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Abstract

Small-scale hybrid stand-alone power systems are becoming popular alternatives
in remote and island areas where grid connection is not economically or technically
viable. Harnessing the abundant supply of wind and solar energy can play an important
role in ensuring an environmentally friendly and clean energy generation for remote and
isolated communities. However, renewable energy sources are intermittent in nature,
and as a result, power generation from renewable energy sources often may not
necessarily match the load demand. Therefore, energy storage is required to ensure
reliable power supply.

Hybrid power systems with renewable sources can provide efficiency, reliability
and security, while reducing operational costs. However, the main challenge of hybrid
power system applications is satisfying the load demand under constraints. Therefore,
proper control and coordination of each energy generation unit is vital. It is also
important to ensure robustness of the energy management system to avoid system
black-outs when power from the renewable energy sources is not adequate to support all
loads.

This thesis proposes a novel operation and control strategy for a hybrid power
system for a stand-alone operation. The proposed hybrid system consists of a wind
turbine, a fuel cell, an electrolyzer, a battery storage unit and a set of loads. The overall
control strategy is based on a two-level structure. The top level is the energy
management and power regulation system. The main objective of this system is to
ensure a proper control and coordination of the system. It also controls load scheduling
during wind variability under inadequate energy storage to avoid system black-outs.
Depending on wind and load conditions, this system generates reference dynamic
operating points to low level individual sub-systems. Based on these operating points,
the local controllers manage the wind turbine, fuel cell, electrolyzer and battery storage
units. The local controller of wind turbine extracts the reference power from the varying
wind by regulating the rotor speed. The fuel cell is controlled by using a hydrogen
regulator and boost converter, and the electrolyzer via a buck-converter. A bi-

directional dc-dc converter is employed to control charging and discharging of the



battery storage system. The proposed control system is implemented with MATLAB
Simpower software and tested for various wind and load conditions. Results are

presented and discussed.
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Introduction

A stand-alone power system is an autonomous power generation system that
supplies electricity without being connected to the grid. Such systems are often located
on islands and in remote parts of the world where grid connection is not technically or
economically viable. The electric power can be generated from diesel, natural gas or

preferably from renewable energy sources such as wind, hydro or solar system.

Diesel generators are popular in remote area power system applications for their
reliability, low installation costs, ease of starting, compact power density and portability
[1], [2]. In stand-alone power system applications, they are generally sized to supply at
least the peak system load. However, diesel generators have some disadvantages as

follows:

® Diesel generators are becoming expensive to run due to increasing fuel cost and
transportation costs. According to the Australian Institute of Petroleum (AIP), the
retail price of the diesel fuel has increased about three times in the last decade [3].

® Diesel generators require a high level of maintenance cost [4], [5].

e Diesel generators are efficient only when running at rated load [5]. A diesel
engine has higher fuel consumption at light loads at constant speed. This is due to
incomplete fuel combustion during light loads [5]. It is usually recommended by
the manufacturers that diesel generators have to run at a minimum load of about
30% to achieve high operating efficiency [6]. The typical fuel consumption and
fuel efficiency curve of a 50 kVA diesel generator is shown in Fig. 1 [5]. From
Fig. 1, it is seen that a typical 50 kVA diesel generator operates at highest
efficiency (about 33%) at the rated load. At 30% of rated load (15 kVA), the
efficiency is as low as 20%. It is also seen that, as the load decreases, the

efficiency decreases.
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Fig. 1. Typical fuel consumption and fuel efficiency curve of a diesel generator [5].
¢ Diesel generators rely on a continuous supply of fuel. As a result, it is important
to ensure security of fuel supply in remote areas.
e Diesel generators pollute the local environment as they emit greenhouse gases

[5], [7] and they also create noise [5].

Renewable energy sources such as hydro, solar, wind, bio-mass, geothermal and
tidal can act as an alternative power sources in stand-alone power system applications, as
they provide clean power for remote communities. In general, there is huge potential for
utilizing renewable energy sources in most remote areas which can provide a clean and
environmentally-friendly power supply to the community. However, the main challenge
of using renewable energy sources for stand-alone power system applications is that the
availability of power has daily and seasonal patterns that may not match the load
demand. Combining renewable energy generation with a stand-by generator or energy
storage device will render the renewable energy sources more reliable and affordable.
This kind of electric power generation system with a main power source from renewable
energy and back up generation or energy storage is known as a ‘hybrid power system’.
The main objective of such systems is to produce as much energy as possible from the
renewable sources while maintaining acceptable power quality and reliability. However,
a renewable energy-based stand-alone power supply system introduces a number of

technical challenges. These challenges are mainly attributed to the intermittent nature of

.
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renewable power, variable loads and low inertial of such systems [8]-[18]. The technical

challenges are listed below:

¢ Intermittent nature of renewable energy sources — A major challenge for using
renewable energy sources such as wind and solar is that they are variable and
intermittent [8]-[15]. Using such sources in a hybrid power generation system
typically requires extensive backup generation or energy storage capacity in order
to eliminate the effects of their variable and intermittent nature [8]-[15].

¢ Load fluctuation — Electricity consumption varies over time. These temporal
variations include moment-to-moment fluctuations and hour-to-hour changes
associated with daily, weekly, and seasonal patterns [16]-[18]. As a result, a
renewable energy based hybrid power system has to respond to such load
changes.

e Power quality issues — Perfect power quality means that the voltage is
continuous and sinusoidal, having a constant amplitude and frequency. Power
quality can be expressed in terms of physical characteristics and properties of
electricity. It is most often described in terms of voltage, frequency and
interruptions [19]-[22]. The voltage quality must fulfill stipulated national and
international standards. Within these standards, voltage disturbances are
subdivided into voltage variation, flicker, transients and harmonic distortion.
Voltage variations are caused by the intermittent nature of renewable energy
sources and load fluctuation. Voltage flicker and harmonics may be caused by the
presence of non-linear loads and power electronic converters in the system [23],
[24]. Transients may occur due to the dynamic characteristics of the renewable
energy sources and loads.

¢ Difference in response time for integrated components — One of the main
challenges of control strategy is to ensure transient stability of different
components of the hybrid power system when they work together. As a stand-

alone power system experiences various disturbances such as fluctuating loads
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and outputs of renewable sources, energy storage with a fast response is required
to ensure transient stability [25], [26]. Moreover, the hybrid energy storage with
different energy storage devices may respond differently to certain disturbances
[25]-[28]. Therefore, coordinated control needs to be developed to ensure better
transient stability of the stand-alone power system.

Energy storage strategy and back-up power generation — Energy storage
plays an important role in hybrid stand-alone power system applications, as they
are used for both short-term transient stability and long-term load leveling and
peak shaving applications [25]-[31]. As a result, a proper management of energy
storage is needed to ensure a continuous, reliable and quality power supply. Back-
up power generation is also used in stand-alone power systems. It can be
employed to share power demand, especially during peak load conditions when
power from renewable energy sources and energy reserves in the storage system
are insufficient to satisfy the load demand. Small-scale diesel generators are often
used as the back-up generation.

Security of supply — Security is defined as the ability of a power system to
withstand sudden disturbances [32], [33]. As a result, sufficient generation
resources must be present to meet projected loads and reserves for contingencies
[32], [33]. Security also implies that the power system will remain intact, even
after outages or equipment failure. As a result, a proper system planning and
operation strategy is vital.

Demand-side management — Demand-side management (DSM) has been
traditionally seen as a means of reducing peak electricity demands [34], [35].
DSM has various beneficial effects in a stand-alone power system application,
such as mitigating electrical system emergencies, reducing the number of
blackouts and increasing overall system reliability [34]-[35]. Moreover, DSM
also helps to reduce dependency on expensive non-renewable fuel, thus reducing

energy costs as well as harmful emissions. Finally, DSM plays a major role in
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based

deferring high-cost investments in generation, transmission and distribution
networks in long-term asset planning. As a result, DSM applied to electricity
systems provides significant economic, reliability and environmental benefits.
Load growth — Over time, stand-alone power supply systems may experience
increasing load demand as a result of population growth and continuous
economic growth of the community [36]-[38]. As a result, the structure and
overall control strategy has to be flexible enough for the system to increase the
generation rating to cope with increased load demand.

Economic aspect of hybrid system — In the case of a stand-alone power system,
the cost of power generation has to be minimized through proper equipment
sizing and load matching [39]-[45]. In the economic analysis, capital and
maintenance costs, and energy cost for different resources have to be accounted

for in order to optimize the hybrid renewable energy-based system.

Meeting the technical and financial challenges associated with renewable energy-

hybrid power systems requires research in several areas. These are indentified and

categorized as follows:

i)

Proper control of renewable energy sources to achieve optimum power
output — It is important to ensure that each energy generation source operates at
its optimum level. Hence, proper control of the renewable energy sources is
required.

) Proper co-ordination of each sub-system of the hybrid system —In the hybrid
stand alone power system, proper co-ordination among each subsystem is
essential when they operate together. There, the control system has to coordinate

different sub-systems in order to achieve efficient operation.

iii) Proper selection of energy storage devices — Energy storage devices are an

integral part of the hybrid power system. Energy storage can be classified as
short-term or long-term. Short-term energy storage refers to a storage device

that can release or absorb a large amount of energy relatively quickly. Such

-5-
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storage is used to improve transient stability of the system in the event of sudden
changes in wind or load conditions [25], [26]. Long-term energy storage is used
for load leveling or peak-shaving purposes [27]-[30]. Proper selection of energy
storage is required to ensure stable, cost-effective and reliable stand-alone
power generation in remote and isolated areas.

iv) Output voltage and frequency regulation — The main challenge of a hybrid
power system is to ensure a power supply with regulated voltage and frequency.
Non-linear, unbalanced load conditions contribute to voltage harmonics and
distortions. Moreover, due to low inertia, the system frequency can be affected
by a sudden load change and the intermittent nature of renewable energy
sources. As a result, power quality issues need to be addressed.

v) Optimum location of energy sources — It is very important to determine the
optimum location of renewable energy sources and storage systems. As the
power output from renewable energy sources depends on geographic location, a
better location can enhance the utilization of renewable energy sources [46],
[47]. In addition, in stand-alone power systems, voltage profile at the
distribution level can fall below operating standards owing to distribution losses.
Energy storage devices installed in critical areas can improve the voltage profile
of the system.

vi) Optimum sizing of the system — Optimum sizing of renewable energy sources
and storage systems need to be determined so as to ensure reliable, cost-

effective power generation of a hybrid power system [39]-[45].

Considering the practical challenges associated with hybrid stand-alone power

supply applications, the following are the main objectives of this thesis:

a. Components of a hybrid power system for stand-alone operation
Among various renewable energy sources, wind and solar energy are often

available in remote and isolated areas. Other sources such as bio-mass, geothermal and
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tidal energy are more geographically dependent. Favorable conditions for renewable
energy are necessary, as the cost of electricity is heavily dependent on local weather
patterns [46], [47]. In this project wind energy is considered, as wind turbine-based
hybrid power systems offer a cheaper option compared with a solar energy-based hybrid
renewable power supply [47].

Different types of energy storage systems such as pumped hydro, compressed air,
flywheel, thermal, hydrogen, batteries, superconducting magnetic and super-capacitors
are used in various applications for different purposes. Pumped hydro and compressed air
energy storages are low cost options [25]. However, they have lower efficiency.
Moreover, pumped hydro is dependent on the geographical location. Flywheel energy
storage, batteries, superconducting magnetic energy storage and super-capacitors have a
higher energy density and a very fast time response [25], [26]. As a result, they can
support a sudden change of the power demand and provide better transient stability. On
the other hand, fuel cells and electrolyzers have higher power density with slower time
responses [27]- [31]. Therefore, they are more suitable for long-term load leveling
applications. Considering the application of energy storage systems in the wind turbine-
based hybrid power system, a combination of the fuel cell, electrolyzer and battery can
represent the most suitable option. Firstly, excess power from wind can either be stored
in the battery storage system or can be used to generate hydrogen by the electrolyzer.
Secondly, batteries respond very quickly, ensuring better stability of the hybrid system
during transient periods caused by sudden changes of wind and load. Thirdly, this
combination can improve the efficiency of the system by sharing power so as to allow
the operation of a fuel cell in a high efficiency region.

A diesel generator is considered as a back-up for the stand-alone system. In this
project, the diesel generator is used only when the system suffers from severe conditions
such as loss of wind turbine or lack of energy storage.

b. Control of each energy source

Each energy generation system has to be controlled optimally. In the proposed
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hybrid power system applications, the main objective of the wind turbine control is to
extract optimum power from wind. The energy storage is controlled such as to absorb
excessive power from the wind in high wind conditions and release the necessary power
during low wind conditions. Moreover, the energy storage is also responsible for
ensuring a transient stability of the system under varying wind and load conditions. A
back-up diesel generator is used to provide power only in emergency situations. It is
controlled to run in droop mode (power sharing) or asynchronous mode (stand-alone).
c¢. Energy management and power regulation system

In this project, a supervisory controller (energy management and power regulation
system) is developed to ensure optimum energy use and to coordinate local controllers at
each energy generation source. Depending on wind and load conditions, this system
generates reference dynamic operating points to the local controls of individual sub-
systems. It also controls the load scheduling operation during unfavorable wind
conditions with inadequate energy storage to avoid system black-outs.

The project aims to overcome the practical problem associated with renewable
energy based power system application for stand-alone application. The major
contribution of the thesis is listed below:

¢  Wind turbine control and optimum power extraction from varying wind.
® Energy storage modeling and control.

¢ Hydrogen storage system modeling and control

¢ Load side inverter control

¢ Dual-fuel diesel-hydrogen generator modeling and control.

* Energy management and power regulation system.

The overall system diagram is shown in Fig. 2.
The thesis organized as follows:
Chapter 1 presents a literature review of a renewable energy-based hybrid stand-

alone power system. This chapter contains a general overview of hybrid power systems,
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Fig.2. Block diagram of proposed hybrid power system.

their structure, different power generation sources, energy storages and associated control

and coordination techniques of hybrid power systems.

Chapter 2 presents the wind turbine modelling and control. This chapter discusses a

permanent magnet based variable speed wind turbine. The optimum power extraction

technique is also presented.

Chapter 3 presents the energy storage system and load side inverter modelling and

controls. It discusses about the modelling and control aspects of the battery storage

system, fuel cell and electrolyzer. Moreover, this chapter focuses on the interaction of

each energy storage system. This chapter also demonstrates the output voltage and

frequency control in inverter system modelling and control part.
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Chapter 4 presents the details modelling and control of a diesel generator. This
chapter also discusses about the ‘black-box’ modelling of a dual fuel diesel-hydrogen
generator. Power sharing techniques of diesel generator with other power generation
sources are also included.

Chapter 5 presents the supervisory controller modelling. It discusses about the
overall coordination of a hybrid system. A load shedding algorithm is proposed, which
ensures continuous system operation, thus avoiding system black-outs.

Chapter 6 presents a case study of proposed hybrid system. A number of case
studies are presented in different wind and loading conditions to justify the application of
the proposed system for stand-alone operation.

Finally, a conclusion and future work recommendations are presented.

-10 -



Chapter 1
Stand-Alone Hybrid Power System

This chapter presents an overview relevant to the scope of the proposed research
project, comprised of different sections. Section 1.1 provides an overview of a renewable
energy based hybrid power system. Section 1.2 presents different structures of the hybrid
power supply system. Section 1.3 provides in-depth literature of a wind energy
conversion system. Section 1.4 presents a detailed study of an energy storage system.
Section 1.5 provides different control and co-ordination techniques for a stand-alone
power system. Section 1.6 provides the challenges, issues and future vision of fully
renewable energy based hybrid power system. Finally, some remarks are presented to

conclude the chapter.

1.1  Overview of Hybrid Power System

With the rapid growth and challenges of power generation, distribution, and
usages, renewable energy technologies can play an important role in future power supply
due to increased awareness of environmental pollution. In the case of power supply
system to remote and isolated communities, a renewable energy based stand-alone power
system can be a particularly attractive cost-effective solution, as grid extension is often

impractical due to economic and technical constraints.

Diesel generators are most commonly used as a stand-alone power supply system
application to remote and isolated communities for their reliability, cheap installation,
ease of starting, compact power density and portability [48], [49]. However, rising fuel
prices make them very expensive to run. Moreover, they cause significant environmental
pollutions. In most remote and isolated areas, renewable energy sources such as wind and
solar are available, which can provide clean cost-effective power. However, due to the

intermittent nature of renewable energy sources, hybrid combinations of two or more

-11 -
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energy sources along with energy storage can improve reliability and ensure a continuous

and cost-effective power supply.

Different generation sources may operate in tandem to achieve higher energy
efficiency and improve system performance. As an example, wind and solar power can
complement each other on daily basis. Integration of battery or super-capacitor storage
systems can improve transient stability of a fuel cell and wind turbine based hybrid

power system in the event of wind and load changes [50]-[52].

In renewable energy-based hybrid power system applications, energy storage is
considered as an integral part of the system [53]-[67]. Energy storage can improve
transient stability of the system when wind and load variation occurs [53]-[55]. Most
importantly, they are used for load leveling and peak shaving applications [56], [57].
However, proper technology selection, operation and control strategies, structure of the
hybrid power system, and generation unit sizing are also vital to construct a robust

renewable energy based hybrid power supply system [62]-[67].

A case study reported in [46] describes a cost-effective power supply solution in a
remote area in Tunisia. The climate of Tunisia, located in North Africa, well-suited to the
use of solar energy. There are many small, remote locations in Tunisia which rely on
diesel generators for electric power, as grid extension is not economically feasible. The
cost of running these generators can be quite expensive when accounting for the
transportation costs and efficiency of diesel generators during off-peak periods. As a
result, a hybrid solar power with battery storage-based power system was considered for
continuous power supply in this area. It has been shown that the power generation cost of
hybrid a solar and battery storage system is $240.65 per MWh, whereas a diesel
generator based power supply system costs about $289.1 per MWh. In favorable wind
conditions, wind turbine-based hybrid power systems can offer a cheaper solution

compared with solar energy based hybrid renewable power supply [68].

-12 -
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1.2 Structure of Hybrid System

A well-defined framework of a hybrid system is vital, as various energy sources
may have different operating characteristics. In an optimal framework, the renewable
energy sources, energy storage, and loads are integrated and capable of operating
autonomously as a unit [68]. A robust system should also have a “plug-and-play”
capability which renders the system capable of integrating any number of devices

without system re-configuration [68], [69].

There are various ways to integrate different energy sources and storage to form a
hybrid power system. Among them, dc-coupled, ac-coupled and hybrid-coupled are the

most popular options [70]-[74], which outlined as below:

1.2.1 DC-Coupled Systems

In a dc-coupled system, all renewable energy sources are connected to a dc bus
either directly or through appropriate power electronic converters. A block diagram of
the system is shown in Fig. 1.1. This system can be connected to the dc loads through
appropriate dc-dc converter, ac loads through a dc-ac converter or utility grid through a
bi-directional dc-ac converter. The system is flexible and can be connected to an ac load
of 50/60 Hz frequency. The dc-coupling scheme is very simple and is not required to be
synchronous with the ac system. However, a dc-coupled system suffers from various
weaknesses. For example, if the system converter connecting the utility grid with the bus
is out of service, the whole system will not be able to supply ac power. To rectify this,
several inverters can be connected in parallel. As such, synchronization of output ac

voltage and proper power sharing are required to achieve a desired load distribution [75].
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Fig. 1.1. Schematic diagram dc-coupled hybrid energy system.

1.2.2  AC-Coupled Systems

An ac-coupled system can be divided into two categories: power frequency ac-
coupled (PFAC), and high frequency ac-coupled (HFAC) systems. The PFAC coupled
system is shown in Fig. 1.2 (a), where the different energy sources are integrated through
their own power electronic interfacing circuits to a power frequency ac bus. In this
arrangement, coupling inductors are required between the power electronic interfacing

circuits and power frequency ac bus to achieve the desired power flow management.

The HFAC system is shown in Fig. 1.2 (b), where different energy sources are
coupled to a HFAC bus in which HFAC loads are located. This application is mainly
used for HFAC loads (e.g., 400 hz) such as airplanes, vessels, submarines and space

stations.

In both PFAC and HFAC systems, dc power can be obtained through an ac-dc
converter. The HFAC may also include a PFAC bus and utility grid through an

appropriate ac-ac and/ or ac-dc converter, where regular ac loads can be connected.
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1.2.3 Hybrid-Coupled Systems

In hybrid-coupled system as shown in Fig. 1.3, various DG sources are connected
to the dc or ac buses of the hybrid system. In this application, some energy sources can
be implemented directly without the use of a power electronic interfacing system. As a
result, the system can operate with higher efficiency and reduced cost. However, control
and energy management can be more complicated than with dc-coupled and ac-coupled

systems.
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Fig. 1.3. Schematic diagram of hybrid-coupled hybrid energy system.

Different coupling schemes have their own appropriate applications. If the major
generation sources generate dc power and there is a substantial dc load in the system, a
dc-coupling system is preferable. On the other hand, if the main power systems are ac
with substantial ac loads, an ac-coupled system is preferred. If the major power
generation system is a combination of ac and dc power, then hybrid coupled system is the

best.

1.3 Wind Energy Conversion System

In the last decade, wind power generation systems have experienced tremendous
growth and been recognized as an alternative environmentally-friendly and cost-effective
means of power generation. The major components of a typical wind energy conversion
system (WECS) include a wind turbine, generator and control systems. Fig. 1.4 shows a
WECS. The generators conventionally used in WECSs are the doubly-fed induction
generator (DFIG), cage induction generator (IG), and synchronous generators (SG). The
power electronics correspond to a back-to-back converter. The WECS can be connected

to a large utility, a micro-grid (weak grid), or a stand-alone load.
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Fig. 1.4. Wind energy conversion system.

