ——_———— > € m e > e > - == >

1 i’)

|
Ugde |
|
I System modeling
|

Figure I1I-6: EMR and block diagram of the power conditioning modeling and control
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Table I1I-4: Summary of modeling equations and control algorithms for the oxidant processing

Modeling equations Control algorithms
di, u,-u_ . .
. fe m_ fe_ref _ ( 7 ) ~
choke filter o L Uy o vy =PI o =1 )FU,
fc
umﬁfc =mﬁ‘udc Z'{m fe_ref
chopper . _ . My por ==
bn_fo =Mplpe Uy

111.4.1 Modeling of the fuel processing system

The pressurized H, is stored in a bottle. It should be released and humidified before
arriving at the anode. In practice, the pressure regulation is performed instantaneously, so we
can assume a hydrogen supply with a wished constant pressure (px» ). Hence the fuel
processing unit is modeled as an energy source in the EMR (Fig.I1I-7).

PH2 fe

qm: fe

Figure III-7: EMR of fuel processing modeling as an energy source

111.4.2 Modeling and control of the oxidant processing system

The pressurized O, with a releaser can also be used to supply the fuel cell and the same
modeling can be used for the oxidant processing as for the fuel processing (Fig.I11-8).
Doz f
qo2 s

Figure I1I-8: EMR of oxidant processing modeling as an energy source

In our study, an air compressor is used to supply the O, into the fuel cell. A simplified
model is used for the oxidant processing system [Chr 07]:
- The electrode and the manifold are represented by a lumped volume.
- The air is sent into the electrode by a compressor, which is modeled with a simplified
compressor law and the turbine inertia.
- The compressor is driven by a DC machine, which is connected to a DC chopper and a
filter inductor.

Theoretically, the air pressure should be controlled and the reference of the air flow
(quir s re) 1s the output of the pressure controller. In practice, the reference of the air flow
(qair 1o rep) 1s directly set proportional to the fuel cell current (i) in order to supply enough or
more oxygen than consumed. In order to control the oxygen supply, the rest of the control
scheme is obtained by inverting the modelling equations or by inserting some variable
controllers.

An EMR is used to organize the modelling equations and the control algorithms (Fig.III-
9). The used equations are summarized in (Table III-5).
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energy dc choke dc  compressor compressor lumped  fuel cell
source chopper filter  machine  inertia law volume stack
G R i o Gl e e D b S S N =

Yair fe X po:2 f
Dair fe qo2 1

System modeling

Usup Uchop i mac T nac @ comp
( ES ) 5
V, i mac 3

Meomp

Mcomp_ref Control scheme

Uchop_ref  Imac_ref Tonac_ref Wcomp_ref Yair_fe_ref

Figure I11-9: EMR of oxidant processing modeling and control

Table I11-5: Summary of modeling equations and control algorithms for the oxidant processing

Modeling equations Control algorithms
dc uchap = mcompusup _ 1
chopper . _ . mcompire/' - A~ uchopire_/'
PP lsup - mcamplmac sup
choke filter di,, _ 1 . - _
indUCtOI’ d[ - L (uchop B emac) ul’hap, ref = PI(Zmaci ref - lmac) + emac
‘mac
dc Tonae = kr imac i _ i r
- _ mac _ref mac _ref
maChIne emac - k(u a)comp kr
compressor do,, 1 _pr - ~
inertia d - J (Tmac - z-camp) z-maciref - (a)campiref - wcomp) + z-camp
t comop
compressor Gair = Ky @eomy o _ 1 g
comp _ref air
laws Tcomp = kppair kOZ
lumped dpozfﬁ- _ Rch (k q p ) q 1 q g ;
= 02%air _ fe 02 fe air _ref — 7 402 _fe_ref T g Cfe_ref
volume dt Vimp ko, 4Fk,,

111.4.3 Modeling and control of the thermal management system

The fuel cell operating temperature (77) can be maintained in a certain range with a
controlled air flow by varying the speed of the cooling fan. The temperature of the fuel cell
stack (77) depends on the balance between the created entropy flow (4S5, . by the fuel cell
stack) and the released entropy flow (QO/T,;) by the air [His 08]. The modeling of the thermal
management consists of the ambient air (the low temperature source), a thermal flow
regulator and an equivalent thermal capacity (Fig.I11-8).

The ambient air has a constant temperature, which is lower than the temperature of the
fuel cell stack.

The thermal flow regulator is performed by the cooling fan here. By adjusting the air
flow, the thermal flow, which is released to the outside of the fuel cell stack, can be regulated:

Q.,=0, (ch P ) =k.q, (ch - Tamb) (111-25)
with  Q’,: the thermal flow released by the cooling air from the fuel cell stack;
Tk: the temperature of the fuel cell stack;
Tamp:  the temperature of the ambient air;
o«: the equivalent thermal conductivity of the cooling air;
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qer: the cooling air flow;
ko a constant coefficient.
The thermal capacity of the fuel cell stack is used to make appear the time-dependent
thermal behavior.

dec _ AszJc _Q'cl /T,

amb
di C, .,

where C, 1. is the specific thermal capacitance of the fuel cell stack.

In order to regulate the temperature 7%, the control scheme is obtained by inverting the
path of the modeling equations, which connects the cooling air flow (g.;) to the temperature
(T%). An EMR is used to organize the modelling equations and the control algorithms (Fig.III-
10). The used equations are summarized in (Table II1-6).

(I11-26)

Table I1I-6: Summary of modeling equations and control algorithms for the oxidant processing

Modeling equations Control algorithms
Thermal flow ' 1 .
Q'=kaq,\T), —T, e A (L
regulator 0=kl T = Tow) kT -1, )T
\l
Thermal deL _ AStutifc - Q cl , ~
ca aCit d - C Q cl_ref = P[(Tf'cirgf' - T,‘b)
pacity t e
ambient  thermal flow thermal fuel cell
air regulator capacity stack
-— - == € -=—==><==
Tamb Q ,cl T/b
@& I N\T
temperature
Q’c/ T/L 4 Stot  fe

System modeling

Control scheme

qc

qel ref

Te_rer

Q ’C[ﬁm’f
Figure I1I-10: EMR of the thermal management modeling and control

111.4.5 Overall control and supervision system

With all EMRs of the fuel cell stack and the auxiliary systems, we obtain the EMR of the
system modeling and the control scheme of the whole fuel cell system (Fig.IlI-11). The
overall control and supervision is represented in EMR by a strategy block (purple pictogram
in Figure III-11). The supervision unit of the fuel cell system should ensure the security and
the efficiency of the whole fuel cell system, by taking into account the working capacity of
each subsystem and all measured variable values. Some control decisions should be made
with anticipated forecasting. Some control signals should be conditioned and adapted
according to the control capacity of each subsystem (eg. Fuel cell power ps). In case of
subsystem’s failure, alarming system should be triggered and the system should stand by or
automatically stop in sequence if necessary.

The overall control of the fuel cell system is the control interface between inside and
outside. It receives external requirements from outside the fuel cell system and “translates”
them into internal instruction through some controllable variables’ references (eg. fuel cell
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current iz .r and pressures py> and po; ) or through some operation intervals (eg. fuel cell
temperature 77 o).

qH2 fe

energy dc choke dc  compressor compressor lumped
source chopper filter  machine  inertia law volume choke filter chopper dc bus
G R e iR e A e D R e € -—mm— > e ——m > - ———>
Usup Uchop Lmac Tma: @comp Gair fe Uge Ue Im_fe
dc-bus
© \ (] \ /
o o -
Lsup Moo plmac' Cmac @D comp TT comp Pair fe i e Un e g Ude

ambient  thermal flow thermal

regulator capacity

i

T amy O'u —
Ambiant
temperature
, System
Q'a modeling
Mye_ref | Control
z? Z i i scheme
Octver  Tere ifc_ref  Um_fo_ref
Mcomp_ref -
; \ | \  Overall control
\ & supervision
Uchop_ref  bac_ref Tonac_ref @comp_ref Gair fe_ref

Figure III-11: EMR of the fuel cell system modeling and control

a) Pressures

According to the pressure level of the reactants, the fuel cell can be divided into two
categories: pressurized fuel cell and atmospheric fuel cell. For pressurized fuel cells, the
reaction performance varies with the pressure conditions. Moreover, the differential pressure
between the two electrodes should be controlled below a certain level (eg. 0.1bar) to avoid
breaking the membrane. Therefore, the pressures should be precisely controlled both in the
anode and in the cathode. The pressure references (pu2 ror and po: ros) should be set, and the
sophisticated pressure control loops should be considered to control the air flow in order to
precisely control the reactant pressures and the differential pressure for security and efficiency
reasons.

In our study, we use the atmospheric fuel cells. Since the (opened) system is well sized
and the reactants’ pressures are both near the atmospheric pressure, the differential pressure is
in the required interval. In practice, the air flow reference (qai- roy) 1s given according to the
estimation of the oxygen consumption with the fuel cell current, but 1.5 times or twice more
than consumed in the reaction.

1 ng, .
air _fc re': c =1 c ref III-27
Dair_te_ref k, 9or_g 4Fl, ( )

where ko, is an empirical parameter and is based on the concentration of the oxygen in the air
and the required surplus oxygen supply.

b) Temperature

The operation temperature interval is required according to the type of the fuel cell. The
fuel cell temperature should be controlled in this interval for efficiency and security reasons.
The temperature control system can be more or less sophisticated. With an accurately
controlled cooling system (by circulating water), the overall control unit needs only to set the
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temperature reference (7. ,s), which is used by the control loop to set the water flow
reference. With a less precisely control cooling system (by cooling fan), the overall control
system should directly control the cooling system’s power. For example, when the fuel cell
supplies a high power, a high power reference for the cooling fan should be given, in order to
prevent the temperature increasing upon the upper limit for security reasons. When the fuel
cell supplies a low power, a less power reference is given for the cooling fan for efficiency
reasons.

c) Power
The fuel cell stack supplies an unregulated DC power,

Pr= Llfcl'fc . (III—28)
with a very non-linear characteristic. Since the fuel cell is considered as a voltage source (uy.),
the power can be controlled by regulating the fuel cell current (ir). So the power reference
(pre rer) of the fuel cell stack can be converted into the current reference (i r). Two methods
can be used.

- by a division operator: The current reference (i ,.;) can be obtained by dividing the power

reference (pr ) by the measured fuel cell voltage (uy.),
p fc_ref

I, = . -
Je_ref i, (IT1-29)

- by a look-up table: The static model of the fuel cell stack can be implemented in a look-up
table. For each power reference (py. ), a current reference (i ) can be directly found in
the table in order to avoid the division by zero,

iy =LUT(p. ). (111-30)

d) Dynamic

Due to the low-dynamics of the auxiliary systems, the power dynamic should be limited.
So the supervision system should verify the power reference’s dynamic and should limit its
variation rate in an acceptable level. Two solutions can be considered:

- A slope limiter for the power reference (py. ) or for the current reference (i o) to limit
the rate of variation, before sending the reference to the control loop;

- A low-pass filter can be applied for the power reference (py. ) or the current reference
(i rer) to slow down the variation, before sending the reference to the control loop.

Since the power slope of the fuel cell is limited, a power buffer is usually necessary as an
auxiliary energy source. In general, batteries are often used, but flywheels and super-
capacitors are also encountered. This auxiliary energy source should at least supply the
supervision system during startup and emergency shutdown. Moreover, it can also be used to
balance the fuel cell stack power according to the power requirement from the load, by
supplying the peak power demand and improving the time response to transient load changes.
In this case, the power mission can be accomplished with the help of the power buffer and the
supervision unit can put in priority the security and lifetime of the fuel cell stack.
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I11.5 Modeling simplification and identification
111.5.1 Simplification of the modeling

The goal of the work is to integrate the fuel cell system in the hybrid power system with
some power management algorithms. So we focus on the electrical characteristics of the fuel
cell system and some auxiliary parts can be simplified.

The fuel cell stack is intrinsically able to quickly react to the load changes, since the
electrical and electrochemical time constants are very small. The auxiliaries (hydrogen
supply, air compressor, gas humidification, cooling circuit and membrane hydration) react
much slower, with some time constants that are several hundreds or thousands times higher.
So the global dynamic of the fuel cell system is generally considered slow and the power
slope (which is required by the load) should be limited enough, so that we can consider a
quasi steady-state operation during which the partial pressures (pm2 and po2), the temperature
(T%) and the membrane hydration can be considered constant. As result, the modeling of the

fuel cell system can be simplified and the corresponding REM is shown in Fig.I11-12.

fuel cell stack choke filter chopper dc bus
€ >E€Emmmme e > ———-=>

Ufe — It Im_fe

fuel cell ] de-bus
stack _ N capacitor

J

Udc
System modeling

Control scheme

Overall Control
& Supervision

Figure I1I-12: EMR of a simplified fuel cell system’s modeling and control

ij'cJ‘ej i Up fc_ref

111.5.2 Experimental characterization of the fuel cell behavior

In order to evaluate the influence of the temperature on the stack voltage, several tests are
performed on a Ballard Nexa™ 1200W power module (47 cells of 100 cm” in series) at the
University of Lille. This fuel cell system has been presented in Paragraph I11.2. The voltage-
current curves have been recorded for different temperatures: 35°C, 45°C, 55°C and 65°C.
We find that the stack voltage increases with the temperature (Fig.II1I-13).

ur (V)
48

45 *\
42

39 \
36

33
30 A

—35°C ——45°C —55°C — 65°C

27 T T T T T T T T T
0 5 0 1520 25 30 35 40 45 i (A)

Figure II1-13: The fuel cell stack current-voltage characteristics curves for different temperatures
(35°C, 45°C, 55°C and 65°C)
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111.5.3 Identification of the modeling parameters

In order to validate the fuel cell stack modeling, some modeling parameters should be
identified in Eq. II-12:
- Ay the Tafel slope for the activation losses;
- Jo r-:the minimal current density for the activation losses;
- 11 the equivalent specific resistance for the ohmic losses;
- By : the empiric coefficient for the concentration losses;
- Jiim fo: the maximal current density for the concentration.

For the studied fuel cell stack with 47 cells of 100cm? in series, the modeling parameters
are identified at 65°C (Table III-5). And these parameters are validated by comparison with
the experimental curves (Fig.I1I-18).

Table I1I-5: Modeling parameters of the fuel cell modeling in 65°C

D2 Do2 Ty A Jo B Jiim r
1bar 0.2bar 65°C 0.027 2uA/em’ 0.027 2A/cm? 0.5Q-cm’

46

43 \ Experimental curve —
40 \ Modeling curve —
37 \

34 \

31

28 T T T T T T T
0 5 10 15 20 25 30 35 i (A)

Figure I1I-14: Comparison between the modeling curve and experimental curve of the fuel cell stack in 65°C

111.5.4 Dynamic limitations in transient states

According to recent works on a 1.2kW PEMFC (Ballard) [Sch 05] and a 0.5kW PEMFC
(ZSW) [Tho 06], one of the main weak points of the FC is the fact that its time constants are
dominated by the temperature and the fuel delivery system. As result, fast load demand will
cause a high voltage drop in a short time, which is known as fuel starvation phenomena [Cor
04][Vah 04] and is harmful for the fuel cell stack [Tho 05][Puk 04]. Thus, to use the fuel cell
in dynamic applications, the control system should limit its current or power slope, for
example, 4A/s”' for a 0.5kW-12.5V PEMFC [Tho 07]; 2.5kW/ s ' for a 40kW-70V PEMFC
[Rod 05]; and 500W/ s for a 2.5kW-22V PEMFC [Cor 05].

The studied fuel cells have also an active area of 100cm’® as the ZWS fuel cell, which is
used in [Tho 07]. The same current slope of 4A/s is used for our fuel cell system and it
corresponds to a power slope of about 125W/s. The time evolutions of the electrical variables
are simulated separately with the current slope limiter and the power slope limiter. In Fig.III-
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15a, a current ramp is given from 0.1A to 16A, then from 16A to 32A, and finally from 32A
to 0.1A. In Fig.III-15b, a power ramp is given from SW to S00W, then from 500W to 1000A,
and finally from 1000W to 5W.

15
(a) Limitation with a current slope (b) Limitation with a power slope
Figure I1I-15: Evolution of the electrical variables with a limited slope

111.6 Real-time fuel cell emulator

In our study, we need to test the power balancing and energy management strategies of
the hybrid power system on an experimental test bench. In order to make the experimental test
bench more flexible, we have decided to build a real-time emulator of the fuel cell system
instead of implementing on a real fuel cell system. The real-time emulator has also many
other advantages, as explained in the Paragraph 1.4.2. In this section, we present the fuel cell
emulator by Hardware-In-the-Loop (HIL) simulation.

111.6.1 Structure of the fuel cell Emulator

The fuel cell emulator works like a current dependent voltage source (Fig.I1I-16a). It can
be divided into two stages: the power electronic stage and the control stage (Fig.I1I-16b).

The power electronic stage consists of a dc-voltage supply and a buck converter including
a chopper, a choke and a capacitor (Fig.II-16b). It is properly designed and sized to set the
same voltage (uz «m.) as in the real fuel cell voltage (1) according to the measured current (ir.)
and the used fuel cell system’s models.

The control stage consists of the chopper’s driving card, the measurement instruments,
the Digital Signal Processing (DSP) card and the interfacing card. A feed-back closed loop is
used to control the emulator’s output voltage (u omu). The voltage reference uy ,or 1s
calculated from the fuel cell modeling. The fuel cell modeling is implemented in the DSP card.
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For a simplified modeling, the partial pressures (py> and po>), the stack temperature (7%) can
be set constant as given parameters. For a more complex modeling, all needed auxiliary
modeling and control functions can be algorithmically implemented in the DSP card, then the
time evolutions of other quantities (7%, pm2 and po,) can also be observed through the
emulator.

Fuel Cell
Power
Conditioning

] l I Fuel Cell

Power
Tufc Conditioning|

. iU : 1
(a) Presentation of the fuel cell e | 'S";;'ga;;zf’;: &) -
m

emulator e E s o e g Ly SL i e e .
as equivalent voltage source (b) Structure of the fuel cell emulator
Figure I1I-16: Structure of the fuel cell emulator

Control stage

PC

Driving Measurement | »
card card

111.6.2 Modeling and control of the fuel cell emulator

The EMR of the power electronic stage modeling and the control scheme of the fuel cell
emulator are shown in Fig.IlI-17 and the used modeling equations and control algorithms are
summarized in Table III-7.

Fuel cell emulator Power conditioning system
D e e et D e it >
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Figure I1I-17: EMR of modeling and control scheme for the fuel cell emulator and power conditioning unit

Table I1I-7: Summary of modeling equations and control algorithms for the fuel cell emulator

Modeling equations Control algorithms
u =mu u
m s7s ref
Chopper . . mg o = S
lmis = msls - us
dl um _ufc emu . I ~
Choke i U, o =PI, 1) il
. d”/'c I, =i, . ~ -
Capacitor di = T Iy g =PIy L —up )+
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a) Emulator modeling
For the power stage, the power supply is modeled by a constant voltage source (u;). An
average model is used for the chopper,
{um =mu,
(ITI-31)

In_s =Ml

where u,, and i, ; are the average values of the chopper’s modulated voltage and modulated
current. The choke inductor current i, can be described as below,

dis _ Z’lm _uﬁ’iemu

o I (I11-32)
The voltage across the capacitor (uy. .m) is used as the emulated fuel cell voltage,
du fc _emu is - ifc
— = . (I11-33)

dt C

s

b) Emulator control

The task of the emulator control is to make the output voltage (u emi) €qual to the real
fuel cell voltage (u;.) according to the sensed current and the implemented current/voltage
characteristic (Fig.I1-14).

The control scheme is divided in two parts (Fig.IlI-17). The first stage is the power
electronic stage control. It consists to regulate the output voltage (u.) in order to make it equal
to the reference value (u. ) by a voltage control controller,

by oy =PIt o =)+ (II1-34)
The obtained reference value (i, ) is used as the current reference in the current controller,
Uy oy = PIG, Lo =0+, (I11-35)

Then the reference of the averaged modulated voltage (i, /) is used to generate the duty ratio
reference (m; ;) of the chopper with the measured dc voltage (u;),

um ref
My Ly = (111-36)

uS
The second stage is the modeling of the studied fuel cell stack and auxiliary systems. It
consists to calculate the emulated fuel cell’s output voltage according to the pressures, the
temperature (7%) and the current (i), which is set by the fuel cell power conditioning unit.
This current (i) is measured and is sent to the “Fuel cell stack and auxiliary modeling”
(Table III-5 with the equations from EqlII-7 to Eq.IlI-16) in the DSP card as the fuel cell

current and the voltage of the emulated fuel cell (i s can be calculated.

111.6.3 Implementation of the fuel cell emulator

The experimental implementation of the fuel cell emulator is shown in Fig.III-18. The
power electronic stage consists of a dc-voltage supply and a buck converter including a
chopper, a choke and a capacitor. The control stage consists of an analogical control card for
the current control loop and a digital control board (DSpace 1002) for the voltage control loop
and the algorithmic modeling of the fuel cell system. The parameters, which are used in the
fuel cell emulator implementation, are given in Table I1I-8.
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DC voltage
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o

fuel cell modeling
&control equations

(b) Control panel
Figure I1I-18: Experimental implementation of the fuel cell emulator

Table ITI-8: Parameters of the Fuel Cell Emulator

Uy 60 V L, 10 mH
Ly 10 mH C, 22 uF

111.6.4 Experiment results

By taking into account the fuel cell’s power dynamic limit, we give the same power ramp
in the fuel cell emulator’s experimental test, as in the simulation (Fig.III-15). The same
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electrical behaviors are found in the experimental results (Fig.IlI-19) as in the simulation
(Fig.1II-15b).
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Figure I1I-19: Time evolution of the emulated variables

Therefore, the fuel cell emulator can be used to test our studied hybrid power system, in
order to experimentally test the added control functions and the different power balancing and
energy management strategies, which will be presented in Chap.V.

I11.7 Conclusion

In this chapter, a system analysis of the studied fuel cell power module is presented. An
overview is given on the existing technologies, the operating principles, the fuel cell system,
the technical challenges and the modeling methods. In our study, a 1200W Ballard Nexa™™
power module is used. The system modeling and control scheme of the studied fuel cell
system is presented with the Energetic Macroscopic Representation (EMR) in order to give a
better presentation. The modeling parameters are experimentally identified and validated.
This model is used to build a fuel cell emulator by Hardware-In-the-Loop simulation. This
emulator is a flexible experimental test bench, which will be used to set up the hybrid power
system in order to test the control function, power balancing and energy management
strategies for the active generator, which will be presented in Chap.V.
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Chapter IV Electrolyzer for Energy Storage into Hydrogen

The water electrolyzer is an ideal solution for the hydrogen production on site without
CO, emission. It can avoid the costs of bottled hydrogen delivery and stock management. In
the next chapter, we will test this solution to store the surplus energy from intermittent
renewable energies.

