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ABSTRACT 

Harnessing of power from non-conventional energy generators such as wind energy 

conversion system or photovoltaic system is a proven choice for power generation. Some 

convincing features like zero emission of greenhouse gases, their availability in abundance, 

and requirement of low maintenance cost are offered by renewable generators. Though 

generation of power from such sources faces challenge of intermittency due to dependency on 

variable climatic conditions. Thus, integration of backup sources like fuel cell-electrolyzer, 

super-capacitors, and battery are inevitable in order to enhance the overall system reliability, 

efficiency and sustainability of the system. A combination of a renewable energy generator 

along with back up sources leads to the formation of hybrid sustainable energy system (HSES). 

If such systems can share a considerable quantum of energy in a geographical area then grid 

integration of such system is a viable option. Grid integration of HSES enhances the reliability 

of the utility grid, and such integration attributes to a successful grid support. Yet, the grid 

integration of such renewable generation-based hybrid energy system faces the challenge of 

uncertain power system dynamics due the different characteristics of integrated renewable 

energy resources. Occurrence of faults at the utility end and variation in the load demand at the 

point of common coupling can affect the operation of HSES. In addition, unpredictable change 

in climatic conditions may affect the power generation from the sustainable energy generators. 

In order to solve such challenges, this research work considers design and modeling 

modalities, fault ride through (FRT) capability enhancement strategies, and power management 

control strategies in renewable energy-based hybrid energy systems. This thesis majorly 

considers three distinct configurations of grid-connected hybrid energy systems. The first 

configuration considers a permanent magnet synchronous generator (PMSG) based wind 

energy conversion system and a fuel cell (FC) system interconnected at a common dc bus. The 

second configuration considers a PMSG/Battery/FC-Electrolyzer based hybrid system, while; 

the third configuration considers doubly-fed induction generator (DFIG)/supercapacitor (SC)/ 

FC-Electrolyzer based hybrid system. In all the considered configurations, an effort is made to 

enhance the FRT capability of various active FRT schemes for dc-dc converter control and 

inverter control system. Specifically, a new feed-forward based FRT control scheme for the 

inverter current control is recommended where, new current references of the dq-axis frame 

are derived by tracking the positive sequence power. The regulation of current references is 
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performed by the application of artificial intelligence techniques in order to achieve an 

enhanced ride through control in the first and third configuration. 

In order to solve the problem of generation intermittency and variations in the load 

demand, power management control is essential. Therefore, this thesis also proposes two new 

power management algorithms that are based on use of reduced-rules by monitoring state of 

charge of battery and net power of the hybrid system. The request made by the grid operator is 

kept on priority in all the power management schemes. Further, integrated power management 

strategy and low-voltage ride through (LVRT) control schemes are also proposed in the second 

and third configurations. The same is realised by adoption of mode selection-based control 

between grid feeding mode and LVRT mode in the inverter control structure. The LVRT 

capability is enhanced through multi-dimensional control approaches in the third hybrid energy 

system configuration. New control techniques, namely, OFF-MPPT control for the rotor side 

converter is performed for torque ripple nullification in DFIG during grid voltage sag. Mode 

selection-based switching control for the dc-dc converter interfaced with SC is adopted for 

smoothening the dc-link voltage transients under voltage sag scenario. This research work also 

suggests the adaption of a feed-forward control based adaptive neuro-fuzzy inference system-

based control for the grid side converter of DFIG in order to effectively perform LVRT control 

functionalities. In all the considered hybrid energy system, the proposed power management 

algorithms and FRT control algorithms are validated by detailing relevant mathematical 

models. Simultaneously, various case studies such as variable wind speed, load demand, grid 

power request and occurrence of balanced and unbalanced grid voltage sags are undertaken. 

The extensive simulation and analysis works are performed using standard 

MATLAB/Simulink platform. The simulation results obtained from the testbed have validated 

the design, modeling and control of the proposed HSES architectures. 
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CHAPTER-1 

Introduction and Literature Review 

1.1 Introduction to Hybrid Sustainable Energy Systems 

The global energy demand is rising at an exponential rate, leading to construction of new 

power plants, new transmission lines and new auxiliary equipment. It is essential that power 

production, its distribution and its utilization is done in an efficient manner, but at the same 

time the standards for environmental norms must be maintained by the power utility 

companies. On account of above challenges, power generation from renewable energy 

resources is a promising solution to overcome the energy crisis in developing countries. These 

sources are environmentally friendly and are available in abundance [1]. Harness of energy 

from wind and solar photo-voltaic (PV) is of utmost interest due to the emergence of power 

electronic technology and favourable commercial policies.  However, the biggest limitation of 

these technology is the challenge of intermittency due to dependency on variable climatic 

conditions [2]. If storage devices such as batteries, super-capacitors (SCs), fuel cell (FC)-

electrolyzer based hydrogen (H2) storage systems are also integrated with the non-conventional 

energy generators, then the redundancy and reliability of renewable power generation system 

can be improved [3]. Such a resultant system is termed as hybrid sustainable energy system 

(HSES) which offers the benefits of high reliability, sustainability and flexibility. HSES 

possess convincing feature of meeting the ever-growing energy demands of the present and 

future electric power systems [4]. Along with the benefit of sustainability, the environmental, 

economic and social benefits make HSES a popular choice for power harnessing. Hybrid 

generation systems can be installed via a suitable manner to serve the required load demand of 

the local area or its power can be used to feed the utility grid. HSES architectures are majorly 

classified as islanded mode and grid connected mode [5]. The islanded mode is also referred 

as off-grid mode, isolated mode or stand-alone mode where the power generated from HSES 

is utilized to meet the load demands of a remote area where access to the utility grid is difficult 

or it is not feasible to lay out transmission lines. These systems are designed and sized to meet 

the load demand of a particular geographical location. Whereas, a grid connected HSES is 

connected in parallel to the utility grid, providing the flexibility to export its surplus power to 

the power deficit regions. The renewable energy generators and the backup sources generate 

its power either in form of dc or ac, while; the nature of electrical loads could be of ac-type or 

dc-type. In this regard, power conditioning devices using power electronic converters are a 
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necessary interface between the energy sources and loads [6]. Based on the interconnection of 

power converters, a hybrid energy system is established by following the common ac bus 

architecture, common dc bus architecture and hybrid dc-ac bus architecture either for 

standalone or in grid connected mode [7]-[8]. 
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Fig. 1.1. Centralized ac bus configuration. 

In the centralized ac-bus layout shown as per Fig. 1.1, all the energy sources and loads 

are connected to an ac bus. The dc sources need to have inverters to convert dc to ac before 

connecting to the ac bus. It is a modular configuration hence; the ever-changing surge of energy 

needs is accommodated via this configuration. However, this configuration offers some 

limitations; firstly, there is the need of synchronization of several inverters with the rated and 

centralized ac voltage and frequency of the system. Secondly, the injection of undesired 

harmonics introduced into the system by the use of inverters increases the power quality 

problems. Lastly, if it is desired to connect a dc load at the tail end of the configuration, then 

there is a necessary of 3-stage power conversion with the requirement of power electronic 

interface converters viz. converters1-3 respectively. Therefore, this configuration will lead to a 

higher energy conversion loss. In centralized dc-bus layout shown as per Fig. 1.2, the energy 

sources are integrated to a common dc-bus. The sources which generate ac power requires 

rectifier to convert ac power to dc before connecting to the dc bus. While the dc loads are 
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connected directly to the central dc-bus. This arrangement reduces the harmonic pollution from 

power electronic equipment. 

The dc-bus configuration eliminates the need for requirement of frequency and voltage 

synchronisation among various generating sources. This configuration is advantageous for 

situation when majority of the loads in the system are dc-loads. However, this configuration 

encounters a demerit that, if the inverter which is interfaced between the dc-bus and grid is out 

of service, then the system fails to deliver its power to grid. Moreover, if majority of the loads 

are ac-loads then power conversion stages increase, which leads to poor conversion efficiency 

in the system. 
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Fig. 1.2. Centralized dc bus configuration. 

The hybrid bus arrangement uses both the common ac bus and dc bus as depicted in Fig. 

1.3. This type of arrangement offers flexibility for cases whenever the HSES is having a 

combined arrangement of ac-dc sources and ac-dc loads [9]. The dc sources and loads are 

connected directly to the dc bus while the ac sources and loads can be connected directly to ac 

bus. Thus, this presented topology offers a convenient feature of lower conversion losses at 

various stages due to non-requirement of any additional power electronic circuits. 
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In hybrid dc-ac bus configuration, both the buses are connected through a bidirectional 

converter that permits power exchange between the two buses. This arrangement enhances the 

system’s power reliability due to uninterrupted power supply. In all the above configurations, 

the role of controllers in the power electronic converters is significant as it governs the 

important system parameters. The provision of grid synchronization, fault ride through (FRT) 

capability, voltage control, frequency control and power control are some of the critical 

functions handled by these converters in a hybrid energy system. 
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Fig. 1.3. Hybrid dc-ac bus configuration.  

In situations where the power generated from renewable energy generators are in bulk, 

grid integration of such systems is a preferred choice. However, a grid-connected renewable 

generator must meet the standard specified as per IEEE-1547 [10]. The grid codes demand that 

a grid connected renewable energy generator must stay connected with the grid even during a 

grid fault event for specific duration defined by the LVRT curves. This feature is essential in 

order to prevent instability of grid, instability at the consumer end, and also, to prevent power 

system black out. This aspect is termed as low voltage ride through (LVRT) capability or FRT 

capability [11]. 
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Fig. 1.4. LVRT capability curve as per the grid code of various countries [13]. 

A typical LVRT capability curves shown as per Fig. 1.4 varies from country to country 

as per the standards set by the nation’s electricity grid codes [12]. For instance, the grid-code 

of India formulated by an organization named Central Electricity Authority (CEA) specifies 

that a grid-connected wind or solar generating unit must remain connected to the grid for 300 

mS even if the voltage at the interconnection point dips up-to 0.15 P.U [13]. When sustainable 

energy systems are integrated at the distribution end, it brings the concept of micro-grid which 

is being referred as emerging power system concept [14]. The design of a micro-grid is done 

either by considering standalone or grid connected mode of operation. Various aspects of 

control, protection and stability are to be considered while proposing a micro-grid model. 

1.2 Literature Review 

The literature survey to demonstrate the allied technicalities involved with a hybrid 

renewable energy system is diverse. The associated literature is categorized into following 

subsections; firstly, various hybrid system topologies are reviewed where emphasis towards 

the design, modeling and control of such systems are deliberated. Simultaneously, the role of 

storage devices like battery, SC and H2 based storage specifically FC & electrolyzer 

combination as a potential supporting backup source in hybrid system is realized. Secondly, 

the literature related to various grid integrated distributed energy resources (DER) are reviewed 

where specific attention towards its control is highlighted. Special emphasis is given to various 

methodologies to render the LVRT control and power management control. Finally, few 
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advanced control techniques for achieving the LVRT enhancement and power management 

control in a sustainable energy system are reviewed. An emphasis is given towards the merits 

of applying the artificial intelligence (AI) based control techniques in hybrid energy systems. 

1.2.1 Design and Modeling of the Hybrid System  

The aspect of design and modeling is essential and a fundamental task in order to propose 

a distributed generation (DG) model. The aspect of design involves the following modalities; 

i. Selection of the ratings of individual DGs and storage present in the hybrid system.  

ii. Selection of voltage ratings at the dc-bus or ac-bus.  

iii. Various design calculations of active and passive components present in the system. 

On the other hand, the aspect of modeling in hybrid system is necessary due to 

following reasons; 

i. The performance of the hybrid system will depend on the performance of individual 

components. Thus, the method of modeling will help to analyse the behaviour of 

overall system. 

ii. Modeling enables towards the understanding of interrelation among various input 

and output parameters of individual subsystems in a hybrid system. 

iii. Lastly, modeling helps towards establishing the transfer function of various power 

electronic converters and controllers present the hybrid system. This further guides 

towards the proposal of new control schemes and also guide towards stability 

analysis.  

Overall, it is apt to say that relevant mathematical modeling equations of various 

associated components are imperative. Various literature where the design and modeling of 

renewable energy generators, storage devices and the associated power electronic converters 

are reviewed in this section.  

(a) Hybrid System Involving Wind Energy Conversion Systems 

Wind energy conversion systems (WECS) share its highest installed capacity in India 

among various renewable generators [15]. A variable speed WECS are advantageous because 

of its proven efficiency and increased energy capture. Among several available wind 

generators, permanent magnet synchronous generator (PMSG) is a convincing technology to 

harness electrical power in wind energy systems due to high power factor operation and 

requirement of low-speed operation [16]. Since, the power generation from a WECS or PV 
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system is dependent on the climatic condition, it is essential to capture the maximum power 

generated from these systems. This feature is provided by the maximum power tracking 

(MPPT) controller. MPPT techniques depend on various control strategies or on the number of 

control variables. These techniques are well established in solar PV systems [17]. Similarly, in 

WECS, the use of MPPT in WECS is covered in numerous literatures, where the basic idea lies 

towards the control of rotor speed in order to capture the maximum power coefficient [18]. A 

hybrid system topology consisting of PMSG and battery operating in stand-alone mode is 

showcased in [19]. It is significant to consider that the regulation of voltage and frequency 

while satisfying the MPPT operation are the important control objectives in stand-alone hybrid 

systems. 

Doubly fed induction generator (DFIG) based WECS are also the preferred candidates to 

harness wind power due to its amicable attributes of viable speed operation, high energy 

conversion efficiency, flexible controllability and requirement of lower ratings of the power 

converters [20]. A back-to-back converter arrangement namely rotor side converter (RSC) and 

grid side converter (GSC) configuration are used to enable the power controllability in a DFIG 

system [21]. Approach to hybridize the DFIG system with PV, battery and other storage 

devices is presented in the work [22]-[23]. However, the discussion on the design criteria of 

the storage components is lacking in these literatures. 

(b) Role of Storage in Hybrid Energy System 

As a standard practice, the intermittency in renewable generator is removed by the use of 

storage system. The use of more than one storage system is referred as hybrid storage. Hybrid 

storage are classified into high power density and high energy density-based storage systems 

which offers an enhanced system and economic efficiency [24]. An illustration of various 

storage technologies is shown in Fig. 1.5. Each storage devices differ from each other in terms 

of their response characteristics. For instance, batteries, super capacitors are effective in 

meeting the power demand for short term while hydrogen-based storage are good candidates 

for satisfying the long-term power demand. In order to fetch the benefit of complimentary 

characteristics of the individual storage devices, hybrid storage for a DFIG based wind energy 

system is proposed in [25]. 
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Fig. 1.5. Illustration of various storge technologies. 

• Hydrogen Based Storage 

Energy backup in from of H2 storage is a convincing way for creating long term energy 

backup as it neither causes disposal issues nor causes pollution [26]. An added flexibility 

imposed by H2 energy is that the excess energy generated from the renewable generators can 

be used to run an electrolyzer to generate H2. The role of FC is significant in this aspect, as it 

is a promising device to herness the energy from H2. FC’s are among the promising backup 

source due to its high efficiency, low emissions, simple construction and salient operation. The 

basic energy conversion process lies in conversion of chemical energy to electrical energy. 

Based on operating temperature, FC’s are majorly classified as proton exchange membrane 

fuel cell (PEMFC), solid oxide fuel cell (SOFC) and molten carbonate fuel cell [27]. PEMFC 

is among the most preferred technology for domestic use because of its low operating 

temperature and quick starting capability. While the utility of SOFC is in combined heat and 

power application, since it is characterized with high operating temperature ranging from 500 

to 1000°C.  

The accurate modeling of FC systems is an important aspect as it brings out the exact 

analysis about its operating characteristics. Some significant contributions towards the 

modeling of FCs are performed in [28]-[29], here the dynamic model of PEMFC systems and 
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SOFC systems are proposed. The effect of gas diffusion at PEMFC electrodes is considered to 

determine the expression of effective partial pressure of H2 and oxygen (O2). The effect of 

partial pressure of reactants, activation drop, ohmic drop, concentration drop and double layer 

charge effect inside the SOFC & PEMFC stack helps to derive the exact stack output voltage. 

Overall, FC is used in various works to enhance the reliability of power generation from the 

renewable generators. However, an essential criterion for H2 based systems is that the stored 

H2 must be available in a controlled manner which is done by the help of process automation 

as discussed in [30]. 

Electrolyzer’s are the electrical device which works on dc power to generate H2. The 

modeling of electrolyzer depicts that the generated H2 in the electrolyzer is related with 

faradays efficiency, number of electrolyzer cells and also with the electrolyzer’s current. 

Electrolyzer’s along with FC device have been used in conjunction with renewable energy 

generators in various works [31]-[32]. In all these works, the electrolyzer serves two-fold 

purposes. Firstly, it helps in maintaining the power balance of the system by acting as a dump 

load where the excess power of the system is absorbed by it. Secondly, it generates H2 which 

in-turn serves as a fuel for the FC device. 

• Battery and Supercapacitor-Based Storage 

FC exhibits sluggish response towards power delivery; hence, it becomes unsuitable if it 

is required to support the transient power demand in a hybrid system. Thus, battery and SC are 

good candidates in meeting the transient power demand. The capability of battery to perform 

the function of voltage regulation, power quality improvement and for load levelling in a hybrid 

energy system is illustrated in [33]. Batteries are also hybridized with FC in order to 

compensate the slow dynamic response of FC in various works [34]-[35]. SC are also known 

as ultracapacitors (UC) and they have high power density compared to battery. These devices 

provide the support to meet the short-term power deficiency in a hybrid system which ranges 

from few seconds to minute [36]. The combination of FC, battery and SC is hybrid energy 

storage is attempted in an ac/dc microgrid environment in [37] where the objective of the hybrid 

storage is to meet the respective steady, dynamic and transient load profiles. 

(c) Role of Power Electronics in Hybrid Energy System 

Power electronic converters are the core component of a renewable energy-based hybrid 

energy system. Converters play a significant role to append the control capability in renewable 

energy generators which are inherently non-dispatchable [38]. A dynamic model of a 
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standalone wind and FC based hybrid energy system is proposed in [39]. However, in this study 

the details regarding the design calculations for various power electronic components are not 

included. The dynamic modeling of electrolyzer and H2 storage vessel, compressor and piping 

valves are also not considered. Typically, dc-dc converters are added as an interface element 

in order to facilitate the objectives like MPPT control, power management control, frequency 

and voltage control. Boost converters, buck converter and buck boost converters are the 

typically used dc-dc converters in a hybrid energy system. It is necessary to put in place the 

correct components in these power converters by performing design calculations A 

summarized design calculations of these converters are detailed in [40]. Apart from dc-dc 

converter, design and selection of components like dc-link capacitor, filter at the output of the 

inverter, selection of controller gains is significant from the domain of power converters. 

1.2.2 Control of Hybrid Energy System 

In order to harness power from hybrid system, the aspect of control is imperative. It is 

due to the fact that, when renewable generators are included in hybrid system, the entire system 

becomes stochastic in nature. Inclusion of electrical loads and participation of grid in case of a 

smart grid environment further increases the degree of uncertainty in a grid-connected hybrid 

sustainable system. In order to unify the aspect of control in HSES, power electronics and its 

control plays major role. These power electronic converters perform the following control task;  

i. MPPT control: dc-dc converters are connected directly across the output of DG 

sources. 

ii. Power dispatch control: to ensure the power balance with in the hybrid system. 

iii. Voltage control: it involves the regulation of voltage at various nodes of the hybrid 

system. For example, regulation of dc-link voltage or regulation of voltage at the 

PCC. 

iv. For providing ancillary services like LVRT control, harmonic control, active 

filtering, frequency regulation etc. 

Depending on the configuration of a hybrid system the control approach changes for 

stand-alone mode and grid connected mode.  

(a) Control in Standalone System 

The control in hybrid energy system is facilitated by the use of power electronic 

converters. The approach towards the control capability differs depending on the stand-alone 

mode or for grid connected mode. In standalone systems, voltage control of inverter is a 
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preferred choice [41]. The use of vector control scheme in synchronously rotating reference 

frame is selected for regulating the voltage and frequency of the ac output at the point of 

common coupling (PCC). Along with voltage control, the regulation of dc-link voltage and the 

issues related to power quality in standalone wind-solar hybrid energy system is demonstrated 

in [42]. The control of active and reactive power is essential in standalone DG systems. The 

control for the same is achieved by mimicking the control mechanism found in synchronous 

generator in [43]. The real power is governed by controlling voltage phase angle and the 

reactive power is regulated by controlling the modulation index of the inverter. It is probable 

that transients and load unbalancing are encountered in stand-alone systems. In this aspect, the 

stand-alone inverter is controlled in positive, negative, and homopolar sequence components 

of three-phase supply voltages and currents to ensure balanced voltage in [44].  

(b) Control in Grid-Connected System 

With the promotion and utilization of sustainable energy sources worldwide, grid 

integration of such system is an encouraging aspect. Moreover, the concept of smart grid brings 

the mutual participation of sustainable generators and utility grid towards power exchange [45]. 

Aspects like hardware topologies, control strategies, power quality issues, control under grid 

fault and grid synchronization of DER is reviewed in [46]. Current control is the preferred 

strategy towards the control of grid-interfaced voltage source converter. Current control is 

performed in synchronous reference frame (SRF), stationary reference frame, natural frame 

using PI, PR, hysteresis and dead-beat controller. Dead beat controller possesses larger band 

width hence it exhibits good response under fault conditions [47]. Multiple control objectives 

are necessary in a grid-integrated DER, thus the concept of generic current controller capable 

of performing multiple functionalities such as reactive power support, active filtering 

capabilities along with the basic function of dc to ac power conversion is proposed in [48].  

Hybrid grid integrated DG architectures involving FC proves to be a motivating choice 

towards the power harnessing. A SOFC and gas turbine operating together in grid connected 

mode is proposed in [49] where due to the inclusion of SOFC in the system, the dynamic 

stability of the entire system gets enhanced. The integration of FC with gas turbine in grid 

connected mode is proposed in [50]. In the studies shown as per [49]-[50], it is interesting to 

state that the selection of generation mix is an important aspect towards the transient stability 

behaviour of the entire hybrid system. In fact, as the fuel cell’s rating increases in these system, 

firm transient stability is observed. 
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1.2.3 Low-Voltage Ride Through Capability  

With the changing power system paradigm, large scale penetration of renewable energy-

based DG is encountered in the electrical network. In recent scenario, the integration of DG 

with the utility grid enables to suffice the power demand of certain area of a power system 

network. Such integration eliminates the areas of power system network, which is power 

starved. If renewable generator-based DGs participate toward bulk power exchange with the 

grid, then its frequent tripping is not desirable. An uncontrolled outage of such DG unit will 

lead to power system instability and network black out. Looking into this aspect the grid-codes 

demand that a grid-connected DG must remain unified with the grid even under the event of 

low voltage or grid fault. This aspect is referred as FRT or LVRT capability. The literature 

highlighting various techniques to facilitate the LVRT capability in grid integrated DG system 

is reviewed in this section. 

The aspect of LVRT is first introduced for a large-scale grid integrated wind generator 

[51]. The approach towards FRT capability is attributed in DG systems by adopting either 

active or passive LVRT strategies. An illustration towards the classification of various LVRT 

techniques is given in Fig. 1.6, and specific discussion of various active and passive LVRT 

schemes are detailed categorically. 

(a) Active LVRT Control Schemes 

Active LVRT approach involves towards the modification in the power electronic 

converter control or by the modification of the phase locked loop (PLL) control schemes. It is 

necessary that fault must be detected prior to the activation of LVRT control in DG. Schemes 

like use of notch filter, band stop filter, and delayed cancellation technique are used for the 

same [52]. LVRT enhancement by the advanced control of PLL is proposed in various 

literatures [53]-[58]. Enhanced PLL enabled the synchronization of power electronics 

converter even in high harmonic environment [53]. Advanced PLL structure such as dq-PLL 

[54], αβ-PLL [55], double decoupled PLL [56] and dαβ-PLL [57] enables the LVRT 

enhancement via synchronization of inverter under faults and under high harmonic conditions.  

The LVRT capability is attained by the generation of flexible current references for the 

grid interfaced inverter. Control objectives like elimination of active/ reactive power 

oscillations and negative sequence current minimization are the necessary objectives of a 

LVRT algorithm [58]. Symmetric sequence instantaneous active power control is proposed in 

[59] to achieve ride through characteristics like controlled dc-link voltage and smooth active 

power profile. Strategies like active power curtailment philosophy [60] enables to limit the 
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surge in dc-link voltage. However, this technique is complex and the control algorithm adds 

computation burden on the inverter control algorithm. 

(b) Passive LVRT Control Schemes 

Another popular choice to assimilate the LVRT feature in case of DFIG based wind 

energy systems is by using an additional hardware like a braking resistor and crowbar device. 

When a fast crowbar is used in a DFIG based generator, the uncontrolled generation by the 

reverse diodes and subsequent overvoltage of the dc bus is prevented [61]. Whereas, a braking 

resistor can take energy out of the system to prevent over acceleration of the rotor system. 

Passive LVRT schemes are also applied to capture the additional energy in the rotor circuit in 

the form of inertia by using a flywheel or super conducting magnetic energy storage (SMES) 

device [62]-[64]. Nevertheless, the cost of additional hardware, system modification with the 

addition of new auxiliary devices adds to the system complexity. 
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Fig. 1.6. Brief classification of various LVRT techniques. 

(c) LVRT Schemes in PV 

The FRT capability in single phase PV system is proposed in [65]. The control strategies 

consist of inner current loop for power quality regulation and outer voltage loop for voltage 

control. The LVRT capability demands for reactive power injection control strategies, fast 

voltage sag detection, accurate synchronization [66]. It is demonstrated that, under the grid 

faults the reactive power injection is done by; constant peak current, constant active current 

and by constant average active power control strategy. A general approach is to inject the 

required reactive power or reactive current via the grid-connected inverter control algorithm as 

per the magnitude of voltage dip [67]-[68]. In case of a two-stage configuration PV system, 

LVRT feature is unified to the system by shifting the MPPT point of the PV panel. It is done 

by creating a momentarily short circuit across the PV panels during voltage sag condition [69]-

[70]. 
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(d) LVRT Schemes in hybrid energy systems 

LVRT control in considering multiple DG sources are attempted in selected literature. In 

[71]-[72], positive and negative sequence control for the grid interfaced inverter is performed 

for LVRT enhancement in a FC/battery-based hybrid generation system. The combination of 

wind and PV generation for LVRT enhancement is selected in one of the recent works [73]. It 

is significant to consider that voltage profile at various buses of the micro-grid must exhibit 

least deviation [74]. The same technical criteria are necessary for a successful ride through 

operation along with the control of surge in dc-link voltage, minimization of voltage ripples in 

dc-link and reduced grid current harmonics. A hybrid energy system has to satisfy the power 

demand of variety of loads connected to PCC along with LVRT control. In this aspect, a simple 

simulation approach to observe the effect on hybrid solar and wind power based standalone 

system for R, RL and RLC load respectively is showcased in [75]. 

