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Abstract:

The main objective of this thesis is to control grid-tied SOFC/PV system taking into count power quality issue. In order to reach this goal, in addition to using multilevel converters, the previous distributed system was augmented by a dynamic voltage restorer (DVR) inserted in series between the grid and sensitive load.  This work started with an overview of the power quality and its impact on the entire system from the transmission to distribution, in which the voltage sags and swells were categorized as the widest power quality problems. In this context, the DVR was presented as one of the effective solutions to deal with this kind of concern. In order to achieve adequate voltage compensation, the modeling, sizing, and control of a three-level DVR was carefully detailed in the first part of this work. In its second part, the SOFC was used to serve the dual purpose of injecting power in the grid as well as supporting the DVR, which avoids the need for an extra energy source. The same idea was then considered in the third part, where the SOFC was replaced by a PV/battery hybrid system. In this case, the battery role is supporting the photovoltaic system when its generated power is less than the power required by the load during the sag/swell grid fault occurrence. Finally, in the aim to enhance the performance of the DVR based distributed generation systems, the traditional controllers were substituted by fuzzy logic controllers in the fourth part of this research work.

Key words: Dynamic voltage restorer, Solid oxide fuel cell, Photovoltaic system.

Résumé:

L'objectif principal de cette thèse est de commander le système SOFC/PV connecté au réseau en tenant en compte du problème de qualité d’énergie. Afin d’atteindre cet objectif, outre l’utilisation des convertisseurs multiniveaux, le système distribué précédent a été complété par un restaurateur dynamique de tension (DVR) inséré en série entre le réseau et la charge sensible. Ce travail a été débuté par un aperçu sur la qualité de l’énergie et de son impact sur l’ensemble du système, de la transmission à la distribution, dans laquelle les creux de tension et les surtensions sont classées comme les problèmes de qualité d’énergie les plus importants. Dans ce contexte, le DVR a été présenté comme l'une des solutions efficaces pour vaincre ce type de problèmes. Afin de parvenir à une compensation de la tension adéquate, la modélisation, le dimensionnement et le contrôle d'un DVR à trois niveaux ont été soigneusement détaillés dans la première partie de ce travail. Dans sa deuxième partie, la SOFC a été utilisée pour servir à la fois à injecter de l’énergie dans le réseau et à soutenir le DVR, ce qui évite de faire recours à une source d’énergie supplémentaire. Par la suite, la même idée a été envisagée dans la troisième partie, où la SOFC a été remplacée par un système hybride PV/batterie. Dans ce cas, le rôle de la batterie est de supporter le système photovoltaïque lorsque la puissance générée est inférieure à la puissance requise par la charge pendant l’occurrence de défaut de creux de tension ou surtension dans le réseau. Enfin, dans le but d'améliorer les performances des systèmes de génération distribuée à base d’un DVR, les contrôleurs traditionnels ont été remplacés par des contrôleurs à logique floue dans la quatrième partie de ce travail de recherche.

Mots clés : Restaurateur de tension dynamique, Pile à combustible à oxyde solide, System photovoltaïque.
ملخص:

الهدف الرئيسي من هذه الأطروحة هو التحكم في نظامSOFC / PVالمرتبط بالشبكة مع مراعاة جودة الطاقة. من أجل الوصول إلى هذا الهدف، تم استخدام محولات متعددة المستويات، إضافة الى تعزيز نظام التوزيع السابق بواسطة مرمم ديناميكي للجهد (DVR) مرتبط على التسلسل بين الشبكة والحمل الحساس. بدأ هذا العمل بإلقاء نظرة عامة على جودة الطاقة وتأثير مشاكلها على النظام بأكمله بدءًا من النقل الى التوزيع، حيث تم اعتبار انخفاض التوتر وتضخمه على أنهما من أكبر مشاكل جودة الطاقة. في هذا السياق، تم تقديم DVR كأحد الحلول الفعالة للتعامل مع هذا النوع من المشاكل. من أجل الحصول على تعويض الجهد الكافي، تم بالتفصيل وبعناية نمذجة، تصميم والتحكم في DVR من ثلاثة مستويات في الجزء الأول من هذا العمل. اما في الجزء الثاني منه، فقد تم استخدام SOFC لخدمة الغرض المزدوج المتمثل في ضخ الطاقة في الشبكة وكذلك دعمDVR مما يجنبنا الحاجة إلى مصدر إضافي للطاقة. بعد ذلك تم النظر في الفكرة نفسها في الجزء الثالث، حيث تم استبدال SOFC بنظام هجين/PV  بطارية. في هذه الحالة، دور البطارية يتمثل في دعم النظام الضوئي عندما تكون طاقته المولدة أقل من الطاقة المطلوبة من قبل الحمل أثناء حدوث خلل كانخفاض او تضخم التوتر في الشبكة. و في الاخير و بهدف تحسين أداء أنظمة التوليد الموزعة القائمة علىDVR ، تم استبدال وحدات التحكم التقليدية بوحدات تحكم منطق غامضة في الجزء الرابع من هذا العمل البحثي.

الكلمات المفتاحية: مرمم الجهد الديناميكي DVR ، خلية وقود الأكسيد الصلب SOFC ، النظام الضوئي PV      
                                                                                                                                                                       Abstract
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General Introduction


With the increasing use of non-linear loads and complexity of the network, the power system network faces challenges to deliver the desired power to the consumers. Electric power is affected by many factors at the distribution network, which has to be compensated to improve the quality and quantity of power been delivered [1].
The power quality is concerned with the deviations of voltage and current from their ideal waveforms. The quality associated problems can be caused due to sudden or short duration deviations like transients or voltage sags/swells or steady-state deviations such as harmonics [2]. The main causes of voltage transients in a system are lightening and switching actions such as capacitor switching, large motors starting, transformers and heavy loads energization, and transmission line faults. The sage voltage effects appear in the form of dim lights, data error, shrinking display screens, equipment shutdown, memory loss, and components failure. In its tern, the voltage swell can affect the performance of sensitive electronic equipment, causes insulation failure, produce equipment shutdowns, and may cause equipment damage and reduce equipment life. Furthermore, it causes nuisance tripping and degradation of electrical contacts. Also it can cause overheating, destruction of industrial equipment such as motor drives and damage to lighting [3, 4, 5].
There are two approaches to treat power-quality problems: actions taken from the customer side or actions taken from the utility side. The first approach ensures that the equipment is less sensitive to power disturbances, allowing the operation even under significant voltage distortion. The second approach consists of line conditioning systems that suppress or counteract the power system disturbances. Currently, line-conditioning systems are based on pulse width modulation (PWM) converters connected in shunt or in series to low-voltage or medium-voltage distribution system. However, with the restructuring of the power sector and with shifting trend towards distributed and dispersed generation, the line-conditioning systems or utility side solutions will play a major role in improving the inherent supply quality [6]. Though there are many different methods to mitigate voltage sags and swells; the use of a custom power device is considered to be the most efficient method. The term custom power refers to the use of power electronics controllers in a distribution system, especially, to deal with various power-quality problems [7]. There are many types of custom power devices. Some of these devices include Active Power Filters (APF), Battery Energy Storage Systems (BESS), Distribution Static Synchronous Compensators (DSTATCOM), Distribution Series Capacitors (DSC), Dynamic Voltage Restorer (DVR), Super-conducting Magnetic Energy Systems (SMES), Solid State Transfer Switches (SSTS), Static Var Compensator (SVC), Thyristor Switched Capacitors (TSC), and Uninterruptible Power Supplies (UPS) [8]. 

Dynamic voltage restorer is a series compensator that provides technically and economically advanced solutions to the most power quality issues, and provides a cost effective solution as compared to other custom power devices. Indeed, it has many advantages among them [9]:  
- DVR is smaller in size and its price is less compared to the DSTATCOM and other custom power devices;
- DVR has many advantages over UPS like less cost, higher capacity, low losses, and less maintenance;
The DVR consists of essentially a series connected injection transformer, Voltage Source Inverter (VSI), inverter output filter, and energy storage device connected to the DC-link. The VSI generates the required compensation voltage so that the load voltage remains almost unchanged when voltage perturbation occurs [10, 11]. In this point of view, the DVR can be seen as a series-connected controlled voltage source. 
According to the VSI structure there are a wide variety of DVR topologies that have been presented in the literature [12].  The three-phase six switch inverter, H-bridge inverter, four-leg inverter, multilevel inverters, Z-source inverters and direct AC-AC converters are the common DVR topologies [13]. For instance, Omar and Rahim [14] designed and implemented a three-phase four-wire dynamic voltage restorer based on super-capacitor as energy storage for power quality improvement in distribution systems. The super-capacitor is implemented to supply real power to the inverter during disturbances. In [15], Visser and al. introduced multilevel inverter topology in dynamic voltage restorer. Multilevel converter gives lossless and harmonic reduction injection voltages. In the existing methods, transformer based multilevel inverter schemes are commonly used for compensating and controlling the power quality issues. But in this research, the transformer-less operation and injection of dynamic voltage restorer is accomplished using multilevel inverter. Babaei and al. [16] presented two enhanced DVR schemes to face power quality issues based one direct converters. These topologies do not require any storage system and can compensate for long-time voltage disturbances.
Recently, new energy generation configurations, denominated distributed generation (DG) systems, have appeared, in which the power generators are located close of the consumers, thereby offering electrical utility grids a mean to increase the availability of energy locally. DG system offers many advantages such as improving voltage stability, power factor, and power quality. Most of the DGs now operate with unity power factor supplying active power, utilizing the capacity of renewable and clear energy sources like photovoltaic (PV) and fuel cell (FC). 
In the grid-connected systems using DGs to generate electricity, the FC is considered as one of the dominant distributed energy resources employed in DG. Fuel cells play a critical role in power generation due to their advantages such as energy conversion efficiency, relatively low or zero emission of pollutant gaseous, quiet operation, and high reliability. Among different fuel cell technologies, solid oxide fuel cell (SOFC) is one of the most promising one that shows great potential in DG applications, due to its solid electrolyte, the capability of internally reforming gaseous fuels, and also the high electrical efficiency of SOFC based power plant [17,18]. 
The DGs utilizing the capacity of photovoltaic (PV) generators in grid-connected systems is another potential option to consolidate the energy production in main grid. However, solar PV depends strongly on environmental conditions, and when it is connected to utility grid it can exercise a double function of the active power generator, and reactive power compensator.
Actually, inserting DG systems not only have benefits, buts they also have impact on the energy quality. Indeed, the varying generation of the DGs causes voltages fluctuations on the feeder busses. Note only that, they are vulnerable when they come to operate under faulty conditions. For these reason, the association between the DG systems and power custom devices seems to be the best solution. 
To restore the load voltage, active and reactive powers should be injected into the distribution grid. Active power capability of the DVR is governed by the capacity of the energy storage element and the employed compensation technique. However, size and cost constraints of energy storage systems limit the DVR compensation capability. To overcome these limitations, renewable energy sources and/or energy storage elements can be connected across the common DC-link to provide the required active power needed by the DVR during compensation periods.
Tiwari and Sunil Kumar Gupta [19] proposed the evaluation of technical aspect feasibility related to the use in a dynamic voltage restorer. The performance of the system was analyzed for compensating voltage sag with different fuel cell ratings as well as to achieve rated voltage at a given load. Fuel cell system was analyzed for various fault resistance conditions by varying the number of fuel cell stack. The benefit of the presented scheme is its capability against various depths of sag conditions providing long time discharging or supplying conditions compared with capacitor conditions. Nittala and al. proposed, in [20], an interline dynamic voltage restorer (IDVR) placed between two feeder lines with different bus system. The voltage sag as well as voltage swell are being compensated by changing the operation of the current source converter and voltage source converter. For this system, supply is delivered from a photovoltaic source through Super Conducting Magnetic Energy Storage (SMES).
M. Ramasamy proposed a photovoltaic (PV) array fed three-phase three-wire dynamic voltage restorer (DVR) for voltage regulation in a low voltage (LV) distribution system. This configuration allows reducing the energy consumption from the three-phase utility grid by utilizing the rated inverter capability after excessive or equal real power generation to load demand during the daytime. The voltage regulation of the proposed DVR reduces the energy consumption and potential panel tariff [21].
There are several control techniques proposed in the literature to implement the DVR for power quality improvement. In these studies, the DVR performance is directly affected by the adopted control approach. Kassarwani et al. [22] proposed a PSO-optimized PI controller for DVR implementation. In this study, the DVR performance is validated and compared with Ziegler-Nichols and genetic algorithm methods under different voltage sag conditions. Benachaiba et al. [23] proposed a DVR control scheme based on PI controllers, in which the parameters are tuned by ant colony optimization (ACO). This approach provides a best control performance and less response time compared with conventional PI controller under different disturbances. Singh et al [24] presented an ANN control of multilevel DVR under disturbances operating conditions. Two ANN controllers were used to regulate both voltage and current. Simulation results showed that the DVR was efficient and effective in mitigating the harmonics to 3.5% and compensating for the voltage sags and swells with a high time response.
The aim of the present thesis is the modeling and control of a (SOFC/PV) based distributed generation system connected to the distribution grid and feeding at the same time a multilevel dynamic voltage restorer needed to mitigate the voltage sag/swell problems. The primary goal of the proposed system is to face the power quality problems and their effects on both the utility and customer’s side with more emphasis on voltage sag and voltage swell. Furthermore, the use of three-level diode-clamped inverter in both compensating function and for injecting active power into the grid is another way to enhance the power quality in the proposed power generation system. What is interesting in the proposed system is the optimal utilization of the SOFC and PV energy sources through dual functioning by generating energy to the utility grid and supporting the DVR during voltage disturbances compensation periods.
To recap, the main contributions of the research work addressed in this thesis are:
- Control of a multilevel DVR taking into account the problem of DC-link voltages stability;
- Control of a new grid connected SOFC system feeding at the time a multilevel DVR;
- Control and power management of a new grid connected PV/battery hybrid system supporting a multilevel DVR.
In order to fulfill the aforementioned objectives, this thesis is organized, in addition to an introduction, in four chapters:
The first chapter will be devoted to a general review of the power quality problems, their sources and effects, as well as theirs standards and solutions. Then, the DVR structure, basic operation, power circuit components, and control system will be presented.
Chapter 2 will be dedicated to modeling and control of fuel cells connected to the distribution grid and feeding at the same time a multilevel dynamic voltage restorer. It will provide first an overview of fuel cells and their operating principle along with their technologies and applications. Then a special emphasis will be given to the solid oxide fuel cell (SOFC) in terms of modeling and its integration in a DG system.  In such system, the SOFC is not only destined to produce the energy to be injected into the grid but also it is responsible for the energy needed by the DVR system to compensate for the voltage disturbances. 
Chapter 3 will focus on the control and power management of PV-battery hybrid system connected to the utility grid and feeding simultaneously a three-level dynamic voltage restorer. The storage device is devoted to support the PV system under different climatic conditions. The first part of this chapter will provide a general overview of grid-connected PV system. The second part will describe the different parts that contain the proposed system as well as the modeling of PV generator and lead-acid battery. Comprehensive simulations under different scenarios will be conducted to test the performance of both the energy management system, the bidirectional DC/DC converter, and DVR. 
Chapter 4 will present in detail the fuzzy logic control of both DG-DVR configurations previously proposed. The purpose is to enhance the performance under different voltage sag/swell conditions without the need to the system model.
Finally, a general conclusion will be dedicated to summarizing the essential points of this work including some potential perspectives.
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I.1 Introduction
[bookmark: OLE_LINK11]Power quality is of great importance in all modern environments where electricity is involved; it can be essentially influenced by main factors like quality service. One of the major concerns in electricity industry today is power quality problems [25],[11]. Presently, most of the power quality problems are due to different fault conditions, which can cause voltage sag, voltage swell, transients, voltage interruptions and harmonics [26]. These problems may cause the apparatus tripping, shutdown of commercial, domestic and industrial equipment, and miss process of drive system. Power distribution systems, ideally, should provide their customers with an uninterrupted flow of energy at smooth sinusoidal voltage at the contracted magnitude level and frequency. However, in practice, numerous nonlinear loads are fed by power systems, especially the distribution systems, which significantly affect the quality of power supplies. As an immediate result, the purity of the waveform of supplies is lost; this ends up producing many power quality problems. Apart from nonlinear loads, some system events, both usual (capacitor switching, motor starting) and unusual (faults) could also inflict power quality problems [27]. A power quality problem is defined as any manifested problem in voltage/current leading to frequency deviations that result in failure or disoperation of customer equipment. Power quality problems are associated with an extensive number of electromagnetic phenomena in power systems with broad ranges of time frames such as long duration variations, short duration variations, and other disturbances [28]. Dynamic Voltage Restorer (DVR) can provide the less cost solution to mitigate voltage sag/swell by establishing the appropriate voltage quality level [29]. As there are more and more concerns for the quality of supply as a result of more sensitive loads in the system conditions better understanding of the devices for mitigating power quality problems is important [30]. For this end, the present chapter explains different issues of power quality with a special focus on voltage sags and swells, which are relevant for the dynamic voltage restorer operation. In addition to that, basic elements of the DVR and its principle of operation as well as its different topologies are presented. Finally, modeling, design, and control of a multilevel inverter-based DVR are detailed and the obtained results are discussed.
I.2. Power Quality Disturbances
Degradation in electric power quality is normally caused by power line disturbances such as voltage sag/swell with and without harmonics, momentary interruption, harmonic distortion, flicker, and transients. These kinds of problems entail many problems such as malfunctions, instabilities, and short lifetime failure of electrical equipment.
I.2.1 Voltage Sags 
Voltage sag is now one of the most important power quality problems in the distribution system [31]. Voltage sag is defined as a momentary decrease in the RMS AC voltage (10%–90% of the nominal voltage) at the power frequency of duration from 0.5 cycles to a few seconds. The sources of voltage sags are basically faulting on adjacent feeders, lighting, short circuit event, and startup of heavy loads, transformer energizing, and motor starting. Voltage sags may cause the malfunction of voltage sensitive loads in factories, buildings, and hospitals [32][33]. Not only that, voltage sags can cause also tripping of contactors, motor starters, relays, restarting expense of computers, and shutdown of an entire production line.
I.2.2 Voltage Swells 
Swell is defined as an increase in RMS voltage or current at the power frequency for durations from 0.5 cycles to 1 min; typical magnitudes are between 1.1 pu and 1.8 pu [34]. As with sags, swells are usually associated with system fault conditions, but they are much less common than voltage sags. A swell can occur due to a single line-to-ground fault on the system resulting in a temporary voltage rise on the healthy phases. Swells can also be caused by switching off large loads or switching on large capacitor banks. A formal definition of swell in IEEE Std. C62.41-1991 is a momentary increase in the power-frequency voltage delivered by the mains, outside of the normal tolerances, with duration of more than one cycle and less than a few seconds [35]. The effects of a voltage swell are often more destructive. Indeed, it may cause a breakdown of components on the power supplies of the equipment, though the effect may be a gradual and accumulative. It can cause control problems and hardware failure in the equipment, due to overheating that could eventually result in a shutdown. Also, electronics and other sensitive equipment are prone to damage due to voltage swell
I.2.3 Fluctuations 
Voltage fluctuations are systematic variations of the voltage envelope or a series of random voltage changes. It is one of the major power quality problems in a weak power system [45]. In general, the flicker components exhibit frequencies in the range of 0.1 Hz to 30 Hz, and are especially important due to visual irritation. Many reports indicate that a small voltage fluctuation from 0.3% to 0.5% in the frequency range of 6-10 Hz will cause visible incandescent lamp flickering and let people feel uncomfortable. The main sources of voltage fluctuations are:
- Resistance welding machines;
- Rolling mills;
- Mine winders (or large motors with varying loads);
- Arc furnaces;
- Decentralized generation;
- Arc welding plants;
- Switching ON/OFF of large loads.
I.2.4 Voltage Transients 
Transients are temporary undesirable voltages that appear on the power supply line. They are high over-voltage disturbances that last for a very short time. They can be classified into two categories [7][46]:
 - Impulsive transients: Sudden, non-power frequency change in the steady state condition of the voltage, current or both, 
- Oscillatory transients: Voltage or current whose instantaneous value changes polarity rapidly.
I.2.5 Harmonics
Harmonics can be defined as the spectral components at frequencies that are integer multiples of the AC system fundamental frequency. Harmonic frequencies can be even or odd multiples of the sinusoidal fundamental frequency. The harmonic disturbances are generally caused by loads with nonlinear characteristics [37]. They can produce harmonics at constant or varying level, depending on the method of operation. Industrial loads, which may be a source of significant levels of harmonic distortion, include power electronic converters (renewable energy units for instance), induction furnaces, and arc furnaces, etc. The main effects of harmonics are:
- Defective operation of regulating devices, mains signaling systems, and protective relays;
- Additional losses in capacitors and rotating machines;
- Additional noise form motors and other apparatus;
- Telephone interference.
I.2.6 Interruptions
Interruption is a sudden reduction of the supply voltage or load current with a magnitude of over of 0.1 pu for a period of time not more than one minute. It can be caused either by system faults, equipment failures or control malfunctions. The interruptions are measured by their duration alone [36]; the duration due to a fault is determined by the operating time of the protective devices. Voltage dips and short supply interruptions (outages) may produce the following effects:
- Extinction of discharge lamps; 
- Incorrect operation of regulation devices;
- Speed variation or stopping of motors;
- Tripping of contactors.
The specific characteristics of supply voltage have been defined in standards, which are used to determine the level of quality with reference to: frequency, voltage level, wave shape, and symmetry of the three-phase voltage [47]. The IEEE 519-1992 and IEEE 1159-1995 describe the compatibility level required by equipment connected to the network as well as the limits of emissions from the devices. Table (I.1) summarizes the characteristic properties of disturbances.
Table (I.1): Typical characteristics of voltage disturbances [47]
	Disturbance Type 
	Typical Voltage Magnitude 
	Typical Duration