In this chapter, a system analysis of the electrolyzer is presented. An overview is firstly
presented, including the existing technologies, the operating principles, the system
performances and commercialized products. More specifically, the CETH GENHY 100
electrolyzer system is used in our study and is presented in detail. A modeling and control
scheme of this electrolyzer system is presented graphically by using the Energetic
Macroscopic Representation (EMR) in order to give a synthetic view of the whole system.
The modeling parameters are validated with experimental tests. The control system is
designed in order to use the electrolyzer as a controlled load to damp high power surplus from
the wind generator. Finally, a flexible experimental test bench by using Hardware-In-the-
Loop simulation is presented in the end of this chapter and validated through performance
comparisons. This electrolyzer experimental test bench will be used to implement the active
generator in Chap.V.

V.1 Overview of electrolyzers
IV.1.1 Technologies

There are three existing electrolyzer technologies: (1) the alkaline technology, which is
the most developed and mature; (2) the Proton Exchange Membrane (PEM) or Solid Polymer
Electrolyte (SPE) technology, which is equivalent to PEM Fuel Cell; (3) the Steam Vapor
technology, which is analogue to the Solid Oxide Fuel Cell. Fig.IV-1 compares the electrical
characteristics of the three electrolyzer technologies [Wen 91]. The steam vapor electrolyzer
has the lowest operating voltage but the maximum current density is still low. Moreover, there
are many problems in terms of materials and fabrication and only prototypes exist. The
alkaline and PEM electrolyzer are presented as follows.

2.5 l T
| |
20 ‘<§NConventional water electrolysis
. 3= "777"71,” -

% ! PEM electrolysis
o X | —_—T
g | e
S 15 ’*”ZZZZWZZ—
= Zero-gap cell geometry
) 40% KOH, 120...140°C |
;% 1.01 |
= Steam electrolysis |
3
W

0.5
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Figure IV-1: Electrical characteristic of different types of electrolyzers [Wen 91].
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The alkaline electrolyzers are configured as unipolar (tank) or bipolar (filter press)
designs. In the unipolar design (Fig.IV-2a), electrodes are alternatively suspended in a tank
that is filled with a solution of electrolyte (potassium hydroxide in pure water). In this design,
the cells are connected in parallel and operate at 1.9V-2.5V. The alkaline electrolyzers are
very simple to manufacture and repair. However, they usually operate at lower current
densities and lower temperatures. [Kon 75].

The bipolar design (Fig.IV-2b) has alternating layers of electrodes and separation
diaphragms that are clamped together. The cells are connected in series to obtain higher stack
voltages. Since the cells are relatively thin, the overall stack can be considerably smaller than
the unipolar design. The bipolar design has the reduced stack size, the higher current densities
and the ability to produce higher pressure gas. However, it is more complicated to repair it
[Kin 78].

In a PEM electrolyzer, the electrolyte is contained in a thin, solid and ion-conducting
membrane [Kon 75] rather than the aqueous solution in the alkaline electrolyzers. This allows
the H' ion (i.e., proton) to transfer from the anode side of the membrane to the cathode side
and separates the hydrogen and oxygen gases. Oxygen is produced at the anode side and
hydrogen is produced on the cathode side. The most commonly used membrane material is
Nafion® from Dupont. PEM electrolyzers use the bipolar design and can be made to operate at
a high differential pressure across the membrane.

Electrolyzer technologies are in fast development and important improvements are being
made in the following field: (1) the change of geometry, in order to reduce the ohmic losses
and to increase the volumetric power density; (2) the increase of the operating temperature, in
order to improve the electrolyte conductivity and to reduce the electrode voltage drop; (3) the
development of new catalysts, in order to activate the electrochemical reaction easier and to
reduce the voltage drops; (4) the increase of operating pressure, in order to operate in higher
temperatures and to increasing electrolyte conductivity.
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Figure IV-2: Alkaline electrolyzer designs
IV.1.2 Operating principles

An electrolyzer splits water into hydrogen and oxygen when it is electrically supplied. An
electrolyzer cell is made up of: (1) two electrodes, which activates the electrochemical
reactions; (2) an electrolyte permitting the ionic transfers; (3) a membrane between the two
electrodes. The operating principles of alkaline electrolyzers and PEM electrolyzers are
illustrated in Fig.IV-3. Their technical differences are summarized in Table [V-1.
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Figure IV-3: Operating principles of electrolyzers
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Table IV-1: Technical comparison between alkaline electrolyzers and PEM electrolysers

Alkaline Electrolyzer PEM Electrolyzer

Electrolyte
Charge carrier

Cathode reaction
Anode reaction
Global reaction

Alkaline solution Solide polymer electrolyte
OH” H
4H,0+4e” —2H, +40H" 4H" +4e” - 2H,
40H™ —> 0, +2H,0+4e” 2H,0 > O, +4H" +4e”
4H,0 = 2H, + O, +energy 4H,0 = 2H, + O, +energy

IV.1.3 System performance

a) Electrolyzer stack

The electrolyzer stack is the key component of an electrolyzer system and performs the
main function of energy conversion within the system, as well as the fuel cell stack in the fuel
cell system. Since the voltage of a single cell is quite small, a number of cells should be
connected in series to obtain a higher voltage, which can be used by other electrical systems.

The electrical characteristics of an electrolyzer stack depend on the used electrolyzer
technology (see above); on the number of cells (which determines the operating voltage of the
stack); and on the active area (which defines the maximum current of the stack).

Fig.IV-4 shows the electrical characteristics of an alkaline cell. The open circuit voltage is
about 1.23V. When the current increases, losses become important and the operating voltage
increases. The alkaline cell voltage is usually limited to 2V.
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Figure IV-4: Influence of the temperature and the current on voltage efficiency and current efficiency

(alkaline electrolyzer) [Ull 98]
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The voltage efficiency, which is also called the energy efficiency, is the ratio of the
consumed electrical energy on the global used energy of the reaction. This global energy is
the enthalpy, equal to 286kJ/mol at standard condition, equivalent to the thermodynamic
voltage equal to 1.48V. The energy efficiency is simply calculated by dividing the
thermodynamic voltage by the cell voltage,

th

nviel = (IV—I)

U

with 7, o energy efficiency or voltage efficiency of an electrolyzer cell (%);
Ucenr o1 Operating voltage of an electrolyzer cell (V);
Um:  thermodynamic potential (V).
The voltage efficiency decreases when the current increases. It is higher than 74% in case of
2V limitation.
The gas production of an electrolyzer is directly proportional to the current if the current
efficiency or Faraday efficiency is constant.

cell _el

Q2 o =i o %[el (IV-2)
with #; o: Faraday efficiency or current efficiency of an electrolyzer cell (%);
qm2 o: hydrogen flow, produced by the electrolyzer (mol/s);
Aol number of the electrolyzer cells in series;
F: Faraday constant (electrical charge of 1 mole of electrons), 96485 Coulombs;
Ly current of the electrolyzer (A).

The current efficiency results from the reduction of the gas production due to the
migration and recombination of hydrogen and oxygen across the membrane without energy
recuperation. This efficiency is usually close to 1.

The power efficiency, or global efficiency, of the electrolyzer stack is evaluated by
multiplying the voltage efficiency and the current efficiency,

Ny o =M a *Mi_a>s (IV-3)
where 7, . is the power efficiency of an electrolyzer stack (%).

The gas purity is another essential performance criterion. A part of the gases crosses the
membrane. They do not recombine and reduces the purity of produced gases. It becomes
dangerous when there is about 4% of hydrogen in oxygen (lower explosive limit) or 4%
oxygen in hydrogen. A gas purity measurement unit is needed and this measurement
decreases generally the Faraday efficiency.

b) Important parameters

Two parameters, the operating temperature and the pressure, influence the electrolyzer
performance, especially the voltage efficiency, the current efficiency and the gas purity.

Increasing the temperature reduces the stack operating voltage because the amount of
energy needed to initiate the reaction (activation) is reduced. In other words, the reactions at
the electrodes are increased, which lowers the voltage drop (losses) at the electrodes. In
addition, the open-circuit voltage of the electrolyzer cells is reduced. So the voltage efficiency
(overall energy efficiency) thus increases with the operating temperature (Fig.IV-4). But this
can increase the mechanical stress of the other component in the electrolyzer system and the
current efficiency and the gas purity decrease with the temperature [UlIl 98].
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There are also advantages for the electrolyzers to operate at high pressures. These include
reductions in specific power consumption, a reduced need for gas compressors and smaller
electrolyzer cells.

c) Electrolyzer system

The auxiliary systems ensure the management of the gases, the water, the heat, the
pressures and the electrical supply for the electrolyzer stack. They are composed of different
sensors, regulators, valves and power electronic converters. All these elements consume a part
of the energy, which is supplied to the electrolyzer system. Therefore, the global efficiency of
the component (different to the cell efficiency) is defined by the following equation.

Mo = Pous el _ Ny e1Psia e (1V-4)
Pos oo Psa o TPaux e

with 7, o global efficiency of an electrolyzer system (%);

np oo global efficiency of an electrolyzer stack (%);

Paas el- power produced in gas form (W);

Dsys or: power consumed by the whole electrolyzer system (W);

Psia_or: power consumed by the electrolyzer stack (W);

Paux - Power consumed by the auxiliaries of the electrolyzer system(W).
Therefore, even if the power efficiency of an electrolyzer stack is quite high (70-80%) thanks
to the directly electrochemical conversion, the global efficiency of an electrolyzer can be
reduced (40-50%) due to the intrinsic consumptions by the auxiliary systems.

IV.1.4 Commercialized products

The first applications of electrolyzers were the hydrogen production on site with high
power units (30kW to 700kW). The present market is more diversified (hospital, laboratory)
but there are also some low power units (5kW). Table IV-1 shows some electrolyzer
manufacturers and the main characteristics of their commercialized electrolyzer.

Table IV-2: Main manufacturers of electrolyzer, developed technologies [Dis 01]

Manufacturers Electrolyte Power Operating G Iqbal Price
type range Pressure | efficiency

Casale Chemicals SA .
(Metkon-Alyzer) Alkaline 2-350kW 5-30bar 5-6€/W
Norks Hydro Alkaline 35-200kW 15bar 65% 7-8€/W
Vandenborre Hydrogen Alkaline 3-200kW 10-30bar 74% | 3-4€/W
Systems (Stuart Energy)
ErreDue Alkaline 6bar 60% 1-26/W
Teledyne Alkaline 0-550kW 7-15bar 58% 3-4€/W
Linde Alkaline 150W-70kW 2-4bar 62%
GHW Alkaline 500kW-2MW 5-30bar
PIEL (ITL Technology) Alkaline 2-55kW 3-18bar 48-75%
if:’et;’“ Energy (Diamond PEM 2-35kW 13bar 60% | 7-8€/W
GENHY (CETH) PEM 0-30kW 2-10bar 70-80%
Giner, Inc. and Giner PEM 15-50kW | 30-200bar
Electrochemical Systems
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The investment cost varies according to the producers. It depends on the cost of the cell,
the auxiliaries and the manufacturing mode. The electrolyzer lifetime is long, about 15-20
years for alkaline electrolyzers (manufacturer guarantees) and 150000 hours according to
manufacturers of PEM electrolyzers.

V.2 Studied electrolyzer system
IV.2.1 Introduction

The studied electrolyzer system is GENHY 100® from the European Company of
Hydrogen Technologies (CETH). CETH develops, builds and sells hydrogen production and
purification systems. Their electrolyzers can be powered from primary renewable energy
sources (photovoltaic arrays, windmills, micro hydraulic plants, etc.) and can also operate in
combination with the grid.

The studied electrolyzer stack consists of 7 cells of 75cm” in series (Fig.IV-5a). The PEM
technologies are used for reduced maintenance, high capacity, no corrosive electrolyte and
safe operation. It can work at 800W in maximal power and at S00W in nominal power. The
stack covers a range of hydrogen production flow from 5NI/h (normal liter per hour) to
100N1/h. The system is designed to produce hydrogen and oxygen from 2bar to 10bar. The
pressure comes from electrochemical forces, without any mechanical compression, for energy

efficiency improvement.
Flow valve

Gas purity
meter

Water/gas
divider
Temperature

meter Electrolyseur

e —

Pneumatic valve Circulation pump

(b) Block diagram of the electrolyzer system

Th ."’:"'fmm suparyision

. —

| i - Il
(c) Electrolyzer system (d) Automatic control unit (e) Supervision Screen
Figure IV-5: Studied electrolyzer system (CETH GENHY 100®) [Cet 08]
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Auxiliary systems (Fig.IV-5b) are integrated to provide deionized water to each cell and
to collect separately generated hydrogen and oxygen. The system also integrates separation
and purification means (which remove water traces in the hydrogen stream), pressure
regulation means and monitoring and control systems.

The electrolyzer stack and the auxiliary systems are integrated in a compact cabinet
(Fig.IV-5c).

1VV.2.2 System operation

Remote-control industrial computer is implemented with user friendly tactile screen
(Fig.IV-5d). The operation can be directly visualized and ordered through the tactile screen
(Figure 1V5e). Three automated modes of operation can be performed: storage in metal
hydride tanks, H, supply for fuel cells and storage in pressurized vessel. The system control
can be simplified as shown in Fig.IV-6.

- Power conversion: The electrical power is controlled by a power conversion system,
which consists of a stable voltage source, a DC chopper, a filter L,; and a filter C,,.

- Hydrogen handling: The hydrogen is sent to a metal hydride with a constant pressure, so
the hydrogen pressure in the electrolyzer is regulated with an electrovalve (open or closed).

- Oxygen handling: The oxygen is outlet into the atmosphere and the oxygen pressure in the
electrolyzer is also regulated with an electrovalve. It should be closed to the hydrogen
pressure in order to reduce the membrane’s mechanical stress.

- Water management: The water is supplied by a circulating pump with a constant flow,
which is sufficient for the reaction requirement and the system cooling need.

Hydride Tube & Electrovalve Electrolyzer Capacitor Choke filter =~ Chopper Voltage source
- € ———— - - D>E - - —DE - - D> - -_—_— D - - - -
. . u .
— 0, ﬂ H.0 lell ll;el —_— Um_el
1 : A N7 LOOU bc h
c el

Outlet Event u I—— T I—— )

el | g u / Ubis |
Outlet Hydride m-e
= ‘e’ — Cel Cbus
™ DC
Outlet PaC

Figure IV-6: Block diagram of the simplified electrolyzer system.

IV.2.3 Experimental tests

An experimental test is firstly done in order to verify the system control and to
characterize the timing evolution of the following phisical variables: the temperature 7,;, the
current i.;, the voltage u,; and the hydrogen pressure py» (Fig.IV-7).

Some observations can be highlighted. The stack voltage (u.;) is a control input and the
current (i.;) varies with the stack voltage according to the electrolyzer’s electrical behavior.

- The voltage supply is limited in variation slope: 0.25V/s for the startup from 0V to 10.5V

(t; — t2), and 0.05V/s for changing the operating point (¢5s — ts; t;5 — ti6; t17 — t18; ti9 —

t205 121 — 122);

- The regulation of the hydrogen pressure is performed by an electrovalve. To increase the
pressure, the valve is closed and the pressure increases according to the hydrogen
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production rate (f3 — t4; t7 — ts; to — ti0; t1; — t12). To decrease the pressure, the valve is
opened and the pressure decreases quickly. If the pressure decreases too much, the valve
is closed and the pressure comes back (¢;3 — t;4). So the electrovalve works more like a
switch, whose duty cycle can be used to control the hydrogen outlet flow.

- The temperature has much influence on the stack voltage. The voltage decreases while
the temperature increases (¢, — ts; s — 115).

- A pressure below 7bar has a little influence on the stack voltage (z5 — #;5).
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Figure IV-7: Evolution of the main variables in the electrolyzer stack
temperature Ty, current /,;, voltage V,; and hydrogen pressure ppp».

IVV.3 Modeling of the electrolyzer stack
IVV.3.1 Open-circuit voltage

An electrolyzer converts electrical energy into chemical energy. It is the inverse process
of the electrochemical reaction in a fuel cell as explained in Paragraph I11.2.2. The exchanged
chemical energy can be calculated from the change in Gibbs free energy (4G,;), which is the
difference between the Gibbs free energy of the product and the Gibbs free energy of the
reactants.

AG, =Gy, +Gy, =Gyppp (IV-5)
with  AG,: Change of Gibbs free energy in the electrolyzer [J];
AGm0:Gibbs free energy of H,O [J];
AGy,: Gibbs free energy of Hj [J];
AGyz0: Gibbs free energy of O, [J].
The change in Gibbs free energy varies with both temperature and pressure [Lar 00],
AG, =AG, (T, -T,)AS, — RT, 1n[LOO‘j§] : (IV-6)
H2 P02 e

with  A4Gy: change in Gibbs free energy at standard pressure (1 bar), [J];
ASy:  the entropy change in standard temperature;
Ty: the standard temperature [K];
T.:  temperature of the electrolyzer [K];
pu2 o partial pressure of the hydrogen in the electrolyzer [bar];
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Po2 o: partial pressure of the oxygen [bar];

pm20 o-partial pressure of the water vapor [bar]

R: universal gas constant 8.31451 J/(kg-K).
In the electrolyzer reaction, the signes of the 4Gy and 45, change and the movement direction
of the electrons changes too. As result, the same equation can be obtained for the open-circuit
voltage of the electrolyzer cell,

Rer: E,=E,+AE, (IV-7)
where
AG
E, = 0 =1.229 (IV-8)
2F
and

Re 21 AE, =—0.85x107(T,, —298.15) + 4.3085x 107 T, In(py, ,pos o) (V-9

IVV.3.2 Operation voltage

During the electrolyzer operation, the actual cell voltage Ve o 1s higher than the open-
circuit voltage,

Ras: AVy =V o—E, (IV-10)
The voltage drop 4V, results from several irreversible losses, such as activation losses, ohmic
losses and concentration losses, which depend on the current density (j.;) [Lar 00]

Ry AV, =4, ln{ .]el J‘*‘ YaJa + By ln[l _AJ (IV-11)
Jlim_et

0_el

where 4., and jj o are the parameters for the activation losses, r,; is the parameter for the
ohmic losses, B and jj», o are the parameters for the concentration losses. And the current
density can be obtained by the reciprocal function of Eq.IV-11 through interpolation with a
look-up table,

Rlus j=R'a 4(AV,) (IV-12)
Then the current of the stack i,; is obtained:
Rel_j': iel = Sel jel (IV- 1 3)

with  j.;: fuel cell current density;
i fuel cell current;
S.;: active surface area.

IVV.3.3 Stack modeling

For the electrolyzer stack of n,; cells in series, the production rates of the H, and O (qu2
and ¢o;) are described with the Faraday law:

n, .

Rel,6: QH27el :ﬁlel (IV-14)

Ru 7 _la V-15
7 Yoy o = AF Ly ( )

The cell voltage can be deduced from the stack voltage u,;:
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1
Ras: Ve q=—u, (IV-16)

el
Since the electrolyzer operation is not reversible in practice, the energy losses are converted to
heat. In order to present the losses by thermal flow, we define a variable “entropy flow” (45S).
Then we can describe the power losses in the fuel cell open-circuit voltage as

Rerg: AS, , =n, ALy (IV-17)
and the power losses in the electrolyzer operation as '
Rer 100 AS, ,, =n, AVl (IV-18)
The total power losses in thermal flow can be described :s
Re1im AS,, , =AS; , +AS, (IV-19)

1VV.3.4 Graphical representation

We can see that an electrolyzer stack is a very complex multi-physic system and many
variables are used for its mathematical modeling. In order to highlight the causal relations
among the different variables, the modeling equations are organized in a COG and EMR
(Fig.IV-8). We can see four quantities, which should be controlled by the auxiliary systems:

- the current (i.;) should be controlled by the power conditioning system;

- the hydrogen pressure (px2 ;) should be controlled by the hydrogen handling system;
- the oxygen pressure (po: ;) should be controlled by the oxygen handling system;

- the temperature (7,;) should be controlled by the thermal management system.

PH2 fe

PH2 el

qH2_fe

Po2 fe ife

AS/OIJC

Figure IV-8: COG and EMR of an electrolyzer stack modeling

IVV.4 Modeling and control of the auxiliary systems
IVV.4.1 Power conversion system

The electrical characteristic of the electrolyzer stack is very non-linear and logarithmic
functions have been used for the modeling. As shown in Fig.IV-8, the electrolyzer stack is

considered as a current source (i.;) here.
Capacitor: A capacitor is needed to set the voltage (u.;) across the electrolyzer (Fig.IV-6).
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duel — lLel _lel

It . (IV-20)
Choke filter: The current (iz.;) comes from a choke filter, which is modeled as:
di,, U, 4 Uy
el L . (Iv-21)
where u,, o 1s the average value of the chopper’s modulated voltage.
Chopper: The average modeling of the chopper is described as below,
Uy o =Myl
) (IvV-22)

Zmiel = mellLel

where i, o 1s the average value of the chopper’s modulated current.

DC-bus: The voltage of the DC bus (1) is considered here as a constant voltage source,
which is maintained by the other sources in the hybrid power system. And m,; is the chopper’s
duty ratio.

The objective of the control scheme is to set the electrolyzer voltage (u.;) in order to
control the supplied electrical power or the produced hydrogen flow.

The EMR of the power conditioning unit is shown in Fig.IV-9 and the used equations are
summarized in Table IV-3. An action path appears from the control input of the DC chopper
(me) to the electrolyzer voltage (u.;). The control system of the power conversion system is
obtained by inverting this path. It relies on three control functions: a voltage controller, a
current controller and a chopper controller.

electrolyzer stack choke filter ~capacitor — chopper dc bus
€ -=-==-=-- >PE - —m>E—m e > €=-—===>
lel Uel LLel lm_el
electrolyzer dc-bus
stack ] capacitor,
X Ue, ILel um791 Uge
System modeling My
Control scheme Mel ref

Uel ref iLe[fref um_el_re_f

Control scheme

System modeling

Figure IV-9: EMR and block diagram of the power conversion system modeling and control

Table IV-3: Summary of modeling equations and control algorithms for the oxidant processing

Modeling equations Control algorithms
du i, —1i ~
- [ Lel el . —_ n
Capacitor —s =" L yor = Pl(u —u )+z
_ref el _ref el el
dt C,
di u —u ~
. Lel _ “m_el el _ . T ~
Choke filter de - L umieliref - PI(lLeliref - lel )+ uel
¢ el
umiel =my Uy um el _ref
Chopper . o My o =
lmiel =Myl U
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Voltage Controller: The electrolyzer voltage is controlled with a PI corrector and a

compensation of the electrolyzer current (i,;):
iLeliref = Pl(ueliref - izel )+ lﬁ':’:'l (IV—23)

Current Controller: Another PI corrector is needed to keep the choke current (iz.;) equal
to the desired value (iz¢; rr) With a compensation of the electrolyzer voltage (u.;):
m_el ref = P](iLeliref - 2'\el )+ Z’?el (IV_24)

Chopper Controller: With the reference of the averaged chopper’s modulated voltage, the
reference value m,; ,.s of the chopper’s duty ratio is obtained by inverting Eq.IV-23.

u

um el _ref

m8/7 ref = ~
udc

1V.4.2 Hydrogen handling system

The produced hydrogen should be handled and sent to the pressurized hydrogen storage
unit (hydride bottles or hydrogen tanks). The organization of modeling equations of the
hydrogen handling system is presented in an EMR (Fig.IV-10)

H?2 storage  electrovalve electrode volume electrolyzer

<« -=--- >€e—-=-=--- >€ - = === >€—-—=-=-=>
P2 sto qH2 out PH2 el
hydrogen electrolyzer
storage stack
qH2 out T PH2 el qH2 el
VH2 el ref

Figure IV-10: EMR of the hydrogen handling system modeling.