1.3.1 DFIG- based WECS

The DFIG is widely used for variable-speed generation and is one of the most
important generators for wind-energy applications [76]-[81]. The DFIG-based WECS is
shown in Fig. 1.5. Nowadays, the DFIG-based wind turbine accounts for about 50% of
wind energy market share. For a typical DFIG, a back-to-back power converter is
connected to the rotor for a restricted speed range of operation, typically 30% of its rated
value [78], [79]. In DFIG-based WECS, slip rings connect the machine-side converter to
the rotor, and gearboxes are also required, since a multi-pole low-speed DFIG is not

technically feasible [57].

DFIG-based WECS speed can be regulated for desired electrical torque via the
rotor-side converter. Speed regulation is mainly used to optimize power extraction from
the wind. The possibility of controlling the active and reactive power gives this system

rolling capacity on the grid [82]-[84].

A DFIG-based WECS can contribute to the short-circuit power because the stator
is directly coupled to the grid. Therefore, during a grid fault, relatively high currents may
be produced in the DFIG stator windings. However, direct connection between stator and
grid may limit the capacity of this generator to remain connected to the system during a
fault period. To improve the fault handling capacity, a crowbar is usually adopted to limit

the currents and voltages to a safe level in the rotor circuit where the back-to-back power
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converter is used. The three-phase rotor winding is short-circuited via the closed crowbar
switch which transfers the DFIG in a standard IG. During the switching operation, the

high currents produced may cause sudden torque loads on the drive train.

Most major wind turbine producers manufacture WECSs based on DFIGs.
However, difficulties in complying with grid fault ride-through requirements may limit

its use in the future [85], [86].
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Fig. 1.5. DFIG-based WECS.

1.3.2  SCIG-based WECS

The squirrel-cage 1G (SCIG) shown in Fig. 1.6, is a very popular machine due to its
mechanical simplicity and robust construction [76]. Unlike the DFIG, no brushes are
required for the machine’s operation. Minimal maintenance is necessary, apart from
bearing lubrication. The SCIG was widely used in fixed-speed WECS [76] (first Danish
wind turbines), and it is still used for variable-speed wind-energy generation. The IG
with a frequency converter is completely decoupled from the grid; hence this system has

a complete grid connection capacity.
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The main drawbacks of the SCIG reside in the fact that two full power converters
are required for operation and a multi-pole direct-drive operation is not technically
feasible [76]. Therefore, SCIGs do not have the advantage of variable-speed operation
using reduced-size power converters (as in the DFIG). SCIGs cannot be used in direct-
driven WECS [as in permanent-magnet generators (PMGs)]. Hence, the number of

WECS producers manufacturing topologies based on SCIGs is relatively low.
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Fig. 1.6. SCIG-based WECS.

1.3.3  SG-based WECS

In SG based WECS shown in Fig. 1.7, an excitation is provided via rotor windings.
Hence, a full-scale power converters (FSCs) are needed, and a reduced scale converter

for the excitation is required for synchronous machines.

The cost, weight and size of the SG based wind turbine are higher than its DFIG
counterpart. The reliability of direct drive SG is very high due to the absence of a
gearbox, the slipping ring, and brushes. As a result, they are more suitable for
applications where the logistics could be a problematic and robustness is of paramount
importance; e.g., offshore wind parks. Moreover, they can have a better ride-through

capability.
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Fig. 1.7. SG-based WECS.

1.3.4 PMSG-based WECS

PMSGs are considered to be one of the most promising technologies for wind
energy systems [76], [87]. In PMSG-based WECS, full-scale power converters (FSCs)

are needed.

The direct-drive permanent-magnet SG (PMSG) shown in Fig. 1.8, is considered to
be the most efficient, as power losses are about 65% of a typical DFIG-based WECS
[88]. However, the cost, weight and size of the PMSG-based wind turbine is higher than
its DFIG counterpart. The reliability of direct drive PMSG is very high due to the
absence of a gearbox, slipping rings, and brushes. As a result, they are more suitable for
applications where the logistics could be a problematic and robustness is of paramount
importance; e.g., offshore wind parks. Moreover, they can have a better ride-through

capability.

Multi-pole PMSGs with full-power back-to-back converters appear likely to be the
configuration adopted by most large wind-turbine manufacturers in the near future,
replacing the doubly-fed generator as the main generator in the wind-energy market. An

additional advantage of direct-drive generators is noise reduction achieved when the

-20 -



Chapter 1: Stand-Alone Hybrid Power System

gearbox is eliminated from the WECS [89]. For offshore applications, increased

reliability and the elimination of possible oil spills from the gearbox is another

advantage.
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Fig. 1.8. PMSG-based WECS.

1.3.5 Multibrid Concept (PMSG with Single Gearbox)

With the increase in WECS rated power, the direct-drive operation of generators
may require electrical machines of considerable size, weight and cost. In this case, a
topology introduced by the German company Multibrid is shown in Fig. 1.9. The
Multibrid concept developed a WECS comprised of a medium-speed PMSG and a
single-stage gearbox with a gear ratio of 6-10 [90], [91]. This allows weight and size
reduction of the generators combined with gearbox technology which is lighter, more

reliable and cheaper than the standard three-stage gearbox with a typical ratio of 80-100.
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Fig. 1.9. Multibrid concept.

Among different types of WECS, the DFIG based WECS is very popular as the
lightest, low cost solution with standard components. However, it has a low energy yield
due to high losses in the gearbox. Since it is mainly built from standard components
consisting of copper and iron, major improvements in performance or cost reduction

cannot be expected.

The direct drive PMG generator seems far more feasible, since the active material
weight of the generator for the same air-gap diameter is nearly halved, while the energy
yield is several percent higher. While having the highest energy yield, it is more
expensive than the generator systems with a gearbox. Further improvements can be
expected since the cost of the permanent magnets and the power electronics is

decreasing.

1.4 Energy Storage System

Energy storage systems are an integral part of a hybrid renewable stand-alone
power system, which is critical for ensuring a high level of power quality, reliability and
security. An ideal storage system would offer fast access to power as required, provide

high capacity power and energy, have a long life expectancy, and at a competitive price.
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However, an ideal storage system is not currently available. As a result, it is important to
select the appropriate storage technology for the application of renewable energy based
hybrid power systems. The preliminary applications of energy storage systems for a

stand-alone hybrid renewable energy based power system are as follows:

* Renewable matching and power smoothing

Renewable energy sources are intermittent in nature. As a result, power
generation frequently fails to match the load profile or demand cycle. Energy storage can

be used to match the output of renewable sources to any load profile.
* Load leveling application

In load leveling application, bulk energy is stored during peak wind conditions
and then discharged during low or no wind conditions. As a result, proper management

of energy storage can ensure continuous system operation.
* Power quality

Utility power sometimes suffers disturbances such as momentary voltage sags or
even outages. Along with harmonic distortions, and other imperfections can affect
sensitive equipment requiring high quality power. Energy storage systems can be used to

provide reliable, high quality power to sensitive loads.

Based on the application, the energy storage can be classified as long-term and
short-term. Capacity-oriented energy storage technologies such as pumped hydroelectric
systems, compressed air energy storage and hydrogen storage do not generally have a
fast response time and are used for long-term energy storage. On the other hand, storage
devices with a fast response time such as batteries, fly-wheels, super-capacitors and
super-conducting magnetic energy storage (SMES) are used for responding to short time

disturbances such as fast load transients, and for power quality related problems. Fig.
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1.10 shows the typical storage capacity versus discharge time for different energy storage

systems.
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Fig. 1.10. Capacity versus discharge time for different energy storage systems.

Energy storage can be electrochemical, mechanical, electromagnetic, thermal or
hydrogen-based.. Electrochemical energy storage includes lead-acid, lithium-ion, flow
and sodium-sulfur batteries. Mechanical energy storage includes pumped hydroelectric,
compressed air energy and fly-wheel. Electro-magnetic storage systems such as
superconducting magnetic energy storage (SMES) and thermal energy storage can
include solar thermal and thermal storage for heating, ventilation and air conditioning.

Hydrogen storage includes electrolyzer and fuel cells.

1.4.1 Electrochemical Energy Storage

Batteries used to store and supply power to renewable energy based power systems
must be reliable, durable and safe. Several promising battery technologies exists for grid
connected or stand alone based renewable energy system applications including lead-

acid, lithium-ion, flow, sodium-sulfur batteries.
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o Lead-acid batteries

Lead-acid batteries are mature and proven technology in a number of applications
including frequency regulation, bulk energy storage for variable energy renewable
energy integration and distributed energy storage systems. These batteries are a viable
option owing to relatively low cost, ease of manufacture, rapid electrochemical reaction
kinetics and good life cycle under controlled conditions [92]. Conventional lead acid
batteries typically achieve 20-30 Wh/kg, with a power density of 4 kW/kg [92].
Maintenance free valve-regulated lead-acid (VRLA) batteries, also known as sealed lead
acid batteries, have largely replaced conventional high maintenance flooded cell batteries
in a variety of applications such as automotive, marine, telecommunications and
uninterruptible power supply system. However, for large storage system applications for

grid support, flooded lead-acid technology is still considered as the best alternative [93].

The lifetime of lead-acid batteries varies significantly depending on the application,
discharge rate and number of deep discharge cycles. In the case of a renewable energy
based power system, traditional lead-acid batteries may experience a short life-cycle and
require significant maintenance due to uncontrollable charging and discharging operating

cycles.
o Nickel-based batteries

Nickel-based batteries can be in the form of Nickel/Cadmium (NiCad) and Nickel
Metal Hydride (NiMH) systems. The main application for NiCad batteries is portable
electronics. Compared with the lead-acid battery, NiCad batteries have a longer life,
higher energy density and lower maintenance. NiMH batteries are a feasible alternative
to NiCad batteries owing to better performance and environmental benefits. Compared
with lead-acid and NiCad batteries, NiMH does not contain toxic substance such as
cadmium or lead. The energy density of NiCad cells is 25 - 30% higher than NiCad cells

but well below rechargeable Li-ion batteries [94].
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e Lithium-ion batteries

Lithium is an attractive material for battery technology as it has a higher reduction
potential and lighter weight [93]. Rechargeable Li-ion batteries are commonly found in
consumer electronic products, comprising most of the global production volume of 10 to
12 Giga-watt hours per year [93]. These batteries are widely used in plug-in hybrid
electric vehicles (PHEV) and electric vehicles (EV).

Compared to the long history of lead-acid batteries, Li-ion technology is relatively
new. It is expected that the EV and energy storage market will substantially benefited
from advancements in Li-ion battery technology. The high energy density and relatively
low weight results in a viable choice for electric vehicles and other applications where
space and weight are important. Given their long cycle life and compactness, higher
roundtrip energy of 85 — 90% [95], Li-ion battery manufacturers may be used for various
utility grid-support applications including distributed energy storage systems at
community scale, commercial end-user energy management, home back-up energy
management systems, frequency regulation and wind and photovoltaic power smoothing

applications.
¢ Flow batteries

A flow battery is a rechargeable battery where electrolyte containing one or more
dissolved electro-active species flow through an electrochemical cell which converts
chemical energy to electricity [93]. Vanadium redox battery technology is one of the
most mature flow battery systems available, with an expected life of about 15 years [93].
However, the physical scale of this battery is mainly due to the large volume of

electrolyte required when sized for utility-scale projects.

Flow batteries are an attractive energy storage option for the grid because of their
ability to store a large amount of energy with a potentially longer life-cycle. However,

such technology is still young, with an associated cost barrier. Moreover, the presence of
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active species in the anode and cathode electrolytes may lead to efficiency loss and

contamination.

¢ Sodium sulfur batteries

The sodium sulfur battery possesses high energy and power density and electrical
efficiency. Its long life results in an excellent choice for electric power system
applications [93]. Sulfur is used as an active material at the positive electrode and sodium
is used at the negative electrodes. Electrodes are separated by sodium-ion-conductive
ceramic solid electrolyte. High temperature maintains the electrode active materials in a
liquid state while the electrode is solid. This reduces resistance and enables efficient

battery performance averaged over lifetime discharge [93].
e Super-capacitors

Super-capacitors are devices that store electrical energy as charge separation in
porous electrodes with large surface areas. Some key benefits of ultra capacitors include
highest capacitance density of any capacitor technology, low cost per farad, reliable, long
life, high cycle-life, maintenance-free operation, environmentally safe, a wide range of

operating temperatures high power density and good energy density [92].

Of these features, the greater power and energy densities bridge the gap between
standard batteries and traditional capacitors for high-power, short-duration energy
storage. As a result, they are widely used in utility applications for transmission line
stability, spinning reserve, frequency control, voltage regulation, power quality and

uninterruptible power supply applications [74].

1.4.2 Mechanical Energy Storage

Pumped hydro, compressed air energy storage and flywheels can be classified as

mechanical energy storage.
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¢  Pumped hydro

Pumped hydro electric storage is the oldest, most widespread commercially
available energy storage technology. Such schemes consist of two large reservoirs at
different levels with a store of water. Off-peak electricity is used to pump water up to the
top reservoir, which can then be discharged as required, typically to a lower reservoir at
the other end of a height differential. This flow of water drives turbines in the same way

as hydro-electric dams.

The technology can provide reliable power at short notice, typically within one
minute, with efficiency in the range of 70-85% [95]. Overall the technology is one of the
most mature on the market and further technological advances are considered unlikely.
Pumped hydro is the main form of energy storage globally and has been used since the
1890s. There is approximately 90GW of pumped storage in operation worldwide,
accounting for 3% of global generation capacity [96]. A limiting factor is the large
capital costs involved in construction (although cost is highly dependent on local
topography and other factors). For example, the 1080 MW Goldisthal plant in Germany
cost $700 million in 2002 [96].

e Fly wheel

Flywheels represent a mechanical form of energy storage in which the kinetic
energy of a fast-spinning cylinder contains stored energy. Recent technological advances
of fly-wheel have improved the efficiency of the traditional flywheel [93]. Modern
flywheel systems are typically comprised of a massive rotating cylinder, supported on a
stator by magnetically levitated bearings that eliminate wear and extend system life. To
increase efficiency, the flywheel is operated in a low pressure environment to reduce air
friction. This energy storage system draws electricity from a primary source to spin the
high density cylinder at speeds greater than 20,000 rpm. When the primary source loses
its power, the motor acts as a generator. As the flywheel continues to rotate, this

generator supplies power to the grid.
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Flywheels have a high energy density of 50 — 100 Wh/kg and an efficiency of
around 90%, depending on the flywheel’s speed range [96]. With no chemical
management or disposal to consider, flywheels have certain environmental advantages

over battery systems.

e Compressed air energy storage

In compressed air energy storage system (CAES), air is compressed into
underground mines or caverns by using off-peak electricity, which improves the
efficiency of the gas turbine [93]. When required, the compressed air is utilized in
conjunction with a gas turbine to generate electricity, resulting in gas consumption
reductions of 60% relative to the same amount of electricity generation directly from gas
[93]. Compressed air energy storage can be integrated with a wind farm in order to store
additional power during high wind conditions. The energy efficiency of CAES is around
80%. The availability or generation of large underground storage spaces can have
possible environmental impacts, and constraint on this technology is constrained by the

absence of suitable locations for underground air storage.

1.4.3 Electro-magnetic storage

¢ Superconducting magnetic energy storage

Superconducting magnetic energy storage (SMES) can store electrical energy in a
magnetic field within a cooled super-conducting coil. The coil is cooled beyond its super-
conducting temperature (-269°C), where the resistance of the material is very low. This
limited electrical resistance allows SMES to achieve high efficiency of up to 97%. Since
the SMES can release immediate energy, It is useful where customers require an
extremely high quality power output. As the SMES is currently undergoing research and

development, very limited information available regarding costs.
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Extremely low temperatures are required for the superconducting system,
representing a safety issue. Larger scale SMES systems could require significant

protection to deal with magnetic radiation in the immediate vicinity.

1.44 Hydrogen Energy Storage

Hydrogen-based energy storage systems are currently receiving considerable
attention due to the long period over which hydrogen can be stored, and owing to the
potential hydrogen holds for replacing petroleum products as the energy carrier for the
transport sector. When coupled with a renewable energy source or low carbon energy
technology, hydrogen energy storage has the potential to reduce greenhouse gas

emissions.

The essential elements of a hydrogen storage system consist of an electrolyzer
unit, to convert electrical input to hydrogen during off-peak periods, the storage
component and an energy conversion component to convert the stored chemical energy

into electrical energy when demand is high or for use in transportation systems.

The electrolyzer and fuel cell components can be dedicated or “reversible”:
capable of electrochemically producing hydrogen or operating in fuel cell mode and
converting the hydrogen back to electricity. Proton Exchange Membrane (PEM) fuel cell
technology has been most extensively explored for reversible electrolyzer operation, but
solid oxide fuel cell (SOFC) and alkaline fuel cell (AFC) technologies can also be
applied reversibly. One of the principal concerns regarding hydrogen systems is the
whole cycle efficiency. Energy loss is inherent in the system when electricity is
converted to hydrogen, stored, transported and then re-converted to electricity in a fuel
cell. Estimates of this energy loss range from 60 - 75% [97]. More advanced fuel cell
technologies are under development and include: Direct Methanol Fuel Cells (DMFC);
Molten Carbonate Fuel Cells (MCFC) and Solid Oxide Fuel Cells (SOFC). MCFCs and
SOFCs operate at extremely high temperatures of around 620°C and 1,000 °C

respectively. MCFCs are approaching 60% efficiency for the conversion of fuel to
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electricity, and it is anticipated that SOFCs will achieve similar efficiency levels [93].
When the waste heat is captured and used, efficiencies can reach 85% for both

technologies [93].

1.5 Control Strategy and Energy Management

Proper control and the energy management strategy of stand-alone hybrid power
system systems with multiple renewable energy sources and energy storage is absolutely
critical in order to achieve a continuous, reliable and cost efficient operation. The overall
control and energy management system of a typical hybrid power system is responsible
for proper management of energy storage, allowing renewable energy based hybrid
system to provide the necessary power to the connected load at any given time of

adequate quality.

Typically, in a stand-alone power system, the control system must determine and
assign the active and reactive output power of each energy source while maintaining its
output voltage and frequency at the desired level. Moreover, the control system has to
ensure power supply security of the renewable energy based hybrid power system in case

of adverse conditions such as no wind or solar to avoid system black-outs.

1.5.1 Control Structure of Hybrid Power System

The control structure of such systems can be classified into centralized,
distributed, and hybrid control paradigms. In all three cases, each energy source is
assumed to have its own controller which can determine optimal operation of the
corresponding unit, based on current information. A brief description of each control

paradigm is discussed in the following:
¢ (Centralized control paradigm

In a centralized control paradigm, the measurement signals of all energy units are

sent to a centralized controller, as shown in Fig. 1.11. This acts as a supervisory
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controller which makes decisions. The main objective of this is to optimize energy use

among the various energy sources of the system.

The control signals are then sent to the corresponding energy sources. The
advantage of this control structure is that the multi-objective energy management system
can achieve global optimization based on all available information. However, the scheme

suffers from a heavy computation burden and is subject to single-point failure.

Centralized
Controller
Local Local Local
Controller Controller Controller
Energy Energy Energy
Resource Resource Resource

Fig. 1.11. Centralized control paradigm.
e Distributed control paradigm

In a fully distributed control paradigm, the measured signals of the energy
sources of the hybrid system are sent to their corresponding local controller, as shown in
Fig. 1.12. The controllers communicate with one another to make decisions to achieve
specific goals. An advantage of this scheme is “plug-and-play operation”. With this
control structure, the computation burden of each controller is greatly reduced, with no
single-point failure problems. The main disadvantage is the potential complexity of its
communication system. A promising approach for distributed control problems is the
multi-agent system (MAS) [101], and MAS has been used for power system integration,

restoration, reconfiguration and power management of micro-grids [100]-[104].
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Local Local Local
Controller Controller Controller
Energy Energy Energy
Resource Resource Resource

Fig. 1.12. Distributed control paradigm.
e Hybrid centralized and distributed control paradigm

The hybrid control paradigm combines centralized and distributed control
schemes, as shown in Fig. 1.13 [105], [106]. The distributed energy sources are grouped
within a sub-system. A centralized control is used within each group, while distributed
control is applied to a set of groups. The computational burden of each controller is

reduced, and single-point failure problems are mitigated.

A hybrid control scheme, termed multilevel control framework, is shown in Fig.
1.14. This is similar to the hybrid control scheme discussed above, with an additional
supervisory (strategic) control level. At the operational level, basic decisions related to
real-time operation are made, and actual control of each energy unit is performed very
rapidly based on the unit’s control objectives, within a millisecond range. The tactical
level aims to make operational decisions for a group of local control units or the entire
subsystem, with a relatively higher timeframe, ranging from seconds to minutes.
Strategic decisions concerning the system’s overall operation such as system “startup” or
“shutdown,” are made at the top level [107]. Two-way communication exists between the

different levels in order to execute decisions.

-33 -



Chapter 1: Stand-Alone Hybrid Power System

Supervisory Controller

!

!

Centralized . s Centralized
Controller Controller
Local Local Local Local
Controller Controller Controller Controller
Energy Energy Energy Energy
Resource Resource Resource Resource
Fig. 1.13. Hybrid centralized and distributed control paradigm.
Strategic Level
Tactical Level Tactical Level
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Fig. 1.14. Multi-level control paradigm.