	Sag 
	0.1-0.9 pu 
	0.5-30 cycle

	Swell 
	1.1-1.8 pu 
	0.5-30 cycle

	Flicker 
	0-1 % 
	Steady state

	Interruption 
	< 0.1 pu 
	0.5 cycle-3 s

	Harmonics 
	5 % 
	Steady state



Most of the power system events are classified according to appropriate standards. A wide range of analytical techniques has been applied to the general topic of voltage sags. The customers’ load can also be modeled, but load diversity and time dependent operation make this approach impracticable. Instead, equipment sensitivity to voltage sag can be considered and presented in the form of power acceptability curves. One of these curves is Computer Business Equipment Manufacturer Association (CBEMA); curve shown in Figure (I.1). In the CBEMA curve, the vertical scale shows percent change in the bus voltage and the horizontal scale shows the duration of a disturbance event as seen at the load point. The design goals of the CBEMA curve is to give a typical envelope of tolerance that devices, such as the computer, have to operate within. If the voltage exceeds the upper limit or lies under the lower limit, the device may fail to operate and/or possibly be damaged. 
[image: ]
Figure (I.1): CBEMA Curves [46] [36] 
The ‘acceptable power’ operating range is shown as the region included between the upper limit (overvoltage) and the lower limit (under voltage). Although the overvoltage region of power acceptability curves is important, the high visibility of the effects of momentary low voltage events gives particular interest to voltage sags. The area between the upper and lower limits is safe for the operation and outside of this region is dangerous for the equipment operation. These curves aid the manufacturers for designing the power supply protection circuits [46].
The CBEMA curve is probably the best known of the power acceptability curves, which imposes power quality limits for typical computer systems. Most recently, CBEMA has changed its name to the Information Technology Industry Council (ITIC) and the existing curves have been changed to more recent curves shown in Figure (I.2).
[image: ]
Figure (I.2): ITIC Curves [36]
Instrumentation to check compliance with the ITIC curve is more easily designed. It is claimed that the ITIC curve was developed to better reflect real world performance of electronic equipment. The both of curves are an empirical set of curves that represents the intensity and duration of bus voltage disturbances. These curves are discussed with regard to the energy delivered to the load and alternatives for the assessment and measurement of bus voltage sags [36]. 
I.3 Conventional Methods to Regulate Bus Voltage 
In order to keep the load bus voltage constant, many compensating devices such as listed below can be used [7][4]. 
1. Shunt Capacitors;
2. Series Capacitors;
3. Synchronous Capacitor;
4. Tap Changing Transformer;
5. Booster Transformer;
6. Static Synchronous Series Capacitor; 
7. Dynamic Voltage Restorer.
The first six methods are employed at transmission level while the last method is mostly employed in power distribution network to protect any voltage variation at the load bus connected to the sensitive and critical electrical units. The DVR is a series connected custom power device used to mitigate voltage unbalance, sags, swells, and any abrupt changes due to abnormal conditions in the system. 
I.4 Dynamic Voltage Restorer Components 
Dynamic voltage restorer is a solid-state inverter based on the injection of voltage in series
with a power distribution system [7] [48] [54]. The DC side is connected to an energy source or an energy storage device, while its AC side is connected to the distribution feeder by a three-phase interfacing transformer. The three-phase DVR compensated system is shown in Figure (I.3). It is assumed that the transmission line has the same impedance in all three phases. A DVR unit, which is represented in Figure (I.3), has the following components:
1. Voltage Source Inverter (VSC); 2. Filter capacitors and inductors; 3. Injection transformer; 4. DC storage system.



                Figure (I.3): Single-line diagram of a DVR based compensation in a distribution system





 A single equivalent line diagram of the DVR connected to the power distribution system is shown in the Figure (I.4). In this figure, represents the supply voltage,  represents the load voltage. Since the DVR is a series connected device, the source current  is the same as the load current. Also note that in the figure,  is the DVR injected voltage in series with line such that the load voltage is maintained at a sinusoidal nominal value.


Figure (I.4): Equivalent single-line diagram of DVR 
I.4.1 Injection Transformer
The injected voltage is supplied into the distribution system through an injection transformer.
It connects the DVR to the distribution system and transforms the injected compensating voltage generated by the voltage source converter (VSC) to the supply voltage after the detection of any disturbance by the controller. In addition, the injection transformer serves the purpose of isolating the DVR circuit from the system. For compensating unbalanced voltage sags, three single-phase transformers can be used, however, this increases the size and cost of the DVR. To select a suitable injection transformer for the DVR, the primary winding voltage and current ratings, the turn-ratio and the short–circuit impedance values of the transformers should be adequately designed.
I.4.2 Energy Source
Effective compensating of large voltage perturbation requires active power, either from a storage system, the grid itself or from an auxiliary supply. The possible active solutions can be summarized as follows [49]:
- Energy storage;
- Auxiliary supply;
- Line connected shunt converter;
- Load connected;
- Source connected.
Operating with energy storage restricts the performance in compensating for long duration sags and large energy storage is still costly. For that raison, most of the proposed DVR solutions have been realized with a shunt converter fed from the line itself or with an auxiliary supply. The main advantage of load side connected shunt converter is that the shunt converter has a restored clean voltage to enable a stable charging to the common DC-link. The drawback with the load side connected is the requirement of a higher current rating of the series converter [20]. The current rating of the DVR is critical; it should be scaled according to the existing load and a future load increase. If the load consists of large loads with transient currents, the DVR must be rated to handle these higher currents or bypass them. During voltage sag, the voltage applied to the transformer changes abruptly and the transformer is magnetized according to the sag size. A transient DC current can be detected and the resulting transformer saturation can even increase the inrush current. The DVR converter has to supply the inrush current and must be rated according to its magnitude [21].
I.4.3. Filter Capacitors and Inductors
           Low pass passive filters are used to convert the PWM inverted waveforms into sinusoidal waveforms. This is achieved by removing the unnecessary higher order harmonic components generated from the DC to AC conversion, which will distort the compensated output voltage [48]. The passive filters can be placed either on the high voltage side or on the converter side of the boost transformers. The advantages of the converter side filters are: (a) the components are rated at lower voltage, (b) higher order harmonic currents (due to the VSI) do not flow through the transformer windings, and (c) it will reduce the stress on the injection transformer. The disadvantage is that the filter inductor causes voltage drop and phase shift in the fundamental component of the injected voltage, which can affect the control scheme of the DVR. The location of the filter on the high voltage side overcomes this drawback since the leakage reactance of the transformer can be used as a filter inductor or it can be used as a part of the filter, which will be helpful in filter tuning [23]. But in this case, since the higher order harmonic currents penetrate into the transformer secondary side, a higher rating of the transformer is necessary.	
I.4.4. Voltage Source Inverter
Applying a VSI to compensate for a missing voltage requires an injection transformer and a line filter to damp generated switching harmonics. Additionally, losses should be minimized, because the DVR conducts the load current continuously and a fast response is important to avoid a deterioration of the load voltage. The critical factors when choosing a converter for a DVR application are [25]:
- Switching frequency; 
- Generation of switching harmonics;
- Converter ripple current;
- Switching and conduction power losses;
- Dynamic response;
- DVR impedance.
I.4.5. Bypass Switch
As the voltage disturbances are not permanent, the DVR is not in compensating mode all the time. Therefore, it should be bypassed when it is not needed. For this purpose, the bypass switch is used. This switch is closed when the grid voltage is in normal condition and in this way the DVR is out of the circuit. As soon as a voltage disturbance is detected, the bypass switch is opened and the DVR starts the compensation. The switch should be fast enough in order to not lowering the DVR performance [26].
I.5. Operation Modes 
The DVR has three modes of operation: protection mode, standby mode (during steady state), and injection/boost mode (during sag/swell). In protection mode, the DVR is protected from the overcurrent on the load side due to the load short-circuit or in case of large inrush current. The DVR can be isolated from the system by using the bypass switch as shown in Figure (I.3). In standby mode, no switching of semiconductors occurs and the load current will pass through the transformer primary winding. In boost (injection) mode, when the voltage disturbance occurs in the grid, the DVR will inject a compensation voltage through the voltage injection transformer [37].
I.6. DVR Topologies
Conceptually, DVRs operate to maintain the load supply voltage at its rated value. During voltage sag, the DVR injects a voltage to restore the load supply voltages. In this mode, the DVR exchanges active and reactive powers with the surrounding system. If active power is supplied to the load from the DVR, it needs a source for this energy. Two types of system are considered here, one uses stored energy system to supply the delivered power and the other has no significant internal energy storage system. The stored energy can be delivered from different kinds of energy storage systems such as batteries, capacitors, flywheel, or Super Magnetic Energy Storage (SMES). For the no-storage topology, the DVR has essentially no internal energy storage capacity and instead energy is taken from the faulted grid supply during the fault [36].
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]I.6.1. Topologies with no Energy Storage
Topology 1: Energy is taken from the incoming supply through a passive shunt converter connected to the supply side as illustrate in Figure (I.5).


Figure (I.5): DVR with no energy storage and supply side connected converter
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Topology 2: Energy is taken from the incoming supply through a passive shunt converter connected to the load side as depicted in Figure (I.6).

Figure (I.6) DVR with no energy storage and load side connected shunt converter
I.6.2 Topologies with Energy Storage
Topology 1: DVR with stored energy in the DC-link and a variable DC-link voltage is used as presented in Figure (I.7).


Figure (I.7): DVR with energy storage and with variable DC-link voltage
Topology 2: An arbitrary type of energy storage feeding into a controllable DC-link. In this case the DC-link voltage can be held constant as shown in Figure (I.8).

Figure (I.8) DVR with energy storage and with constant DC-link voltage

I.7. DVR Converter Topologies
The classification of the DVR topologies governed by the converter topology used in the DVR structure is shown in Figure (I.9). The common converter topologies in the single-phase DVRs are the half-bridge and full-bridge (H Bridge) inverters. In the three-phase DVRs, the well-known standard six switch two-level inverter (Figure (I.10)), split-capacitor inverter (Figure (I.11)), and three H-bridge inverters (Figure (I.12)) are the most common topologies. However, other topologies such as multilevel inverters, direct matrix converters, and z-source inverters are also used in the both single-phase and three-phase DVRs [38] [50]. 


Figure (I.9): DVR topologies classification according to the inverter structures [12]
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]The primary advantage of multilevel converters is their smaller output voltage step, which results in high power quality, lower harmonic components, better electromagnetic compatibility, and lower switching losses. The most common multilevel converter topologies are the diode-clamped converter, flying capacitor, and cascaded H-Bridge topologies. Each of these topologies has its advantages and disadvantages [51]. In the multilevel diode clamped converter, suffer from the capacitors voltage unbalance, especially when the voltage level number is higher than three. Therefore, the three-level diode clamped converter has been widely used in industry [29]. The main drawback of flying capacitor converters is that the number of capacitors increases with the number of output voltage levels. However, they offer more flexibility in the choice of switching combinations allowing more control of the voltage balance in the DC capacitors. The flying capacitor multilevel inverter has been applied in DVR in [30]. The main advantage of the multilevel cascaded H-bridge converter over other multilevel converter topologies is its modularity characteristic, which makes this topology reliable. However, this topology requires an isolated DC source for each H-bridge. As shown in Figure (I.12), if the DC sources used in the multilevel cascaded H-bridge converter are isolated, there is no need for injection transformer leading to a considerable reduction in the cost and size of the DVR. On the same time, providing isolated DC sources can be seen as a disadvantage of this topology. If multiple isolated DC sources are not available or it is not economically acceptable, a transformer is connected to the output of each H-bridge, and the H-bridges are connected in series via transformers. As a result, it makes possible use of a single DC bus instead of multiple isolated DC sources in the expense of using injection transformers. This topology, however, needs a low frequency transformer per H-bridge module. Beside these well-known multilevel inverter topologies, other hybrid or component-reduced multilevel inverters have also been used in the DVR structures [31].

Figure (I.10): DVR with three-leg inverter
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]In the multilevel converter-based DVR, one of the issues is that the DVR output voltage variation range is wide (depending on the voltage sag value). This implies that the number of DVR output voltage levels is not always equal to its maximum possible value. Therefore, the quality of the output voltage of the DVR may not be satisfactory especially in the case of shallow voltage sags as studied in [32]. Considering these issues, the authors of [33] have proposed an adjustable DC-link voltage using a DC-DC converter so that the output voltage of the DVR has always the maximum possible number of levels. 


Figure (I.11): DVR with split-capacitor inverter
[bookmark: OLE_LINK8][bookmark: OLE_LINK12]The AC-AC converters in different forms are also applied in the DVR and voltage sag compensators structure [34]. The main advantages claimed in the literature for the AC-AC converter based DVRs are the elimination of the DC capacitor and hence, a possible reduction in weight, volume and cost. These topologies may also have higher reliability because of the elimination of the DC capacitors and energy storage elements. Other advantage is the unlimited (in terms of time) voltage compensation. However, these topologies have also their own main drawbacks. Indeed, these topologies mainly use bidirectional power electronic switches, which have more difficulties in operation especially in the commutation instants [12]. 

Figure (I.12): DVR with three H-bridge inverters


I.8. Three-level DVR Mathematical Modeling 

























The three-phase diagram of a grid with series connected VSC is displayed in Figure (I.13). The three-phase voltages of the grid are denoted by, ,  while the grid voltages at the PCC and the grid currents are denoted by , , and , ,, respectively. The three-phase voltages and currents of the VSC are denoted by ,, and ,,, respectively. The voltages and currents injected by the series connected VSC are denoted by ,, and , , , respectively. The DC-link voltage is denoted by . Finally, the load voltages are denoted by ,,


Figure (I.13):  Structure of a three-level DVR
I.8.1 DVR AC Side Modeling
In order to reduce the modeling complexity, the injection transformer is assumed to be ideal with a 1:1 turn ratio. By applying Kirchhoff’s law, it easy to get:

                                                              (I.1)

By applying Clarke’s transformation, equation (I.1) can be written in  coordinates system as:

                                                        (I.2)
By applying the Kirchhoff law for the currents at the nodes (a, b and c), it results: 

		                                                              (I.3)
The equation (I.3) in stationary reference can be written as follows:

                                                      (I.4)
By transforming coordinate system from αβ to dq0 based on the voltage angle given by a PLL (Phase-Locked Loop) synchronized with the grid voltage vector the equation (I.2) and (I.4) become:

                                                           (I.5)

                                                  (I.6)


with  ; where is the grid frequency.
I.8.2 Three-level DCI Modeling 
Figure (I.14) shows the topology of a three-level diode clamped inverter, which consists of three legs: each leg has four bidirectional switches realized by an antiparallel arrangement of a transistor and diode. To prevent a short circuit of the DC source at the inverter input or an opening of the AC load at the output, the four switches on one leg must not be closed or opened simultaneously [43]. 


The switching states of the switches, are given with the digits '2', '0', and '1' respectively indicating that the relevant arm is connected to the positive (P), negative (N), or neutral (O) points of the DC link. Connection functions, as well as the corresponding output voltages, are given in Table (I.2).
Table (I.2): States of a three-level diode-clamped inverter arm
	State 
	

	

	

	

	

	


	2
	

	1
	1
	0
	0
	


	1
	

	0
	1
	1
	0
	


	0
	

	0
	0
	1
	1
	




Obviously, each arm of the inverter can take three states. So, the three-phase inverter has  possible states (000, 001, 002, 010, 011, 012, 020, 021, 022, 100, 101, 102, 110, 111, 112, 120, 121, 122, 200, 201, 202, 210, 211, 212, 220, 221, and 222). These states indicate the states of the three arms. For example, state '012' indicates that the first arm is in the state '0', the second is in state '1', and the third is in state '2'


Figure (I.14): Three-level DCI structure
For each arm of the inverter, three connection functions are defined; each one is associated with one of the three states of the arm, which gives:

                                                                      (I.7)

where  .
The output voltages delivered by the arms of the inverter according to the point 'O' can be expressed as:

                                                            (I.8)
The line-line voltages are expressed as follows: 

                                    (I.9)
The output phase voltages are expressed as:

                (I.10)

Thus, the input DC currents of the inverter are expressed as a function of the output AC currents of the inverter by means of the connection functions by the following expression:

                                                   (I.11)
I.9. Power Circuit Design of the Proposed Multilevel DVR
          The proposed three-phase three-level DVR topology is connected between the three-phase source and load. There are three main elements, which are considered in the DVR design.
I.9.1. Series Injection Transformer Design
The basic function of the injection transformer is to increase the voltage supplied by the filtered VSI output to the desired level while isolating the DVR circuit from the distribution network. The transformer winding ratio is pre-determined according to the voltage required in the secondary side of the transformer, which is generally kept equal to the supply voltage to allow the DVR to compensate the full supply voltage sag/swell [37]. The output of the LC filter is injected into the line using a transformer whose rated voltage is 380V with 1:1 turn ratio and its apparent power is 100 kVA.
I.9.2. Inverter Filter Design

The interfacing inductance  is selected based on the current ripple in the current of the DVR according to the following relation [52]: 

                                                     (I.12)



where  is the transformer ratio, m is the modulation index, vdc is the DC-bus voltage,  a is the overloading factor ,  is the switching frequency and  is the inductor ripple current.



Considering n=1, m=1, vdc=700V, a=1.2, fs=10kHz, , Is=121.54A, the inductor is calculated using (I.12) to be .



The output filter, consisting of a capacitor  and a resistor  connected in series, is generally tuned at  the half of the switching frequency, which is calculated as:

                                                            (I.13)




Considering = 1 Ω, it gives the value of the capacitor as = 31.83 μF.
Hence,  = 1 Ω and  = 40 μF are selected to design the output filter.

I.9.3. DC-Link Capacitances Design
Consider a voltage fluctuation between +20 and 30% voltage in a three-phase 380 V, 80 kVA, 50 Hz sensitive load. The voltage rating of the VSC of a DVR depends on the maximum voltage to be injected in this condition of the sensitive load. Therefore, the voltage injection per phase is 30%. So, the maximum sag in the source terminal voltage is obtained as 219.39 ×0.7 = 153.57 V.