The hydrogen storage unit can be modeled as an equivalent pressure source, whose
pressure (P s0) depends on the quantity of the stored hydrogen. For most of the time, the
pressure (Pu» o) varies very slowly (for hydrogen tanks) or can be considered as a constant
value (for hydrides). Moreover, the hydrogen pressure in the hydride (used in our study) is
lower than the pressure (Pp: o), which comes from electrochemical forces of the reaction. A
mechanical compression (gas compressor) can be avoided.

An electrovalve is used to control the outlet hydrogen flow.

B Pur o “ P2 st
qHZ_el_out - vHZ_el R
H2

(IV-26)
el
with  gm> outhe hydrogen outlet flow from the electrolyzer (mol/s);
vuz o the state of the hydrogen-side electrovalve, open or closed (1 or 0);
pm2 o: the hydrogen pressure in the electrolyzer (bar);
PH2 sto- the hydrogen pressure in the storage unit (bar);
Ru> o2 the equivalent hydraulic resistor of the hydrogen-side tube.
The volume of the electrode can be described through the ideal gas law:

deZfel bz o 92 _ow A2 ot ~DH2_out

dt Cel VHZﬁel /RTel

with  pp> o the hydrogen pressure in the electrode (bar);
qu2 o2 the hydrogen production rate (mol/s);

(IV-27)
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qu2 ou: the hydrogen outlet flow (mol/s);
Cuz o the equivalent volume capacity of the hydrogen-side electrode;
Viz o the volume of the hydrogen-side electrode;
Tor: the temperature of the electrolyzer.
A hysteresis controller is used to control the hydrogen pressure in the electrode. The
measured pressure (pg2 ) value is compared with the reference pressure value (pu2 e ref)-

Vir e vy = b ij‘szieliref ~Pur a > Mus
Vo e rer = VH2 e if_Asz_el ZPus el rf ~Pu2 a2 ApHZ_el; (IV-238)
V2 o ref = 0, ipr27eliref ~Pur a < _ApH2fel'

where Apy» o 1s the hysteresis interval of the hydrogen pressure controller.

IV.4.3 Oxygen handling system

The produced oxygen can be stored in a storage unit for future use. In our study, it is
outlet in the atmosphere. The similar modeling and control scheme can be applied to the
oxygen handing system (Fig.IV-11).

atmosphere  electrovalve electrode volume electrolyzer
> >

<« -==-- € -=-=--- >€ — = === -——==
Patm qOZiout p 02 _el
atmosphere electrolyzer
stack
qo02 out T Po2 el qo2 el
Vo2 el ref

Figure IV-11: EMR of the oxygen handling system modeling.

The atmosphere can be modeled as an equivalent constant pressure source, which is
much lower than the oxygen pressure in the electrode.
An electrovalve is used to control the outlet oxygen flow.

pOZﬁel - patm
ROZ_el

with  go> ou:the oxygen outlet flow from the electrolyzer (mol/s);
voz o the state of the oxygen-side electrovalve, open or closed (1 or 0);
Po2 «: the oxygen pressure in the electrolyzer (bar);
Pam:  the oxygen pressure in the storage unit (bar);
Ro> o the equivalent hydraulic resistor of the oxygen-side tube.
The volume of the electrode can be described by the ideal gas law,

(IV-29)

902 e out = Vo2 el

deZﬁel Y02 e 7902 o Y902 et “902_ow

dt CO27@1 VOZﬁel /RTel

with  pp> o the hydrogen pressure in the electrode (bar);
qu2 o0 the hydrogen production rate (mol/s);
g2 our: the hydrogen outlet flow (mol/s);
Co> o the equivalent volume capacity of the oxygen-side electrode;
Vo: e the volume of the oxygen-side electrode;
T the temperature of the electrolyzer.

(IV-30)
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A hysteresis controller is used to control the oxygen pressure in the electrode. The
measured pressure (po: ) value is compared with the reference pressure value (po2 er ref)-

Vo2 el ref = 1, if‘p02ieliref —Por o > Apmfel;
Vor el ref = VH2 el lf_Ap027el 2 D02 et ref ~Por a 2P0 us (IV-31)
Vo2 el ref = 0, if‘p02ieliref —Por a < _Ap027el'

where 4po; o 1s the hysteresis interval of the oxygen pressure controller.
IV.4.4 Water and thermal management system

The circulation of water is performed by water pumps. It is used to supply the necessary
water, which is needed for the electrochemical reaction and the membrane humidification. It
is also used to release the heat, which is created by the reaction, in order to maintain the stack
temperature (7,;) of the electrolyzer.

The temperature of the stack (7,;) depends on the balance of the created entropy flow
(4S80t by the fuel cell stack) and the released entropy flow (O/Tw20 by the circulating water)
[His 08]. It should be maintained in a certain range. However, in the studied electrolyzer
system, the water flow is fixed according to the worst condition. In other words, even if the
stack works with its maximal power, the water flow is always able to maintain the
temperature under maximal level. The EMR of the water and thermal management system
modeling is shown in Fig.IV-12.

water vupply ﬂow regulator thermal capacicy electrolyzer

---------- R e e
T H20 Q H20 T(/
H2, electrolyzer
stack
Q )HZO TE/ AStot_el

Figure IV-12: EMR of the water and thermal management system modeling.

The water supply can be considered as a constant temperature source.

The water flow regulator is not actually used in our studied system and we assume that a
fixed water flow is imposed no matter how much heat the stack creates by reaction. It can be
served as a regulation input in the future with some system modification. The thermal flow
according to the performed water flow can be expressed as follows:

01120 =9, (T —Ta0 ) (IV-32)

with T, the temperature of the electrolyzer stack;
Tur0: the temperature of the water source;
ko the constant coefficient;
qcr: the cooling water flow.
The thermal capacity of the electrolyzer stack is used to make appear the time-dependent
thermal behavior.

dTel _ tot el Q'HZO
o C, 1o (IV-33)

where A4S0 1s the thermal flow evacuated by the circulating water and C; x0 1s the specific
thermal capacitance of the electrolyzer stack.
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IVV.4.5 Macroscopic representation of the electrolyzer system

If we combine the EMRs of the stack and the auxiliary systems together, we obtain the
EMR of the whole electrolyzer system (Fig.IV-13). Different control inputs are highlighted in
the EMR. More or less complicated control means can be implemented for the electrolyzer’s
operation through these control inputs.

H; storage electrovalve electrode volume electrolyzer stack
€<——=—=> €====- > <= =-- - > €-=-==-=
PH2 sto qH2 out PH27e1
H, handling Trydrogen
system storage
G2 o [ PH2 el qH2 e Power conditioning system
- VH2 ol ref At il >

atmosphere electrovalve electrode volume

hoke filt ca acttor chopper dc bus
€mmme > € mm = > e o - > choke filter 1p or, & 192 -

e -- € —=-> € =-===>

Paim q02 out DPo2 el Ul iLer Lm_el
O, handling " N -
System atmosphere T
qo2_ou N Poz_el qo2 el Qo Um el
02 el _ref ey

water supply ﬂow regulator thermal capacicy Mel rof
<—-===5> €e-=-==-- > <—=-===- > =
T H20 Q "H20 Ter
Thermal
management @) i
system Uel ref LLel ref Um_el ref
Q )HZ() T el a4 Stl)/f]

T q 20
Figure IV-13: EMR of the electrolyzer system modeling.

IVV.5 Modeling simplification and identification

IV.5.1 Simplification of the modeling

The goal of the work is to integrate an electrolyzer system in the hybrid power system
with some power management algorithms. So we focus on the electrical characteristics of the
electrolyzer system. Some auxiliaries can be simplified.

The electrolyzer stack is intrinsically able to quickly react to the load changes, since the
electrical and electrochemical time constants are very small [Leb 07]. The auxiliaries
(hydrogen and oxygen handling system, water and thermal management) react much slower.
So the global dynamic of the electrolyzer system is generally slow. The power slope, which is
required by the load, should be limited. Therefore, we can consider a quasi steady-state
operation, during which the pressures (py, and ppy) and the temperature (7)) can be
considered constant (well maintained). As result, the modeling and control scheme of the
electrolyzer system can be simplified by assuming the physical quantities as constant
parameters (Fig.IV-14).

electrolyzer stack choke filter capacztor chopper dc bus
—————— >E " m>E——— e —m D> € ——==>
Lol Uel lLel lm el
electrolyzer dc-bus
stack capacitor
I7. Um el Ude
P2 po2 Tu ° Ut - Mer

System modeling

Me rer | Control scheme

Uel ref iLeliref Um_el ref

Overall Control
& Supervision

Figure IV-14: Simplified EMR of the electrolyzer system modeling and control.
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I1VV.5.2 Experimental characterization of the electrolyzer behavior

In order to evaluate the influence of the temperature and the pressures on the stack
voltage, several tests are performed on a CETH GENHY 100" electrolyzer system (7 cells of
75cm’ in series) at the Ecole des Mines de Douai. It has been presented in Paragraph IV.2.

a) Influence of the temperature

Several tests are performed in order to evaluate the influence of the temperature on the
stack voltage. The pressures (pu2 o and po: o) have been set to 7bar, and the voltage-current
curves have been recorded for different temperatures: 31°C, 35°C, 40°C and 45°C (Fig.IV-15).

We find that the stack voltage decreases with the temperature.
Tel=31°C Tel=35°C Tel=40°C Tel=45°C

19.00
18.00
17.00 -
16.00
15.00 ——

14.00 —

13.00 -

12.00 =

11.00 w \ \

0.00 10.00 20.00 30.00 40.00

Electrolyzer Stack Current (4)
Figure IV-15: Experimental current-voltage characteristics at 7bar with different temperatures
(31°C, 35°C, 40°C and 45°C)

Electrolyzer Stack Voltage (V)

b) Influence of the pressure

Several tests are performed with the same temperature (7,,~45°C) in order to evaluate the
influence of the pressure on the stack voltage. The voltage-current curves have been recorded
for different pressures: from 2bar to 7bar (Fig.IV-16). We find that the stack voltage does not
vary much with the pressure for the studied system, because 7bar is still too low to modify the
stack’s voltage-current curve.

— 7bar 6bar Sbar 4bar 3bar 2bar

S 77.00
%
g 16.00 - /
L 7500
e /
Q
S 14.00
? /
8 13.00
N
=
g 12.00 //
Q
EN 11.00 ‘ : ‘

0.00 10.00 20.00 30.00 40.00

Electrolyzer Stack Current (A)
Figure IV-16: Experimental current-voltage characteristics at 45°C with different pressures
(from 2bar to 7bar)

IVV.5.3 Identification of the modeling parameters

In order to validate the electrolyzer stack modeling, some modeling parameters should be
identified in Eq.IV-11:
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- A, the Tafel slope for the activation losses;

- Jo «:the minimal current density for the activation losses;

- rq: the equivalent specific resistance for the ohmic losses;
B.;: the empiric coefficient for the concentration losses;

- Jim e the maximal current density for the concentration.

For the studied electrolyzer stack with 7 cells of 75cm? in series, the modeling parameters
are identified at 45°C and 7bar (Table IV-4). These parameters are used in our simplified
modeling and are validated by comparison of the obtained characteristic from simulation
results and experimental measurements (Fig.IV-17).

Table IV-4: Modeling parameters of the electrolyzer stack at 45°C and 7bar

D2 Po2 T A Jo B Jlim r
7Tbar 1.4bar 45°C 0.0441  30pA/ecm® 0228  0.58A/cm’  0.5Q-cm’

Vel (V)

18 /
17 +— Experimental Curve /

16 +— ——Modeling Curve

15 A
14
13

12
11 /
10

9 T T T
0 10 20 30 40 i (A)

Figure IV-17: Comparison between the modeling curve and experimental curve at 7bar and 45°C

IVV.5.4 Dynamic limitations in transient states

The dynamic of the electrolyzer system is dominated by the auxiliary systems (eg. gas
handling systems and thermal management system). In practice, the power dynamic of the
electrolyzer system should be limited for efficiency and security reasons. For example, when
the electrical operating point is stepped, the gas handling systems take some time to regulate
the pressures in a good level in order to reduce the mechanic stress of the membrane; the
thermal management system takes more time to ensure a homogenous heat evacuation in
order to avoid some dangerous hot point on the membrane.

The evolutions of the electrical variables are simulated firstly with a limited voltage slope
and then with a limited power slope. In Fig.IV-18a, a voltage ramp of 1.25V/s is given from
10.5V to 13V, then from 13V to 15.5V, and finally from 15V.5V to 10.5V. In Fig.IV-18b, a
power ramp of 62.5W/s is given from 5W to 250W, then from 250W to 500W, and finally
from 500W to 5W.
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10 15 20 2 30 35¢(s)
(a) Limitation with a voltage slope (b) Limitation with a power slope

Figure IV-18: Evolution of the simulated electrical variables with limited slope

V.6 Real-time electrolyzer emulator

In our study, we need to test the power balancing and energy management strategies of
the hybrid power system on an experimental test bench. In order to make the experimental test
bench more flexible, we have decided to build a real-time emulator of the electrolyzer system
instead of using the studied commercial electrolyzer system. Its power slope is limited too
slow in comparison with its power range (Fig.IV-7) and we do not have access to modify it
for implementing interested control functions in our application [Cet 07]. Moreover, the real-
time emulator has also many other advantages in comparison with the real components, as
explained in the Paragraph 1.5.2. In this section, we present the fuel cell emulator by
Hardware-In-the-Loop (HIL) simulation [Zho 09].

IV.6.1 Structure of the electrolyzer emulator

The emulator works as a current source like the real electrolyzer (Fig.IV-19a). It can be
divided into two stages: the power electronic stage and the control stage (Fig.IV-19b).

The power electronic stage consists of a dc-voltage supply and a buck converter including
a chopper, a choke and a capacitor. It is properly designed and sized to set the same voltage
(ue) as in a real electrolyzer system according to the measured current (i,;) and the used
electrolyzer system’s models.

The control stage consists of the chopper’s driving card, the measurement instruments,
the digital control board (DSpace 1102) and the interfacing card. A feed-back closed loop is
used to make the emulator’s output current (ic; emu) €qual to the current reference (ies ),
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which is calculated from the electrolyzer modeling with the sensed voltage (u.). The
electrolyzer modeling is implemented in the DSpace 1102. For a simplified modeling, the
partial pressures (pm> and poy), the stack temperature (7,;) can be set constant as given
parameters. For a more complex modeling, all needed auxiliary modeling and control
functions can be algorithmically implemented in the DSP card. The time evolutions of other
quantities (7., py2 and po2) can also be observed through the emulator.

(a) Presentation of the electrolyzer

Reversible
dc power
source

Ly s

: Chopper

Electrolyzer
Power
Conditioning

Electrolyzer e | o
Power e e - - - -
Conditioning iIControl stage
1 PC
- | Driving | Measurement
! card card
1 I
1 lel Uy Interfacing card
; DSP card [* (ADC and D AC)
o T T My, =

emulator as equivalent current source

(b) Structure of the electrolyzer emulator
Figure IV-19: Structure of the Electrolyzer emulator

IVV.6.2 Modeling and control of the electrolyzer emulator

The EMR of the power electronic stage modeling and the control scheme of the
electrolyzer emulator are shown in Fig.IV-20 and all the used modeling equations and control

algorithms are summarized in Table IV-5.
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Figure IV-20: EMR of modeling and control scheme for the electrolyzer emulator.

Table IV-5: Summary of modeling equations and control algorithms for the fuel cell emulator

Modeling equations

Control algorithms

u

u,=mu, ’
ChOpper . . ms ref = ”’:wf
ln17.s =mgl h U
di u,—u
el _emu _ Yy m _~ . n
ChOke dt - L um_re;/' - uel - Pl(lel_ref - lel_emu)
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a) Emulator modeling
For the power stage, the power supply is modeled by a constant voltage source (u;). An
average model is used for the chopper:
{um =mu,
(11-34)

. _ .9
i, (=mgi,

where u,, and i,  are the average values of the chopper’s modulated voltage and modulated
current. The choke current (ic; «m) can be described as below,
di

el _emu ue] _um (II 35)
dt L )

s

b) Emulator control

As shown in Fig.IV-20, the current from the emulator can be adjusted by the control input
of the DC chopper (m; ,oy). The strategy consists to set a reference value of the current from
the previously presented current-voltage characteristic. The control scheme is divided in two
parts (Fig.IV-20).

The first one is the power electronic stage control. It consists to regulate the output
current (i emu) to make it equal to the reference value (io ) by a PI corrector and a
compensation of the electrolyzer voltage,

umiref = I:Zel - Pl(ielire{f‘ - Zeliemu) (II_36)
Then the reference of the averaged modulated voltage (i, /) is used to generate the duty ratio
reference (m; ;) of the chopper with the measured dc voltage (u;),

um ref
ms ref = — ‘ (II'37)
_re m

The second stage is the modeling of the electrolyzer stack and auxiliary systems. It
consists to calculate the emulated electrolyzer’s output current according to the pressures, the
temperature and the voltage (u.;), which is set by the electrolyzer power conditioning unit.
This voltage (u.;) is measured and is sent to the “Electrolyzer stack and auxiliary modeling” in
the DSP card as the electrolyzer voltage. Then the current of the emulated electrolyzer (ie; o)

is then calculated with this voltage and serves as the reference for the current control loop.

IV.6.3 Implementation of the electrolyzer emulator

The implementation of the electrolyzer emulator is shown in Fig.IV-21. The power
electronic stage consists of a regenerative DC voltage source, a DC chopper, a choke and a
diode. The control stage consists of an analogical control card for the current control loop and
a digital control board (DSpace 1002) for the mathematical modeling of the electrolyzer
system. The parameters, which are used in the electrolyzer emulator implementation, are
given in Table IV-6.

Different auxiliary system models and their control algorithms can also be implemented
in the DSP card, according to different purposes and methods. For example, we can
implement the auxiliary system’s model described above to establish the relation between the
electrolyzer and the hydrogen storage. The variation of the different physical quantities can
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also be simulated in the DSP card and verified via the computer desk in real time, such as the
hydrogen outlet flow rate and the hydrogen pressure in the storage.

Table IV-6: Parameters of the electrolyzer emulator
Uy 60 V L, 10 mH
Lel 10 mH Cel 22 H.F

Reversble dc power
source

Chopper

DSPacell102 for the
i electrolyzer modeling
J &contol equations

s
Feed backcontrol

for hepowerstage

(a) Photo

(b) Control panel

Figure IV-21: Implementation of the electrolyzer emulator
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I1V.6.4 Experimental results

By taking into account the electrolyzer’s power dynamic limit, we give the same power
ramp for the fuel cell emulator’s experimental test, as in the simulation. Experimental results
show that the same electrical behaviors are found (Fig.IV-22) as in the simulation (Fig.IV-
18b). Therefore, the electrolyzer emulator should be able to help the test bench assessment of
our studied hybrid power system, in order to experimentally test the added control function
and the different power balancing and energy management strategies, which will be presented
in Chap.V.

Tek Prevu |
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- Offset =10V

[4W ...... ...... ...... ...... .
Emulated hydrogen : : : : :

4 production rate i
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(v = 1wW) e
[ DT /
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EE[L 1.00v |cha] 2.00V

Figure IV-22: Time evolution of the emulated variables

IVV.7 Conclusion

In this chapter, a system analysis of an electrolyzer system is presented. An overview is
given on the existing technologies, the operating principles, the electrolyzer system, the
commercialized products. In our study, the 500W CETH GENHY 100" is studied. The system
modeling and control scheme is presented with the Energetic Macroscopic Representation
(EMR) in order to give a better presentation. The modeling parameters are experimentally
identified and validated. This model is used to build an electrolyzer emulator by Hardware-In-
the-Loop simulation. This emulator is a flexible experimental test bench, which is used to
assess the hybrid power system in order to test the control function, power balancing and
energy management strategies for the active generator, which will be presented in Chap.V.
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Chapter V Active Wind Generator

In the previous chapters, the modeling and control schemes of the wind/super-capacitors
hybrid power system, the fuel cell system and the electrolyzer system have been separately
studied. In Chap.l, we have shown that super-capacitors are able to filter fast wind power
fluctuations. In order to have a local energy reserve, the fuel cell system and the electrolyzer
system are integrated together to build a wind/hydrogen/super-capacitors hybrid power
system, which is presented in this chapter.

Different control strategies have been presented for the energy management of the hybrid
power system in several applications. These strategies are based on the evolution of the state
of the system [Aya 07], on the fuzzy control or the neural control [Haj 07] [Mor 06], on the
DC-bus regulation [Mar 06] [Tho 09], on the passitivity and the plate systems [Pay 07] [Bec
06]. In this chapter, the study consists of the system modeling and the design of control
system, including the power balancing and energy management strategies. The objective is to
set up an active wind generator, which can work like a classical power plant to supply the
same powers as asked by a microgrid system operator. Several cases are studied to compare
the performances with simulations and practical implementation.

V.1 Modeling of the active wind generator

V.1.1 Presentation
The hydrogen based long-term energy storage system, including fuel cells and

electrolyzers, is integrated into the wind/super-capacitor based hybrid power system. Because
of many advantages (presented in Paragraph 1.3), the DC-coupled structure is used. Different
sources are connected to the common DC bus through different power converters (Fig.V-1)
[Zho 08]. Thus, four types of sources are used in the hybrid power system:

- the renewable energy conversion system: wind generator (WG);

- the fast-dynamic energy storage system: super-capacitor (SC);

- the long-term energy storage system: fuel cell system (FC) and electrolyzer system (EL);

- the grid as a three-phase voltage source.

Wind generator Rectifier N°2 DC bus Inverter N°1 Grid

SO 1= /=]

|
Super-capacitors Chopper N°3 \ \
DC

DC
Chopper N°4 4N
H, k= DC —

Hydrogen  Fuel cells
tank

V= DC

H> Chopper N°5 \
DC —

DC

Electrolyzers

| HPS Control system |

Figure V-1: Structure of the active wind generator.
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In order to make the hybrid power system work like a classical active generator to
participate in grid management, the coordination of these different sources is very important.
So the modeling and control of each source’s power conversion system should be studied in
detail, as well as the overall power balancing and energy management strategies.