Globally, renewable energy sources have been the fastest growing sources of
electricity production in the last decade. According to the projection of the US Energy
Information Administration (EIA), non-hydro renewable power generation will continue
to grow well in the near future. However, at present, most non-hydroelectric renewable

energy technologies are not economically competitive with fossil fuel based generation
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sources. As a result, federal and local government incentives are often the primary

driving force for installing renewable energy generation plants.

1.6 Challenges for the Fully Renewable Energy based Hybrid

Power System Technologies

Although renewable energy sources provide significant benefits to the
environment and are recognized as having a good potential for sustainable energy
development, they are costly compared to the fossil fuel based power generation system
because of high installation costs compared with traditional electricity generation
technologies. In the majority of cases, incentives from federal and state governments and

local utilities are necessary to make a hybrid system economically viable.

Energy storage is required for stand-alone hybrid renewable energy systems to a
have continuous, reliable power supply with desired quality. Energy storage is also one
of the enabling technologies for accommodating grid-scale renewable generation sources
to power systems at high penetration. Among the different energy storage techniques,
only pumped hydroelectric storage and underground CAES can provide a competitive
system cost [108]. However, these are heavily constrained geographically and only
suitable for large grid-scale energy storage applications. Batteries are the most common
energy storage technologies for distributed hybrid renewable energy systems. Though the
requirements of energy and power density are not so critical to stationary energy storage
applications, system cost and durability remains the key barriers for battery storage
systems. Moreover, it is highly challenging to accurately estimate the state of charge
(SOC) and state of health (SOH) of batteries [109]-[114]. Therefore, new battery
technologies deserve more research attention and efforts to improve their durability and

performance, while lowering their cost.

As the deployment of hybrid renewable energy systems in the form of

independent stand-alone power systems increases, the need for real-time energy
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management of such systems and robust communication between the individual energy

sources become important task which require further attention.

Conclusion

This chapter provides a summary of available approaches and those currently
under research for optimal design of hybrid renewable energy systems. Different
approaches for the configuration, control and energy management of hybrid systems are
presented. A detailed review of a wind energy conversion and energy storage systems are
presented. Technical and financial challenges of renewable energy based stand-alone
systems are also included. In the next chapter, the control strategy of the wind turbine
which is considered the primary power source of a proposed hybrid system will be

discussed.
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Wind Energy Conversion System Modelling and Control

This chapter focuses on the modelling and control of wind energy conversion
systems. The proposed system consists of a variable speed wind turbine, an interior type
permanent magnet synchronous generator and a PWM controlled rectifier. The variable
speed wind turbine captures aerodynamic power from the wind. The interior type
synchronous generator converts this wind power to useable electrical power. The PWM
controlled rectifier is used to capture optimum aerodynamic power by controlling the
generator’s rotor speed. The structure of the wind energy conversion system is shown in

Fig. 2.1.

Wind Turbine Rectifier
K& K& kl A
Q; — |Load

IPMSG KX KXKXK
LI
a)g*—> Optimum power

extraction

Fig. 2.1. Configuration of wind energy conversion system.

2.1  Variable Speed Wind Turbine Model

A wind turbine basically consists of a blade and generator. The blade transforms the
linear kinetic wind energy into rotational kinetic energy, which is then transformed to

usable electrical energy with the help of a generator [91]-[96].
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The amount of kinetic energy (E) of a small particle having a mass of (m) of wind

with a velocity of (v) can be expressed as [91]-[93]:

E =>mp? 2.1)

=

Substituting the particle mass as a product of air density (p), wind speed (v), and time
(1), that applies a rotor blade of a circular swept area (A) with radius (r), the expression of

mass of the air particle can be expressed as [91]-[93]:
m = pAvt = pur’vt (2.2)

Substituting m from (2.2) in (2.1), the expression of the kinetic energy can be as

follows [91]-[93]:
E = pAvit (2.3)

The available power (P,,;,4) is the time derivative of the energy given below [91]-[96]:

dE 1

wirid dar 2

The power coefficient (C,) is defined as the ratio of the aerodynamic rotor power (P)

to the power (P,,i,q) available from the wind as given below [91]-[96]:

C, = (2.5)

The aerodynamic rotor power can be expressed as a function of aerodynamic torque

(Taero) and rotor angular speed (w) as given by [91]-[96]:

P=1__. _w (2.6)

The torque applied to the generator (7.) can be given by [91]-[96]:

1, = Kw? 2.7)

c
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where K is given by

K= %,:-ARE "% (2.8)

Assuming that the rotor is rigid, the angular acceleration @ is given by

= %(TEE?"‘G - ch (2.9)

where J is the combined rotational inertial of the rotor, gearbox, generator, and
shafts.

Depending on wind speed, a variable-speed wind turbine has three main regions of
operation as shown in Fig. 2.2. In region 1, the wind speed is below the cut in speed (v,)
which is not enough to start a turbine. Region 2 is an operational region of wind turbine
where the wind speed remains between the cut in speed (v,) and cut out (v;) region. In
region 3, the turbine must limit the captured wind power as the wind speed is above the

cut out speed (v;), so as to ensure safe electrical and mechanical operating limits.

3 H
High Wind
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," Turbine Power
~2F i
E Wind Power i’,'
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o
[
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0 10 20 30
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Fig. 2.2 Steady-state power curve of wind turbine.
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Fig. 2.2 demonstrates the steady-state relationship between extracted aerodynamic
power and wind speed. The dotted line represents the power in the unimpeded wind
passing through the rotor swept area, while the solid curve represents the power extracted

by a typical variable speed wind turbine.

Classic control techniques such as proportional, integral and derivative (PID) control
of blade pitch are typically used to limit power and speed on both the low and high-speed
shafts for turbines operating in region 3, while generator torque control is usually used in

region 2.

For a variable speed wind turbine operating in region 2, the control objective is to
ensure maximum energy capture by operating the wind turbine at the peak of the C, —
TSR as shown in Fig. 2.3. The power coefficient C, (4, ) is a function of the tip speed
ration (TSR) A and the blade pitch £. The TSR is defined as [91]-[96]:

P (2.10)

From (2.5), the rotor aerodynamic power P increases with C,. As a result, the wind

turbine should be operated at the maximum power coefficient Cpmax.

The relationship between TSR A and blade pitch can be expressed as follows:

1

,-1:;—:,.:,5 (211)

i+o.0zf  Fex

To calculate Cp for the given value of 4 and f, the following numerical approximation

has been used:

151

C,(4,B) = 0.73[—— 0.588 — 0.0025* — 13.2]exp (

—-1B4

=) (2.12)

From (2.9), the relationship between C, and A for different 5 is shown in Fig. 2.3.
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Fig. 2.3. C, — A curves for different pitch angles (f).

The steady-state power curve of the wind turbine for different wind speeds is given

in Fig. 2.4.
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Fig. 2.4. Steady-state power curve of wind turbine at different wind and rotor speed.
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2.2 Permanent Magnet Synchronous Generator (PMSG) Model

PMSGs are synchronous ac machines. The PMSG consist of 3-phase stator
winding similar to the SCIG, while the rotor winding is replaced by the permanent
magnets. The advantage of eliminating the rotor field winding are reduced copper losses,
higher power density, lower rotor inertia and more robust rotor construction. The
demerits are loss of flexibility in field flux control, possible demagnetization/saturation
of magnetic material and parameter variation over time. Depending on the magnet
placement on the rotor, PMSGs are divided into two categories: surface permanent
magnet machines (SPM) and interior permanent magnet machines (IPM) as shown in

Fig. 2.5.

In SPM synchronous machines, the permanent magnets are mounted on the rotor
surface as shown in Fig. 2.5(a). The rotor has an iron core which may be solid or made of
punched laminations with skewed poles to minimize cogging torque, and the simple
design makes it easy to build. This configuration is used for low speed operation, since
the magnet may fly during high speed operation. The permeability of magnetic material
approximates air, producing an effectively large air gap. Moreover, the smooth rotor
surface design minimizes saliency in the rotor, contributing to a low armature reaction

effect due to low magnetization inductance.

In IPM synchronous machines, magnets are installed inside the rotor as shown in
Fig. 2.5(b). The IPM rotor is difficult to fabricate, although the robust design makes it
more suitable for high speed applications. The unequal effective air gap distribution
renders it a salient pole machine, where the direct axis inductance is less than quadrature

axis inductance (L4s<L,).

-4 -



Chapter 2: Wind Energy Conversion System Modelling and Control

Surface mounted
permanent magnet

Stator winding Interior

Stator core permanent magnet

Rotor core

a) Rotor cross section of SPMSM b) Rotor cross section of IPMSM
Fig. 2.5. Cross sectional view of rotor design of a) SPMSG and b) IPMSG.

2.2.1 Operating Principle of PMSG

In permanent magnet synchronous machines, magnets are placed on the rotor as
alternate N and S poles. These magnets cause the development of magnetic flux in the air
gap. When the stator windings are excited, they develop their own magnetic flux, and the
close interaction between rotor and stator magnetic fields produces electromagnetic

torque in the rotor.

Fig. 2.6 shows a simplified cross-section view of 3-phase, 2-pole PMSG with
symmetrical stator windings, displaced from each other at a 120° electrical angle. The
relative motion between rotor and stator induces sinusoidal MMF waves on the magnetic
axes of the respective phases. The phase difference between rotor magnetic flux and the
magnetic axis of stator phase-a winding is known as rotor position angle (8r). The rate of

change of rotor position angle further calculates the angular rotor speed (®, ).
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Fig. 2.6. Cross-section view of 3-phase, 2-pole PMSG.

2.2.2 Generalized Model of PMSG

For a PMSG with sinusoidal flux distribution, there is no difference between the
back e.m.f. induced by a permanent magnet rotor or wound rotor. Hence, the

mathematical model of PMSG is similar to that of a wound rotor synchronous machine.

The PMSG stator voltage equations in abc ref. frame can be expressed in terms of

instantaneous currents and stator flux linkages as [97]:

Vﬂbs = Rsﬂbsimbs +p"'1ﬂbﬁ (2‘13)
Where Vrzbc = [VE Vb T’J;]I’ Il’ﬂbr.: = [Il’rz Il’b ic]r ‘;l’ﬂbc = [":l’rz ‘;l’b ‘;I’c]r’ and
Rsﬂhs = di:lg [Rs Rj' Rs]

Rs is the stator resistance and p is the differentiating operator d/dt. For a linear

magnetic system, the stator flux linkage can be calculated as follows:
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A = Lﬂhs iﬁbs+‘1

abc mabc
errz erb ac
Where Lﬂbc == Lbﬂ Lb!‘.‘ Lbﬂ
Lcrz ch Lcc
cos @,

2m
and 4,,,, = 4,,| 05 (&-= %)

2m
T (5‘, + ?)

The stator winding inductances in equation (2.15) can be expressed as:

LEE = LI:.' + LD_? + LE:.' cos 2'9;"'
2w
Ly =L+ Ly, +L, cos 2(5‘, ——

3

2

Lcc = L!s + Ll}s + LESCDSE (Er + ?
1 ™

Loy =Ly =—1Los+ Ly, c0s2(6, — %)

Lo =L =—3Lo + Ly cos2(8, +7)

ac

C

1
Lye =Ly = —7Lg; +1Ly,cos2 (8, +m)

(2.14)

(2.15)

(2.16)

2.17)

(2.18)

(2.19)

(2.20)

2.21)

(2.22)

In the above given equations, Las, Lss, and L. are the self inductances of each

phase, Lap, Lyc and L, are the mutual inductances and A is the flux linkage established

by the rotor magnets. The leakage inductance L consists of magnetizing inductance

components Lgs and Lzs, which are further dependent on the rotor position. Here, Lzsis

generally negative and Losis positive in the case of an interior permanent magnet (IPM)

synchronous machine, due to their unique rotor design. Therefore, the quadrature-axis

magnetizing inductance Lmqis larger than the direct-axis magnetizing inductance Lnqg of
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the interior PM motor, which is the opposite to general salient-pole synchronous

machines.

The stator flux linkage in equation (2.14) can be written in extended form as:

. cos#,
"lﬂ Lﬂﬂ Lﬂb Lﬂc Ig 9 In
Ap|=|Lloa Lup Lypc||in|+in CDS( r‘?) (2.23)
L ch Lcc Il’c cos [:E?" + 23_11)

2.2.3 Modelling of PMSG in d-g Reference Frame

The electromagnetic analysis of a PMSG is conveniently carried out in a d-g rotating
reference frame, introduced by R. H. Park in the late 1920s. According to Park’s
transformation, the 3-phase machine is analyzed on the basis of a two — axis theory,
where the fictitious direct- and quadrature-axis currents (fg, ;) flow through the virtual
stator windings. Park’s transformation eliminates all time-varying inductances from the
voltage equations of the synchronous machine, which occurs due to electric circuits both
in relative motion and with varying magnetic reluctance. Park’s transformation and its

inversion can be mathematically expressed in the following:

cns(ﬁr—za—n) cos (E?,, -|-1|E|—'1T

f cos & .
d 2 ~ . a
e[| me, —ene-3) —ano )
fu . ; ) f
(2.24)
1. F cos @, —sinf,
¢ d 2x ur
= [Tﬂbcﬁdqﬁ)_l = [€OS [E?, o 3_) - Sln E B _ [ (225)
f fo Cos (E\', —|-23—‘?) —gin (5‘ —|— ‘T

In the equations 2.24 and 2.25, f can represent either voltage, current or flux

linkage vector variables. The frame of reference may rotate at any constant or varying
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angular velocity or may remain stationary as in the Clark transformation. For a three-

phase balanced system, the transformation matrix in 2.24 can be reduced to:

fa
[{Fﬂ = (Trzbc—niq) L{] = fo

—sin @, —sin(ﬁ'?,—zj) _Sin('gr_F:ai) fe

3

I'.IJII’-.'I

I cosf,  cos (EI',. —23—1?] cos (E?,, —l—za—” fa

(2.25)

Now the equation 2.13 can be rewritten in rotating reference frame as given below:

Voo = Reicoo + Tapeoago-P - [[Tﬂbﬁdqﬁj'l],ldqu +p. A, (2.26)
where Vo = [Va V, W17 (2.27)

g0 = [la 1 Lo]” (2.28)
Aggo=[a 4¢ A7 (2.29)

Similarly, the stator flux linkage as calculated in equation 2.14 can be written in

rotating reference frame as:
Aaqo = Lago lago T Aaqo (2.30)

where the magnetizing flux linkage lies in the direction of d- axis, and hence can be

written in matrix form as below:

Aagom = [Am 0 0]F (2.31)
L, 0 0

Lao=|0 L, 0 (2.32)
0 0 L,

Ly=Ly+Lpa=Ly+>(Lo, +1L,) (2.33)

-47 -



Chapter 2: Wind Energy Conversion System Modelling and Control

3
Lq=L!3+Lmq= L!3+E(LD3_L23) (234)

Ly=L,. (2.35)

Further, the interrelationship between L4, Lg and Lgs, Lzs can be given as:

Lpg == (Lo, + Ly,) (2.36)
Lomg == (Los —Los) 2.37)
Lo =3 (452) = 3 (ona + Lyng) 2.39)
Ly, =>(mime) = (1, —1,,) (2.39)

where Lgis termed as direct-axis stator inductance and L4 as the quadrature axis

stator inductance.

Similarly we can have

—sind, —cos6,

4]
P [(Tabemzao) | = —sin (6, - %) —cos(6,-%) © (2.40)
—sin (5',, + 23—1?] —cos (5',. + :3—1?] 0

Thus, we can have

_ 0 —1 0
Topc—+aqo - P - [[Tﬂbs—?ﬂ'ql}) ] = wr [1 0 ﬂ] (2.41)
o 0 0

Substituting all these terms from equations 2.27 to 2.41 in equation 2.26:
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Va Re 0 07ria 0 —1 o]|Lse O 0 |fiy A
vV =[[I R. l]“iq]-l- w,.|1 0 0] o L, 0 [iq]+[g]+
A 0 0 Rl 0 0 of0 0 L,|li, 0
0 —1 0]fle O Offi,
.|t 0 0|]|9 Lq 0 U
o o ol|lo o Lyl
(2.42)
Simplifying the equation 2.42 and written in extended form as:
Vg =Reig+Lgo%— w,L i, (2.43)
: di :
V,=Rsi, + Lqﬁ + @, L i+ w.d, (2.44)

For balanced operation of PMSG, the zero sequence equation can be neglected.
The d- and g- axes equivalent diagram of PMSG is shown in Fig 2.6. Here, £7and £ are

the back e.m.f. of direct and quadrature axes respectively, which can be expressed as:
E; =—wd, =—w.lL i (2.45)
E, = wpdy = w,L 4i5 + wpdy, (2.46)
The mechanical power developed inside PMSG can be expressed as:

P, =(Esiz+E i) == (wtei, — @A iz) (2.47)

Similarly, from the above derived equations, the expression for electromagnetic

torque in rotating reference frame can be written as:

T = (E) Py (2.48)

- 20 we

where wp, 1s the mechanical speed and Pis the number of poles.
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Substituting (2.47) in (2.48), the expression for electromagnetic torque can be re-

written as:
T, = (2)(2) (Auig— Aqla) (2.49)

Substituting the appropriate values for stator flux linkage from (2.30) in (2.49), the

equation for electromagnetic torque can be rewritten as:
T,=(3)(5) Aiq = (Le = Loials) (2.50)

As the PMSG is to be operated in generating mode, the flow of current in stator
winding is considered to be the opposite direction and is hence negative. Considering the
copper and core loss components of the PMSG, the d- and g- axes equivalent circuit

diagram of PMSG is shown in Fig. 2.7.

R, oL, R oL,
_ M)+ _ A + ()"
ido _ id-ﬁ N EH\/W\ iq-ﬁ Y
+

12 y)

a R, v, R, wiy g)

Ld L‘I
a) d- axis component b) q- axis component

Fig. 2.7. d- and g- axes equivalent circuit diagram of PMSG.
2.2.4 PMSG Controller Modelling

The primary objective of the PMSG control is to extract optimum power from
varying wind. The PMSG controller also ensures efficient operation of the PMSG [97]-
[111].
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. Optimum power control

The optimum power extraction concept can be defined as the extraction of required
power from a wind turbine under varying wind conditions [108]-[125]. In a variable
speed wind turbine, the relationship between rotor speed and the output power for a
given wind speed is shown in Fig. 2.4. The detailed relationship between the rotor speed
and the output power for a given wind speed is discussed in the variable speed wind

turbine model section.

From (2.6) and (2.7), the applied torque or the extracted power from the wind can
be controlled by regulating the rotor speed. By rearranging (2.7), the relationship

between the applied torque and the rotor speed can be defined as follows:

K .w? (2.51)

T opt

copt =
where Kope 1S given by

K,pe =3 PAR® 22 (2.52)

The optimum power can be as follows:

=K _ (2.53)

P = @wT opt

opt copt

From (2.53), the rotor speed at optimum power point can be expressed as follows:

—
® | Sopt (2.54)

= |
"qK:lpr

From (2.53), optimum power can be extracted by controlling the rotor speed. Fig.
2.8 demonstrates the power generated by a turbine as a function of the rotor speed for
different wind speeds. As an example, for a particular wind speed (vs), the optimum
power (Pw,,) can be generated by keeping the rotor speed either equal to ®; or ws.

However, as w3 is higher than the base rotor speed, the control system must choose the
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rotor speed w;. If the wind speed drops to vs from vg, the control system sets the rotor

speed to w; to extract the required power.

[E—

Optimum Power
(PWopt)

S
oo

O
>~ o

Turbine output power (pu)
o
[\

)

o
\S]

0 02 04 06 08 1 1.2 1.4
Rotor speed (pu)

Fig. 2.8. Power generation of wind turbine in different rotor and wind speeds.
. Efficient operation of PMSG

Optimum power extraction algorithms can be implemented in wind energy
conversion stages in different ways. An unregulated two-level rectifier with a boost or a
buck-boost converter is used to regulate the dc-link voltage or rotor speed. This
arrangement causes high harmonic distortion which reduces generator efficiency [105].
A regulated two-level rectifier can improve these distortions [105].

The primary objective of the controller is to regulate d- and g- axis components of
the stator current. The reference optimum value of d- and g- axis current determines the
operational loss of the IPMSG. The losses of a PMSG can be divided into four
components: stator copper loss, core loss, mechanical loss and stray-load loss. Only the
stator copper and core losses are explicitly dependent on the fundamental components of

the stator currents. Therefore, optimum reference values of d- and ¢- axis components of
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stator current have to be calculated to reduce the operation loss. An algorithm is
developed to obtain the optimum reference value of d- and ¢- axis current to ensure

minimum operational loss of IPMSG as discussed in the following.

From (6), the g-axis stator current component (i,) for constant torque can be

expressed as a function of the d-axis stator current component (i ):

i = g (2.55)

T 3 {Ap+{Lg—Lg g}

The maximum efficiency of the IPM synchronous generator operation can be
achieved by minimizing copper and core losses. From Fig. 3, the copper (P¢,) and core
(Pcore) loss for the IPM synchronous generator can be determined as follows [127],
[103]:

P,=R(ij+i2)

(2.56)
PULyiy +y ) + (L)%
Feore= R (2.57)
C
PULyig+y ) + (L))
Feore= R (2.58)
C
where R, is the core loss component.
The output power from the generator can be given as:
Four=Pw =Pcy ~Feore
2 . 2 . 2
=Tyw-Ry(i > +i,2) i {(Ldldﬂ”f) +(L‘ilq) } (2.59)
—TgYNslg T R
c

The optimum value of i; can be determined from the output power (P,,) vs d-axis

stator current (iy) curve based on (2.55)-(2.59) as shown in Fig. 2.9. From Fig. 2.9, the
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optimum value of the d- axis current component is chosen where the output power from

IPMSG is maximum. The controller is shown in Fig. 2.10.