Therefore, considering a unity power factor load, the injected voltage () is estimated as 



The current rating of the DVR depends on the load connected to the downstream of the DVR. For 80 kVA load, the current is calculated as where  is the current RMS value and Vs is the line voltage RMS value. Therefore, the current rating of the DVR is .
The DC-bus capacitance is selected based on the transient energy required during change in the load.
Considering the energy stored in the DC-bus capacitor for meeting the energy demand of the load for a
fraction of power cycle, the relation can be expressed as:

                                                  (I.14)









where  is the rated DC-bus voltage,  is the drop in the DC-bus voltage allowed during transients, and  is the time for which support is required. Considering  = 2 ms,  = 700 V, is chosen as 5% of , which results in   = 665 V. The DC-bus capacitance  is calculated using (I.14), which gives C = 4.8 mF. Hence, the adopted DC-bus capacitance is 5.4 mF.
I.11. Control Strategy 
Control system design is extremely important in DVR structure since it is utilized for imposing control signal parameters such as amplitude, frequency, and phase shift on DVR injected voltages. The control algorithm produces three-phase reference voltages to the series converter that seeks to keep the load voltage at its reference value. The control block diagram with a PLL is illustrated in Figure (I.15). Basically, the PLL circuit is used to generate a unit sinusoidal wave in phase with the main voltage. The DVR can be easily controlled after transformation of the three-phase voltages into dqo frame. The controller input is an error signal obtained from the reference voltage, which is equal to nominal grid voltage, and the value of the injected voltage. Such error is processed by a PI controller then the output is provided to the SVPWM signal generator that controls the DVR inverter to generate the required injected voltage.


Figure (I.15): Control structure of the three-level DVR system
I.11.1 Phase-Locked Loop (PLL)
Synchronization to the supply voltages is very important in order to control the DVR. It keeps an output signal synchronized with a reference input signal in frequency and phase. Synchronization methods have been developed and presented in many publications [53]. The most often used synchronization method in power electronics applications is the phase-locked loop.
PLL is essentially used to estimate and filter the instantaneous phase and amplitude of the equivalent phasor of a three-phase system. 
Figure (I.16) shows the classical structure of a three-phase PLL, It consists of a phase detector (the coordinate transform), a low pass filter (LF) and voltage controller oscillator (VCO).


Figure (I.16): Phase locked loop to synchronize the DVR to the supply voltages

Assume the PCC voltages are given by:

                                                    (I.15)

With 
The output signal from Clarke transformation block can be expressed by:


                                        (I.16)                                                 

The transformation from  frame to the d-q frame corresponds to the following transformation matrix:

                                          (I.17)

with is the estimated angular position of the three-phase voltages vector. 
The d-axis voltage component is expressed as:  

                                        (I.18)

Equation (I.18) can be condensed as follows:

                                                  (I.19)

Assuming thatis small, then, the previous expression can be expressed by:

                                                    (I.20)
The estimated angular pulsation is given by

                                           (I.21)
The voltage vector position is calculated by:

                                                                    (I.22)
Using (I.22), the equation (I.21) can be rewritten as follows:

                                         (I.23)   
The closed loop transfer function is:                                    

                                          (I.24)   


From the previous expression, the values of  and  can be found as follows:

                                        (I.25)





In order to obtain a good compromise between the stability and the dynamic response, the values of damping ration  and natural frequency  are chosen as andwhich gives 
I.11.2. Space Vector Modulation of Three-level DCI



Figure (I.17) represents the space vector states for a three-level inverter in frame. There are 27 states: 12 on the outer hexagon, 12 on the inner hexagon and the center represents the 3 zero-states. For these states, ‘2’, ‘0’ and ‘1’ mean that the output voltage can take ‘/2’, ‘0’ and ‘-/2’, respectively.


Figure (I.17): Space-vector diagram of a three-phase DCI 

The arbitrary position of the output voltage vector divides the vector diagram into six sectors. Each sector is composed of four triangular regions as shown in Figure (I.15). The idea of space vector modulation is to recreate the reference voltage vector from its three adjacent vectors; in such a way the combination of these different vectors corresponds to the reference vector. 
So, the first stage must be to determine the location of the reference voltage vector. This process can be made up in two steps: the first step is to determine the sector number and the second step is to determine the triangle in which the vector is located [35][40][41].



Figure (I.18): Vector diagram for three DCI in the first sector
As illustrate in Figure (I.18), the magnitude and angle of the reference voltage vector are determined as:

                                                                          (I.26)

                                                                             (I.27)
a) First Step: Sector Determination
The sector numbers are given by the following equation:

                                                               (I.28)
where ceil is a function that rounds a number to the next larger integer.
b) Second Step: Triangle Identification 

The reference vector is projected on the two axes doing  between them. The projected components are normalized by equations (I.29) and (I.30) as follows:

                              (I.29)

                                                             (I.30)
In order to determine the number of the triangle in a sector S, the following two integers should be defined as:

                                                                   (I.31)
where int is a function that rounds a number to the nearest integer toward zero.




 If the reference vector is situated in the parallelogram constituted by the vertices G, K, H and M, as shown in Figure (I.18), the two integers and   must verify the following condition:  and 
To determine whether the reference vector is located in the triangle formed by the vertices G, H and K or in that formed by the vertices H, K and M, one of the following conditions must be verified:

is located in the triangle GHK if:

                                                             (I.32)

 is located in the triangle HKM if:

                                                             (I.33)
Using the same method, one can determine the other triangles numbers in each sector.
a) Duration Times Calculation 



If the reference vector is located in the triangle HKM, then it can be reconstructed from the three adjacent vectors, and  using the following relation:

                                                 (I.34)






where , and  are the vectors duration times and,  and  are the vertices of G, H and K, respectively.

The projection of (I.34) in the frame composed of two axes making  between them, leads to: 

                                                 (I.35)

The coordinates of vertices G, H, N, K, M and L are given by the following equation: 

                                              (I.36)




By substituting the coordinates of ,  and  given by (I.36) in (I.35), in each triangle, the on-duration time intervals are calculated and summarized in Table (I.3). 

Table (I.3): Duration time in each triangle of sector S
	Triangle number
	
	Duration time intervals
	

	
	
              
	
         
	
   

	

	

	
        
	







For instance, in the second triangle, the substitution of vector coordinates, and  in equation (I.35) gives the application times of these vectors as follows:

                                                                 

                                                                            (I.37)

                                                             
I.11.3. Energy Minimization Based Balancing DC Capacitor Voltages 
In a three-level DCI converter, the total energy of the two capacitors is given by [39][42]:

                                                                        (I.38)

Assuming that the two capacitors have equal capacitances, C1 = C2 = C, the total energy E reaches its minimum () when the two capacitors voltages are balanced. The minimum total energy is given by:                                                    

                                                                               (I.39)

The energy minimization property can be used for capacitor voltages balancing. For this reason, a cost function J is defined based on the quadratic sum of the differences between the voltages  and their reference values as follows: 

                                                                     (I.40)
Based on a suitable choice of redundant vectors, the function J can be minimized to zero and the voltages of the capacitors will be maintained at their reference values. The mathematical condition ensuring the convergence of the cost function J to its minimum value is given by:

                                                                  (I.41)



where   is the current through capacitor  ,. 




These DC-capacitors currents are affected by the DC-side intermediate branch currents, and . Thus, it is advantageous to express equation (I.41) in terms of , and. The DC-capacitor currents are expressed as:  

                                                           (I.42)


By substituting   and given by equation (I.42) in (I.41), the condition to achieve voltage balancing is deduced as:

                                            (I.43)



When the DC link voltages  and  are closed to their reference, the following condition is verified:  

                                                                                                             (I.44)
Using equation (I.44), the equation (I.43) can be written as:

                                                               (I.45)
The application of the averaging operator, over one sampling period, to equation (I.45) results in:

                                                (I.46)
Assuming that sampling period T, as compared to the time interval associate with the dynamics of capacitor voltages, is adequately small, the capacitor voltages can be assumed to remain constant over one sampling period, consequently, equation (I.46) is simplified to:

                                                             (I.47)





where is the drift voltage at sampling period and is the averaged value of the  Therefore, in order to regulate DC-capacitor voltages, only one DC capacitor voltage needs to be measured. This feature makes control very simple and reliable. The current   should be computed for different combinations of adjacent redundant switching states over a sampling period and the best combination, which maximizes equation (I.47), is selected.
I.12 Simulation Results
The performance of DVR in different possible conditions like voltage sag and voltage swell is tested using the system parameters given in Appendix A. Voltage sag of 30% is introduced in power system at time 0.4 s and maintained until 0.5 s. Also, a voltage swell of 50% is also introduced during the same period. Figure (I.19.a) shows the effect of the introduced sag on source voltage. The  DVR injected  voltage  and  the  load  voltage  are  shown  in  figures  (I.19.b)  and  (I.19.c),  respectively. The DC-link voltages are illustrated in Figure (I.19.d).
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Figure (I.19): Performances of multilevel DVR during sag test: (a) supply voltages, (b) compensation voltages, (c) load voltages, (d) DC-link voltages
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0.                                                                                             (b)
Figure (I.20): Load voltage THD during sag occurrence: (a) three-level DVR, (b) two-level DVR 

From the sag test, shown in Figure (I.19), it can be observed  that the  DVR  quickly  injects  equal  positive  voltage components,  which  are  in  phase  with  the  supply  voltage to  maintain  the  load  voltage close to its normal value. Furthermore, thanks to the proposed SVM the DC-capacitors voltages are stable and equal to half of the DC-bus voltage as depicted in Figure (I.19.d). Compared to two-level DVR, Figure (II.20) illustrated that the load voltage THD of three-level DVR has a lower value, which results in better sinusoidal shapes.  
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Figure (I.21): ): Performances of multilevel DVR during swell test: (a) supply voltages, (b) load voltages, (c) compensation voltages, (d) DC-link voltages

[image: ][image: ]
0.                                                                                        (b)
Figure (I.22): Load voltage THD during swell occurrence: (a) three-level DVR, (b) two-level DVR 
For the case of balanced voltage swell compensation represented by Figure (I.21.a, b,c), the load voltage is kept at the nominal value with the help of the DVR. Similar to the case of voltage sag, the DVR reacts quickly to inject negative voltage components in opposite phase with the supply voltage to correct the load voltage. From Figure (I.19.d), the DC-link voltages average ripples are less than 2V and each capacitor voltage is regulated to 350 V. The voltages across the DC-link capacitors are maintained to their desired values, even during voltage sag or swell, which proves the efficiency of the proposed SVM method. Indeed, it is capable to provide optimal switching sequences for capacitor voltages balancing.
As expected, the THD of the three-level is less than that of its counterpart two-level DVR as indicated in Figure (I.22), which justify one again the effectiveness of multilevel DVR in power quality improvement.
I.14 Conclusion 	
In the first part of this chapter, different power quality problems such as voltage sag and swell, interruptions, and harmonics were presented in concise summary. In the second part, the DVR as a proposed solution to deal with the aforementioned problems was presented. After that, a particular attention was paid on multilevel DVR as an effective solution to mitigate voltages disturbances and to improve harmonic distortion as well. The performance of multilevel DVR under faulty power distribution system was discussed through multiple simulation results proving the viability of using multilevel DVR to compensate for voltage disturbances. In addition to that, this study confirms also that the proposed DC voltage balancing strategy is able to prevent voltage drift phenomenon of the DC-link capacitors of the proposed multilevel DVR system.
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Distributed Grid-Connected SOFC Supporting a Multilevel Dynamic Voltage Restorer




II.1. Introduction 
Recently, conventional energy resources depletion has led to the emergence of new means of power generation, known as distributed generation (DG) [55]. DG systems such as, fuel cells, wind turbines, micro-turbines, and photovoltaic arrays refer to decentralized small scale energy sources connected directly to the distribution network and located near to the users [56]. In addition to being crucial for sustainable development, DG systems offer tangible advantages including low transmission losses, energy cost saving, and high reliability [57].
To date, many researches have been done on fuel cells since they could play a central role in future power generation due to their advantages such as slight greenhouse gas emissions and high efficiency. Among various kinds of fuel cells, which show a great potential in the distributed generation applications, one can find proton exchange membrane fuel cell (PEMFC), phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC), and solid oxide fuel cell (SOFC). The comparison between these fuel cells types according to their characteristics and applications were detailed in [58][59]. From this comparative study it can be concluded that MCFC and SOFC have a good efficiency compared to PEMFC and PAFC (efficiencies of SOFC and MCFC are greater than 50%). The PEMFC is able to operate at low temperature, which implies it is more suitable for residential and commercial applications. However, regarding to PAFC’s low efficiency (40%), its high cost, and its inability to internal reforming capacity makes it less prevalent than MCFC and SOFC. The SOFC, on the other hand, has smaller plant footprints than MCFC, and it is also expected to be cheaper than the other fuel cell types [60]. Furthermore, the SOFC can withstand to the overloads and consequently the resulting SOFC-DG system is able to remain stable under grid disturbances [61].
Extensive works dealing with power generation using SOFC are reported in the literature. Indeed, in the reference [62], Saha et al. focused on the SOFC modeling and its application in a distributed generation. Fuzzy logic control of hybrid system SOFC/Battery distributed power generation system is developed by Hajizadeh in [63]. The authors Taher and Mansouri proposed an optimal control for grid-connection SOFC-DG by using an optimal robust PI controller to control the active power of SOFC stack [64]. Tayebe Erfanmanesh [55] proposed a linear parameter-varying robust control approach of grid-connected fuel cell power plant.
On the other hand, in an electrical distribution network with high level of DG penetration, the disconnection will cause serious power quality problems. So, the interaction between each DG unit and the grid during the voltage sag must be considered [65]. For that reason, power quality problems in the distribution system and their solutions have received more and more attention by researchers’ community. The disturbances such as voltage sags and swells, flickers interruptions and harmonics distortions are considered as problems to the power quality in industrial applications. Many researchers agreed that, series custom power compensators such as dynamic voltage restorer present best solutions to deal with kind of voltage disturbances [66].
Some recent studies have been devoted to the use of fuel cells to support DVR [67,68]. In the reference [67], a fuel cell based DVR configuration is proposed. Another interesting configuration was presented in [66], where the DVR is exploited for interconnecting the proton exchange membrane fuel cell (PEMFC) stack to the grid. In this case, the DVR is used to evacuate the power from the PEMFC stack in addition to compensate for voltage perturbations. 
In this chapter, modeling and control of fuel cell connected to the distribution grid and feeding at the same time a multilevel dynamic voltage restorer needed to compensate for voltage disturbances will be detailed.
 II.2. Description and Modeling of SOFC Based DG-DVR System
Figure (II.1) illustrates one possible configuration in which the SOFC-DG and DVR are connected separately at the same line. In this case, a grid-connected SOFC-DG injects the active power through a two-level VSI (SOFC-VSI) while self-supported DVR performs voltage sag/swell compensation for sensitive loads using another VSI (DVR-VSI). During the occurrence of faults (sag/swell) at the point of common coupling (PCC), these independent SOFC and DVR systems face operational limitations. Indeed, the self-supported DVR cannot maintain the rated load voltage due to finite energy in the DC-link capacitor. To overcome this shortcoming, one possible solution is to keep the DC-link capacitor charged to its nominal value through a shunt rectifier connected on the grid side. Consequently, the system becomes costly and more complicated.


Figure (II.1): SOFC-DG and DVR systems connected disjointedly at the same line
By inspiring from the above configuration, two three-level inverters, connected in back-to-back in which the DC-link is fed by an SFOC via a boost converter, are proposed as new configuration performing both SOFC-DG and DVR functions. The aims of the suggested structure, illustrated in Figure (II.2), are: to limit the requirement of two separate DC-links for SOFC and DVR systems, to improve the power quality injected to the grid, and to optimize the use of SOFC power.

Figure (II.2): Proposed SOFC based DG-DVR system configuration
In this system, the DC-DC converter boosts the output voltage of the SOFC to a suitable value. The three-phase voltage source inverter (VSI) turns the adjusted DC-bus voltage to the desired AC voltage in order to fit the grid requirements in terms of power quality [65]. A line filter is employed at the output of the inverter to smooth the output current generated by the inverter. The second part of this system involves a three-level DVR connected to the first inverter by two DC capacitors. In addition to a diode-clamped three-level inverter, the DVR consists of a series injection transformer and an LC filter for reducing switching harmonics from the injected voltage.
II.3. Generalities about Fuel Cells
II.3.1. Overview                 
Fuel cell is a relatively new energy-saving technology that has the potential to compete with the conventional existing generation facilities. Among the various DG technologies available, fuel cells are being considered as a potential source of electricity because they have no geographic limitations as PV or wind power and can be placed anywhere on a distribution system. Fuel cells have numerous benefits, which make them superior compared to the other technologies. Benefits include high efficiency, high power quality, service reliability, few or no moving parts which lead to low noise, and fuel flexibility.
Fuel cells find application in space shuttles due to their light-weight and compact size. They serve as a power source in remote locations where utility transmission lines cannot be reached. Since they have no location limitations, they find application in transportation purposes as in cars, trucks, and buses. Lower temperature fuel cells like the PEMFC and PAFC are well suited for transportation applications. The higher temperature fuel cells like the SOFC and MCFC produce high-grade waste heat, which can be used to heat water [60][70][71]. Fuel cells can also be used in industrial equipment, off-road utility vehicles, airport ground service equipment. Fuel cells for cellular phones, laptop computers, video cameras, and portable electronics are on their way to the market. Many hospitals, credit card centers, police stations, and banks are now using fuel cells to provide backup power to their facilities.
Though the fuel cell stack is a good source of electric power, it has a major drawback that presents difficulties in connecting to the utility grid or for use in standalone applications. Fuel cells have a slow electrochemical and thermodynamic response. The slow response is associated with the time for the fuel cell stack to modify the chemical reaction parameters after a change in the flow of reactants [72]. Hence it can be a good source in the steady-state but cannot respond quickly to electrical load transients.
II.3.2. Operating Principal 
The functioning of a fuel cell is similar to that of a battery except that the fuel can be continuously fed into the cell. The cell consists of two electrodes, anode (negative electrode) and cathode (positive electrode) separated by an electrolyte. Fuel is fed into the anode where electrochemical oxidation takes place and the oxidant is fed into the cathode where electrochemical reduction takes place to produce electric current and water is the primary product of the cell reaction. Figure (2.1) shows the flows of reactants in a simplified fuel cell [73][77].
[image: ]
Figure (II.3): Fuel cell basic components [74]
The hydrogen, which enters the anode side, is broken into hydrogen ions and electrons with the help of the catalyst. In the case of lower temperature cells like the PEMFC and the PAFC, the hydrogen ions move through the electrolyte and the electrons flow through the external circuit. The oxygen, which enters through the cathode side, combines with these hydrogen ions and electrons to form water as shown in the above figure. As this water is removed, more ions are passed through the electrolyte to continue the reaction, which results in further power production. In the SOFC, it is not the hydrogen ions that move through the electrolyte, but the oxygen radicals. In the case of MCFC, carbon dioxide combines with the oxygen and electrons to form carbonate ions, which are transmitted through the electrolyte [88]. Fuel cells are classified based on the type of electrolyte used. A solid polymer membrane electrolyte is fitted between two platinum catalyzed porous electrodes for PEM fuel cells. MCFCs have a liquid lithium-potassium or lithium-sodium based electrolyte while SOFCs employ a solid yittra stablized zirconia ceramic electrolyte. The catalyst used for SOFC and MCFC are perovsikites and nickel, respectively; their cost is comparatively lower than that used for PEMFC. The typical anode and cathode reactions for a hydrogen fuel cell are given by equations (II.1) and (II.2), respectively.

                                                         (II.1)

                                               (II.2)	
II.3.2. Fuel Cell Types
Presently, there are five major types of fuel cells in different stages of commercial availability or research/development. They are proton exchange membrane fuel cell, alkaline fuel cell, phosphoric acid fuel cell, molten carbonate fuel cell, and solid oxide fuel cell. Even though different fuel cells operate on similar chemical reactions, they are still very different in many aspects in terms of operating characteristics, materials used in construction, and suitability for potential applications [75] [79].
II.3.2.1. Alkaline Fuel Cell (AFC)
In an AFC, the potassium hydroxide solution is always used as the electrolyte. They do not require a precious metal catalyst at the cathode and anode [79]. The reaction at the anode is given by equation (II.3).

                                              (II.3)

In this reaction, released electrons pass through an external circuit to the cathode and react with oxygen and water to form new  as in equation (II.4).