V.1.2 Equivalent average modeling

Equivalent average models of the power converters are used in our study because they are
sufficient for the design of the power balancing and energy management strategies. Moreover,
they can significantly reduce the simulation time during analysis work. By adding the
equivalent average modeling of the power conversion system of the fuel cells and the
electrolyzers in the wind/super-capacitors hybrid power system (Fig.11-34), we obtain the
equivalent average modeling of the active wind generator (Fig.V-2). It shows that five sources
are connected to the DC-bus through five power converters. These five power converters are
used to introduce control inputs for each power conversion system, in order

- to extract the maximal power from the wind generator;

- to maintain a constant DC-bus voltage;

- to provide the power exchange with the microgrid,;

- to ensure the availability of each energy storage system.
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Figure V-2 Equivalent electrical diagram of the active wind generator
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V.1.3 DC-bus modeling

In this hybrid power system, five energy sources are connected to the common DC bus
via different power converters. So the DC-coupling modeling should be adapted with the
newly added power conversion systems of the fuel cells and the electrolyzers (Fig.V-3):

iinv = lsour - idc (V-l)
l.sour = irec + isto (V-Z)
isto = im_sc + iHZ (V-B)

(v-4)

Iy =y o Ty o

with ;. the modulated current of the grid inverter N°1;

irec: the modulated current of the wind generator rectifier N°2;

in _sc-the modulated current of the super-capacitor chopper N°3;

im - the modulated current of the fuel cell chopper N°4;

in o the modulated current of the electrolyzer chopper N°5.

iso. the sum of the modulated currents from energy storage systems;

ir2. the sum of the modulated currents from fuel cells and electrolyzers;

isour- the sum of the modulated currents from the wind generator and the energy
storage systems. The DC-bus voltage is expressed as:

dudc _ l (V-5)
dc — Ydc
dt
- 1] ° : coupli 3-phase inverter N°I
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Figure V-3: EMR of the DC bus in the active wind generator

V.1.4 Energetic macroscopic representation

The EMRs of each source’s power conversion system modelling have already been
presented in the previous chapters (Fig.11-8, Fig.11-31, Fig.111-6 and Fig.IVV-9). By combining
these EMRSs, we obtain the EMR of the entire active wind generator (Fig.V-4).

Five action paths appear from the control inputs of the five power converters to the
different physical quantities (ii, Ty ises iter Uer):

- from the three-phase inverter N°1 (m;,,) to the line currents (i));

- from the three-phase rectifier N°2 (m,..) to the gearbox torque (Zgear);

- from the chopper N°3 (m,.) to the super-capacitors current (is.);

- from the chopper N°4 (m.) to the fuel cell current (ir.);

- from the chopper N°5 (m,;) to the electrolyzer voltage (u.).
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Figure V-4: EMR of the power conversion system in the active wind generator
V.2 Control of the active wind generator
V.2.1 Hierarchical control structure

As for the wind energy conversion system and for the wind/super-capacitors hybrid
power system (Fig.11-9 and Fig.11-37), we have used a hierarchical structure of the control
system (Appendix C).

In the studied active wind generator, five sources are considered: the wind generator
(WG), the super-capacitors (SC), the fuel cells (FC), the electrolyzers (EL) and the grid
connection (GC). Five power converters are used to regulate the power exchanges among
them. So in the control system, five SCUs and five ACUs are used for the control of the five
sources, a common PCU and a common MCU are used for the power balancing and the
energy management of the entire hybrid power system (Fig.V-5).

DC/DC DC/DC DC/DC AC/DC DC/AC
{-sv, +15V} {-sv, +15V} {-5v, +15V} {-5v, +15V} {-5V, +15V}
S.C.U.5 S.C.U. 4 S.C.U.3 S.C.U.2 S.CU.1
I [0.1] I [0.1] I [0.1] I [0.1] I [0.1]
A.C.U. EL A.C.U.FC A.C.U.SC A.C.U. WG A.C.U.GC
I Uel ref I Ife ref I e ref I Tocar ref I I ref
Power Control Unit (P.C.U.) for the instantaneous power balancing

I Power references & operating mode

Mode Control Unit (M.C.U.) for the long-term energy management

Microgrid forecasts and requirements

Measurement and communication

Figure V-5: Hierarchical control structure for the active wind generator.

In the SCU of each converter, the IGBT drivers and PWM techniques are used to control
the switching legs. These units are not the main concerns of the study, so they will not be
detailed here. However, the control algorithms in the ACU should be presented in order to
highlight the physical quantities, which can be used for the power flow control among the
different energy sources.
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V.2.2 Automatic control unit

The control tasks of each dynamical quantity are the same as previously explained. The
torque (7gesr) must be controlled in order to implement a maximum power point tracking
strategy for the wind generator. The voltage across the electrolyzer, as well as the currents
from the fuel cells and the super-capacitors, must be controlled for regulating the power
exchange with the storage systems.

The global control scheme of the entire active wind generator is obtained by combining
all these control schemes, which have been presented in the previous chapters. They are
organized with the help of the Energetic Macroscopic Representation (Fig.V-6). Six
references (i resi i1 refy Tgear refy Isc refs e repy Uel ref) MUSt be set to interface the automatic
control units with the power control unit. As result, the Automatic Control Units (ACU) of the
control system consist of the control schemes of each power conversion system (Fig.V-7).
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Figure V-6: EMR of the active wind generator with the control scheme.
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Figure V-7: Block diagram of the automatic control units for the active wind generator.
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V.2.3 Power control unit

a) Layout of the power control unit

The Power Control Unit is divided into two levels: the Power Control Level (PCL) and
the Power Sharing Level (PSL).

The Power Control Level is the interface between the powers and the other quantities.
The Power Sharing Level coordinates the power flow exchanges among the different energy
sources with different power balancing strategies. They are presented here in detail with the
help of the Multi-Level Representation (Fig.V-8), which has been developed by Peng LI in
2008 [Li 08].

b) Power control level

The power flow exchanges with various sources can be controlled only via the related
five references (tes e ife refs isc refy Tgear refy Ui rey IN F19.V-7). Therefore, the expressions of the
powers should be deduced and these equations are used in order to obtain the control
algorithms (Table V-1). 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.

Table V-1: Power calculation and power control algorithms for the active wind generator.

Energy source Power flow calculation Controllable variable calculation
DC—buS CapaCitor Into pa’c = udcidc Intoe pdcirc{f = izd(' id('iref
. . Intlc: | _ (21;13 — Uy )pg g T ﬁﬁ&‘lg ref
P, Tupl Uyl Al T 2 - - =
. . Intl g 181 2372 20y — Uty + 21
Grid connection : ) ) o -
9 =\/§(u131 Uyl ) i _ (2”23 Uy )ngry/ 7\/§u13(1g7mf
- 212123 = Uiy + 257223
. . 1
Wlnd generator Intz pwg = QturTgear Intzc Y;Ear_rsz = Q pwg_ref
tur
. . 1
Super-capacitors Int3: p,=u_i, INGC: 1, ,of == DPyc_rer
uSC
.. 1
Fuel cells Int4: Dp =lply, Int4c: Ui vy = ﬁ_ Pr ref
fe
. 1
Electrolyzers Ints: p,, =i,u, Intsc: w,, = ’l.‘_pfcirq/'
fe

For the energy storage systems, the powers are calculated by multiplying the measured
currents and the measured voltages (Int3, Int4 and Int5 in Table V-1). The references of the
controllable variables are given by dividing the power reference with the measured current or
the measured voltages (Int3c, Int4c and Int5c in Table V-1).

For the wind energy conversion system, a maximal power point tracking (MPPT) strategy
is used to extract the maximum power of the available wind energy according to a non-linear
characteristic in function of the speed. It receives the measured rotational speed (Q,,) and
sets a desired power reference (p,g ;) (INt2 and Int2c in Table V-1).
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The output of the DC-bus voltage control loop is the current reference (i4 ;) of the DC-
bus capacitor, and its product with the measured DC-bus voltage gives the power reference
(pac re) Tor the DC-bus voltage regulation (IntOe). The powers, which are exchanged with the
grid, can be calculated through the “two-wattmeter” method (Intl and Intlc in Table V-1).

The reference of the controllable variables should be limited while the powers are divided
by a too small value. A look-up table can sometimes be used to avoid divisions by zero. For
example, the non-linear static model of the electrolyzer stack can be implemented in a look-up
table to translate each power reference into a voltage reference.

Wind generator Electrolyzers — Fuel cells — Super-capacitors DC bus Grid
€CE———— D> € mm - D> € === > € === == > Cm = > € = = = >

Tear

Modeling o)
tur

& control Tecar res

Power

control Int2c

Power DPwg ref el re ) sc_ref qs rof

sharing Dgc_ref

Power balancing strategies Pgc_ref

Figure V-8: Multi-Level Representation of the power modeling and control for the active wind generator

c) 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 system (Fig.V-9). It will be explained in
the following paragraphs.

A S S s =
Switching Control Unit (S.C.U.)
S.C.U.5/|S.C.U.4|[S.C.U3| [S.CU.2 SCuUl
A
M el ref Mye_ref Msc_ref M rec_ref Minv_ref

Automatic Control Unit (A.C.U)

\
\ Um el ref

Corrector [lla o correctorfl 1 ;
m_sc_re, 1 !

ri [k IZ8 =

]
:

Power
+ - control
H

Power
sharing

Power balancing algorithms

Power Control Unit (P.C.U.)

Operating mode Pgc_ref qgc_ref
Figure V-9: Block diagram of the hierarchical control system of the active wind generator.
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V.3 Power balancing strategies for the active wind generator

V.3.1 Role of the power balancing
The power balancing plays a very important role in the control system of the hybrid
power system. It leads directly to the stability of the hybrid power system. In the studied wind
energy conversion system, all power exchanges are performed via the DC-bus (Fig.V-10) and
have an impact on the DC-bus voltage (u..):
df;"' = Celt e % =Pue =Psour =Py =Pug + Py ¥ Pjo =~ Py — Dy (V-6)

with  E,.:the energy stored in the DC-bus capacitor;

Ppac.- the resulted power into the DC-bus capacitor;

Pwe-the power, which is injected into the DC bus from the wind generator;

Pr- the power, which is injected into the DC bus from the fuel cell;

Psc. the power, which is injected into the DC bus from the super-capacitor;

per: the power, which is extracted from the DC bus into the electrolyzer;

po. the power, which is extracted from the DC bus into the grid;

Psour- the total power from the sources.
So the instantaneous power balancing is very important for the stability of the whole system
and should be well performed to regulate the DC-bus voltage.

Wind

Generator "%
Power flow exchange
Fuel cells Dre in the DC bus via
power conversion systems Dsc Super-
Electrolyzers{  pwg capacitors

Padc
DC-bus capacitor
Figure VV-10: Power flow exchanges around the DC bus in the active wind generator

Grid
connection

!

.

V.3.2 Power flow modeling

According to the power exchange, the power flows inside this hybrid power system is
organized with four equations according to Eq.V-1, Eq.V-2, Eq.V-3 and Eq.V-4 (Fig.V-11):

Powl: pg = ps()ur - pdc ! (V'7)
Pow2: psour = pst() + pwg ! (V-8)
Pow3: psto = pHZ + psc ! (V-g)
Powad: Py =P = P> (V-10)

with py,.,-  the total power, which arrives at the DC bus from the sources;
Psto-  the total power, which arrives at the DC bus from the storage systems;
puz2. the total power, which arrives at the DC bus from the long-term storage system.
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Figure V-11: Power balance inside the active wind generator

The grid power (p,) must be equal to the power reference (pg. »y) Sent by the microgrid
system operator. The DC power (p,) must be equal to the required value (p.. ) to regulate
the DC-bus voltage (u,0 to a constant value. Hence the sources’ total power (p;..,) can be
adjusted by regulating the total power from storage units (py,). So the power flows are
supervised with the power references, which must be calculated by the Power Sharing Level
of the Power Control Unit (Fig.V-8).

In this wind/hydrogen/super-capacitor hybrid power system, five power electronic
converters are used to regulate the power transfer with each source. The three-phase rectifier
is used to control the wind 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 09]:

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

V.3.3 Grid following strategy

With the grid following strategy, the DC-bus voltage is regulated by adjusting the
exchanged power with the grid, while the wind generator works in MPPT strategies. In Fig.V-
12, it is depicted by a closed 100p (Pac ref 2 Pg rer 2 Py = Pac)- SO the required power for the
DC-bus voltage regulation (p4. ) is used to calculate the grid power reference (pg /),

POWIE: Py or = Por — P rer - (V-11)
The sources’ total power (ps.) IS a disturbance and should also be taken into account.
POW2€: P, = Py + Do - (V-12)
Pow3e: p., =P, + Dyo- (V-13)
Powde: p,;, = Pr~Da- (V-14)

The energy storage systems help the wind 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 can be considered as
zero in the equation (Powl). Hence in steady state, the grid power (p,) is equal to the total
power from the sources (psou). If the microgrid system operator sets a power requirement
(Pgc rep), It must be equal to the sources’ power reference (psour rer) s shown in Fig.V-12:
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Powlc: Psowr _ref = Pg_ref = Pge_ref- (V-15)
In order to help the wind 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 (pg. ) and the fluctuant wind power (p,.¢) as shown in Fig.V-12:

Pow2c: psm_ref = psour_rt;f - pwg ' (V'16)
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Figure V-12: Multi-Level Representation of the grid following strategy for the power sharing

Among the energy storage systems, the fuel cells and the electrolyzers are the main
energy exchangers because a large quantity of hydrogen can be stored for enough energy
availability. For efficiency reasons the fuel cell and the electrolyzer should not work at the
same time. The activation of the fuel cell or the activation of the electrolyzer depends on the
sign of the reference (pu: ). Thus a selector assigns the power reference (pu> ) to the fuel
cell (p. ) or to the electrolyzer (p.; ;) according to the sign of py» ,.r (Fig.V-12),

Pow4 i Puz_rs >0, P vy =Pz repr Fu g =0;
ow4ac: |.
lf ; PHZf}”Lf/. = 0’ Pfciref = O’ })el_ref = 0' (V'l?)
lf . PHZf}"Q/. < 0’ Pfcirc)f = O’ B[_n’f = ‘pHZ_rcff' )

However, the power reference (ps, ) IS a fast varying value due to the fluctuant wind
power (p.,) and the varying grid power (pg). In order to avoid the fast chattering problem
when it is close to zero, it should be slowed down. Moreover, the fuel cells and the
electrolyzers have relatively slow power dynamics, fast varying power reference are not
welcome for their operating lifetime. So a Low-Pass Filter (LPF) with a slope limiter should
be added (Fig.V-12):

POW3C™: Py o = ﬁ(psm_ref)' (V-18)
where 7z is the time constant of the Low-Pass Filter. Its value should be set large enough
according specific application by taking into account the power dynamics of the fuel cells and

the electrolyzers as well as the size of the super-capacitors.
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The super-capacitors are not made for a long-term energy backup unit because they have
limited energy storage capacities due to their low energy density. However, they have vey fast
power dynamics and can supply fast varying powers and power peaks. They can be used as
auxiliary power system of the fuel cells and the electrolyzer to fill the power gaps during their
transients (Fig.V-12),

Pow3c: psc_ref = psto_ref - ﬁHZ = psto_ref - ﬁfc + ﬁel ' (V'lg)
The block diagram of the grid following strategy for the active wind generator is shown in
Fig.V-13.
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~ MPPT o ref
Q gear strategies Prg_re

Figure V-13: Block diagram of the grid following strategy for the power sharing.
V.3.4 Power dispatching strategy

The total power (ps..,) from the energy storage and the wind generator can also be used to
provide the necessary DC power (p,.) for the DC-bus voltage regulation (Fig.V-14). In this
case, the necessary total power reference (psour ) Must be calculated by taken into account
the required power for the DC-bus voltage regulation (p4. ;) and the measured grid power (p,)
as disturbance input by using the inverse equation of Powl (Fig.V-14),

Powlc: psour_ref = pdc_ref + pg ' (V'ZO)
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Power
control Int2c
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Figure V-14: Multi-Level Representation of the power dispatching strategy for the power sharing
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Then the total power reference of the storage systems is deduced by taking into account
the fluctuant wind power with the inverse equation of Pow2 (Fig.V-14),
Pow2c: psto_ref = psour_ref - ﬁwg ' (V'Zl)
This power reference is shared among the fuel cells, the electrolyzers and the super-
capacitors in the same way as explained above,

Pow3c’: Pu2 ref = L (psm ref ) , (V-22)
- 1+ -
Powd4c: lf : PHZ’ref > O, Pfc_ref = PHZ_ref’ Pel_ref = 0;
V' Pz _r =0, Pie_reg =0, Py g =0; (V-23)
i Ptz _ry <O, Pr s =0, L ‘pﬂzjef .
Powse: psc_ref - psm—ref - ﬁHZ = psto_ref - ﬁfc + ﬁel : (V'24)

And now, the grid power reference (p, ,s) is free to be used for the grid power control.
The microgrid system operator can directly set power requirements (pgc ror and ggc o) for the
grid connection system,

Pe_res = Pge_ref - (11-25)
Therefore, the hybrid power system can directly supply the required powers for providing the
ancillary services to the microgrid, like the regulations of the grid voltage and frequency.

The block diagram of the grid following strategy for the active wind generator is shown in
Fig.V-15.

P gc_ref

p g ref

Psc_ref

Pre_ref

\ P2 o) selector E
Low pass filter

@&slope limiter | | Pow4c ] Del_ref

Q gear MPPT Pwg ref
strategies

Figure VV-15: Block diagram of the power dispatching strategy for the power sharing.

V.4 Experimental tests

V.4.1 Experimental implementation

An experimental test bench of the active wind generator has been built to test the different
power balancing strategies. Several real-time emulators are used in our system (Fig.V-16).
Previously, we have presented the experimental implementation of the wind energy
conversion system (Paragraph 11.2.2). It enables to have similar power dynamics and
characteristics as a real wind generator. The wind power emulator is used to provide the
needed wind power profile, which has been presented in Chap.ll. The fuel cell emulator and
the electrolyzer emulator are used to provide the same electrical behavior as the real fuel cell
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stack and the electrolyzer stack, which have been presented in Chap.Ill and in Chap.IV. They
are integrated into the wind/super-capacitor hybrid power system, which is presented in
Chap.ll, in order to build the experimental test bench of the active wind generator. The test
bench of the active wind generator is controlled by a Digital Signal Processor DSpace 1103.
The emulators of the fuel cells and the electrolyzers are respectively controlled by DSpace
1102 (Fig.V-16).

Wind power Chopper N°2 | DC bus Inverter N°1 IGrid with transformer 1
lemulator oo L
; 000 i
() [ L
i I
1
L e \ =—
: Fuel cell emulator 1 Chopper N°3
|
|
| DC
| \
IMElectroiyzer emulator !
I
|
|
|
|
DSpace 1103 |

(a) System implementation

’ Active Wind Generator Control Panel Operation orders and alarm signals
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o 0 0| DC bus | Power PG
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Power flow exchange |
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(b) Control panel

Figure V-16: Implementation of the experimental test bench for the active wind generator.
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The sizing of the fuel cell stack and the electrolyzer stack is adapted by using the
modeling parameters of Table V-2 in the Hardware-In-the-Loop simulation in order to be
interfaced in the experimental test bench. Three “BOOSTCAP” super-capacitors modules
(160F and 48V) are connected in series (Table V-3). Therefore, the equivalent capacitor of the
super-capacitor bank is about 53F and the maximal voltage is about 144V. Two power
balancing strategies are respectively tested and compared. With this experimental test bench,
it is possible to apply our proposed hierarchical control system for the active generator and to
test it with the developed power balancing strategies.

Table V-2: Implementation parameters for the fuel cell and the electrolyzer emulators
Number of cells | Active surface | Nominal power Time constant
Fuel cells 156 25 cm’ 1 kW 5s
Electrolyzers 70 15 cm? 1 kW 55

Table VV-3: Implementation parameters for the super-capacitors bank
Module voltage | Module capacitance | Module number | Stored energy
Super-capacitors 48 V 160 F 3 0.15 kWh

V.4.2 Test of the grid following strategy

In order to test the grid following strategy, the same fluctuant wind power profile is used
during 150 seconds as in Chap.ll. The active power requirement from the microgrid is
assumed to be p,. .~600W. The experimental results are compared with the simulation
results (Fig.V-17).

The DC-bus voltage is well regulated around 400V. Thanks to the energy storage systems,
the active power, which is exchanged with the grid, is well regulated.

For the energy storage systems, when the generated wind power is more than 600W the
electrolyzer is activated to absorb the power difference. When the generated wind power is
less than 600W, the fuel cell is activated to compensate the power difference. Since the power
dynamic of the fuel cells and the electrolzyer are limited by a low-pass filter with a 5s time
constant. They are not able to filter the fast fluctuations of the wind power. Therefore, the
super-capacitors supply or absorb the rest of the required power in order to respect the
microgrid’s power requirement (Psou=pgc ~600W). The grid active power is slightly less
than the microgrid’s requirement (po<pq. ,~600W) because different power losses in the
filers and in the power converters are not taken into account in the system study.
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Figure V-17: Time evolution of the powers inside the active wind generator with the grid following strategy

The voltages and the currents of the super-capacitors, the fuel cells and the electrolyzers
are shown in Fig.V-18. Thanks to the help of the fuel cells and the electrolyzers, the voltage
of the super-capacitor has not varied much. It means that the super-capacitors can still work
during a long time with the help of the long-term energy storage systems.
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Figure VV-18: Time evolution of the storage systems’ currents and voltages with grid following strategy

V.4.3 Test of the power dispatching strategy

The power dispatching strategy has also be tested with the same wind power profile and
the same power requirement pg. ,,~600W. Experimental results are compared with the
simulation results (Fig.V-19). The active power, which is delivered to the grid, is well
regulated. It is exactly equal to the microgrid’s requirement (pg=p,. ~600W) because the
line current control loop regulates directly the grid powers.

The DC-bus voltage is well regulated by the energy storage units against the fluctuant
wind power. They are controlled to supply or to absorb necessary powers in order to maintain

131



Chapter V Active Wind Generator

constant the DC-bus voltage. Since the power losses in the filters and in the power converters
are not taken into account in the study, the sum of the powers, which are supplied by the
storage systems, is slightly more than the microgrid’s requirement (ps.>pgc ref)-
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Figure V-19: Time evolution of the powers inside the active wind generator with power dispatching strategy

The voltages and the currents of the super-capacitors, the fuel cells and the electrolyzers
are shown in Fig.V-20. Similar results can be found here as in Fig.V-18.
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Figure V-20: Time evolution of the storage systems’ currents and voltages with power dispatching strategy

V.4.4 Comparison and discussion

Two power balancing strategies are tested above: the grid following strategy and the
power dispatching strategy. Thanks to the help of energy storage systems, the DC-bus voltage
and the grid powers can be well regulated while the wind generator is working in MPPT
strategy to extract the maximum available wind energy.

Because of their high power dynamic, the super-capacitors are used for the transient
regulation tasks. They can help to regulate the grid active power with the “grid following”
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strategy and they can also help to regulate the DC-bus voltage with the “power dispatching”
strategy. As result, the active wind generator can work in both power balancing strategies.

Because of its high energy capacity, the hydrogen based energy storage system ensures
the energy availability of the active wind generator. Thanks to the help of the fuel cells and
the electrolyzers, the storage level of the super-capacitor has not varied much. It means that
the super-capacitors can continue working during a long period against the continuously
fluctuant wind power. So the active wind generator can work like a classical power generator
to provide ancillary services to the power system of the microgrid and to ensure the system’s
power quality.

By comparing the two power balancing strategies with their experimental test results
(Fig.V-17 and Fig.V-19), we see that the grid active power is better regulated in “grid
following” strategy than in “power dispatching” strategy. In grid following strategy, the grid
power varies continuously because the line current control loop regulates the DC-bus voltage
and the grid power is adjusted all the time. In power dispatching strategy, the DC-bus voltage
is regulated by the super-capacitors and the grid power can be directly used to supply the
same power as required by the microgrid system operator. So if the active generator is
required to provide necessary powers to participate in the microgrid management, the power
dispatching strategy is preferred for more precisely controlling the grid powers.