095
E - d(Pdi=0

< L —_—
(]

2 N
Boogsp  @=09pu ©=0.95pu -
S

§=

3

(5]

=

o

£ 055

S

1 08 06 04 02 0
d- axis current

Fig. 2.9. The d-axis current vs output electric power.
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i*, from | i’ .
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Fig. 2.10. Machine side controller.

2.3 Simulation Results

Simulation studies are conducted to verify the performance of the wind energy
conversion system controller. The proposed system shown in Fig. 2.1 is implemented in

a Matlab/Simpower environment. The system’s performance is simulated for different
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wind and load conditions. The parameters of the wind turbine and IPM synchronous

generator are shown in Table 2.1.

Table 2.1. Parameters of the wind turbine and IPM synchronous generator.

Permanent Magnet Synchronous Generator
Number of pole pairs 4
Rated speed (rpm) 1260
Rated power (kw) 1
Stator resistance (ohm) 5.8
Direct inductance (mh) 0.0448
Quadrature inductance (mh) 0.1024
Inertia 0.011
Wind Turbine
Rated power (kW) 1.1
Base wind speed (m/s) 12

. Wind and load profile

Fig 2.11 shows the hypothetical wind and load profiles. The wind speed changes
from 10.5 m/sec to 11.1 m/sec at t=10.5 sec; 11.1 m/sec to 11.7 m/sec at t=17.5 sec; and
11.7 m/sec to 10.5 m/sec at t=23 sec. The load changes from 720 watt to 750 watt at
t=13.5 sec; from 750 watt to 900 watt at t=17.5 sec; from 900 watt to 800 watt at t=22.5

SecC.

a) Wind Speed

5 10 15 20 25
b) Load Profile

5 10 15 20 25
Time

Fig. 2.11. Hypothetical a) wind speed and b) load profile.
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. Machine-side converter performance
Fig. 2.12 shows maximum power extraction from the wind by regulating the generator
speed. From Fig. 2.12, it can be seen that the proposed controller is able to extract

maximum power at different wind speeds.

a) Rotor speed

1.05
\ W, [
= 0.95 [ IF\S ]
= 0.85 ™ ot P
0.75
5 10 15 20 25
b) Power extracted from the wind
1000
-~ 900
= L
Z 800 X
700 |
5 10 15 20 25

Time
Fig. 2.12. Rotor speed regulation for maximum power extraction.

Fig. 2.13 shows the maximum efficiency operation of the IPM synchronous
generator. It is seen that the controller regulates the d-and g-axis stator currents in order

to maintain a high efficiency operation of the IPM synchronous generator.

a) d- axis current

-0.2
o -0.24 g . T | |
£ . "\
-0.28 Lad .v"ﬂl‘ M
-0.32 ; <1
5 10 15 20 25

a) g- axis current

§ 12 Iy N\ rr
-14 1
_1 6 Iq* /L
5 10 15 20 25
Time

Fig. 2.13. Stator current regulation.
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Fig. 2.14 (a) shows the converted electrical power and power loss of the IPM
synchronous generator. Fig. 2.14(b) shows that the [IPM synchronous generator maintains
high efficiency operation.

a) Outputpower from IPMSG (P,,,), and power
conversion 1oss (P,,,)

900 —7
I \
600 ASN
% P out
300
B 0 i K P loss: | r
5 10 15 20 25
b) Power conversion efficiency (%)
95
S , "\“——‘V-—uv-
85
75
5 10 15 20 25
Time

Fig. 2.14. Performance of PMSG.

Conclusion

This chapter outlines the modeling and control aspects of a wind energy conversion
system. The optimum wind power is regulated by controlling the rotor speed. To ensure
the efficient operation of IPMSG, the d- and g- axis currents are also controlled. The

control system’s performance is presented using MATLAB simulation.
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Chapter 3

Energy Storage and Inverter System Control

This chapter outlines the modelling and control strategies of i) energy storage
systems, and ii) the load side inverter system of the proposed renewable energy based
hybrid stand-alone power system. The proposed energy storage system consists of both
hydrogen and battery storage systems. The hydrogen storage system consists of an
electrolyzer, hydrogen tank and fuel cell unit. The control systems of energy storage and
inverter systems are implemented in a MATLAB/ Simpower environment and results are

presented.

3.1 Overview of Energy Storage System

Renewable energy sources such as photovoltaic, solar thermal or wind are
inherently intermittent and fluctuating. As a result, proper control and management of the

energy storage system is critical for ensuring reliable, continuous operation.

Different energy storage systems such as pumped hydro, compressed air , flywheel
, thermal, hydrogen, batteries, superconducting magnetic storage and super-capacitors
are used in various applications for different purposes in the proposed wind power based
stand-alone power system. The relative advantages and disadvantages of each storage
system are discussed in the introductory chapter. In this project, adopting a combination
of the fuel cell, electrolyzer and battery is considered for various reasons. Firstly, excess
power from wind can either be stored in the battery storage system or used to generate
hydrogen via the electrolyzer. Secondly, batteries respond very quickly [137], [138],
ensuring better hybrid systemA stability during transient periods in the event of sudden
wind and load changes. Thirdly, this combination can improve the system’s efficiency by

sharing power such as to allow the operation of a fuel cell in a high efficiency region. In
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the following, the control strategy, battery energy and hydrogen storage system will be

presented.
3.2 Battery System Modelling and Control

3.2.1 Battery System Modelling

In the proposed project, lead-acid batteries have been chosen for their ability to
improve the system during transient stability and to support it with bulk energy. A lead-
acid battery is an electrical storage device that uses a reversible chemical reaction

to store energy. The charging and discharging equations are shown below [139]-[141]:

Discharging mode:

Vo = Eg—}?é-ﬁﬁ:{ﬁ-ﬁ-i?)ﬁ—ﬂexp 'O (3.1)
Charging mode:

- » LR 3 v G‘ -J H -

Vpeor = Eg— Ki — K Teiel K o {t + Aexp {£) (3.2)

where V.. is the battery output voltage (V); & is the battery constant voltage (V); K
is the polarization constant (V/(4h)) or polarization resistance (£2); & is the battery
capacity (4h); iz = | idz is the actual battery charge (A44); A4 is the exponential zone
time constant inverse (44)"'; R is the internal resistance (12); { is the battery current (A);

i”is the filtered current (4).

The state-of-charge (SOC) is defined as the available capacity remaining in the

battery, expressed as a percentage of the rated capacity. The SOC is defined as [139]:

s6€=100{1-: L) ot (3.3)
The following assumptions are considered of the model [139], [140]:
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e The internal resistance is assumed to be constant during charging and discharging
cycles and does not vary with current amplitude.

o The model’s parameters are deduced from the discharge characteristics and
assumed to be the same for charging.

o The battery capacity does not change with the amplitude current.

e The temperature does not affect the model’s behaviour.

e The battery has no memory effect.

3.2.2 Battery System Control
A bidirectional dc-dc converter [142] — [151] is a popular interface circuit shown in
Fig. 3.1, which is used to regulate charging and discharging of the battery storage system.
During the charging cycle, the converter works as a boost converter while operating as a
buck converter during the discharging cycle. The boost converter operation is achieved
by modulating O, switch with anti-parallel diode D;. With the direction of power supply
reserve, the converter works as a buck converter through the modulation of Q; switch

with anti-parallel diode D;.

___L,{ .

Le
-E C 74 Vdc

y 0 Ve

Fig. 3.1. Bidirectional dc-dc converter.

The bidirectional dc-dc converter must be operated in a continuous condition
mode for charging and discharging applications. Switches O, and O, are switched so that
the converter operates in a steady state with four sub-intervals. These are intervals 1 (#

— 1), 2 (t; = t2); 3 (t2 — t3); and 4 (13 — t,). During intervals 1 and 2, the converter
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works as a boost-converter in battery charging mode, while during interval 3 and interval
4, the converter works as a buck-converter in battery discharging mode. It should be
noted that the low voltage battery side is considered as V3 and the high voltage dc-link
voltage as V. A brief description of the operation of four different interval times is

below:
Interval 1(¢y — ¢))

At the time of 75 — ¢, the lower switch Q) is ON and upper switch Q, is OFF with
diode D; and D, on reversed bias as shown in Fig. 3.2. During this time, the inductor is

charged and the current through the inductor increases. The battery voltage {V5} and the

increased inductor current {4i5{+}] are expressed as follows:
R (3.4)

Aig(+)=2ET,. (3.5)

i
0:=0 ]
I< x Dy
Le | i
N— (¢ L _
[~ m,.u......_,..}w...«.,‘ MMMMM T | —=Cy | Va
QF§ |
Vi e a Controller x D,
I + !
. 3 !1

Fig. 3.2. Bidirectional dc-dc converter operation (time interval 7p-¢;).
Interval 2(¢; — 15)
At the time of #; — ¢, switches Q; and O, are OFF. The diode D; of the upper

switch Q; conducts as shown in Fig. 3.3. In this condition, the inductor current starts
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decreasing. The decrease of the induction current decreases {#i5(—)} during the off

state, given by:

Ve —¥pl! Ver— Vot
aig(-) = iiTiT’ F= " “lc (T~ Tyy) (3.6)

where T,z is the OFF time of lower switch O, T is the total time of operation.

Q/:0<

|

e P =
Vy —:L_—: a Controller 99 *Dz
!
b
S -

Fig. 3.3. Bidirectional dc-dc converter operation (time interval ¢,-).

Cuy Vae

In steady state operation, &i5{=+] during ON time and &:g{~] during OFF time has

to be equal. Consequently, (3.5) and (3.6) are equated as follows:

By = TETRP T (3.7)

From (3.7), the relationship between battery voltage {¥; J and dc link voltage {V,.]
as a function of duty ration can be expressed as:

v, = DV, (3.8)

T -
Ten

where & =

-~
&

Interval 3 (£; — 3)

At time of 7, — ¢; the upper switch Q; is ON and lower switch O, is OFF with

diode D; and D, on the reversed bias, as shown in Fig. 3.4. During this interval, the
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converter works as a buck converter. The inductor current increases, expressed as

follows:
s fim W —Vp3
aig(+)= __—Mffc Tou (3.9)
[ . -
Q=1 a1 -
'|<’ " A D
{
Lc |1 §
I_I """ adb Lo ey ey 1:' - oo | e
=0 |
Vg —__—I’ . Controller g ? D
|
o
T L

Fig. 3.4. Bidirectional dc-dc converter operation (time interval £,-13).
Interval 4 (t; — ¢,)

At time of #; — ¢4, both upper switch O, and lower switch O, are OFF and the
diode D, of the lower switch conducts as shown in Fig. 3.5. During this interval, the

converter works as a buck converter. The inductor current decreases, expressed as

follows:
y J— "!E ~w —_— x“;E‘ (53] -
8ig(=) = Torr = (T~ Tox) (3.10)
[ T
Q=0 |
A D
LC ' ;
. m..n..{:‘Y"Y"\m<m_ MMMMM %m[ = Cu | Va
i) o
Vg T ¢ Controller g {Dz
[ Hl
e +— 1!

Fig. 3.5. Bidirectional dc-dc converter operation (time interval £;-1,).
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In steady state operation, &iz{+) during ON time and &ig{-—] during OFF time

have to be equal. As a result, (3.9) and (3.10) are equated as follows:

£
¥

ﬁ:z;i&;?‘ga\ — {_i {T— TQ}@) (31 1)

From (3.11), the output voltage can be expressed as a function of duty ration as:

Fefﬂ = ;—_;-) VE (3 ]2)

The gate pulse Q; and Q> are shown in Fig. 3.6.

! I
0,
} | ! 1 1 1
i 1 1 1 | 1
| 1 I I ] 1
0,
1 } 1 I { ]
1 | ! 1 } 1
! 1 1 | 0 1
} !B-max 1 1
[
st NG NN

TN\
)
i
1

-4

'4-»'4——»4——»4-»'
!

1 ]
D2 Q2 Ql DI

Fig. 3.6. Control of the bidirectional dc-dc converter.

The inductor value is crucial for operation of the bi-directional de-dc converter in
conduction mode. This mode of operation depends on input and output voltage and

current, duty cycle frequency and inductor value. The value of the inductor is as follows:

,”
axt

L4
Rt

.
o .
ot
|
“

L3)
R
It
2,
w

(3.13)

h o,
Y |1

where £, is the switching frequency.
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The control circuit of the bi-directional de-dc converter is shown in Fig. 3.7. The
control circuit consists of the voltage and current regulator. In the outer loop, a reference
current signal is generated based on the voltage error. The battery current signals are also
compared. Based on the error signal, the P/ controller generates the appropriate value to

generate a suitable pulse-width modulation (PWM) signal for the switch.

—

V. i’
“G ) P12+ )| PI =] PwM 3 NOT |0,

Fig. 3.7. Control of the bidirectional de-dc converter.

3.2.3 Simulation of Battery Controller

The battery controller system performance is simulated in a MATLAB environment
and results are presented. The overall system is shown in Fig. 3.8. The parameters of the

battery system and controller are shown in Table 3.1.

Table 3.1. Parameters of battery system and controller

Number of batteries in series 5
Number of batteries in parallel 8
Rated Voltage (volt) 12
Rated Current (Amp) 0.5
Rated Capacity (amp-hour) 0.1
Inductor (mhenry) 2.7
Capacitor (micro Farad) 64
Switching frequency (k Hz) 20
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Rectifier Battery
SG x4
<Q>L : L ¢ [load]
JK A A

. i
—"ﬁQ»PI——’%@epI—»PWMJ
Vdc iB

Fig. 3.8. A battery storage system with control.

From Fig. 3.8, a synchronous generator with constant power output is connected to
the load via a back-to-back converter. A battery storage system is connected via a bi-
directional dc-dc converter in the dc-link. The bi-directional converter is controlled so

that the output dc-voltage is constant during different loading conditions.

In the simulation study, the synchronous generator’s power is assumed to be
constant (2.7 kW). However, the load is variable, and the load profile is shown in Fig.
3.9. From Fig. 3.9, it is seen that the initial load is 0.65 kW. The load changes from 0.65
kW to 2kW at a time of 5 seconds; from 2 kW to 3.5 kW at 8 seconds; from 3.5 kW to
2.25 kW at 11 seconds; and 2.25 kW to 0.75 kW at 14 seconds.

50 —— : e e _—
Y Load profile (kW) |
1 ; \
B2Sk 1‘
] |
| - | |
s s T 2s T s

Time (seconds)

Fig. 3.9. Load profile.
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The battery charging and discharging power is shown in Fig. 3.10. It is seen that
from 2.5 to 8 seconds the battery charges, as the load requirement is less than the
synchronous machine’s power generation. However, from 8 to 11 seconds the battery
discharges, as the load requirement is higher than generated power. From 11 seconds
onwards, the battery charges again as the load demand is less than the power generated

by the synchronous generator.

6 [ T T T T Tt 2
“ Power from Gene1 ator —= Load demand ===** Power from Battery
g 3{‘, P el u/{’w‘ ‘
L e ottt st HOtrt o | O Lo e Ao e e~ T
4 [ PR | Khemirrns bttt ity
| ! , :
B | e, by e
O (bcoo-ee- OO S ] e L i
[~ W) i “’00"-“'“&("'"' wn n.u\" -t-m,.n
1-...&-\"»“-1 ororre 1 g2 T NO M e
U N S B - 1
3.5 7.5 12.5 17.5

Time (seconds)
Fig. 3.10. Battery storage system charging and discharging..

The battery voltage, current and state of charge (SOC) as a result of charging and
discharging actions are shown in Figs 3.11, 3.12 and 3.13. The dc-link voltage is shown
in Fig. 3.14.

100 —— S ) S .

Battery voltage (V)

Time (seconds)

Fig. 3.11. Battery voltage.
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Fig. 3.13. SOC of battery storage system.
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Fig. 3.14. dc link voltage.

From Figs 3.9 to 3.14, it is shown that the dc-dc bi-directional converter controller

can balance the power difference of the synchronous generator and load demand.
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3.3 Hydrogen Storage System Modelling and Control

The overall hydrogen storage system consists of electrolyzer, fuel cell and
hydrogen tank as shown in Fig. 3.15. The electrolyzer and the fuel cell are connected to
the dc bus by power electronic interface circuits. The fuel cell and electrolyzer are
controlled by the fuel cell and electrolyzer controller as shown in Fig. 3.15, and the
hydrogen tank is connected to the electrolyzer and fuel cell. The modelling and control

system strategies of electrolyzer, fuel cell and hydrogen tank are as follows:

DC Bus (V)

lBuck Converteﬂ(— — Electrolyzer }|Fuel Cell 1__ —» |Boost Converter
controller controller

£t
I !

v
( Electrolyzer 3:>‘ H; Tank Fuel Cell

Fig. 3.15. Hydrogen storage system.

3.3.1 Fuel Cell Modelling and Control

The proton exchange membrane (PEM) fuel cells have shown great promise for use
as distributed generation sources [152]-[161]. The PEMFCs are a good source of power,
providing a reliable supply at a steady state. However, they cannot respond to electric
load transients as rapidly as desired, due to slow internal electro-chemical and

thermodynamic reactions. The PEM fuel cell is shown in Fig. 3.16 [152], [153].
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Load

Catalyst

Layers Cathode
H,0
H, N,
C,0
] )
Fig. 3.16. PEM fuel cell.
The overall reaction of PEMFC can be written as:
E,+ 50, = H,0, (3.14)

where f,, 0,, and #,0;;, are hydrogen, oxygen and water (in liquid state) molecule,

respectively.

The corresponding Nernst equation is used to calculate the reversible potential

[152], [153]:

“ G

LIy iRt Tand - S 3.15)
AN 2{)3— (3
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Il
[rf

».A
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i
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3

1

3]

where gu~, Po2, and py., are the partial pressure of hydrogen, oxygen and water; E,
is the reference potential of the cell; R is the gas constant equal to 8.3143 J/(mol.K), and

F is the Faraday constant equal to 96487 coulombs/mol.

The terms pg., £5., and 2., can be expressed using the following differential

equation [152], [153]:
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i T
pos =—dp = (g — 2K] }
Pra =7 {z o, (i — 2K.0D)
g 2 (2K, )
Praro — Eup T :..-K,.; 316
Paro =~ {Fre i’a:g{ o)) (3.16)

oo, =ty 2 Y e o ‘}
Por = - {P&: " Ree (a3 — 28,1}

where K., K;,,, and K, are constants. &, is a constant, which can be defined by the

relationship between the rate of reactant hydrogen {¢}, ) and the fuel cell current [10].

g5, = Y=l = aR (.17)

The reference potential is a function of temperature and can be expressed as

follows:

Eoeen = Egmzz — k{7 — 298) (3.18)
where Ej .., is the standard reference potential at standard state (298°K and 1-atm
pressure).

From (3.2), the term E,;_.; is developed due to the overall effect of the fuel and
oxidant delay. The steady-state value of E. ... is zero. However, during transient it

affects the output voltage. The expression of £, ,_;, is as follows [152], [153]:

Epeun = 2. [0 = (9 + exp (- £ (3.19)

Tz

The internal reversible potential {E} developed by the fuel cell can be expressed as

[152], [153]:

E — A E
E= A“ss‘:’é’EM”

i$4

= Ef+ RULTY £ () (3.20)

where EE.? = N:sfg’EgﬂsE? ; (321)
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Ty =S g [“;ﬁ:; -] - N, ke (7 - 298 (3.22)
LU= Ny on (3.23)

where &, _,, is the number of cells in the stack.

Fig. 3.17 shows the electrical circuit diagram for internal reversible potential.

SAD VAU,
T TS
_—>1]
E, 0:_‘i‘ i
—©

Fig. 3.17. Electrical circuit for internal reversible potential E.

Under normal operating conditions, due to losses the fuel cell output voltage is

less thanZ, _,,. These losses are determined by activation loss, ohmic resistance voltage

drop and concentration over-potential voltage drop. The voltage losses across the fuel

cell are as follows:
e Activation voltage drop

The activation voltage {V,_.} drop is calculated using the Tafel equation as follows

[152], [153]:

+ Ve (3.24)

T NYgetd 7 Ygesl

where « is the electron transfer coefficient, z is the number of electron particles and &

and & are the constant terms (volts/Kelvin) in the Tafel equation.
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From Eq. (3.9), the activation voltage drop has two components. The first

component {¥,_.;} is affected by the internal PEM fuel cell temperature as mentioned

below [152], [153]:
V,g=T.a=y, +{T—-288)a (3.25)
where %, is the temperature invariant part of activation voltage drop.

The second component of activation voltage drop depends on both temperature {F)
and current{f}. As a result, the equivalent resistance {R_,.} corresponding to ¥;,;» can

be expressed as follows [152]-[153]:

e T.5m{l}
[ £] 5 v i
Reee == =7 (3.26)

&

Fig. 3.18 represents an electrical circuit diagram for activation voltage drop.