                                                    (II.4)

The most significant issue of the alkaline fuel cell is that it is very susceptible to contamination by carbon dioxide. Therefore, it requires purification of both hydrogen and oxygen. This purification process makes alkaline fuel cells a very expensive technology and, therefore, an unlikely candidate to be commercialized on a large scale.
II.3.2.2. Phosphoric Acid Fuel Cells (PAFC)
Phosphoric acid fuel cells use a phosphoric acid electrolyte held inside a porous matrix. Their operating temperature is high in the range from 150°C to 210°C. The main components of the PAFC are shown in Figure (II.4). The PCFCs are considered suitable for small and midsize generation. They are typically used in modules of 400 kW or greater and are being used for stationary power production in hotels, hospitals, grocery stores, and office. Phosphoric acid can also be immobilized in polymer membranes, and fuel cells using these membranes are suitable for a variety of stationary power applications. The anode reaction is similar to that of the PEMFC [83]. The input hydrogen at the anode is stripped of its electrons. The hydrogen protons (ions) migrate through the electrolyte to the cathode. The anode reaction can be represented by the following chemical equation: 

                                                        (II.5)
The free electrons flow through the least resistance path of the external load to the other electrode (cathode). The hydrogen ions at the cathode are combined with the four electrons (4e-) and oxygen, usually from air, to produce water. The cathode reaction can be represented by the chemical equation given by:

                                                (II.6)
The overall reaction of the anode and cathode can be represented by the following chemical equation:

                                       (II.7)
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Figure (II.4): Phosphoric Acid Fuel Cell [85]
If the steam generated by the PAFC heat is used in other applications such as cogeneration and air-conditioning, the efficiency of the cell can reach 80%. The electrolyte of the PAFC is not sensitive to CO2 contamination so it can use reformed fossil fuel. The features such as the relatively simple structure, its less expensive material, and its stable electrolyte make the PAFC more popular than PEM in some applications like in buildings, hotels, hospitals, and electric utility systems.
II.3.2.3. Molten Carbonate Fuel Cell (MCFC)
Molten carbonate fuel cells use a molten carbonate salt immobilized in a porous matrix as their electrolyte. The electrolyte is a mixture of lithium carbonate and potassium carbonate, or lithium carbonate and sodium carbonate. The main components of the MCFC are shown in Figure (II.5). They are already being used in a variety of medium to large-scale stationary applications due to their efficiency. Their high-temperature operation (approximately 600°C) enables them to internally reform fuels such as natural gas and biogas [88].
[image: ]
Figure (II.5):  Molten carbonate fuel cell [85]

When the electrolyte of the MCFC is heated to a temperature around 600°C, the salt mixture melts and becomes conductive to carbonate ions. These negatively charged ions flow from the cathode to the anode where they combine with hydrogen to produce water, carbon dioxide, and free electrons. The anode chemical reaction is given by:

                              (II.8)

The carbon dioxide is fed to the cathode where it reacts with the oxygen and the electrons (). The cathode chemical reaction is given by

                                            (II.9)
The overall cell reaction of the MCFC is given by 

                                 (II.10)
One can notice from equation (II.8) that the CO2 produced at the anode is also consumed at the cathode under ideal conditions. With a careful design, the carbon dioxide can be fully utilized and cell should emit no CO2. One of the distinctive disadvantages is the internal corrosion due to the carbonate electrolyte .
II.3.2.4. Proton Exchange Membrane Fuel Cell (PEMFC)



The basic components of the PEMFC, as shown in Figure (II.6), are the anode, the electrolyte, and the cathode. The electrolyte is a polymer membrane coated with a metal catalyst such as platinum [69]. The anode has a flat plate with channels built into it to disperse hydrogen gas over the surface of the catalyst. When the pressurized hydrogen enters the anode and then passes through the channel, the catalyst (such as platinum) causes two hydrogen gas atoms () to oxidize into four hydrogen ions   () and give up four electrons (). The anode reaction can be represented by the following chemical equation:

                                                 (II.11)
The free electrons flow through the least resistance path of the external load to the other electrode (cathode). The load current is caused by the flow of electronics; its direction is in the opposite direction of the electronics flow.
[image: ]
Figure (II.6): Polymer Electrolyte Membrane Fuel Cell [85]
The hydrogen ions pass through the membrane from the anode to the cathode. When the electrons enter the cathode, they react with the oxygen from the outside air and the hydrogen ions at the cathode to form water. The cathode reaction can be represented by the following chemical equation:

                                       (II.12)
Therefore, the PEMFC combines hydrogen and oxygen to produce water and heat energy. The heat energy can be extracted through a heat exchanger for use in various applications, as shown in figure (II.6). The water from the FC output can be reused or fed back to the reformer and CO converter. The overall reaction of the anode and cathode can be represented by the chemical equation given by:

                                 (II.13)
The PEMFC operates at relatively low temperatures about 80°C and can quickly vary its output to meet changing power demands. It is relatively lightweight, has high energy density, and can start very quickly (within a few milliseconds). It is suitable for a large number of applications including transportation and distributed generation for residential loads. However, Platinum is extremely sensitive to CO and the elimination of CO is crucial for the longevity of the FC, which impacts the overall cost of the PEMFC system. The practical implementation will require controlling units such as the hydrogen pressure regulator and airflow control, as shown in Figure (II.6).
II.3.2.5. Solid Oxide Fuel Cell (SOFC)


The main components of the SOFC are shown in figure (II.7). The electrolyte of the SOFC is a thin layer of hard ceramic material such as zirconium oxide. The oxygen molecules from air are combined with four electrons at the cathode to produce negatively charged oxygen ions. These oxygen ions migrate through the solid ceramic material to the anode and combine with hydrogen to produce water and four electrons (). The free electrons in the oxygen ions are released and passed through the electric load and then to the cathode. The anode chemical reaction is given by:

                                           (II.14)
The cathode chemical reaction is given by:

                                                   (II.15)
Then, the overall chemical reaction is given by: 

                                   (II.16)

[image: ]
Figure (II.7): Block diagrams of Solid Oxide Fuel Cells

The SOFCs operate at very high temperatures (600°C to l000°C) and they require a significant time to reach steady state. Therefore, they are slow at starting and slow at responding to changes in electricity demand. However, the high temperature makes the SOFC less sensitive to impurities in fuels such as sulfur and. These fuel cells can internally reform natural gas and biogas, and can be combined with a gas turbine to produce electricity with an efficiency as high as 75%. Therefore, the SOFC is suitable for large-scale stationary power generation in the megawatt range [79].
II.3.3. Advantages and Disadvantages of Fuel Cells  
Hydrogen technology-based fuel cell is very useful in DG applications because it combines a relatively high efficiency with a very low environmental emission. In addition, it operates at a constant temperature, and the heat from the electrochemical reactions is available for co-generation applications. Fuel cell power plants can be configured to use a wide variety of fuels and produce a wide range of electrical outputs. When these plants are operating on hydrogen and oxygen, they offer
high energy density. Therefore, large energy outputs can be produced from a system with a relatively small weight and volume. Thus, a fuel cell is a preferred power generator in remote applications where system weight and volume are important parameters. Other advantages of fuel cells and fuel cell plants are [75]:
- Direct conversion of chemical to electrical energy;
- Excellent characteristics, even with partial loading;
- High availability of lower temperature units;
- Fuel flexibility;
- Zero or very low noise except for occasional vibrations.
However, the main drawbacks of fuel cell technology are [75]:
- Relatively high costs compared to conventional power sources;
- Life time limitations (no confirmed knowledge about real life time);
- Decreasing electrical efficiency as function of the operating life time;
- Special treatment of fuel (H2) is necessary;
- Noble materials are needed for membranes and electrodes, e.g., platinum is one of the most effective catalysts.
II.3.4. Fuel Cell Applications
Fuel cells are classified as power generators because they can operate continuously, or for as long as fuel and oxidant are supplied. The application of fuel cells largely depends on the operation conditions such as the values of the typical operating temperature and efficiency. Fuel cell types with operating temperature are listed in Table (II.1). The most probable fields of application for the different fuel cell types are given in Table (II.2).
	Table (II.1): Overview of the fuel cell technologies [76][75]
	Fuel cell type
	Electrolyte
	Temperature [0C]
	Electrical efficiency [%]

	PEMFC
	Polymer
	

	60-65

	AFC
	
Potassium hydroxide, 
	

	60-70

	PAFC
	
Concentrated phosphoric acid, 
	

	40-45

	MCFC
	
Molten carbonate melts, 
	

	53-57

	SOFC
	
Yttrium-stabilized zirkondioxide, 
	

	55-65





Table (II.2): Fuel cell applications [76]
	FC type
	Applications

	
SOFC
	- Stationary applications for domestic heat and power production
- Stationary applications for commercial heat and power production
- Stationary applications for utility use

	

PEMFC
	- Stationary applications for domestic power and heat production
- Stationary applications for dedicated power and heat production
- Mobile applications for buses and service vehicles
- Mobile applications for railroad systems

	PAFC
	- Stationary applications for dedicated power and heat production
- Mobile applications

	MCFC
	- Stationary applications for combined power and vapor production
- Stationary applications for utility use

	AFC
	- Space and special military applications


II.3.5. SOFC Technology
Among different types of FCs classified by the type of electrolyte material being used in them, the SOFC is considered in this chapter for DG application due its numerous features including [86]:
·  SOFC can tolerate relatively impure fuel such as those which can be obtained from gasification of coal;
· It is used to operate at extremely high temperatures of the order of 700 to 1000 oC;
·  Waste heat from the SOFC is of high grade, which allows the use of a smaller heat exchanger;
· There is a possibility of co-generation for additional power production;
· The reformer system required for an SOFC is less complex because the SOFC can use carbon monoxide as fuel along with hydrogen;
·  In an SOFC system, the operating temperature of the reformer and the stack are compatible;
·  The electrolyte is in solid state and hence does not require any hydration, which makes water management system easier;
·  SOFC does not need costly catalysts and does not contain noble metals;
· SOFC system requires significant time to reach operating temperature;
· SOFC response to load changes makes it suitable for large stationary power applications. 
II.3.5.1 SOFC Components

Figure (II.8) shows the schematics diagram of the SOFC stack configuration. The main components of a single cell are electrolyte, cathode and anode. When single cells are stacked together to generate more power, two more cell components of interconnect and sealant are required. The solid electrolyte is between the electrodes (anode and cathode) to conduct the ions of  but without conducting electrons, thus the current passes through the device via the external circuit. The fuel is oxidized at the anode and the oxygen is reduced at the cathode.


Figure (II.8): Schematic design of SOFC stack configuration [84]
II.3.5.1.1 Electrolyte
In an SOFC the electrolyte is exposed to both oxidizing (air side) and reducing species (fuel side) at high temperatures. Several properties of the SOFC electrolyte are required: 
- Sufficient ionic conductivity (the electronic conductivity of the electrolyte must be sufficiently low in order to provide a high energy conversion efficiency); also the oxide ion conductivity must be high to minimize the ohmic loss;
- Dense structure, in order to produce maximum electrochemical performance;

- Stability since the electrolyte is exposed to the air and the fuel at elevated temperatures. This requires that the thermal expansion coefficients must match at the interfaces. Typical electrolyte materials for SOFCs are oxides with low valence element substitutions, sometimes named acceptor dopants, which create oxygen vacancies through charge compensation. For SOFC applications, there are various
materials that have been explored as electrolyte, yttria-doped zirconia (YSZ) and gadolinium-doped ceria (GDC) are the most common materials used for the oxide conducting electrolyte. Above 800 °C, YSZ becomes a conductor of oxygen ions (); zirconia-based SOFC operates between 800 and 1100 °C. The ionic conductivity of YSZ is 0.02 S m-1 at 800 °C and 0.1 S cm-1 at 1000 °C. A thin electrolyte (25–50 μm) ensures that the contribution of electrolyte to the ohmic loss in the SOFC will be kept at a minimum [87]. 
II.3.5.1.2. Anode
The key requirements for the anode are high conductivity, stability in reducing atmospheres, and sufficient porosity to allow good mass transport. The most common anode for SOFCs is the Ni/YSZ cermet. Ni is chosen among other components because of its high electronic conductivity and stability under reducing conditions. Moreover, Ni activates both direct oxidation and steam reforming. The
use of YSZ has multiple purposes: to inhibit sintering of the nickel, to guarantee thermal expansion coefficient (TEC) comparable with other fuel cell components (mainly the electrolyte), and to increase the triple phase boundary (TPB) [80] [83]. The anode porosity (20–40 %) ensures good mass transport and improves the triple boundary by allowing O2- ion movement within the anode electrode. A small amount of ceria is added to the anode cermet to improve ohmic polarization loss at the interface between the anode and the electrolyte. This also improves the tolerance of the anodes to temperature cycling and redox changes within the anode gas [80]. The triple phase boundary (TPB) is a key area and it is important to increase this surface area since in this point the oxygen ions and the hydrogen gas are brought together to react at the surface of the nickel site [83]. 
II.3.5.1.3. Cathode
The cathode must mainly provide electrical conductivity, gas permeability, catalytic activity for oxygen reduction as well as chemical and mechanical compatibility with other SOFC components. Beside platinum, which is expensive, perovskites (Group of crystals) are applicable. Today’s standard material is lanthanum manganite (LaMnO3) doped with strontium (LSM). The mole ratio of strontium (Sr) and lanthanum (La) decides the catalytic as well as the mechanical properties of the material. Cathodes are prevalently produced by powder processing. As the cathode performance strongly depends on surface area, porosity and microstructure, the processing method is very important. Except the above mentioned high temperature reactions with the electrolyte, LSM is chemically very stable, as long as no chromia forming metallic interconnects are being used [83].
II.3.6. Modeling of Solid Oxide Fuel Cell
The SOFC fuel cell operation is the object of the coupling of several phenomena: the flux of reactants, electrochemical reactants, ionic and electrical conductions, and heat transfer. There are a number of models to describe the chemical reaction in the Fuel cell, generally, they allow predicting the current-voltage characteristics.
Many authors have modeled the FC stack by a 3-D program. On this context, D. Achenbach et al, Yakabe et al [86] have developed models giving the temperature distribution, the gas concentration, the speed profile inside the cell and the current density [79]. Electrochemical modeling by impedance spectroscopy has been used to describe electrochemical phenomena within the SOFC stack. Spectroscopic modeling is based on current/voltage readings of the FC with a different frequency to allow obtaining the equivalent electrical circuit. The model is made more attractive from different tests (different operating temperatures, different load currents, different gas flows, different gas compositions) and then the various components of the electrical circuit are calibrated by regression to approach the impedance spectra [79]. An electrochemical study based on the thermodynamics law is proposed to understand the origin of some equations that can be encountered in the literature. Two models will be explained in this chapter: the first one is a static model, which is used to trace the current-voltage characteristic of the stack and the second model is a dynamic model, which treats the dynamic behavior of the FC stack.



II.3.6.1. SOFC Static Model 
II.3.6.1.1. Fuel Cell Voltage 

The chemical energy of the fuel cell is defined by enthalpy of formation and Gibbs free energy. Gibbs free energy is the energy available to do external work, which involves moving electrons around an external circuit. Enthalpy of formation is the sum of Gibbs free energy and the energy connected with entropy. In fuel cells, change in Gibbs free energy of formation () is considered. This change is the difference between the free energy of the products and the reactants, as shown in the following equation [80]:

                                                 (II.17)

 is the change in the Gibbs free energy of formation at standard pressure.

These quantities can be expressed in their ‘per mole’ form to make the comparisons easier. They are indicated by – over the lower-case letter (), which can be expressed as: 

                                              (II.18)
For the hydrogen fuel cell, two electrons pass through the external circuit for each water molecule produced and each molecule of hydrogen used, as given in equation (II.1). In a lossless system, electrical work done is equal to the change in Gibbs free energy. Further, electrical work done to move a charge of 2F (to move two electrons) for a voltage of E is given by the following equation [80]:
Electrical work done = -2FE Joules                                      (II.19)
Therefore E can be written as given in equation (II.20). This voltage is the open circuit voltage of the fuel cell.

                                                           (II.20)


Consider a general reaction given as where j moles of J and k moles of K react with each other to produce m moles of M. These reactants and products have an activity () associated with them. This activity is the ratio of the partial pressure of the gas and the standard pressure. Hence Gibbs free energy can be written as given in the equation (II.21).

                                            (II.21)

 is the change in the Gibbs free energy of formation at standard pressure. 

Equation (II.21) can be applied to a typical hydrogen fuel cell reaction, where the reactants are hydrogen and oxygen and the product is water. Since activity is the pressure of the gas to its standard pressure, activity can be replaced by pressure in equation (II.21). Further, the standard pressure is considered to be unity. Hence, equations (II.20) and (II.21) can be combined together to obtain the following equation for voltage known as the Nernst equation.  is the change in the Gibbs free energy of formation at standard pressure.

                                                (II.22)

With 
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]II.3.6.1.3. Different Voltage Losses
The losses, often called polarization, come mainly from three sources: activation polarization, resistive polarization, and concentration polarization. These losses lead, for an ideal potential, to a voltage drop expressed as: 

                                                        (II.23)
II.3.6.1.4. Activation Voltage Losses

The reason for this loss in SOFC is the sluggishness of chemical reaction that takes place on the surface of electrodes. A certain amount of voltage produced by the fuel cell is lost in carrying the reaction forward that transfers the electrons to or from the electrode. The activation loss  is given by:

                                                           (II.24)

where R stands for the ideal gas constant, T for the temperature, F for the Faraday constant. The coefficient α refers to the electron transfer of the reaction at the electrode;  is the exchange current of the fuel cell stack.
II.3.6.1.5. Ohmic Losses
These losses in SOFC are caused due to the resistance both to flow of electrons through the electrodes and to the migration of ions through the electrolyte. In addition, the fuel cell interconnections or bipolar plates also contribute to the Ohmic losses [62]. The Ohmic loss is expressed as:

                                                                  (II.25)

where r is the internal resistance and  is the stack current.


II.3.6.1.6. Concentration Losses

These losses are also known as mass transport losses and are due to the reduction concentration of reactants in the region of electrode as the fuel is consumed. The consumption of reactants at the electrodes, i.e. hydrogen at the anode and oxygen at the cathode, leads to a slight reduction in concentrations of the reactants. Due to the reduction in concentrations, there is a drop in partial pressure of gases, which will result in a reduction of voltage that portion of the electrode can produce. The concentration loss  is defined by the following equation:

[bookmark: OLE_LINK16][bookmark: OLE_LINK17]                                                  (II.26)

where  is the current limit.
According to the equation (II.20), the output voltage of the SOFC taking into account the different losses is given by:

                       (II.27)

Output voltage Vfc (V) 

Figure (II.9): V-I Characteristic curve of a single fuel cell
Figure (II.9) shows a static voltage-current polarization curve of a single fuel cell. There are three regions in the curve which are: activation polarization region, region of ohmic polarization region, and concentration polarization region. In the region of activation polarization, the cell voltage drops suddenly with even small current increase. In the region of ohmic polarization, the cell voltage linearly decreases as current increases; the fuel cell normally operates in this region. Finally, in the region of concentration polarization, the voltage collapses steeply when current exceeds the upper limit of safe operation.
II.3.6.2. Dynamic Model of Solid Oxide Fuel Cell 
II.3.6.2.1. Modeling Assumptions

The SOFC modeling will be based on the following assumptions [81]:
- The gases are ideal;
- The channels that transport gases along the electrodes have a fixed volume, but their lengths are small, so that it is only necessary to define one single pressure value in their interior;
- The temperature is stable at all times;
- The only source of losses is ohmic, as the working conditions are not close to the upper and lower extremes of current;
- The exhaust of each channel is via a single orifice. The ratio of pressures between the interior and exterior of the channel is large enough to consider that the orifice is choked;
- The Nernst equation can be applied.
II.3.6.2.2. Characterization of the Exhaust of the Channels 

According to [81], an orifice that can be considered choked, when fed with a mixture of gases of average molar mass  and similar specific heat ratios, at a constant temperature, meets the following characteristic:

                                                 (II.28)




where is the mass flow rate [kg/s];  is valve constant.;is upstream pressure (inside the channel) [atm] and  is the fluid molar mass.
II.3.6.2.3. Calculation of Partial Pressure
Every individual gas will be considered separately, and the perfect gas equation will be applied to it. Using the ideal gas law, the partial pressure of the gases is calculated for hydrogen as follows [55][82]:

                                                               (II.29)




where  is the volume of the anode; is the number of hydrogen moles in the anode channel;  is the universal gas constant [(1atm/(Kmol K)] and  is absolute temperature [K].
It is possible to isolate the pressure and to take the time derivative of the previous expression, which leads to:

                                                               (II.30)


where  is the derivative of  and represents the hydrogen molar flow [Kmol/s]. There are three relevant contributions to the hydrogen molar flow: the input flow, the flow that takes part in the reaction and the output flow, thus:

[bookmark: OLE_LINK18][bookmark: OLE_LINK19]                                             (II.31)



where is the input flow [Kmol/s];  is the output flow [Kmol/s] ;  is a constant (kmol/s A).