With the same wind power profile, the similar power evolutions are found for the energy
storage units. These two power balancing strategies have the similar impacts on the energy
storage levels, because they are both developed based on the same power balance equations.

V.5 Energy management of the active wind generator

V.5.1 Studied microgrid

In our study, the active wind generator is connected to a microgrid and helps it to manage
the network (Fig.V-21).

If the microgrid is fed only by the active wind generator, the energy storage systems
should be sized large enough and operated robustly according to the load capacity of the
microgrid. For example, the fuel cell system’s capacity should correspond to the nominal load
of the microgrid and the electrolyzer system’s capacity corresponds to the wind generator’s
nominal power. The super-capacitor should be able to supply the peak load during the
transient. In this case, the fuel cells become the main power supply and the wind generator
becomes a supplementary primary power source. Moreover, the very large hydrogen storage
system should be equipped and hydrogen import from outside of the region should be possible.
This is not a cost-effective solution nowadays and the purpose of profiting from the renewable
energy is partially lost. The super-capacitors must be sized to filter wind power fluctuations
and load demand variations.

If the microgrid is also fed by other power plants, the active wind generator can provide a
continuously smooth power while the wind turbine works in MPPT strategy in order to
maximize the use of the wind energy. In this case, the fuel cell system and the electrolyzer
system should be sized according to the wind generator’s capacity, since, in the worst case,
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the active wind generator is disconnected and all wind power is then stored in Hy. The super-
capacitor system is then sized to filter wind power fluctuations.

In our study, the studied microgrid is fed by an active wind generator, a micro gas turbine
and other power plants (Fig.V-21) [Fra 08]. When the renewable energy generator can not
supply enough power, the micro gas turbine and the other power plants can be activated to
feed the microgrid. It must be noted that since the storage units are associated in the active
wind generator, a security margin exists for the energy supply. It is a very important point
because now the microgrid system operator has a sufficient time delay to change the power
planning of other power plants before the active generator shuts down. Moreover, the
microgrid can be connected to the distribution network and necessary power exchanges can be
performed between the microgrid and the distribution network.

The objective of the energy management is that the active wind generator can supply a
prescribed power during a time interval (eg. 30 minutes), which is required by the microgrid
system operator. This power reference is calculated one period before according to the
forecasting of the wind condition.
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Figure V-21: Studied microgrid
V.5.2 Energy management

a) Role of the microgrid system operator

The energy is the integral of the power time evolution p(¢) during a time interval AT. If
the time interval is fixed, the energy demand (E) can be expressed by an average power
requirement (<p>) during a period (47),

0+AT
E=| " p()dt = AT-< p >. (V-26)

The microgrid system operator forecasts the wind profile v,.,4(f) and calculates the total
expected energy (E..xq) With the estimated wind power (p, ., (z)) that the wind turbine can
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capture and can generate during each time interval in a day. The power requirement pg. ;s IS
obtained by dividing this estimated wind energy by the time interval,

1 ~
pgc_ref (}’IAT) ~ E Ewind

(n+1)AT 1 r+)AT

1
ar E nAT Priina (t )dl‘ = E N

(n+1) AT

OOt (V-27)

b) Role of the active generator

A classical power plant can supply a smooth constant power according to the microgrid’s
requirement during the period. However, the wind generator can only supply a continuously
fluctuant power because the actual wind speed is very fluctuant and will never be the same as
the forecasted wind profile. These fast fluctuating power differences can be filtered by the
super-capacitors based energy storage system, if the super-capacitor voltage is not too high or
too low. Moreover, the forecasted wind energy and the real available wind energy can not be
exactly the same. These energy differences can be stored or compensated by the hydrogen
based energy storage system (by using fuel cells and electrolyzers), if the hydrogen tank is not
full or empty (as the pressure is too high or too low).

This operating scheme is only possible if all storage levels are in a good range for the next
period. Then the normal power requirements will be attributed and the active power generator
works in a normal operating mode with all storage systems in normal states (as well as we
discussed above).

Therefore, the storage level of each energy storage system should be monitored by an
energy management unit. If the storage levels are not in a good range for the next period (30
minutes) according to the necessary energy estimations, they should be adjusted during the
next period. And the power planning, which is required by the microgrid system operator,
should also be modified for the next period. Then the active power generator works in other
operating modes during which at least one storage level is not in a good range.

The energy management must ensure the energy availability of the active wind generator
by monitoring and adjusting the storage level of each energy storage system. The
communication with the microgrid system operator is thus necessary because it must
coordinate the different power plants with upgraded their power planning for the next period.

V.5.3 Mode control unit

a) Presentation

The energy management strategies can be implemented in the Mode Control Unit (MCU)
of the hierarchical control system (Appendix C) by determining the operating mode (M) of the
hybrid power system. Each operating mode corresponds to a group of power balancing
algorithms in the Power Sharing Level (PSL) of the Power Control Unit (PCU). The chosen
power balancing algorithms perform the desired energy management purpose corresponding
to the chosen operating mode.

The operating modes are determined in the Mode Control Unit according to the fast
dynamic energy storage level (Level,) and the long-term energy storage level (Levely:)
(Fig.V-22). The super-capacitor voltage (us.) is used to characterize the fast-dynamic energy
storage level. The hydrogen pressure (Py>) in the tank is used to characterize the long-term
energy storage level.
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Figure V-22: Block diagram of the Mode Control Unit for the active wind generator

b) Short-term storage level

The short-term storage level can be expressed by the super-capacitor voltage and is
indicated in percentage in the “short-term storage level calculator” of the Mode Control Unit
(Fig.V-22):

ESC CSC“.?C /2 uS?C
Level , = =T 2 : (V-28)

with E.:  the energy, which is stored in the super-capacitors;
Es max: the maximal energy, which can be stored in the super-capacitors;
uy.. the voltage across the super-capacitors;
Use max- the maximal voltage across the super-capacitors banks;
C;.: the equivalent capacitance of the super-capacitor banks.

For efficiency and security reasons, the operating fast dynamic storage level is limited
from 25% to 95%. It corresponds to an operating voltage from 50% to 97.5% of the maximal
voltage. In our study, three BOOSTCAP 48V super-capacitor modules are used in series and
the maximal voltage is thus 144V. So the operating voltage range of the super-capacitors is
from 72V to 140.4V (Table V-4).

Table V-4: Fast-dynamic energy storage level vs. the super-capacitor voltage
Fast-dynamic storage level (Level,.): | 0% | 25% 30% 50% 90% 95% 100%

Super-capacitor voltage (u,.): OV | 72v | 789V | 101.8V | 136.6V | 140.4V | 144V

In order to avoid the chattering phenomena, two hysteresis operators are used to define
the short-term storage state (States.) by the “short-term storage state definition” of the Mode
Control Unit (Fig.V-22) with Empty,., Normal,. and Full,. (Fig.\V-23).
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Figure VV-23: Hysteresis control of the short-term recovering modes.

c) Long-term energy storage level
The long-term energy storage level can be expressed by the hydrogen pressure in the tank
and is indicated in percentage in the “long-term storage level calculator” of the Mode Control
Unit (Fig.V-22):
Level _ EHZ _ MHZkHHV _ PHZVHZkHHV/RT _ PHZ (V 29)
H2 — - - . -

H?2_max MHZ_makaHV PHZ_maxVHZkHHV /RT PH2_max

with Ey,:  the energy, which is stored in the tank in hydrogen form;

En> max: the maximal energy, which can be stored in the tank in hydrogen form;

My the number of moles of the hydrogen, which is stored in the tank;

Mz max:the maximal number of moles of the hydrogen in the tank;

Py: the hydrogen pressure in the tank;

P> max: the maximal hydrogen pressure in the tank;

Vo the volume of the hydrogen tank;

kuyyy:  the higher heating value, corresponding to the stored energy in 1 mole of
hydrogen (302kJ/mol), or to the stored energy in 1m® of hydrogen (3.51kWh/Nm?) in stardard
condition (T=25°C and Py,=1bar).

The energy capacity of a hydrogen tanks can be easily sized with the volume of the tanks
and the maximal pressure that the tanks can support. In our study, a 100L/20bar hydrogen
tank is considered. The energy storage capacity is about 7kWh. If the fuel cell system should
supply a 1000W rated power, it can stand up to about 7 hours due to its global power
efficiency. For efficiency and security reasons, the operating pressure is limited from 2bar to
18bar. The long-term storage level is then limited from 10% to 90% (Table V-4).

Table V-5: Long-term energy storage level vs. the hydrogen pressure in the tank
Long-term storage level (Level,,): 0% | 10% 15% 50% 90% 95% 100%
Hydrogen pressure in the tank (P;;): | Obar | 2bar 3bar 10.8bar 18bar 19bar 20bar

In order to avoid the chattering phenomena, two hysteresis operators are used to define
the short-term storage state (Stater,) by the “long-term storage state definition” of the Mode
Control Unit (Fig.V-22) with Emptyy;, Normaly, and Fully, (Fig.\VV-24).
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Figure V-24: Hysteresis control of the long-term recovering modes for the active wind generator.

d) Determination of the operating mode
According to the states of the energy storage systems (State,. and Statey;), four Kinds of
operating modes (including nine specific modes) can be defined in the “operating mode
determination” of the Mode Control Unit for the active wind generator (Fig.V-22):
- Normal operating mode (Modeyy)
- Short-term recovering modes (Modeyg, Modenr)
- Long-term recovering modes (Modegy, Modery)
- Entire recovering modes (Modegg, Modegr, Moderg, Moderr)
All these possible operating modes with respect to the energy storage systems are
summarized and are determined by a look-up table (Table V-6).

Table V-6: Possible operating modes (M) for the active wind generator

States Stattes Emptysc Normalsc Fullse
Emptsz Modege Modegy Modegg
Normaly, Modene Modenn Modene
Fully, Moderg Modegy Modere

For a specified operating mode, a group of power balancing algorithm is then applied in
the Power Sharing Level of the Power Control Unit (Fig.V-22). As discussed above, the
power dispatching strategy has better performances on the grid power control than the grid
following strategy. So we consider only the power dispatching strategy for each operating
mode in the following paragraphs.

V.5.4 Normal operating mode
When all energy storage systems are available (with their storage levels in a good range),
M=Modeyy, the active wind generator works in the normal operating mode. The power

balancing algorithms, which are shown in Fig.V-15, can be directly used without any
modification by the mode switching (Fig.V-25).
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Figure VV-25: Block diagram of the power dispatching strategy in normal mode

V.5.5 Short-term recovering modes

In short-term recovering modes, only the storage level (Levely.) is out of the normal range
and should be adjusted. The fuel cell or the electrolyzer should work under their nominal
power until the storage level of the super-capacitor is recovered. At the same time, the power
requirements from the microgrid system operator can still be respected.

a) Full super-capacitor mode

When the super-capacitor voltage increases above 140.4V, the short-term energy storage
level is too high (Level,>95) for the super-capacitors to operate in the same way as in the
normal mode. The long-term energy storage level is still in a good range and the active wind
generator begins to work in the “full super-capacitor mode”. Special energy management
strategy should be performed to recover the short-dynamic energy storage level (Level,.) as
soon as possible, while the active grid power is always well regulated to achieve the
microgrid’s power requirement.

In this case, the look-up table of the Operating Mode Determination (Table V-6) gives
M=Modeyr. The “mode switching” modifies only the electrolyzer power reference (pe; rer)
(Fig.V-26). It should be equal to its rated power,

pel_ref = pel_rated : (V'30)
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Figure V-26: Block diagram of the power dispatching strategy in “full-SC” mode
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As result, the electrolyzers consume more power than required and the super-capacitors
start to be discharged for returning back to its normal state. Of course, the transient should be
limited with a power slope. With the same power control algorithms for the other source, the
super-capacitor will be automatically discharged.

b) Empty super-capacitor mode

When the super-capacitor voltage decreases below 72V, the short-term energy storage
level is too low (Level,<25) for the super-capacitor to continue operating in the same way as
in the normal mode. The long-term energy storage level is still in a good range and the active
wind generator begins to work in the “empty super-capacitor mode”. Special energy
management strategy should be performed to recover the fast-dynamic energy storage level as
soon as possible, while the active grid power is always well regulated to achieve the
microgrid’s power requirement.

In this case, the look-up table of the Operating Mode Determination (Table V-6) gives
M=Modeyg. The “mode switching” modifies only the fuel cell power reference (ps. ;) by the
mode switching (Fig.V-27). It should be equal to its rated power,

pfc_ref = pfc_rated : (V'3l)
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Figure V-27: Block diagram of the power dispatching strategy in “empty-SC” mode

As result, the fuel cells generate more power than required and the super-capacitors start
to be recharged for returning back to its normal state. Of course, the transient should be
limited with a power slope. With the same power control algorithms for the other sources, the
super-capacitor will be automatically recharged.

V.5.6 Long-term recovering modes

In long-term recovering modes, the storage level (Levely;) is out of the normal range and
should be adjusted. Because the active wind generator has a problem of the energy availability
now, the grid power reference can no long be the same as the microgrid power requirements.
Thus, the microgrid system operator should be informed of this situation, it should attribute
more power requirements or less power requirements for other power plants to overcome this
special period.
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a) Full hydrogen mode

When the hydrogen pressure in the tank increases above 18bar, the long-term energy
storage level is too high (Level;;;>90%) for the hydrogen tank to store more hydrogen. So the
electrolyzer system can not operate in the same way as in the normal mode. The short-term
storage level is still in a good range and the active wind generator begins to work in the “full
hydrogen mode”. Special energy management strategy should be performed to recover the
long-term energy storage level.

In this case, we have M=Modery, the grid power reference (pg. ;) Of the active wind
generator should be modified in order to ask the electrolyzers to consume more hydrogen
from the H; storage. It can be a higher value, which corresponds to (for example 50%) more
energy than the forecasted wind energy during the next periods, until a good hydrogen
pressure is recovered.

Or it can also be set with the rated power value (pg. raeq) OF the active wind generator
(Fig.V-28).

Peoc_rer (nAT)=p gc_rated * (V-32)

Then the fuel cell will be activated alone to supply the complement power between the
actual wind power (p,) and the active wind generator’s rated power (pgc rared), because this
value of p,,, will never be higher than pe ,aeq. As result, the hydrogen tank will be discharged

since the hydrogen is used by the fuel cell to supply the power to the grid.
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Figure V-28: Block diagram of the power dispatching strategy in “full-H2” mode

b) Empty hydrogen mode

When the hydrogen pressure in the tank decreases below 18bar, the long-term energy
storage level is too low (Level;;<10%) for the hydrogen tank to release more hydrogen. So
the fuel cell system can not operate in the normal mode. The short-term storage level is still in
a good range and the active wind generator begins to work in the “empty hydrogen mode”.
Special energy management strategy should be performed to recover the long-term energy
storage level.

In this case, we have M=Modegy, the grid power reference (p,. ;) Of the active wind
generator should be modified in order to ask the fuel cells to produce more hydrogen for the
H, storage. It can be a lower value, which corresponds to (for example 50%) less energy than
the forecasted wind energy during the next periods, until the hydrogen pressure is recovered.

Or it can also be set to zero (Fig.V-29),

Pee o (WAT)=0. (V-33)
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Then the electrolyzer system will be activated alone to absorb the power difference
between the actual wind power (p,.;) and the zero power reference, because this value of p,,
will never be smaller than 0. As result, the hydrogen tank will be recharged with the hydrogen
which is produced with the generated wind power.
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Figure VV-29: Block diagram of the power dispatching strategy in “empty-H2” mode.

V.5.7 Entire recovering modes

We have introduced five specific operating modes (with M=Modeyy, M=Modeyr,
M=Modeyg, M=Modery, M=Modery) in the previous paragraphs. In all of these five
operating modes, even if one of the two energy storage systems can not work normally, the
wind generators can always work in a MPPT strategy to extract the maximum of the available
wind energy if the wind speed is medium.

When both storage levels are out of their normal ranges, we have M=Moderr, M=Modeg,,
M=Modegr, M=Modegr in Table V-6, and the active wind generator works in the “entire
recovering modes”. None of the energy storage systems can properly operate and the active
wind generator enters into an extremely abnormal situation.

We will not present them in detail, because the active wind generator is not “active”
during this operating mode. In this case, we have two possible solutions.

- Either the wind generator works in a MPPT strategy and the grid following strategy is

used to regulate the DC bus voltage and to deliver a fluctuant wind power to the grid.
In this case, we loose the ancillary service for the microgrid management from the
active wind generator, but we have still the power production.

- Or a constant power can be exchanged with the microgrid to recover the long-term
storage level (Levely;), and the wind generator should be stopped or should supply a
constant power if a necessary wind speed is available. When Levely,;, is recovered, the
active wind generator can operate in the “short-term recovering mode” to recover the
short-term storage level (Level,;). In this case, the wind power production is limited,
but the active wind generator can provide ancillary service to the grid as soon as
possible.
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V.6 Performance tests of the energy management strategies
V.6.1 Presentation

The energy management strategy test should be performed for a long time range, so
numerical simulations are used to test the performance. The main objective is to monitor the
variation of the storage levels in order to evaluate these energy management strategies, so
only the power models are used in this part. The same parameters are used in these tests as in
the previous sections

V.6.2 Normal operating mode
In the normal operating mode, the two storage levels are both in a good range (u;,.=125V
and Py,=10bar). The same wind power profile is given and is repeated during 150 minutes

(9000 seconds). The grid power is updated every period of 25 minutes (1500 seconds). The
test results are shown in Fig.V-30.
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Figure V-30: Test of the energy management strategy for the active wind generator in normal mode

With the proposed power balancing strategies, the super-capacitor voltage has not much
varied, thanks to the available long-term energy storage system. With a good wind generation
forecasting, the grid power reference (pg. ,/=550W) is close to the average wind power (from
0 to 30min), and the hydrogen pressure in the tank does not vary much. When the forecasted
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wind generation is not very accurate, the long-term storage system should store or release
more energy in order to ensure the energy availability of the active wind generator and the
long-term storage level varies (from 30minutes to 180minutes).

V.6.3 Short-term recovering modes

When the short-term storage level (Levels.) goes out of the good range (from 25% to
95%), the active wind generation works in short-term recovering mode. Two tests are
performed to evaluate the energy management strategies in short-term recovering mode,
respectively for the “full super-capacitor mode” (Fig.V-31) and the “empty super-capacitor
mode” (Fig.V-32).
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Figure V-31: Test of the energy management strategy for the active wind generator in “full-SC” mode
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When the super-capacitor voltage goes above 140.4V (Level,,=95%), the “full super-
capacitor mode” should be started immediately. A constant power reference (500W) is sent to
the electrolyzer and the fuel cell is deactivated until the super-capacitor voltage is back below
136.6V (Level,,=90%) (Fig.V-31).

When the super-capacitor voltage goes below 72V (Level,,=25%), the “empty super-
capacitor mode” should be started immediately. A constant power reference (500W) is sent to
the fuel cell and the electrolyzer is deactivated until the super-capacitor voltage is back above
78.9V (Level,,=30%) (Fig.V-32).
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Figure V-32: Test of the energy management strategy for the active wind generator in “empty-SC” mode
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V.6.4 Long-term recovering modes

When the long-term storage level (Levely;) goes out of the good range (from 10% to
90%), the active wind generation works in long-term recovering mode. Two tests are
performed to evaluate the energy management strategies in long-term recovering mode,
respectively for “full hydrogen mode” (Fig.V-33) and “empty hydrogen mode” (Fig.V-34).
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Figure V-33: Test of the energy management strategy for the active wind generator in “full-H2” mode
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When the hydrogen pressure in the tank goes above 18bar (Level,,=90%), the “full
hydrogen mode” should be started for the next period of 30 minutes. The microgrid system
operator should attribute a higher active power requirement (800W for example) than the
value, which is obtained by wind condition forecasting (600W). With the properly used power
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Figure V-34: Test of the energy management strategy for the active wind generator in “empty-H2” mode
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balancing strategy, the fuel cells supply more power than the electrolyzers consume and the
hydrogen pressure in the tank increases. The normal operating mode will be restarted only if
the hydrogen pressure in the tank is back below 17bar (Level,,=85%) in the previous period.
(Fig.V-33).

When the hydrogen pressure in the tank goes below 2bar (Level,,=10%), the “empty
hydrogen mode” should be started for the next period of 30 minutes. The microgrid system
operator should attribute a lower active power requirement (OW for example) than the value,
which is obtained by wind condition forecasting (600W). With the properly used power
balancing strategy, the electrolyzers consume more power than the fuel cells supply and the
hydrogen pressure in the tank decreases. The normal operating mode will be restarted only if
the hydrogen pressure in the tank is back above 3bar (Level,,=15%) in the previous period.
(Fig.V-34).

V.6.5 Discussion

a) Power balancing and energy management

Power balancing deals with the instantaneous power flow control among the different
sources. As result, it leads to directly two basic control functions: DC-bus voltage regulation
and grid power regulation. With the presence of the fast-dynamic energy storage system and
the long-term energy storage system, both the “grid following” strategy and the “power
dispatching” strategy can be used for the power balancing of the proposed active wind
generator. Because of the better performance on the grid power regulation, the “power
dispatching” strategy is preferred.

Energy management deals with the monitoring and control of the energy storage levels by
taking decisions on the system’s operating mode. As result, it leads to the energy
sustainability of the power system. The thresholds of the storage levels are not invariable, but
should be adapted with the available equipments and the user’s requirements.

b) Sizing of the storage systems

The sizing of the storage systems depends on the system requirement.

If the total conventional generator power is extremely larger than the integrated wind
generator, the fluctuant wind power has even no impact on the system’s power quality. So the
wind generator can work like a passive generator and no energy storage systems are needed.

If the microgrid is partially fed by the wind generator, smooth wind powers are required
in order to ensure the system’s power quality and even to provide sometimes some services to
the power system. In this case, energy storage systems are needed to build an active wind
generator. They should only be sized according to the wind generator’s rated power, in order
to supply or to absorb the rated wind power in the worst case.

If the microgrid is mainly fed by the wind generator, the energy storage system of the
active wind generator should be sized according to the microgrid’s capacity. Because of the
fluctuant and random characteristics of the wind condition, the active wind generator should
supply the system even if there is no wind.

The sizing of the storage systems is relatively easy. In order to adapt the power level
(voltage and current), corresponding cell numbers and active surface areas can be easily
calculated for the fuel cell stack and the electrolyzer and the number of the modules in series
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and the number of the modules in parallel can also be easily calculated for the super-capacitor
bank.

The specified sizing of the storage systems will not change the power balancing and
energy management strategies. Only the storage levels’ thresholds need to be adjusted. So the
discussed methodologies can be applied to the DC-coupled hybrid power system of different
power scales.

V.6.6 Efficiency analysis

In a classical wind energy conversion system, the generated wind energy, which is sent to
the DC bus, is totally delivered to the grid. This energy efficiency of this energy conversion
system can be considered as 100%, if all kinds of power losses are ignored.

In the studied active wind generator, two kinds of energy storage system are integrated
through the DC bus. A part of the generated wind power is exchanged with them before being
delivered to the grid. So the round-trip efficiency of the storage systems should be taken into
account to evaluate the system efficiency (Fig.V-35).