Rad() Ractl Raa2

A Wy M IM_/@

_—

Vacl 1 Vacr
0
+ | N , +
i

Fig. 3.18. Electrical circuit for activation voltage drop.

e  Ohmic voltage drop

The ohmic resistance of a PEM fuel cell is the resistance of polymer

membrane(l»«* }, the conduction resistance between membrane and electrodes

chm.e

{]“"gmmmwm} and resistance of the electrodes(lﬁ’pmw}. The overall ohmic voltage

drop can be expressed as [152]-[153]:

-73 -



Chapter 3: Energy Storage and Inverter System Control

2> E— > E » 3 >
T”&?’;m =t chm.a + 1(0.’2m_,man‘».bﬂz'mt;s =t ohm.e St oham (327)

il
ey
b v}

where R, .., is also a function of current and temperature as below [152]-[10]:

Ropm = Ropmo T R — kg, T (3.28)
where R_;....; 1s the constant part of R ;...

Fig. 3.19 represents an electrical circuit diagram for ohmic voltage drop.

Rohm() Rolmll RohmZ
A
W—— Y ——pf—s
A
—_—>] -
Vohm
+
&

Fig. 3.19. Electrical circuit for ohmic voltage drop.
e Concentration voltage drop

During the reaction process, concentration gradients can be formed due to mass
diffusions from the flow channels to the reaction sites. At high current densities, slow
transportation of the reactant (products) to (from) the reaction sites is the main reason for
the concentration voltage drop{V._...). The concentration over-potential in the fuel cell is

defined as [152], [153]:

=

oy
]

I

2
£13

l

» —_—
l's:;v::':s -

(3.29)

n
]
23]

where Cg is the surface concentration and Cg is the bulk concentration.

According to the Fick’s First Law, Eq. (3.29) can be rearranged as:
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Ve = —;;E:n{i — f ) (3.30)

The equivalent resistance for the concentration loss is:

Repne ==2%= —in {1 - = ) (3.31)

& f ot

Fig. 3.20 represents a electrical circuit diagram for concentration voltage drop.

Rconcﬂ Rconcl RconcZ
ANy Wir Mi—o
—_—>] -
Vconc
+
~&

Fig. 3.20. Electrical circuit for concentration voltage drop.

e Double layer charging effect

From Fig. 3.16, the two electrodes are separated by a solid membrane which only
allows the H' ions to pass, which blocking electron flow. The electrons will flow from
the anode through the external load and gather at the surface of the cathode, to which the
protons of hydrogen will be simultaneously attracted. Thus, two charged layers of
opposite polarity are formed across the boundary between the porous cathode and
membrane. This layer is known as the electro-chemical double layer which can store
electrical energy and behave as a super-capacitor. The equivalent fuel cell circuit

considering this effect is shown in Fig. 3.21.

=75 -



Chapter 3: Energy Storage and Inverter System Control

Rohmic
AW —®

[ :

Fig. 3.21. Equivalent circuit of the double-layer charging effect of PEM fuel cells.

From Fig. 3.6, € is the equivalent capacitor due to the double-layer charging effect.
Since the PEM fuel cell electrodes are porous, the capacitance £ can be very large, and

in the order of several Farads. The voltage across the £ can be expressed as follows

[152], [153]:

Vo= {1-€Z5) (R + R0n) (3.32)

The double-layer charging effect is integrated into the model by using ¥ instead of

¥ ..> and ¥, _.... The output voltage can be expressed as follows:

= = FE .17 1
!'9-;ar & I‘E.' las«.‘i

S (3.33)
The output power of the fuel cell can be written as follows:
P,.=V. .1 (3.34)

The V-I and power—current characteristics of a fuel cell can be seen in Fig. 3.22.
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a) Stack voltage vs current
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Fig. 3.22. The V-I and power—current characteristics of a PEM fuel cell.

In order to design a fuel cell control strategy, hydrogen flow has to be regulated

to achieve the output power based on (3.15) - (3.34). Moreover, as fuel cell voltage

varies according to the operating point as shown in Fig. 6, a controlled boost converter is

used to interface the fuel cell with the system’s dc link.. The fuel cell controller is shown
in Fig. 3.23.

*

P[(‘l N
—»Q—»-L Le|n
+ \ 4

Vdc _.( ) .

Fig. 3.23. PEM fuel cell controller.

3.3.2 Simulation of Fuel Cell Controller

The fuel cell controller performance is simulated in a MATLAB environment and

results are presented. The fuel cell parameters are shown in Table 3.2.
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Table 3.2. Parameters of fuel cell and controller

Type of fuel cell PEM
Nominal voltage (volt) 24.23
Nominal current (Amp) 52
Number of cells 42
Operating temperature (Oc) 55
Rated power (KW) 1.26
Dc-link voltage 700
Switching frequency (k Hz) 20

In the simulation study, a fuel cell is connected to a variable load. The load
profile is shown in Fig. 3.24, showing the fuel cell is connected to 0.6 kW of load. At a
time of 10 seconds, the load is increased from 0.6 kW to 0.9 kW, and at 15 seconds, it is
increased again from 0.9 kW to 1.1 kW. The fuel cell response is shown in Fig. 3.25.

1.2(— e T
1.0[ rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr N
Zo08 o  — ”
| - |

0.6] ,,,,,,,, ,,,,,,,,,,,,, W‘
L J T B T

Time (seconds)

Fig. 3.24. Load profile.
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d) dc link voltage

Time (seconds)

Fig. 3.25. Fuel cell response due to load changes.

3.3.3 Electrolyzer Modelling and Control

Electrolyzers decompose water into hydrogen and oxygen by passing a dc current
between two electrodes, separated by aqueous electrolyte with good ionic conductivity

[162] — [170]. The reaction for splitting water is as follows [162], [163]:

B,0 + electrical energy = H,{g) + f—(}: {g) (3.39)

A minimum electric voltage has to be applied for this reaction to occur. The
minimum electric voltage is also known as ‘reversible voltage’ which can be determined
by Gibbs energy for water splitting. In an alkaline electrolyzer, the electrolyte is usually
aqueous potassium hydroxide (KOH), where the potassium ion K and hydroxide ion

OH- facilitate the ionic transport. The anodic and cathodic reactions occur as follows:
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Anode:  20H{agq) - 20,(p) + H,00)+ 2¢”

Cathode: 2H., + 2e~ = H.{g) = 200 {aq)

The electrolyzer modelling has three parts — electrochemical, electrical and thermal
and hydraulic part. In this model, the thermal modelling is excluded and constant
temperature mode is adopted, assuming the large time constant of the thermal model as

proposed in [162], [163].

The electrode kinetic of an electrolyzer cell can be modelled using an empirical

current-voltage (I-U) relationships as follows [162], [163]:
U=U,, +21+ slog(Si+1) (3.36)

Fig. 3.26 shows the cell voltage vs the current density at different operating
temperatures. It is noted that the difference between the two I-U curves is mainly due to

the temperature dependence of the over-voltages.

Eq. (3.35) can be depicted as a more detailed /-U model, which takes into account

the temperature dependence of the ohmic resistance parameter {+} and the over-voltage
co-efficients s and . A temperature dependent I-U model has been adopted from (3.36)

as follows:

(3.37)
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Fig. 3.26. I-U characteristics of an electrolyzer cell at high and low temperature.

The Faraday efficiency is defined as the ratio between the actual and theoretical
maximum amount of hydrogen produced in the electrolyzer as follows [162], [163]:

5=,
— SoF 2. {-,_ .
B= SIS (3.38)

_and £, = 1 — 0.00075T

eiz

According to Faraday’s law, the production rate of hydrogen in an electrolyzer cell
is directly proportional to the transfer rate of electrons at the electrodes, which is
equivalent to the external electric current. Hence, the hydrogen production rate in an

electrolyzer can be as follows [162], [163]:

.
Easin

’-'%ﬁ?.)pz'sr =% ‘:Ts?z-“je?:} -:,—h f (339)

In normal operation, the hydrogen outlet rate should equal the hydrogen
production rate, allowing the pressure and stored hydrogen quantity in the cathode to
remain constant. Based on the ideal gas law, the resultant hydrogen pressure of hydrogen

can be written as [162], [163]:

-81-



Chapter 3: Energy Storage and Inverter System Control

is the cathode volume , Py o1, is the partial pressure of hydrogen in cathode,

where €,
and My, ..t is the molar hydrogen outflow rate.

In order to control the power flow of the electrolyzer, the input current has to be

controlled. A buck converter is used to regulate the power flow of the electrolyzer by

regulating its current based on (3.36) — (3.40) as shown in Fig. 3.27.

iel7

ol

dr

o
Pressure

Fig. 3.27. The electrolyzer controller.

3.3.4 Simulation of Electrolyzer Controller
The battery controller system performance is simulated in a MATLAB environment

and results are presented. In the simulation study, an electrolyzer is connected to a

synchronous generator and variable load, as shown in Fig. 3.28.
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Fig. 3.28. The electrolyzer load consumption.

3.3.5 Compressor and Tank Model

M

The relationship between the molar flow rate (Mmpz.& } from the electrolyzer and

compressor power (Pcomp) is given below, according to the polytrophic model [163]:

ﬁ'f.‘f:;z:er:v = —;:_L‘c;m“p (341)
where w = 22z {——‘}‘”"’“‘) f -1
w1 Y Pglg A
where «,,,., is the compression efficiency and 1w is the polytropic work. & is the

polytrophic coefficient and .., is the storage tank pressure.

AT T

;Ii(f;;q e = “‘(}(H:_;‘- e 2?31.{;_;7,‘ Fe (3.42)

The pressure of stored hydrogen {g;- } in the hydrogen tank can be derived as:
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& ETrany 4,
;_:(pzf:-) = gl = My seovage (3.43)

Fane

where & is the hydrogen storage tank volume and T-_,,. is the tank temperature.

FTank 3324

3.4 Inverter Control

The inverter is used in the proposed system to regulate the system’s output voltage

and frequency. The inverter’s circuit diagram is shown in Fig. 3.30.

Inverter
Vaser  LCilrer Vb
7T Ok
| L (ongy)
Vie— Cuye C:_I:
T IE] Tl % ‘

Fig. 3.30. Load side inverter.

From Fig. 3.30, the voltage relationship of the output and load sides of the inverter

can be as follows:

Val  [e] L[] [%
Var| = R|B| + L2 0]+ 13 (3.44)
U i F 3 B

Eq. (3.44) can be expressed in d-q reference form as follows:

f{‘s-' -
L T - F R s
J( V= V- RI,— L + 01,

' a (3.45)
[1£ =V,y —RL— L—% - wll,

The three powers can be expressed as:

P=VI +VI +VL (3.46)
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The expression of power in d-g axes can be:

S=P+i0 (3.47)

P=2(Vil, V1)
@ =2(Vl, + V1)

where

(3.48)

From (3.47), if the reference frame is as V; = [V| and ¥, = @, the active and

reactive power can be expressed as:

P= %“ivs“: =§|F”§
2 ©F : (3.49)
= v, =2,

From (3.48), regulating the active and reactive power can occur by controlling the
direct and quadrature voltage components. The inverter controller measures the d- and g-

components of output voltage. These are compared with the reference values ( ¥, = [¥]
and ¥, = ). Based on the error, two PI controllers generate the appropriate control

signal for the inverter, shown in Fig. 3.31.

Vabc[ Vabc
PWM Inverter Filter Load
V*d: 14
d- P /l\ Va a-b-c
q 1P i
to Vq to
a-b-c _-——?-—— d-q
V* =0

Fig. 3.31. Block diagram of inverter controller.
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3.4.1 Simulation of Load Side Inverter
The load side inverter system performance is simulated in a MATLAB
environment and results are presented. In the simulation study, constant power is

supplied by a dc source.

Fig. 3.32 depicts the a) voltage, b) frequency and c) current response of the
inverter. It is seen that the inverter controller can maintain constant voltage and
frequency despite load changes. From Fig. 3.33, it is seen that the inverter controller
controls the d- and g- axes component of output voltage to obtain a constant voltage.
The real and reactive inverter power output is shown in Fig. 3.34. The instantaneous
voltage and current of each phase due to load disturbance is shown in Fig. 3.35. Here, it

is evident that the inverter controls the sinusoidal voltage and current web during load

changes.
450 ————— — —
S }
= 4157 3 . : (
o : ;
> ] : ( |
380 - e -1
2 4 6 8 10
a) Load voltage
Sl o oy i
| |
49 L s O R i _>,£__, J
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b) Frequency
20 [ "7‘"“:"‘7'7"'"7“f”fiﬂ*"1
g 10l g - L M
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Fig. 3.32. Inverter response a) voltage b) frequency and c) current.
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a) d- axis component (Vd)
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b) g- axis component (Vq)
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Fig. 3.33. Inverter voltage a) d-axis and b) g-axis component.
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Fig. 3.34 Inverter output power.
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Volt (pu)

Amp (pu)

i
Jo4 2.97 3.00 303 3.06
b) Phase current

Time (seconds)
Fig. 3.35. Inverter response at time of 3:00 second a) voltage and b) frequency.

Conclusion

This chapter outlines the modelling and control aspects of the energy storage and
inverter of the proposed hybrid power system. The modelling and the control strategies
of the energy storage systems are conducted in a MATLAB/Simulink environment. The
energy storage system is comprised of battery and hydrogen storage systems. The battery
storage system is controlled by a bi-directional dc-dc converter. From the simulation
study, it can be seen that this converter controls the charging and discharging of the
battery storage system. The hydrogen storage system consists of an electrolyzer, fuel cell
and hydrogen storage system. The electrolyzer and fuel cell are controlled by the buck
and boost converters, respectively. From the simulation studies, it is also seen that these

converters can control the power flow of the electrolyzer and fuel cell units.
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Chapter 4

Diesel Generator Modelling and Control

This chapter focuses on the modelling and simulation of a diesel generator used in
the hybrid power supply system as a stand-by generator. A mathematical model of the
diesel generator and a ‘black-box’ model of the diesel-hydrogen generator will be
presented. A power sharing algorithm of the diesel generator with other generation

sources will also be discussed.
4.1 Mathematical Model of Diesel Generator

A diesel generator is the combination of a diesel engine with an electrical
generator or alternator. A diesel engine uses compression ignition to burn the fuel, which
is injected into the combustion chamber during the final compression stage.. The fuel
injection is controlled by a set of devices called the governor, which effectively controls
the frequency and real power flow of the system. An alternator is a generator producing
electrical power from mechanical torque obtained from the diesel engine. The alternator

controls the output voltage and reactive power flow to the system.
4.1.1 Diesel Engine and Governor System Model

The efficiency of the combustion process is the ratio of the effective power
developed by the engine and the available power on the crank shaft simultaneously
during the combustion chamber, shown in the following equation [166], [167], [171]-
[173]:

W,
g (@.1)

mp H,
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where & is the combustion efficiency, z is the number of cylinders in the diesel engine,
W.is the diesel engine mean effective work, v is the stroke cycle per second, ms is the

diesel engine combusted fuel rate (kg/sec), H, is the heat value of the fuel (kJ/kg).

After combustion, the engine’s effective mean pressure ( p,.) is developed, defined

in the following [166] - [168]:

p; = (4.2)

<|=

where V), is diesel engine stroke volume (m3),

By solving Egs. (4.1) and (4.2), the effective mean pressure ( pi) is as follows:

_ mBHu

i =C,mpe (4.3)

zV,v

where C,is the proportionality constant. For normal or stable operation of the power

system, the value of v is imposed to maintain system frequency constant at 50 Hz.

The mean pressure of mechanical losses ( Py ) is assumed to be proportional to the

mean mechanical speed/ system frequency follows:
p, =Cw 4.4)

The mean real pressure ( pk) is the difference between the effective mean pressure

( D, ) and mean pressure of mechanical losses ( Py ) shown as follows:

b

Py =DPi— Dy 4.5)
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The real mechanical power of the diesel engine depends on the real mean power as

follows:
a)m
Py, =2V,vp, =2V, T Pi (4.6)

In a diesel generator shown in Fig. 4.1, per unit mechanical torque (TDm) generated

by the engine is shown as:

P \%
T, =—>btn —__H# =C 4.7
Dm o T, &I, P 2Dk 4.7)

where T, is the base torque, V,, is the diesel total stroke volume (m3), k is the number

VH
T,

of stroke of diesel engine, and C, =

The differential equations depicting the diesel engine and speed regulation are

shown below [167]:

P __Ki 40 (4.8)
dt a,

dms _ Ll g p K ppm, (4.9)
dt 7, w,R

my(t)=my(t-7,) (4.10)

where mB is the diesel engine fuel consumption rate (kg/sec), K, is the governor

summing-loop amplification factor and R is the diesel engine permanent speed droop.

The electrical rotor angle (&) is related to the electrical angular velocity:
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%m—% - Aw @.11)

The mechanical motion equation is determined as [2]:

do _ %D T,, T, —RA(U (4.12)
dt 2H o

, , - oP, , e
where D is the load damping coefficient and D =a— and H is the generator’s inertia

constant. A schematic diagram of a diesel engine with governor system is shown in Fig.

4.1.

TDH::x : \LTDe @
mpg s my pi+< ) P |_ ; =\ 1 w,
e o C]g Z C2 J ) 1 + @ 2SH+D 7
p f] i TDH::I n
ENGINE C,
GOVERNOR £
R
4o
K & % (D)

Fig. 4.1. Block diagram of diesel engine and governor system.
4.1.2 Excitation System Model

The main function of an excitation system is to supply direct current to the field

winding of a synchronous generator. The excitation system also performs the power
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system’s essential control and protective functions by regulating the field voltage and
current. The exciter’s control functions include voltage and reactive power flow control
to enhance a system’s stability. The exciter’s protective functions ensure that the required
voltage and reactive power flow do not exceed the capability limits of the synchronous

machine, excitation system and other equipment [169].

The performance requirements of an excitation system are mainly determined by
the status of the synchronous generator and power system. The excitation system is
required to supply and adjust the synchronous generator’s field current to maintain a
voltage within the continuous capability limit. From the power system point of view, the
excitation system should contribute to the effective control of system voltage and
enhance stability. It should also respond rapidly to any disturbance and minimize

transient instability [170].

Elements of an excitation system

The excitation system consists of an exciter, regulator, terminal voltage transducer
and load compensator, power system stabilizer and limiters and protective circuits as

shown in Fig. 4.2. A brief description of these components follows [169]:

1. Exciter. The exciter provides dc power to the synchronous machine field winding.

2. Regulator. The regulator processes and amplifies the input control signals to a
desired level and generates appropriate control signals for the exciter.

3. Terminal voltage transducer and load compensator. A terminal voltage transducer
senses terminal voltage, rectifies and filters it to a dc quantity and compares it with the
reference voltage. Moreover, it provides load compensation such as line drop or reactive
compensation. It is also capable of holding constant voltage at a point electrically remote
from the generator terminal.

4. Power system stabilizer. The power system stabilizer provides an input signal
(based on rotor speed variation, accelerating power, and frequency deviation) to the

regulator, to encounter the damp power system oscillation.
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Limiter and
protective circuits

Terminal voltage
transducer and loadf—
compensator

i

Ref. signal T
——> Regulator Exciter Generator 0 power
—2| system

Power sytem|
stabilizer

Fig. 4.2. Block diagram of an exciter system.

5. Limiter and protective circuits. This system provides proper control and protective
functions to ensure that capability limits of the exciter and synchronous generator are not
exceeded.

Types of excitation systems
Excitation systems can be divided into three main categories [170]:

e DC excitation system which utilizes direct current generation with a commutator
as the system’s source.
e AC excitation system which uses an alternator and either a stationary or rotating
rectifier to produce a direct current to the field winding of a synchronous generator.
e Static excitation system which utilizes a transformer or auxiliary generator
windings and rectifiers as a power source.

The basic elements of the different types of excitation systems are self or

separately-excited dc exciters, ac exciters, controlled or non-controlled rectifiers,
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magnetic or rotating or electronic amplifiers, excitation system stabilizer feedback
circuits and signal sensing and processing circuits. Detailed modelling of these elements

is discussed below.

Separately-excited dc exciter

The circuit for a separately-excited dc exciter is shown as in Fig. 4.3. [169].

Rt Field Armature

Fig. 4.3. Separately- excited dc exciter.
From Fig. 4.3 the exciter field circuit can be described as follows [169]:

dy
E, =R I, +— (4.13)

dt

where E, is the input field voltage, R, is the field resistance, [ o is the field current,

and ¥ is the flux linkage of the field winding.

Neglecting the field leakage flux, the exciter output voltage E, can be written as

Ex =Kyy
o "’:1% (4.14)

where K,is a constant that depends on the speed and winding configuration of the

exciter armature.
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The output voltage of an exciter is a non-linear function of the exciter current,

owing to the magnetic saturation. This effect is shown in Fig. 4.4.

Ex
dEx R Air gap line
T
de __----~ Open circuit curve
Exo |ocoe i for

Constant-resistance load
saturation curve

N N
ﬂ:_‘ K
7 SERRREREEEEEE

=
3
—
e,
—
[}

Fig. 4.4. Exciter load saturation curve.

In Fig. 4.4, R, is the slope of the air gap line, I, is the current needed for the

required output of the exciter under a constant loading condition. From Fig. 4.3, it is seen

that:

I, =1,,+A4I, (4.15)

of
where Al is a non-linear function of E, and can be expressed as follows:

Al, =E,S,(E,) (4.16)
where S, (E X) is a non-linear saturation function which depends on E, .