The molar flow of hydrogen coming out of the anode  can be expressed as function of the pressure inside the electrodeby the following relation:

                                                               (II.32)
Using (II.32), the equation (II.31) can be written as follows:

                               (II.33)
By taking

                                                              (II.34)
The equation (II.33) becomes:

                              (II.35)
A similar operation can be done for all other reactants and for the sub products of the reaction. By doing so, the following equations can be obtained.  

[bookmark: OLE_LINK20]                                          (II.36)

                                     (II.37)
with 

                                                         (II.38)
and

                                                      (II.39)
[bookmark: OLE_LINK21][bookmark: OLE_LINK22]The consumed oxygen molar flow expression is given by:

                                                   (II.40)

where is the number of cells.
II.3.6.2.4. Ratio of Hydrogen to Oxygen
The ratio between the flow rates of the reactants for the purpose of determining the molar flow rate of oxygen suitable with the hydrogen flow supplied to the cell, by acting on the rotation speed of the air compressor. This ratio is defined by the following expression:

                                                      (II.41)
II.3.6.2.5. Expression of Stack Voltage 
By applying Nernst’s equation and Ohm’s law and considering the ohmic losses only, the stack output voltage is represented by the following expression:

[bookmark: OLE_LINK32][bookmark: OLE_LINK33]                                         (II.42)
II.3.6.2.6. Ratio of Reactants Flows
The fuel utilization is defined as the ratio between fuel flow that reacts and the fuel flow injected to the stack and is expressed as:

                                                          (II.43)


It has been shown that the fuel utilization ranging from 0.8 to 0.9 yields better performance and prevents overused and underused fuel conditions [55],[56]. Considering the above specified fuel conditions,  > 0.9 can cause permanent damage to the cell because of fuel starvation and < 0.8 leads to higher cell voltage rapidly [14]. For definite hydrogen input flow, the demand current of fuel cell system can be limited in the range given as [56][81]:

                                              (II.44)


where 




The fuel utilization can be set at its optimum value of  by regulating the input fuel flow depending on the real output current recorded in the fuel cell system. The stoichiometric ratio of hydrogen to oxygen is 2:1. Excess oxygen is continuously taken in order that hydrogen can react with oxygen completely. The flow rate of oxygen input is controlled by the hydrogen ─ oxygen molar flow ratio. The parameters of the chemical reaction do not change instantly with the change in the flow rate of reactants, but require some time. Because of this, the chemical response of the fuel processor is slow. This response is characterized by a first order transfer function with a time constant and the dynamic electrical response of fuel cell is modeled using first order transfer function with a time constant  Therefore, the value of fuel input flow, depending on fuel cell output current is given as:

                                                             (II.45)
[bookmark: OLE_LINK38][bookmark: OLE_LINK39]The block diagram of the dynamic model of the SOFC is given as in figure (II.7).



[bookmark: OLE_LINK5]		Figure (II.10): Schematic diagram of an SOFC stack model 

II.4. Modeling and Design of the SOFC-Boost Association
II.4.1. Boost Converter
DC-DC converter controls the fuel cell power into regulated and controlled DC output at a desired voltage magnitude. Boost converter was preferred due to its higher range of input voltage control and smoother output voltage. 
In Figure (II.11), showing the boost converter power circuit, the DC input voltage is in series with an inductor L that acts as a current source. A switch S is in parallel with the current source that turns ON and OFF periodically, providing energy from the inductor and the source to increase the average output voltage.


Figure (II.11): Boost converter
II.4.2. DC-DC Converter Modeling
The modeling of this converter goes through the analysis of the different operating sequences that we will assume of fixed switching period. Two operating sequences are distinguished according to the status of the transistor S. These states can be represented by differential equations as follows:
When S is closed:

[bookmark: OLE_LINK41][bookmark: OLE_LINK42]                                                                   (II.46)
When S is open:

[bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK43][bookmark: OLE_LINK44]                                                               (II.47)


By taking  when the transistor is open and  when the transistor is closed, the systems of equations (II.46) and (II.47) can be represented by a single system of equations as follows:

                                                    (II.48)






[bookmark: OLE_LINK45][bookmark: OLE_LINK46]The instantaneous model shows a nonlinear behavior of the converter by the existence of products between the control  and the state variables  and. It can be noted that by replacing the variable  with its mean value over a switching period, which is the duty cycle, the average boost converter model becomes: 

[bookmark: OLE_LINK49][bookmark: OLE_LINK50]                                                 (II.49)

with is the duty cycle.
II.4.3. Boost Converter Design
II.4.3.1. Inductor Design
[bookmark: OLE_LINK53]By assuming that input and output voltages are constant, the current ripple is represented over a switching period Tc by figure (II.9).


Figure (II.12): Waveform of the boost inductor current 

For, the expression of the inductor current is given as follows:

                                                         (II.50)

At   

                                             (II.51)

For, the expression of the inductor current is given as follows:

                                             (II.52)

At , 

                                   (II.53)
The expression of the current ripple is defined as follows:

                                                (II.54)
And according to (II.53), it results that:

                                                    (II.55)
By making equal equations (II.54) and (II.55) the following relation is obtained:

[bookmark: OLE_LINK54][bookmark: OLE_LINK55]                                                                (II.56)

By taking  and substituting (II.56) in (II.54), it results:

                                                         (II.57)
The value of D for which the ripple takes a maximum value is calculated as follows:

[bookmark: OLE_LINK56][bookmark: OLE_LINK57]                                                  (II.58)

which leads to a value of 
So, the expression that gives the minimum value of the inductor L is as follows:

                                                          (II.59)
II.5. Modeling of the Grid Side Inverter
The structure of the three-level diode clamped inverter connected to the grid is shown in Figure (II.13).


Figure (II.13): Structure of a three-level DCI connected to the grid
By applying Kirchhoff's law on the AC side of the system, the model describing the dynamics of the system in the abc-coordinates can be found as:

                                                 (II.60)




with are the output voltages at PCC;  and  are the voltages and the currents generated by the inverter, respectively; represent the inductance and resistance of the line filter, respectively.
II.5.1. DC-Link Modeling
 The dynamics of the DC-link voltage is governed by the following equation:

                                                  (II.61)




where  represent the equivalent capacitor: with  the DC-link has an equivalent capacity of  ; are the input current and output current of DC-link, respectively. 
II.5.2. Model of the Inverter AC Side in dq-Coordinates
The model given by equation (II.58) can be transformed from the three-phase abc coordinates to the two-phase synchronous dq coordinates using the following transformation matrix:

                (II.62)
Using equations (II.60) and (II.62), the system model in the synchronous coordinates system is obtained by:

                               (II.63)



where  and   ,  are the two components of the voltage at the PCC point, the current and the voltage of the inverter in the dq-coordinates, respectively.



II.5.3. Line Filter Sizing
The filter inductor is an essential connecting element to ensure the transfer of energy between the PCC and the inverter; therefore, two requirements must be imposed on the choice of the output filter inductor:
- Ensure the dynamics of all harmonic currents generated by the inverter;
- Prevent switching components from propagating on the power grid.
Several criteria for the filter inductance sizing have been presented in [78]. One of these is based on the peak ripple of the current passing through the filter.

The peak-peak value of current ripple  is given by:

                                                          (II.64)

where is the switching period.
According to the equation (II.64), the minimum value of inductor is:

                                                         (II.65)
II.6. SOFC based DG-DVR System Control
As illustrates in figure (II.14), the control structure of the system is divided in two main parts. The first one consists of controlling the SOFC-DG based on a multilevel inverter. The control of SOFC-DG power injection is decoupled with the control of reactive compensation, so it is possible to perform both of the two functions at the same time. Figure (II.14) shows the control diagram of the proposed system in dq coordinates including a control for the boost converter and nested closed loops control for the three-level inverter, which refers to the outer DC-link voltage loop and inner current loop. The second part is the DVR control, which involves the load voltage control.

Figure (II.14): SOFC based DG-DVR system control
II.6.1. Boost Converter Control 
DC-DC converter is one of the primary power-conditioning systems in a fuel cell power system. To get the required FC output power from the boost converter, closed loop control is essential. The main objective of the controller is to maintain the desired FC output current and compensate for any disturbances.
As it is well known, the boost converter is used to step up the voltage of the fuel cell stack to that of the DC-link. On the other side, since the overcurrent that could be unsafe to the stack is unsuitable to occur, the most appropriate control scheme for the DC–DC stage is the current mode, which enables the direct control of the fuel cell output current as illustrated in Figure (II.15).


Figure (II.15): Fuel cell courant control loop                                 

To define a current controller in a simple way, the system behavior can be linearized to fulfill this purpose. An inverse model linearization is needed to find an expression that allows having a single transfer between the controller output and the voltage. That is to pose:

                                                          (II.66)
The current control can be achieved by regulating the current of the inductor using a PI controller, as shown in Figure (II.15). Obviously, this controller corrects the error between the actual current and its reference imposed by the ratio between the reference power and the measured voltage in the FC terminals, as follows:

[bookmark: OLE_LINK58][bookmark: OLE_LINK59]                                                                    (II.67)
Figure (II.16) shows the diagram of the inductor current regulation with a PI controller:


				Figure (II.16): Bock diagram of inductor current control loop 	
From the diagram in Figure (II.16), the transfer function of the closed-loop system is written as:

                                             (II.68)
The identification of the characteristic equation of the closed-loop transfer function with that of a desired second-order system leads to:

                                                   (II.69)
II.6.2. DC-link Voltage Control



In order to guarantee efficient power transfer between the SOFC and the grid, the DC-bus voltage must be appropriately controlled. For that reason, a PI controller is commonly used to keep the DC link voltage at a required value. The DC voltage control concept is illustrated in Figure (II.17) in which the error between the measured DC-bus voltage squared  and its reference   is used via a PI to control the input DC power of the inverter according to the following equation:

[bookmark: OLE_LINK60]                                                        (II.70)


Figure (II.17): DC voltage control loop


The DC-bus equivalent power is given by:

                                                        (II.71)
The closed loop transfer function is given by:

                                                 (II.72)


To control the closed loop system, it is necessary to choose the PI coefficients and. By comparing (II.71) with a desired transfer function of a second order system given by:

                                                 (II.73)


where  is the natural frequency of the desired system and  is its damping ratio.
By identification between expressions (II.72) and (II.73), the PI coefficients are calculated as:

                                                          (II. 74)                                      
II.6.3. DG System Current Control
The proposed control system for the DG system consists of two loops. The external loop controls the DC-bus voltage, and at the same time the internal loop controls the grid currents to values consistent with the desired active and reactive powers. Indeed, the d-axis component of the grid side DCI current is used to control the active power flow in the DG system, whereas the q-axis component of the grid-side DCI current is used to control the reactive power transfer between the grid-side inverter and the distributed grid. 
The reference voltage vector components in dq frame are:

                                                         (II.75)


where   and  can be calculated by using two PI controllers as follows:

                                                                (II.76)




where  and denote the references of and , respectively. 
Proportional-integral controller, known by its simplicity, is the most commonly used controller for dq-axes currents control. The simplified block diagram of current components regulation is illustrated in Figure (II.18).


Figure (II.18): Bock diagram of current control loop 
The modeled closed loop transfer function corresponding to this scheme is:

                                      (II.77)
The desired closed loop transfer function can be put in the following form:

                                      (II.78)




where  is the natural frequency of the desired system and  is its damping ratio. The parameters and  of the PI controller are calculated using pole placement method. This is done simply by equating the coefficients of the desired characteristic polynomial with those of the modeled characteristic polynomial of the same power. This results in:

                                                 (II.79)


The reference currents are chosen accordingly to the active and reactive powers references  and  as follows:

                                   (II.80)

II.7. Simulations Results and Discussions
Using Matlab/Simulink software, the behavior of the proposed SOFC based DG-DVR power system in steady state conditions will be studied. The analysis is carried out under faulty circumstances considering sag, swell and load variations. The parameters of simulation are cited in Appendix B.
Case I: Balanced Three-Phase Voltage Sag
The first simulation is performed in case of balanced voltage sag. Figure (II.19.a) shows 30% voltage sag, which is initiated at 100s and kept until 100.3 s, with total voltage sag duration of 300 ms. Figures (II.19.b) and (II.19.c) show the voltage injected by the DVR and the corresponding compensated load voltage, respectively. Figures (II.20.d), (II.20.e), (II.20.f) and (II.20.g) show the active and reactive powers of sensitive load, grid and SOFC DCI, and DVR, respectively. Figures (II.21.h) and (II.21.i) show the capacitors voltages and the DC-bus voltage of the inverter during the voltage sag test. Figure (II.22) illustrates the load voltage total harmonic distortion (THD) during the voltage sag occurrence.
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Figure (II.19): SOFC based DG-DVR system performances during balanced three-phase sag: (a) grid voltage, (b) sensitive load voltages, (c) voltage injected by the DVR
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Figure (II.20): SOFC based DG-DVR system performances during balanced three-phase sag: (d) sensitive load active and reactive powers, (e) grid active and reactive powers, (f) DG reactive and active powers, (g) DVR reactive and active powers
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Figure (II.21). SOFC based DG-DVR system performances during balanced three-phase sag: (h) DC capacitors voltages, (i) DC-link voltage
[image: ]
Figure (II.22): Load voltage harmonic spectrum during sag compensation
In the Figures (II.19.a), (II.19.b) and (II.19.c), simulation results show the efficiency of the proposed configuration which can completely compensate for the voltage sag of 30% by injecting the required active power. As show in Figure (II.20.d), it is clear that the sensitive load active and reactive powers are maintained constant during the occurrence of sag voltage between 100s and 100.3s.
From Figure (II.20.f), a part of active power produced by the SOFC feeds the dynamic voltage restorer and the remaining part of the produced power is injected into the grid via an interfacing inverter and consumed by the load. As it is expected, the reactive power generated by the SOFC is zero, and in this case the reactive power is mainly generated by the grid as shown in Figure (II.20.e). In this figure, the grid active power is decreased during the sag occurrence as a consequence of the main load power drop.
According to the curve of Figure (II.21.h), the capacitor voltages on the DC bus are balanced. So, the effectiveness of the voltage balancing control strategy, before and after the sag voltage, is confirmed. Consequently, the DC-link voltage is maintained at its reference value during this test as shown in Figure (II.21.i). However, theses voltages exhibit slight variations at instants of fault occurrence and cancelation, but quickly return back to their reference values. 
Under normal operating conditions it can be seen that the DVR output voltage is close to zero. However, during the voltage sag, the proposed configuration restores the voltage sag by injecting the required fundamental voltage through the series transformer. Both DVR and DG take part in the sag compensation. It can be seen that the DG continues to inject the SOFC active power into grid during the fault period, and at the same time ensures the power needed by the DVR for sag compensation.
As shown in Figure (II.22), load voltage THD is less than 5%; this low value of the THD demonstrates the benefit of using multilevel converters in both series and shunt sides.
Case II: Balanced Three-Phase Voltage Swell
The second simulation highlights the DVR behavior throughout voltage swell circumstance. The supply voltage swell is generated as shown in Figure (II.23.a); it lasts a 300ms and is cleared at 100.3s. During the fault period, the magnitude of supply voltage is increased about 10% from its rated value. Figures (II.23.b) and (II.23.c) show the DVR injected voltage as well as the sensitive load voltage, respectively. The DVR, utility grid, and DG system powers before and after the fault are shown in Figures (II.24.d), (II.24.e) and (II.24.f), respectively.
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Figure (II.23): SOFC based DG-DVR system performances during balanced three-phase swell: (a) grid voltages, (b) sensitive load voltages, (c) DVR injected voltages  
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Figure (II.24): SOFC based DG-DVR system performances during balanced three-phase swell: (d) sensitive load active and reactive powers, (e) grid active and reactive powers, (f) DG reactive and active powers
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Figure (II.25): SOFC based DG-DVR system performances during balanced three-phase swell: (h) DC capacitors voltages, (i) DC-link voltage
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Figure (II.26): Load voltage harmonic spectrum during swell compensation

From the results of the second test, it can be seen that, during the voltage swell, the sensitive load voltage is remained at the desired value with the aid of the DVR system. Alike to the situation of voltage sag, the DVR responds immediately by injecting the suitable voltage component to adjust the sensitive load voltage as shown in Figures (II.23.b) and (II.23.c). This proves again that the DVR is capable to take care of the power quality issue.
Figure (II.24.e) indicates that the active and reactive powers supplied from the grid increase during swell period to fulfill the DVR and the main load needs.
In this case, the active and reactive powers consumed by the sensitive load do not change under voltage swell as shown in Figure (II.24.g). Figure (II.25.h) shows the variation of the capacitor voltages during voltage swell test. These results confirm that the two capacitor voltages are effectively balanced by using the adopted voltage balancing control.
From Figure (II.26), it can be observed that the load voltage is nearly a sinusoidal shape with low value of THD.
Case III: Unbalanced Sag and Swell
The third test aims to show the performance and efficiency of DVR for compensating unbalanced faults. In this case, assuming that the fault occurs in the two phases a and b of the grid, where the amplitudes of these phases sagged of 15% from t=100.1s till t=100.2 s and swelled of 10% from t=100.4 s till t=100.5 s. Figure (II.27) represents the behavior of the system under unbalanced faults condition.
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Figure (II.27): SOFC based DG-DVR system performances during unbalanced two-phase sag/ swell: (a) grid voltages, (b) sensitive load voltages, (c) DVR injected voltages, (d) sensitive load active and reactive powers
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Figure (II.28): SOFC based DG-DVR system performances during unbalanced two-phase sag/ swell: (e) grid active and reactive powers, (f) DG reactive and active powers, (g) DVR reactive and active powers, (h) DC capacitors voltages
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Figure (II.29): SOFC based DG-DVR system performances during unbalanced two-phase sag/swell: ((i) DC-link voltage

From Figure (II.27), the DVR kept the load voltage value at its voltage reference through injecting a compensation voltage synchronized with that missing by the source. From moment t=100.4s, the DVR begins to compensate for and correct perfectly the unbalanced swell voltage by injecting a sinusoidal voltage in opposition with the source one. So, this test indicates that the load is well protected against unbalanced swells voltages.
Case IV: Load Variations
The aim of the third part of this simulation is to evaluate the performance of the proposed configuration in injecting the active power at the PCC under abrupt load varying condition. Where at = 100s another sensitive linear load, added to the previous one, is connected to PCC and again is disconnected at t = 110s. Figures (II.30.a) and (II.30.b) show active and reactive powers consumed by the new sensitive load, the active and reactive powers of the grid, respectively. Figure (II.30.c) shows the exchange of active and reactive powers between the DG unit and distribution grid during connection and disconnection of the extra sensitive load, and the Figure (II.30.d) shows the active and reactive powers at the DVR output. 
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Figure (II.30): SOFC based DG-DVR system performances during sensitive load variation:(a) sensitive load powers (b) grid active and reactive powers, (d) DG reactive and active powers, (c) DVR reactive and active powers, (e) DC capacitors voltages
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Figure (II.31): SOFC based DG-DVR system performances during sensitive load variation: (i) DC-link voltage


As illustrated in Figures (II.30.a) and (II.30.b), it can be observed clearly that the variation of the sensitive load causes great appeal of the active power supplied by the grid. However, the power injected by the SOFC is almost constant as shown in Figure (II.30.c). Moreover, the grid provides the reactive power needed by the sensitive load. This leads as expected to a unity power factor operation of the DG unit.
From the Figure (II.30.e), the DC capacitor voltages are balanced, and the DC-bus voltage remains constant regardless of the introduced sensitive load variations.
II.14. Conclusion 
In this chapter, a new configuration of SOFC as a distribution generation for grid integration and self-supporting DVR has been presented. In the suggested topology the SOFC-DG system is the main generation device, and the DVR acts as the power quality apparatus. By designing the proper controllers, the ability of the proposed system for active power control and voltage alleviation has been demonstrated. Simulation results exhibit that the DVR provides remarkable voltage regulation with low harmonic distortion and increases the voltage sag and swell ride-through ability. So, through this study, the effectiveness of the proposed distributed configuration is confirmed since it is capable to safely withstand different faults and sudden load changes with notable efficiency.