Directly used wind energy (E.y)
100%
Generated Exchanged wind energy with short-term storage system (E,) \. Delivered
wind DC/DC |:> sC |:> DC/DC wind
energy 95% 95% 95%

energy
Exchanged wind energy with long-term storage system (Ey)
DC/DC |:> EL+FC |:> DC/DC
95% 74% X 47% 95%

Figure VV-35: Energy exchange inside the active wind generator

The assumed efficiencies of each component are listed in Table V-7. Therefore, the
round-trip efficiency of the fast-dynamic storage system is about 85.74% (0.95x0.95%0.95).
The round-trip efficiency of long-term energy storage by hydrogen is 31.38%
(0.95%0.74x0.47x0.95). If the intrinsic losses (for example, the powers, which are consumed
by the auxiliary systems, like compressors) are taken into account, the round-trip efficiency is
29.84% [Li 08a]. The system efficiency can be obtained by using the following equation,

E,, Etny,Eyp+nE,

= = =a,, +85.74%«¢,,, + 29.84%c -
7710[ E Ewg + EH2 + ESC wg H?2 sc (V 34)

gen

with  E,.,. the generated wind energy, which is sent to the DC bus;
Es.  the delivered wind energy from the DC bus to the grid
E...  the energy, which is directly delivered to the grid from the wind generator;
Eny: the energy, which is exchanged with the long-term energy storage system;
E.: the energy, which is exchanged with the fast-dynamic energy storage system;
nm2-the round-trip efficiency of long-term energy storage system (29.84%));
N5 the round-trip efficiency of fast-dynamic energy storage system (85.74%);
N0r- the system efficiency of the active wind generator;
awg.  the energy distribution ratio of £\, Iin Eg,,;
a m: the energy distribution ratio of Ex; in Ege,;
as.  the energy distribution ratio of E. in Eg,,.
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Table VV-7: The round-trip efficiency of the storage systems
Super-capacitors Fuel cell Electrolyzer DC-DC Fast-dynamic Long-term
bank system system converters storage storage
95% 47% 74% 95% 85.74% 29.84%

The system efficiency is 88.5% (with « ,,,=79.1%, a ,=5.6% and « x,=15.3%) in normal
operating mode with p,, ,,=550W during 150 minutes. It becomes 85.0% (with a,,,=74.1%,
a =5.6% and « ,=20.3%) for the scenario, which is presented in Fig.V-30. We can see that
the energy distribution ratios (a..e, ar2 and a,.) depend on many factors. For examples:

- If the wind power is less fluctuant, less energy is exchanged with the energy storage
systems, so the directly transferred wind energy (« .g) is increased and the system
efficiency 7, is also increased.

- If the wind forecast is more precise, ., can be increased, « 5, can be reduced and the
system efficiency 7., can be improved.

Possible values of the system efficiency are calculated in Table.\VV-8 according to different
energy distribution ratios.

Table V-8: Possible system efficiencies according to different energy distribution ratios
&2l 00 | 01| 02 | 03 | 04 | 05 0.6 0.7 | 0.8 | 09 1.0

Qg
0.0 | 85%| 80% | 75%| 69%| 63% | 58% | 53% | 46% | 41%| 36% | 29%
0.1 | 87%| 81% | 76%| 71%| 65% | 59% | 54% | 48% | 42%| 37%| -
0.2 | 88%| 83%| 78% | 72%| 66% | 61%| 55% | 49% | 44%| - -
0.3 | 91%| 84%| 79% | 74%| 67%| 62%| 57%| 51%| - - -
0.4 | 92%| 86% | 80% | 75%| 69% | 63%| 58% | - - - -
05 | 93%| 87% | 82% | 76%| 71%| 65%| - - - - -
0.6 | 95% | 88% | 83% | 78%| 72%| - - - - - -
0.7 | 96% | 91%| 84% | 79%| - - - - - - -
0.8 | 97%| 92%| 86% | - - - - - - - -
0.9 | 99%| 93%| - - - - - - - - -
1.0 [100%| - - - - - - - - - -

Some extremely cases are explained as follows:

- when no storage devices are used and the wind power is totally delivered to the grid, the
system efficiency is considered as 100% (orange);

- when only super-capacitors are used, the possible values of system efficiency are presented
in the second column (blue);

- when only hydrogen devices are used, the possible system efficiencies are presented in the
diagonal (green);

- with both energy storage systems, the system efficiency should probably stay in the
triangle area (purple);

- the other values of the system efficiency will rarely appear if the system works in normal
operating mode (white).

V.6.7 Cost evaluation
The economic and technical performance should be evaluated for the multi-source hybrid
power system, like cost and efficiency of each component and of the whole system. Table.V-9

presents the actual costs (2008) and the expected costs (2015-2020) of the components [Zou
07] [Bec 08].
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Some similar economic and technical metrics have also been proposed and have been
applied to compare different hybrid power systems based on solar energy (PV/Batteries,
PV/H2 and PV/Batteries/H2) [Li 08c]. Due to the short lifetime and high price, the batteries
are not suitable for long-term energy storage. The lowest cost with a better efficiency can be
obtained by using batteries for short-term energy storage and hydrogen devices for long-term
storage (Table.V-10).

Table VV-9: Techno-economic statistics of different components [Zou 07] [Bec 08]

Efficiency | Lifetime | Present cost | Expected cost (2015) | Cost Reduction
Photovoltaic Panels 14% 25year | 10200 $/kwW 8000 $/kW 22%
Wind Turbines 30% 25 year 1200 $/kW 1200 $/kW Stable
Power Converters 95% 10 year 1000 $/kW 1000 $/kW Stable
Fuel cells 47% 5 year 2000 $/kW 500 $/kW 75%
Electrolyzers 74% 10 year 1500 $/kW 500 $/kW 67%
Super-capacitors 95% 20 year 300 $/kwW
Batteries 90% 5 year 120 $/kWh
Hydrogen tanks 100% 20 year 30 $/kWh
Table V-10: Comparison of system efficiency and electricity cost for a PV based hybrid power systems [Li 08c]
PV/Batteries PV/H2 PV/Batteries/H2
System Efficiency 81.76% 43.71% 71.30%
Electricity Cost 0.95$ 1.16$ 0.88%

For our system, the system efficiency varies from 54% to 87% if properly operated
(Table.V-8). Although the super-capacitors are more expensive than batteries, wind energy is
much cheaper than solar energy, the electricity cost of the active wind generator will be
comparable with PV/Batteries/H2 hybrid power system (0.88%). Moreover, more we need an
energy storage capacity, cheaper cost we have for per unit of energy, and more benefits we
make from this active wind generator. Because, we do not need to over size the fuel cell
system and the electrolyzer, but only need to increase hydrogen reserve. On the contrary, it is
very expensive to increase the number of batteries for this purpose. After all, with fast
developing control technique and reducing component price, the electricity cost of the active
wind generator can be probably much reduced.

V.7 Conclusion

The hydrogen based long-term energy storage system (based on fuel cells and
electrolyzers which are presented in Chap.lll and in Chap.IV) has been finally added in the
super-capacitors assisted wind energy conversion system (which is presented in Chap.ll), in
order to ensure the energy availability of the system. In this chapter, the system study is
presented, including the system modeling and the control design. The different power
balancing and energy management strategies are proposed to transform the wind/H2/super-
capacitors hybrid power system into an active wind generator. This active wind generator
works like classical power plants, which can supply smooth and controllable powers to satisfy
the microgrid power requirements, in spite of the continuous fluctuation of the wind power.

Both power balancing strategies can be used for the active wind generator. They are
tested in simulation and in experimental implementation. The results shows that the “power
dispatching” strategy has better performances in DC-bus regulation and in the grid power
control than the “grid following” strategy.
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Different operating modes of the active wind generator are defined according to the
related energy storage levels. Different energy management strategies are proposed for
storage level’s recovering. Their performances are respectively tested by simulations for long-
time operations and proved to be able to bring the storage levels back in the normal operating
ranges.

Finally, some techno-economic evaluations are discussed. The system efficiency depends
much on the power balancing and energy management strategies. They can be well increase
by improving the control strategies. The cost of the system is still very high, however, this
situation will be improved with the fast developing technologies and continuously reduced
price of the components.
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In the previous chapters, the modeling and control schemes have been separately studied
for the wind/super-capacitor based hybrid power system, the fuel cell system and the
electrolyzer system. The objective is to design an active wind generator, which can work like
a classical power plant to provide ancillary services to the electrical system of the microgrid.
They are finally integrated together to form a wind/hydrogen/super-capacitors hybrid power
system. The study consists of the design of the power balancing and energy management
strategies. Several tests have been done to compare the performances with simulations and
experiences. In this chapter, a summary of the dissertation is presented, some conclusions are
driven and some recommendations for future work are also brought.

Summary of the Thesis Work

Recall of the context and the methodologies

In this PhD dissertation, the introduction of wind generators in a microgrid is considered.
In order to overcome the wind power’s intermittent and fluctuant characteristics, energy
storage systems should be added in. Different energy storage technologies are compared.
Finally the hydrogen-related technologies including fuel cells and electrolyzers are chosen to
ensure the energy availability of the system and the super-capacitors are chosen to ensure fast
power dynamics.

The objective of this research work is to design the control system and the energy
management system of all units in order to form an active wind generator. The used tools and
methodologies are presented in the first chapter of the dissertation. The equivalent continuous
modeling method and some graphical tools are introduced, as the Causal Ordering Graph
(COG), the Energetic Macroscopic Representation (EMR) and the Multi-Level
Representation (MLR). The design method of the control system is also recalled. Real-time
emulators can provide the same electrical behaviour of the emulated components, so they are
enough in our study to test the experimentally implemented control functions and the power
balancing strategies.

Wind energy conversion system

A classical wind energy conversion system is firstly studied. It consists of a wind energy
generation system and a grid connection system, which are connected through two back to
back power inverters. The system modelling and the control design are studied by using
graphical tools (REM and MLR). When the wind generator works in MPPT strategy, the grid
connection system regulates the DC-bus voltage and the fluctuant wind power is delivered to
the grid. A wind power emulator is experimentally implemented to provide the same fluctuant
power profile as a wind generator.

Because the wind energy production is very difficult to predict, the power balancing
between the production and the consumption becomes very difficult. So this fluctuant wind
power has very bad impacts on the power quality of the electrical system of the microgrid. As
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solutions, the energy storage system are used to set up a hybrid power system with additional
control functions, in order to make the power generation more controllable and flexible.

Wind/super-capacitors hybrid power system

A super-capacitor based fast-dynamic energy storage system is added to the DC bus in
order to filter the fast fluctuations of the wind power. The modelling and control of this
wind/super-capacitors hybrid power system are studied with the help of graphical tools (REM
and MLR). Two power balancing strategies are presented. With the “grid following” strategy,
the grid connection system regulates the DC-bus voltage and the super-capacitor helps the
wind generator to satisfy the power requirement from the microgrid. With the “power
dispatching” strategy, the grid connection system controls the delivered power to the grid and
the super-capacitors regulate the DC-bus voltage against the fluctuant wind power. Both
power balancing strategies are experimentally tested.

Fuel cell for energy backup from hydrogen

An overview has been given on the existing fuel cell technologies, the operating
principles, the fuel cell system, the technical challenges and the modeling methods. In our
study, a 1200W Ballard Nexa™ power module is studied, including the system modeling and
control design. The modeling parameters are experimentally identified. This model is used to
build a fuel cell emulator to provide the same electrical behavior as the studied fuel cell stack.
It has been used to assess the hybrid power system in order to test the control functions, the
power balancing and energy management strategies for the active generator.

Electrolyzer for energy storage into hydrogen

An overview has been given on the existing electrolyzer technologies, the operating
principles, the electrolyzer system and the commercialized products. In our study, the S00W
CETH GENHY100® power module is studied. The system modeling and control scheme is
presented with EMR in order to give a better presentation. The modeling parameters are
experimentally identified. This model is used to build an electrolyzer emulator to provide the
same electrical behavior as the studied electrolyzer stack. It has been used to assess the hybrid
power system in order to test the control functions, the power balancing and energy
management strategies for the active generator.

Active wind generator

Finally, the DC-coupled wind/hydrogen/super-capacitors hybrid power system has been
considered. The modelling and control of the entire system are studied with the help of
graphical tools (REM and MLR). The different power balancing and energy management
strategies are proposed to transform the hybrid power system into an active wind generator.
This active wind generator works like a classical power plant, which can supply smooth and
controllable powers to satisfy the microgrid power requirements, in spite of the continuous
fluctuations of the wind power.

Two power balancing strategies can be used for the active wind generator. They are tested
in simulation and in experimental implementation. Different operating modes of the active
wind generator are defined according to the related energy storage levels. Different energy
management strategies are also proposed for storage level’s recovering. Their performances
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are respectively tested by simulations for long-time operations and are proved to be able to
bring the storage levels back in the normal operating ranges.

Discussions and Conclusions

Hybrid power system for active generator

In order to make an active generator from renewable energies, a hybrid power system is
required because of the intermittent availability and fluctuant characteristics of the renewable
energy sources. Three types of power sources are required :

- renewable energy generation systems (for supplying primary energy);

- fast-dynamic energy storage systems (for improving power quality);

- long-term energy storage systems (for ensuring energy availability).
Different devices can be chosen for each type of power sources according to local condition
and power requirements. But the three types of power sources must be coordinated to perform
an active generator for providing ancillary services to the electrical system of the microgrid.

Control system for active generator

A hierarchical control is implemented for the active wind generator. It can be divided into
four levels:
the Switching Control Unit (SCU);
the Automatic Control Unit (ACU);
the Power Control Unit (PCU);
the Mode Control Unit (MCU)

The SCU and ACU are both low-level control functions and can be separately designed
with standard methods and techniques. The PCU and MCU are both high-level control
functions and should be designed for the entire system according to some specific
requirements. So the PCU and the MCU are the main concern of an active generator’s control
system. We have proposed and tested two power balancing strategies in the PCU to make a
smooth and flexible power generation from the active wind generator. We have also proposed
several energy management strategies in the MCU in order to ensure and recover the energy
availability of the active wind generator.

Power balancing strategies

In order to transform the hybrid power system into an active generator, it is very
important to coordinate the different power sources, especially their power flows. The DC-bus
voltage is the direct consequence of the power flow exchange among the different sources,
and it should be well regulated for the system’s stable operation. The delivered power to the
grid is another consequence of the power flow exchange among the different sources; it
should be precisely controlled to provide ancillary services to the power system of the
microgrid. This is an advanced control function.

In wind energy conversion system without any energy storage system, when the wind
generator works with a MPPT strategy, only the grid connection system can be used to
regulate the DC-bus voltage. The fluctuant wind power is totally delivered to the microgrid.
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The wind energy conversion system works like a passive generator, whose power supply does
not depends on microgrid’s requirement but on the climate condition.

In the hybrid power system, with the help of the energy storage systems, the DC-bus
voltage and the grid power can be both controlled with a well implemented power balancing
strategy. Two power balancing strategies are discussed in our study. With the “grid
following” strategy, the grid current control loop regulates the DC-bus voltage, the energy
storage systems are coordinated to help the wind generator to satisfy the power requirements
from the microgrid. With the “power dispatching” strategy, the grid connection system
controls the delivered power to the grid and the energy storage systems regulate the DC-bus
voltage against the fluctuant wind power. Both power balancing strategies are experimentally
tested and compared. We find that the “power dispatching” strategy has better performances
on the grid power control than the “grid following” strategy.

Energy management strategies

Two kind of energy storage systems are used in the hybrid power system. The fast-
dynamic storage system is sized according to the required power level (for following the fast
varying peak power). The long-term storage system is sized according to the required energy
capacity (for ensuring the energy availability during hours, days or months). Their storage
level has been monitored in order to ensure the “good health” of the active generator. When
the grid power requirement and the available wind power are different, the storage levels will
vary. When a storage level goes out of the good range, an energy management strategy must
be performed by defining an operating mode and by choosing the right power balancing
algorithms for the active generator.

The implemented energy management strategies results in the following performances.
When the fast-dynamic storage level goes out of the normal zone, the active generator itself
can bring it back with the help of the long-term storage system and without modifying the
grid power task. When the long-term energy storage level goes out of the normal zone, it can
only be brought back by modifying the grid power requirement. In all these cases, the wind
generator can always work with a MPPT strategy to make the maximum benefits from the
wind energy without any bad impact on the electrical grid.

Recommendation for Future Work

High power-scale implementation

The active wind generator has been designed with a small power scale. The control
functions and the power balancing strategies have been experimentally tested and validated.
In order to obtain an industrial and commercial prototype, an experimental implementation
with a larger power scale is suggested to investigate the problems, which may occur with high
voltages and a high current

Experimental assessment

In our experimental tests, we focus on the power balancing strategies and the coordination
of the different types of energy storage systems. So some real-time emulators are used to
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provide required conditions of the experimental test. However, a real wind generator, a fuel
cell system and an electrolyzer system will be necessary to design a commercial plant.

Techno-economic and environmental evaluation

In this work, we focus on the control functions of the active wind generator. Only a
simple discussion on the efficiency and the cost of the system is given. The efficiency of the
active wind generator depends on the power balancing and energy management strategies.
The cost of the system depends on the improving control techniques and the reducing price of
components. But no precise evaluations are given in this work. They should be evaluated
precisely with a sophisticated algorithm and some statistics, by taking into account the
technical evolution three types of sources and the environmental benefits. That will be very
useful for the future practical use.

AC-coupled hybrid power system

In our study, a DC-coupled structure is chosen for the hybrid power system assessment
because of different advantages. In this case, all energy sources should be close from each
other. However, sometime the needed energy sources are dispersed far from each other
because of geographical reasons. Then the AC-coupled structure can be used for the hybrid
power system. Therefore, it will also be very useful to test the performance of an AC-coupled
hybrid power system.
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Appendix A: The ongoing research & development on Distributed Generation

Table A-1: The ongoing research & development on Distributed Generation

In Europe

IRED’s projects (Integration of Renewable Energy Sources and Distributed Generation into Electricity Grid)
see http://www.ired-cluster.org

Terminated project

Over 100 partners, 34M euro (see the web site for more detail)

Project FENIX

Flexible Electricity Networks to Integrate the eXpected Energy Evolution
(22 partners 7.8M Euro)

Project SOLID-DER

Coordination Action to Consolidate RTD Activities for Large-Scale Integration of
DER into the European Electricity Market
(15 partners 1.5M Euro)

Project MORE
MICROGRIDS

Large Scale Integration of Micro-Generation to Low Voltage Grids
(22 partners 7.8M Euro)

Project DER-LAB

Network of Excellence for Decentralized Energy Resources and Preparation of
Standards
(11 partners 4.1M Euro)

In the United States

Supported by DOE (Department of Energy) and CEC (California Energy Commission)
See http://www.energy.gov and http:/www.energy.ca.gov

Consortium for Electric Reliability Technology Solutions
- The CERTS Microgrid Concept (2002)

CERTS projects - Autonomous Control of Microsources (2006)

- CERTS Microgrid Testbed (2006)
GE Global Research Development and demonstration of a microgrid energy management (MEM)
Microgrid framework for a broad set of microgrid applications that provides a unified controls,

protection, and energy management platform

Other U.S. Microgrid
RD&D

- Distributed Utility Integration Test (DUIT)
- development of IEEE P1547.4, Draft Guide for Design, Operation, and
Integration of Distributed Resource Island Systems with Electric Power Systems

In Japan

NEDO’s projects (New Energy Technology Department)
See http://www.nedo.go.jp/english

2004-2007 Demonstrative project on new power network systems

2003-2007 Demonstrative projection of regional power grids with various new energies

2003-2007 Demonstrative project on grid-interconnection of clustered photovoltaic power
generation systems

2004-2007 Wind power stabilization technology development project

In Canada

CANMET projects (Energy Technology Center)
See http://canmetenergy-canmetenergie.nrcan-rncan.gc.ca

Remote Microgrids
Applications

Applications of autonomous microgrids for remote locations by electrification of
electrically non-integrated areas, often geographical islands.

Grid-Connected
Microgrid Applications

Investigate full-scale development, field demonstration, and experimental

performance evaluation of:

- frequency and voltage control methods/algorithms and the available technologies,
under various microgrid operation modes

- transition between grid-connected and islanded modes, and vice versa

- high DER penetration and its impact on the host grid and interaction phenomena
between DERs.

Planned Microgrid One central element within the microgrid concept used to maintain continuity of
Islanding supply during planned outages; e.g., substation maintenance periods.
Development of MV To upgrade one of HQ’s MV distrib}ltion lines for testipg variqus concepts,

Test Line methods, algorithms, and technologies related to DER integration, smart

distribution system concepts, and microgrids.
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Appendix B: Equivalent Continuous Modeling of Power Converters
B.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 (s;) 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).

s, € 0.1} with{

As ideal power switches are considered, the switches in a same commutation circuit are in
complementary states:

i €{1,2,3}n°0f theleg

j € {,2}n° of the switch in the commutation circuit

s, +s,=1 Vie{l23}
B.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 L,. and
generates the current i;.. The DC-bus capacitor is the voltage source and generates the voltage
(uac) (Fig.B-1).
Current source Chopper Voltage source Current source Chopper Voltage source
—— e — = — — — —_ —

bn_sc

K

D]

ige

< ) K’
Um_sc

(a) Electrical diagram of the DC chopper (b) DC chopper with ideal switches
Figure B-1: Diagram of the DC chopper in the super-capacitor storage system

The modulation functions of the DC chopper can be expressed from the switching
function (s,.;;0f the first switch in the commutation circuit:
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msc = Sscll :

Then the modulated voltage u,, s and the modulated current i, , of the DC chopper are
obtained as follows:

u sc mscudc

lm sc = mSClSC

In practice, a connection controller is used to create the two complementary switching
functions (ss;; and ss;2) with necessary dead times from the modulation function m,.. Then
the switching functions are converted into ON/OFF signal for each semi-conductor switch
through some drivers and optocouplers. The modulation function my is obtained by
comparing an average modulation function <m,> with a triangular signal ¢ (Fig.B-2).

In theory, when the modulation frequency of the carrier signal £ is much higher than the
frequency domain of the control signal (which is a continuous value for the DC chopper), the

average mOdulation funCtiOH can be Obtained as fOHOWS:
1 J-to+At (t) y (t )
<m_ >=— m d +m .
sc . t Jo sc sc \"0

By considering that the voltage u,. and the current i,. are constant during the time interval A4¢,
the average values of the modulated voltage<u,, > and the modulated current <i, (> are
expressed as follows:

{< umﬁsc >=< msc > udc

<i, . >=<mg,>I,

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 <m,> can be used to model the DC chopper.

Driver Connection <My re™
ON/OFF See 1 controller —
L Sse )
<
ON/OFF Sse 2 T
5.
4
N S ¢
/\ /\ / m.o>
sc_reg
1 1 ’
] ] ]
0 T T T >
i i ) t
] ] ’
A ; H H
1
Mye reg
0 >

Figure B-2: Classical PWM method

DC chopper N

\

e - - -
<mSC>f

Figure B-3: Equivalent average electrical diagram of the DC chopper
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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 (jine=[isine 1 i/,-nefg]T) and the voltage source comes
from the DC bus and is set to generate the DC-bus voltage (u,.) (Fig.B-4).