Substituting the value Al (4.16) and ¥ (4.14) to (4.13), the following can be obtained:

d‘// Ref
E,=R, I, +—
ef ef Lef dt R

4

1 dE
=Ey + RS, (Ex )Ex +E th (4.17)
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The per unit values of Eq. (4.17) can be obtained by considering the rated output

voltage of the exciter (EX,W) as base voltage, and rated exciter current (I eﬂw) as base

current:

. Base voltage: E,, .,

E

Xb
o Base current: I, = R—m

gbase

The per unit expression of Eq. (4.17) is obtained as follows:

E R E E 1 E
I =d "X LR, Se(Ey)—%—+ d[ i ]
EXbase Rg EX base ' KX dt EX base

4.18
S (4.18)

The parameter K, can be defined as:

Ky :E_X:—EX Z—Rgl.?.x
4 Leflef Leerf

Now let us consider

K _Ex_ Ex _RgEX_l.
X - - R )
v o Lyly Lyly Tg

R, Ry . (m
R—szE; and SE(EX)RZ( :SE(EX)
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R . R .
By substituting the values of K, , Ref ,and S (E X ) Ref , Eq. (4.18) can be written

8 8

as:

E, =K, E, +E,S(E,)+T, - (4.19)
Applying a Laplace transformation in (4.19),
E, =K,E, +E,S (E,)+T,SE, (4.20)

Eq. (4.20) represents the mathematical model of a separately-excited excitation

system, shown as a block diagram in Fig. 4.5:

Eef + @ 1 EX
\/ sT,
+
+
Sp(Ey)

Fig. 4.5. Block diagram of separately-excited dc exciter.

Self-excited dc exciter

The circuit of a self-excited dc exciter is shown in Fig. 4.6 [169].
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Ry

_ AT .

Fig. 4.6. Self-excited dc exciter.
From Fig. 4.6, it is seen that
E,=Vy+Ey

The relationship between E,and E, can be developed as in the case of a

separately-excited machine. Substituting the value of E, in Eq. (4.20), we have

Enx +VR = Ex (KE +8S, (Ex ))+TESE;X 4.21)
or Ve=KpEy +EyS,(Ey )+ TpSEy

R,

where K, =
8

Eq. (4.21) represents the mathematical model of a self-excited excitation system, in block

diagram form in Fig. 4.7.

E, * 3) 1 Ey

Fig. 4.7. Block diagram of self-excited dc exciter.

-99 -



Chapter 4: Diesel Generator and Excitation System Modeling and Control

AC exciter and rectification system

The general structure of the ac exciter model is similar to that of the dc exciter.
However, for an ac system, armature reaction affects the performance in load regulation.
A block diagram of an ac exciter system is shown in Fig. 4.8. Generator field current

(I,,) represents the exciter load current and K,I,, the armature reaction

demagnetizing effect [169].

FD

Fig. 4.8. Block diagram of ac excitation system.

A three-phase full wave diode rectifier is used to convert the ac to dc current. The
diode rectifier operates in three different modes depending on commutating voltage drop
as the rectifier current varies from no load to short circuit level. Egs. (4.22) — (4.24)

represent the rectifier regulation as a function of commutation voltage drop:

Epy =FpVi (4.22)

Fp =F(I) (4.23)
K. 1

I, == (4.24)
VE
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In Eqgs. (4.22) - (4.24), constant K. depends on the commutating reactance. The

expression for the function f (I N) characterizes the three different models of rectifier

circuit operation shown below:

Model 1: f(I,)=1-0.5771, if 1, <0.433

Model 2: f(I,)=+0.75-1,° if 0433<1,<0.75
Model 3: f(I,)=1.732(1-1,) if 0.75<1, <1

The exciter output voltage (E,, ) is calculated as the product of ac exciter internal

voltage (E ) effects of armature reaction and rectifier regulation in

, accounting for the

the form of a block diagram shown in Fig. 4.9.

VE

IFD

Fig. 4.9. Block diagram of a rectifier regulation model.
Excitation system stabilizer modelling

The excitation system stabilizer model is shown as in Fig. 4.10. The transformer

equations in a Laplace domain are as follows:

{V, =R,i, +sL,i, + sMi, 4.25)

V, = R,i, +sL,i, + sMi,

In Eq. (4.25), subscripts 1 and 2 denote the primary and secondary quantities; R, L and

M denote the respective resistance, inductance and mutual inductance of the transformer.
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As the secondary transformer is connected to the high impedance circuit, i, can be

neglected to obtain the following expression:

Field Armature
Vi
Amplifier
- . v,
— +
V=V2 - Verr Verr

Fig. 4.10. Block diagram of excitation system stabilizer transformer.

V, =R,i, +sL,i, (4.26)
v, = sMi 4.27)
K
Thus, 22 =M S (4.28)

V, R, +sL, I+sT,

M L
where K, =— and T, =—.
R R
Terminal voltage transducer and load compensator modelling
Load compensation is used to maintain a constant voltage either within or external

to the generator. A block diagram of a terminal voltage transducer and load compensator

is shown in Fig. 4.11 [169].

VCI 1 VC
1+sT,

V, ———

Ver =|Vy +(Re+jX )iy

I, ——

Fig. 4.11. Block diagram of terminal voltage transducer and load compensator.
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The detailed modelling of an excitation system is shown in Fig. 4.12. [4].

Amplifier Excitier
G, J G, G,
H, N =
O.Iher Minor loop
Signals stabilization
H,
Major loop
stabilization
H,

Fig. 4.12. Block diagram of detailed excitation model.

4.1.3 Performance of Diesel Generator Model

In this section, a diesel generator is implemented in a simple power system
consisting of resistive and reactive loads. The diesel generator parameters and load

profile are shown in Table 4.1.

Table 4.1. The parameters of diesel generator and load profile

Synchronous generator specification Load profile

Rated Power ... | .......323kW Time | KW KVAR
Rated Speed .| 1500 rpm 0 50 0
Rated Frequency . |........30Hz ss 58 ............. 1 6 ........
Rated Voltage . | ... ... 400V 16s ....... 138 ............ 1 é ........
Stator Resistance | ... 0.0183 ohm 24s | 218 | 42
Inertial Constant | ... 0.1759 32s | 268 66
Pole pair 2
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From Fig. 4.13 shows that the diesel generator can provide the necessary power
while keeping the voltage and frequency constant. The voltage response of the diesel
generator is shown during active and reactive power disturbance at a time of 16 seconds.
From Fig. 4.14, it is seen that the diesel generator can provide a sinusoidal output voltage

during the disturbance, at a time of 16 seconds.

a) Active power (kW)

325

162.5 | {

b) Reactive power (kVAR)

130

68 i r

-65

c) System Frequency (Hz)

60

40

d) System voltage (V)

400
200

0 5 10 15 20 25 30 35
Time (sec)

Fig. 4.13. Diesel generator response: a) active power, b) reactive power c¢) frequency d)

voltage response.

Voltage response at 16 sec

SAAAARAAAARAARARAARRALARA AN
o VTV VUV

15.7 16 16.3

Time (sec)

Fig. 4.14. Voltage response due to active and reactive power disturbance at a time of 16

seconds.
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4.2 Modelling of Dual-Fuel Engine with Hydrogen

Diesel engine performance when operating on dual-fuel mode has been
investigated in the hydrogen laboratory at the Centre for Renewable Energy and Power
systems (CREPS) of the University of Tasmania. Preliminary research has been carried
out by conducting an experiment on a diesel engine and electric generator assembly,

working at a fixed speed of 1500 rpm.
4.2.1 Experimental Setup

The block diagram of the experimental setup used to examine the performance of

a dual-fuel engine is shown in Fig. 4.15.

Hydrogen Tanks :>_X— Diesel Control \

-] Diesel Control — || [Biaew
- o !
Diesel Tanks Al
Y
Governor H2 Injection b
Controller (PIC) Controller (MICU) b
~ Flow rate measurement i | Power
i+ Measurement
Speed Measurement L
Engine 1 G :
/ Generator ???
Load Bank

Fig. 4.15. Experimental setup for performance evaluation of the dual-fuel engine.
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In this setup, the compression engine/generator dual-fuel supply system is
investigated to evaluate the influence of a quantity of hydrogen injected into the
consumed diesel fuel. Various electrical loads are applied to the alternator stimulating the
engine governor response to the increase/decrease in fuel flow. Initially, the engine was
started with diesel only with no load. The diesel flow rate was measured and recorded.
Once the engine reached its steady state condition, a gradual load increase was applied to
the engine. After reaching the steady state, a fixed ratio of hydrogen was injected and
engine performance was recorded. Various measurement results are presented in Fig.
4.16. The engine speed and flow rates of the diesel and hydrogen are shown at different

loading conditions. In this case, the hydrogen rate was fixed at 5 mg/s.

Power in KW
6 T T
4* /—ﬁ —
27 L J | | | [ [ ]
185 190 195 200 205 210 215 220
Speed in rpm
T T
1600 -
14007
[ | | | [ [
185 190 195 200 205 210 215 220

Diesel flow in g/s

L L L L L L
185 190 195 200 205 210 215 220

H2 flow in g/s
005 T T T T T T
L | | | L L
0.04 85 190 195 200 205 210 215 220
time (sec)

Fig. 4.16. Hydrogen performance at 5Smg/s hydrogen injection
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The compression engine is highly non-linear and its characteristics change with a
change in speed, power developed, temperature, pressure and other conditions. An
adaptive neuro-fuzzy inference system (ANFIS) has been used as a ‘black-box’

modelling tool for its ability to model non-linear dynamic systems [170]-[180].

4.2.2  Adaptive Neuro-Fuzzy Inference Systems

ANFIS works by constructing a fuzzy inference system from a given input-output
data set. The parameters associated with the membership functions of the constructed
fuzzy inference system are adjusted or tuned throughout the training process, using either
a back-propagation algorithm or hybrid combination of both back-propagation and the
least squares method. These methods allow the fuzzy inference system to learn from the
input-output data set it is attempting to model. The architecture of a typical ANFIS is
shown in Fig. 4.17 [180]. The interconnected network consists of the following layers

[180], [181]:

Xp X2

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6

Fig. 4.17. Typical ANFIS architecture.
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Layer 1. This is known as the input layer, where the inputs x1 and x2 are applied and

passed without being processed to a number of neurons in Layer 2.

Layer 2. Known as fuzzification layer, neurons perform fuzzification in the incoming

inputs x1 and x2. The output is as follows:

Yai = My
Ypi = Hp,

(4.29)

Layer 3. This is known as the rule layer, at which each neuron evaluates a single
Sugeno-type fuzzy rule. The rule neurons calculate the firing strength by determining the

product of the incoming signals as shown below.
Y =] ]% (4.30)
j=1

From Fig. 5.3, the output of the 1* neuron in Layer 3 is given below:
Ym = Haulp (4.31)
where u,, represents the firing strength of Rule 1.

Layer 4. This is called the normalization layer. Here, neurons receive inputs from all
Layer 3 neurons. The normalized firing strength is calculated as the ratio of the firing

strength of a given rule to the sum of firing strengths of all rules, as shown below:

Yni = = :/Ti (4.32)

Here the output represents the contribution of a particular rule to the final result.
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Layer 5. Known as the defuzzification layer, each neuron in this layer has the inputs of
both the original input signals x1 and x2 and the output from Layer 4. Here, each neuron

calculates the weighted consequent value of a particular rule as shown below:
Vi =4 (kiO +kix, +ki2x2) (4.33)

where . 1is the input of defuzzification neuron i in Layer 5, y,- is the output of
defuzzification neuron i in Layer 5, k, .k, and k,is a set of consequent rule i

parameters.

These consequent parameters are learnt by the ANFIS during the training process

and used to tune the membership functions.

Layer 6. This is known as the summation neuron layer, consisting of one neuron which
adds the outputs from Layer 5 together. The total sum of these inputs is the ANFIS
output ( y ANFIS) shown below:

Y ANFIS = le Yi (4.34)
For each iteration of the training algorithm in ANFIS there is a forward and backward
pass. In the forward pass, the inputs are applied to the ANFIS. Neuron outputs are
calculated layer-by-layer and rule consequent parameters defined. Once the forward pass
has been completed and the error determined, the second part of the iteration is
implemented. Here, the back-propagation algorithm is applied, and the error propagated
back through the network. The antecedent parameters are updated according to the chain
rule. Using membership parameters and a training set of Z input-output data pairs, we are
able to construct Z linear equations in terms of the consequent parameters as shown in

Eq. (4.35).
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ve )=t OO+, O, W+ ...+ 1,0)1, 1)

va(2)=1,)1,2)+ 1,2)£,2)+...+ 11, (2)1, (2)
: : : (4.35)

vo(2)= 1 (2)f,(2)+ 1, (2)1,(Z)+ ..+ 1, (2)f,(2)
where y,is a Z X1 desired output vector.

as f,(i) = ko +k,x, (i) + k,x, (i) + kysx, (i) + Ky, %, (i), substituting the value of £, (i) into

1m”™m

(4.36),

/-\
v
Il

‘CI’CIEI

o~ o~

—~

1)(k10+k11x1(l)+k12x2(l)+k13x3(1) +klmxm(1)
)(kzo +kyx, (1) )
) )+kn2x2 (1)

+hyxy (1) + &y, x, (1
(k,, +k,x(1 +kx,(1)-+k, x (1))
(2)(k10+k11x1(2)+k12x2(2)+k13x3(2) +k, x (2))
L (2) ey + Koy x, (2)+ ey, (2)+ kg xy (2)---+ Ky x, (2)) .
Nk, +k, x (2)+kn2x2(2)+kn3x3 2)--+k, x (2)) (4.36)

o

+ky,x, (1

I
x|

Vi (2)

tI“gl
S

(2

1(Z)(k1o+kux;(z)"'klzxz(Z)"'klsxs(z.)"""k X (Z))
(Z)(kzo +kyx, (Z)+k22xz (Z)+ kysx; (Z) -tk
( )(knO+knlxl(z)+kn2'x2(z)+kn3'x3(Z) +k,x (Z))

yd(Z)

+ 4,
+ U,

where m is the number of input variables, nis the number of neurons in Layer 3.

In the matrix form, we can write:

— AK 4.37)
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)’d(l)
2
where y, = yd:() ,and
yd(Z)
o @O @ g Ox,M g g, Ox@ g, (Dx, 1)
A BO5Q) - a@x,Q) 4@ g OxQ) - 4,@x,2) (120
RE : : I : : mz0
o mDx(Z) v m(Dx,(Z) - w(Z) u(Dx(Z) - p(2)x,(2)
(4.38)

where k is n(1+ m)Xx1vector of unknown consequent parameters as shown (4.38):

k:[k ]T:[klo k11 k12 ek

nm kzo k21 kzz -k : kn()

knl an T knm ]T

Im 2m

The actual network output, yanris, 1s determined once the rule consequent parameters
have been established. The actual network output is then compared with the desired

output (y) which defines the error vector between these two outputs as shown in (4.39).

e=y,—y (4.39)

Once the forward pass has been completed and the error determined, the second
part of the epoch is implemented, which is the backward pass. Here, the back
propagation algorithm is applied, and the error determined from the equation above is
propagated back through the network. The antecedent parameters are updated according
to the chain rule, and depending on how many epochs are specified for training, the

process continues.

To determine how well the fuzzy inference system has learnt during the training

process it is important to validate the model. Model validation is defined as the process
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by which the input vectors form the input-output data sets (on which the fuzzy inference
system was not trained) are presented to the trained fuzzy inference system model, with

model outputs compared to expected output values..

4.2.3 Input/output of the ANFIS

In ANFIS, the input selection plays an important role in achieving the model’s
desired performance. Hence, it is very important to know which input most affects the
system output parameters. It is often useful to neglect inputs having less effect on

outputs, as too many inputs may compromise ANFIS performance.

In the diesel-hydrogen generator model, the ANFIS inputs are the power
consumption by load, diesel and hydrogen flow into the generator, as well as the previous
frequency. The system output is the current frequency, shown in Fig. 4.18:

Diesel flow
(gm/sec)

Hydrogen flow

m/sec
(& )—> ANFIS model

Speed (rpm)
>

Previous stage
speed (rpm)

Fig. 4.18. The ANFIS model.

4.2.4  Structure of the ANFIS

The following parameters play an important role in training the ANFIS:

¢ Size and diversity of training set;
e Number of iterations;
e Type of fuzzy membership function; and

e Number of fuzzy membership functions associated with each set of input data.
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The size and diversity of the training data plays an important role in training the
ANFIS. The ANFIS model works well if the training data set is sufficient and diverse

enough to represent the system’s characteristics.

The number of training iterations is an important factor in ANFIS performance. As
the number of iterations is responsible for proper tuning of the membership function, it is
very important that this number be sufficient. It has been reported that the ANFIS
performance improves with a higher number of training iterations. However, as the
number increases, training time also increases. Therefore, it is important to obtain an
optimum number of training iterations for each case. In this model, the optimum number

is found to be 15, which means the performance remains the same if the iteration number

increases.

There are many types of fuzzy membership functions and they perform differently
for different cases. There is also no straight-forward rule for choosing a membership
function, and thus a trial and error method is often employed. To estimate the speed of
the diesel-hydrogen generator based on the injection ratio, a ‘generalized bell’
membership function is used, as shown in Fig. 4.19. This has been chosen for its

smoothness and concise notation, and because the boundaries are wide enough to provide

accurate results for variable data.

g T T
R o Y ]
= § T 3
LEOS H L i

O ! i- 1 1 .
2 oo
206 . i } 1
§ i i
=045 . Iri i i
=l ; T
3 ] oo
20.2r é 13 \ 4
? ‘i } 5 \
A 0 o . JI \.\_‘\\

0 5 10 15

Universe of Disclouse

Fig. 4.19. ‘Generalized bell’ membership function.

-113 -



Chapter 4: Diesel Generator and Excitation System Modeling and Control

The number of membership functions associated with each input depends both on
system complexity and size of the training set. As a general rule, the ANFIS performs
better if the number of membership functions increase. However, in some cases it
provides unrealizable results if the membership functions number exceeds a certain
value. The training time also drastically increases if the number of membership functions
increases. Consequently it is very important to establish an optimum number of
membership functions and in this model, the number of fuzzy membership functions for

each input is three.

4.2.5 Case Studies and Model Verification

Several case studies are presented to verify the model’s performance. In the first
case study, the injection ratio of diesel and hydrogen is retained at 30. The generator’s
frequency response is shown in Fig. 4.20. In the second case study, the injection ratio of
diesel and hydrogen is maintained at 18. The frequency response of the generator is
shown in Fig. 4.21. In the third case study, the injection ratio of diesel and hydrogen is
retained at 25. The generator’s frequency response is shown in Fig. 4.22. Model error is

calculated using the mean absolute percentage error (MAPE) as shown below [175]:

N
actual predicted )
Vi - Vi

MAPE = =L

Y mean (4 40)

actual

dicted
where yi predicte

and V!

; are the actual and predicted values of the generator speed at

ith instant of time, y,,.,, 1S the average value of the generator speed over a time period

of N.

The Model’s estimated error is calculated as 1.7%, 0.9% and 2.3%. As this is very
low, the model is clearly able to estimate the frequency of the diesel-hydrogen generator

for different diesel hydrogen mixture ratios.
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Fig. 4.20. Case Study 1: the injection ratio of diesel and hydrogen is 30.
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Fig. 4.21. Case Study 2: the injection ratio of diesel and hydrogen is 18.
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Fig. 4.22. Case Study 3: the injection ratio of diesel and hydrogen is 25.

4.3 Diesel Generator Synchronization and Power Sharing

In the hybrid power system, the diesel generator can be used in isochronous or
power sharing modes. In the isochronous mode, the generator works alone and regulates
system voltage and frequency. However, in the power sharing mode it shares power with

the wind turbine and energy storage system as required.

In order to share power, the diesel generator has to be synchronized with the system.
In the synchronization process, the voltage, frequency and phase angle are checked with
the system voltage, frequency and phase angle. When the system voltage, frequency and
phase angle match those of the diesel generator, it is connected to the system. Once

connected, the power sharing equation is applied:

Py(t)+ P(t) = P, (1) 4.41)
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where Pp(?) is the required power from the diesel engine, P, (?) is the load demand and P

(1) is available power from other sources.

The proposed power sharing is based on the frequency droop control method, in
which the generator’s output voltage frequency is drooped to control its output power. A
block diagram of the scheme is shown in Fig. 4.23. It can be seen that while a difference
exists between measured mechanical power (P,) and reference mechanical power
(Pmrep), the speed reference frequency will vary until the required output power is

achieved [182].
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Fig. 4.23. Block diagram of the proposed power sharing scheme.
4.3.1 Simulation of Power Sharing of Diesel Generator

A simulation study is conducted to verify the performance of the power sharing
algorithm of a diesel generator with other power generation sources. In this study, the
diesel generator shares power with the wind turbine. The power from the wind turbine is
regulated as discussed in Chapter 2. Load demand data and power generated from this

turbine are presented in Table 4.2.
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Table 4.2. Load demand and power from wind.

Time (seconds) 3 6 8 12
Load demand (kW) 210 185 | 235 220
Power from wind turbine (kW) | 210 140 | 140 110

From Table 4.2, it is seen that at a time of 3 seconds, the load demand and power

derived from the wind turbine are equal. However, at 6 seconds, while the load demand

drops from 210 kW to 185 kW and the output power from the wind turbine decreases

from 210 kW to 140 kW, the diesel generator must act to deliver the deficit power. The

generator is synchronized with the system at a time of 5.37 seconds. The generator’s

voltage and frequency during the synchronization process is shown in Figs 4.25 and 4.26.

It is seen that during synchronization, the output voltage, frequency and phase angle of

the diesel generator match those of the wind turbine. From a time of 6 seconds, the diesel

generator begins delivering the deficit power, as shown in Fig. 4.24 (c).
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Fig. 4.24. Diesel generator response in power sharing mode: a) load demand, b) power

from diesel generator and c) power from wind turbine.
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Fig. 4.25. Voltage during synchronization process (at 5.37 seconds).
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Fig. 4.26. System frequency.