1.2.4 Power Management Control 

The management of power within the hybrid system is an essential aspect for maintaining 

constant voltage profile at the ac-bus or dc-bus. Power management control necessitates 

proposal of power management controller for the hybrid system. A power management 

controller enables the determination of appropriate split of power from the individual sources 

connected with in the hybrid system. The approach towards power management differs 

depending upon the configuration of the microgrid which could be either in standalone or in 

grid-connected configuration. Eventually, literature involving the proposal of various power 

management algorithms and controllers considering stand-alone and grid connected topology 

are discussed. 

(a) Power management in standalone configuration 

Different approaches towards power management are highlighted in a standalone PV, 

wind and PEMFC based hybrid energy system in [76]. An extensive power management 

control between two dc-microgrids using bus signalling technique is demonstrated in [77]. The 

control demonstration of a hardware-based power management controller for standalone HSES 

is presented in [78]. Frequency deviation is a major challenge in an islanded microgrid [79], 

this is due to the improper power balance with in the microgrid system. The above challenge 

is overcome by the adaptation of droop-based power controllers for standalone hybrid DG 

systems [80]. As per [81], the concept on droop control and reverse droop control is applied to 

regulate the voltage and frequency in a residential microgrid. 
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(b) Power management in grid connected configuration 

Grid integration of hybrid microgrids is imperative due to the restructuring of power 

system and the evolution of smart grid philosophy. Therefore, power management schemes are 

essential for both islanded and grid-connected microgrids [82]. The objective of power 

management, considering the participation of utility grid is undertaken in various literature 

[83]-[88]. Approach towards power management involves the use of supervisory central 

controller [83]-[84], control of individual interfacing dc-dc converters on the basis of current 

or power reference generation [85]-[86]. The control of grid interface inverter requires a 

modified control for enabling power exchange with the grid. Approach like grid following 

strategy and source following strategy is proposed in [87] where, the regulation of dc-bus 

voltage plays the key role for an apt power management. Multiple control objectives are also 

suggested in [88] where along with fixed power exchange with the grid, power quality 

standards are also maintained. 

1.2.5 Application of Artificial Intelligence Techniques in Hybrid Energy System 

The evolution of artificial intelligence (AI) based control techniques is a promising 

solution to facilitate the control action in nonlinear systems where the exact mathematical 

modeling is difficult. AI techniques which are reviewed in this section are fuzzy logic control 

(FLC), artificial neural network (ANN) and adaptive neuro-fuzzy inference systems (ANFIS). 

Intelligent controllers are motivating to perform the power management control in hybrid 

DG systems [89]-[92]. For instance, an ANN controller to regulate the real and reactive power 

in a hybrid solar and FC based system is proposed in [89]. Regulation of power flow by the use 

of a radial basis function ANN in a grid integrated wind and PV hybrid system is done in [90]. 

A neuro-fuzzy controller is applied to perform power management in a hybrid FC and battery-

based DER in [91]-[92] where, the fuzzy controller is used to generates the weight for ANN. 

The ANN controllers show good dynamic response in a non-linear system whenever there is a 

necessary to generate dynamic control references [93]-[94]. 

The intelligent controllers are also applied in LVRT enhancement studies for a grid 

integrated DG system. An enhancement in the LVRT control is proposed for a wind/fuel hybrid 

system by the proposal of a type-1 fuzzy controller in [95] while type-2 fuzzy control is applied 

for ride though control in a PMSG based WCS in [96]. Apart from the objective of LVRT 

control, the objective of power quality improvement in grid connected renewable generator by 

using FLC is performed in [97]-[98]. Besides intelligent controllers, model predictive 

controllers are explored successfully for solving the LVRT aspect in converter and in grid tied 
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PV system in [99]-[100]. Inclusion of nonlinearities and constraints enables a better response 

of predictive controller via the illustration of better steady state and transient state response in 

the grid-connected DG system. 

1.3 Identified Research Gaps 

According to the literature survey in the domain of HSES, the gaps in research and further 

technological enhancement are identified. The gaps are segregated into following sub areas in 

brief; 

1. In the area of design and modeling of a hybrid system.  

2. In the area of control coordination of a grid integrated hybrid energy system specifically 

the aspect of low-voltage ride through capability, where the control aspect during grid 

disturbances also shows a promising road map for exploring further research and scientific 

development. 

3. In the area of power management control inside a hybrid energy system operating in grid 

connected environment shows immense opportunities in the enhancement of existing 

power sharing modalities. 

A hybrid generation system comprises of numerous individual systems and subsystems. 

Therefore, the determination of specifications of each subsystem and its associated components 

requires a knowledge base of individual subsystem’s dynamics. Looking into this aspect, the 

thesis outlines a detailed discussion on the aspect of design and modeling in a hybrid energy 

system. This aspect assists to lay fundamental foundations towards the proposal of new control 

architectures essential to meet the certain technical criteria in a hybrid energy system. 

A great inclination of this dissertation is focused on the LVRT studies in renewable 

energy generators with specific consideration to wind generators. As per the existing literature, 

the LVRT studies are more specific by considering only a single entity based renewable energy 

generators. The related literatures considering LVRT techniques in hybrid sustainable energy 

generators are lesser in number. Moreover, the LVRT techniques includes the utilization of 

passive and active methods where the passive methods add to system cost and affects it 

reliability. Whereas, the active ride through technique associates good amount of complex 

mathematical modeling, use of a greater number of PI controllers and additional computational 

effort. Accordingly, new LVRT approaches have been proposed in this dissertation to 

encounter the discussed hindrances with them. 
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 In the domain of power management control within the hybrid generation system, it is 

inferred that the power management control aspect is very well established in stand-alone 

hybrid system mostly via the process of droop control [80], rule-based control [77], state-flow 

based control [91], intelligence or optimization-based controls [92]. But the research works 

showing the power sharing in grid integrated environment are seldom as compared to the power 

management schemes in standalone environment. Moreover, the literatures discussing hybrid 

systems with integrated control towards power management and LVRT control are few in 

numbers. Consequently, another effort of this thesis work aims in proposing new power 

management control algorithms fit for grid connected hybrid system architecture. At the same 

time, the sequential work presented in this dissertation solves the integrated power management 

and LVRT control in hybrid system architectures specifically considering PMSG or DFIG 

based wind generators as the primary generation sources. 

1.4 Thesis Objectives 

The research gaps in the area of HSES (hybrid sustainable energy systems) bring to 

following objectives for a new set of research work; 

1. Design of HSES 

2. Modeling of HSES 

3. Control of HSES 

4. Investigation on HSES under Fault Condition 

1.5 Organization of the Thesis 

With the proposal of the laid objectives, this thesis dedicates the following set of 

methodologies to meet the objectives. A chronological order is followed in form of specific 

chapters where detailed methodology, relevant model, design and control solutions are 

presented in details in order establish the study on modeling and control of HSES. 

In Chapter-2, the methodology to establish the design of hybrid system is discussed in 

detail. Various set of modalities associated with component specifications, control 

specifications in stand-alone and grid connected hybrid energy generation system are 

discussed. Also, this chapter details out some preliminary investigation-based studies done in 

MATLAB/ Simulink environment when the system is subjected to electrical dynamics such as 

unbalance faults or load transients. 
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In Chapter-3, the modeling of various subsystems in a HSES is presented. Modeling of 

wind generators specially a PMSG and DFIG is showcased. Modeling of short-term energy 

storage devices such as battery and SC is detailed. A brief discussion towards the modeling of 

H2 based back up device consisting of FC and electrolyzer is also presented. Finally, the 

modeling of associated power electronic converters specifically the dc-dc converter and dc-ac 

converter is presented in detail. 

The major contributions of the thesis are dedicated in Chapter-4, 5 and 6 respectively. 

In Chapter-4, a grid-connected hybrid system based on PMSG based WECS and FC is 

investigated for FRT control. This chapter proposes a new feed-forward based FRT control 

scheme for the grid connected inverter. The chapter also discusses on the idea of applying the 

fuzzy logic based current controllers to enhance the FRT capability of the hybrid system. The 

proposed feed-forward-fuzzy FRT control scheme is compared with the conventional dq 

current control and feed-forward FRT control for various grid voltage sag tests. The enhanced 

LVRT control is justified by the simulation results obtained from MATLAB/Simulink. 

In Chapter-5, a grid integrated hybrid system consisting of PMSG based WECS backed 

up by a battery energy storage system, PEMFC and electrolyzer is considered for validating a 

new control algorithm for achieving the objective of power management. The objective of 

LVRT control is also unified in this system by proposing a new dynamic current feed-forward 

based LVRT control scheme for the grid-interfaced inverter. The inverter control is coupled 

with an inherent mode selection capability between the grid feeding mode and LVRT mode in 

order to realize the multiple control objectives. Various practical case scenarios are considered 

to validate the integrated power management strategy and LVRT control scheme for the 

considered hybrid energy system. 

In Chapter-6, another grid-integrated hybrid system configuration consisting of DFIG 

based WECS as primary power generator along with hybrid storage units consisting of SC, FC-

electrolyzer pair is considered. A new central power management controller which takes into 

account the power demand request of the grid operator is proposed. The LVRT capability in 

this system is also unified via the proposal of various multi-dimensional LVRT control 

approaches. A feed-forward-ANFIS based control for the GSC of DFIG is proposed. The 

unified operation of proposed power management controller and LVRT control schemes are 

validated in MATLAB/Simulink based testbed for varied generation, loading and voltage sag 

conditions. Finally, the conclusions and future scope related from the presented research work 

are drawn in Chapter-7. 



19 
 

CHAPTER-2 

Design of Stand-alone & Grid Connected Hybrid Sustainable 

Energy Systems  

2.1 Introduction 

In order to propose a model of a hybrid sustainable energy system (HSES), the 

specifications of individual units in the hybrid energy system needs to be planned. It involves 

decision towards the selection of generation capacity for various distributed generation (DG) 

units and selection of various components specifications/ ratings. Looking into this aspect, the 

ratings of various generation units, storage units, power electronics devices, selection of 

various passive elements and choice of voltage levels is essential. This chapter details the major 

design considerations for few selected configurations of a stand-alone and a grid-connected 

hybrid energy system. The integration of wind energy conversion system (WECS) and fuel cell 

(FC) is one of the motivating choices of this thesis work as this very combination forms a 

reliable DG system where FC forms a sustainable backup source during low power generation 

from WECS. This combination is also claimed to be cost effective and a clean generation 

choice in various works [31], [39]. In this chapter, two different stand-alone DG configurations 

are selected which is shown as per Fig. 2.1 and Fig. 2.2. Apart from these stand-alone system 

configurations, the chapter also investigates on a grid connected WECS-FC based hybrid DG 

model in order to validate the design and control aspects of a typical grid integrated hybrid 

system. A special emphasis is given towards the effect of unbalance fault or a voltage sag in a 

grid connected hybrid system as such investigation studies assists towards the proposal of new 

fault ride through (FRT) control schemes. It is significant to state that the design of hybrid 

energy system (HES) is also dependent of the control philosophy adopted. Thus, the typical 

control philosophy for interfacing inverter which is operating either in stand-alone or in grid-

connected mode is also discussed in this chapter. 

Further, this chapter is organized as follows; in Section 2.2 the design considerations for 

a hybrid energy system is presented. The design equations necessary for selecting the voltage 

levels and various passive components in the hybrid system are deliberated in this section. In 

Section 2.3, the inverter control technique in a hybrid system when it is operating in standalone 

mode is discussed. The Section 2.4 presents an investigation study on a standalone FC system 

and on a standalone hybrid WECS-FC system. Preliminary investigation studies and relevant 
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results are presented when the considered standalone DG systems operate under ideal condition 

and during the occurrence of unbalance fault. In Section 2.5, the inverter control using direct 

power control (DPC) scheme for a grid integrated DG system is discussed. Subsequently in 

Section 2.6, investigation studies on a grid connected hybrid WECS-FC system is performed 

to validate the presented system design and control scheme. Finally, the significant conclusions 

of this chapter are summarized in Section 2.7. 
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Fig. 2.1. Stand-alone PEMFC based system architecture. 

wP

fcP

WECS

PEMFC

Diode 

Rectifier

DC-DC 

Converter-1

DC-DC 

Converter-2

LOAD- 1

LOAD- 2

CDC

Lf

3- Phase

 Voltage Source Inverter 
PCC

S1 S3 S5

S4 S2 S6

IPCC

LC Filter

Cf

Ppcc

 

Fig. 2.2. Stand-alone WECS-PEMFC based hybrid energy system architecture. 

2.2 Design Philosophy of Hybrid Energy Systems 

Power electronic converters are the heart of hybrid energy systems as these converters 

furnishes the control capability to the energy system as a whole. Thus, the selection of various 

component parameters and electrical ratings attributes to the system design. Majorly, the dc-

dc converters and dc-ac converters are the back bone of a hybrid energy system, which is 

evident by visualizing Fig. 2.2. As a classification of dc-dc converters, boost converter, buck 
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converter and buck-boost converter are typically used in this research work. The relevant 

design equations pertaining to dc-dc and dc-ac converters are discussed in this section. 

2.2.1 Selection of dc-Link Voltage 

The hybrid system architecture uses a common dc-bus architecture. The selection of rated 

voltage of the dc-link denoted as dcv  is derived by fixing the rated line to line ac output voltage 

of the inverter terminals (
LL

rmsv ). Considering, the inverter is operated by maintaining a 

modulation index (
fm  ), the dc-link voltage of dc-bus is calculated based on (2.1) [101]. 

( ) LL

dc f rmsv 2 m 2 3 v            (2.1) 

As a typical design example, if LL

rmsv = 415 V and 
fm  = 1 is selected, then the calculated 

value of dcv  is 677 V which is approximated to 680 V. The calculation of rated value of dc-

link voltage helps in the selection of further components like dc-link capacitor and inductances 

for various dc-dc converter used in the hybrid system. 

2.2.2 Design and Selection of dc-link Capacitor 

The purpose of adding the dc-link capacitor CDC is to maintain the dc-link voltage at a 

constant level for voltage source inverter (VSI), and also to minimize the ripple content at the 

dc bus. The design of CDC is generally done by considering a 3% to 5% allowable voltage ripple 

of rated dc-link voltage, and is formulated as per (2.2) [102]. 

dc dc
DC

dc

P v
C

2 v
=

 
           (2.2) 

Here, dcP  is the rated power available at the dc-link, dcv  is the rated dc-bus voltage,   is the 

angular frequency, and dcv  is the percentage voltage ripple with respect to the rated dc-link 

voltage. As a typical example, considering a FC plant rated at 30 kW, dcv  as 680 V,   as 314 

rad/s and percentage voltage ripple as 3%, the value of dc-link capacitance is given as, 

( )
( )

3

DC

30 10 680
C 3443.08 F

2 314 0.03 680


=

  
      (2.3) 

Considering the commercial availability of standard capacitors, the value of DCC  is selected as 

3700 µF. 
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2.2.3 Design dc-dc of Buck Converter 

A buck converter is required in a hybrid generation system if there is a requirement of 

stepping down the dc voltage. This converter is used for interfacing an electrolyzer with the 

common dc bus [103]. Considering the dc bus has been fixed at higher dc voltage level while; 

the terminal of the electrolyzer is maintained at a lower dc voltage level. The selection of 

inductor buckL  is done such that the continuous conduction mode is maintained within the 

converter as per the design equation depicted in (2.4). 

( )1

2

o

buck

s o

D v
L

f i

− 


 
            (2.4) 

Where, D  is the duty cycle of the buck converter, ov  is the output voltage, sf  is the switching 

frequency and oi  is the rated output current of the converter. The output capacitor of the 

converter denoted by oC  is determined as per (2.5) [104]. 

2

o
o

co

i
C

v



            (2.5) 

In (2.5),   is the angular frequency of the ac mains and cov  is the % ripple voltage of the 

output of the capacitor. 

2.2.4 Design of dc-dc Boost Converter 

The dc-dc boost converter is one of the widely applicable converters in HSES. In this 

research work, dc-dc boost converter is used at the terminal of WECS and at the terminal of 

FC. The design of inductor boostL  is performed as per (2.6) [105]. 

( )

1

1 o

boost

s

D D v
L

f i

 − 



          (2.6) 

Where, D is the duty cycle, ov  is the output voltage, sf  is the switching frequency, and 1i  is 

the input current ripple in the inductor which can be considered between 6% to 10% range of 

the rated inductor current 1i . The value of 1i  is expressed as 1 /in ini p v=  where, inp  and inv  is 

the input power rating and voltage rating of the converter. The design procedure for the 

capacitor is the same as mentioned in equation (2.2). 
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2.2.5 Design of dc-dc Buck-Boost Converter 

The buck-boost converter has been used in the hybrid system for interfacing the battery 

bank and SC bank. Since, these storage devices require to perform the charging and discharging 

process depending on the power management control logic. Whenever the process of 

discharging happens then boost operation is activate while; buck operation is used for charging 

process. The inductance is considered by referring the buck mode and boost mode design 

operations [106].  For buck mode, the inductor is selected as per the design equation depicted 

in (2.7); 

( )dc b

buck

s l

v v D
L

f i

− 
=


         (2.7) 

where, bv  is the terminal voltage of the battery and dcv is the dc-bus voltage, sf  is the switching 

frequency and li  is the % ripple of the charging current and D  is the duty ratio expressed as 

b dcD v v= . For the operation in boost mode, the power needs to be transferred from the battery 

terminal to the dc-bus. The design of inductor is done as per (2.8) where the duty ratio D is 

expressed as per (2.9). 

b
boost

s l

v D
L

f i


=


           (2.8) 

dc b

b

v v
D

v

−
=            (2.9) 

The minimum value inductance obtained among equations (2.7) and (2.8) is selected as the 

final inductance value for the buck-boost converter. 

2.2.6 Design of LC Filter 

The LC filter is connected at the output of voltage source converter (VSC). As the output 

voltage and current profile from the VSC terminal is inherently non sinusoidal and contains 

harmonics due to the high switching frequency of VSC. Therefore, a LC filter helps towards 

the removal of voltage and current harmonics. Further, the minimization of harmonics at the 

inverter terminals helps towards the reduction of conduction losses in the power electronic 

switches of VSC. The design of LC filter is done as per [107] where the value of inductance 

(Lf) for the filter is chosen based on the maximum current ripple (
ppi ) at the inverter output.  

The value of Lf is given by (2.10) – (2.11), where 
ppi  is considered as 10% of the inverters 
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rated current denoted by ratedi ,  dcv  is the dc bus voltage and fsw denotes the inverter switching 

frequency. 

pp ratedi 10% i =            (2.10) 

dc
f

sw pp

v
L

4 f i
=

 
          (2.11) 

The filter capacitor Cf is connected in shunt at the terminal of VSC, as capacitor offers 

low reactance for the high frequency ripple currents. As per the harmonic standard [108], the 

harmonic order greater than 33 must not exceed 0.3% of the rated current. On this basis, the 

capacitance is calculated as 

f 2 2

sw f

1
C

4 f L
=


           (2.12) 

2.3 Inverter Control Philosophy in Standalone Hybrid Energy System 

In stand-alone mode, voltage control of the inverter is done in synchronously rotating dq-

frame [109] depicted as per Fig. 2.3. The dq-control favours the advantage of having only two 

control variables instead of three. Due to reduction in number of control variables, an ease and 

convenience towards better regulation of various control variables is experienced. Technically, 

the aspect of voltage control and frequency regulation are the prime objectives of this inverter 

control structure. The indirect voltage control is achieved by the regulation of d-axis and q-axis 

current variables di  and 
qi  respectively. In this control structure, the voltage reference 

ref

dv  is 

generated by the PI controller PI1 which ensures the regulation of dc-link voltage 
dcv  at its 

reference value ref

dcv . The term ref

qv , denotes the q-axis reference voltage, it is fixed to zero for 

achieving unity power factor operation of the inverter. A virtual PLL is used to fix the angular 

frequency ω of the synchronously rotating frame. The transformation angle θ is calculated from 

ω and it is used for the 3-phase voltages (va, vb, vc) and 3-phase currents (ia, ib, ic) transformation 

to their corresponding dq- reference frame variables vd, vq, id and iq respectively. 
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Fig. 2.3. Voltage control of the inverter working in stand-alone mode. 

Table. 2.1 

 Design parameters of the standalone FC system 

Device /Components Ratings from design calculations 

PEMFC Stack Parameters 

Power rating of individual stack= 1.2 kW 

Rated voltage of a single stack= 26 V 

Rated stack current= 46 A 

Operating temperature= 55°C 

Nominal supply pressure of H2 = 1.5 Bar 

Nominal supply pressure of O2 = 1 Bar 

Number of series connected stacks = 22, 

Number of strings of parallel connected stacks = 2 

Overall rating of the PEMFC array = 50 kW 

dc-dc boost converter 

Input voltage = 572 V 

Output voltage = 700 V 

Duty cycle ( D ) = 0.1857 

Switching frequency = 10 kHz 

boostL  = 1.2 mH 

dc link capacitor (CDC) 3300 µF 

dc link voltage (vdc) 700 V 

Inverter 

Rated kVA = 50 kVA 

Terminal voltage (L-L) = 415V 

Switching frequency = 20 kHz 

LC filter Lf = 1.25 mH, Cf = 0.1 µF 

3-phase resistive load Load-1 = 3 kW, Load-2 = 1.5 kW 
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2.4 Investigation Studies on Standalone Hybrid Energy System 

This section intends to utilise the aspects of design and control of a standalone DG 

system. Looking into this aspect, two different standalone systems presented as per Fig. 2.1 

and Fig. 2.2 are considered. The standalone system shown as per Fig. 2.1 uses only a 50 kW 

PEMFC system. This system is designed by following the design equations discussed as per 

Section 2.2 and the corresponding selected component values are summarised as per Table 2.1. 

Apart from this system, another standalone system as per Fig. 2.2 is considered. This system is 

a hybrid system, which is designed by considering a 40 kW PMSG based wind energy system 

and a 15 kW fuel cell system. Both the standalone systems are evaluated under steady state and 

unbalance fault conditions in order to understand the control aspects and its associated 

challenges. Two case studies namely Case study-1 and Case study-2 are undertaken in this 

section to validate the standalone system’s design and control. In all the case studies, the 

behaviour of the standalone system under ideal system condition and under unbalance faults 

are presented. Parameters like, dc-link voltage vdc, PCC terminal voltage vpcc, PCC current ipcc, 

frequency of the inverter’s output terminal voltage denoted by F, active power delivered by the 

inverter denoted by Ppcc and the anode channel pressure of PEMFC- 
2HP  are recorded in each 

simulation case studies. 

2.4.1 Case Study-1: Investigation on a Standalone Fuel Cell System 

For this case study, the stand-alone FC system presented as per Fig. 2.1 is considered. 

The control of inverter is performed as per the voltage control schematic of Fig. 2.3. The system 

performance without the presence of unbalance fault is presented as per Fig. 2.4(a) while the 

effect of a single line to ground (SLG) fault on the system is portrayed as per Fig. 2.4(b). In 

order to observe the effect of load transient in this system, two 3-phase resistive loads, namely, 

load-1 and load-2 are connected to the PCC at 0.2 s and at 0.3 s respectively. The profile of dc-

link voltage and PCC voltage are well regulated even during load transients as per Fig. 2.4(a).  

It is interesting to observe the effect of loading on the system where a corresponding increase 

of PCC current is registered at 0.2 s and 0.3 s respectively. The frequency of PCC voltage is 

well regulated at 50 Hz due to the effective voltage control offered by the inverter control 

structure. 

The impact of unbalance fault on the stand-alone system of Fig. 2.1 is simulated in 

MATLAB/ Simulink platform using a “Fault Block” from the Sim-Power-Systems library 

[111]. The considered fault duration is from 0.5 s to 0.6 s and the corresponding results are 
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presented as per Fig. 2.4(b). It is inferred that under fault condition, the unbalancing in PCC 

voltage and current waveforms are prominent. This leads to distortion of dc-link voltage, 

frequency and active power profile as per Fig. 2.4(b). Such, oscillatory response is undesirable 

as it will lead to poor power quality and mal-operation of the ac loads. It is further inferred that, 

the control of VSC cannot sustain the unbalancing in form of faults, as it leads to change in 

phase of terminal voltage of VSC. Further, as per the inverter control schematic of Fig. 2.3, the 

effective generation of voltage reference (
ref

dv ) is affected due to the presence of unbalance 

faults. Also, from Fig. 2.4(b), it is inferred that oscillatory response in channel pressure of the 

PEMFC system is encountered. This can adversely affect the life time of PEMFC membrane. 

As a conventional voltage controlled VSC control system does not have the rejection capability 

to the negative sequence voltage and current components, such adverse behaviour is 

encountered during unbalance fault. Thus, an enhanced control of VSC for a stand-alone 

system is desirable. 
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Fig. 2.4. Simulation results of PEMFC based stand-alone system. (a) Under normal condition. (b) 

Under SLG fault condition. 
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2.4.2 Case Study-2: Investigation on a Standalone WECS/ Fuel Cell Hybrid Energy 

System 

A similar investigation is carried out as when the considered stand-alone system consists 

of hybrid power generation sources. The PMSG and PEMFC based hybrid system is depicted 

as per the configuration of Fig. 2.2. The investigation results of this stand-alone hybrid system 

under steady state and under fault condition are presented as per Fig. 2.5(a) and Fig. 2.5(b) 

respectively. A constant loading of 16 kW at the PCC is considered for the validation of inverter 

control scheme. The dc-link voltage, PCC voltage and the inverter’s terminal frequency are 

well regulated as per Fig. 2.5(a). Steady power at the PCC and constant anode channel pressure 

is maintained in this case. 