Chapter II                         Distributed Grid-Connected SOFC Supporting a Multilevel Dynamic Voltage Restorer


ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ2


                                                                                                         Chapter III 

        

Control and Power Management of Grid-Connected PV-Battery Hybrid System Feeding a Multilevel DVR








III.1. Introduction 
The electrical energy demand has not ceased increasing in the recent years resulting in an increase in the constraints related to the energy production, pollution effect, and global warming [90]. This critical situation has motivated the researchers to develop a variety of renewable energy sources more or less efficient. Among them, the photovoltaic (PV) system has been considered to be an attractive option in distributed generation (DG) applications [91]. Indeed, the PV system has many merits compared to conventional sources like noiseless operation, low cost, and no pollution. Furthermore, the distributed generation base on PV system allows many advantages such as enhancing voltage stability, power quality, and power factor [92, 93]. Since the nature of renewable energy resources is intermittent due to climatic conditions, the combination of a renewable energy with an energy storage system improves the overall system performance as both energy sources may offset the output variations mutually. So, to take full benefit of the PV system, it must be equipped with a storage device. This device stored the excess power coming from PV panels in the daytime and used it in the demand case [93]. Recently, the lead-acid battery has been recognized as the most useful storage device used for storing energy in distributed generation applications [94]. However, the hybrid system needs an appropriate power management strategy capable to ensure the load satisfaction under renewable energy sources’ fluctuations. Significant efforts have been devoted to the power management strategy, which is the algorithm that allocates the power and ensures the proper functioning of the different sources involved in the generation system. Among the works that focused on the use of the battery in the hybrid system, which relies mainly on solar panels as an energy source, Ghada and Lotfi proposed a power management system for managing an optimal flow of energy coming from two renewable sources to a household application [95]. Adel and Djamel proposed strategy management of hybrid system consist of three sources (PV, Battery, Ultra-capacitor) connected to a microgrid [96]. Seong and Yong presented an experimental prototype of hybrid system connected to the grid and its energy management system taking into account different climatic conditions [97]. 
On the other hand, the harmonic distortion is one of the important issues of injecting energy into the grid from solar panels. To overcome this drawback, one possible solution is to interface the photovoltaic system to the utility grid via a multilevel inverter since it offers many advantages such as lower harmonics rate, better electromagnetic compatibility, and lower switching losses [98,99]. Among the various topologies of multilevel inverters, the diode clamped inverter (DCI) is considered as the most promising topology, particularly for electric power transmission and distribution applications [100]. Several works on grid connected PV system using power electronics interface based on multilevel inverter have been reported in the literature. Harun Ozbay et al. proposed a sliding mode control combined with a direct power control to enhance the active and reactive powers injection into the grid [101]. Oleksandr Husev et al. presented a three-level neutral point clamped (NPC) inverter as a new solution for reducing the output voltage and current total harmonic distortion (THD) in PV applications [102]. In [93], a control design for PV system connected to the grid was proposed in order to get an optimal PV power. To improve the power quality provided by grid-connected PV system, an NPC inverter with its voltage-oriented conItrol were proposed in [103]. Generally, the energy quality problem is caused by voltage, current or frequency disturbance, which leads to missed operation of the sensitive loads, significant financial losses, and may even have a distrust of important industrial equipment [104]. To overcome these drawbacks, many flexible alternating current transmission (FACT) systems have been proposed in the literature as potential solutions to the energy quality problems. Among them, the dynamic voltage restorer (DVR) is reserved for voltage disturbances correction [12]. Using an appropriate power electronics converter and an injection transformer, the DVR attenuates the faults effects by injecting a countervailing voltage in series with the power supply system. On the other hand, the performance of the DVR would be better using multilevel converter in the sense that the resulting multilevel DVR is able not only to face voltage disturbances but also to reduce harmonic distortion solving in this way two power quality issues at the same time [105, 106].
Some recent studies have been dedicated to the use of photovoltaic energy to support the DVR instead of the traditional DC storage systems in order to face the demerits of ‎conventional DVR topology, which are generally [107, 108]: (1) it suffers from its relatively low cost-effectiveness since it is a high-cost system used occasionally for voltage disturbances mitigation, (2) it consumes more energy from the utility grid in case of long compensation period, which leads to an increase in the electricity demand and the potential panel tariff. Akhil Gupta et al. applied a fuzzy logic controller for reducing the DVR voltage THD based on PV solar connected to grid [108]. In [109], the authors proposed an association between PV system and DVR for mitigating sag/swell and outage voltage. Elserougi et al. proposed an application of PV and battery storage system feeding an inter-line dynamic voltage restorer acting on two low voltage grids [110].
In this chapter, the control and power management of PV-battery hybrid system connected to the utility grid and feeding simultaneously a three-level dynamic voltage restorer will be presented. In the proposed system, the storage device is devoted to support the PV system under different climatic conditions. 
III.2. PV/Battery based DG-DVR System Description
The hybrid system, shown in Figure (III.1), consists of PV generator and battery storage system based DG-DVR system, which includes double power electronic stages to interface it with the power grid. Indeed, this system contains a DC–DC converter to boost the output voltage of the PV to a desired value. The three-phase voltage source inverter (VSI) turns the adjusted DC-bus voltage to a desired AC voltage. In order to fit to the load demand, the battery storage system is used to support the PV generator due to the fluctuated nature of solar irradiation. A line filter is employed at the output of the inverter to smooth the output waveform generated by the inverter. The second part of the suggested configuration is a three-level DVR. It consists of two DC-link capacitors, a series injection transformer, an LC filter for reducing switching harmonics from the injected voltage, and a diode-clamped three-level inverter. 
III.3. Grid Connected PV Systems
As PV panels generate only DC current, to integrate a solar panel to an AC distribution system or to supply common consumer AC loads, it is necessary to invert its current and adjust it in voltage and frequency to feed it correctly into the main grid. The wide majority of the small grid-connected systems are single phase and arrays of three of them may form a three-phase system. Integration of PV modules producing a direct current in a typical AC electrical distribution system is not a difficult task for power electronic converters. Figure (III.2) presents typical configuration of PV system. Depending on the number of the modules, the PV array converts the solar irradiation into specific DC current and voltage. A DC-DC boost converter is used when the voltage required by the inverter is too low. Energy storage devices can be included in order to store the energy produced in case of grid support connection. The power conversion is realized by a three-phase inverter, which delivers the energy to the grid. High frequency harmonics that appear due to power semiconductors switching are reduced by the filter. The power transformer is used to inject the voltage between the PV system and the utility grid [101].


Figure (III.1):  Proposed hybrid (PV /Battery) based DG-DVR system configuration
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Figure (III.2): General description of a photovoltaic solar energy conversion system [121]
III.4. Topologies of Grid Connected PV Systems
There are different technologies and topologies available for grid connected PV systems, which are categorized based on the number of power stages. In PV plants applications, various technological concepts are used for connecting the PV array to the utility grid. Each technology has its advantages and/or disadvantages compared to the others, in terms of efficiency and maximum power point tracking.
III.4.1. String Inverters 
The configuration presented in Figure (III.3.b) is proposed for improving the drawbacks of central inverters. Compared to central inverters, in this topology the PV strings are connected to separate inverters. If the voltage level before the inverter is too low, a DC-DC converter can be used to boost it. For this topology, one string is connected to each inverter; therefore the need for string diodes is eliminated leading to total loss reduction of the system. The configuration allows individual MPPT for each string; hence the reliability of the system is improved due to the fact that the system is no longer dependent on only one inverter compared to the central inverter topology [119].
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Figure (III.3): PV grid connected systems configurations: a) Central Inverters, b) String Inverters,
c) Multi-String Inverters, d) Module inverters [120]
III.4.2. Multi-String Inverters 
The multistring inverter depicted in Figure (III.3) is the further development of the string inverter, where several strings are interfaced with their own DC-DC converters to a common DC-AC inverter. This is beneficial, compared with the centralized system, since every string can be controlled individually [90] [95].
III.4.3. Module Inverters
The module-integrated inverter technology, also known as AC Module PV System, utilizes individual inverters for each module, as shown in Figure (III.3.d). In this configuration, an AC module made by a single solar panel and its inverter is connected to the grid. Consequently, this technology is used in relatively small PV systems (50–400 W) where each module is optimized by its own MPP tracking. This allows obtaining the maximum power from the PV module at all climatic conditions. The main advantage is that small amounts of shading, debris or snow on anyone solar, or even a complete module failure, do not disproportionately reduce the output of the entire array. There is no mismatch between the PV modules so that the power performance can be maximized even when different PV panel technologies are utilized. The benefit of an easy expansion of the system is available due to the modular structure. This gives great flexibility for the design of the PV plant. Simplicity in system design, simplified stock management, and added safety are other factors introduced with this topology [121].
III.4.4. Central Inverters	
For this architecture, presented in Figure (III.3.a), the PV arrays are connected in parallel to
one central inverter. The configuration is used for three-phase power plants, with power ranges between 10-1000 kW. The main advantage of central inverters is the high efficiency (low losses in the power conversion stage) and low cost due to usage of only one inverter. The drawbacks of this topology are the long DC cables required to connect the PV modules to the inverter and the losses caused by string diodes, mismatches between PV modules, and centralized maximum power point tracking (MPPT) [120-121], so the last one is the topology adopted in this chapter.
III.5. Modeling of the PV Module
 III.5.1 PV Cell Modeling
A PV cell is represented in the literature by different models, each of which is governed by a mathematical expression between current and voltage according to the cell’s technological parameters.
III.5.1.1 Ideal PV Cell Model




Generally, the performance of PV system can be described using single-diode model [112] or two-diode model [121][113]. The simplified equivalent circuit of a solar cell consists of a diode and a current source connected in parallel as illustrated in Figure (III.4). The current source produces the photocurrent, which is directly proportional to solar irradiance G. The equation of the current voltage  simplified equivalent circuit is derived from Kirchhoff’s law. If a resistive load is connected to the photovoltaic cell terminal, the PV delivers a part of the current  and the rest current  passed from the diode, as represented in the following relation:

                                                                (III.1)
with:

                                                                (III.2)
Thus 

                                                             (III.3)







where  is the photocurrent that is equal to short-circuit current; is the electron charge (1.602910-19 C); is the Botzman’s constant (1.381910-23 J/K);  is the diode ideality factor;  is the junction temperature (K);   is the current shunted through the intrinsic diode;   is the voltage across the PV cell.


Figure (III.4): Simplified equivalent circuit of solar cell



The reverse saturation current  can be determined by setting  and  (case when no output current) in equation (III.3), which results in:

                                                   (III.4)
Taking into account the fact that, with this model, the photocurrent is equal to the short-circuit current, the saturation current can be deduced from equation (III.4) as:

                                                      (III.5)
This model remains theoretical and does not account for the photovoltaic cell behavior in real conditions. However, it remains valid under certain assumptions (the voltage loss is not taken into account). There are other models, admittedly theoretical, but which make more accurate account of the behavior of the photovoltaic cell.
III.5.1.2. One-diode Model for PV Cell 





The one diode model is the most use model for PV cells. As illustrated in Figure (III.5), the simplified equivalent circuit of a solar cell consists of a diode and current source, which are connected in parallel [123]. The current source generates the photo current, which is directly proportional to the solar irradiation [], ambient temperature [], and two output parameters: current  and voltage. 


Figure (III.5): Equivalent circuit for the one diode model

The characteristic of this model is driven from the following equation:

                                                      (III.6)
With 


By replacing the terms  and, the equation (III.6) becomes:

                                                        (III.7)

where  is the diode saturation current.
The mathematical model, witch expresses the output current as function of the output voltage, is given by the following expression:

                               (III.8)


where  and  are pure parasitic resistances characterizing respectively parallel current leakage and series connecting circuit.
III.5.1.3. Model with Ohmic Losses

Assuming that the parallel resistance is infinite () the model with ohmic losses is obtained as shown in Figure (III.6). In this case, the current of the cell is given by the following equation:

                                         (III.9)


Figure (III.6): Equivalent circuit of PV model with ohmic losses
III.5.1.4. Two-diode PV Cell Model 
The two-diode model uses an equivalent circuit and takes into account the mechanism of electric transport of charges inside the cell [99] [118][124]. In this model, the two diodes represent the PN junction polarization phenomena. These diodes represent the recombination of the minority carriers, which are located both at the surface of the material and within the volume of the material (Figure III.7).

                                                (III.10)


                                                (III.11)
The final equation of the model is thereby written as

                       (III.12)


Figure (III.7): Equivalent circuit for two-diode model 
III.5.2 PV Module (Panel) Modeling


For a PV module involving cells connected in series and cells connected in parallel, its output voltage current relation may be deduced from the basic cell equation (III.8) as follows [125]:

                               (III.13)
III.6. Battery Modeling
Lead acid batteries are the most popular form of energy storage systems due to their reduced cost and their high durability [114]. It is important to identify a model for the battery that estimates the state of charge accurately to be able to assess the performance of the power converter operation. The battery model must be compatible with the charging and discharging profiles of typical lead acid batteries. The chosen battery model is illustrated in Figure (III .8) [94] [116].


Figure (III.8): Battery model         
The integrating loop provides an estimation of the actual charge of the battery. The voltage is then calculated and supplied to a controlled voltage source that converts the signal into a power signal. There are a few approximations that simplify its implementation without effecting the charging and discharging characteristics. The approximations can be summarized as follows [115][111] :
· The internal resistance is constant for both charging and discharging;
· The capacity of the battery is constant;
· The temperature effect is not included.
The parameters of the battery model are obtained using the manufacturer’s voltage and current discharge curves. From the discharge curve of the battery, there are three significant points that need to be taken into account: full charge voltage, exponential voltage, and nominal voltage. The charging and discharging equations are shown below:
Discharging mode:

                                         (III.14)
Charging mode:

                       (III.15)












where  is the battery output voltage  ;  is the battery constant voltage; K is the polarization constant () or polarization resistance ();  is the battery capacity (Ah);  is the actual battery charge (Ah);  is the exponential zone time constant inverse (); R is the internal resistance (); is the battery current (A);  is the filtered current (A).

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 [115]:

                                                      (III.16)
III.7. Hybrid (PV/Battery) Based DG-DVR System Control
Figure (III.9) shows the unified control diagram of the proposed configuration system. In this part, controllers design for the different power conditioning units is presented.

Figure (III.9): Schematic diagram of the proposed control strategy for hybrid PV/Battery source based DG-DVR system
III.7.1. Control of Boost Converter  
DC-DC boost converter is widely used for solar PV unit, in which it amplifies and regulates the PV panel voltage at a specified level along with extraction of maximum power from it. As indicated in Figure (III.11), the boost converter is controlled by Maximum Power Point Tracking (MPPT) controller.
III.7.1.1. Maximum Power Point Tracking
Solar panels have a nonlinear voltage current (ipv-vpv) characteristic with a distinct maximum power point (MPP), which depends on the environmental factors such as temperature and irradiation. In order to continuously harvest maximum power from the solar panels, it is necessary to control optimal impedance between the storage device and PV cell, so that the system can be operated at its maximum power point (MPP), despite the inevitable changes in the environment. One useful impedance control method is called Maximum Power Point Tracking (MPPT). The MPPT control is a real time detecting panel output power and adapting the control algorithm to make the system operates under optimum work state. MPPT impedance control aims to track the maximum power point by sensing the current and voltage from the PV cell.
The researchers attempted a lot to soak up the maximum amount of power from the panel. Until now, numerous MPPT methods have been developed. Each technique has its own principal, advantages, disadvantages, and applications. The most basic MPPT methods are Perturb & Observe, Incremental Conductance, Open-Circuit Voltage, and Short-Circuit Current [112] [113].
The Perturbation and Observation (P&O) algorithm is broadly used due to it is simple and easy to construct. P&O method basically increases or decreases (the perturbation stage) the controller reference by a step size, hence the PV source terminal voltage, and subsequently estimates the power difference between the present PV power and that before the perturbation (observation stage). If a positive PV power difference is obtained that means the PV power is increased and the tracking is in the right direction, the perturbation direction will be carried on (increase or decrease). On the contrary if power difference is negative, a power reduction is caused due to the perturbation, so the direction of perturbation should be reversed .
As a result of continuous perturbation, P&O algorithm may not stop at the desired MPP voltage but oscillates around it, causing PV power loss. One way to minimize the tracking oscillation is to reduce the perturbation voltage step. As a consequence of that, in the constant irradiance state the PV power curve will be smooth with very small ripples. However, the tracking speed will detract causing more power loss and losing the ability to track certainly at the rapid atmospheric changes. Even though choosing a large perturbation step will result in achieving fast tracking response at the suddenly atmospheric changes, in the steady state the mentioned oscillation will be quite considerable [117].


Figure (III.10): Algorithm diagram of perturb observe of boost converter
In Figure (III.10), the perturb & Observe algorithm consists of modifying the operating point of the PV module by increasing or decreasing the duty cycle of a DC-DC converter in order to measure the output power before and after the perturbation. If the power increases, the algorithm perturbs the system in the same direction; otherwise the system is perturbed in the opposite direction. As illustrated in Figure (III.10), there are four possible options that are presented during the tracking of the MPP.
In cases ΔP < 0 &ΔV < 0 and ΔP > 0 & ΔV > 0, the duty cycle must decrease, causing the PV module voltage to increase; while in cases ΔP < 0 & ΔV > 0 and ΔP > 0 & ΔV < 0 the duty cycle must be increased so that the voltage of the PV module decreases.
III.7.2. DC-DC Bidirectional Converter Control 
A bi-directional converter is required between the battery and DC-link. This converter adapts the voltage level of the battery to the DC-link with the possibility to control the battery power. Battery can be charged or discharged, so this converter must be reversible to current. The bidirectional converter is composed of two switches as indicated in Figure (III.11).



This converter has two types of operations: either a buck operation when the battery receives power from the DC-link or a boost operation when the battery provides power to the DC-link. After the analysis of the operating sequences of this converter and by posing and as complementary binary variables representing respectively the state of conduction of the switches (S1 and S2) the following differential equations are obtained:

1. 
Boost mode ()

                                            (III.17)
2. 
Buck mode ()

                                                   (III.18)







where  is the battery voltage;  is the DC-link voltage;  is the battery current ; is the control signal for ; is the control signal for .


Figure (III.11) presents control scheme of a lead-acid battery connected to the DC-link via a DC-DC bi-directional converter. The regulation enforces the battery to follow its reference  calculated according to the power reference generated by the power management system.


Figure (III.11): Bidirectional DC-DC converter control system
III.7.2.1. DC-DC Converter Parameters Design




The design requirements of the bidirectional DC-DC converter in energy storage system are as follows: the output power (), the input voltage (source side) ( ), the output voltage ( ), the switching frequency (), the ripple voltage is less than 1%.
The analysis of main circuit shows that the maximum current through the power device (IGBT) is equal to that through the inductor L. Ignoring the ripple current, the maximum current through the power device is about:

                                               (III.19)


For safety operation, the IGBT must support 2 times and its maximum voltage must be at least .
The inductor in the bidirectional DC-DC converter is designed according to the working mode of the circuit in continuous conduction mode (CCM) and the current ripple requirement. When the DC-DC converter operates in Buck CCM mode, the inductor current ripple can be expressed as [93]:

                                                             (III.20)

In the equation (III.21), D2 is the duty cycle defined by   
From the equation (III.21), the inductance can be calculated by:        

                                                                      (III.21)
When the DC-DC converter operates in the boost CCM, the inductor current ripple can be expressed as:

                                                            (III.22)

where  is the duty cycle in the boost mode expressed by:

                                                       (III.23)
From equation (III.22), the inductance is calculated by:

                                                               (III.24)
According to equation (III.23), the equation (III.24) can be rewritten as:

                                                          (III.25)
The minimum inductance is obtained by considering that the current ripple through the inductor can be selected as 5% of the rated current. That is:  

                                                       (III.26)
Using (III.26), the equation (III.27) becomes:


                                                       (III.27)







By taking , the minimum value of is: . By making some allowance for the inductance value, we can adopt 
III.7.3. Photovoltaic System Control
The control scheme of the PV-VSI system is shown in Figure (III.9). The objective is to obtain a system of balanced sinusoidal currents in phase with their corresponding voltages; this implies that the reactive power generated by the grid must be zero. The generic control structure of the PV system connected to the grid consists of two control nested loops: an external loop for the control of the DC-link voltage and an internal loop for the control of direct currents.
III.7.3.1. Current Control 








Figure (III.12) shows a simplified block diagram of closed loop synchronous frame current control. The inverter currents transformed to a synchronous frame,  are compared to their references,  and the resulting errors are fed to proportional integral (PI) controllers. The utility voltage,  and decoupled terms  and  are added in a forward path to cancel the effect of the utility and the cross-coupling voltage.