Conclusion

In this chapter, mathematical modelling of the diesel generator system is
presented. Black-box modelling of the dual-fuel diesel-hydrogen generator is also
discussed. The performance of hydrogen as a fuel is evaluated using the dual-fuel engine.
Several experiments have been carried out on the engine under different loading
conditions, where the hydrogen amount was fixed at a constant value, and the governor
controlled to regulate the speed at different loading conditions. Based on several on-line
measurements, an ANFIS model has been developed to estimate the engine speed from
the fuel (diesel/hydrogen) ratios. The performance of the ‘black-box’ model is evaluated
using real-time data. The power sharing algorithm of the diesel generator is also
developed and tested using simulation. From the results obtained, it is seen that the diesel

generator can be used in either stand-alone operation or power sharing modes.
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System Control and Coordination

This chapter outlines the overall control strategy of the proposed renewable energy-
based hybrid power system. This system consists of a wind turbine, fuel cell,
electrolyzer, battery storage unit, diesel generator and a set of loads. The system’s overall
control strategy is based on a two-level structure. The top level is the energy
management and power regulation (EMPRS) system. Depending on wind and load
conditions, this system generates reference operating points to low level individual sub-
systems. It also controls the load scheduling operation during unfavorable wind
conditions with inadequate energy storage in order to avoid system black-out. Based on
the reference operating points of the individual sub-systems, the local controllers control
the wind turbine, fuel cell, electrolyzer, battery storage and diesel generator units. The
proposed control system is implemented with MATLAB/Simpower software and tested

for various wind and load conditions. Results are presented and discussed.

5.1 Configuration of Proposed Hybrid Power System

The proposed hybrid renewable energy-based stand-alone power system consists of
wind turbine, energy storage system, fuel cell, electrolyzer and loads as shown in Fig.
5.1. Here, the wind turbine, battery storage system, fuel cell and electrolyzer are
connected to the dc link by appropriate power electronic circuits. Finally, a set of ac
loads is connected to the system via a controlled inverter. Fig. 5.1 also shows that the

power electronic circuits are controlled for achieving optimum system performance.
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Fig. 5.1. Hybrid power system.
¢  Wind turbine controller

In this project, the wind energy conversion system consists of a variable speed
wind turbine-based on as interior type permanent magnet (IPM) synchronous generator is
used. The wind energy conversion system is connected to the dc link through a PWM
controlled rectifier, which is designed to achieve a) optimum power from the wind by
controlling the rotor speed and b) efficient operation of the IPM synchronous generator
by controlling the d- and g- axes component of the stator current. The modelling and

control technique is discussed in Chapter 2.
e Battery storage controller

A lead-acid battery is used in the project, connected to the system’s dc link of the

system through a bi-directional dc-dc converter. This converter is controlled so as to
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control charging and discharging of the power/current of the battery storage system. The

modelling and control techniques are discussed in Chapter 3.
¢ Fuel cell controller

A PEM fuel cell is used in the project, which is connected to the dc link of the
system through a boost converter. This converter is controlled to regulate the fuel cell’s

power output. The modelling and control techniques are discussed in Chapter 3.
¢ Electrolyzer Controller

An alkaline electrolyzer is used in the project, connected to the dc link of the
system through a buck converter. This converter is controlled to regulate the
electrolyzer’s power consumption. The details modelling and control techniques are

discussed in Chapter 3.
e Diesel Generator Model and Control

A standby diesel generator is included in the project for use in emergency
conditions. The modelling and control of the diesel and duel fuel diesel-hydrogen
generator are discussed in Chapter 4, together with the power sharing algorithm of the

diesel generator and other power generation sources.
5.2 Proposed System Parameter

The parameters used for the proposed hybrid stand-alone power system are shown

in Table 5.1.
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Table 5.1. System parameters

Permanent Magnet Synchronous Generator

Number of pole pairs 4
Rated speed (rpm) 1260
Rated power (kw) 1
Stator resistance (ohm) 5.8
Direct inductance (mh) 0.0448
Quadrature inductance (mh) 0.1024
Inertia 0.011
Wind Turbine
Rated power (kW) 1.1
Base wind speed (m/s) 12
RC Filter
Series inductance (mh) 13
Shunt capacitance (micro F) 20
Emergency Storage System ( Section A)
Number of battery in series 12
Number of battery in parallel 1
Rated voltage (volt) 4.2
Rated current (amp) 5
Rated capacity (amp-hour) 0.1
Emergency Storage System ( Section B)
Number of battery in series 12
Number of battery in parallel 200
Rated voltage (volt) 4.2
Rated current (amp) 5
Rated capacity (amp-hour) 20
Fuel Cell

Type of fuel cell

Nominal voltage (volt) 24.23
Nominal current (amp) 52
Number of cell 42
Operating temperature (°c) 55
Rated power (kW) 1.26

Electrolyzer

Type of electrolyzer Alkaline type
Number of cell 30
Nominal voltage (volt) 60
Nominal current (Amp) 60
Operating temperature (°c) 80
Rated power (kW) 3.6
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5.3 Overall Control, Coordination and Management Scheme

The supervisory controller is responsible for the overall coordination and
management of the individual power plants of a hybrid power system. The supervisory

controller’s objectives are as follows:

e To ensure individual power plants operate at their optimal level.

e To ensure proper management of state of charge (SOC), for a longer life of
battery storage system.

® To ensure efficient operation of the fuel cell and diesel generator.

e To ensure continuous operation of the system.

5.3.1 Energy Management and Power Regulation System

In this project, proposed EMPRS is developed, which acts as a supervisory
controller for ensuring a proper coordination of energy generating units and loads. The
EMPRS works in three stages. In the first stage, the EMPRS predicts the wind and load
profile for a specified period of time. In the second stage, based on the wind and load
profile and the status of energy reserve, the EMPRS schedules the maximum load able to
be supplied by the system. In the third stage, the EMPRS determines the operating

conditions of each sub-system.
. Wind and load prediction

Accurate wind and load prediction is key to ensuring a robust performance of the
EMPRS. In several studies conducted earlier, it was demonstrated that an accurate
forecasting system can be developed for the short-term (up to 15 minutes) predicting of
wind and load conditions [183]-[186]. An integration of wind and load prediction in the
EMPRS will allow implementation of load curtailment in advance, thus avoiding system

black-outs, as will be demonstrated below.
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. Load management algorithm

Based on the wind and load prediction, the power balance equation of the hybrid

system can be expressed as follows:
Pout = P, Pp + Pgrz — Ppe — Ppg (5.1

where P,,:, P;, Pg, Pgrz » Prc and Pp; are the output power from wind turbine, load
demand, battery power, power consumed by electrolyzer, power from fuel cell, and

power from diesel generator, respectively.

From (5.1), during high wind conditions excess power (Pg,) is consumed by the

electrolyzer and battery storage as follows:
Pgy = P, — Poye = —(Pgrz + Pp) (5.2)

During low wind conditions, the power deficit (Pdef) from the wind can be

supplied by the fuel cell and battery storage as follows:
Pyer = P, — Poyt = Pr¢ + Pg + Ppg (5.3)

The energy balance equation can be obtained by integrating (5.3):

{fpout=PLiPB+PELZ—PFc—PDG (5.4)

Eoue = EL £ Eg + Egrz — Epc — Epg
where E,,; is the total energy produced by the wind energy conversion system, E; is the
total energy consumed by the load, Ej is the total energy supplied by the battery, Eg; ; is
the total energy consumed by the electrolyzer, Er. is the total energy supplied by the fuel

cell and Ep; is the total energy supplied by the diesel generator.

However, under real hybrid system operating conditions, (5.4) is only valid for the

following:
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. If E,, ;> E;, the excess energy is stored in the hybrid system.

. If E,u: < E;, the energy deficit from wind is balanced by the fuel cell,
battery storage and diesel generator. In this case, the fuel cell and battery storage
can produce required power provided the hydrogen storage and SOC of the battery
are available. The system may experience black-out conditions if the energy
reserves are not sufficient to meet the load demand.

The robustness of EMPRS depends on its prediction accuracy. Although it has been
demonstrated that the short-term prediction error can be as low as 1% for normal
conditions, this can increase with sudden wind guests or large industrial load changes. As

a result, sufficient reserves must be allocated to offset the prediction error of up to 5%.

Moreover, the unlikely event of no wind conditions may occur and continue for a
relatively long period. Here, the hybrid system will be completely dependent on the
stored energy and diesel generator. Thus, energy reserves able to serve high priority

loads for sufficient periods must be preserved.

Considering practical operational aspects during low wind conditions, the
management of energy reserves of the hybrid system is vital. To ensure the system
operation, the load curtailment is adopted, and the load management algorithm is shown

in Fig. 5.2; described as follows:

. Calculate the total energy difference (Eq) between the wind energy
(Eout) and the load demand (E;) as follows:
Eq=Epu—E; (5.5)

. If Equt > EL , check SOC of the battery and the status of the hydrogen
storage. If SOC>75%, no load curtailment is required. If SOC<75% and extra energy
from wind and power from the fuel cell and diesel generator are insufficient to bring

the SOC to 75%, the load curtailment is executed.
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. If Ejue < Ep , check SOC of the battery. If SOC>75% and the fuel cell,
battery and diesel generator can supply the energy deficit, no load curtailment is

needed. For other conditions, load curtailment is implemented.

E>0

rc+Epg>Eq
g (SOC>75%
No Yes Yes

No Load ] Load No Load
Shedding Shedding Shedding

No Load Load
Shedding Shedding

Fig. 5.2. The load management algorithm.

‘ Load
Shedding

No Load
Shedding

To implement the load curtailment, loads are divided based on priority. Loads for
hospitals, police stations etc. can be designated as high priority or emergency loads. The
hybrid system must fulfil these load power demand under any conditions. On the other
hand, some lighting loads, washing machine loads etc. can be regardedd as low priority;

able to be switched off when required.
e  Mode of Operation

The EMPRS generates the operation points based on current wind and load
conditions and actual limitations of each sub-system. Limitations includes the maximum
and minimum power of the fuel cell (Pr¢ max, Prc min) for operation in ohmic regions, the
maximum charging or discharging power (P qx), and the maximum and minimum state
of charge (SOC,x, SOCyi,) of the battery storage system. In this paper, the allowable
SOC range is assumed as 40 - 95%. For normal operating conditions, the battery storage

system’s allowable SOC is assumed to range from 75 - 95%. However, for emergency
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operation the SOC is allowed to be as low as 40%. Limitations also include the

maximum and minimum power consumption of the electrolyzer (Pgrz max. PELZ min), and

the maximum pressure of the hydrogen cylinder (pg2 max). The operating points are

summarized in Table 5.2.

Table 5.2: Modes of system operating conditions

Mode Operating conditions

Mode 1 | ® The output power from wind is higher than the load demand (P> Pp).
¢ High level of stored hydrogen (pu2 = Promax)-
¢ High level of battery storage (SOC = SOC,ax).

Mode 2 | ® The output power from wind is higher than the load demand (P > Py).
¢ A fraction of excess power from wind can be retained in the storage device.

Mode 3 | ® The output power from wind is higher than the load demand (P, > Py).
e Excess power from wind can be retailed in storage system.

Mode 4 | e The output power from wind is less than the load demand (P, < Pp).
e Deficit power (P. — Py,) is less than the capacity of fuel cell.
¢ Enough storage in battery.

Mode 5 | ® The output power from wind is less than the load demand (P, < Pp).
¢ Deficit power (PL — Pyy) is higher than the maximum capacity of fuel cell but

within the combined range of fuel cell and battery storage system.

Mode 6 | ® The output power from wind is less than the load demand (P, < Pp).
e Deficit power (P — Py, is less than the minimum capacity of fuel cell.
¢ Enough storage in battery.

Mode 7 | ® The output power from wind is less than the load demand (P, < Pp).
e Deficit power (Pp — P,) is less than the minimum capacity of fuel cell.
¢ Enough storage in battery.

Mode 8 | ® The output power from wind is less than the load demand (P, < Pp).
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e Deficit power (PL — Po,) is higher than the maximum capacity of fuel cell
and battery storage system.

¢ Diesel generator acts and supply power at least 30% of its capacity.

Mode 9 | ® Emergency condition — no wind power due to sever fault or wind gust or no
wind conditions for long time.

® Low level of stored hydrogen (pu2 = Pa2min)-

¢ Diesel generator and battery supplies the required power.

¢ SOC of battery storage is allowed to go as low as 40%.

The operating points are described below:
Mode 1: High wind conditions (Poy > PL), (P2~ pu2_max) and (SOC = SOCpx)-

In this mode, the wind turbine extracts optimum power equal to the load demand.
The electrolyzer and battery cannot consume any power because the hydrogen tank

pressure and the SOC of the battery have reached their maximum limits.
Mode 2: High wind conditions (Poy > Pr) and (Pex > PeLz max +PB_max)-

In this mode, the wind turbine extracts optimum power equal to the load demand

plus battery and the electrolyzer capacities.
Mode 3: High wind conditions (Poy > Pr) and (Pex < Perz max +PB_max)-

In this condition, the wind turbine extracts maximum power. The excessive wind

power is consumed by the electrolyzer and battery.

Mode 4: Low wind condition (Pyy < Pr), (75% < SOC <SOCax), and (Premin < Pger <

PFC_max) .

In this condition, the wind turbine extracts the maximum available power. The

deficit power is provided by the battery and fuel cell during transient conditions. Once
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the system reaches a steady state condition, the deficit power is supplied by the fuel cell

alone.

Mode 5: Low wind conditions (Pyy < Pr), (Prc_max < Paef < Prc_max+PBmax ), and (75% <

SOC <SOCrax)-

In this condition, the wind turbine extracts the maximum power. The fuel cell

provides its maximum power with the battery storage providing the remainder.
Mode 6: Low wind conditions (Poy < Pr), (Pger < PEc_min), and (75% < SOC <SOCax).

In this condition, the wind turbine extracts the maximum power while the battery
storage provides the necessary power as the power deficit is lower than the minimum

power limit of the fuel cell.
Mode 7: Low wind conditions (Poy < Pr), low SOC (SOC = 75%) and (Pdef < Pgc min).

In this condition, the wind turbine extracts the maximum power. The battery cannot
provide power as the SOC is close to 75%, which is the minimum limit for normal
operating conditions. The fuel cell operates in its ohmic zone. Because the power
produced by the fuel cell is higher than Pdef, the extra power is used to charge the
battery. When the SOC of the battery storage system reaches about SOC,,,x, the system

operation reverts to Mode 6.

Mode 8: Low wind conditions (P < Pr), (Ppr (30% of rated load)+ Prc max+PBmax >Paef

> PFC_max"' PBmaX )

In this condition, the wind turbine cannot meet the load demand. The deficit power
is higher than the maximum capacity of the fuel cell and battery storage systems. As a
result, the diesel generator must provide power, running on atleast 30% of the rated load.
This deficit power will be primarily be provided by the diesel generator (30% of rated

power), and remainder by the fuel cell and battery storage system.
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Mode 9: Emergency conditions — no wind power.

In this condition, the system needs to rely on the diesel generator and battery
storage system. If deficit power exceeds the maximum limit of the battery storage and
fuel cell, the diesel generator activates. Here, the diesel generator provides at least 30%
of its rated load, with the remainder derived from the fuel cell and battery. In this
condition, if the system runs out of hydrogen storage, the EMPRS allows the battery

storage to drop as low as 40%.
5.4 Performance Evaluation of EMPRS

Simulation studies are conducted to evaluate the performance of the proposed

system under varying wind and load conditions.

5.4.1 Performance of the Local Controllers under Different Wind and

Load Conditions

In this section, the performance of the local controllers is evaluated under varying wind
and load conditions. The parameters of the wind turbine, IPM synchronous generatorand

energy storage system are shown in Table 5.1.

¢ Dynamic operating points of sub-systems under different wind and loading

conditions

Figs 5.3(a) and 5.3(b) show hypothetical wind and load profiles, respectively. The
EMPRS determines the operating mode according to current wind and load conditions
and available energy reserves. Fig 5.4(a) shows the power generation from the wind
energy conversion system, while Fig 5.4(b) shows the electrolyzer, fuel cell and battery
power. Fig. 5.4 (c¢) shows the power from the diesel generator. Figs 5.4(d). 5.4(e) show
the status of the hydrogen storage and the SOC of the battery, respectively. Fig 5.4(f)

shows the hybrid power system’s operation mode.
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Fig. 5.3. Wind and load profiles.

From Figs 5.3(b) and 5.4(a), the initial load demand is 0.5 kVA (0.48 kW, 0.05 kVAR), and
the maximum available power after considering conversion losses is about 0.9 kW. In this
condition, the EMPRS operates in Mode 3, as the excess wind power can be stored in the battery
and consumed by the electrolyzer to produce hydrogen. At the time of 20 seconds, the SOC of
the battery reaches its maximum limit (about 95%); hence the battery cannot consume any
additional power. In this condition, the EMPRS reverts to Mode 2, which allows the wind energy
conversion system to extract optimum power (0.85kW) by controlling the rotor speed. Here, the

excess wind power is consumed by the electrolyzer.

From Fig. 5.3(b), at the time of 40 seconds, the load increases from 0.5 kVA to 0.65 kVA (0.6
kW). At this time, the pressure of hydrogen storage system reaches its maximum value. As a
result, the electrolyzer cannot consume additional power from the wind energy conversion
system. In this condition, the EMPRS changes to Mode I, which allows the wind energy

conversion system to extract optimum power (0.65kW) by controlling the rotor speed.

From Fig. 5.3(b), at the time of 50 second, the load increases from 0.65 kVA to 1.5 kVA (1.4
kW). Since the maximum available energy from the wind turbine is less than the load demand
and the power deficit is within the fuel cell power generation limit, the EMPRS now operates the

system in Mode 4.
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However, at the time of 60 seconds, the wind speed drops from 12 m/second to 8 m/second. As
the deficit power is about 1.2 kW (which is within the combined limit of the fuel cell and the
battery), the EMPRS operates the system in Mode 5.

At the time of 70 seconds, the load decreases from 1.5 kVA (1.4 kW) to 1.0 kVA (0.97 kW).
In this condition, the EMPRS operates the system in Mode 4 as the deficit power is within the

fuel cell’s limit.

At the time of 80 second, the wind speed increases from 8 m/second to 11.7 m/second. In this
condition, as the deficit power (0.170 KW) is less than the minimum fuel cell power limit, the

EMPRS operates the system in Mode 6.

At the time of 100 seconds, a 0.1 load is connected to the system. At this time, as the SOC of
the battery approaches its minimum limit, the EMPRS runs the system in Mode 7. In this
condition, the fuel cell can produce sufficient power, to balance the deficit power and increase

the SOC of the battery.

At the time of 110 seconds, the wind speed drops from 11.7 m/second to 9 m/second and load
demand increases from 1.1 kVAr to 2 kVAr (1.8 kW). In this condition, the wind turbine only
supplies 0.5 kW power. As the deficit power (1.5 kW) exceeds the battery storage and fuel cell
unit maximum limits, the diesel generator is connected to the system to supply power. In this
scenario, the diesel generator, fuel cell and battery storage system supply the deficit power. In
this case, the fuel cell, diesel generator and battery supply 1.1 kW, 0.3 kW and 0.1 kW,

respectively.
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Fig. 5.4. Power balance and operation mode sequence of hybrid system.
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At the time of 120 seconds, the wind speed drops to 2 m/second and the wind turbine cannot
produce any power. In this condition, the fuel cell, diesel generator and battery storage system
supply the total power. As this condition is considered an emergency condition, the EMPRS

allows the SOC of battery storage system to be as low as 40%.
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Fig. 5.5. Performance of the wind energy conversion system controller.
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¢ Performance of the wind energy control system

Fig. 5.5 demonstrates the performance wind turbine controller. Fig. 5.5(a) shows both power
extracted from the wind turbine and power losses. The wind energy conversion system is shown
in Fig. 5.5(b). From Fig. 5.5(c), it can be seen that the wind energy control system extracts the
optimum power by regulating the rotor speed of the IPM synchronous generator. From Figs
5.5(d) and 5.5(e), the wind energy control system is seen to maintain an efficient operation of the

IPM synchronous generator by controlling the d- and g- axes stator current components.

¢ Performance of the electrolyzer controller

The buck converter is used to control the electrolyzer power flow. The electrolyzer power and

current are shown in Fig 5.4(b).

o Performance of the fuel cell controller

The boost converter is used to control the dc-link voltage and power flow of the fuel cell,

which is shown in Fig. 5.3(b).

¢ Performance of the bi-directional battery controller

As shown in Fig. 5.4(b), the bi-directional dc-dc converter controls the battery

charging/discharging power to ensure the power balance and transient stability of the system.

¢ Dynamic interaction of the energy storage system

The dynamic interaction of each energy storage device is shown in Fig. 5.4(b). It can be seen
that, under any change of wind speed or load demand, the battery storage system provides or

consumes the transient power due to the faster dynamics of its fuel cell counterpart.

¢ Performance of diesel generator
From Fig. 5.4(c), it is seen that the diesel generator can successfully share power with the

wind turbine, fuel cell and battery storage system.

- 136 -



Chapter 5: System Control and Coordination

o Performance of the inverter controller

Fig. 5.6 shows the output voltage and frequency being regulated by the load side inverter
controller under varying wind and load conditions. Fig. 5.7 shows the dynamic performance of
the inverter at 70 second, when the load decreases from 1.5 kVA to 1.0 kVA. Fig. 5.8

demonstrates the active and reactive power demand response of the inverter.
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Fig. 5.7. Inverter response during load change at 70 seconds where the load decreased

from 1.5 kVA to 1.0 kVA: a) voltage and b) current responses.
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Fig. 5.8. Real and reactive power responses.