The same stand-alone hybrid system is now analysed when it is subjected to SLG fault 

for the duration of 0.5 s to 0.6 s. The response of the system is shown as per Fig. 2.5(b) where, 

the result depicts that the system encounters over current in the phase where the fault has 

occurred. The profile of active power at the PCC registers oscillations due to the flow of 

negative sequence currents in PCC. It is interesting to note that the profile of anode channel 

pressure is quite smooth as per Fig. 2.5(b) as compared to the profile of FC channel pressure 

oscillations as shown in Fig. 2.4(b). This difference is due to the voltage support gained in the 

system due to hybridization of WECS and PEMFC at the common dc-link. However, this 

aspect has minimum significance since, the magnitude of channel pressure oscillation is also 

dependent on the severity of SLG fault and the fault impedance.  

2.5 Inverter Control Philosophy in Grid-Connected Hybrid Energy System 

The grid integration of a HES consisting of WECS and FC is performed in this section. 

The schematic of this system is as per Fig. 2.6, where a 40 kW wind turbine driving a PMSG 

based wind generator is integrated with a 15 kW FC system at a common dc-bus. The detailed 

design and selection of various components and system parameters of this hybrid system is 

performed as per the design procedure detailed in Section 2.3. Further, these selected values 

are presented in Table 2.2. The control of inverter for such grid integrated hybrid energy system 

is done in dq- reference frame with the adoption of direct power control (DPC) strategy [109]. 

The detailed control philosophy towards DPC is explained in the consequent subsections. 
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Fig. 2.5. Simulation results of standalone hybrid WECS/ PEMFC system. (a) Under normal 

condition. (b) Under SLG fault condition. 
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Fig. 2.6. Grid-connected WECS /FC hybrid system architecture. 
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Table. 2.2 

 Design parameters of the grid-connected WECS-FC hybrid energy system 

Device /Components Ratings from design calculations 

Parameters of WECS 

Rated power of the wind turbine = 40 kW 

Wind Generator type: PMSG 

Rated speed of the PMSG = 314 rad/s 

Base wind speed of the turbine = 12 m/s 

Pitch angle (β) = 0° 

  dc-dc boost converter-1 

Input voltage = 630 V, Output voltage = 680 V 

Duty cycle ( D ) = 0.0735 

Switching frequency = 10 kHz 

boostL  = 1.2 mH 

PEMFC Stack Parameters 

Power rating of individual stack= 1.2 kW 

Rated voltage of a single stack= 26 V, Rated stack current= 46 A 

Operating temperature= 55°C 

Nominal supply pressure of H2 = 1.5 Bar 

Number of series connected stacks = 12, 

Number of strings of parallel connected stacks = 1 

Overall rating of the PEMFC array = 15 kW 

dc-dc boost converter-2 

Input voltage = 312 V 

Output voltage = 680 V 

Duty cycle ( D ) = 0.5412 

Switching frequency = 10 kHz 

boostL  = 6 mH 

dc link capacitor (CDC) 4700 µF 

dc link voltage (vdc) 680 V 

Inverter 

Rated kVA = 55 kVA 

Terminal voltage (L-L) = 415 V 

Switching frequency = 20 kHz 

LC filter Lf = 1.42 mH, Cf = 0.1 µF 

Utility Grid Rated voltage (L-L) = 415 V, Rated frequency = 50 Hz 

2.5.1 Direct Power Control Scheme 

The DPC inverter control scheme offers the flexibility to extract the desired active power 

or reactive power from the hybrid generators. This aspect is realised by referring to its control 

structure as depicted in Fig. 2.7. In this structure, 
r efP  and 

r efQ refers to the fixed active and 

reactive power desired from the inverter. The process of tracking this desired power from the 

inverter system is performed by the indirect current control. The information regarding the 

actual power generated by the hybrid sources is fetched by sensing the dc-link voltage. The 

outer voltage loop generates a current reference ref

dci  when the error between the desired dc-link 
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voltage 
ref

dcv  and actual dc-link voltage 
dcv is being processed by the PI controller PI1 as per 

(2.13). The proportional and the integral gain of this controller is denoted by 
1

pk  and 
1

ik  

respectively. The actual power generated by the hybrid sources denoted by P is estimated by 

the product of 
dcv  and ref

dci  as per (2.14). 

( ) ( )1 1ref ref ref

dc p dc dc i dc dci k v v k v v= − + −         (2.13) 

= ref

dc dcP v i              (2.14) 

The error between the actual generated power and the desired power is denoted by 

 r efP . The parameters  r efP  and 
r efQ  are used to generate the current references in dq- frame 

for the inner current control loop by applying (2.15) and (2.16) respectively. 
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Fig. 2.7. VSI control based Direct power control scheme for grid connected mode. 

In general, the desired reactive power 
refQ  is fixed to zero for maintaining the unity 

power factor operation at the inverter terminals. The regulation of reference currents ref

di and 
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ref

qi  by the PI controller PI2 and PI3 ensures the desired dispatch of active power or reactive 

power from the 3-phase VSI system. However, the controller gains of PI2 and PI3 is a 

significant aspect towards the regulation of active and reactive power from the grid connected 

inverter system. Therefore, a design methodology towards its tuning is deliberated in the next 

subsection. 

2.5.2 PI Controller Tuning in DPC 

As inferred from Fig. 2.7, the DPC mechanism uses three PI controllers, each attributed 

with specific functions. The PI controller PI1 enables the regulation of dc bus voltage hence is 

referred as voltage controller. The PI controllers, PI2 and PI3 are meant for regulating the dq-

axis current, thus it is referred as current controller. 

The tuning of proportionality constant (
pk ) and the integral gain ( ik ) constant of the 

current controllers are done using equation (2.17) [110] where, 
fR  and 

fL  denotes the 

resistance of  the RL filter connected at the output of inverter, i  represents the time constant 

of the inverter current control loop. The value of i  is derived with the knowledge of inverter 

time constant c , which is the reciprocal of inverter’s switching frequency. Generally, for 

feasible current regulation, the time constant of current loop is 10 times of the inverter time 

constant, thus τi = 10* τc.  

;
f f

i p

i i

R L
k k

 
= =           (2.17) 

2.6 Investigation Studies on Grid-connected Hybrid Energy System 

The designed grid integrated hybrid energy system is as per Fig. 2.6 whose parameters 

are detailed in Table 2.2. This system is validated in MATLAB/ Simulink environment where 

it is investigated under ideal condition and for low voltage sag conditions. The respective 

investigation studies are referred as Case Study-1 and Case Study-2. 

2.6.1 Case Study-1: Investigation Under Ideal Condition 

Under an ideal condition a constant wind speed is considered for the WECS, while 

constant pressure of the H2 fuel at the anode is considered. The investigation results for a 

simulation time span of 1 s are presented as per Fig. 2.8. A firm dc-link voltage dcv  around 680 

V is maintained in the system which is as per Fig. 2.8(a). The line voltage at the PCC denoted 

by vpcc is maintained constant at its rated value of 415 V as per Fig. 2.8(a). This is due to the 
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effective control offered by the inverter control scheme. The desired power reference 
r efP is 

fixed to 40 kW which is based on the assumption that the hybrid DG system must meet a power 

obligation of 40 kW towards utility grid. As per the profile of active power delivered at the 

PCC terminal denoted by Ppcc, it is inferred that the inverter control is able to regulate its power 

near as that of the desired power reference 
r efP . Accordingly, the profile of current at the PCC 

is registered as per Fig. 2.8(a). An interest lies to observe a physical parameter in this system 

which is the channel pressure at the anode of PEMFC denoted by PH2. The profile of PH2 is 

shown as per Fig. 2.8(a) which indicates that the anode channel of the PEMFC is within the 

nominal operating pressure. 
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Fig. 2.8. Simulation results of grid connected hybrid WECS/ PEMFC system. (a) Under normal 

condition. (b) Under 1-phase voltage sag condition. 

2.6.2 Case Study-2: Investigation Under Unbalanced Voltage Sag 

A 1-phase voltage sag is simulated in the considered grid-connected HES for the span of 

0.5 s to 0.6 s. A surge in the profile of dc-link voltage is observed as per Fig. 2.8(b) due to an 

imbalance between generated power and dispatched power during fault condition. The profile 

of PCC current is as per Fig. 2.8(b) where it is significant to observe that due to presence of 
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negative sequence currents in the system during voltage sag, oscillations in the profile of active 

power are observed. On critical observation of the profile of active power it is apt to infer that, 

there is a dip in the average value of active power of the PCC during the span of voltage sag. 

As per the profile of anode channel pressure as per Fig. 2.8(b), pressure oscillations are 

originated inside the channel during voltage sag duration. 

The results of Fig. 2.8(b) signify that a hybrid system must have control mechanism to 

overcome the effects of unbalance faults or voltage sag. Such study, motivates towards deeper 

investigations on fault ride through mechanisms in hybrid sustainable energy system and 

encourages to offer new FRT control mechanisms. 

2.7 Chapter Summary 

From the aforementioned discussions, it is concluded that design and modeling of the 

hybrid system is essential in order to establish a practically realizable model of the system. 

This exercise will be helpful for further investigations for validating various control 

performance. Design calculations of different components involved in the model such as the 

rated dc-link voltage, dc-link capacitance, LC-filter parameters are showcased. This chapter 

has considered two stand-alone system topologies, consisting of only FC in the first topology 

and a WECS- FC in the second topology. The related control scheme for the inverter operation 

under stand-alone mode is discussed. The performance of these standalone system is 

investigated for ideal and under unbalance fault condition. Further, the chapter also presents 

the design of hybrid grid integrated WECS and FC system. The inverter control in grid-

connected environment is performed by DPC and this control scheme could successfully 

regulate the active power. The same system is also investigated for unbalance fault condition 

at PCC. The investigation results suggest that, surge and oscillation in dc-link voltage, over 

current at the inverter terminal, dip and oscillation of active power at PCC are some of the 

major challenges in the operation of a hybrid system under faulted condition. 
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CHAPTER-3 

Modeling of Different Sub-Systems in HSES Architecture 

3.1 Introduction 

The thesis considers various architectures of HES which comprises of several sub-

systems. In this chapter, a detailed deliberation towards the modeling of individual renewable/ 

sustainable energy generators, storage devices and power electronic converters are presented. 

In all the HSES (hybrid sustainable energy system) architectures, wind energy system is 

considered as the primary source of power generation. The specific reason of selecting WECS 

is the abundance potential of wind energy in India. As per the technical report published by the 

CEA India [15], wind energy is the largest contributor for the renewable power in the country. 

This chapter emphasis on the modeling of two most widely used wind generators, namely, 

DFIG and PMSG. 

In subsequent chapters of this dissertation work, three different HSES architectures have 

been proposed; firstly, the combination of PMSG and FC is selected for investigating the LVRT 

capability in the system as per Chapter-4. Secondly, the combination of PMSG, FC, battery 

and electrolyzer are used to validate the concept of integrated power management and LVRT 

control in the grid-integrated environment in Chapter-5. Lastly, in Chapter-6, the merits of 

DFIG are utilized to hybridize a SC bank, FC and electrolyzer towards the validation unified 

power management and LVRT control in HSES. As the proposed HSES configurations uses 

storage devices, the dynamics and modeling of these devices namely; FC, electrolyzer, battery 

and SC are also presented in this chapter. Apart from the modeling of primary and backup 

power sources, the modeling of dc-dc and dc-ac power electronic converters are also discussed. 

3.2 Modeling of Wind Energy Conversion System 

The prime components of a WECS are wind turbine, wind generator, gear-box, power 

electronics converters and its corresponding control circuitry. In this thesis work, PMSG and 

DFIG based WECS are selected as the prime renewable energy generator because of their 

relative merits. A PMSG is characterized with advantageous technical feature of low driving 

speed requirement, and thus, the prerequisite of a gear box interface between the wind turbine 

and generator is eliminated depending on the on-site wind potential generation. A PMSG is 

singly excited machine as the magnetic field in the rotor circuit is created by the permanent 

magnets which brings a robust construction and leads to low maintenance cost. On the other 



36 
 

hand, a DFIG based wind energy system attributes to a marginally higher cost due to the 

simultaneous magnetic field excitation requirement for both the stator and rotor winding. 

However, the provision of wider flexibility in the control of the active and reactive power from 

the stator’s terminals via the use of back-to-back power electronic converters proves to be an 

added advantage. Moreover, in the DFIG system the converters namely RSC and GSC are rated 

around 30% of the DFIG machine’s rating. Therefore, both the PMSG and DFIG based wind 

generators are comparable looking into their aspects of technical benefits and control 

flexibilities. 

3.2.1 Modeling of Wind Turbine 

A turbine generator model has been considered in this work without the presence of gear 

box arrangement. Here, the conventional two mass drive train model is ignored. The 

mechanical power generated by wind turbine is given by (3.1) [112],  

             
31

( , )
2

m pP C A=                (3.1) 

where, Pm is the mechanical power developed by the wind turbine, ρ is the air density in 

kilograms per cubic meter, A denotes blades swept area in meter square, v represents wind 

speed in meter per second, and Cp represents power coefficient which is function of tip speed 

ratio (λ) and pitch angle (β) and is expressed as per (3.2) and (3.3). 

           

5

2
1 2 4 6( , ) i

c

p

c
C c c c e c

 
  = − − +  

 
       (3.2) 

            
3

1 1 0.035

0.08 1i

= −
  +   +

           (3.3) 

where, c1 = 0.5176, c2 = 116, c3 = 0.4, c4 = 5, c5 = 21 and c6 = 0.0068, the knowledge of 

characteristics between Cp vs.   for different values of pitch angle helps in calculating the 

maximum possible wind power for a particular wind speed. This forms the basis of MPPT 

control in WECS. The mechanical torque mT  generated by the wind turbine is used for 

generation of electromagnetic torque eT  in the generator. A general relation between mT  and 

eT  is expressed as per (3.4) [96] where, J denotes the inertia constant of the rotor and r  is the 

rotor speed of PMSG. 

             
r

m e

d
T T J

dt


= +             (3.4) 
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3.2.2 Modeling of Permanent Magnet Synchronous Generator 

In this work, a salient pole PMSG is considered, the modeling of stator voltage equations 

is based on parks transformation which considers synchronously rotating reference frame in 

the rotor axis expressed as per (3.5)-(3.6) [113]. 

           sd
sd s sd s e s sq

di
v L i R L i

dt
= + −           (3.5) 

          
sq

sq s sq s e s sd e f

di
v L i R L i

dt
= + + +           (3.6) 

In above expressions, Rs and Ls are resistance and inductance of PMSG stator winding 

respectively, vsd, vsq, isd and isq are the stator voltage and current transformed to dq-reference 

frame, f  is the magnetic flux and ωe is the electrical angular speed. The equivalent circuit 

model of PMSG is fetched from equations (3.5) and (3.6) which is replicated as per Fig. 3.1. 

The generated electromagnetic torque eT  generated inside the rotor of PMSG is given as per 

(3.7); 

           ( ) 
3

2 2
e f sq sd sq sd sq

P
T i L L i i=  + −         (3.7) 

where, sdL  and sqL  are the stator winding inductances in d-q reference frame respectively and 

P is the total number of magnetic poles in the machine. If a surface mounted non salient pole 

PMSG machine is considered then sd sqL L  thus (3.7) gets simplified as per (3.8).  

dsv

sd si R e qs 
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sdi

+−

qsv
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+−

+
−

e f 
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Fig. 3.1. Equivalent circuit of PMSG. (a) d-axis equivalent. (b) q-axis equivalent. 

               
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2 2
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P
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The above equation relates the direct dependency of the rotor’s electromagnetic on sqi , 

f  and P  respectively. 

3.2.3 Modeling of Doubly Fed Induction Generator 

The modeling of DFIG is done in synchronously rotating reference frame in which the 

synchronous reference frame (SRF) quantities rotate synchronously with the stator flux. The 

stator and rotor voltages in dq-axis frame are given as per (3.9)-(3.12) respectively [114]. 

ds
ds s ds e qs

d
v r i

dt


= + −            (3.9) 

             
qs

qs s qs e ds

d
v r i

dt


= + +             (3.10) 

            ( )dr
dr r dr e r qr
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dt


= + −  −            (3.11) 

            ( )
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Fig. 3.2. Equivalent circuit of DFIG. (a) d-axis equivalent. (b) q-axis equivalent. 

where, dsv , qsv  are the stator voltage in synchronous rotating frame, dsi , qsi  are the stator 

currents in dq-frame. The supply and rotor angular frequencies are represented by e  and r  
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respectively. ds and qs represents the stator flux linkage in dq- axis respectively. While; vdr, 

vqr are the rotor voltages in SRF, idr, iqr are the rotor currents in dq frame. dr and qr represents 

rotor flux linkage in dq- axis respectively and the stator and rotor resistances are denoted by rs 

and rr respectively. 

The equivalent circuit of the DFIG machine in dq coordinate is derived as per (3.9)-

(3.12). This circuit is presented as per Fig. 3.2 where, lsL  and lrL  represents the leakage 

inductance of the stator and winding respectively. mL represents the magnetizing inductance 

between stator and rotor winding of the DFIG machine. The expression of stator’s active (Ps) 

and reactive power (Qs) is given by (3.13) and (3.14) respectively. 

            ( )
3

2
s ds ds qs qsP v i v i= +           (3.13) 

            ( )
3

2
s qs ds ds qsQ v i v i= −           (3.14) 

The expression of stator currents is also related with the rotor currents idr, iqr as per (3.15)-

(3.16) where, Ls, Lr and Lm denotes the stator inductance, rotor self-inductances and mutual 

inductance respectively. 

 
1

ds ds m dr

s

i L i
L

=  −           (3.15) 

1
qs qs m qr

s

i L i
L

 =  −                    (3.16) 

If this expression is substituted in (3.13) -(3.14), then the dependency of Ps and Qs with 

idr, iqr is related as per (3.17) and (3.18) respectively. 

         ( ) ( )
3 1

2

m
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s s

L
P v v v i v i

L L

 
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         ( ) ( )
3 1

2

m
s qs ds ds qs qs dr ds qr

s s

L
Q v v v i v i

L L

 
=  −  − − 

 
              (3.18) 

The expression of generator’s electromagnetic torque eT  is formulated in various ways 

where, its dependence with various stator and the rotor side electrical parameters is expressed 

as per (3.19) [115]-[116], 
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         (3.19) 

3.3 Modeling of Proton Exchange Membrane Fuel Cell 

The PEMFC is modelled as per (3.20) -(3.21). The internal potential ecell generated across 

the two electrodes is as per the Nernst equation denoted by (3.20), 

2 2

2

1 2

02

/

H O

cell o

H

p pRT
e e log

F p

  
= +  

    

       (3.20) 

where, the standard reference potential under standard condition of 1 atm and 25◦C is denoted 

by oe . The magnitude of celle  depends on the stack temperature represented by T, universal gas 

constant R, faradays constant F and the partial pressures of 2H , 2O  and 2H O  are denoted by 

2Hp , 
2Op  and 

2H Op  respectively. The magnitude of terminal voltage is always less than celle  

due to the presence of activation loss, ohmic loss and concentration losses inside the PEMFC. 

The partial pressure of the reactants at anode and cathode of the FC preliminarily depends on 

the molar flow of reactants at anode-cathode, stack current of the FC and with various modeling 

constants. The same is expressed as per (3.21), 

2 2 2

2 2 2

( 2 )

( 2 )

in

H H H r stack

in

O O O r stack

p z q K i

p z q K i

= − 


= − 

        (3.21) 

where, 
2Hp and 

2Op  are the partial pressure (in bar) of H2 and O2 at anode and cathode 

respectively, 
2

in

Hq  and 
2

in

Oq denotes the molar flow (kmol/s) of the reactants at anode and 

cathode of the FC, while 
2Hz , 

2Oz , rK  are the modeling constants and stacki  is the stack current 

of FC. Considering a constant temperature and pressure in the fuel cell’s stack chamber, the 

quantity of reacted H2 in the FC denoted by 
2

r

Hq (mol/s) is given as per (3.22) [117], 

2 0 2 2r

H stack r stackq N I F K I= =
       (3.22) 
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where, N0 is the number of series connected cells, F is the faradays constant (C/mol) and Kr is 

the modeling constant [mol/(sA)]. 

3.4 Modeling of Battery System 

The terminal voltage vterm and battery state of charge (SOC) are the important parameters 

for a battery model. A battery storage system is modeled as per (3.23) and (3.24) respectively 

[85]; 

          bB i dt

term oc b b a

b

Ahr
v v i R k v e

Ahr i dt

= + − +
+ 

      (3.23) 

             1 100
bi dt

SOC
Ahr

 
 = − 
 
 


        (3.24) 

where, vterm denotes the battery terminal voltage, voc is the open circuit voltage, ib is battery 

current, Rb is the battery internal resistance, k is the polarization voltage, va is the exponential 

voltage and B is the exponential capacity. 

3.5 Modeling of Super Capacitor System 

SCs are characterized by rapid transient response, low start up time, large power density, 

rapid discharging and charging cycles and does not require of extra cryogenic cooling systems 

as in case of a super-conducting energy storage device [118]. The modeling of SC is done via 

the utilization of the equivalent circuit shown as per Fig. 3.3 [119], where scC  denotes the 

capacitance of SC, p

scR  and se

scR  is the series and parallel resistance, cscv  is voltage across the 

SC, scv  is the entire voltage across the SC and parallel branch, sci  is the current delivered by 

the SC. The dynamic KCL and KVL equations which explicates the working mechanism of 

the SC are presented as per (3.25) and (3.26) respectively. 

csc csc
sc scp

sc

v dv
C i

R dt
+ =           (3.25) 

0se

csc sc sc scv i R v− − =           (3.26) 
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Fig. 3.3. Supercapacitor equivalent model and its integration with Buck-Boost converter. 

3.6 Modeling of Electrolyzer 

The electrolyzer system forms the supporting system for PEMFC where H2 gets 

generated with the help of excess power from the WECS. The cell voltage and current relation 

in an electrolyzer is related as per (3.27) [120]. Where, vcell is the electrolyzer cell voltage, vtherm 

is the thermodynamic cell voltage, T is electrolyzer temperature in °C, r1 and r2 are the ohmic 

resistance parameters, t1, t2, t3 and u1 are the over-voltage parameters, while; elzi is the current 

through the electrolyzer, A is the cell electrode area in m2 and elzi A  is the electrolyzer current 

density in A/m2. The number of electrolyzer cells connected in series denoted by ns, is decided 

as per the required electrolyzer power rating as per (3.28). 

         
31 2 2

1 2
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t ir r T t
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A T T A

       

 +   
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               elz s cellv n v=            (3.28) 

The electrolyzer generates H2 as a function of electrolyzer current and Faraday’s 

efficiency and is expressed as per (3.29). 

2 2

F s elz
H

n i
n

F
=


           (3.29) 

In the above Eqn., 
2Hn is the generated H2 from the electrolyzer in (mol/s), F  denotes 

the Faraday’s efficiency, while sn  represents the number of series connected cells in the 

electrolyzer, F and elzi  are the faradays constant (C/mol) and electrolyzer current (A) 



43 
 

respectively. The significance of faradays efficiency is that it conveys the ratio of practical and 

theoretical maximum quantity of H2 generated in the electrolyzer. The value of F  is a function 

of electrolyzer current which is denoted as per (3.30); 

296.5exp(96.6 / 75.5 / )F elz elzi i= −                  (3.30) 

3.7  Modeling of dc-dc Converters 

As the thesis work uses WECS, FC, battery, SC and electrolyzers, their controlling 

capability is possible with the use of power electronic interface- based converters. Typically, 

dc-dc converters are used for the interface purpose. Different control approach is possible for 

these converters in order to achieve sharp and desired system’s control performance. A brief 

description regarding all the possible dc-dc converters namely; dc-dc boost converter, dc-dc 

buck converter and dc-dc buck boost converters are described in the Subsections 3.7.1- 3.7.3 

respectively. 

3.7.1 DC-DC Boost Converter 

A dc-dc boost converter is being typically used to raise the dc-voltage level at a particular 

node in an electrical network. A boost converter is also referred as a step-up dc transformer 

since it elevates the dc voltage level in the system to a higher voltage level. In general, these 

converters find applications in PV systems, WECS etc. In this thesis, boost converters are used 

at the output terminals of the PEMFC in order to match the low voltage output from the PEMFC 

array with the common dc-link voltage of the system. Whereas, in WECS, the dc-dc boost 

converter has been used to perform the function of MPPT.  
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Fig. 3.4. Boost converter model. 

A typical circuit model of such a converter assuming an IGBT based power electronic 

switch ‘S’ is shown in Fig. 3.4 where Vs and Vo are the input and output dc voltage for the 

converter, L and C are the inductance and capacitance of the converter, R is the output 
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resistance and D is the diode. The current through the inductor iL and voltage across the 

capacitor Vo are taken as the state variables while Vs is considered as the input variable in order 

to express the behaviour of the converter in state-space form. The state equations of the 

converter are expressed as per (3.31) where, ‘d’ denotes the duty ratio of the converter which 

is expressed as per (3.32) [122].  
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These equations help in selections of converter controller parameters, and also towards 

conducting its stability analysis. 

3.7.2 DC-DC Buck converter 

A buck converter is typically used to reduce the dc-voltage level in the system. This 

converter has been used in the work to interface an electrolyzer with the dc-bus of HES. As 

common dc-bus architecture is considered in all the HES architectures, the voltage level of this 

dc-bus is at a higher level. On the other hand, the electrolyzer input terminal voltage is rated at 

a lower dc-voltage level. The interface and control of the buck converter facilitates the desired 

operation of the electrolyzer as per specific system requirement. Fig. 3.5 represents the typical 

model of a buck converter where; the duty ratio of the switch ‘S’ and the ratings of passive 

components determines the output voltage of the converter. 
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Fig. 3.5. Buck converter model. 
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The state equations representing the entire dynamics of the buck converter are 

represented as per (3.33) [122] where; sv and ov  are the input voltage and output voltages of 

the converter. The state variables are current through the inductor Li  and voltage across the 

capacitor cv . The duty ratio of the converter ‘d’ is given as o

s

v
d

v
= . 