Joltage source 3-phase inverter Current sources Voltage source 3-phase inverter Current sources
e — e — — . — e s e — — e — v — i i s 0

iin: f ] -l.inv) T T I
-I K] 'I 2 'I Kj‘ Vinvi \KJ KZ K3 | Vinvi -~ i“

O O,
7
Uiny13 Vipy2 Uinvi3 Viny2 .
< N i[z 112
( )—)—I n I—' ‘> N
() u;, . u C) Uiny23 :
Ugs T inv23 ~ii3 dc nvy @N 13
| AN

ggg [y ©
Vinv3 Vinv3

(a) Electrical diagram of the three-phase inverter (b) Three-phase inverter with ideal switches
Figure B-4: Diagram of the three-phase inverter in the grid power conversion system

The modulation functions (m,=[mini3 min23]) of the three-phase inverter can be
expressed from the switching functions (sin=[Sinis Sinv21 Simv3i]) Of first switches of the three

commutation circuits :
{minv13(t):| F 0 _1} Simr1 (7)
m,, (1) = = Simar () |-
M3 (t) 0 1-1
Sima1 (1)
Then the modulated voltage (i =[tinv13 umm]T) and the modulated current i;,, of the three-
phase inverter are obtained from the DC-bus voltage and the line currents (i=[i;; i;2]), which
are considered constant during the time window At :
u,, ) =m, (1) u,
I (1) = ma& (0) 1,

In practice, a connection controller is used to create the six switching functions {ss;,
Sinvi2s Sinv21s Sinv22> Sinv3l> Simv32} With necessary dead times from the modulation function my,.
Then the switching functions are converted into ON/OFF state of each switch through some
drivers and optocouplers. The modulation function m;,, can be obtained by comparing an
average modulation function <m;,,> with a triangular signal ¢ (Fig.B-5).

In theory, when the modulation frequency of the carrier signal ¢ 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 to+At
< minv >= E o minv (t)dt + minv (tO) .
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Then the average values <u;,,> and <i;,,> of the modulated voltage and the modulated current
are expressed as follows:

< zin

< linv

, >=<m

> Uy,

—inv

T .
>=< minv > ll

The voltage u,. and the currents i; 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 Fig.B-6. Finally, a vector <m;,,> can be used to model the

three-phase inverter.

ON/OFF | Driver |gmi1re|Connection el Min13 reg™
ONJOFF | Jiniz re] CONUONEr | minss ree | § PWM i"_
ONQFF | Sim2ire S D
ON/OFF Sinv22 reg el 1
ONZOE :Si’w“ﬂg i reg ; PWM i: <Minv23_reg™
ON‘O& ;vasz re E _________ i:

“S

1f-——-—--- o il

N\
o

m———mm =g
]
[

e ———

:
<

Figure B-5: Classical sinusoidal PWM method.

>

- e - - - - -y

I/ Three-phase inverter N
\

e

iinv
|

iy

Uinyi3 |

122
( ) Uiny23 |
|

Figure B-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 (< ec>=[(<ttrec13™> (<ure623>]T) and the modulated
current (<i,,.>) from the DC-bus voltage u,. and the currents (Zua=[imaci imacg]T) of the
electrical machine, with the averaged vector (<mye.>=[<Myec13> <mm.23>]T) of the rectifier

modulation functions:

<u,

< lV@C

c >=< mrec > udc

T . :
>=< m,.. > L nac
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As result, the equivalent continuous model of the three-phase inverter is obtained and the
electrical diagram is shown in Fig.B-7. Finally, a vector <m,..> can be used to model the

three-phase inverter.

Lmacl

/
|

| Urecl 3
— 4
> T
Lmac2 |
|
|
\

Upec23 ( )

Figure B-7: Equivalent electrical average diagram of the three-phase rectifier

Lmac3
-
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Appendix C: Control Structure of Power Systems through Power Converters

In a power system, power converters are usually used to introduce some control inputs for
the power conversion. The structure of the control system can be divided into four different
levels [Hau 99]:

- Switching Control Unit (SCU);

- Automatic Control Unit (ACU);

- Power Control Unit (PCU);

- Mode Control Unit (MCU).
A representation of a power system including renewable energy generators and energy storage
systems is given as example (Fig.C-1). Different power converters are used to connect the
different energy sources to the DC bus. The roles of each control unit in the control system
are explained as below.

A
- Renewable Energy Power
Generator Converters
TT Power Electrical Grid ’
Converters & Other Loads
- Energy Storage Power
Systems Converters

>

Power System

| |Transist0r’s ON/OFF state
Switching Control Unit (S.C.U.)

TTModulation Indexes

Automatic Control Unit (A.C.U)

Variable references

— Power Control Unit (P.C.U.)
—N
L V]

Control System

Measurement and communication
Measurement and communication

Power references &
operating mode

Mode Control Unit (M.C.U.)

Microgrid Requirements

Figure C-1: Structure of a DC-coupled hybrid power system and its control system

I

The Switching Control Unit (SCU) is designed for each power converter as shown in
Fig.2 and in Fig.5. In a SCU, the drivers with opto-couplers generate the transistor’s ON/OFF
signals from the ideal states of the switching function {0,1} and the modulation modules (eg.
PWM) determine the switching function from the modulation function.

The Automatic Control Unit (ACU) is designed for each energy source and its power
conversion system. In an ACU, the control algorithms calculate the modulation index of each
power converter through the regulation of some physical quantities according to their
reference values.

The Power Control Unit (PCU) is designed to perform the instantaneous power
balancing of the entire hybrid power system. In a PCU, some power balancing algorithms are
implemented to coordinate the power mission of the different energy sources with their power
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conversion systems. It can be an algorithm base consisting of different power balancing
algorithms targeting at a number of possible operation mode of the hybrid power system.

The Mode Control Unit (MCU) is designed for the energy management of the entire
hybrid power system. In a MCU, the renewable energy generation capacity (like the climate
condition and the generator’s state) and the energy storage level (like the super capacitors’
voltage and the stored hydrogen pressure) should be supervised to make the right decision of
the operating mode in order to ensure good energy availability.
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Appendix D: Causal Ordering Graph (COG)

Static relation

The COG is a graphical representation of mathematical equations, which can be used to
model a system and to design its control structure [Hau 96][Hau 04]. Balloons with inside the
equation number represent modeling relations. A static instantaneous relation has no time
dependence. It will be depicted as a balloon with a bi-directional arrow as shown in Fig.D-1a.
Physically, it can be said that the corresponding element has an external causality orientation.
If the variable x is externally set, it is then the input and we get:

Re: y(1) =R, (x(1)) .
To make the output y equal to a reference y,.; an elementary control equation R,

obtained by inverting the modeling equation R, to calculate the desired input variable X,
from the reference y.r.

Rac: xreg (t) = Rac (yref (t)) :

Dynamic relation
A time-dependent relation will be characterized by a unidirectional arrow in the balloon.
Classically, dynamical systems are mathematically modeled by differential equations,

L] =ax(t)+b
This first order differential equation is typically a time-dependent relation, whose output is
formed by integration. It is represented by (R;) in Fig.9b,

Ry: y(t) = R, (x(2),1).

Moreover the mathematical property of differential equations specifies that this equation
type has an input-output orientation. Meanwhile for equation R), the variable x(#) must be the
input and y(#) must be the output. Physically, it can be said that the element has an internal
causality orientation. The pure inverse equation introduces large instabilities due to the
differential term. Instead of inverting R;, we can use a closed loop control with a corrector C,,
to compensate the error signal between the measured output 5 and the reference y,..

Ric: %,,, (1) = C,, (v, (1)~ 5(0)) .

Model

Control

(a) static relation (b) dynamic relation
Figure B-8: COG of static and dynamic relations with their control schemes.
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Appendix E: 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].

Interaction principle

The system is decomposed into basic subsystems in interactions (Table E-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 E-1: Elements of EMR and of control

. Electromechanical
Element with
— /> converter
Source of energy energy .
«— <« l— . (without energy
L] accumulation .
accumulation)
Mechanical
Electrical .
—> —> S — > converter Mechanical
<« «— (without ener «— (without coupling device
* accumula tiof)y energy (energy distribution)
accumulation)
Control block ! . .
S § without - Control block , Action and reaction
with controller variables
controller «—

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.

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.E-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 E-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.
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()

-

u_(t)’ System
N ?

Unn(t)

fnL‘ Control ?

Vref (1)

Figure E-1: Inversion-based control principle
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Appendix F: 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.F-1) as example to explain how to make and use a
Multi-Level Representation (MLR).

mgl

SC _ SC Filter Chopper DC Bus Inverter Grid Filter Microgrid
E— DE— — D>&— —DHE— —— >2€¥— — —H>&— —>
% e
Cdc Rdc ¢ ..l_rvvv\_/vv\,

>e— — —
o | i
Ly Ry v
. v.s'c‘ L - R "
: vchpT-I _I _Ia}_l@ 4 &

T“mgm’\
AYIAAA
Figure F-1: Super-capacitor power conversion system

F.1 Multi-level modelling

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.F-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 ‘Prol’)

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 R, and an ideal capacitor Cy in series is
used.

dV_C = Ll’ (F- 1)
a Cy ™
Vp = Rsisc (F-2)
Vse = Ve +VR (F-3)

2) Modeling of the filter (‘Pro2’)
The SC filter is modeled as an inductance (Lg.) and a resistance (Rp.) in series.

de 1

T (P-4
Ve 1= Vse “Vep = Ve r (F-5)

Ve r = Ry (F-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 7
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) mchp € [Oal] (F'7)

{Vchp = mchpvdc

ichp = mchpisc
4) Modeling of the grid-side DC bus (‘Pro4’)
The DC bus is considered as a capacitor (C,.) and a resistance (R,.) in parallel.

dVd. .
c_C -
dt dcldcic (F 8)
idcic = ichp - iinv - l.dcir (F'9)
. 1
ldcir = Rdc Ve (F-IO)

5) Modeling of the inverter (‘Pro35’)

An equivalent mean modeling of the power converters is sufficient for the study. It
represents fundamental phase-to-phase voltage u,~[uinv13, Ll,'nvgj]T and line currents iyg=[img1,
imgg]T components as:

Uiy = My * Ve (F-l 1)

iinv = mz{w 'ng (F-lz)
where mi,, = [Min1, m,-,,vg]T is the modulation index vector. Line voltages vi,=[Vinvin, V,'nvgn]T
are obtained by:

1 2 -1
Vi = 31 2 Uiy (F-13)

6) Modeling of the three-phase filter (‘Pro6’)
The line current i,, are deduced from the inverter voltages w;,, and the grid voltages

T
ﬂmg:[umgﬁa umg23] .

d . 1
e =§2fg_, (F-14)
112 -1
Vg 1 :g 1 2 (gil1v_ﬂmg)_2fg7r (F-IS)
Vg r = Rpglyg (F-16)

where Ly, and Ry, are the inductance and resistance of the filter, the v4 ; = [vj 11, Vi 12]” and
Vig r = [V 11, vfgﬂ]T are the voltages respectively across Ly and Ry,.

7) Modeling of the microgrid (‘ES”)
The grid voltages u,,s is modeled by :

| tmgis | sin(27ft — /6 + 6,)
Eng { }_\EALin(qut—zr/2+6’0)} (F-17)

umg23
where 4 is the rms value of the grid phase-to-phase voltage, f'is the grid frequency and 6 is

the initial angle of the grid voltage. The line currents i,,, 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.F-3.
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Step 3: Power flow representation level

The third step for the multi-level modeling describes the power flow (Fig.F-2) from the
super capacitor modules to the microgrid. The macro blocs, which are named ‘PowX in the
‘Power Flow’ level of the Fig.F-3, represent the modeling equations.

For the storage elements (as example the SC filter), the input power (P, from the SC) is
separated into losses (Psc 105), the exchanged power with the storage unit (pge s0) and the
output power (py) 1s expressed as:

PowlI: Dy = Pses = Pfsc_ios = Pfic_sto (F-18)
where pg. w0 15 the total of the accumulation power (p+ﬁum) 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: p = Pewp (F-19)
Pow3: ppiy = Peny = Pac_los — Pde_sto (F-20)
Pow4: pyi, = Pins (F-21)
POW3: Pings = Ping = P _tos = P _sto (F-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.F-3).

F.2 Design of the control system

The global system has three control inputs in order to manage the system. The inverter
has two independent modulation functions m;,,; and m;,,, using its switching orders. The
chopper has only one modulation function m.s,. 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.

p_ foe_los
I I
— |
A | | I Pe tos I
| _/.7\'('7.\1() | | |
| | A AI 4 I |
. | | | P d(;.\'l()l |
Py | | Pren I | K 3 |
| L] Pew| | I Poin | |
I I I I I
v | | | I |
5 ¥
: p fsc_sto : v v : : p inf |
¥
| | I ¢p de_sto) \4 !
T T
Super I I I | |
capacitor | SC Filter | | DC Bus| |Grid Filter] Microgrid

Figure F-2: Power flow from the SC to the microgrid
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Table F-1: Equations of the Power calculation interface.

Intermediary powers Storage powers Losses
Intl : pscf = Vselse Int3: pﬁvcista = stcillsc Int2 : pfsc_los :Rfsciscz
: = j : =v,i 2
Int4 P feh = Vehplse Int7 Pdc _sto = Vdclde ¢ Int6 Pdc_los = Vde /Rdc
Int5: pop =V, . _( . )7( . ) . = ( . }7‘( . )
Pchb dctchp Intll : pfgfsto = C23 ‘—}ng C23 Emg Inti0: pfgilos —ng C23 Emg C23 Emg
Int8 : ppin = Vaciiny 1 0
Int9: pyy = ul i Where Cp3 =| 0 1 | is the calculation matrix from two line currents to three line
R ) —inv-mg
-1 -1
Inti2: p =ul i
mgs — —mg-mg currents.
Sﬁ“l’el capacitor . SCFilter  ~_ _Chopper  _ DCBus = _ _Inverter | Grid Filter, Microgrid |
g z| Py Powl Py Pow2 Pews Pow3 Prig Powd Piy Pows Pgs
o
g "_"‘L Pric tos Pric sto P tos Pc sio Py tos Py sto
CT %
.-
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Figure F-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 vy, changes very slowly thanks to a great quantity of stored
energy. The DC bus voltage v, 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 u,,, for the microgrid voltages. In the multi-level representation, the
stationary quantities are visualized by the thick solid lines (Fig.F-5).

The voltages vy, and u;y, and the currents i.;, and i;,, are difficult to measure since they
are modulated by the converters. These non-measurable quantities are visualized by the thick
dashed lines (Fig.F-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 Int! is colored in the dark blue for vy, Int5, Int6, Int7 and Int8 for va., Int12 for u,g.

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 x are added to present the block in the control part. Such as in
Pro2, the chain v,—i is blocked by the modulation quantity v, in Pro4, the chain i.;,—vac
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is blocked by the modulation quantity i, the chain #;,,—v,. is blocked by the modulation
quantity i.p,; in Pro6, the chain u,,,—iug 1s blocked by the modulation quantity u;,, (Fig.F-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.

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.F-5):
Min(Pro5)—uin Pro6)—ine(Int12)—pues and gmgs

The second electrical chain is used to control the DC bus voltage v, by the modulation
function m.;,. Since vy is a stationary quantity which is suitable for the processes of division
in the control system (F-28), the first step of this electrical chain is mp,(Pro3)—ves, (Fig.F-5).
Now the arrow is pointed to the left side of the chopper, but the destination v, is at its right
side. The power flow level is used to establish the relation between v, and vg4. At the left
side of the chopper, there is only one bloc Int/ for the passage. So the electrical chain is
drawn from v, to i in order to reach Int/. Since both external currents (ics, and i;,) 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 pg. . Finally the equations /nt7 and Pro4 are used to
reach the DC bus voltage from pg. 5. The second electrical chain is (Fig.F-5):
Mepp(Pro3)—=very(Pro2)—is(Int1)—psAPowl)—pen
(Pow2)—=pepp(Pow3)—pac sioInt7)—ige (Pro4)—vgc

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.F-5). Hence a grid current controller (macro bloc
‘Pro6e’ in the Fig.F-5) is required to enslave grid currents to prescribed reference (ing rep)-
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.F-5). The following sections give the
details of each macro control bloc in the ‘Control of Dynamic Quantities’ level (‘ProXc’) in
the Fig.F-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:

dipga 1 . .
Z‘; = L (Vinvd - Vmgd - R/fglmgd - ng a)slmgq )
/4
F-23)
dig, 1 (
= (Vinvq ~Vingg = Rpglmgg + L fg Oslinga )
d L,

The control of these current is obtained by a compensation of grid voltages, a current
decoupling and a closed loop control (Fig.F-4).

2) Inverter controller (‘Pro5c’)
Phase-to-phase voltages are obtained by inversion of the equation (F-13):
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Uiny13_ref = Vinvl_ref ~Vinv3_ref
S o T F-24
{uinVZS_ref = vinvZ_ref - vinv3_r¢f ( )
Modulation functions are calculated by inversion of (F-11):
uil1\7]37r(,{f' uinv237rc{f'
minvliref = = ’ minvZfref = =~ (F'25)
Vde Ve
<" Closed loop

—_—

Corrector

Ci gd

i mgd_ref : Park
Inverse

Transform

Uiny ref

(Corrector

Cizq

i mgq_ref
—_—t

Park
Transform

Figure F-4: Grid connection controller (macro bloc ‘Pro6¢’)

. T
A vector is defined as: miny re/= [Minvi rey Minv2 ref] . 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 i, . (Fig.F-1).
lde_c_reg =Kae_pOac_ref —Vae) ) (F-26)
where K. , 1s 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 (Venp req)
as:
Verp reg =Vse =K e plUse reg —iy) (F-27)
where Kj. , 1s the proportional parameter of the corrector for the super capacitor current
control.

5) Chopper controller (‘Pro3c’)
The modulation function of the chopper m, o 1s calculated with the DC bus voltage
measurement:
mchpire/' = M (F'28)

Ve

Step 8: Power calculation control
The Power Calculation Control level is designed by the inversion or the estimation of the
Power Calculation level.

Intlc: i o 2% (F-29)
Int7e : pdcismireg = Vdcidcicireg (F'30)
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The grid current references are deduced (/nt/2c¢) from the equation Intl2 for the real

power (Table F-1) and the following equation for the reactive power:
1

ngs = \/5 ((ZungS ~Upg13 )imgl - (2umg13 ~Upg23 )ing) (F-3 1 )
i et = (2umg13 7umg23 )pmgxiref +\/§umg23qmgx7mf
mgl_re 2 2
Intl2c : 2umg13 _ZunngSMmg23 +2umg23

. _ (Zumg23 7umg13)pmg,s-7ref 7'\/§umgl3qmgxiref
lngJ‘ef -

(F-32)

2 2
2umg13 - 2umgl3u 3+ 2umg23

mg2.

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 ( p4. ., and pg ,,) (Table F-1). The exchanged

powers with the filters (pgc s and pg o) and the losses in the DC bus (pa 1) are slight
enough to be neglected.

Powlc: Dys rog =P reg + Dficlos (F-33)
Pow2¢: P rog = Penb_reg (F-34)
Pow3c: Doy reg = Phin reg T Pdc_sto reg (F-35)
Powdc : Poin_reg = Pinf _reg (F'36)
PowSC: Piys reg = Pmgs_ref + Pfg_tos (F-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.

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.F-5).

SC Filter Chopper Inverter id Fil Microgrid
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Figure F-5: Control system of the Super Capacitor Bank
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Appendix G: Hardware In-the-Loop (HIL) Simulation

Presentation

Hardware-In-the-Loop (HIL) simulation has been intensively used for controller
assessment for a long time [Bou 08]. The aerospace industry has used this technique since
flight control systems is a safety-critical aspect. This methodology yields exhaustive testing of
a control system to prevent costly and damageable failures. From 90’s, many groups in
automotive industry have employed HIL simulation for testing embedded electronic control
units. This methodology avoids intense and complex integration tests on the actual vehicle.
The development time is reduced and a high quality assurance is obtained. HIL simulation is
nowadays more and more used to develop new components and actuators in many fields, such
as vehicle component evaluation, assessment of drive controls, power electronics and electric
grid, servo control and robotics, railway traction systems for trains and subways, education
applications.

In industrial applications, software simulation is always an essential preliminary step to
test the required performances of the drive and its control by using simple models of the
power system. HIL simulations are sometimes used for validation tests before implementation
on actual processes. On the contrary of software simulation, HIL simulation uses one or
several actual devices and the other parts of the process are simulated in a controller board or
in parallel computers. HIL simulation enables to check availability and reliability of drives
(machines, power electronics and control) before their insertion on a whole system. Moreover,
many implementation constraints are taken into account such as sensor accuracy, sampling
period, modulation frequency, active limitations and so on. More specifically, electrical
generators of wind energy conversion systems can be tested by using HIL simulation, and
some small-rate power systems can be used to validate control algorithms and Maximum
Power Point Tracking strategies before implementation on a full-rate power system. Power
propulsion systems for electric vehicles and hybrid electric vehicle can also be tested by HIL
simulation, and actual drives can be tested before integration on the vehicle chassis.

An electrical drive can be decomposed into several subsystems (Fig.G-1): the process
control, the power electronics set, the electrical machine and the mechanical load to move (the
mechanical power train of a vehicle for example). Power devices are connected according to
the action and reaction principle. A controller board contains the process control and yields
the switching orders of the power electronics converter. Measurements of all power parts are
inputs for this controller board. In some cases, several controller boards are used. In other
case analog devices as FPGA are used to control the faster dynamics and to achieve high-
frequency modulations of power electronics.

switching | power
orders " | electronics

L

electrical * mechanical
machine load

F

process 4—'_ measurements
control

FY

actual system

Figure G-1: Subsystems of an electric drive

Limitation of software simulation
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The first step of the study is the simulation of the whole system including its control. All
parts are simulated in the same simulation environment (software). In order to reduce the
computation time, simple models and other simplifications are considered. For instance, the
sampling period of the control is often neglected. For these reasons, simulation is not always
accurate enough to enable a direct real-time implementation of the control. Before
implementation on the actual system, different validations have to be made. HIL simulation
could be a very useful intermediary step. One of the simulated parts can be replaced by its
hardware device. By this way, the real constraints of this hardware subsystem are taken into
account in the simulation loop. Three kinds of HIL simulation can be considered.