5.4.2 Load Management of the System under Low Wind Conditions

The EMPRS performance is evaluated under various realistic wind and load
scenarios. Let us assume the proposed hybrid shown in Fig. 5.1 operates in an isolated
area. The average load demand is assumed to be about 0.6 kW with a peak load demand
of 1 kW. This case study is performed under low wind conditions when the load peak
occurs. Let us assume the energy reserve is low and cannot support the system without
load curtailment. The parameters for the wind turbine, fuel cell and electrolyzer are

derived from Table 5.1.

The wind speed profile is shown in Fig. 5.9(a). A hypothetical wind prediction is
assumed with an error of £5%, while, the corresponding power extracted from the wind

turbine is shown in Fig. 5.9(b).

The load profile is shown in Fig. 5.10(a), with loads divided into four categories.
Type LC4 is the load with the highest priority, constituting about 25-30% of the total
load. Type LC3 is a high priority load that constitutes about 25-30% of the total load.
Type LC2 has a medium priority, constituting about 25-30% of the total load. Finally,
type LC1 has the lowest priority. The load curtailment operation is shown in Fig. 5.10(b).

Figs 5.11 (a) and 5.11 (b) show the electrolyzer/fuel cell operations and associated

hydrogen storage, respectively. Figs 5.12 (a) and 5.12 (b) show the battery storage
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operation and associated SOC, respectively. Fig. 5.13 shows the power from diesel
generator. From Figs 5.9-5.13, it can be seen that the EMPRS can operate the system
without any load curtailment up to 2:00 hours. However, from 2:00 - 3:24 hours, the
EMPRS curtails the load with the lowest priority (LCI) as the stored energy is not
sufficient to provide the required deficit. At 2:48 hours, the hydrogen storage runs out.
Since the energy stored in the battery is not sufficient to run the system, the diesel
generator acts to supply power. At 3:24 hours, the SOC of the battery storage is
approaching about 75% and a no wind condition is is approaching. In this condition, the
diesel generator mainly supplies the load demand. From 3:24 - 3.48 hours, the EMPRS
curtails LCI, LC2, LC3 loads in order to prevent system black-out. During this period,
the EMPRS uses the emergency reserves of the battery and diesel generator to supply
power only to the highest priority loads. The wind returns at 3:48 hours, but is not
sufficient to provide load demand. In this condition, the EMPRS curtails LCI, LC2
because the SOC of the battery is too low. At 4:42 hours, the diesel generator shuts down
as power from the wind turbine and battery storage system can satisfy the load demand.
During this period, if the wind power exceeds the load demand, the excess power is used

to charge the battery.
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Fig. 5.9. Wind speed profile and generated wind power.
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Fig. 5.13. Power from diesel generator.

Conclusion

A novel operation and control strategy for a hybrid power system with energy
storage for a stand-alone operation is proposed. The performance of the proposed control
strategy is evaluated under different wind and load conditions. From the simulation
studies, it is revealed that the machine side converter is able to extract the optimum
power. It is also able to operate the IPM synchronous generator with the maximum
efficiency. The battery storage system is controlled successfully by a bi-directional
converter. The fuel cell and electrolyzer are controlled using a boost-converter and buck

converter, respectively. The diesel generator can supply the required power. The overall
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co-ordination of the wind turbine, fuel cell, battery storage system, electrolyzer, diesel
generator and loads is done by the developed EMPRS. The obvious advantage of the
EMPRS is that it can prevent the system from black-outs in the event of low wind

conditions or inadequate energy reserves.
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Chapter 6

Application of the Proposed Stand-Alone Power
Supply System: Case Studies

This chapter presents several case studies designed to investigate the application of
the proposed hybrid stand-alone power system for a variable wind, load and energy

reserve conditions.

6.1 Variables considered for Case Studies

Case studies are performed under actual wind and load data derived from a

remote island located in the South Tasmania, with variables listed below:
6.1.1 Wind profile

Fig. 6.1 shows the week-long wind speed over from 1-7 January 2012. Fig. 6.1
indicates that the wind does not follow any trend. From one year data documents, the
average wind speed in 2011 in that particular island is 7.87 m/sec with a standard

deviation is 3.44. The island’s maximum wind speed was 22.83 m/sec.
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Fig. 6.1. Wind profile from 1-7 January, 2012.
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From the data, it is observed that low or no wind conditions can occur for relatively

long period several times annualiy. Figs 6.2 and 6.3 show two cases where low wind

conditions occurred for longer period during the day. It is noted that low or no wind

conditions can occurs d

uring the peak demand period.
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Fig. 6.2. Wind profile from 00:00 hour to 24:00 hour on April 14, 2011.

From Fig. 6.2, it is seen that from 02:00 hours, wind speed declines. At 7:00 hours,

a low wind condition o

at 17:00 hours the wind

ccurs when the wind turbine cannot extract any power. However,

returns, enabling the turbine to extract power.
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Fig. 6.3. Wind profile from 00:00 hour to 24:00 hour on December 23, 2011.
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From Fig. 6.3, it is evident that the wind turbine can extract power from 00:00
hours to 9:00 hours. From 09:00 hours to 13:00 hours, a low wind condition prevents the
wind turbine from extracting any power. Finally, at approximately 17:00 hours the wind

returns.
6.1.2 Load profile

The load has a unique characteristic, with a peak generally occuring during
mornings and evenings. However, the load demand varies on seasonal basis. The average
load demand in the summer period (December to February) is lower than during the
winter period (June to August). Being an attractive tourist destination, the island
experiences a higher load demand during the Easter period. The average hourly load

demand in summer, winter, and the Easter period are shown in Figs 6.4 —6.6.
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Fig. 6.4. Average hourly load demand during summer period.

Fig. 6.4, shows that peak demand in summer occurs between 7:00 am and 9:00
am and between 16:00 pm and 21:00 pm . The morning and evening average peak is

about 0.8 MW.
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Fig. 6.5. Average hourly load demand during winter period.

Fig. 6.5 indicates it is seen that peak demand in winter occurs between 7:00 am
and 10:00 am and between 16:00 pm and 20:00 pm. The morning and evening average

peak is approximately 0.9 MW.
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Fig. 6.6. Average hourly load demand during Easter week.

Fig. 6.6 shows that peak demand during the Easter period occurs from 8:00 am to
11:00 am and from 17:00 pm to 20:00 pm. The morning and evening average peak is

about 1.5 MW and 1.7 MW, respectively.
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6.1.3 Battery management

As discussed in Chapter 5, the SOC of the battery has to be monitored and
maintained within a specific range to ensure a longer life operation. The proposed SOC
management of the battery under normal conditions is between 75% - 95% and between

40% - 75% under emergency conditions, as discussed in Chapter 5.
6.1.4 Hydrogen storage management

The maximum pressure of hydrogen storage is considered as 1 pu, with minimum

pressure 0.1 pu, as discussed in Chaprter 5.
6.1.5 Diesel generator power management

For efficient operation, the minimum power from a diesel generator is 30% of its
rated power. As a result, the output power from the diesel generator can vary from 30%

of its full load power to its full load power, as discussed in Chapter 5.
6.2 System Sizing

The proposed system components include the wind turbine, battery storage, fuel cell,

electrolyzer and diesel generator. The sizing of each system is assumed as follows:

e Wind turbine rating is assumed to cover the peak power (1.8 MW) in base
wind speed.

e Fuelcellis 1.0 MW
e Electrolyzeris 1.0 MW
e Battery storage is 0.8 MW (10 MW-hour)

¢ Diesel generator is 0.6 MW.
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6.3 Case Study - low wind conditions during busy Easter period

For this case study, a wind profile is chosen where a low wind condition occurs
during peak demand time in the busy Easter season. Proposed system performance is
evaluated in terms of a) SOC status and b) hydrogen storage status. The wind and load

profiles are shown in Fig. 6.7.
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Fig. 6.7. Wind and load profiles: a) wind and b) load demand.

The SOC of the battery for this case study is divided into four categories. A high
level is considered if the SOC of the battery storage is between 90% and 95%. A medium
level is considered if the SOC of the battery is between 80% and 90%. A low level is
considered if the storage of the battery is between 75% and 80%. A very low level is

considered if the storage of the battery is between 40% and 75%.

The hydrogen storage is divided into three categories. A high level of hydrogen
storage is considered if the hydrogen pressure of the tank is between 0.7% and 0.9%. A
medium level is considered if the hydrogen pressure of the tank is between 0.3% and
0.7%. A low level is considered if the hydrogen pressure of the tank is between 0.1% and

0.3%.
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All loads shown in Fig. 6.7 (b) are divided into four categories. Type LC4 is the
load with the highest priority that constitutes about 25-30% of the total load. Type LC3 is
a high priority load that constitute about 25-30% of the total load. Type LC2 is the load
with a medium priority that constitutes about 25-30% of the total load. Type LC1 has the

lowest priority.

6.3.1 Case A — System performance under high hydrogen and high

battery storage conditions

In this case study, the hydrogen pressure is assumed at 0.9 pu and the SOC of the

battery storage is assumed 94%. The response of the system is shown in Fig. 6.8.

Fig 6.8(a) shows the power from the wind turbine. Figs 6.8(b) and 6.8(c) show the
power from the electrolyzer/fuel cell and hydrogen storage status, respectively. Figs
6.8(d) and 6.8(e) depict the power from battery storage and status of SOC, respectively.
Fig. 6.8(f) shows the power generation of the diesel generator, and Fig. 6.8(g) shows the

connected load.

From Fig. 6.8(a), it is seen that the wind turbine cannot extract any power from
7:00 hours to 15:00 hours due to low wind conditions. During this period, the system
relies solely on the energy storage and diesel generator. From Figs 6.8(b) and 6.8(c), it is
evident that the hydrogen storage runs out at 10:54 hours. During this condition, the load
demand is provided by the battery storage and diesel generator. Wind returns at 15:00
hours and the diesel generator is disconnected from the system, as power from the wind
and energy storage is sufficient to meet load demand. Under these conditions, the load

curtailment operation is not required.
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Fig. 6.8. Hybrid system operation under high hydrogen and high battery storage.
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6.3.2 Case B — System performance under high hydrogen and low

battery storage conditions

In this case study, the initial hydrogen pressure is assumed at 0.9 pu and the initial
SOC of the battery storage is assumed 77%. The response of the system is shown in Fig.
6.9.

Fig 6.9(a) shows the power from the wind turbine. Figs 6.9(b) and 6.9(c) depict the
power from the electrolyzer/fuel cell and the hydrogen storage status, respectfully. Figs
6.9(d) and 6.9(e) show the power from battery storage and the status of SOC,
respectfully. Fig. 6.9(f) shows the power generation of the diesel generator, and Fig.

6.9(g) shows the connected load.

Here, the battery cannot provide any power as the SOC of the battery storage is
considered low (77%). As a result, the system relies on the fuel cell and diesel generator
when wind power falls below load demand. From Fig. 6.9(a), it is evident that the wind
turbine cannot extract any power between 7:00 hours and 15:00 hours due to low wind
conditions. As a result, the hybrid system must connect the diesel generator at 7:00 hours

to meet the load demand.

Figs 6.9(b) and 6.9(c), reveal that the hydrogen storage runs out at 10:54 hours. As
a result, the diesel generator only supplies the load demand from 10:54 hour to 15:00
hours. During this condition, the EMPRS curtails only load type LC 4 as shown in Fig.
6.8(f) to avoid any system black-out. However, when wind returns at 15:00 hours, the
hybrid system can provide power to all loads. In this particular case, the diesel generator
is disconnected from the system at 16:50 hours when the wind turbine, battery and fuel

cell can meet the load demand.
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Fig. 6.9. Hybrid system operation under high hydrogen and low battery storage.
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6.3.3 Case C — System performance under low hydrogen and high

battery storage conditions

In this case study, the hydrogen pressure is assumed at 0.2 pu and the SOC of the

battery storage is assumed 90%. The response of the system is shown in Fig. 6.10.

Fig 6.10(a) shows the power from wind turbine. Figs 6.10(b) and 6.10(c) show the
power from the electrolyzer/fuel cell and hydrogen storage status, respectively. Figs
6.10(d) and 6.10(e) show the power from battery storage and the status of SOC,
respectively. Fig. 6.10(f) shows power generation from the diesel generator. Fig. 6.10(g)

shows the connected load.

From Figs 6.10(b) and 6.10 (c), it is seen that the hybrid system runs out of
hydrogen at 1.5 hours. Fig. 6.10(a) indicates that the wind turbine system cannot extract
any power from 7:00 hours to 15:00 hours owing to low wind conditions. During this
time, the system is solely reliant on the battery storage and diesel generator. From Fig.
6.10(f), the diesel generator is connected to the system at 7:00 hours when power from
the wind is not available. From Fig. 6.10(c), it is also seen that the SOC of the battery
storage is too low to provide any power to the hybrid system at 08:15 hours. As a result,
the hybrid system must rely soley on diesel generation. As power from the wind turbine
and fuel cell and battery storage system is not available, the hybrid system must shut
down certain loads between 8:15 hours and 15:00 hours. From Fig. 6.10(g), it is seen that
the system curtails load types LC 4 and LC 3 from 08:15 hours to 15:00 hours. When
wind returns at 15:00 hours, the load types LC 4 and LC 3 are reconnected to the system.
However, at 18:30 hours the wind disappears. In this situation, the fuel cell, battery
storage and diesel generator provides power without any load curtailment as shown in

Figs 6.10(a) — 6.10(g).
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Fig. 6.10. Hybrid system operation under low hydrogen and high battery storage.
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6.3.4. Case D — System performance under medium hydrogen and

medium battery storage conditions

In this case study, the hydrogen pressure is assumed at 0.5 pu and the SOC of the

battery storage is assumed 85%. The response of the system is shown in Fig. 6.11.

Fig 6.11(a) shows the power from the wind turbine. Figs 6.11(b) and 6.11(c) show
the power from the electrolyzer/fuel cell and hydrogen storage status, respectively. Figs
6.11(d) and 6.11(e) show the power from battery storage and the status of SOC,
respectfully. Fig. 6.11(f) shows the power generation from the diesel generator. Fig.

6.11(g) shows the connected load.

From Fig. 6.11(a), it is seen that the wind turbine system cannot extract any power
from 7:00 hours to 15:00 hours due to low wind conditions. During this period, the
system only relies solely on the battery storage, fuel cell and diesel generator. From Fig.
6.10(f), it is seen that the diesel generator is connected to the system at 7:00 hours when

wind power is not available.

It is also seen from Figs 6.11(b) and 6.11 (c) that the fuel cell cannot provide any
power as the hybrid system runs out of hydrogen at 7.5 hours. From Fig. 6.10(c), it is
also seen that the SOC of the battery storage is too low to provide any power to the
hybrid system at 09:00 hours. As a result, the hybrid system is solely reliant on diesel

generation.

Fig. 6.11(g) shows that the hybrid system has shut down a) load type LC4 at 07:30
hours, b) load type LC4 and LC 3 at 09:15 hours. When wind returns to the system at
15:00 hours, the load type LC 4 and LC 3 are reconnected to the system. However, at
18:30 hours, the wind disappears again. In this condition, the fuel cell, battery storage

and diesel generator provide power without any load curtailment as shown in Figs

6.11(a) — 6.11(g).
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Fig. 6.11. Hybrid system operation under medium hydrogen and medium battery storage.
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6.3.5 Case E — System performance under low hydrogen and very

low battery storage conditions (emergency operation)

In this case study, the hydrogen pressure is assumed at 0.1 pu and the SOC of the

battery storage is assumed 45%. The response of the system is shown in Fig. 6.12.

Fig 6.12(a) shows the power from wind turbine. Figs 6.12(b) and 6.12(c) show the
power from electrolyzer/fuel cell and hydrogen storage status, respectfully. Figs 6.12(d)
and 6.12(d) show the power from battery storage and the status of SOC, respectfully. Fig.
6.12(f) shows the power generation from the diesel generator. Fig. 6.12(g) shows the

connected load.

As the system runs on a very low battery storage and low hydrogen storage, the
system has to run on emergency mode. As a result, the hybrid system has to connect
diesel generator at 00:00 hour as seen in Fig. 6.12(f), As the system runs on emergency
mode the only emergency load type LC I is connected. During this time, the diesel
generator is used to provide power. However, the diesel generator has to run at its 30% of
its rated power. As a result, the battery storage system consumes extra power when the

emergency load demand is lower than the minimum power of diesel generator.

From Fig. 6.12(a), it is seen that the wind comes back at 15:00 hours. During this
period, diesel generator is disconnected as wind turbine can provide the load demand.
However, at 19:00 hours when the wind disappears, the diesel generator is again

connected.
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Fig. 6.12. Hybrid system operation under low hydrogen and very low battery storage

(emergency operation condition).

- 158 -



Chapter 6: Application of the Proposed Stand-Alone Power Supply System: Case Studies

Conclusion

In this chapter, several case studies are presented to evaluate the performance of
the proposed system during the busy Easter period for different conditions of the battery
and hydrogen storage under varying wind and load conditions. In these case studies, the
wind profile is chosen such that a no wind condition occurs during the peak load. Several
different cases of SOC of battery storage and hydrogen storage are considered. From
these case studies, it is found that the proposed system can meet the load demand if the
status of the SOC of battery storage and the hydrogen storage is high. However, for other
conditions, the hybrid system has to curtail loads in order to avoid system black-out. An
emergency operation condition is also shown in the case study when the SOC of the
battery storage is very low (below 75%) and hydrogen storage is low. From Fig. 6.12, the
proposed system is able to support only emergency loads for 24 hours. From the case
studies, it is also revealed that the hybrid system can avoid system black-outs and is able
to supply the emergency loads.

The proposed system is design to operate even in the worst case scenario. Of
course, power supply cannot be maintained for all the customers all the time, but all
essential customers will receive the required power under any worst case scenario. This

is the main advantage of the proposed system
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This thesis proposes a control and overall coordination of a hybrid stand-alone
power system. The system comprises of a wind turbine, fuel cell, electrolyzer, battery
storage, diesel generator and a set of loads. The overall control strategy of the hybrid
system is based on a two-level structure. The top level is the energy management and
power regulation system. Depending on wind and load conditions, this system generates
reference dynamic operating points to low level individual sub-systems. The energy
management and power regulation system also controls the load scheduling operation
during unfavorable wind conditions with inadequate energy storage in order to avoid a
system black-out. Based on the reference dynamic operating points of the individual sub-
systems, the local controllers control the wind turbine, fuel cell, electrolyzer and battery
storage units. The proposed control system is implemented in MATLAB Simpower
software and tested for various wind and load conditions. Results are presented and

discussed.
The major achievements of the thesis are summarized as follows:

e  Optimum power extraction from varying wind — The optimum power extraction
algorithm is proposed by controlling the rotor speed of the wind turbine. The
novelty of the optimum power extraction algorithm is that it can ensure highly
efficient operation of the PMSG at various wind and rotor speeds. Efficient
operation is ensured by regulating the d- and g-axes current components of the

PMSG.

e Hydrogen storage system modelling and control —The hydrogen storage system
consists of fuel cell, electrolyzer and hydrogen tank. It is used in the project to
support a load leveling application. In this project, power flow of the fuel cell and

electrolyzer are regulated by a boost control and buck controller, respectively.
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e Battery storage system modelling and control — The battery storage system is
mainly used in the project to improve transient stability of the system in the event
of wind and load changes. The power flow of the battery storage system is

controlled by using a bi-directional dc-dc converter.

e Inverter control — Due to constant changes of wind and load speed, the inverter
has to control the output voltage and frequency of the system. A three phase
PWM controlled inverter is used to control the output voltage and frequency of

the inverter.

e Dual-fuel diesel-hydrogen generator modelling and control — The modelling of
the governor and excitation systems of the diesel generator is developed using a
mathematical model. The adaptive neuro fuzzy inference system (ANFIS) is used
to develop dual-fuel diesel-hydrogen generator model, due to its non-linear and
time-varying nature. The frequency responses of the proposed model for different

diesel hydrogen mixtures are developed and verified using real time data.

¢ Energy management and power regulation system —The overall coordination of
the wind turbine, fuel cell, battery storage system, electrolyzer, diesel generator
and loads is enacted by an energy management and power regulation system.
Based on the actual wind and load profile and the status of energy storage, the
energy management and power regulation system generates the appropriate
dynamic reference signal to each individual controller. Moreover, it also controls
the load curtailment operation. The obvious advantage of the EMPRS is its ability
to prevent system black-outs in the event of low wind conditions or inadequate

energy reserves.

Finally, application of the proposed system is investigated via several case studies
for real wind and load conditions under different status of a) SOC of the battery storage

system and b) hydrogen storage system. The wind profile is chosen such that a no wind
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condition occurs for a relatively long period during peak load conditions. The load
profile is considered during a busy season when the load demand is higher than the
average seasons. From the case studies, it was demonstrated that this energy management

and power regulation system can ensure continuous system operation free of black-outs.
The followings can be undertaken as future work of the projects:

(a) Verification of performance of the proposed system: Experimental set-up of a
small wind generator and PEM fuel cell should be implemented to verify the

performance of the proposed controllers.

(b) Power quality issues: Power quality issues should also be investigated in wind

and hydrogen storage based hybrid power system.

(c) Low frequency emitted from wind generator and its impact on rural population

should be investigated.

(d) Various types of wind turbine with different generation units should be

compared.
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