         
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Vdv
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       (3.33) 

3.7.3 DC-DC Buck-Boost Converter 

This converter has the capability to either step up or step down the dc-voltage level 

depending on the converter’s duty ratio. This converter typically finds it application as an 

interfacing media for a battery bank or a SC bank where repeated charging and discharging 

cycles are experienced. This dissertation has considered two types of hybrid system 

configuration one with the PMSG-WECS and battery banks and other with DFIG-WECS and 

SC bank deliberated in Chapters-5 and Chapter-6 respectively. In these chapters, buck boost 

converter is utilized as an interface for battery and SC with the dc-bus. The typical model of a 

buck boost converter is shown as per Fig. 3.6. 

The averaged state-space model of the buck-boost converter is expressed as per equations 

(3.34) and (3.35) respectively where ‘d’ represents the duty ratio of this converter which is 

expressed as per (3.36) [104]. 
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Fig. 3.6. Buck-Boost converter model. 
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3.8 Modeling of Grid Interfaced Voltage Source Inverter 

In this thesis, the configurations of HSES uses a common dc-bus architecture. In this 

architecture, the conversion of dc voltage to ac voltage is performed by a voltage source 

inverter (VSI). This converter performs the function of synchronization and various control 

functionalities like unity power factor control, LVRT control, grid power levelling, reactive 

power dispatch control etc. Typically, in an ac microgrid, depending upon the microgrid’s 

configuration, a VSI is controlled as a grid feeding, grid forming or as a grid supporting 

converter [123]. As per the objectives of this thesis work, the hybrid systems are operated in 

grid-integrated mode where it is desired to inject the power generated by HES to the utility 

grid. In this aspect, the grid feeding converter schematic has been considered in this work. The 

corresponding modeling of a VSI is being discussed in this section. A typical VSI converter 

used in a hybrid generation system as shown in Fig. 3.7. Different sustainable generators have 

been considered and the dc-dc interfacing converters are not shown for convenience. The 

inverter needs to be controlled such that it meets all the grid synchronization requirements. 
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Fig. 3.7. Voltage source inverter model. 

The inverter modeling is performed in the dq- reference frame shown as per Fig. 3.8. The 

frame is rotating synchronously at an angular velocity ω and subtends an angle θ with the a-

axis.  
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Fig. 3.8. Synchronous reference frame. 

In current control of VSI, the angle θ is the same as that of the phase angle of the grid 

voltages. A PLL device is typically used to extract the information of the phase angle. As per 

Fig. 3.7, the KVL equations in the inverter and grid circuit enables the modeling of inverter 

control in dq-frame. The control of VSI in dq-frame enables an easy control of active and 

reactive power dispatch by the grid connected VSI. According to Fig. 3.7, the utility grid’s 

phase voltages is denoted as vsa, vsb and vsc respectively while the terminal voltages across the 

inverter are denoted as via, vib and vic respectively. 

The inverter is connected via an RL filter bearing the resistance and inductance as Rf and 

Lf respectively. The inverter terminal voltage equations are expressed as per (3.37). 
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         (3.37) 

Using the general expression for the abc to dq-transformation as per (3.38), the inverter 

output voltage in the dq-axis frame is modeled as per (3.39). From (3.38), it is inferred that the 

number of variables gets reduced when dq- transformation is undertaken. Moreover, these dq-

variables are time invariant which eases the controllability aspect in the inverter when PI 

controllers are used. 
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In general, the current control technique is widely applied for the grid-connected mode 

inverter control as it renders an easy control of active Pi and reactive power Qi delivered by the 

inverter via the control of id and iq respectively. The expression for Pi and Qi in SRF is depicted 

as per (3.40). 
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         (3.40) 

Now, if the d-axis of the rotating frame is aligned to the ac voltage vector of the abc-frame 

then viq=0. Thus, as per (3.40) the control of Pi and Qi are commanded by the regulation of the 

currents di  and qi  respectively. 

3.9 Chapter Summary 

This chapter presented a brief idea regarding the modeling equations of various 

subsystems present in the considered model of hybrid energy systems. The dq0 axis-based 

modeling remains a preferred choice for the modeling of PMSG and DFIG due to its control 

flexibly. Further, the modeling of inverter system is also performed in the SRF frame. The 

chapter also highlighted the basic modeling characteristics of storage devices viz. FC, 

electrolyzer, battery and SC. Lastly, the modeling of various dc-dc converters in their 

respective state space domain are showcased. 
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CHAPTER-4 

LVRT Enhancement in a Grid-Connected Wind/Fuel Cell Hybrid 

System by Combined Feed-Forward and Fuzzy Logic Control 

4.1 Introduction 

As per the present grid code demands, fault ride through (FRT) capability is an essential 

practice for grid-connected renewable energy based distributed energy resources (DERs). As 

inferred from the discussions of Section 1.2.3, studies on FRT capability for grid-connected 

hybrid systems are limited. The chapter considers a wind energy conversion system (WECS) 

and a fuel cell system interconnected at a common dc bus. This chapter presents a new feed-

forward based FRT control scheme for the inverter control where, new current references in 

dq-axis frame are derived by tracking the positive sequence power. The newly derived 

references are fed forward to the input of the current regulator of the voltage source inverter 

(VSI). Secondly, a fuzzy logic based current controllers are suggested to improve the tracking 

capability of the current references in the inverter control scheme so as to enhance the FRT 

capability of the hybrid system as a whole. The proposed feed-forward-fuzzy control scheme 

for achieving an enhanced FRT capability is compared with the conventional dq current control 

and feed-forward FRT control for various grid voltage sag tests, where the performance of the 

combined feed-forward-fuzzy control is found better. The validation of the proposed FRT 

control scheme is performed in MATLAB-Simulink environment. 

4.2 Motivation and Contribution towards LVRT Enhancement 

Low voltage ride-through (LVRT) capability emphasizes that a grid-connected DER is 

expected to stay connected to the grid until the PU voltage levels are above the LVRT curve 

[124]. An approach to operate multiple DERs in parallel offers the benefit of enhanced system 

reliability and uninterrupted power at the load end. These DERs may contain sustainable 

energy sources such as PV or wind. Among various wind generators, a direct driven PMSG 

offers the advantage of single excitation and non-requirement of the gear box arrangement. As 

a backup device, FC offers appreciable features like modular configuration, eco-friendly and 

salient operation. The LVRT control in PMSG is embedded in [96] and [125] by swapping the 

MPPT function of the machine side converter with GSC. Under grid-voltage dip, GSC is made 
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to achieve the ride through control by reactive power injection strategies instead of dc-link 

voltage control. 

The discussions deliberated in Section 1.2.3 of Chapter-1 emphasised that the LVRT 

enhancement is achieved by reactive power injection schemes, active and passive LVRT 

control schemes. The issue of additional cost and control requirements is associated with the 

passive LVRT schemes [63]-[64]. While; the active control schemes encounter the use of 

numerous PI controllers [59] and exhibits computation burden on the inverter control algorithm 

[60]. In a current controlled grid connected inverter control algorithm, the inclusion of feed 

forward term improvises the dynamic response of the inverter against ambience changes. Such 

control enhancement is demonstrated in case of a two stage, 3-phase solar PV system [126]. 

Whereas, in a PMSG based WECS, the ride through and frequency support is provided in via 

feed-forward based control approach along with the conventional PI controller [127]. Looking 

into the control flexibility and enhancement offered by the inclusion of feed-forward terms, the 

use of feed-forward control is motivating choice for this work. 

Fuzzy logic controller (FLC) proves to be effective for the control of microgrid system 

as the amount of nonlinearity in such systems is large [128]-[130]. In [96], interval Type-2 

fuzzy control is utilized to achieve LVRT enhancement in PMSG wind turbine, however, the 

monitoring of electromagnetic torque in PMSG is not executed under fault conditions. The use 

of shrinking span membership functions base fuzzy control is used in [131] for achieving FRT 

capability in multiple wind farm while; the discussion on the instantaneous active power profile 

was not performed. From the reviewed literature, it is perceived that the FRT control largely 

uses a complex control algorithm or uses an additional hardware. Fuzzy control is a preferable 

choice for systems with non-linearities like microgrids. Hence, this chapter attempts to 

contribute towards the enhancement of LVRT capability for a hybrid grid-connected wind/fuel 

cell system by the following ways; 

1. The presented FRT control utilizes sequence components to compute the feed-forward 

current references, which are used in conjunction with the conventional dq- current 

control of the VSI system.  

2. The proposed FRT control does not use any additional or external devices like series 

dynamic breaking resistor (SDBR), crowbar circuits, dc-link chopper controlled braking 

resistor etc. Hence, the use of extra hardware in the system is eliminated. 
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3. This chapter also presents the use of fuzzy logic controllers (FLC1 and FLC2) embedded 

in the control scheme in order to track the newly generated feed-forward current 

references. 

The presented FRT controller is incorporated for a grid-connected hybrid system 

consisting of PMSG based wind generation and a proton exchange membrane fuel cell 

(PEMFC) system concatenated at a common dc bus whose schematic diagram is depicted as 

shown in Fig. 4.1. This system inherits technical benefits of rendering continuous power as the 

PEMFC system acts as back up when power generation from the wind is deficient. In the entire 

analysis, the power sharing algorithm between PMSG, PEMFC, loads at the PCC and the utility 

grid is not taken into account. Simultaneously, the MPPT functionality of WECS under the 

FRT control mode is also not taken into account, as the motivation of this chapter is to evaluate 

the FRT studies with the proposed control schemes such that the objective of control detailed 

as one of the thesis objectives as per Section 1.4 is met. The rest of the chapter is organized as 

follows: the entire hybrid generation system model is briefly discussed in Section 4.3, the grid-

connected hybrid system’s behaviour under grid fault and the limitations of the existing FRT 

control schemes are explicated in Section 4.4. While in Section 4.5, a thorough discussion on 

the proposed feed-forward and feed-forward-fuzzy control for rendering the FRT capability is 

presented. The performance of the proposed FRT controllers is highlighted by considering 

relevant case studies along with a comparative analysis with the conventional dq-current 

control and feed-forward control schemes in Section 4.6. Finally, the conclusions regarding the 

merits and limitations of the proposed LVRT controller are drawn in Section 4.7. 

4.3 Hybrid Generation System Model 

A grid-integrated renewable energy-based hybrid generation system considered for the 

study is depicted as per Fig. 4.1 and the corresponding ratings of various components in this 

system are tabulated in Table. 4.1. The PMSG based WECS is considered as the primary source 

of power generation whereas a PEMFC is added in parallel to the system in order to improve 

the system redundancy. The system intends to support its local ac loads connected at the PCC 

and export its excess power during high wind speed to the utility grid. 

The ac output of the PMSG-WECS is conditioned to dc via an uncontrolled bridge 

rectifier having diodes D1-D6. The dc-dc boost converter-1 with inductor L1, diode D7 and 

controlled insulated gate bipolar transistor (IGBT) switch S1 performs the function of MPPT. 

Boost converter- 2 with inductor L2, diode D8 and controlled IGBT switch S2 is used to control 
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the FC power as per the desired power reference, such that the power deficit between the WECS 

and load demand is met. The controlled power conversion from dc to ac is performed by a 3-

phase voltage source inverter having controlled IGBT switches S3-S8. 
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Fig. 4.1. Schematic of the grid-connected hybrid sustainable generation system. 

Table 4.1  

System parameters of PMSG-PEMFC hybrid energy system 

PMSG Wind Energy system 

Rated Power 40 kW 

Rated Speed 314 rad/s 

Rated Torque 126 Nm 

Base wind speed 12 m/s 

PEMFC Stack [28] 

Power rating 1200 W 

DC voltage range 22 V- 50 V 

Rated voltage 26 V 

Rated current 46A 

Number of cells 48 

Nominal stack efficiency 46 % 

Operating temperature 55°C 

Nominal supply pressure of H2 1.5 Bar 

Nominal supply pressure of O2 1 Bar 

System Electrical Parameters 

Base Voltage (Line to Line) 415 V 

VSI switching frequency 20 kHz 

4.3.1 Modeling of Wind Turbine and PMSG 

The wind energy system consists of a wind turbine and a wind generator. The selected 

wind generator is a salient pole PMSG. The modeling of the wind turbine and PMSG is 
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discussed in Chapter-3. Equations (3.1) – (3.4) are used for the modeling of wind turbine, 

while; (3.5) -(3.6) are considered for the modeling of PMSG in synchronously rotating 

reference frame in the rotor axis. 

4.3.2 Modeling of FC 

In this thesis work, PEMFC is selected as a primary backup source owing to its low 

operating temperature and high efficiency [132]. The mathematical modeling of FC is 

deliberated in Section 3.3 of Chapter-3. The modeling expressions relevant to stack voltage, 

reactants partial pressure and H2 consumption are detailed as per (3.20) -(3.22) respectively. 

4.4 Grid Connected-VSI Behavior Under Grid Faults 

The prime objective of this chapter is to investigate the FRT capability of a grid 

connected (GC) hybrid generation system modeled as per Fig. 4.1. The main contribution is 

towards the control of GC- VSI during the faults occurring at high voltage (HV) side of the 

transformer. When fault gets impinged in the system, there is rapid fall of power at the PCC 

side. This fall of power may slant to null depending on the severity of the fault, magnitude of 

the network impedance, location of the fault etc. While; the power generated by the WECS and 

the PEMFC remains unchanged, the power imbalance between the power generated by DERs 

and the power at the PCC leads to rapid surge of power across the dc-link capacitor. This power 

surge appears instantly in the form of dc-link voltage surge. 

4.4.1 DC-link Voltage Surge and dc-Link Voltage Ripple 

The surge in dc-link voltage appears as an addition of energy stored by the dc-link 

capacitor and is accompanied by the presence of voltage ripples. Voltage ripples occur due the 

presence of voltage and current unbalance happening because of the injection of negative 

sequence voltage and current components in the power system. The energy absorbed by the dc-

link capacitor due to voltage surge is expressed as per (4.1) [63], 

( )
2

21 1
. ( )

2 2
dc dcdc dc dc dcP t C v v C v  = + −           (4.1) 

where, dcP  is the change in dc-link power, t  is the transient time, dcC  is the dc-link 

capacitance, dcv  represents the mean value of dc-link voltage and dcv is the surge magnitude 

of dc-link voltage. The approximate analysis results in magnitude of dc-link voltage fluctuation 

as per (4.2). 
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 =                   (4.2) 

The dc-link voltage fluctuation is undesirable from the view point of the system’s 

stability. A straight forward approach to remove the fluctuations in dc-link voltage can be by 

increasing the value of dc-link capacitance. But this approach is non-feasible as it increases 

system cost and bulkiness. 

4.4.2 Active and Reactive Power Ripple 

The grid codes demand for the injection of reactive currents by the inverter during the 

detection of voltage dip at the utility side for FRT accomplishment. The basic mathematical 

foundation is based on expressing the instantaneous powers in terms of the positive- negative 

sequence current and voltage components in a suitable reference frame and to perform 

appropriate current control functionality. During ideal condition, that is, in the absence of grid 

fault, the apparent power delivered by the grid connected VSI contains only the positive 

sequence voltage and current components. The same may be expressed in synchronous 

reference frame (SRF) quantities as per (4.3), 

*( )p p

dq dqs v i=              (4.3) 

where, the subscript ‘dq’ denotes the quantities in dq- axis frame, prefix ‘p’ denotes positive 

sequence quantities, ‘*’ represents the complex conjugate term, p

dqv  denotes the PCC voltage in 

dq frame, p

dqi  is the PCC current in dq frame. During the presence of grid unbalance, the 

instantaneous apparent power is expressed in positive and negative sequence quantities in the 

SRF frame as per (4.4), 

*( )( )p j n j p j n j

dq dq dq dqs v e v e i e i e− −= + +                        (4.4) 

where, the prefix ‘n’ denotes negative sequence quantities, operator ‘j’ means the 90° phase 

shift in the electrical quantities and θ is the electrical phase angle. The instantaneous active 

power P(t) and reactive power Q(t) is represented as per (4.5) and (4.6) [12]. 

2 2( ) cos(2 ) sin(2 )o c sP t P P t P t= +  +                   (4.5) 

2 2( ) cos(2 ) sin(2 )o c sQ t Q Q t Q t= +  +                  (4.6) 

The terms Po, Qo in (4.5) and (4.6) represents the average active and reactive power, Pc2, 

Ps2, Qc2 and Qs2 represents the second order ripple components in the active and reactive powers 
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respectively. The conventional approach involves to convert quantities of (4.5) and (4.6) in the 

SRF quantities as per (4.7) -(4.12) in order to achieve flexible control strategies. 

1.5( )p p p p n n n p

o d d q q d d q qP v i v i v i v i= + + +                  (4.7) 

2 1.5( )p n p n n p n p

c d d q q d d q qP v i v i v i v i= + + +                 (4.8) 

2 1.5( )n p p p p n p n

s q d d q q d q qP v i v i v i v i= − − +                 (4.9) 

1.5( )p p p p n n n n

o q d d q q d d qQ v i v i v i v i= − + −                (4.10) 

2 1.5( )p n p n n p n p

c q d d q q d d qQ v i v i v i v i= − + −                    (4.11) 

2 1.5( )p n p n n p n p

s d d q q d d q qQ v i v i v i v i= + − −                  (4.12) 

The terms of (4.7) -(4.12) are represented as per the matrix equation given in (4.13) while 

the current references are generated as per (4.14) according to the desired FRT requirement. It 

is significant to note that the calculation of inverse matrix of (4.14) increases the quantum of 

computational effort of the digital processor used for the inverter control algorithm. 
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− −      

      (4.14) 

The above equations are used to extract the current references for achieving various 

desired flexible control objectives such as (a) smoothening of active power ripples (b) 

elimination of reactive power ripples (c) elimination of simultaneous active and reactive power 

ripples and (d) injection of balanced grid currents etc. The approach of obtaining the flexible 

control objectives in FRT involves a good amount of computations such as referring the three 
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phase quantities to SRF quantities, extraction of sequence components of corresponding 

voltages and currents etc. Moreover, the computation of inverse matrix as per (4.14) even 

further complicates the reference current computation process. Another challenge involves 

around the tracking of the current references. In general, the PI controllers are the widely 

acceptable controller variant. The reference tracking functionality is performed by four sets of 

PI controllers as reported in the literature [12]. However, faults are dynamic in nature and 

occurrences happen for a range of short span. Thus, the smooth tracking of current references 

in such cases possess a considerable amount of challenge. Looking specifically to the challenge 

of computational burden and effective current reference tracking, this chapter attempts to 

eliminate the above limitations by proposing set of modalities via introducing feed-forward 

and fuzzy control. The proposed control approach is named as feed-forward-fuzzy control 

which is elucidated in the next section. 

4.5 Proposed Feed-Forward-Fuzzy Control 

The idea proposed in the chapter to improve the FRT capability especially for a grid 

connected hybrid sustainable grid connected energy systems is based on the concept of 

elimination of negative sequence current components and tracking the positive sequence active 

power. The details of feed-forward current refence generation are elaborated in the sub-section. 

4.5.1 Feed-Forward Current Reference Generation 

The generation of the feed-forward current reference is based on the fundamentals of 

power balance between the generated power by the hybrid sustainable sources and power 

absorbed by the grid. As depicted in Fig. 4.2, the quantum of power flow is from hybrid 

generation system to grid, where the sum of power generated by WECS (PW) and power 

generated by fuel cell (PFC) is taken as PSUS. This total power is supplied to the dc-link referred 

as (PDC), meets various losses in the dc-dc converters, goes to the inverter referred as (PINV), 

LC filter bearing the filter inductance Lf and filter capacitance Cf and eventually transmitted to 

the utility grid. The power balance between the dc-link capacitor, and power injected to grid 

(PGRID) neglecting the converter losses is depicted by (4.15). 

SUS DC INV GRIDP P P P= + +          (4.15) 

Assuming a loss less condition where the inverter power losses are neglected, the 

equation (4.15) can be expressed as per (4.16). 

SUS DC GRIDP P P= +                    (4.16) 
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Fig. 4.2. Schematic of the proposed controller. 

The grid active power can be expressed as the instantaneous summation of sequence 

powers in positive sequence (Pp), which is further composed of positive sequence voltage (ep) 

and positive sequence current (ip). The negative sequence power (Pn) is composed of 

negative sequence voltage (en) and negative sequence current (in) and zero sequence power 

(Po) is composed of zero sequence voltage (eo) and zero sequence current (io). This is 

expressed as per (4.17)-(4.18). 

3( )SUS DC p n oP P P P P= + + +          (4.17) 

3( )SUS DC p p n n o oP P e i e i e i= + + +        (4.18) 

In the meantime, a 3-phase, 3-wire system is considered, zero sequence quantities are 

inherently absent. Due to the absence of neutral terminal, the zero-sequence power term is not 

included in (4. 18). During unbalance fault, the presence of negative sequence current and 

voltage component gives rise to double frequency oscillation in the power delivered to grid. 

Thus, in order to incorporate an inverter mechanism, which suppresses the oscillating negative 

sequence power, appropriate current reference needs to be generated. In Eq. (4.18), the negative 

and zero sequence currents are made null which brings the new expression for PSUS as per (4.19) 

and (4.20). This equation aims to obtain the current references for the grid side inverter such 

that the negative sequence currents do not appear. The prediction of new current reference (
ref

pi ) 

depends on the extraction of positive sequence voltage, and its calculation is performed as per 

(4.21)-(4.22). The extraction of pe  is as per the multivariable structure sequence detection 

scheme algorithm of [59]. 
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3( )SUS DC p pP P e i= +           (4.19) 

Let,            SUS DCP P Pm− =            (4.20) 

substituting (4.20) in (4.19) leads to a new expression as (4.21). 

3( )ref

p pe i Pm=            (4.21) 

3

ref

p

p

Pm
i

e


=             (4.22) 

The desired positive sequence reference current is obtained as per (4.22). This current is 

translated to the instantaneous current phasors ‘abc’. The positive sequence reference currents 

need the input of sequence factors (  and 2 ) which gives phase shift of 120◦ and 240◦ to 

generate the current references as per (4.23)-(4.25). The terms of (4.23)-(4.25) are complex 

quantities which cannot be processed by a PI controller. Therefore, the modulus operator is 

applied and the magnitude terms ref

bi  and ref

ci  are being used for processing. The reference 

currents are translated to current reference in the dq frame as per (4.26). 

3a

ref

p

Pm
i

e


=             (4.23) 

2

3b

ref

p

Pm
i

e

 
=   

 
( )0 5 0 866

3 p

Pm
j

e

 
= − −   

 

. .          

      0 5 0 866
3 3p p

Pm Pm
j

e e

      
= − −       
     

. .      (4.24) 

3c

ref

p

Pm
i

e

 
=  

 
( )0 5 0 866

3 p

Pm
j

e

 
= − +   

 

. .   

0 5 0 866
3 3p p

Pm Pm
j

e e

      
= − +       
     

. .               (4.25) 

( )

( )

( )

( )

0 0

0 0

120 1202

3 120 120

ref

a
ref

d ref

bref

q
ref

c

i
cos cosi cos

i
i sin sin sin

i

 
  − +  
  = 
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             (4.26) 

( ) ( )0 02
120 120

3

ref ref ref ref

d a b ci cos . i cos . i cos . i =  +  − +  +
                (4.27) 



59 
 

( ) ( )0 02
120 120

3

ref ref ref ref

q a b ci sin . i sin . i sin . i = −  −  − −  +
                (4.28) 

The current reference term obtained in (4.27) is added to the output of the dc-link PI 

controller 
ref

dci obtained after processing the error of reference dc-link voltage 
ref

DCv  and actual 

dc-link voltage DCv  to generate the intermediate d-axis current as per (4.29). The proportional 

and integral gains of the dc-link PI controller are denoted as 
V

PK and 
V

IK respectively. 

e e( ) ( )ref V r f V r f

dc P DC DC I DC DCi K v v K v v dt= − + −      (4.29) 

The current reference obtained from (4.27) and (4.29) is fed forward in the summer block, 

after which it is subtracted to the actual d-axis current ( di ), and is processed further to the inputs 

of the fuzzy logic controller (FLC1) to generate the intermediate d-axis voltage ( dv ). Similarly, 

the error between q-axis current reference 
ref

qi obtained from (4.28) and the actual q-axis current 

qi  is pushed to the FLC2 for obtaining the intermediate q-axis voltage term ( qv ). 

4.5.2 Fuzzy Logic Controller Design 

Since the hybrid generation system has many non-linearities, the reference tracking 

capability of the PI controller is a challenging aspect. For transient events like faults, the 

challenge increases manifolds. The chapter presents the use of two FLC controllers FLC1 and 

FLC2 in the VSI control algorithm for tracking the new d-axis current reference (
ref

di ) and q-

axis current reference (
ref

qi ) generated as per (4.27) and (4.28). FLC possess the advantages of 

easy variable gain generation, it can work on uncertain system models where, the exact 

mathematical model is unknown. FLC is parameter insensitive and is accompanied with fast 

convergence [130]. The steps involved in the implementation of FLC consists of fuzzification, 

design of the fuzzy inference engine and defuzzification respectively. 

4.5.3 Fuzzification 

In fuzzification process, the input signals to the FLC are mapped within the close interval 

of [-1 to 1], and are subsequently assigned membership function (MF) variables. As the inverter 

control is based on the sensing of per-unit quantities of voltages and currents, the input 

variables of FLC are inherently in the range of [-1 1]. Triangular membership functions are 

selected due to the ease of assigning crisp range for different membership variables and these 

membership functions are more sensitive to small signal variations [129]. The input variables 
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for the FLC1 and FLC2 are error and change in error respectively which are shown in Fig. 4.3 

and Fig. 4.4. The error function for the FLC1 at the kth sample instant is given by 

( ) ( ) ( ) ( )1

ref ref

d dc de k i k i k i k = + −      and the change of error denoted by 

( ) ( ) ( )1 1 1 1e k e k e k = − − is obtained by processing the error through a unit delay block and 

subtracting the error ( )1e k . 

NB NM NS Z PS PM PB1

-1 0 1-0.5 0.5
0

Membership function degree

0.5

Error  

Fig. 4.3. Membership function for input variable ‘error e1(k) and e2 (k)’. 

NB NM NS Z PS PM PB1

-1 0 1-0.5 0.5
0

Membership function degree

0.5

Change in Error  

Fig. 4.4. Membership function for input variable ‘change in error ( )1e k  and ( )2e k ’. 