Figure (III.12): Block diagram of current control






In this control system, the direct and quadratic components of the current ( and) are the state variables, the components  and  are the control variables and  and  are the disturbance variables. This system can be decoupled by changing variables as follows:

                                                          (III.28)
The reference voltages on dq frame can be written as: 

                                                      (III.29)






where    and denote the references of  and , respectively. The reference currents are chosen accordingly to the active and reactive powers references and  as   follows:

                                           (III.30)                                  
III.7.3.2. DC-Link Voltage Control 
The DC-link has an important role in transferring the power producing by the PV generator. For this reason, it must be kept constant by using a controller as illustrated in Figure (III.13). 


Figure (III.13): DC voltage control loop



The error between the measured DC-bus voltage squared  and its reference   is processed through a PI to control the input DC power of the inverter  according to the following equation:

                                                    (III.31)                                                                                       



Assuming that; the equivalent DC bus capacitance will be. The DC bus equivalent power is given by:

                                                        (III.32)                                                                              
The battery power reference is generated by the management controller block shown in Figure (III.19) The PI controller regulates the battery current in consistent way with the desired power. 
III.7.4. DVR Control Strategy
From the Figure (III.9), the proposed control strategy is developed based on vector controller method performed on dq coordinates system with double loops. Both voltages and currents are analyzed by their synchronous components and two separated controllers are used, the voltage controller can restore the load voltage both under balanced and unbalanced conditions of the grid voltage. The current controller can regulate the injected currents and improve the DVR dynamic response.
The control system of the dynamic voltage restorer, shown in Figure (III.14), is a cascade controller. It consists of two closed-loop controllers connected in series: an outer loop that controls the voltage across the filter capacitor and an inner controller that controls the current through the filter reactor.


Figure (III.14): Cascade control of DVR 
III.7.4.1. Voltage Controller 
Some basic assumptions before deriving is that the injected voltage is equal to the voltage across the capacitors of the VSC output filter, i.e. the injection transformer is considered ideal with a 1:1 turn ratio. 
By applying Kirchhoff’s current law to the LC filter, presented in Figure (III.15), the following differential equations in three-phase frame can be established:

                                       (III.33)


Figure (III.15): Single line diagram of LC filter
By applying Clarke’s transformation, the 3-phase equations (III.33), can be transformed into 2-phase αβ coordinate system as follows:

                                           (III.34)
With a PLL synchronized with the grid voltage vector, the above equation can be transformed from αβ to dq coordinate system:  

                                (III.35)
Figure (III.16) shows the regulation loop of the filter capacitor voltage vector components by a PI controller:


Figure (III.16): Voltage controller
From the diagram in figure (III.16), the transfer function of the closed loop system is written:

                                           (III.36)
The identification of the closed loop transfer function with that of a system of second order leads to:

[bookmark: _Hlk51404654]                                                   (III.37)


where  denotes the damping coefficient and is the natural frequency.
III.7.4.2. Current Controller
By applying Kirchhoff’s voltage law on the LC-filter, the following differential equations for the three phases are obtained:

                                               (III.38)

By applying Clarke’s transformation, equations (III.39) can be written in the αβ coordinate system as

                                              (III.39)
By applying Park’s transformation, equation (III.40) can be written in the dq coordinate system as

                                       (III.40)
Figure (III.17) shows the regulation loop of the current by a PI controller:
 


Figure (III.17): Current controller

From the diagram in figure (III.17), the transfer function of the closed loop system is written:


                                                (III.41)
By identifying the characteristic equation of the closed loop transfer function with the polynomial characteristic of a desired second order system, we find:

                                                   (III.42)


where is the damping factor and is the natural frequency.

III.8. Power Management Approaches
At this stage, a power management system should be designed to make the power flow more efficient and maximize the PV power dispatch. The energy management system coordinates between the three parts of the system: the PV converter, the battery converter, and the grid-connected inverter. In the literature, there are two main approaches to manage and optimize energy coming from renewable energy resources. The first approach employs a model predictive control to manage the system. It utilizes generation and demand forecast as well as market price prediction through statistical models and neuro-fuzzy networks. Such management systems can be found in [110], [111], [115], and these algorithms present many advantages for large scale integration of PV systems where optimization and response time are essential. However, these data may not be available for a small scale PV system. Therefore, the role of an energy management system in small scale PV systems is more concerned with maximizing PV power, minimizing grid power, extending the life of the energy storage system. The second approach is a direct approach that evaluates the state of the system instantaneously, decides the operation mode, and generates control signals to the system power converters. Common tasks of such management system include maximum power tracking, state-of-charge (SOC) estimation, battery dispatch optimization, and inverter control; typical systems can be found in [115]. These systems share a common management structure, which consists of a higher level controller that decides the mode of operation and generates reference signals to lower level controllers of power converters. The energy management structure is realized as illustrated in Figure (III.18):

Figure (III.18): Energy management structure
III.8.1. Proposed Power Management Strategy
To improve the capacity of DVR compensation, the elements of the hybrid source (PV generator and battery) connected to the same DC-bus must be managed to share the power requested by the load and at the same time to support the DVR. The energy management system operates according to an appropriate strategy to guarantee the system stability. The core idea of this strategy is established while considering that PV generator as a main source connected to the grid and the battery as an auxiliary source, which works in the case of inability of PV generator to compensate for faults in the grid. In this strategy, the system has three operating modes, which can be summarized as follows:
III.8.1.1. Normal Mode (Healthy Mode)
By normal mode we mean that the grid is operating at its nominal voltage value and the PV generator is operating at standard atmospheric conditions. In this mode, the DVR-VSI remains inactive since the grid is in its normal state; the active power generated by PV generator supplies the load, and the excess of generated power charges the battery if its SOC is lower than a specific value. In this case, no active power is provided by the DVR-VSI to the system, which yields to:

                                                            (III.43)
III.8.1.2. Sag Mode
In this mode, the sag voltage is compensated for by the DVR-VSI supported by the PV/battery hybrid system. In this case, the energy of PV generator is shared between the load and DVR need. The battery role consists of supporting the DVR during the voltage sag compensation if the PV energy is not enough alone to feed the system. This implies:

                                                        (III.44)

III.8.1.3. Swell Mode


In this mode, the DVR is used to protect the load against swell voltage by an appropriate compensation. By using the same method as that of voltage sag compensation, the DVR can compensate for the swell voltage by injecting an reverse voltage according to the voltage that results from the difference between  and . In this case, the power flows from the inverter to the DC-link capacitors and the battery remains disconnected.
The flowchart of Figure (III.19) summarizes the different contributions of the battery in the DG-DVR system.


Figure (III.19): Flowchart of storage battery operation
III.9. Simulation Results
 The simulation results reflecting the behavior of hybrid (PV/battery) system under various operating conditions are presented and discussed in this section. The parameters of the proposed system and its control part are given in the Appendix C.
In order to study the behavior of the system in different conditions of solar irradiation, the photovoltaic system is subjected to the following variations:
At t= 0.4s, the irradiation is changed from 1000 W/m2 to 700 W/m2 with negative slope of 1500 W/m2s and then is returned again to 1000 W/m2 at t = 1.1s, but with positive slope of 3000 W/m2s, under standard temperature (25 °C). At the same time, a sag of supply voltage is applied at t=0.65s, where the amplitude of the source voltage is reduced by 30% compared to the fundamental voltage up to the moment t=0.95s. At t= 1.4 s a swell voltage is occurred increasing the grid voltage by 10%, see Figure (III.21).
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Figure (III.20) : Irradiation profile 
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Figure (III.21) : Grid voltages
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Figure (III.22): DVR injected voltages 
[image: ]Figure (III.23): Sensitive load voltagesVsload (V) 

As can be seen from Figure (III.23), even during the sag voltage where the source voltage amplitude is reduced compared to the its rated value, the load voltage is kept at its desired amplitude, thanks to the DVR compensation capability manifested by injecting appropriate voltages as shown in Figure (III.22). From the moment t=1.4s, the DVR begins to compensate for and correct perfectly the swell voltage by injecting sinusoidal waves keeping the load voltage amplitude constant as illustrates in Figure (III.23). So, this test indicates that the load is well protected against sag and swell voltage since there no influence of these variations on the load voltage amplitude. 
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Figure (III.25): Active powers of grid and DVR
According to Figures (III.24) and (III.25), it is clear that the power consumed by the load is equal to the sum of the powers produced by the PV generator and that provided by the grid. In other words, the load is supplied on both sides. As expected in faulty condition, between t=0.65 s and t=0.95 s, the battery intervenes to support the PV system in providing the energy needed by the DVR to compensate for the voltage sag. 
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Figure (III.26): DC capacitors voltages
From the curves of Figures (III.26) and (III.27), it is clear that the DC voltage regulator is efficient in maintaining the DC-bus voltage at a desired level. Indeed, during the sag/swell voltage occurrence, the voltage transient states have duration less than 0.05s. The DC capacitors voltages, shown in Figure (III.26), are quite balanced even during sag/swell voltage periods. This result demonstrates the capability of the SVPWM equipped by a voltage balancing algorithm.
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Figure (III.27): DC-Link voltage
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Figure (III.28): SOC of the Battery
From the state of charge illustrates by Figure (III.28), it is can be seen that the battery starts to discharge during the period of occurrence of sag voltage. The energy provided by the battery aims to support the PV generator in fault compensation.
III.10. Conclusion	
This chapter has focused on the study of PV/battery hybrid system feeding simultaneously a distributed generation system and dynamic voltage restorer. The proposed configuration allows optimizing the photovoltaic energy through injecting energy to the grid with sag/swell voltage compensation functionality. The efficiency of the generation system is highly enhanced thanks to the proposed power management, which makes possible the operation of the system under different modes depending on the grid state and the changes in photovoltaic power. The power quality issue is considered also by using a three-level inverter as an interface in both grid and DVR sides. The simulation results show the capability of the DVR in compensating voltage disturbances with low THD under various climatic conditions.
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Fuzzy Logic Control of PV / SOFC based DG-DVR System











IV.1. Introduction
Recently, the employment of intelligent systems such as neural networks, fuzzy logic, and genetic algorithms has become very common. Such systems are more practical and able to simulate human reflections and decisions. They can in the small scale- replace the human in doing some processes that were until few years ago impossible to be achieved without human interact. 
Particularly, fuzzy logic is a soft computing tool for adopting human experience into algorithms. The first seed of fuzzy logic was invented by Dr. Lofti Zadeh in the 60s of the last century for modeling of uncertainty of natural languages [126][127]. In contrary to the traditional logic systems that have two possible outputs, the fuzzy logic systems can have infinite number of uncertain outputs. Indeed, in binary logic the system can give decision weather an output is true or false with 100% certainty. However, the fuzzy logic is inspired from human brain since it can give an output with a degree of certainty (or uncertainty) of a set or sets of inputs. 
Fuzzy logic system has been developed for systems where simple true false decisions are not enough to give a decision or produce an output. It can be employed to build smart systems based on the knowledge expressed in human language. 
The development of personal computers and processing units has the main favor for the fuzzy logic spread. Indeed, it has been recently applied in process control, modeling, estimation, identification, diagnostics, and many other fields of science and industry. May be the important application of fuzzy logic is the control systems like elevator controls, trains operation, planes, and numerous other processes [129,131,135].
In the literature, fuzzy logic control (FLC) has been widely applied to custom power devices, especially for active power filters [128][129]. FLC of DVR based on dq synchronous reference frame (SRF) is examined in [134]. The operation of DVR is similar to that of active power filter since the both compensators must respond very fast on the request from abruptly changing reference signals. Kora presented fuzzy logic controller for three-phase DSTATCOM to compensate for reactive power. However, in this study, the FLC is only proposed for controlling the DC-link [133].
This chapter will be devoted to the fuzzy logic control of previously proposed DG configurations combined with multilevel DVR system. After a theoretical remind about fuzzy systems, the PI regulators are replace by fuzzy logic regulators in the aim to boost up the performance of the overall system.
IV.2. Basics of Fuzzy Logic theory
IV.2.1. Fuzzy Sets and Subsets
The sets are one of the main notations of mathematics; they are defined as collections of things. A set can be discrete or continuous [130]. It can be defined by one of the following methods:
1- By writing the list of its elements, 
2- By giving a function describing the elements of the set.
In fuzzy logic, the function that describes the elements of a set is called membership function.
IV.2.2. Membership Functions
A membership function is a function that describes how much a point or an object in the universe of discourse is related to the universe by giving a degree of membership between 0 and 1. Membership functions can be arbitrary curves that are simple, confident, efficient, and provide enough speed [126]. The linguistic variables are not real numbers or integers but they are fuzzy sets. Figure (IV.1.a) presents a classic set of people classified based on the age; the variable η is the degree of membership of a person while x is the age. It is clear that in the classic set the person can either belong to the set of age or not. Figure (IV.1.b) represents a fuzzy set where each age can be given a degree of membership to the set between 0 and 1.


Figure (IV.1): Graphical representation of classic and fuzzy sets
The membership degree or function is the description of how much a given variable belongs to a given set. The functions are designed to make mathematical calculations of linguistic rules and implement them in processing. For each linguistic variable x a membership function μ can be assigned. The membership function will give a degree of membership for each value of a variable x. In the literature of fuzzy logic there are different types of membership functions such as [132]:
Triangular function: it is expressed by:

                                                           (IV.1)
 Trapezoidal function: it is given by:

                                                          (IV.2)
 Gaussian function: it is defined by: 

                                                   (IV.3)
Figure (IV.3) shows the curves of the different main membership functions of the fuzzy logic. The choice of membership function in a fuzzy system is the preference of the user. There are no precise rules for the selection of defined membership function or others. The membership functions can be chosen to make simpler and more efficient the application [126]. However, there are some general rules that must be respected to improve the efficiency of a fuzzy logic system. The main rule is that a membership function should superposition just with the nearest membership function. Also, the sum of any membership value of an input must be always 1 .




Figure (IV.2): Different membership functions
IV.2.3. Linguistic Variables
Linguistic variable is a term used to describe the inputs and outputs of a fuzzy logic system. Conventional variables are exact numerical variables that cannot support the concept of fuzzy logic. Linguistic variables are built of words and sentences that are less precise. It provides the possibilities of describing events that are complex or difficult to be described numerical. An example of that is the age of humans. Age is a linguistic value whose fuzzy sets can be child, young, old, and very old. Another example can be the error of an output process, the set of linguistic variables can be negative, zero, and positive. In other cases this set can be extended into positive large, positive small, zero, negative small, and negative large.
IV.3. Fuzzy Logic System 
Fuzzy logic interprets qualitative information to mathematical relations. That makes it suitable to explain unpredictable system behavior that cannot be easily modeled. Fuzzy theory shares the same general concept with the traditional set theory, except that there are no crisp transitions between values. Variables are expressed by functions or curves between two digits, mainly 0 and 1 or any other digits. A series of weights describe the degree of belonging of a variable to a certain value within the assigned range. While, traditional set theory defines a variable by its equality or non-equality to a certain value [126]. The general diagram of fuzzy logic system control is presented in Figure (IV.3).


Figure (IV.3): Fuzzy logic system structure
IV.3.1. Fuzzification 
The term fuzzification is used to describe the process of expressing the deterministic input variables into linguistic variables. This process is done by choosing suitable membership functions for the different input variables. The input variables are to be normalized to fit into the range of linguistic variables by using suitable gains. The input variable can be either discrete or continuous. In a continuous world of discourse; the number of linguistic variables describing the inputs can vary. It can contain 2, 3, 5, or more membership functions. The linguistic variables can be described by membership functions like those presented in Figure (IV.4). In this figure, NL stands for Negative Large; NM for Negative medium; NS for Negative Small; Z for Zero; PS for Positive Small, PM for Positive Medium, and PL for Positive Large.


Figure (IV.4): Fuzzification of inputs with seven membership functions
The fuzzification is done using different operators of fuzzy logic. These operators change dependent on the application and the preference of the user. The main operators of fuzzy logic are:
OR operator, the membership function of this operator can be defined for the two variables A
and B by:

                                         (IV.4)
AND operator, the membership function of this operator can be defined for the two variables A and B by:

                                                         (IV.5)
NOT operator, the membership function can be defined by:


                                                              (IV.6)
The fuzzification interface engine consists of different processes; these processes can be summarized in:
· Measuring the numerical values of input variables;
·  Projecting these values into the universe of discourse by scaling them into a defined period;
· Transforming these numerical values into linguistic functions that can be fed to the knowledge base.
IV.3.2. Knowledge Base
The knowledge base is the brain of the fuzzy system that must be designed carefully with a lot of experience [126]. It can be divided into two parts: data base and rule base. The data base is the data need to fuzzify the inputs and difuzzfy it after processing is done to generate outputs. All membership functions of the variables of controller are contained in this block. The rule base is the rules formulated from the knowledge of experts to give the best response. Typically, the rule base consists of states like “if variable x has the value d then variable y of output has a value of e”. Rules can also be complex or compound of different relations with logic OR, AND or any other logic relation. 


IV.3.3. Fuzzy Inference Engine
Fuzzy inference is the operation of generating fuzzy logic outputs of given inputs according to
the rules in the base of knowledge. There are three types of fuzzy inference engines that are mostly used. These are Mamdani inference engine, Sugeno inference engine, and Tsukamoto inference engine.
IV.3.3.1. Mamdani-Type Inference
In Mamdani-type systems, or it can be called max-min systems, the operator "and" with minimum or "or" with maximum formula is used. If the antecedent of a rule has only one input, membership value of the input in the corresponding set gives the value of the rule. If it has more than one input, the fuzzy operator ("min" with "and", "max" with "or") is applied for the membership values to obtain the value of the rule. This truth value is then applied to the output fuzzy set. The idea of Mamdani-type inference is illustrated in Figure (IV.5).
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Figure (IV.5): Mamdani-type inference principle 
IV.3.3.2. Sugeno-Type Inference 
Sugeno-type system differs from a Mamdani-type system in the nature of inference rules. Unlike Mamdani-type system, this method uses fuzzy sets only for input variables, but not for output variables and the consequent part of each rule of Sugeno-type system contains a linear or a quadratic function of the input variables, see Figure (IV.6). If the previous part of a rule has more than one input, the fuzzy operator ("min" if the connective is “and”, “max” if the connective is "or") is applied for the membership values to obtain truth value of the rule [137].
IV.3.3.3. Tsukamoto-Type Inference
In Tsukamoto system, the fuzzy operator ("min" operator if the connective is "and", "max" operator if the connective is "or") is applied for the membership values to obtain the truth value of the rule. This truth value is then applied to the output fuzzy set. The crisp values processed using different rules are combined in one output to form the final result. The weighted average of the crisp values is found to generate the truth degree of output. Figure (IV.7) shows an example of this method of inference engine.


Figure (IV.6): Sugeno-type inference principle
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Figure (IV.7): Tsukamoto-type inference principle
IV.3.4. Defuzzification
The outputs from the inference engine are not numerical and need to be treated before sending them to the process. The treatment of a fuzzy set or value to generate an output value is called difuzzification. There are many difuzzification methods like centroid method, center of largest area method, height method, first of maxima method, last of maxima method, mean of maxima method, and the weighted average method, and center of sums method are based on individual output fuzzy sets. Center of gravity method is the most used method due to its accuracy and smooth output [136]. It consists of calculating the gravity center of the output membership function. The defuzzified value is can be given by:

                                                               (IV.7)


where, n is the number of elements in the sample;   indicates the sample element; is the membership function,
IV.4. Structure of Fuzzy Logic Controller
Fuzzy logic offers a non-analytical choice to avoid the classical analytical control systems. It offers a simple possibility for a powerful control of complex systems whose mathematical models are impossible to be developed. So, fuzzy logic control systems are not based on the model of the controlled process. They are robust and do not need precise inputs or system parameters. They can be easily tuned to improve performance of controlled processes. Over more, they offer a suitable alternative for the control of multiple inputs multiple outputs systems. Data is stored in the fuzzy logic systems as membership functions and rules [136][132]. 

The structure of the fuzzy logic controller (FLC), proposed by Mamdani for a single input system and a single output, is shown in Figure (IV.8). In such fuzzy controller, the error between the input variable and its reference is considered as a first input and the error variation  as second input.