Signal level HIL simulation

In the first case, only the controller board (which contains the process control) is tested
(Fig.G-2). The other parts (power electronics, machine and mechanical load) are simulated in
real-time. The simulation system must manage inputs and outputs of the controller board
under test. A second controller board is thus used to simulate in real-time the power parts of
the system. A specific signal conditioning is required to impose the same inputs and outputs
as imposed by the power parts. This method can be called “signal level HIL simulation”
because only signals are used at the interface between the system under test and the
simulation environment. This kind of HIL has been very often employed in aerospace and
automotive applications for assessment of controller boards.

system under test simulation
environement

process [§ _| real-time
confrol |[4— —| simulation

Figure G-2: Signal level HIL simulation

Power level HIL simulation

In the second case, the actual controller board and the power electronics converter are
evaluated. The other parts (electrical machine and mechanical load) are simulated. The
simulation system must impose inputs and outputs for the power electronics and the controller
board under test. The simulation environment is generally composed of a second power
electronics set (electric load) and a second controller board (real-time simulation) (Fig.G-3).
This method can be called “power level HIL simulation”. Indeed the interface between the
system under test and the simulation environment require signal and power variables.

system - simulation
under test power electronic | epyironment

I—D electronics [+ load 1—‘

PIocCess ™ real-time
confrol simulation

L

1
el
-
e

Figure G-3: Power level HIL simulation

Mechanical level HIL simulation
In the last case, the whole drive (control, power electronics and electric machine) is tested
and the mechanical part is simulated. The simulation system must impose mechanical inputs
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and outputs to the electrical machine under test. Moreover, measurements on the mechanical
part have to be sent to the controller board under test. Another electrical machine (load
machine) is often used as controlled mechanical load. It is supplied by a second power
electronics set (load supply). A second controller board (real-time simulation) is required to
control the load machine and to send fictitious mechanical "measurements" to the controller
board under test (Fig.G-4). This method can be called “mechanical level HIL simulation”.
Indeed the interface between the system under test and the simulation environment
corresponds to mechanical variables.

system - simulation
under test power » electrical ¥ load [—* load environment
I—" electronics 4 machine [* machine [* supply
process [g
control  [4—

Figure G-4: Mechanical level HIL simulation
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Appendix H: Ancillary Services in the context of Microgrid
H.1. Fundamental recalls

In order to present the necessary and possible ancillary services in the context of
microgrid, some fundamental principles of grid management systems and classical practices
should be recalled to highlight studied problems.

Isochronous Speed Control Mode

Isolated power systems and industrial microgrids are relatively small power systems.
They are usually powered by a single AC generator, which is driven by a gas turbine or a
diesel engine generator. The frequency of the generator is directly proportional to the speed of
the rotating electrical field. Hence the power management relies on a simple Isochronous
Speed Mode Control. It uses the physical principle of grid connected synchronous machine
stator, which induces the exact synchronization of the machine speed with the grid frequency.
A controller operating in the Isochronous Speed Control Mode 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. Any increase in load
would tend to cause the speed to decrease, but energy is quickly admitted to the prime mover
to maintain the speed at the set point. 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.

To increase the total generated power, multiple machines can be connected in parallel. In
this case, if all prime movers operate in Isochronous Speed Mode, they will “fight” to control
the frequency and result in wild oscillations of the grid frequency. So only one machine can
have its governor operating in Isochronous Speed Mode for a stable grid frequency control, all
others should work in “Droop Speed Control Mode” or “Fixed Power Control Mode”.

Droop Speed Control Mode

In Droop Speed Control Mode, the turbine speed is controlled as a function (the droop
characteristic) of turbine load. It refers to the fact that the energy being admitted to the prime
mover of the AC generator is being controlled in response to the difference between the grid
frequency setpoint and the actual grid frequency. To increase the power output of the
generator, the controller increases the speed setpoint of the prime mover, but since the speed
cannot change (it is fixed by the frequency of the grid to which the generator is connected)
this frequency difference is used to increase the energy being admitted to the prime mover. So,
the actual speed is being “allowed” to “droop” below its setpoint.

Fixed Power Control Mode

Nowadays, many small distributed generators (in particular the renewable energy based
generators) are integrated in parallel with the grid. A Fixed Power Control Mode can be
adopted for them to generate a fixed amount of active and reactive power, because they are
not obliged to participate in frequency or voltage regulation until now. Moreover, for
renewable energy based generators, the power reference is adapted according to the
meteorological conditions in order to generate the maximum power, which is intermittent and
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fluctuant. In consequence frequency or voltage regulation is reported to large AC generators
in the grid. This can be the case if our studied microgrid is connected to a distribution network.

However, with a large-scale development of distributed renewable energy generators,
their generation flexibility should be improved to avoid damaging the stability of the electrical
grid. As the conventional turbine-based generators, they should be able to supply a smooth
and controllable power in order to provide ancillary services to the electrical grid.

Ancillary services and active generators
An active generator is considered as a generator who participates to the management of

the grid. Modern high speed micro-turbines and major of distributed generators are grid-
connected with power electronic converters and so no physical relations exist between the
rotor of the machine and the grid frequency. Moreover the large scale development of PV
generators as well as technological evolution of backup power systems (like super-capacitors
and fuel cells) makes appear power plants without any electrical rotating machine. Therefore,
ancillary services can be provided only with improved control functions of the power
converters (grid inverter for example). Some example features are listed as below:

- Reactive power supply/compensation;

- Harmonics supply/compensation;

- Peak shaving of the energy consumption;

- Improvement of the local power quality;

- Uninterruptible power supply for dedicated loads;

- Feed-in of renewable energies with lowest cost and highest efficiency;

- etc.
In order to perform all these ancillary services, including the frequency and voltage regulation,
the distributed power generator must be able to supply corresponding active and reactive
power references.

H.2. Ancillary services for the microgrid

The task of a grid supervision is to manage the power and the energy between sources and
loads. Then the active and reactive power must be shared among the distributed generators.
The originality of a microgrid is that it is a small grid and then a communication network can
exists between generators, some dispatchable loads and the microgrid supervision. Active and
reactive power references and also other appropriate control signals must be assigned to the
distributed generators, storage units and controllable loads. Two implementations of
microgrid supervisions exist for distributed generators [Kat 08] [Ped 08]:

- Control by sensing electrical quantities: This method is achieved by using the
knowledge of physical quantities at the Point of Common Connection (PCC) [Las 02]
[Kat 06] and a droop characteristic control;

- Control by signal communication: This method uses a communication bus to exchange
information and control signals [Dim 05] [Bar 05] [Gaz 06] [Deg 06] [Dim-07].

Control by sensing electrical quantities

In Europe, 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
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and the RMS value of the microgrid voltage [Las 02] [Kat 06]. With this information, a droop
characteristic control performs the coordination of Local Controllers (of generators) with a
frequency-active power droop characteristic and/or voltage-reactive power droop
characteristic. For example, when the frequency decreases the characteristic modifies the
power reference in order to increase the generated active power. A local supervision of
internal power and energy flows is therefore required as previously detailed “Power
dispatching strategy” for the wind/super-capacitors hybrid power system (Fig.II-46) and the
active wind generator (Fig.V-14). A droop controller can be easily embedded in the local
control system to set active and reactive power references for the active generator.
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Figure H-1: Droop controllers for the “Power dispatching strategy”.

The main advantage of this method is its simple hardware implementations, since the
development of a communication network and a central supervision are not necessary.
Moreover, this local implementation enables a very fast response and then a good adequacy
for frequency control and RMS voltage regulation. This organization works in an autonomous
way and sometimes called “non interactive” since it is not coordinated with a higher control
center. 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.

Control by signal communication
Control by signal communication enables information exchange and includes three
categories of controllers (Fig.H-2) [Kat 08]:
- Distribution Network Controller (DNC);
- Microgrid Central Controller (MCC);
- Local Controllers (LCs), which are associated with each Active Generator (AG) or loads.
The DNC is intended for an area in which more than one microgrid exists. It does not
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belong to the microgrid but is the delegate of the distribution network. The main interface
between the DNC and the microgrid is the MCC. The MCC assumes different roles ranging
from the maximization of the microgrid value to the coordination of LCs.

The LC controls the DER units and the controllable loads.

In a centralized operation, each LC receives set points from the corresponding MCC
[Deg 06]. We have designed several control systems in Chap.Il and Chap.V for our active
generator. Then it must implement the received set points and send to the MCC some
information about their operating point (Fig.H-2).

In a decentralized operation, each LC makes decisions locally (Fig.H-3). It relies on the
results of negotiations between agents of every LC functions (multi-agent systems) [Dim 05]
[Dim 07].

DNC
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Figure H-2: Centralized operation for microgrid supervisory control
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Figure H-3: Decentralized operation for the “Power dispatching strategy”.
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Appendix [: Technical Data of the Used Super-capacitors

Mamr MC BMOD Energy Series 48v  BOOSTCAP® Ultracapacitor Modules
TECHNOLOGIES
Series: BMOD EnErgy # Low Internal Resistance
) » High Energy Availability
48 Volt Module # Low Time Constant

' Features:
w&8.6Y Operating Voltage
w Owver TM duty cycles
w Low internal resistance
w High energy density
w Individually balanced cells
» Mountable option included
» Module-to-module balancing
w Woltage and temperature sensor
output included

*  Applications:
w Industrial
w UPS
w Power Quality
w Telecommunication
w Renewable energy

» Overview:

The Energy-type ultracapacitor product line gives industrial customers a much wider range of choices to
meet their energy storage and power delivery requirements. The modules are specifically engineered to
provide cost-effective solutions for UPS, telecommunications and other lighter duty industrial electronics
applications.

In addition to meeting or exceeding demanding industrialapplication requirements for both watt-hours of
energy storage and watts of power delivery per kilogram, all of these products will perform reliably for more
than one million discharge-recharge cycles.

The proprietary architecture and material science on which BOOSTCAP® products are based enable con-
tinued leadership in controlling costs, flexibility in product offerings and allow application specific perfor-
mance tailoring.

The cells used in the modules operate at 2.7 volts, enabling them to store more energy and deliver more
power per unit volume than any other commercially available ultracapacitor.

*BEGINMING JANUARY 1, 2007, THE BMODO0145 WILL BE REPLACED BY THE BMODOD165.
WEWILL NOT BE ACCEPTING ORDERS AFTER Nuvmngn 15, 2006 FoOR BMG[gm 45 MODULES.
Please contact Maxwell Technologies for more information.

MC BMOD Energy Series 48v BOOSTCAP® Ultracapacitor Modules Page 1 |Doc ¥ 2009364 | Raw. 3
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BOOSTCAP® Ultracapacitor Modules

» Series Specifications:
Operating Temperature Range -40 *C to +85 °C
Storage Temperature Range -40 *C to +70 °C
Rated Voltage 458V DC
Capacitance Tolerance +20%
Resistance Tolerance Maz.
Temperature Characteristics Capacitance Change | Within £ 5% of initial measured value a1 25 *C { a1 -40 *C)
nternal Resistance Within 150% of initial measured value at 25 °C (at -40 *C)
After 1500 hours application of rated voltage at 85 °C
Endurance Capacitance Change | Within 20% of initial specified value
nternal Resistance | Within 0% of initial specified value
Shelf Life After 1500 hours storage at 65 *C without load shall meet specification for endurance
Afier 10 years at rated voltage and 25 °C
S Capacitance Change | Within 20% of initial specified value
nternal Resistance Within 150% of initial specified valus
Capacitors cycled between specfied voltage and half rated voltage under constant
current at 25 *C (1 million)
Loinle et Capacitance Change | Within 20% of initial specified value
nternal Resistance Within 150% of initial specified valus
» Product Specifications:

Maruei Partho.  Copectance  ESR,0c e ko
BMODO083 E04B 50 16.0 12.8 3.0
BMODO110 ED43 110 12.0 o8 4.2
BMOD0145 EQ48* 145 1.0 o0 5.2
BMODO165 E04B 165 Gl 6.2 5.2

*BEGINMING JANUARY 1, 2007, THE BMODO145 WILL BE REPLACED BY THE BMODO 165,
WEWILL NOT BE ACCEPTIN G ORDERS AFTER NOVEMBER 15, 2006 FOorR EMOD0145 MODULES.
Please contact Maxwell Technologies for more information.
»  Product Properties:
Maxwell Part No. Rth Isc Emax Pmax Pd

(chw) (A) {(Whikg) (Wikg) (Wikg)
BMODO083 E04B 0.38 3,800 248 4,100 1.600
BMODO110 ED48 0.33 4,300 2.91 4,600 1.200
BMOD0145 E048* 027 4,800 3.52 4,800 1.200
BMODO165 E048 0.25 4,200 3.81 G,800 2,600

MC BMOD Energy Series 48v BOOSTCAP® Ultracapacitor Modules

Page 2 | Do & 1009364 | Rev. 3
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Mﬂ“ﬂllh MC BMOD Energy Series 48v BOOSTCAP® Ultracapacitor Modules

Woinges Temperaurs Gutpu oskive Balance Conmection

} D"TI EnS"JnS: Hegattve Balance Conneciion
=
X
4 =
14 typica
[ ] L] Jl
. . L] L |
810 x 1.5, Kegattos Termina ﬂ z
Went connection:
L J -
Om - . 1r
L 304.2
o ® 1.28, Pozlites Terminal
L
Vol Mass Size (mm)
Part Number n (kg)
L W H 5
{+-0.5) (+i-0.5) [+-0.5) (+- 0.5)
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Product dimensions and specifications may changewithout notice. Please contact Maxwell Technologies
directly for any technical specifications critical to application.

*  Markings: Modules are marked with the following information
Rated capacitance, rated voltage, product number, name of manufacturer, positive and negative
terminal, warning marking, serial #

»  Mounting Recommendations:
Modules can be secured at 8 locations, 4 front face and/or 4 bottom face, at provided holes for M8
bolts. Follow user manual instructions for terminal, balance and output connections.
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Appendix

M xwell MC BMOD Energy Series 48v  BOOSTCAP® Ultracapacitor Modules
TECHNOLOGIES

»  Additional Technical Information:
Capacitance and ESR, DC measured per document 1007239

l-= Leakage current after 72 hours, 25°C lsc = short circuit current (maximum peak current)

Rip = Thermal resistance

y? gi2re
_ w12 - 4 N _ RiDC)
Epax= —2CV2 p_. = IR(1i) Py=
3600 = mass M mais

Disclaimer of Warranty /Limitation of Liability

for Uses in Life Support Devices or Critical Systems

Maxwell Technologies, Inc. and its Affiliates (“Maxwell™) provide no waranties of any kind eit her express or implied, including {(without
lim itation) the implied warranties of merchantability and fitness, for uses of its products as componentsin life support devices or oritical
Systems.

“Life support devices™ are devices or systems, which (a) are intended for surgical implant into a living body, or {b) support or sustain life,
and whose Rilure to perform when properly used in accord ance with the instructions provided in the labeling can be reasonably expected to
result in bodily injury to the user. An exam ple of a life support device includes, but is not limited to, a heart pacemaker.

A “gritical system™ is any system whose filure to perform can affect the safety or effectiveness of a higher level system, or cause bodily or
property injury by loss of control of the higher level d evice or system. An example of a critical system includes, but is not limited to, aircraft
avionics.

Maxwell will not be liable to you for any loss or damages, either actual or conseguential, in direct, punitive, special, or incidental, arising out
of or relating to these terms.
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Résumé en Francais

Résumé Etendu en Francgais

De plus en plus de générateurs décentralisés sont intégrés dans le réseau électrique. Par
conséquent, de nouvelles structures de réseau électrique sont envisagées pour les accueillir.
Le micro réseau en fait partie. L’avantages des micro-réseaux consistent a:
- regrouper les producteurs dispersés et les consommateurs locaux pour minimisation des
pertes dues au transport de 1’électricité;
- avoir la possibilit¢ de cogénération pour augmenter le rendement global lors de la
génération des énergies;
- faciliter I’utilisation des moyens de communication pour optimiser la production
¢lectrique et renforcer la qualité et la fiabilité¢ du systéme électrique.

Aujourd’hui, il est préférable d’intégrer des énergies renouvelables dans le micro-réseau pour
réduire I’émission de CO, et la consommation des combustibles fossiles. Mais, les sources
d’énergies renouvelables sont souvent trés intermittentes et fluctuantes. Donc la production a
base d’énergies renouvelables est généralement difficile a prévoir. Par contre, la qualité de
puissance du réseau é€lectrique est trés importante. L’adéquation entre la production des
énergies renouvelables et la consommation électrique devient trés difficile. Afin de pouvoir
augmenter la pénétration des énergies renouvelables dans le réseau électrique, nous devons
faire participer la production des énergies renouvelables a la gestion du réseau. C’est le
principe du générateur actif.

Le sujet de cette these est de transformer un générateur a base d’énergie renouvelable en
générateur actif en utilisant des systémes de stockage d’énergie. Un systeéme hybride multi-
source est étudi¢ dans la theése. Il consiste en un générateur éolien (comme source d’énergie
primaire), des super-condensateurs (comme systéme de stockage a dynamique rapide), des
piles a combustible et des électrolyseurs (comme systéme de stockage a long-terme sous
forme d’hydrogéne). Ils sont tous connectés a un bus continu commun et un onduleur est
utilisé pour la connexion au réseau.

L’objectif de cette these est de concevoir le systéme de commande, y compris les stratégies de
supervision €nergétique, pour réaliser un générateur actif €olien. I doit pouvoir fonctionner
comme un générateur classique pour pouvoir générer des puissances lisses et controlables. Par
conséquent, il est capable des fournir des services au systeéme électrique du micro-réseau.

L’introduction du contexte de la these est présentée au chapitre I. Et puis la présentation des
travaux de la thése est divisée en quatre chapitres :

Au Chapitre II, I’étude d’un systeme de génération éolienne est présentée. La modélisation du
systéme et la conception de la commande sont détaillées. Afin de résoudre le probléme de la
fluctuation de la puissance éolienne, un systéme de stockage a dynamique rapide par super-
condensateur (Annexe I) est ajouté. Les stratégies de supervision des puissances sont
proposées pour la coordination des sources différentes dans ce systéme hybride. Les
puissances envoyées au réseau sont bien lissées, mais le fonctionnement ne peut pas étre
garanti pour long-terme a cause du manque du stockage d’énergie en grande quantité. Il s’agit
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du systéme de stockage a long-terme par hydrogeéne (incluant les piles & combustible et les
¢lectrolyseurs), qui est présenté dans les chapitres suivants.

Shaft & Electrical
turblne éearbox machine_ hase rectifier N°2 Dc bus 3- ihase inverter N°1 line filters irld with transformer

loaget

Control system |

Générateur éolien a vitesse variable

Shaft & Electrical
turbine earbox machine _ 3-phase rectifier N°2 Dc bus  3-phase inverter N°1 line filters Grid with transformer
(-—é 2 il e B 2 Sl b S D B e i >

DC

4

HPS Control system |

Centrale hybride a base d’énergie éolienne et de super-condensateurs

Au Chapitre Il et au Chapitre 1V, les études sur un systeme de pile a combustible et un
systeme d’électrolyseur sont présentées. La modélisation et la commande sont étudiées et
validé par des essais expérimentaux sur les systemes commercialisés (Ballard Nexa 1200W
pour la pile a combustible et CETH GENHY 500W pour 1’¢lectrolyseur). Afin de rendre la
plateforme expérimentale plus flexible, des émulateurs sont réalisés pour la pile a combustible
et ’¢lectrolyseur en implémentant les modeles validés sur la carte numérique de commande
(DSpace 1102). Ils peuvent fournir les mémes comportements électriques. Cela nous permet
ensuite de tester les stratégies de supervision des puissances au sein du générateur actif éolien,
qui sont présenté dans le chapitre suivant.

Systéme de pile a combustible étudié Systéme d’électrolyseur étudié
(BALLARD NEXA 1200W) (CETH GENHY 500W)
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Au Chapitre V, les études du générateur actif éolien sont présentées. La modélisation et la
commande du systéme entier sont présentées. Les stratégies de supervision énergétique sont
proposées suivant les caractéristiques de chaque source d’énergie. FElles sont
expérimentalement implémentées dans une autre carte numérique de commande (DSpace
1103), et leurs performances sont comparées par rapport a la régulation de la tension du bus
continu et au control des puissances transitées au réseau. Les stratégies de gestion énergétique
sont également congues avec la définition des différents modes de fonctionnement pour
maintenir les niveaux de stockage dans leurs zones normales.
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Générateur active éolien incluant le systéme de stockage sous forme d’hydrogéne et des super-condensateurs

Les conclusions et les perspectives de cette these sont finalement présentées au Chapitre VI.

Les contributions scientifiques principales de cette these sont les suivantes :

I’utilisation et I’adaptation des formalismes dans la modélisation des systémes complexes

et la conception de commande;

- la conception et la réalisation expérimentale des émulateurs pour réduire le temps et le
cout du développement de la plateforme expérimentale.

- la proposition et la validation de deux stratégies de gestion des puissances pour la
régulation du bus continu et le contrdle des puissances transitées au réseau ;

- la proposition des stratégies de supervision énergétique avec la définition des modes de

fonctionnement pour le générateur actif éolien afin d’assurer une disponibilité

énergétique.

Moyennant adaptation, ces contributions peuvent étre utilisées aussi pour d’autres centrales

hybrides contenant une source d’énergie renouvelable, un systéme de stockage a dynamique
rapide et un systéme de stockage a long-terme.
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Abstract:

A hybrid power system is studied in this thesis for the distributed generation, which is
based on renewable energy resources and energy storage systems in microgrid applications. It
consists of a wind generator as primary energy source, super-capacitors as fast-dynamic
storage system, fuel cells and electrolyzers as long-term storage system in hydrogen. They are
all connected to a common DC bus and an inverter is used for the connection of the whole
system to the grid. In this thesis, we have presented the system modeling, the control design
including the power balancing and energy management strategies. This hybrid power system
can finally supply controllable smooth powers as most conventional power plants. The
performances have been tested in numerical simulations and also on an experimental test
bench. As result, it is able to provide ancillary services to the microgrid.

The main scientific contributions of this thesis are: the use and the adaptation of the
graphical tools for the modeling of complex systems and their design; the design and the
experimental implementation of real-time emulators in order to reduce the time and the cost
of an experimental platform; the proposition and the validation of two power balancing
strategies for the DC-bus voltage regulation and the grid power control and, finally, the
proposition of energy management strategies for the active wind generator to ensure the
energy availability.

Keywords : hybrid power system, active generator, wind generator, fuel cell, electrolyzer,
super-capacitor, hydrogen, energy management.

Reésumé :

Un systeme hybride multi-source est étudié dans cette thése pour la génération dispersée
basée sur des sources d’énergie renouvelable et des systémes de stockage d’énergie. Il
comprend un générateur éolien comme source d’énergie primaire, des super-condensateurs
comme systeme de stockage a dynamique rapide, des piles a combustible et des électrolyseurs
comme systéme de stockage sur le long terme sous forme d’hydrogene. Ils sont tous
connectés a un bus continu commun et un onduleur est utilisé pour la connexion du systéme
entier au réseau. Dans ce mémoire, nous avons présenté¢ la modélisation du systeme, la
conception du controle y compris des stratégies de répartition des flux de puissance et la
gestion énergétique. Cette centrale hybride peut finalement générer des puissances lissées et
controlables comme la plupart des générateurs classiques. Les performances ont été testées en
simulation numérique et aussi sur un prototype expérimental.

Les contributions scientifiques principales de cette thése sont les suivantes : 1’utilisation
et I’adaptation des formalismes pour la modélisation des systémes complexes et la conception
de leur commande; la conception et la réalisation expérimentale des émulateurs pour réduire
le temps et le cott du développement du prototype expérimental; la proposition et la
validation de deux stratégies de gestion des puissances pour la régulation du bus continu et le
controle des puissances transitées au réseau et, enfin, la proposition de stratégies de
supervision énergétique avec la définition des modes de fonctionnement pour le générateur
actif éolien afin d’assurer une disponibilité énergétique.

Mots clés: Centrale hybride, générateur actif, générateur éolien, pile a combustible,
¢lectrolyseur, super-condensateur, hydrogeéne, supervision énergétique.