NB NM NS Z PS PM PB1

-1 0 1-0.5 0.5
0

Membership function degree

0.5

Output  

Fig. 4.5. Membership function for output variable dv  and qv . 

Similarly, the error function of the FLC2 at the kth instant is the difference between the 

reference q-axis current and the actual q-axis current given by ( ) ( ) ( )2

ref

q qe k i k i k= −  and the 

second input of FLC2 is the change of error denoted by ( ) ( ) ( )2 2 2 1e k e k e k = − − . The output 

variable of each fuzzy controllers is being represented with the membership function as per 

Fig. 4.5. 
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4.5.4 Fuzzy Inference Engine 

The fuzzy inference engine primarily consists of knowledge base or the rule base which 

is based on the “if- then” prepositions. The Mamdani fuzzy inference is used for the design of 

the proposed FLC1 and FLC2 which is based on rules and its related consequents. Crisp output 

can be fetched after processing the rules, provided overlapping of the neighbouring MFs are 

ensured [128]. A total of 49-rules is considered for making the correlation between the 

linguistic variable inputs and outputs of the two fuzzy controllers as presented in Table. 4.2. 

The linguistic variables are abbreviated as negative big (NB), negative medium (NM), negative 

small (NS), zero error (ZE), positive small (PS), positive medium (PM) and positive big (PB) 

respectively. The rules of FLC are selected such that the rise time, over shoot and settling time 

of the desired system parameters are minimised as per the required FRT conditions. The surface 

plot representing the behaviour of the fuzzy rules with the inputs and output variable is shown 

in Fig. 4.6. 

Table 4.2 

Fuzzy Rule Base for FLC1 and FLC2 

Output variables 

dv  and qv  

Input variable-2  

( )e k  

NB NM NS ZE PS PM PB 

Input variable-1  

( )e k  

NB NB NB NM NM NS ZE ZE 

NM NB NM NM NS NS ZE PS 

NS NM NM NS NS ZE PS PS 

ZE NM NS NS ZE PS PS PM 

PS NS NS ZE PS PS PM PM 

PM NS ZE PS PS PM PM PB 

PB ZE PS PS PM PM PB PB 

 

Fig. 4.6. Fuzzy rule base surface view. 
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4.5.5 Defuzzification 

The fuzzy controllers have only one output variable which are fetched from the input 

variable sets. The widely used method for defuzzification is the centre of gravity method. This 

specific method is selected as it is simple and accurate which calculates the output by 

calculating the weighted average of the fuzzy functions after the process of the fuzzy rules as 

per the formula of (4.30), where, x* denotes the fuzzy controller’s output, ix  is the value of 

input variable and ( )ix is the value of the grade of membership function [129]. 

( )

( )

1

1

n

i i

i

n

i

i

x x

x

x

=

=



=







*
           (4.30) 

The output voltage terms of FLC1 and FLC2 are dv   and qv  respectively. These are 

summed up along with the cross-coupling voltage terms, d-axis voltage dv  and q-axis voltage 

qv to give the final dq-axis voltage references 
ref

dv  and 
ref

qv as per (4.31) and (4.32). The phase 

angle of the PCC voltage   and the corresponding angular frequency   provided by the PLL 

is also used in the voltage reference generation. The new dq voltage references are translated 

to abc-references, which are then compared with a PWM bearing a 20 kHz frequency of the 

carrier signal in order to generate the gate pulses for the VSI. A brief comparison between the 

feed-forward FRT control and feed-forward-fuzzy FRT control is detailed in Table 4.3. 

ref

d d d q fv v v i L= + −           (4.31) 

ref

q q q d fv v v i L= + +           (4.32) 

Table 4.3 

Comparison between feed-forward FRT control and feed-forward-fuzzy FRT control 

Feed-forward based FRT control Feed-forward-fuzzy FRT control 

It refers to the inverter current control in order to 

achieve FRT requirement which is done using the 

philosophy deliberated in Section 4.5.1. Here, the 

fuzzy controllers are not used to regulate the 

current references, instead they are regulated by 

the conventional PI controllers. 

It refers to inverter control done to achieve the 

FRT requirement by using the philosophy 

deliberated in Section 4.5.1 and 4.5.2 where the 

new current references for the d-axis and q-axis 

are controlled by the fuzzy logic controllers 

namely FLC1 and FLC2. 
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In the feed-forward based FRT control, the 

derived current references of Eq. (4.27) and 

(4.28) are controlled in a manner where, the 

current reference 
ref

di is fed-forward at the output 

of the PI controller regulating the dc-link voltage. 

Further the controller in the inner-loop are PI 

controllers which regulate the d-axis and q-axis 

current references. 

In the feed-forward-fuzzy based FRT control, the 

derived current references of Eq. (4.27) and 

(4.28) are controlled in a manner where the 

current reference 
ref

di is fed-forward at the output 

of the PI controller regulating the dc-link voltage. 

Further the controller in the inner-loop are Fuzzy 

Logic Controllers (FLC1 and FLC2) which 

regulate the d-axis and q-axis current reference. 
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The feed-forward control will render the FRT 

feature, but will lag performance in terms of 

effective reference tracking, settling time, over 

shoot of the dc-link voltage etc. This is due to the 

inability of the PI controllers to perform 

effectively on a non-linear system like a grid- 

connected hybrid generation system as 

considered in this paper. 

The proposed feed-forward-fuzzy-based FRT 

control performs better since fuzzy logic 

controller has a better performance while 

controlling a non-linear system. Hence, to handle 

the voltage sag problem on a system with high 

non-linearities such as microgrids, the proposed 

feed-forward-fuzzy based FRT control performs 

better. 

4.6 Case Studies and FRT Controller Validation 

The validation of the proposed feed-forward-fuzzy logic fault ride through control is 

performed by attempting series of test cases in the MATLAB-Simulink simulation 

environment. The entire schematic is modeled as per Fig. 4.1 with the system parameters 

presented in Table. 4.1. The snippet of the controller part implementation is illustrated in Fig. 

4.7. The case studies involving unbalanced and balanced voltage sag cases viz. (a) single phase 

sag (b) two phase sag and (c) three phase sag are undertaken. Each case is tested for the FRT 

capability of the hybrid generation using the conventional dq- current controller, using only 

feed-forward FRT control where the current references are completely regulated by the PI 

controllers and lastly by the proposed combined feed-forward-fuzzy control. 
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In the subsequent subsections, the various system parameters for each test cases are 

portrayed simultaneously on a common axis in order to understand the differences in the 

individual controller performance with ease. 

 

Fig. 4.7. MATLAB-Simulink implementation of the feed forward fuzzy controller. 

4.6.1 System Performance Under Unbalanced Sag: 1-Phase Sag 

The performance of the HSES when a 50% voltage sag at Phase-a occurs due to an 

unbalance fault event at the transmission line is discussed. The PCC voltage of Phase-a drops 

as per Fig. 4.8 (a) during the sag event from 1 s to 1.2 s. The PCC current is shown in Fig. 4.8 

(b) for the case when the proposed feed-forward-fuzzy control is used. It is inferred that the 

currents are balanced and are limited during the voltage sag span. This action is due to the 

effective tracking of current references by the FLC1 and FLC2 which restricts the negative 

sequence current components at the PCC. The dc-link voltage profile for three different 

controllers is presented simultaneously on a common axis as per Fig. 4.8 (c) where, the rise 

and ripples in dc-link voltage profile is prominent for the conventional dq-control and feed-

forward FRT control, whereas the proposed feed-forward-fuzzy controller outperforms the rest 

two controllers. The profile of active power delivered to the PCC is as per Fig. 4.8 (d). 
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Fig. 4.8. Parameters at PCC during 1-phase sag, (a) PCC voltage, (b) PCC current, (c) DC-link 

voltage, (d) Active power delivered, (e) negative sequence current. 
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In the presented system the rated electrical angular velocity of the instantaneous positive 

sequence current is 314 rad/s while the negative sequence currents possess the angular velocity 

of 314 rad/s, which comes to the system during unbalance fault condition. Thus, the resultant 

velocity of the current becomes 314 rad/s – (– 314 rad/s) = 628 rad/s, that is, twice the rated 

angular velocity. This appears as a form of ripples in the instantaneous active power profile 

where the magnitude of ripples is oscillated at a rate of twice the rated angular frequency. Thus, 

the power ripples possess a frequency of 100 Hz as the utility grid’s power frequency is 50 Hz. 

From Fig. 4.8 (d), it is established that the proposed feed-forward-fuzzy control achieves a 

much smoother profile with less power oscillation and power surge. The effectiveness of the 

proposed feed-forward-fuzzy control over other FRT control method is because of the 

minimization of the magnitude of the negative sequence currents as evident as per Fig. 4.8 (e). 

The Table. 4.4 shows the comparative analysis of various controllers used for the FRT 

provisions where, it is evident that the combined effect of the proposed feed-forward-fuzzy 

control gives a better FRT behaviour compared to the conventional dq- control and with only 

feed-forward FRT control. 

4.6.2 System Performance Under Unbalanced Sag: 2-Phase Sag 

In this case, a more stringent condition is applied to test the LVRT efficacy of the 

proposed feed-forward-fuzzy FRT controller. During a two-phase voltage sag, the magnitude 

of the voltage dip is much more as compared to a single-phase voltage sag. As observed from 

Fig. 4.9 (a), dip in Phase-a and Phase-b voltages are present during the span of 1 s to 1.2 s. The 

PCC currents are balanced during the faulted span as per Fig. 4.9 (b) due to the proposed feed-

forward-fuzzy control. A larger inrush of active power from the DER during two-phase voltage 

sag leads to a larger surge in the dc-link voltage when no FRT control is applied. 

Table 4.4 

Comparative analysis of the FRT control performance for various controllers under 50% voltage 

sag at Phase-a 

Parameters 
Conventional dq- 

control [109] 

Feed-forward FRT 

control 

Proposed Feed forward-

fuzzy FRT control 

dc-link voltage 

(peak value) 

690 V with 

oscillations. 

685 V with 

oscillations. 

684 V with less 

oscillations. 

Active power 

(peak value) 

34 kW with 

oscillations. 

26 kW with 

oscillations. 

25 kW with minimised 

oscillations. 

Negative sequence 

current magnitude 
7 A 5.9 A 4.2 A 
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Fig. 4.9. Parameters at PCC during 2-phase sag, (a) PCC voltage, (b) PCC current, (c) DC-link 

voltage, (d) Active power delivered, (e) negative sequence current. 

While; the feed-forward FRT control is unable to mitigate the surge in the dc-link voltage 

due the poor regulation of its PI controllers, the proposed feed- forward-fuzzy control FRT 

control enables a better dc-link voltage profile free from oscillations which is evident as per 

Fig. 4.9 (c). A similar behaviour is found for the profile of generated active power as per Fig. 

4.9 (d). Here, the magnitude of power oscillation is much lesser for the proposed feed-forward-

fuzzy controller during the faulted span. It is to be noted that, the tuned values of KP and KI of 
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the PI controllers used in the inner current control loop of the feed-forward FRT control during 

1-phase sag could successfully regulate the current reference. Thus, the magnitude of negative 

sequence currents as per Fig. 4.8 (e) is limited to 5.9 A. However, when the same values of 

controller gains are used for the FRT control during 2-phase sag, these gains could not achieve 

the sufficient amount of current reference regulation so as to reduce the negative sequence 

currents. In order to achieve an improved FRT control during 2-phase voltage sag using the 

feed-forward FRT control, fresh tuning of PI controllers is required. This limitation is 

overcome by the incorporation of feed-forward fuzzy logic FRT control, which is capable of 

handling the system non-linearities and provide the dynamic current regulation once the rule 

base is properly established. The magnitude of negative sequence current in the system is less 

when for the feed-forward-fuzzy LVRT control is applied to the inverter current control scheme 

which is visible as per Fig. 4.9 (e). A parametric comparison between the existing dq-control 

[109], feed-forward FRT control and the proposed feed-forward-fuzzy FRT control for 

rendering the LVRT capability in the system under 2-phase voltage sag condition is tabulated 

in Table. 4.5. 

Table 4.5 

 Comparative analysis of the FRT control performance for various controllers under 50% voltage 

sag at Phase-a and Phase-b 

Parameters 
Conventional dq- 

control [109] 

Feed-forward 

FRT control 

Proposed feed- forward-

fuzzy FRT control 

dc-link voltage 

(peak value) 
690 V with ripples. 

700 V with 

ripples. 
680 V without any ripples. 

Active power 

(peak value) 
15 kW with ripples. 

15 kW with 

ripples. 
14 kW with less ripples. 

Negative sequence 

current magnitude 
6 A 5.8 A 3.7 A 

4.6.3 System Performance Under Balanced Sag: 3-Phase Sag 

A balanced 3-phase sag do not contain any negative sequence current. Thus, the profile 

of dc-link voltage and active power do not contain any oscillations, but the dc-link voltage 

surge is present. For validation, equal voltage dip at Phase-a, Phase-b and Phase-c are created 

as per Fig. 4.10 (a). The peak value of dc-link voltage with the proposed feed- forward-fuzzy 

control is 685 V, while the peak value of 700 V and 698 V are obtained for the feed-forward 

and conventional dq-control. Another distinct feature of the proposed control is that the peak 

overshoot and the settling time is less for the profile of active power as per Fig. 4.10 (d).  

The voltage sag impacts the electromagnetic torque of the PMSG, as the presence of 

unbalance leads to generation of torsional oscillations in the PMSG rotor structure. Fig. 4.11 
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shows the electromagnetic torque profile of the PMSG. The torque profile of the generator is 

shown when the PMSG machine is loaded with an electrical load of 3.6 kW. Since the machine 

runs as a generator, the torque is negative, and the developed toque is 11.6 Nm corresponding 

to the electrical power output of 3.6 kW. Thus, the torque profile of the machine is registered 

as -11.6 Nm as per Fig. 11. It is inferred from the result that the electromagnetic torque profile 

is also improved with the use of presented feed-forward-fuzzy control under voltage sag 

conditions. Hence, it is summarized that proposed control has not only improvised the dc-link 

voltage and active power profile, but also the electromagnetic torque profile of the PMSG in 

the WECS is improved to a great extent. 
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Fig. 4.10. Parameters at PCC during 3-phase sag, (a) PCC voltage, (b) PCC current, (c) DC-link 

voltage, (d) Active power delivered, (e) negative sequence current. 
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Fig. 4.11. Electromagnetic torque of PMSG. 
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Fig. 4.12. Parameters at PCC during variable wind speed and symmetrical fault, (a) Wind speed Vw 

(b) PCC voltage, (c) PCC current, (d) dc-link voltage, (e) Active power delivered, (e) negative 

sequence current. 
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4.6.4 System Performance Under Variable Wind Speed and Symmetrical Fault 

A variable wind speed profile is considered to evaluate the performance of the hybrid 

wind/fuel cell system with the proposed feed-forward-fuzzy control. The system is also 

subjected to a symmetrical fault for the time span of 1 s to 1.2 s. The wind velocity varies 

between 10 m/s to 14 m/s as per Fig. 4.12(a). The PCC voltage and current profile is depicted 

in Fig. 4.12 (b)-(c) respectively. The PCC current is well controlled and does not exhibit any 

over current during the fault span. This aspect is due to effective functioning of the feed-

forward-fuzzy FRT control algorithm. While; the waveforms of dc-link voltage as per Fig. 4.12 

(d) do not show deviations from its reference value during variable wind speed span. Similarly, 

the active power profile of the PCC as per Fig. 4.12 (e) does not deviate during variable wind 

speed, this is due to the presence of fuel cell which enables to nullify the power deviations at 

the PCC even during variable wind speed. The system simultaneously exhibits the FRT feature 

during the fault span with the proposed feed-forward-fuzzy FRT control strategy. 

4.7 Chapter Summary 

The chapter contributes towards the enhancement of the LVRT technology for a grid-

connected hybrid sustainable generation system via the design of a new feed-forward FRT 

control. The presented feed-forward FRT controller’s mathematical model is developed based 

on the extraction of a new set of current references such that the surge in the dc-link voltage, 

ripples in the active power profile and negative sequence current in the system are minimized. 

Further, an improvisation to the feed-forward FRT scheme is done with the inclusion of two 

sets of fuzzy logic controllers to form a feed-forward-fuzzy FRT controller, which is proved to 

be an improved choice for achieving the FRT capability. The feed-forward-fuzzy control 

outperformed the conventional dq- controller and feed-forward FRT control, which is justified 

by categorically comparing the system performance during 1-phase, 2-phase and 3-phase 

voltage sag. Also, the overall system performance is found satisfactory with the developed 

control algorithm during simultaneous wind speed variation and symmetrical fault. In other 

words, it is summarized that the presented feed-forward-fuzzy control scheme can fulfil the 

FRT requirement of the considered grid-connected hybrid sustainable generation system in an 

effectual way. Moreover, a smooth profile of the PMSG electromagnetic torque is registered 

under voltage sag conditions which proves to be an additional advantage of this newly 

developed feed-forward-fuzzy FRT control scheme. 
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CHAPTER-5 

 Integrated Rule Based Power Management and Dynamic Feed-

Forward LVRT Scheme for Grid-Connected Hybrid Energy 

System 

5.1 Introduction 

In a grid-integrated mode, power generation using hybrid energy system (HES) along 

with the backup sources possesses convincing features of high efficiency and near zero 

emissions. Control for facilitating apt power sharing and for providing ancillary services such 

as low voltage ride through (LVRT) are necessary for the compliance of grid codes. However, 

the simultaneous control co-ordination for meeting these control objectives is challenging due 

to dynamic nature of renewable generators and utility grid. Thus, this chapter presents an 

integrated power management strategy (PMS) and LVRT control scheme for such systems. In 

this thesis work, a WECS backed up by a battery energy storage system, proton exchange 

membrane fuel cell (PEMFC) and electrolyzer is considered. A reduced rule-based power 

management control scheme is proposed for the considered system, where the request made by 

the grid operator is kept in priority. Further, a dynamic current feed-forward based LVRT 

control scheme is presented for the grid-interfaced inverter, which is based on minimization of 

negative sequence current. The inverter control is coupled with an inherent mode selection 

capability between the grid feeding mode and LVRT mode in order to realize the suggested 

integrated control objectives. The validation of the presented PMS and LVRT control is 

justified by detailing relevant mathematical control models, and also by realizing practical case 

scenarios such as variable wind speed, load demand, grid power request and occurrences of 

balanced and unbalanced voltage sag. The obtained simulation results show cordial response 

of the system with the proposed control strategies. 

5.2 Related Review and Research Motivation 

As discussed in Section 1.2 of the dissertation, HES offers the benefits of high reliability 

because of uninterruptible operations, good power quality and economic benefits. Backup 

systems with the use of battery storage is widely acceptable with solar PV as the prime source 

of power generation [82]. On the other hand, diesel generator sets are also widely adopted as 

backup systems in the remote areas as they provide reliable power [133]. However, these diesel 
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generators mainly suffer from the issue of environmental pollution and noise. While; batteries 

suffer from the problem of high maintenance and low power density. H2 based storage proves 

to be a convincing way for creating long term energy backup. As an added flexibility, the excess 

energy generated from the renewable generators can be used to run an electrolyzer to generate 

H2. Therefore, it is planned to develop a HES model with battery and H2 as back-up sources. 

Hybrid storage systems using battery and H2 can complement each other by overcoming the 

technical barriers of each other during transient and steady state conditions respectively [134]. 

As per Section 1.2.4, it is established that power management is an essential aspect in 

HES, which involves the appropriate sharing of power from various sources and design of a 

power management controller (PMC). Depending on HES configuration, viz., grid interfaced 

mode or stand-alone mode power management algorithms are established. Standalone systems 

are well investigated by the researchers and in fact numerous combinations of sources and 

various PMCs are suggested in the reported articles [135]-[141]. The existing literature solves 

the power management aspect by considering specific objectives; like load leveling [135], 

nonlinear load compensation [136], and unbalanced load compensation [137]. In hybrid energy 

system, the aspect of power coordination between the hybrid storage is achieved by employing 

supervisory control based on states [138], or by using droop-based control. Besides the 

conventional approach, intelligent controllers like fuzzy logic and adaptive neuro-fuzzy based 

control are also applied for performing the energy management and inverter control in a micro-

grid [139]-[141]. These intelligent controllers show cordial performance under various system 

dynamics like sudden change in generation, load demand or the grid side dynamics etc. 

Intelligent control also shows fast response in grid connected PV based DER under variable 

generation and loading conditions [142]. 

The grid integration of HES has evolved with the changing power system paradigm as 

there might be a scenario where a grid is largely dependent on the power generated by a specific 

region’s micro-grid. In such cases, the grid is controlled by a system operator who can make a 

request of power demand form the interconnected microgrid based on the energy dispatch 

schedule. In such case, a power management logic requires special design and considerations 

which are elucidated in the work of [143]-[148]. These works present the power coordination 

in a grid-connected micro-grid by considering specific objective cases. Criteria such as dc-link 

voltage regulation, ac voltage regulation at the PCC, appropriate power sharing from individual 

sources under grid connection remains a common objective in most of the works. With the 

changing grid codes and architecture of the power system, if renewable energy generators 
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participate in bulk towards the injection of power to the grid, then these renewable generators 

must stay connected with the grid for specific duration. This aspect is termed as LVRT 

capability [149]. Generally, the simultaneous objective of power management and LVRT 

capability is rarely attempted in previous works. Although in [150], the power management 

and LVRT control is proposed for a fuel cell (FC), super capacitor and battery system, but the 

interconnection of the battery with dc-bus is performed directly without any interfacing dc-dc 

converter. Such integration is not desirable since the charging and discharging cycle of the 

battery gets affected, and this hampers its life time. Looking into these aspects, this chapter 

contributes toward the coordination control strategy for a grid connected HES consisting of 

wind/ FC/ battery/electrolyzer system. The improvisation towards the control logic of the HES 

is executed by the following ways:  

1. A new simplified PMC is presented for the considered grid-connected wind/ FC/ 

battery/ electrolyzer system which accounts for the power request made by the grid 

operator and power demand of the loads at PCC simultaneously.  

2. In particular, the PEMFC is used to improve the overall generation efficiency for the 

hybrid system as well as it puts favorable impact over the reduction in greenhouse gases 

emission.  

3. An effort is made to reduce the number of if-else case for making decision on the power-

references for the FC, battery, electrolyzer in the proposed PMC. This enhances the 

transient response of the considered HES. 

4. Desired objectives such as minimum dc-link voltage fluctuation, low active power 

fluctuations for generation and loading transients are ensured with the considered power 

management algorithm. 

5. Along with the power sharing control, a dynamic feed-forward based LVRT control 

scheme is embedded with the grid-interfaced voltage source inverter (VSI). 

6. The proposed LVRT control scheme uses less computations and it is based on the 

positive sequence power tracking scheme so as to mitigate the negative sequence 

current profiles in the PCC. 

The remaining chapter is organized as follows; Section 5.3 describes the architecture of 

and design of the considered HES. A brief discussion on the modeling of individual system 

components is detailed in Section 5.4. The proposed PMC used in this chapter is explained in 

Section 5.5, while; the suggested converter controllers for the WECS, PEMFC, battery, 
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electrolyzer and VSI are described in Section 5.6. Section 5.7 presents the detailed validation 

of the proposed integrated rule-based PMC along with the discussion on exchange capacities. 

The section also presents the validation of the dynamic feed-forward LVRT control for 50% 

and 90% voltage sag conditions with the support of extensive simulations. Finally, the 

concluding remarks of the chapter are deliberated in Section 5.8. 
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Fig. 5.1. Schematic of the considered grid connected hybrid generation system. 

5.3 System’s Architecture and Design 

In this chapter, the hybrid energy system is considered as depicted in Fig. 5.1, which 

consists of PMSG based WECS as the primary source of power generation. An uncontrolled 

bridge rectifier and a controlled dc-dc boost converter-1 arrangement felicitates the conversion 

of uncontrolled ac voltage generated at the PMSG terminal to a controllable dc voltage. The 

storage system consisting of batteries acts as the primary storage system which, is designed to 

meet the load transition for shorter duration while a FC- electrolyzer combination is used as 

the secondary back-up system for long-term backup in case of worst-case power outage. A H2 

storage system is assumed as indicated in red colour and the corresponding channel of the H2 

circuit is shown in dotted red line. In this work, the dynamics and the modeling of H2 storage 

system has not been considered to simplify the simulation-based modeling. However, it is 
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ensured that the working of FC and electrolyzer must complement each other by introducing a 

new power management algorithm. An appropriate power sharing logic is designed so as to 

safeguard the life span of the battery and FC. The same is elucidated in Section 5.6.2 where, 

the battery system’s life span is ensured by keeping its state of charge (SOC) within 20% to 

80%. Whereas, for the PEMFC system, the prolonged life span is confirmed by restricting its 

utilization factor within 80% to 90%. A dc-dc buck-boost converter is interfaced with the 

battery system, whereas dc-dc boost converter-2 is interfaced with the PEMFC system. A brief 

detail regarding the unit sizing and modeling of individual system components is described in 

the next subsections. 

5.3.1 Unit Sizing 

The work considers a situation where, the grid is accessible and the available wind 

potential enables the WECS to meet an average annual load of 14 kW. Therefore, the sizing of 

WECS is done by considering its plant load factor (PLF). In general, the wind power plants 

operate at a PLF of 35%, thus as per (5.1), the power rating for the wind generator is estimated 

as 40 kW. 

     
Average annual load 14,000

 capacity=  = =40 kW
0.35

Plant
PLF

  (5.1) 

The rating of FC is based on the grid side peak demand; it is intended to meet the peak 

grid demand of 15 kW. Therefore, a total of 12 numbers of 1.2 kW size PEMFC units are 

connected in cascade to attain the total rated power of 15 kW. While; the sizing of the battery 

is done by considering the grid operator’s demand. The battery backup system intends to 

support the load demand of 40 kW for a maximum span of 15 minutes. Considering an ideal 

depth of discharge of 60% and battery terminal voltage as 300 V, the Ah rating of the battery 

is determined from (5.2). 

Load demand  40 000 0 25
 rating= =

    300 0 6

                        

Backup time , .
Battery

Battery termin al voltage Depth of disch arg e .

 

  ≈55Ah  (5.2) 

Further, the rating of electrolyzer is done on the basis of available surplus power [16]. 