Figure (IV.8): Basic configuration of fuzzy logic controller (FLC)
The two inputs are discretized with a sampling period normalized by means of normalization gains


( for error and for error variation). They are defined by the following expressions:
The error of the controlled variable is defined as:

                                                                 (IV.8)
The incremental variation of the error is defined by:

                                                             (IV.9)
The output variable of FLC is defined by the following recurrence equation:

                                                       (IV.10)

where  is a gain of normalization for the output variable.
The three gains allow acting by general way on the control surface by prolong or reducing the discussion universe of the command variable.
IV.5. Fuzzy Logic Control of the Proposed DVR based DG systems

After the theoretical study of fuzzy logic control, we are interested in the application of this control in the proposed configurations in chapters II and III. It will be used to regulate the DC-link voltage, the active and reactive currents as well as the DVR voltage.
IV.5.1. Main features of the fuzzy controller
The main features of the used fuzzy controller are:
1- The fuzzification is performed with a normalized universe of discourse [-1, 1];
2- The implication adopted in Mamdani inference is the min-max;
3- Seven triangular membership functions for error and its variation are adopted, and they are defined by the following expressions:
· 

· 

· 

· 

· 

· 

· 




Figure (IV.9) illustrates the input and output variables membership functions for , , .


Figure (IV.9): Membership functions for the input and output variables 
4- The table (IV.1) recaps the 49 fuzzy control rules.

Table (IV.1): Fuzzy control rules table
	
	Error

	Error variation
	
	NB
	NM
	NS
	Z
	PS
	PM
	PB

	
	NB
	NB
	NB
	NB
	NB
	Z
	Z
	Z

	
	NM
	NB
	NB
	NM
	NM
	Z
	Z
	Z

	
	PS
	NB
	NB
	NS
	NS
	PS
	PS
	PM

	
	Z
	NB
	NM
	NS
	PS
	PS
	PM
	PB

	
	PS
	NM
	Z
	PM
	PM
	PB
	PB
	PB

	
	PM
	Z
	Z
	Z
	PM
	PM
	PB
	PB

	
	PB
	Z
	Z
	Z
	PB
	PB
	PB
	PB



5- In the proposed FLC, the gravity center defuzzification is adopted. So, the controller output is expressed by:

                                                                       (IV.11)
IV.5.2. Fuzzy Logic Control of DVR Based SOFC-DG System
For the DC-link voltage fuzzy controller, the first input is the error between the DC voltage square and its reference square:

                                                        (IV.12)
The second input is the variation of previous error defined as:

                                            (IV.13)

The output of this controller is the reference power  expressed as:

                                     (IV.14)


For the tuning of the AC side current, the controller will be synthesized in the same way as the DC-link voltage controller. Indeed, the error between ,  and their references will be taken as first inputs.

                                                   (IV.15)
and the variation of their errors as second inputs:

                                        (IV.16)


The output signals of the fuzzy logic controller on the AC side are the voltages  and  given by:

                                 (IV.17)
IV.5.1.1. Fuzzy Logic Control of DVR
A fuzzy logic based feedback controller is employed to control the voltage injected by the proposed multilevel DVR. Fuzzy logic controller is preferred over the conventional PI due to its robustness to system parameter variations during operation and its simplicity of implementation. The proposed DVR uses energy storage system consisting of capacitors charged directly from the SOFC-DG, which means that the output of the inverter depends upon the energy stored in the DC-link capacitors. But as the amount of energy stored varies with the voltage sag/swell events, the conventional PI controllers are susceptible to these variations; hence the control of the injected voltages becomes quite difficult. In these circumstances the FLC seems to be a best alternative to deal with situations. 

The DVR fuzzy logic controller is synthesized in the following steps: 

The error between the voltages and their references are given as follows:

                                                             (IV.18)
The errors variations are given as:

                                                (IV.19)
The output signals of the fuzzy controller are given by:

                                         (IV.20)
The complete diagram of the fuzzy logic control of the SOFC based DVR-DG system is shown in Figure (IV.10).

Figure (IV.10): Fuzzy logic control of SOFC based DG-DVR system
IV.5.1.2. Simulation Results 
In order to highlight the DVR performance controlled by fuzzy controllers, the configuration shown in Figure (IV.10) is implemented. Three faults conditions are tested using the controllers parameters gathered in Table (IV.2), which are:
· Three phase balanced sag, 
· Three phase balanced swell,
· Single-line-to-ground (sag/swell).

Table (IV.2): Controllers parameters
	DC-link voltage controller parameters
	


, , 

	Currents controller parameters
	
, 


, 

	DVR controller parameters
	


, , 




Case I: Performances under Balanced Sag/Swell Condition 
Balanced voltage sag of 30% is taken place from 100 s to 100.3 s in the voltage source and a voltage swell of 10% is occurred at 100.6 to 100.9 for 15 cycles of AC main voltage. Figure (IV.11.a) shows the source voltage during balanced voltage sag and swell and Figure (IV.11.b) shows the voltage injected by DVR during this period. It is observed that DVR regulates the voltage during voltage sag/swell so that the load voltage is kept at its proper level as illustrated in Figure (IV.11.c). As can be seen from Figure (IV.11.d), apart from the transient periods, the FLC system succeeded in tracking the DC voltage reference.
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Figure (IV.11):  Performances of SOFC based DG-DVR system controlled by FLC during balanced three-phase sag and swell: a) Grid voltage, b) Voltage injected by the DVR, c) Sensitive load voltages, d) DC-link voltage
Case II: Performances under Unbalanced Voltage Sag and Unbalanced Voltage Swell
As illustrated in Figure (IV.12.a) single phase unbalanced sag and swell voltages are happened. Indeed, 30% voltage sag is occurred in the first phase from 100 s to 100.3 s and 10% voltage swell is occurred in the same phase between 100.6 s and 100.9 s. According to Figure (IV.A2.b), it is observed that DVR acts quickly and supplies proper amount of positive voltage in the faulty phase to mitigate the unbalanced caused by the voltage sag and supplies proper amount of negative voltage in both phases during unbalanced voltage swell. Figure (IV.A2.c) depicts the aptitude of dynamic voltage restorer to alleviate unbalanced voltage sag/swell resulting in a sinusoidal load voltage with constant amplitude. Figure (IV.A2.d) shows that the DC-link voltage is fluctuating around its reference value during the sag/swell occurrence.
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Figure (IV.12): Performances of SOFC based DG-DVR system FLC during unbalanced single phase sag and swell: a) Grid voltage, b) Voltage injected by the DVR, c) Sensitive load voltages, d) DC-link voltage

IV.5.2. Fuzzy Logic Control of for Hybrid (PV/Battery) based DG-DVR System
IV.5.2.1. DC-DC Bidirectional Converter Fuzzy Logic Control 



For the fuzzy controller of the battery current , the first FLC input is the error between the battery current  and its reference  calculated according to the power reference generated by the power management system. The battery current error is expressed by:

                                                        (IV.21)
The second FLC input is the variation of previous error given by:

                                            (IV.22)

The output of this controller is the duty cycle  given by:

                                     (IV.23)
The current controller and DC-link controller are the same as previously synthesized for the first configuration.
Figure (IV.13) illustrates the fuzzy control and power management of the proposed hybrid PV/Battery source-based DG-DVR system. The adopted battery current controller parameters are gathered in Table (IV.3).

Table (IV.3): Battery FLC parameters
	Battery voltage controller parameters
	


, , 




Figure (IV.13): Schematic diagram of the fuzzy logic control for hybrid PV/Battery source based DG-DVR system
	IV.5.2.2. Simulation results  
To verify the effectiveness and applicability of the fuzzy logic control for the second configuration, the distribution system was tested by considering two cases of voltage disturbances (sag and swell). The simulations were carried out in order to see the performance of DVR in compensating 30% balanced voltage sag and 10 % of balanced voltage swell for three-phase to ground fault and a single line to ground fault.


Case I: Performance under Balanced Sag/Swell Condition 
Figure (IV.14) highlights the system waveforms under balanced sag and swell faults. Figure (IV.14.b) depicts the ability of dynamic voltage restorer to ameliorate three-phase balanced voltage faults by injecting compensating voltage. Figure (IV.14.c) highlights the sinusoidal load voltage after minimizing the sag and swell effects. The behavior of the DC-voltage during voltage sag/swell event is exposed in Figure (IV.14.d).
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	(d)	
Figure (IV.14): Performances of hybrid (PV/Battery) based DG-DVR system controlled by FLC during balanced three-phase sag and swell: a) Grid voltage, b) Voltage injected by the DVR, c) Sensitive load voltages, d) DC-link voltage
According to the results obtained from the simulation of PV and DVR controlled by fuzzy logic controllers under three-phase sag and swell faults, it can be noticed that the values of the injected voltages are nearly equal to the sag/swell voltages, which reflects the good compensation ability of the proposed system. Once the voltage faults are recovered, the DC-voltage gets back to its reference value.
Case II: Performance under Unbalanced Voltage Sag and Unbalanced Voltage Swell
It is observed that initially there is no voltage injection because no voltage sag is sensed. As soon as the voltage sag occurs the load becomes unbalanced, and the DVR produces the missing voltage so that the voltage sag does not affect the sensitive load.
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Figure (IV.15):  Performances of hybrid (PV/Battery) based DG-DVR system controlled by FLC during unbalanced single phase sag and swell: a) Grid voltage, b) Voltage injected by the DVR, c) Sensitive load voltages, d) DC-link voltage

From Figure (IV.16.c), it can be noticed that by applying the fuzzy logic control the load voltage value is kept at its nominal value during the fault. From Figure (IV.16.d), it can be observed that, during the fault occurrence, the DC-link voltage ripple is less than 5V; i.e. less than 1%.
IV.6. Comparative Study between PI and FLC control methods
Figure (IV.16) outlines the comparison between PI and fuzzy logic controller regarding to the load voltage magnitude.
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Figure (IV.16): Voltage load amplitude using PI and fuzzy logic controllers: a) Under balanced three-phase sag and swell, b) Under single-phase sag and swell faults, c) Under balanced three-phase sag and swell, d) Under unbalanced single phase sag and swell
According to Figures (IV.16.a) , (IV.16.b) , (IV.16.c) and (IV.16.d), it is clear that the voltage amplitude returns rapidly to the steady states in case of fuzzy logic control compared to PI control. 
By taking the amplitude voltage load as comparison criteria, Tables (IV.4) and (IV.5) show the results of comparison study between the PI and fuzzy logic controllers.
Table (IV.4): Comparison of distorted voltage, injected voltage, and load voltage for diﬀerent controllers (sag compensation and swell) for the first configuration
	
Controller
	Fault
type
	Distorted voltage
	Injected voltage
	Load voltage

	
	
	Phase
A
	Phase B
	Phase C
	Phase
A
	Phase
B
	Phase
C
	Phase
A
	Phase
B
	Phase
C

	PI
	3 phase
	217.7
	217.7
	217.7
	92.8
	92.8
	92.8
	309.8
	309.8
	309.8

	
	LG(line to ground)
	217.7
	311
	311
	88.8
	0.7
	0.7
	306.5
	310.3
	310.3

	Fuzzy
	3 phase
	217.7
	217.7
	217.7
	93.1
	93.1
	93.1
	310.3
	310.3
	310.3

	
	LG
	217.7
	311
	311
	89.3
	0.7
	0.7
	307
	310.3
	310.3

	PI
	3 phase
	342.1
	342.1
	342.1
	31.7
	31.7
	31.7
	310.4
	310.4
	310.4

	
	LG
	342.1
	311
	311
	31.77
	0.67
	0.67
	310.33
	310.33
	310.33

	Fuzzy
	3 phase
	342.1
	342.1
	342.1
	31.8
	31.8
	31.8
	310.3
	310.3
	310.3

	
	LG
	342.1
	311
	311
	31.8
	0.7
	0.7
	310.3
	310.3
	310.3



Table (IV.5): Comparison of distorted voltage, injected voltage, and load voltage for diﬀerent controllers (sag compensation and swell) for the second configuration
	Controller
	Fault type
	Distorted voltage
	Injected voltage
	Load voltage

	
	
	Phase
A
	Phase B
	Phase C
	Phase
A
	Phase
B
	Phase
C
	Phase
A
	Phase
B
	Phase
C

	PI
	3 phase
	217.7
	217.7
	217.7
	91.9
	91.9
	91.9
	309.6
	309.6
	309.6

	
	LG
	217.7
	311
	311
	88
	0.7
	0.7
	305.7
	310.3
	310.3

	Fuzzy
	3 phase
	217.7
	217.7
	217.7
	92.7
	92.7
	92.7
	310.4
	310.4
	310.4

	
	LG
	217.7
	311
	311
	89.3
	0.7
	0.7
	307
	310.3
	310.3

	PI
	3 phase
	342.1
	342.1
	342.1
	31.7
	31.7
	31.7
	310.4
	310.4
	310.4

	
	LG
	342.1
	311
	311
	31.77
	0.67
	0.67
	310.33
	310.33
	310.33

	Fuzzy
	3 phase
	342.1
	342.1
	342.1
	31.6
	31.6
	31.6
	310.5
	310.5
	310.5

	
	LG
	342.1
	311
	311
	31.8
	0.7
	0.7
	310.3
	310.3
	310.3



Through the results illustrated in Tables (IV.3) and (IV.4), it can be noted that when the fuzzy logic control is applied:
- The load voltage value is nearer to its nominal value;
- The voltage restoration is maximal;  
- The compensated voltage is stable.
IV.7. Conclusion 
This chapter is devoted to study the behavior of the proposed DVR based DG configurations controlled by fuzzy logic control approach. The fuzzy logic control has been introduced and designed for the DVR compensating strategy to damp oscillations under different load conditions. Simulation results show that the proposed FLC based DVR control is effective in mitigating voltage sags/swell and perfectly restored the critical load voltage to its nominal value. With FLC, the system is damped faster and the power quality of the system is improved compared to conventional PI control.






Chapter IV                                                                   Fuzzy Logic Control of PV / SOFC Based DG- DVR System


ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ 2


General Conclusion


The search work presented in this thesis is mainly dedicated to the improvement of the voltage quality in the distribution electrical grid via using dynamic voltage restorer based on multilevel diode-clamped inverter structure supported by a distributed generation system.
The first part of chapter one is devoted to explain the power quality issues in the distribution grid and their negative effects on critical loads and to illustrate in detail the custom power devices used to mitigate them. In this context, the dynamic voltage restorer is highly recommended to improve the voltage quality since it is considered as one of the most personalized custom devices and one of the most effective solutions to enhance energy quality. It is mainly used to protect sensitive loads from the effects of voltage perturbations on the distribution feeder. In the second part of the same chapter, a comprehensive study of different parts of the DVR was carried out; followed by the modeling and design of the different parameters related to the power part as well as the control part of the inverter. The simulation results of the multilevel DVR controlled by PI controllers show good performances in terms of fault compensation capability. This exhibits the usefulness of the three-level diode-clamped inverter in lowering the THD while performing the DVR tasks. Indeed, the use of multilevel inverter not only reduces effectively the injected voltage harmonic distortion but also the voltage rating of the active devices.
In the second chapter of this thesis, a new SOFC based distribution generator acting as DVR is proposed. It is clearly explained that the suggested configuration is capable of compensating the voltage sag/swell and injecting at the same time the power generated by SOFC into the grid. In addition to that, simulation results demonstrate that the proposed DC voltage balancing strategy is capable to prevent the voltage drift phenomenon of the DC-bus capacitors of the multilevel SOFC-DG system.
By replacing the SOFC by a hybrid system (PV/Battery) in the previous configuration, another interesting distributed generation system is proposed in the third chapter. It allows optimizing the photovoltaic energy through injecting energy into the grid with sag/swell voltage compensation functionality. The efficiency of the generation system is highly enhanced thanks to the proposed power management, which makes possible the operation of the system under different modes depending on the grid state and the changes in photovoltaic power. The simulation results show the capability of the DVR in compensating voltage disturbances with low THD under various climatic conditions.
Finally, the fourth chapter is devoted to improving the performance of the proposed configurations by using fuzzy logic control. In this kind of controller, deriving the system mathematical model is not necessary to design a fuzzy controller and the control method itself does not require a complex computer algorithm. The simulation results obtained in the case of the application of fuzzy logic controllers to the SOFC and PV/Battery based distributed generation systems, show that the DVR compensates for the voltage disturbances quickly and provides excellent voltage regulation. So, it can be concluded that the fuzzy control offers better performance compared to its counterpart the conventional PI control.
The work that has been done in the framework of this thesis can be used as basis for diverse future works. Some of the possible further work proposals could be listed as follows: 
- Experimental validation of a small scale PV based DG-DVR system;
- Improving the power quality by operating the shunt inverter as active power filter;
- Enhancing the performance of the proposed configurations via using other nonlinear or intelligent control methods;
- Use of advanced power converters capable to make better the efficiency of the overall system.
                                                                                                                                                     General Conclusion
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Annex  A


Table (A.1): System parameters

	Parameter Description
	
	Value

	Source voltage/frequency
	
	              380 V /50 Hz

	

Sensitive Load parameters
	Configuration
	𝑌 grounded

	
	Nominal phase-to-phase voltage
	380 V

	
	Nominal frequency
	50 Hz

	
	Active power
	80 kW

	
	Inductive reactive power
	20 kVAR

	SVPWM
	Switching frequency 
	10 kHz

	DC-link voltage 
	
	700 V




Table (A.2): Designed Parameters of PI Controller

	Parameter
	Value

	

	249

	

	1059
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		Annex B

Table (B.1): SOFC system parameters

	Solid Oxide Fuel Cell

	Temperature [K]
	1273

	Faradays constant [C/mol]
	96487

	Universal gas constant [J/(kmol.K)]
	8314

	Number of series-connected cells N 
	384

	Reaction free energy potential E0 [V]
	1.18

	Internal resistance [Ω]
	0.126

	


Time constant , ,  [s]
	26.1 / 78.3 /2.91 

	


Molar constants ,,[Kmol/(s.atm)]
	8.43×10-4 /2.81×10-4/25.2×10-4

	
Fuel processor response time [s]
	5

	Ratio between Hydrogen and Oxygen
	1.145

	Grid

	Nominal grid line-line voltage [V]
	380 

	Frequency [Hz]
	50

	Grid line inductance [mH]
	0.01

	Load [kW]
	100

	Boost  converter

	Output voltage [V]
	700

	Inductance [mH]
	5.2

	Switching frequency [kHz]
	10

	Inverter

	Switching frequency [kHz]
	10

	Filter inductance [mH]
	3

	Filter resistance [Ω]
	0.02



Table (B.2): Designed Parameters of PI Controller

	Parameters
	Values

	
Current controller ()
	
Damping ratio ()

Natural frequency () 
	1  , 1800

	Current controller (Boost)
	
Damping ratio ()

Natural frequency ()
	1 ,  1050

	DC-link controller
	
Damping ratio ()

Natural frequency ()
	0.7  , 100

	DVR controller
	

  , 
	12  , 108
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Table (C.1): PV system parameters

	Photovoltaic cell

	Maximal power    
	150 W 

	Optimal current 
	4.35 A 

	Optimal  voltage 
	34.5 V

	Open-circuit voltage (Voc)
	43.5 V

	Short-circuit current (Isc)
	4.75 A

	Temperature coefficient of Isc
	(0.065 ± 0.015)%/°C

	Temperature coefficient of Voc
	−(160 ± 20) mV/°C

	Photovoltaic array

	Number of parallel arrays
	30

	Number of series arrays
	11

	Boost converter output voltage 
	700 V

	Grid

	Voltage 
	380 V

	Frequency
	50 HZ

	DC-link voltage
	700 V

	
Inductance filter 
	3 mH

	
Resistance filter  
	0.02 Ω

	Battery

	Maximum charge capacity
	180 Ah

	Maximum discharge capacity 
	190 Ah

	Number of series battery of 12V
	25


 
Table (C.2): Designed parameters of PI controller
	Parameters
	Values

	
Current controller ()
	
Damping ratio ()

Natural frequency () 
	1  , 2100

	Current controller (Boost)
	
Damping ratio ()

Natural frequency ()
	0.7  ,1100

	DC-link voltage controller
	
Damping ratio ()

Natural frequency ()
	0.7  ,100

	Current controller(Bi-directional converter)
	
Damping ratio ()

Natural frequency ()
	0.7 , 1700

	DVR controller
	



 ,,    ,
	10 ,120 ,280 , 1024
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