Assuming an ideal generation of 40 kW from the WECS and a constant demand of 20 kW, the 

surplus power is 20 kW. Looking into the aspect of high cost associated with an aqua 

electrolyzer, the final rating of electrolyzer is selected as 60% of the available surplus power 

available in the system which is calculated per (5.3). 
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60% (

0.6 12

ratingElectrolyzer surplus power)

                          =(40-20) kW

= 

 =
     (5.3) 

5.4 Modeling of the Proposed Hybrid Sustainable Energy System 

A brief modeling of the presented hybrid energy system is explicated which is a 

combination of PMSG based WECS, PEMFC, battery bank, and electrolyzer respectively. 

5.4.1 Modeling of Wind Turbine and PMSG 

The 40 kW wind turbine is selected as the primary source of energy generation whose 

mechanical power is modeled as per equations (3.1) -(3.3) deliberated in Subsection 3.2.1. The 

considered PMSG is a salient pole whose stator voltage equations are modeled on parks 

transformation according to equations (3.5) -(3.6) reviewed in Section 3.2.2. 

5.4.2 Modeling of PEMFC 

A 1.2 kW PEMFC system is modeled as per the mathematical expressions (3.20) -(3.22) 

presented as in Section 3.3. Parameters like cell internal potential, partial pressure of the 

reactants at anode and cathode of the PEMFC and the quantity of reacted H2 in the FC are 

primarily considered for modeling the FC system. 

5.4.3 Modeling of Battery 

The considered 55 Ah battery is modeled as per the equations (3.23) and (3.24) presented 

in Section 3.4. The terminal voltage and battery SOC are the critical parameters for a battery 

model. 

5.4.4 Modeling of Electrolyzer 

A 12 kW electrolyzer forms the supporting system for PEMFC where H2 gets generated 

with the help of excess power for the WECS. The cell voltage and current in an electrolyzer is 

related as per (3.27). Electrolyzer generates H2 as a function of electrolyzer’s current whose 

mathematical expression is already deliberated as per (3.29) and (3.30) in Section 3.7 of 

Chapter-3. In this work, a 12 kW electrolyzer is designed by keeping its current rating to 120 

A. The 5 kW, 120 A and 43 V electrolyzer is used obtain a 12 kW electrolyzer by fixing a 

voltage of 100 V at the terminal of electrolyzer. Therefore, a total of 75 numbers of cells are 

connected in series in order to obtain the rated terminal voltage from the electrolyzer model. 

As the electrolyzer is maintained at a lower voltage as that of the dc-bus, a buck converter is 
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used to step down the voltage. Detailed parameters of this electrolyzer system are mentioned 

in the Table 5.1. 

5.5 Proposed Power Management Controller 

The power sharing algorithm is developed among the generators, backup devices and the 

utility grid with the help of proposed PMC. The adopted PMC logic is depicted as per Fig. 5.2 

where, the control logic is divided into three section namely input power sensing (IPS), PMC 

and output power reference (OPR) generation unit. The IPS senses the available power 

generation of the WECS denoted by wP , power demand from the grid ref

gP , power demand of 

the load connected at the PCC denoted by LP . The PMC performs the arithmetical and logical 

computations with the sensed inputs and channelizes its result to the OPR generation unit. Four 

status conditions, namely, Status-1, Status-2, Status-3 and Status-4 respectively, are considered 

with in the centralized PMC for determining various power reference for the converters 

interfaced with FC, battery and electrolyzer (ELZ). Status-1 and Status-2 are activated when 

the system encounters excess power due to lesser demand and higher wind power generation 

whereas Status-3 and Status-4 are activated when the system encounters higher power demand 

and deficient wind power generation. 

Status-1: In scenarios where the surplus power (denoted by netP ) is available in the 

system even after fulfilling the demand of grid and load, the SOC criteria of the battery is 

monitored. If the battery is fully charged; the extra power is dumped to the aqua-electrolyzer 

by controlling the switch S9 and buck chopper.  

Status-2: For situation of surplus power availability in the system, if the battery has its 

SOC less than 80% then this power is used to charge the battery. The calculated power 

reference 
ref

battP  is used to drive the buck switch S11 of the buck-boost converter interfaced with 

the battery. The process of charging continues until the battery reaches the upper SOC limit.  

Status-3: For situations when there is a power deficiency in the system, the coordination 

of battery and FC is performed by the PMC. The condition of battery’s SOC is checked and if 

it is at the lower limit, FC is used to supply the deficit power. The power exchange with 

electrolyzer and battery is not performed in the system, this is ensured by fixing 0ref

elzP = and 

0ref

battP = . 
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Status-4: It is the state of power deficiency in the system where the power demand of the 

utility grid and load is not met by WECS. The deficit power of the system is supplied by the 

battery provided its SOC, and is above 20%.  

 

Fig. 5.2. Schematic of the proposed power management controller of HES. 

It is interesting to note that fuel cell and electrolyzer’s have slow response time and are 

not suitable for frequent start and stop operation as compared to a battery. But, H2 based storage 

systems are very suitable for satisfying the load demand for a long-term basis which can 

improve the overall system’s efficiency. In this work, the above technical constraint exhibited 

by fuel cell and electrolyzer system has been mitigated via the adoption of battery storage. As 

depicted in Fig. 5.2, the battery storage always helps in meeting the transient generation, and 

loading power profiles in the system via the adoption of reduced rule-based power management 

controller (PMC). In fact, with the help of deliberated PMC the merits of battery storage have 

been judiciously used to overcome the slow dynamic nature of fuel cell and electrolyzer. 
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As shown in Fig. 5.2, it is observed that the battery can support either the electrolyzer 

system or the FC system depending on the criteria of netP  and SOC of the battery. During 

excess power generation inside the hybrid system, the electrolyzer consumes this excess power 

to generate H2 whereas, the battery consumes this excess power to replenish its SOC if the 

battery SOC is less than 80%. Thus, either the electrolyzer or the battery participates whenever 

there is an excess power generation in the considered system. While; the FC- battery 

combination participates in meeting the deficit load demand whenever the system encounters 

power deficiency. Thus, in all cases the support from battery either as an energy source or as 

an energy sink is available. The SOC criteria for the battery have been intentionally applied as 

this will ensure that the battery is always available whenever the FC and electrolyzer system 

ceases to deliver or absorb their respective power. Moreover, this SOC criteria helps in 

reducing the frequent start and stop cycles of the H2` based devices (FC and electrolyzer). The 

power references generated from the OPR unit are controlled by the respective interfacing 

power electronic converters whose control algorithms are discussed in the next section. 

5.6 Proposed Control Schemes of Power Electronic Converters 

The power references for the PEMFC converter 
ref

FCP , battery converter 
ref

battP , electrolyzer 

converter 
ref

elzP  are generated from the OPR unit of the proposed PMC as it was deliberated in 

the previous section. Since, this chapter keeps a holistic approach for meeting the objective of 

power management and also the aspect of LVRT capability in the system, the design for dc-dc 

boost converter-1 that is interfaced with WECS is done by keeping both of these objectives. 

Hence, in this regard a MPPT control and off-MPPT control is used and the control 

methodology of the same is deliberated in the following subsection. 

5.6.1 Control of WECS Converter 

As shown in Fig. 5.1, the dc-dc boost converter-1 is used for MPPT purpose from the 

WECS. This controller senses the wind speed denoted by wv  in order to calculate the optimum 

value of the rotor speed 
r

opt , this rotor speed will correspond to the maximum power to be 

fetched from the turbine. The optimum rotor speed changes with the instances in wind speed 

variation and is tracked via a PI controller bearing proportional and integral gain as mppt

pk  and 

mppt

ik  respectively. The PI controller adaptively generates a reference current for the dc-dc boost 

converter-1 denoted by 
1

*

Li containing the information of maximum power. The error between 
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the generated reference current 
1

*

Li  and measured current 
1Li  is applied to adjust the duty cycle 

dpmsg of the boost converter via a hysteresis current controller in order to operate the turbine at 

optimum speed. 

pmsgdPI

opt

r

wv

+
1

*

Li

MPPT Control
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Fig. 5.3. MPPT and off-MPPT based control for WECS. 

In case of grid fault, there is a power imbalance generated in the system as there is a sharp 

drop in the magnitude of active power at the PCC while; the power generated from WECS 

remains unchanged. If this imbalance is not nullified, then the magnitude of active power 

shoots up at the dc-link which, is visible in the form of surge of dc-link voltage. Thus, the 

PMSG based WECS needs to be disconnected from the MPPT mode during the detection of 

fault at the PCC and must be switched to off-MPPT mode. Since, this work also aims to 

integrate the LVRT capability in the considered system; an off-MPPT control is also proposed 

in this regard as depicted in Fig. 5.3. The toggle switch (TS) changes the turbine’s reference 

speed from  
r

opt  to a new optimum reference speed denoted by 
new

opt

r . The basic idea of 

generating the new speed reference is to momentarily increase the speed of the turbine as per 

(5.4) for the time span of the fault where, n stands for quantity of velocity samples, T denotes 

the fault/ voltage sag span duration, _s speedT  represents the MPPT controller’s sampling period, 

expresses the increase in PMSG’s speed and H stands for generators inertia constant. 

       

_

1 ; ;
100

new

opt

r r r

n

s speed

k

T T
k n

T H

 =  +  

   

 = + =  =  
  

   (5.4) 

The tracking of the new speed reference as per (5.4) enables to decrease the power 

generated from the turbine according to the wind turbine power and rotor speed characteristics. 
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In this process, some portions of the energy stored in the system in form of inertia denoted as 

per (5.5) [151], where J denotes the moment of inertia of the rotor mass. 

       ( ) ( )
2 2

0 5
new

opt

r rKE . J   =  − 
  

    (5.5) 

5.6.2 Battery Converter Control Scheme 

A bidirectional dc-dc buck-boost converter is interfaced between the battery and dc-link, 

as the battery is expected to release and absorb its energy for balancing the deficit power as per 

the power sharing algorithm. The representation of the controller is shown in Fig. 5.4 where, 

the battery is controlled to either in buck mode when the excess power is to be dumped or in 

boost mode when the deficit power is to be met.  
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Fig. 5.4. Schematic showing the battery converter control scheme of the proposed HES model. 

The battery reference power 
ref

battP  which, is derived from the PMC is mathematically 

divided by the battery terminal voltage in order to generate the battery reference current 
ref

batti . 

This reference current is tracked by the PI controller bearing proportional and integral gain as 

batt

pk  and 
batt

pk  respectively. The entire control scheme is designed in such a way that it is 

ensured that the battery operates within its lower and upper SOC limits of 20% and 80% 
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respectively. Thus, an additional check loop is added to take care of the above condition which, 

ensures that the battery always works in the specified SOC condition. 

Additionally, the condition of buck operation or boost operation is ensured by applying 

a conditional two-way switch that selects either of the inputs, that is, I/P1 or I/P2 based on the 

value of control input. 

5.6.3 Fuel Cell Converter Control Scheme 

The fuel cell (FC) converter participates in meeting the deficit power when the battery 

SOC reaches its lower value. The control of switch S2 in dc-dc converter-2 is done is such a 

manner that the utilization factor of FC stays in the range of 80% to 90%, as this criterion 

ensures the optimum life span of the FC. The desired limits of utilization factor are converted 

to lower and upper limits of the current to be supplied by the FC denoted by 
low

fci  and 
up

fci

correspondingly. 

2
0.9

2

in

Hup

fc

r

q
i

K
= ; 2
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q
i

K
=      (5.6) 

The value of the current limits is calculated as per (5.6) where, Kr is the cell constant and 

2

in

Hq  is the quantity of hydrogen which enters the FC. 

2Li

ref

fci



fcv

ref

fcP

FCD

Carrier waveform

+
−

Limiter

u p

fci

lo w

fci

PI


 

Fig. 5.5. FC converter control scheme. 

The current reference of the FC converter 
ref

fci  is obtained by dividing the fuel cell 

reference power 
ref

fcP  with FC terminal voltage fcv . The magnitude of 
ref

fci  is controlled between 

its limits by the help of a limiter block and the inductor current 
2Li is controlled via a PI 

controller whose proportional and integral gains are 
fc

pk  and 
fc

ik  respectively. The 

corresponding duty cycle for the FC converter DFC is generated as per Fig. 5.5. 
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5.6.4 Electrolyzer Converter Control Scheme 

The electrolyzer is controlled by a buck converter, as the required terminal voltage for 

the electrolyzer is less than the rated dc-link voltage. The control schematic for the switch S9 

and buck converter connected in front of the electrolyzer is presented in Fig. 5.6. The control 

ensures the operation of electrolyzer is in operation only when the battery upper limit is 

reached, and at the same time the desired excess power is absorbed by the electrolyzer. Here, 

elz

pk  and 
elz

ik  represents the proportional and integral gain constant of the PI controller used in 

the electrolyzer converter control. 
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Fig. 5.6. Control of switch S9 and buck converter for electrolyzer. 

5.6.5 Control Scheme for Grid Connected VSI for Integrating LVRT Capability 

The control schematic for the grid connected VSI is as per Fig. 5.7. The VSI is controlled 

in grid feeding mode when the preliminary role of the converter is to deliver the power 

generated from the WECS as per the grid operator’s request. Besides the grid feeding feature, 

a new converter control for attaining the LVRT feature is proposed as well. In fact, when a grid 

fault is detected, the VSI control does the switching between its generated current references. 

The calculation of current reference during grid feeding operation mode and during the LVRT 

mode is discussed in the following sub-sections. 

(a) Grid Feeding Mode Operation 

The power balance in the system is represented as per (5.7) where, the total power 

generated from WECS Pw, PEMFC Pfc and battery Pbat is distributed among the dc-link Pdc, 
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electrolyzer Pelz, inverter Pinv, load demand Pl and to the grid demand 
ref

gP . This power balance 

helps in determining the required reference power of the inverter 
ref

invP  which, is translated to a 

current reference by the current reference generation block as shown in Fig. 5.7. 

      ref

w fc bat elz dc inv l gP P P P P P P P+  − = + + +     (5.7) 

 

Fig. 5.7. Grid interfaced VSI control. 

The dc-link power reference 
ref

dcP  is obtained by the product of dc-link reference current 

ref

dci and dc-link voltage dcv  which is generated as per (5.8) and (5.9) respectively where 
*

dcv  and 

dcv  are the reference and actual value of dc-link voltage, 
v

pk  and 
v

ik  are the proportional and 

integral gain constant of the voltage controller. As the inverter is controlled in dq- reference 

frame and under unity power factor condition, the reference d-axis current 
ref

di  is obtained as 

per (5.10) while the default q-axis current reference 
ref

qi  is fixed to zero. 

* *( ) ( )ref v v

dc p dc DC i dc dci k v v k v v dt= − + −    (5.8) 

ref ref

dc dc dcP v i=        (5.9) 

      
2

3

ref ref

w fc bat elz dc l gref

d

d

P P P P P P P
i

v

 + − − − −
=   

 
                (5.10) 
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The current references 
ref

di and 
ref

qi  are tracked by the PI controllers PI1 and PI2 in order 

to generate the direct and quadrature axis voltage references denoted by 
*

dv  and
*

qv  

respectively. 

(b) LVRT Mode Operation 

The mode selection switch performs the switching of current reference from the grid 

feeder current generation block to LVRT current controller block depending upon the detection 

of grid fault. The mathematical modeling of the proposed LVRT control scheme is described 

in this subsection. The reference current is generated during LVRT mode via tracking the 

positive sequence power of the system as per (5.11) where, hsP  is the total power generated 

from the hybrid system as per (5.12), pv  is the positive sequence voltage component, dcC  is 

value of dc-link capacitance. As per (5.11), the reference current *pi  does not contain the 

component of negative sequence power and thus, if this reference current is successfully 

tracked by the inverter control, then, the FRT functionality is effectually unified in the system. 

*

3 p

dc
hs dc dc

p

dv
P v C

dt
i

v

 
− 

 =


            (5.11) 

fc w bat hsP P P P+ + =              (5.12) 

The current reference in positive sequence component which is obtained as per (5.11). 

Further, it is converted to current variables 
a

i*
, 

b
i*

, 
c

i*
 of a 3-phase stationary circuit using Fortes-

cue operators,   and 
2  as per (5.13). 

3a

dc
hs dc dc

p

dv
P v C

dt
i

v

 
− 

 =


*           (5.13.1) 

2

3b

dc
hs dc dc

p
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P v C

dti
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 
− 

=   
 

 

* ( )0 5 0 866
3

dc
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p
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P v C

dtj
v

 
− 
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. .       (5.13.2) 
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3c

dc
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p

dv
P v C
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         (5.14) 

Since, it is intended to regulate the inverter current references by PI controllers but it is 

generated in the abc-frame obtained as per (5.13), these current references are converted to 

SRF using (5.14). Moreover, the current references obtained from (5.13) are complex terms 

bearing their real and imaginary components because of the presence of sequence factors, their 

corresponding magnitude are extracted and the same is applied to (5.14) for obtaining the 

further current references in dq-frame. The current reference terms of d-axis 
*

di  and that of q-

axis 
*

qi  enables for the FRT attainment. The reference current of q-axis 
*

qi  is compared with the 

actual q-axis current and the corresponding error is regulated by the PI controllers PI1 and PI2 

to generate an intermediate voltage reference term. The final voltage reference in the dq-frame 

is obtained by including the cross-coupling voltage terms which finally generates the dq- axis 

reference voltages 
*

dv  and 
*

qv  according to (5.15) -(5.16) respectively. 
c

ik and 
c

pk  denotes the 

integral and proportional gains of PI-regulators PI1 and PI2, the entire control schematic is 

included in Fig. 5.7. The method described above is one of the significant contributions done 

in terms of the system modeling. 

   * * *(  or ) (  or )c ref c ref

d p d d d i d d d d f qv k i i i k i i i dt v L i= − + − + −           (5.15) 

* * *( or ) ( or )c ref c ref

q p q q q i q q q q f dv k i i i k i i i dt v L i= − + − + +           (5.16) 

5.7 Results and Interpretations 

The validation of the deliberated system’s modeling and its control is performed by 

considering series of simulation experimentation in MATLAB/Simulink platform. The detailed 

simulation parameters are presented in Table. 5.1. Following case studies are undertaken to 

validate the dynamic and transient performance of the system under various power generation 

and demand scenarios. 
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5.7.1 Case-1: WECS Generated Power Greater than the Grid Request 

A situation is considered where; the power generated from the wind generator Pw remains 

constant at 18.3 kW per Fig. 5.8 (a) because of nearly constant wind speed. The battery SOC 

is considered more than 80% while, the produced power from the WECS is larger than the 

power demand of the grid operator. The power demand of the grid denoted by 
ref

gP  as shown 

in Fig. 5.8 (e) varies in the following way; a demand of 3 kW for the span of 0 s – 0.5 s, 7 kW 

from 0.5 s – 1.5 s, 15 kW for the peak demand span of 1.5 s – 3 s and 10 kW for the remaining 

duration. The demand from the grid acts as the input power reference for the grid connected 

inverter controller. 

Table 5.1 

Parameters of the system used for simulation 

PMSG- WECS 

Rated power of the wind turbine 40 kW 

Rated electromagnetic torque of the PMSG 126 N-m 

Rated speed of the PMSG 314 rad/s 

Base wind speed of the turbine 12 m/s 

Pitch angle (β) 0° 

Optimal tip speed ratio (λopt) for MPPT 8.1 

mppt

pk , 
mppt

ik of the DC-DC MPPT converter (Boost Converter-1) 82, 650 

Battery Bank 

Type Lithium ion 

Rating 55 Ah 

Rated terminal voltage 300 V 

Internal resistance 0.1 Ω 
batt

pk , 
batt

ik of the DC-DC buck-boost converter 0.0153, 2 

PEMFC System 

Power rating of individual stack 1.2 kW 

eo 1.229 V 

Rated voltage of a single stack 26 V 

Rated stack current 46 A 

Number of cells in a single stack 48 

Nominal stack efficiency 46 % 

Operating temperature 55°C 

Universal gas constant 8314.47 J/(k-mol-K) 

Faradays constant 96485 C/mol 

Cell constant 9.94×10-7 

Nominal supply pressure of H2 1.5 Bar 

Nominal supply pressure of O2 1 Bar 
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Number of series connected stacks 12 

Overall rating of the PEMFC array 15 kW 

fc

pk , 
fc

ik of the DC-DC boost converter (Boost Converter-2) 3.5, 350 

Electrolyzer System 

Rating of the electrolyzer 12 kW 

r1 1.5 × 10-5 Ω m2 

r2 -6.019×106 Ω m2 °C 

t1 0.214 A-1m2 

t2 -9.870 A-1m2°C 

t3 119.1 A-1m2°C2 

N 75 

vtherm 1.1647 V 

T 70 °C 

A 873 cm2 

elz

pk , 
elz

ik of the DC-DC buck converter 6, 82 

Parameters of the Inverter Control System 

Base voltage (Peak of line to ground) 338 V 

Switching frequency 20 kHz 

dc-link voltage reference; 
*

dcv  690 V 

Simulation sample time 20-µS 

Voltage controller parameters; 
v

pk , 
v

ik  0.02, 267 

Current controller parameters; 
c

pk , 
c

ik  2.67, 0.002 

As presented in Fig. 5.8 (d) net power Pnet is negative which implies the presence of 

excess power in the system. The efficacy of the PMC is seen where the excess power is stored 

in electrolyzer as per Fig. 5.8 (b) and dc-link is regulated near its reference value. Further, the 

power injected to the grid by the inverter follows the grid demand reference as evident from 

Fig. 5.8 (f). The PCC voltages are well regulated at 1 P.U by the inverter control while the 

currents at the PCC are regulated as per the grid power demand as inferred from Fig. 5.8 (g) 

and Fig. 5.8 (h). The generated H2 (mol/s) profile of the electrolyzer is shown as per Fig. 5.8 

(i). The profile of generated H2 clearly gives an inference that H2 production is directly related 

to the availability of the excess power in the system whose profile is as per Fig. 5.8 (d). During 

instances, when the system has excess power, then the H2 generation is more while; during the 

situation when the magnitude of excess of power decreases then the generation of H2 also 

decreases. 
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Fig. 5.8. (a) Power generated by WECS, (b) power generated by electrolyzer, (c) dc-link voltage, (d) 

net power in the system, (e) grid demand reference, (f) power delivered to the grid, (g) voltage at the 

PCC, (h) current at the PCC, (i) hydrogen generated by the electrolyzer. 

 

 



91 
 

5.7.2 Case-2: WECS Generated Power Lesser than the Grid Request and Load Demand 

In this case, a situation is considered where the power generated from the WECS is 

constant but the sum of the load demand and the demand coming from the grid operator is 

constantly varying. The variation of 
ref

gP is as per the previous case, while the load power PL 

varies as 5 kW for the span of 0 s to 2.1 s, 10 kW for the time range of 2.2 s to 3 s and 30 kW 

from 3.1 s to 4 s. For this criterion, the net power constantly varies and takes the positive and 

negative values as shown in Fig. 5.9 (b). The profile of wind power, load demand, grid demand 

and the response of the inverter Pinv is depicted as per Fig. 5.9 (a), where it is seen that the 

inverter responds according to the demand of load and grid. For instance, during 3 s to 4 s, the 

total demand of the system (PL+
ref

gP ) is 40 kW which is delivered by the inverter. 

Time (s) Time (s)

pcci ( P.U )

pccv ( P.U )netP ( w )

dcv ( volts )

(a)

(b)

(c)

(d)

(e)

(f)

 

Fig. 5.9. (a) Power generated by WECS, load demand, grid demand, inverter generated power, (b) 

net power in the system, (c) power shared by battery and electrolyzer along with its zoomed version, 

(d) dc-link voltage, (e) voltage at the PCC, (f) current at the PCC. 
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The power delivered by the inverter is derived by the participation of battery and 

electrolyzer in the power sharing which is evident from Fig. 5.9 (c). The power management 

controller (PMC) directs the battery to participate in meeting the deficit power of 21.7 kW in 

the system since the generation from WECS is only 18.3 kW at that instant. The SOC of the 

battery is considered in the range of 20% to 80%. As per the zoomed version of active power 

response of electrolyzer and battery as per Fig. 5.9 (c), before 1.5 s the excess power in the 

system is absorbed by the electrolyzer, however after 1.5 s the electrolyzer goes to shut-down 

mode and due to the slow dynamics of the electrolyzer it switches OFF completely (Pelz = 0 

W) at 1.55 s. The battery storage instantly supports the system at 1.5 s itself and thus it mitigates 

the power imbalance in the system created due to the slower dynamics of the electrolyzer. 

Although, the system experiences transition during 0.5 s, 1.5 s, 2 s and at 3 s respectively, 

proper regulation is performed by the proposed dc-ac converter control. The dc-link voltage is 

regulated around its reference value of 690 V, while the PCC voltages are maintained at 1 P.U 

and the PCC currents reacts as per the load demand. The profiles of the discussed parameters 

are depicted as per Fig. 5.9 (d), (e) and (f) respectively. 

5.7.3 Case-3: Variable Power Generated by WECS and Variable Grid Request and Load 

Demand 

The robustness of the proposed system and its control is also validated by considering 

variable wind generation, variable load demand and variable grid demand as depicted in Fig. 

5.10 (a). The battery SOC is fixed less than 20%, because of variable power profile the system 

experiences both surplus and deficient power. The profile of net power is as per Fig. 5.10 (b) 

while the power shared by fuel cell and battery as per Fig. 5.10 (c). During the time span of 0.5 

s to 1.5 s, the system possesses excess power but the SOC of battery is less than 20%, hence, 

the battery works in charging mode. Power of around 5 kW is received by the battery during 

the span 1 s to 1.5 s, negative magnitude of battery power Pbat validates the charging mode. 

After 1.5 s, net power in the system shift from excess power mode to deficient power mode 

where the fuel cell starts up and delivers the deficient power according the overall system 

demand. For instance, 10 kW of deficit power is conveniently delivered by the fuel cell during 

the span of 2 s to 3 s as per the PMC logic. The apt regulation of the dc-link voltage around its 

reference and regulation of PCC voltage at 1 PU is depicted as per Fig. 5.10 (d) and Fig. 5.10 

(e) respectively. The inset version of PCC currents during the transients encountered at 1.5 s 

and 2.1 s is shown in Fig. 5.10 (f) where, it is inferred that the current regulation is well 

visualized by the inverter control. 
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Fig. 5.10. (a) Power generated by WECS, load demand, grid demand, inverter generated power, (b) 

net power in the system, (c) power shared by battery and FC, (d) dc-link voltage, (e) voltage at the 

PCC, (f) current at the PCC and its corresponding zoomed versions, (g) Consumed H2 by the FC. 

The consumed/ reacted H2 profile in the fuel cell is as per Fig. 5.10 (g) where, the 

corresponding changes in the H2 consumption are observed whenever there is a change in the 
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fuel cell’s power delivery magnitude. For instance, the system experiences a power deficiency 

during the span of 1.5 s – 1.9 s, hence, the H2 consumption also surges and registers a value 

around 0.8 mol/s during this span. While; after 1.9 s, the H2 consumption gets regularized 

within the range of 0.65 mol/s and 0.7 mol/s respectively as per the fuel cell’s power delivery 

requirement. 

5.7.4 Energy Exchange Analysis of the Grid-Connected Hybrid Generation System 

In order to understand the energy balance in the system, the dynamics of power 

associated in the dc-link and inverter is ignored for simplicity. Hence, the power balance inside 

the system is stated as per expression: 

ref

w fc bat elz l gP P P P P P+  − = +            (5.17) 

where, Pw is the power generated from the WECS, Pfc is the power delivered by the FC, Pbat is 

the power delivered or absorbed by the battery, Pelz is the power absorbed by the electrolyzer, 

Pl is the power demand of the ac load connected at the point of common coupling while 
ref

gP is 

the power demand of the grid. The energy balance is derived from (5.17) and is expressed as 

per (5.18) 

ref

w fc bat elz l gP dt P dt P dt P dt Pdt P dt+  − = +       or 

      w fc bat elz l gE E E E E E+  − = +            (5.18) 

where, Ew is the energy supplied by the WECS, Efc is the energy provided by fuel cell, Ebat is 

the energy absorbed or supplied by battery, El is the energy demand of the load, while Eg 

denotes the energy demand of the grid. Since the validation of power management algorithm 

is performed for a shorter simulation span, the demonstrated values of energy exchange 

capacities will be of lower magnitudes. In each simulation cases the energy exchange 

associated with battery, FC and electrolyzer are discussed on the basis of (5.18), and the same 

is enumerated below; 

Simulation Case-1: In this case (discussed as per Subsection 5.7.1) the system has energy 

abundance as Ew > Eg, the excess energy is consumed by electrolyzer (Eelz) to generate more 

H2. At this condition the FC and battery does not participate in energy exchange thus; fcE = 0 

kWh and batE = 0 kWh. Considering the average power consumption of electrolyzer as 10-kW 
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for the duration of 4 s (evident from Fig. 5.8 (b)), the average energy consumption of the 

electrolyzer (
avg

elzE ) is calculated as per (5.19). 

4
10 0.012

3600

avg avg

elz elzE P t kW hr=  =  =  kWh          (5.19) 

Simulation Case-2: In this case (discussed as per Subsection 5.7.2) the system has energy 

deficiency since Ew < (Eg+El) hence, the deficient energy is supplied by the battery storage 

system. As per the results of Fig. 5.9 (c) of the manuscript, the battery supplies an average 

power of 27 kW for the duration of 2.5 s, hence the average energy exchanged by the battery 

(
avg

batE ) is calculated as per (5.20) while the energy exchanged with the fuel cell fcE  = 0 kWh. 

2.5
27 0.01875

3600

avg avg

bat batE P t kW hr=  =  =  kWh          (5.20) 

Simulation Case-3: In this case (discussed as per Subsection 5.7.3) the system encounters 

variable loading hence the condition of energy deficiency and energy surplus are created. 

During energy surplus condition, the excess energy is absorbed by the battery while during the 

energy deficiency the FC participates in meeting the demand. As per the results of Fig. 5.10 

(c), the FC supplies an average power of 10 kW for the duration of 2.5 s, hence the average 

energy exchanged by the FC (
avg

fcE ) is calculated as per (5.21) while the energy exchanged by 

the electrolyzer elzE = 0 kWh. 

2.5
10 0.006944

3600

avg avg

fc fcE P t kW hr=  =  =  kWh          (5.21) 

5.7.5 Case-4: LVRT Capability of the Considered Hybrid Power Generation 

The LVRT capacity is added to the system by appending the presented LVRT controller 

discussed in Subsection 5.6.5(b), and also by using the off-MPPT control discussed in Section 

5.6.1. The validation for the LVRT control is undertaken by considering three sub-cases 

namely 1-phase sag, 2-phase sag and 3-phase sag. The system response for all the three voltage 

sag cases are depicted as per Fig. 5.11. For all the cases, PCC voltage (vpcc), PCC current (ipcc), 

dc-link voltage (vdc), power delivered by the inverter (Pinv) and the mean power from the 

inverter 
mean

invP  are calculated. The voltage sags are simulated for the duration of 2 s to 2.15 s 

respectively, and the inverter is operated to meet the grid active power demand of 5 kW. 
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Fig. 5.11. (a) system parameters under 50% 1-phase voltage sag, (b) system parameters under 50% 

2-phase voltage sag, (c) system parameters under 50% 3-phase voltage sag. 

(a) 1-Phase Voltage Sag 

In case of single-phase sag, a voltage dip of 50% is simulated at one phase 

correspondingly, the dynamics of the inverter control and the off-MPPT control are actuated 

enabling the ride through characteristics in the considered system. As per the results in Fig. 

5.11. (a), the overshoot of ipcc is controlled within the range of ± 0.1 P.U., while the profile of 

vdc is controlled in a smooth manner due to simultaneous the actuation of off-MPPT control, 

operation of the negative sequence current control and also due to effective power sharing 
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performance with the proposed power management controller. The generation of negative 

sequence currents attributes to the ripple content in the instantaneous active power oscillations 

in the system while the proposed FRT control is unable to completely eliminate these 

oscillations. However, the dip in the active power profile to is minimized to a great extent. 

This, aspect is visible by visualizing the 
mean

invP  profile delivered by the inverter under various 

voltage sag conditions where the mean value of the inverter active power is maintained up to 

2.7 kW during the voltage dip span. 

(b) 2-Phase Voltage Sag 

The system is subjected to a double phase sag of 50% and the corresponding system’s 

behaviour is projected as per Fig. 5.11 (b). Due to the increase in quantum of unbalancing, the 

overshoot of ipcc is within the increased range of ± 0.15 P.U. while; the profile of dc-link voltage 

well stabilized within its rated value of 690 V with minute number of ripples. The active power 

profile delivered by the inverter registers a dip up to 2 kW from the rated power reference of 5 

kW. 

(c) 3-Phase Voltage Sag 

The systems investigation for the LVRT capability is performed for a symmetrical fault 

case study where a uniform voltage dip by 50% is created in the utility grid in order to observe 

the ride through performance in the system. The corresponding parameters are showcased in 

Fig. 5.11 (c) where, the current surge is limited within the range of ± 0.1 P.U. Further, the dc-

link voltage profile and the instantaneous active power profile does not register any double 

frequency oscillations due to the absence of negative and zero sequence components of current 

and voltage. Since, such type of sag condition is considered to be the most severe one, the dip 

in the mean value of active power profile is up to 1 kW from the rated value of 5 kW. 

(d) Severe voltage sag ride through capability 

In general, a typical electric power system mostly registers a 1-phase voltage sag and the 

magnitude of voltage at the PCC or at the inverter terminals generally lies within 0.9 P.U. to 

0.5 P.U. This typical range of voltage magnitude at the PCC during the voltage sag span is due 

to inherent availability of impedance existing between the line connecting the utility grid and 

inverter terminals. In this work, the robustness of the discussed LVRT algorithm is also brought 

out by validating it for the considered system during 90% voltage sag events where the 

magnitude of respective PCC voltages is registered up to 0.1 P.U. 
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Fig. 5.12. (a) system parameters under 90% 1-phase voltage sag, (b) system parameters under 90% 

2-phase voltage sag, (c) system parameters under 90% 3-phase voltage sag. 

The system ride through performance is portrayed as per Fig. 5.12 where the respective 

considered subcases of 90% 1-phase, 2-phase and 3-phase voltage sag are depicted as per Fig. 

5.12 (a), Fig. 5.12 (b) and Fig. 5.12 (c) respectively. As seen from Fig. 5.12, there is a gradual 

increase in the magnitude of PCC current from 0.3 P.U. to 0.5 P.U. as the voltage sag events 

shift from 1-phase, 2-phase and 3-phase sag respectively. Hence, in all the cases the magnitude 
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of PCC currents pcci  is within the range of rated current carrying capability of the inverter’s 

power electronic switches. The profile of dc link voltage registers oscillation during 1-phase 

and 2-phase voltage sag due to presence of negative sequence currents. However, similar to the 

response of 50% voltage sag event the registered oscillations in dcv  has negligible peaks and 

does not portrays magnitude surge because of effective action of the presented feed-forward 

LVRT control action in the VSI control discussed as per Subsection 5.6.5 (b). As far the profile 

of instantaneous power at the inverter terminal invP  is concerned, the double frequency 

oscillations persist during 1-phase and 2-phase sag, while; steep spike is visualized during the 

end of 3-phase sag which can be considered as a limitation of the adopted LVRT strategy. 

Nevertheless, the mean value of inverter’s active power profile 
mean

invP  lies above 1500 W for all 

the cases which is due to effective support from the off-MPPT control of the PMSG-WECS 

discussed as per Section 5.6.1. 

5.8 Chapter Summary 

This chapter has addressed the simultaneous power management and LVRT control of a 

grid connected hybrid WECS based renewable energy generation system which, is primarily 

backed up by battery and PEMFC. The behaviour of the presented reduced rule-based power 

management control is found satisfactory for various power generation and demand scenarios. 

The proposed PMC takes into account the request of grid, power demand of the loads at PCC 

and available generation from the WECS during the entire system’s operation. Most 

importantly in all cases, the dc-link voltage and PCC voltages are regulated around 690 V and 

1 P.U. respectively. The discussed PMC also ensures the apt energy balance in the system. 

Further, the life span enhancement of the storage devices is ensured with the considered PMC 

by the allocation of proper coordination control and current limits within the various interfacing 

dc-dc converter control. As an added feature of the system, a dynamic current feed-forward 

control based on the regulation of negative sequence PCC current is appended in the inverter 

control which ensures the LVRT functionality. The ride through functionality is found 

satisfactory for 50% and 90% 1-phase, 2-phase and 3-phase voltage sag cases. The profiles of 

PCC voltages, currents and the dc-link voltage exhibit firm regulation under all the considered 

transient events. Overall, the proposed system and its control is well suitable where the grid 

operator is dependent in fetching reliable and clean power. 
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CHAPTER-6 

A Unified Central Power Management and LVRT Control for a 

Grid-Integrated Hybrid Energy System  

6.1 Introduction 

In continuations to Chapter-5, in this chapter, the aspects of power management control 

and LVRT is now presented for DFIG based hybrid energy systems. The work presented in this 

chapter considers a hybrid system consisting of DFIG based WECS as primary power generator 

along with hybrid storage units consisting of super capacitor (SC), fuel cell (FC)-electrolyzer 

(ELZ) pair as back up sources. The power-sharing characteristic is fulfilled with the proposal 

of reduced rule-based central power management controller (PMC). As per research objectives, 

the design of proposed PMC takes into account regarding the power demand from the grid 

operator. While; the low-voltage ride through (LVRT) capability of the system is enhanced via 

a new multi-dimensional control approach. Firstly, a control for the rotor side converter (RSC) 

is performed for torque ripple nullification in DFIG during grid voltage sag. Secondly, a mode 

selection-based switching control for the dc-dc converter interfaced with SC is adopted for 

smoothening the dc-link voltage transients under voltage sag scenario. Thirdly, a feed-forward-

adaptive neuro-fuzzy inference system (FF-ANFIS) based control for the grid side converter 

(GSC) of DFIG is presented. The FF-ANFIS based control for GSC, helps in regulating the 

newly generated current references from the LVRT block under grid voltage sag condition. 

The unified operation of discussed PMC and LVRT control is validated in MATLAB/Simulink 

based testbed for varied generation, loading and voltage sag conditions. 

6.2 Related Review and Motivation 

The merits of a DFIG based WECS were briefed in Section 1.2. To reiterate the same, a 

DFIG offers high energy conversion efficiency, flexible controllability and requirement of 

lower ratings of the power converters [20]. A DFIG system has the flexibility to perform 

additional control functionalities such as reactive power support, harmonic compensation and 

FRT capability as per the grid-operator requirements [21]. The practice of connecting a DFIG 

system with one or more number of storage systems at the point of common coupling (PCC) 

proves be beneficial in terms of energy efficiency and facilitation of reliable power [23]. Many 

studies shown the integration of energy storage devices at the common dc-link created by the 
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back-to-back converter arrangement in DFIG systems. Here, the integration of such storage 

devices provides the advantage of control flexibility, simplicity and cost effectiveness in the 

overall system [136], [152]-[153]. The use of SC as a storage device in conjunction with DFIG-

WECS has proven advantages for facilitating various technical objectives in the resultant HES. 

In [85], SC is being employed along with a PMSG based wind farm to compensate the slow 

dynamic response of FC due to change in WECS output.  In the work of [154]-[157], a SC is 

also used with a DFIG for rendering multiple tasks like, mitigation of power fluctuation, 

nullification of transient power mismatch and also for power smoothening in a WECS. SC is 

also a favourable choice for LVRT enhancement, the same is demonstrated in [156]-[157]. In 

[157], a SDBR is also used with SC to enhance the transient response of the DFIG system 

during 3-phase fault condition. In case of a DFIG machine, trapped flux is induced under low 

voltage situation due to the rapid change of voltage at its stator terminals. This phenomenon 

further causes larger induced voltage at the rotor windings at the slip frequency and causes a 

loss of control of the RSC. Devices like fault current limiter (FCL) with battery energy storage, 

switch typed FCL are used to weaken the rotor emf and also to limit the rotor overcurrent 

during low voltage situation at the DFIG as per [167]-[168]. An approach to include an 

additional transformer between the GSC and grid transformer is discussed in [169]. Here, the 

stator voltage is controlled towards its nominal magnitude irrespective of any potential changes 

in the grid voltage. The inclusion of more than one power generation sources like PV, batteries 

and FC along with SC in a DFIG-WECS are attempted in various literatures [23], [103].  

However, these referred work considers only grid independent architecture. From the above 

discussions, it is apt to state that a SC attributes an immense potential towards the enhancement 

of the dynamic response in a hybrid system. 

From the discussions of Subsection 1.2.4, it was emphasised that in HES, a PMC is 

essential for maintaining the balance of power in hybrid system and also for voltage and 

frequency regulation. The aspect of power management is equally essential in a DFIG based 

hybrid systems. For instance, the work of [25], [136] and [158] considers grid independent 

mode of operation with special consideration towards power quality improvement in the 

system. The PMC algorithm in grid- connected environment find its practical feasibility, when 

a DFIG based hybrid generation system operates in a smart grid-based frame work. It is re-

iterated that LVRT control is equally essential for grid integrated hybrid energy system 

considering the latest grid code requirements. References [159]-[160] proposes PMC in a DFIG 

based HES for grid integrated environment, however, these works did not address the LVRT 



102 
 

mode of operation in the system. The simultaneous objective of power management control 

and LVRT enhancement are sparsely attempted in the existing literature involving DFIG based 

HES. For instance, the work of [152] and [161] attempts the LVRT and energy management 

control in a cost effective DFIG hybrid system architecture. However, detailed information 

regarding the profile of generator’s electromagnetic torque is missing in these studies. 

Moreover, the validations for LVRT schemes are done by considering only balanced 3-phase 

faults which might not be practical as 3-phase faults rarely occur in a power system and does 

not involve the negative sequence currents or voltages. Considering the above cited research 

gaps, this chapter attempts to highlight the following contribution in the proposed work. 

1. This chapter demonstrates an architecture to integrate the back-up devices in the 

presented hybrid system, viz, FC-ELZ and SC at the common dc-link created in DFIG. 

Due to the very configuration, the requirement of an additional inverter to integrate 

the hybrid system with the grid is eliminated. Instead, the already existing converter 

in DFIG system, which is the GSC is utilized for this purpose. 

2. The aspect of FRT is embedded in the proposed system by the use of SC, which is 

already available with the considered system. Thus, the investment for additional 

passive devices such as crow bar, breaking chopper etc. for LVRT enhancement is 

eliminated.  

3. The proposed system achieves an apt power management with the implementation of 

a new PMC. The PMC offers the determination of power references for SC, FC and 

ELZ with reduced number of “if-else” based rules. This enhances the dynamic 

response of the considered grid-integrated HES. Moreover, the described power 

management strategy takes into account the power demand of the grid operator in 

priority while determining these power references. 

4. An effort is made to integrate the LVRT scheme along with the PMC. The LVRT 

schemes includes; (a) demonstration of special control for the RSC within DFIG 

which is referred as ‘off-MPPT’ control, (b) mode selection based control for power 

dispatching mode and LVRT mode for the dc-dc converter interconnected with the 

SC, and (c) FF-ANFIS based LVRT control for the GSC in the DFIG. 

5. The merit of including a SC in the system is utilized in dual modes. Firstly, the SC is 

controlled to balance the transient power mismatch within the system during power 

fluctuations. Secondly, it is utilized to render the LVRT capability in the system by 

stabilizing the dc-link voltage under fault span. 
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The chapter is organized as per the following; Section 6.3 discusses the considered 

system’s schematic, its related component ratings and their respective modeling. The converter 

control for RSC along with the integrated grid feeding and FF-ANFIS based LVRT control for 

the GSC is deliberated in Section 6.4. The related control for various dc-dc converters 

interfaced with SC, FC and ELZ are also discussed in this section. Section 6.5 describes the 

considered reduced rule based central PMC responsible for actuating the magnitude of power 

references for SC, FC and ELZ. The validation of discussed control philosophies in the 

considered HES is showcased in Section 6.6 under various generation, demand and grid fault 

conditions. Finally, the important conclusions are drawn in Section 6.7. 

6.3 System’s Configuration, Component Ratings and Mathematical 

Modeling 

The considered system is shown in Fig. 6.1. The system is configured in such a way that 

it is intended to meet the maximum demand of 15 kW for its local loads. At the same time, it 

must meet the demand of 5 kW of renewable power obligation imposed by the grid operator.  

The DFIG delivers power from both the stator and rotor circuit during super synchronous mode 

of operation [115]. Therefore, the benefit of lower kVA rating requirement of RSC and GSC 

is realized in the hybrid system configuration with the use of a DFIG system.  
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Fig. 6.1. DFIG based Grid connected hybrid system configuration. 
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FC and ELZ forms the H2 energy support system where, FC helps in providing the long-

term power backup in case of any power deficiency. While; the excess power if generated is 

absorbed by the ELZ. Fuel cells are characterized by the problem of slow starting time [103], 

and thus, it becomes an unsuitable candidate to meet the intermittent or transient power 

demands. In order to overcome this limitation, a SC is placed in the system. The SC is 

controlled by interfacing it with a bi-directional buck-boost converter. A switching mode 

selection-based control algorithm is utilised to enable the SC to meet the high frequency power 

demands. Simultaneously, the SC is also utilized as a compensating device during grid voltage 

sag events. The presented mode selection-based control for the SC assists in maintaining the 

smooth dc-link voltage profile under grid voltage sag events. Moreover, the control of GSC is 

strategically switched to a feed-forward based negative sequence current quenching mode 

during grid voltage sag thus, enhancing the LVRT capability of the overall system.  

6.3.1 Modeling of WECS 

The wind turbine is rated at 20 kW in order to fulfill the total demand of the chosen 

location (micro-grid). Considering a variation of slip between ±0.3 in the DFIG, the power 

rating of DFIG DFIGP  is determined as per (6.1) where, wtP  is the wind turbine’s rating, ms  is 

the maximum slip of the induction machine during generating mode. Considering converter 

power losses, the DFIG is rated marginally higher from the value obtained from (6.1) which is 

at 15.5 kW. 

320 10
15 38

1 1 0 3

wt
DFIG

m

P
P . kW

S .
         (6.1) 

The model of WECS comprises of a prime mover, gear box and a wind generator. The 

modeling of the gear box has been neglected for design simplicity, whereas the modeling of 

wind turbine is as per (3.1) discussed in Section 3.2. The output of the wind turbine drives the 

wind generator which is a DFIG for the considered system. The modeling of DFIG is done in 

synchronously rotating reference frame as per (3.9)- (3.19) which was discussed in Section 

3.2.3. 

6.3.2 Modeling of PEMFC 

The considered hybrid system requires a constant generation of 5 kW as back up in order 

to meet its renewable power obligation towards the utility grid. Consequently, suitable series 

and parallel arrangements of a 1.2 kW PEMFC stack is done in order to build an entire 5 kW 
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PEMFC array. The modeling of stack is done as per the modeling equations (3.20) -(3.21) 

detailed in Section 3.3. 

6.3.3 Modeling of SC 

SCs are characterized by rapid transient response, low start up time, large power density, 

rapid discharging and charging cycles and does not require of extra cryogenic cooling systems 

as in case of a super-conducting energy storage device [155]-[156]. The sizing of SC is done 

by considering the fact that, it must support the transient power demand up to 5 kW from the 

load or grid for a minimum span of 10 s. The terminal voltage across the SC bank is considered 

as 300 V. The sizing equation is as per (6.2) [9], where, bank

scC  denotes the capacitance of the 

resultant SC bank, scP is the power demand from the SC bank, t1 is the duration of backup in s, 

sc

termv  is the rated terminal voltage of the SC bank. 

3

1

2 2

2 2 5 10 10
C 1.12

( ) 300

bank sc
sc sc

term

P t

v
F     (6.2) 

The modeling of SC is done via the utilization of the equivalent circuit discussed as per 

Fig. 3.3 and as per the modeling equations (3.25) -(3.26) detailed in Section 3.5. 

6.3.4 Modeling of Electrolyzer 

The 6 kW ELZ forms the supporting system for the PEMFC where, H2 gets generated 

when the WECS generates excess power. The cell voltage and current relation in an ELZ is 

and the related modeling relations are as per (3.27) -(3.30) detailed in Section 3.7. 

6.4 Control of Various Converters used in the Hybrid Energy System 

This section discusses the control techniques adopted for the various interfacing power 

electronic converters used in the considered grid-connected hybrid system. At first, the controls 

of converters used in DFIG-WECS namely RSC and GSC are discussed. Thereafter, the 

controllability of GSC for integrated grid feeding and LVRT mode is presented, while; the 

control of dc-dc converters interfaced with SC, FC and ELZ are discussed subsequently. 

6.4.1 Control Algorithm for RSC 

The objective of RSC is to control the active and reactive power from the DFIG stator 

terminals. In this work, stator voltage-oriented control (VOC) is selected for the control of 

power since VOC has the flexibility of easy estimation of stator voltage space vector [159]. In 

VOC, the d-axis of the reference frame is aligned along stator voltage position, as a result, the 
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term qsv =0. The control of stator active power and reactive power is directly proportional to dri  

and qri  respectively. The controller consists of an outer loop responsible for MPPT and reactive 

power control in the WECS. The first outer loop derives the reference d-axis rotor current dri

after the error between reference rotor speed r

  and actual rotor speed r  is processed by the 

PI controller. The MPPT block generates r

  based on the magnitude of wind speed wv , turbine 

radius r and the optimum tip speed ratio opt  of the wind turbine. The second outer loop derives 

the value rotor q-axis reference current qri  by processing the error between reference reactive 

power sQ
 and actual reactive power Qs via a PI controller. In this presented work, an effort is 

made to integrate the FRT capability in DFIG via a modified RSC control which is depicted as 

per Fig. 6.2. 
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Fig. 6.2. Control of the RSC during normal condition and during fault. 

Firstly, when fault is detected, the toggle switches TS1 and TS2 makes a switching from 

their normal position ‘1’ to position ‘2’ which denotes the fault condition. This control process 

helps in minimisation of generator’s electromagnetic torque Te as it tries to reduce its 

magnitude to zero under the faulted span. The toggle switches TS1 and TS2 in the inner control 

loop sets the current references dri  and qri  equal to dsi  and qsi  respectively. When the currents dri  
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and qri  of the rotor are regulated to the new reference value set by TS1 and TS2, the magnitude 

of stator’s electromagnetic torque can be pulled down towards zero which is justified as per 

(6.3) [166]. 

            ( )1.5e m qs dr ds qrT L i i i i= −          (6.3) 

6.4.2 GSC Control Algorithm 

The objective of GSC is to exchange the dc-link power with the grid, to maintain the dc-

link voltage and also to participate in providing ancillary service if desired. In this work, the 

discussed GSC control algorithm is used to felicitate the power exchange between the hybrid 

generation, local loads and grid. An ancillary facility of LVRT is incorporated by the 

incorporation of new ANFIS based FF current controller. The idea of using the better regulation 

capability of ANFIS control is utilised in this work. The proposed GSC control is established 

as per Fig. 6.3 where, the purpose of the ‘grid feeding reference current generation block’ is 

to facilitate active power exchange between the GSC and the utility grid. Further, the ‘current 

reference generation block during grid fault’ renders the LVRT capability via an integrated 

FF-ANFIS based current controller. This controller is solely proposed to mitigate the power 

oscillations from the output of GSC, deliver balanced currents at the PCC, limits the over 

currents at the PCC during grid voltage sag events by regulating the current references via the 

ANFIS based control. 

 

Fig. 6.3. Control of the GSC during normal condition and during fault. 
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6.4.2.1 Grid Feeding Reference Current Generation Block 

The grid feeding mode of inverter control is adopted for the GSC in order to effectually 

evacuate the required power from the HES to the load and grid. The current control is 

established in the SRF where, the control of d-axis current controls the active power from the 

GSC. This d-axis current reference is calculated as per the system’s power balance equation 

(6.4), where, Pfc denotes the power delivered by fuel cell, Psc is the power generated or absorbed 

by the SC, Pelz is the power dumped to the ELZ, Pl is the power delivered to the load, 
ref

gP  is 

the fixed power demanded from the grid operator, Pdc is power flowing through the dc-link and 

Pinv refers to the power dispatched by the GSC respectively. 

ref

r fc sc elz l g dc invP P P P P P P P+  = + + + +      (6.4) 

The dc-link power is regulated by a dc-link PI controller to a fixed value denoted by 
ref

dcP , 

while the power delivered by the GSC is articulated as per (6.5), 

( )3 2inv dg dg qg qgP v i v i= +         (6.5) 

where vdg, vqg refers to the voltage of the PCC transformed in dq- frame, similarly idg and iqg 

refers to the PCC current referred in dq- frame. Since, iqg is regulated to zero under normal 

condition, the required value of the d-axis reference current dgi  is determined as per (6.6). 

rP2

3

ref ref

fc sc elz l g dc

dg

dg

P P P P P P
i

v


 +  − − − − 

=  
  

     (6.6) 

6.4.2.2 Current Reference Generation Block During Grid Fault 

The function of this block is to provide the current reference whenever the system 

operates in the LVRT mode during the occurrence of grid fault. The toggle switch TS3 and TS4 

operates from their default position-1 to position-2 upon fault detection. The method for 

determining the new current references at position-2 is discussed now. The current reference 

generation block during grid fault generates the current references in such a manner such that 

the flow of negative sequence power is nullified. The d-axis current reference term of postion-

2 denoted by di

 is pushed to the summer block via TS3 giving a feed-forward schematic. The 

resultant current reference is tracked by the ANFIS controller-1. A same methodology is 

adopted for the q-axis current reference as well where the switch TS4 channelizes the current 

reference qgi  at postion-2. This current reference is tracked by ANFIS controller-2. The 
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generation of current references di

 and qgi  is done as per the modeling equations (6.7) -(6.10). 

Here, the power balance is expressed in sequence components where vp, vn, vz denotes the 

positive, negative and zero sequence voltage at the PCC respectively, while; ip, in and iz 

represents the positive, negative and zero sequence components of PCC current respectively. 

As the considered system is a 3-phase, 3-wire system the zero-sequence power component is 

inherently absent. The negative sequence power component is nullified which leads to the 

expression of desired positive sequence reference current pi

 as per (6.8). 

( )3ref

r fc sc elz l g dc p p n n z zP P P P P P P v i v i v i+  − − − − =  + +    (6.7) 

( )rP1

3

ref

fc sc elz l g dc

p

p

P P P P P P
i

v


 +  − − − − 

=  
  

      (6.8) 

For the ease of tracking this positive sequence current reference, it is transformed to 

corresponding d-axis and q-axis current references di

 and qgi  as per (6.9) -(6.10) after it has 

been transformed using the sequence to phasor transformation block and is pushed to the 

terminal-2 of switches TS3 and TS4 respectively. 

22 2 2

3 3 3
d g p g p g pi cos( ) i cos( ) i cos( ) i      
=  +  −  +  +    
   

 
      (6.9) 

22 2 2

3 3 3
qg g p g p g pi sin( ) i sin( ) i sin( ) i      
=  +  −  +  +    
   

 
      (6.10) 

6.4.2.3 Current Reference Tracking by ANFIS Controller 

The generated current reference as per (6.9) and (6.10) is made to track by ANFIS 

controllers and this resultant control arrangement is termed as “FF-ANFIS based control”. In 

fact, the intention of using an ANFIS controller is to ensure the effective tracking of the current 

references even during system dynamics. ANFIS control is a superior candidate as compared 

to the conventional PI control when the exact system’s mathematical model is hard to predict 

and the system encounters repeated dynamic conditions [162]-[163]. Meanwhile, an 

occurrence of grid fault is unpredictable, and it is characterized with varying magnitude. Thus, 

the utilization of ANFIS control is apt for the considered system in this work. In general, the 

ANFIS structure comprises of 5-layers whose elaborative details can be referred from [164]. 
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As per Fig. 6.3, the training pattern for the neural net part of ANFIS is generated by 

simulating the GSC control using PI control instead of ANFIS controller for different fault 

types and voltage dip level. A total set of 15 different training data is obtained for the purpose 

training data generation. This data is imported from the work space via using the neuro-fuzzy 

design application available in MATLAB software. Further, for the fuzzy rule-based section of 

ANFIS, gaussian membership functions (MF) are selected, and rules base is evaluated using 

Takagi-Sugeno fuzzy inference system model. The conventional error back propagation 

algorithm assists in the adjustment of the MF’s span. The output of ANFIS controller -1, 2 are 

dgv
 and qgv

 respectively. The d-axis reference current 
*

di  is tracked by ANFIS controller-1, 

while the reference current of q-axis as per (6.10) is tracked by ANFIS controller-2. A brief 

model of the proposed ANFIS control in this work is discussed in brief.  The inputs to ANFIS 

controller-1 are error and change in error of the d-axis current denoted as per (6.11); where, 

( )dqe k denotes the error of d-axis or q-axis current at the kth instant, while ( )dqe k  represents 

the change of error of the corresponding quantity. 

            
( ) ( ) ( )

( ) ( ) ( )1

d d dg

d d d

e k i k i k

e k e k e k

= − 


 = − − 

*

        (6.11) 

The inputs to the ANFIS controller-2 are error and change in error of the q-axis current 

denote as per (6.12); 

( ) ( ) ( )

( ) ( ) ( )1

q qg qg

q q q

e k i k i k

e k e k e k

 = − 


 = − − 

        (6.12) 

where, ( )qe k denotes the error of q-axis current at the kth instant, while ( )qe k  represents the 

change of error of the corresponding quantity. 

6.4.3 Control of Super Capacitor Interfaced Converter 

In this work, a SC bank is utilized to perform dual tasks. Firstly, to support the transient 

power demand generated in the system. Secondly, the SC is additionally used to regulate the 

dc-link voltage during an occurrence of grid fault. Thus, the functionality of LVRT is also 

addressed by the SC. The recommended control for the SC-interfaced dc-dc converter felicities 

the above tasks. Then the charging and discharging mechanisms can occur inside a SC system, 

a buck-boost converter is utilized for its interfacing with the dc-bus as shown in Fig. 6.1. The 

switch S16 denotes the buck switch and S15 is the boost mode switch. The discharge process of 
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SC is via the control of boost switch where power is transferred to the dc-bus, which is 

maintained at a higher voltage level with respect to the SC terminal voltage. A reverse operation 

is performed by the control of buck switch during charging process. The controller schematic 

is portrayed as per Fig. 6.4 where, the projected control scheme is capable to govern the SC so 

as to fill the transient power mismatch in the system. The SC current reference during normal 

mode sci  is generated as per the power balance equation outlined as per (6.13). 

sc g l r fcP P P P P = + − −          (6.13) 

The reference power of SC denoted by scP
 is determined from the PMC and then the 

corresponding current reference sci  is generated by dividing scP
 with SC terminal voltage 

sc

termv . 

The PI controller nullifies the error between sci  and the actual SC current sci  in order to 

generate the duty cycle DS16 and DS15 for the buck and boost switches respectively. It is to be 

noted that the SC must be operated within the nominal state SOC range which is between 20% 

to 80% under all conditions. This has been ensured by an AND logic gate in the control 

algorithm as per Fig. 6.5. 

f f

s ci

+





scv

+
+
−

−
fcP

lP



gP

rP

scP 

PI

er f

dc
i

*

d cv
+−

dcv

+

1

2

TS5

sc
i


+
−




scv

*

scP

PI 

16SD

sci

SOC

0.8

SOC

0.2

Control 

I/P

Control 

I/P

0

15SD

0

0

s cP 

AND

(1) Normal Condition

(2) Fault Condition

 

Fig. 6.4. Control of the SC-interfaced buck-boost converter. 

For LVRT enhancement, a mode selection-based switching control is developed upon 

occurrence of voltage sag, which is performed by operating the toggle switch TS5. As shown 

in Fig. 6.4 from position-1 denoting normal condition to position-2 denoting fault condition. 
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As FF control schemes enhance the dynamic response of the control loop [165], an FF control 

schematic is adopted in the proposed control loop structure of the converter interfaced with SC. 

The SC assists in mitigating the dc-link voltage transients by generation of FF-current reference 

ff

sci  as per (6.14). With the help of PI controller, the new current reference (
ref ff

dc sci i+ ) is tracked 

in order to achieve the dc-link voltage regulation under fault condition. 

( ) ( )

( )

( ) ( ) 
1

r fc sc dc l elz g

sc

sc term dc l elz g r fc

sc dc
sc term dc dc l elz g r fc

ff

sc l elz g r fcsc

term

P P P P P P P

i v P P P P P P

dv
i v v c P P P P P

dt

i P P P P P
v









+ + = + + +


= + + + − + 

  = + + + − + 
 

= + + − +


    (6.14) 

6.4.4 Control of Fuel-Cell Interfaced Converter 

The FC is controlled by interfacing it with a boost converter whose control is structured 

as per Fig. 6.5. The current control scheme is placed for the FC interfaced dc-dc boost 

converter. The FC current reference fci  is being tracked by the PI controller which in turn 

determines the duty cycle 
13SD  of the boost switch S13 by regulating the error between fci  and 

FC current fci . The current fci  is determined by dividing the FC terminal voltage fcv  with the 

power reference fcP
. The magnitude of fci  is limited within its maximum and minimum limits 

denoted by 
max

fci  and 
max

fci  respectively. The determination of fcP
 is as per the power 

management logic discussed in Section 6.5. 

fci

fci 
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
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max

fci

min

fci

PI
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Fig. 6.5 Control of the fuel cell interfaced boost converter. 
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6.4.5 Control of Electrolyzer Interfaced Converter 

The converter control for the electrolyzer (ELZ) is as per Fig. 6.6 where the switch S14 

ensures that the ELZ operates only when the system has excess power. The sign convention of 

the net available power Pnet in the system is utilized for the generation of duty ratio 
14SD for the 

switch S14. The purpose of the ELZ is to accept the excess available power generated by the 

DFIG-WECS. The buck converter control of ELZ ensures the tracking of the ELZ reference 

power elzP
 indirectly by controlling the ELZ current elzi  with its reference value elzi . The PI 

controller regulates the duty ratio Delz of the buck converter by regulating the ELZ’s current 

with in the maximum and minimum rated value denoted by  
max

elzi  and 
min

elzi  respectively. 
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
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elzP 
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PI 

Pnet

0
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F

1

0 14SD

elzD

Check surplus 

power

AND

 

Fig. 6.6. Control of the buck converter and switch S14 interfaced with electrolyser. 

6.5 Proposed Power Management Algorithm 

A power management logic is being followed in order to derive the power references for 

the dc-dc converters interfaced with SC, FC and ELZ, it is detailed as per Fig. 6.7. It is assumed 

that the system holds sufficient generation to always cater the power request demanded by the 

grid operator gP
 hence the condition of islanding mode of operation is not considered in the 

present scope of the study. Also, it is further assumed that the SOC of SC is well within its 

maximum and minimum limits of 20% and 80% respectively. As the load power dynamics is 

considered rapid, the SOC criteria is not considered for the algorithm. In this algorithm, input 

power quantities such as the power produced by DFIG PDFIG, power demand of the grid 

operator gP
 and the power demand of the load Pl are sensed. The difference between the 
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generated power of DFIG and the total demand is considered and is denoted by Pdiff as per 

(6.15) which further guides the operating criterion of SC, FC and ELZ as per the following 

operating modes. 

( ) ( )ref

diff DFIG g lP P P P= − +          (6.15) 

• Mode (a): In this mode, the generated power from DFIG is lesser than the load and grid 

demand, and thus, FC and SC have to meet this deficit power. If this deficit power is not 

greater than the rated capacity of the FC denoted by 
rating

fcP  then FC is allowed to be 

operated to meet the power deficiency, while the remaining power is met by DFIG. 

• Mode (b): In this mode, power deficiency exists in the system since the magnitude of 

PDFIG is less than the total demand. The magnitude of the deficient power exceeds 
rating

fcP . 

Thus, the FC is utilised up to its rating while the remaining power is supplied by the SC.  
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Fig. 6.7.  Power management control logic. 
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• Mode (c): Under this mode, the power produced from DFIG is greater than the load and 

grid demand. Thus, the excess power which is available in the system is diverted either 

to ELZ or SC as per the following criteria. If the rating of the ELZ denoted as 
rating

elzP  is 

greater than the available excess power, then this particular power is absorbed by the 

ELZ else Mode (d) is selected. 

• Mode (d): This is counter part of Mode (c), where the available excess power is greater 

than 
rating

elzP . The ELZ absorbs the power up-to its rated power and the remaining power 

is used to charge the SC. 

The flow chart as per Fig. 6.7 summarises all the above operating modes. 

6.6  System’s Performance Validation 

The validation of the presented control algorithms is done in the MATLAB/Simulink 

environment using the Sim-power and ANFIS tool boxes. The system parameters are listed in 

Table. 6.1. Different types of case studies are undertaken and discussed in order to justify the 

effectiveness of the proposed PMC and LVRT control. 

Table. 6.1 

Parameters of DFIG-WECS based grid-connected hybrid system 

DFIG-WECS 

Turbine power rating  20 kW 

DFIG’s power rating  15.5 kW 

Radius of the turbine blade R = 3.65 m 

Optimal tip speed ratio λopt = 8.1 

Base wind speed, Pole pairs (p), Stator’s terminal rated voltage 12 m/s, 3, 415 V 

FC System 

FC array rating 5 kW 

Single FC stack rating 1.26 kW 

Stack’s terminal voltage and current 24 V, 52.5 A 

Number of series connected stack 4 

SC Bank 

Single SC cell’s voltage 2.7 V 

Number of series connected unit cell 112 

Temperature of each cell 25°C 

Electrolyzer 

n= 64, T= 70 °C, A= 873 cm2, vtherm= 1.1647 V, r1=1.5 × 10-5 Ω m2, r2= -6.019×106 Ω 

m2°C, t1= 0.214 A-1m2, t2= -9.870 A-1m2°C, t3= 119.1 A-1m2°C2 

Inverter control 

Simulation sample time 20 µs 

Peak of line to ground magnitude of Base voltage   338 V 

Switching frequency of the Inverter 20 kHz 

Reference voltage of dc-link ( dcv ) 680 V 



116 
 

(a)

(b)

(c)

vdc (V)

(d)

Time (s)

12.5 kW

7.5 kW

16.25 kW

11.25 kW

680 V

 0 W

-5250 W

-1500 W

(c)

 

Fig. 6.8.  Results for variable wind and constant grid demand; (a) PDFIG, Pdiff, Pinv, Pg
ref (b) Pfc, Pelz 

(c) Psc
*, Psc (d) Vdc 
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Fig. 6.9.  Results for variable wind and constant grid demand (cont.); (a) vpcc b) ipcc. 

6.6.1 Case-(i): Variable Wind and Constant Grid Demand 

The validation of power management controller (PMC) in the considered system is 

showcased by taking a situation where the power demand from the grid is kept constant at 5 

kW but the generation from WECS varies. The objective of the proposed PMC is to maintain 

the power balance by applying the power management logic discussed as per Section. 6.5. As 

evident from Fig. 6.8 (a), the power generated by WECS is greater than the grid demand for 

the entire span of 5 s. However, the power imbalance is aptly nullified via the mutual 

coordination of SC and ELZ. The FC is turned OFF in this case as it does not contribute to the 

power balance process, while ELZ absorbs the excess power in the system up to its rating of 6 

kW as per Fig. 6.8 (b). As the excess power is beyond the ELZ rating, it is diverted to SC and 

hence, the system operates in Mode (d). Since, the SC receives power, the sign convention of 

SC’s active power is negative as per Fig. 6.8 (c). The apt regulation of dc-link voltage near to 

its reference value of 680 V as per Fig. 6.8 (d) also indicates the effective power balancing 

between the generation and demand in the considered hybrid system offered by the proposed 

PMC. The results shown in Fig. 6.9 (a) and Fig. 6.9 (b) represents the apt regulation of voltage 

and current at the PCC even during the power variations within the system. 

6.6.2 Case-(ii): Variable Wind with Variable Load and Grid Demand 

The proposed PMC’s logic is also validated for variable wind generation, variable load 

and variable grid demand simultaneously. As per the results of Fig. 6.10 (a), the power profiles 

of WECS, load and grid demand are presented while the power difference in the system is 

registered as per (6.15). 



118 
 

V
d

c 
(V

)
P

o
w

er
 (

W
)

P
o

w
er

 (
W

)
(a)

(b)

(c)

 

Fig. 6.10. Results for variable wind with variable load and grid demand; (a) PDFIG, Pdiff, Pload, Pg
ref, 

Pinv (b) Pfc, Psc (c) vdc 
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Fig. 6.11. Results for variable wind with variable load and grid demand (cont.); (a) vpcc (e) ipcc 
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Fig. 6.12. Results for LVRT control validation under 1-phase sag; (a) vpcc, ipcc, is, Pinv with FF-PI 

control, (b) vpcc, ipcc, is, Pinv with FF-ANFIS control, (c) 
mean

invP  
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The GSC delivers its power Pinv as the sum of demand of load and grid. The power 

transitions are experienced at 1 s, 2.5 s, 3 s and at 4 s respectively. As per the profile of Pdiff the 

system experiences power deficiency beyond 2.5 s. The sharing of power to meet this power 

deficiency is effective by the participation of SC and FC as per Mode (b) of the PMC. For 

instance, beyond 4.2 s, the power deficiency in the system is around 9 kW where 5 kW is 

supplied by the FC while the remaining power comes from the SC as evident from Fig. 6.10 

(b). The profile of the dc-link voltage is as per Fig. 6.10 (c) while; the profile of PCC-voltages 

and currents are as per Fig. 6.11 (a)-(b) respectively which are well regulated within their set 

points. 

6.6.3 Case-(iii): Operation Under 1-Phase Voltage Sag Condition 

As the GSC is designed to unify the power feeding control and LVRT control, its 

validation for LVRT enhancement with the presented FF-ANFIS based current control 

discussed as per Section 6.4.2 is performed in this case. For validations, 1-phase and 2-phase 

sag conditions are simulated with a voltage sag of 50% for the span of 1 s- 1.2 s. In fact, a 

comparative validation between the FF-PI based and FF-ANFIS based LVRT control is 

depicted as per Fig. 6.12 (a)–(b) respectively in order to establish the efficacy of the proposed 

LVRT control in this chapter. In clearer terms, the result of Fig. 6.12 (a) is replicated when the 

ANFIS controller-1 & 2 as per Fig. 6.3 are replaced by PI controllers. The merits of FF-ANFIS 

LVRT control are exhibited in terms of more balanced PCC currents ipcc and lesser oscillation 

for instantaneous active power delivered by the GSC Pinv at the PCC as per Fig. 6.12 (b). This 

is due to effective tracking of the current references and minimization of the negative sequence 

currents by the presented FF-ANFIS LVRT control. The profile for the mean value of GSC’s 

active power mean

invP as per Fig. 6.12 (c) depicts that the drop in its magnitude is less in case of 

FF-ANFIS control as compared to the FF-PI control. This justifies the enhanced ride through 

capability attributed by the proposed FF-ANFIS control. 

6.6.4 Case-(iv): Operation Under 2-Phase Voltage Sag Condition 

The LVRT enhancement validation with the presented FF-ANFIS LVRT control is 

performed for 2-phase sag where voltage sag by 50% is simulated for phase-a and phase-b for 

the span of 1 s to 1.2 s. Fig. 6.13 (a) shows the ride though profile of the system when FF- PI 

control is applied while Fig. 6.13 (b) presents the ride through validation with the proposed FF-

ANFIS control. Balanced PCC currents, less oscillation in the instantaneous power, lower dip 

in the mean value of GSC active power are the notable merits of the proposed FF-ANFIS-
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LVRT control over the FF-PI-LVRT control. The profile of stator’s terminal current is shown 

as per Fig. 6.13 (a)-(b) depicts its regulated behaviour even under fault span due to 

minimization of negative sequence current by the LVRT control action. 

The profile of DFIG’s electromagnetic torque Te shows its minimization towards the null 

value as per Fig. 6.14 (a) due to the effective control action of RSC under the fault span as 

explained in Section 6.4.1. While the profile of systems dc-link voltage is well regulated with 

its reference value of 680 V as per Fig. 6.14 (b) even during the fault span which is due to the 

effective control of SC. In fact, the profile of Te and vdc are similar with both PI and ANFIS- 

LVRT control as the regulation of these quantities are dependent on the control functionality 

of RSC and SC respectively. Explicitly, it is concluded that a satisfactory LVRT behaviour is 

achieved in the considered system even under 2-phase sag with FF-ANFIS-LVRT control. 
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Fig. 6.13. Results for LVRT control validation under 2-phase sag; (a) vpcc, ipcc, is, Pinv with FF-PI 

control, (b) vpcc, ipcc, is, Pinv with FF-ANFIS control, (c) mean

invP  
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Fig. 6.14. LVRT control validation under 2-phase sag (cont.); (a) Te, (b) vdc. 

6.7 Chapter Summary 

The chapter presented a holistic approach to address the issue of power management 

control and LVRT control for a grid connected hybrid generation system considering DFIG 

based WECS as the primary source of power generation. The control coordination for 

regularized power dispatch is performed and validated with the utilization of reduced rule-

based central power management algorithm. The power demand from utility grid operators is 

kept in priority in the discussed PMC, while; bearing four different operational modes. Further, 

the LVRT control is also unified into the system by the proposal of torque magnitude 

minimization through the RSC control, FF based control for the SC’s dc-dc converter and also 

with the implementation of FF-ANFIS control at the GSC. Several simulation cases studies for 

varied power generation/ demand scenarios and also for varied voltage sag conditions 

demonstrated the validation of the proposed control algorithms for apt power management and 

LVRT enhancement of the considered system. 
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CHAPTER-7 

Conclusion and Future Scope 

7.1 Conclusion 

This thesis has considered different feasible architectures of hybrid sustainable energy 

systems (HSES). In all the considered HSES, wind energy has been considered as the primary 

source of power generation and fuel-cell is used as an important backup source. The major 

contributions of this research work are to equip the presented HSES with new control schemes 

for realizing low voltage ride through (LVRT) capability and for performing power 

management control. The objectives set towards design, modeling, control and for 

investigation under fault conditions are successfully achieved in the considered hybrid system 

architectures. All the hybrid system architectures are termed sustainable as these systems meet 

the power demand of present and future electrical loads. The concept of hybridization of one 

or more backup sources with renewable energy generators proved to be a promising solution 

for enhancing the reliability, efficiency and energy security. In all the hybrid energy system 

models, WECS is an integral choice for the primary power generator while; FC is an essential 

back-up source. The grid integration of HSES reveals control challenges towards LVRT and 

power management. Thus, this research work focused towards the methodologies of design, 

modeling and control of HSES. Prime contributions have been made towards LVRT control 

and power management control in various grid integrated hybrid system architectures. PMSG 

based WECS and DFIG based WECS are selected as primary energy source while; hybrid 

storage in form of either PEMFC-Electrolyzer-Battery or PEMFC-Electrolyzer-SC are utilized 

for achieving sustainable power from the proposed hybrid energy systems. The suggested 

power management schemes demonstrated satisfactory performance for various generation and 

loading conditions. Also, the LVRT enhancement schemes exhibited a good ride though 

behavior under various voltage sag conditions. 

The major contributions of this research are briefed as follows: 

• Design & Modeling: The methodologies essential to design and model a stand-alone 

and grid connected HES are presented successfully. Brief and significant discussions 

on the aspect of inverter control are also given. Preliminary and comparative 

investigations under ideal and fault conditions in HES helped to identify various 

technical challenges towards the control of HES. 
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• LVRT Enhancement Strategies: 

(a) The proposal of feed-forward (FF) based FRT control, combined FF and fuzzy 

logic based FRT control achieved the LVRT enhancement in hybrid PMSG-WECS/ 

PEMFC system. The combined FF-fuzzy FRT controller has been proved to be an 

improved choice than the conventional dq- controller or by only applying FF- FRT 

control. Justifications have been showcased by categorically comparing the system 

performance during 1-phase, 2-phase and 3-phase voltage sag. Also, the system’s 

performance during simultaneous wind speed variation and symmetrical fault is found 

satisfactory with the proposed control. Important results implicated that, the surge in dc-

link voltage, dip and ripples in the active power profile and negative sequence current 

in the system are minimised. Further, a smooth profile of the PMSG electromagnetic 

torque under the voltage sag conditions proved to be an additional merit of this 

enhancement scheme. 

(b) Multi-dimensional LVRT enhancement strategies are performed in grid 

integrated DFIG/SC/FC-electrolyzer system. The strategies include the application of 

FF-ANFIS based control for GSC. New control schemes for the dc-dc converter 

interfaced with SC and WECS. The improvement in LVRT capability of this hybrid 

system is justified for several simulation-based case studies for varied voltage sag 

conditions. 

• Power Management Strategies:  

(a) The dynamic rule-based power management controller for a grid integrated 

PMSG/FC-Electrolyzer-Battery hybrid system exhibits the efficacy of developed power 

management control. The reduction in the number of if-else cases for determining the 

dynamic power-references shows smooth transient response in achieving power balance 

in the system. The power demand from the grid operator is also considered for designing 

the power management controller. Along with the power sharing control, a dynamic FF 

based LVRT control scheme is successfully embedded with the control of grid-

interfaced VSI in the considered PMSG/FC-Electrolyzer-Battery based HES.  

(b) A reduced rule-based central power management controller is successfully 

presented and validated for a grid integrated DFIG/FC-Electrolyzer-SC based hybrid 

system. The control coordination for regularized power dispatch and the generation of 
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power references is performed by the mutual operation of power management controller 

and various dc-dc converter control in the system. The LVRT control based on FF-

ANFIS based current control is effectively unified with the central controller. 

Exhaustive simulation-based case studies demonstrate the efficacy of proposed power 

management strategies for the considered HES. 

7.2 Future Scope of Research 

The research work is significant, as the aspect of LVRT enhancement and unification of 

power management schemes in hybrid energy systems helps in establishing a reliable and 

sustainable power generation system. However, the identified challenges in this research work 

opens up some broader opportunities of research which are detailed as per the following: 

• Consideration of real time yearly power generation and demand profile towards the 

validation of power management algorithms requires enormous computational 

algorithms. This aspect can be investigated further.  

• Validation of control algorithms in real time simulators and in experimental 

hardware-based test beds. 

• Hybrid system has varied operating points, thus application of advanced control like 

model predictive control could be a promising towards control enhancement in 

hybrid energy systems. 
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