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ABSTRACT 

 

Renewable energies are making a strong foothold to fulfil rapidly growing energy 

demands in this decade. In recent years, large solar farms, onshore and offshore wind farms are 

widely injecting power into AC grids. Local small PV power agents and wind turbines on these 

farms will create frequency deviations leading to operational instability, if there is inefficient 

coordinated control strategy. In addition to its technical challenges like control and compensation 

of active and reactive power, voltage instability, poor power quality and storage issues etc., are 

being faced during AC grid integration. To overcome these issues PV and wind farm outputs are 

connected to a DC grid using high voltage DC transmission. 

The main differences between AC and DC system result from the fact that in DC there is 

no reactive current, reactive power, frequency and phase angle. The attractiveness of DC 

transmission increases further due to the reasons like; 1)  remote location of hydro, solar and wind 

farms from urban centers makes the DC transmission more flexible than AC, 2) DC power 

generation of renewable energy sources (RES) like  solar and fuel cells make DC transmission 

and utilization more efficient than AC due to the improved conversion efficiency of DC-DC 

converters over inverters, 3) rapid growth in power electronics technology lead to fall in prices 

with improved power ratings. Due to these reasons DC grid integration is becoming attractive for 

renewable energy sources.  

To integrate RES to DC grid efficiently many architecture topologies are proposed in the 

literature. A new topology for integrating RES like solar and wind to the high voltage DC grid is 

proposed in this work. The proposed DC grid-connected model is economical, efficient, reliable 

in its operation and simple in its construction due to reduced size and weight of the DC conductor 

and simple paralleling procedures. While integrating RES to DC grid DC-DC boost converters are 
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needed. The performance of boost converter in open loop and closed loop operation is studied 

using small signal mathematical modelling. The influence of change in load on the converter 

performance is examined. To step up the voltage from low voltage to medium voltage and 

medium to high voltage, multilevel boost converter (MLBC) and LCL boost converter are chosen. 

A comparative study is performed between two medium voltage DC-DC converters namely 

transformer less high gain boost converter and MLBC. 

Few major challenges faced by RES during DC grid integration are unpredictable input 

due to the dependency on weather conditions, voltage imbalance due to grid side disturbances and 

influence of grid side faults on to the DC link. To overcome this problem hybrid controller is 

proposed, it aids in extracting the maximum power operating point from PV and wind in addition 

to achieving stable DC output according to grid requirements. The hybrid controller proposed 

here consists of random dearch method (RSM) based MPPT controller along with voltage droop 

controller which uses RSM based two loop average current control technique. The MPPT 

controller helps in harnessing the maximum power at varying weather conditions whereas the 

voltage controller helps in reducing the distortion in output voltage. The voltage droop controller 

has inner current control loop and outer voltage control loop, considering both grid side and input 

side perturbations. 

RSM method is chosen here for the design of controllers, as it has simple computational 

steps, derivative free, guarantees global convergence and requires less memory. The performance 

of the proposed system is studied in continuous conduction mode. A comparative study is 

performed among different MPPT techniques like incremental conductance, perturb and observe 

fuzzy logic and random search methods to determine the efficient MPP tracker. Likewise, the 

performance of the proposed RSM based two loop average current controller is compared with 

linear Proportional and Integral controller to evaluate its droop control action. The proposed 



vi 
 

voltage controller is able to generate stable DC output according to the grid requirement without 

any delay or deviation from its referred value. 

Different configurations are proposed to integrate solar photo voltaic installations to DC 

grid. The performance of the proposed configurations is evaluated under different combinations 

of input and output variations. The stability of TLAC controlled DC-DC boost converter is 

evaluated. 

The performance of proposed topology, integrating solar PV and wind farms to high 

voltage DC grid using hybrid controller is evaluated. The specifications of the proposed topology 

are attained using Nanhui wind project, in China. The hybrid controller used here extracts the 

maximum power operating point from PV and wind in addition to achieving stable DC output 

voltage at low voltage DC grid. To maintain constant voltage in HVDC link during 

unsymmetrical faults on the AC grid side and also to satisfy grid codes an efficient fault ride 

through (FRT) protection scheme is implemented using chopper protection circuit. Simulation 

studies are performed to demonstrate the performance of the proposed configuration under 

varying weather conditions and grid side disturbances, using MATLAB/ Simulink. 
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CHAPTER-1 

Introduction 

This chapter describes background of the problem, motivation of the work, 

followed by objectives and the outline of the thesis. 

1.1. Background of Study  

The world today is facing environmental, economic and political consequences 

due to increase in the dependency on fossil fuels that lead to search for alternative 

sources of energy production. Energy generation using renewable energy sources (RES) 

is becoming prevalent due to their larger time horizon and environmental concerns. 

Increase in air pollution; fall in the prices due to rapid growth in renewable energy 

technologies; long term energy security and commitment to international bodies has lead 

to the growth in renewable energy sources, [1]. 

The overall share of renewable energy sources in total energy consumption is 

shown in Fig. 1.1, [2]. Despite the enormous growth in the renewable energy sector, there 

is a moderate change in the share of RES as shown in Fig.1.2. A major reason for this is 

the persistent growth in overall energy demand that counter acts the forward momentum 

of renewable energy technologies. By the end of the year 2016, RES has contributed to 

an estimated 30% of the world’s power generating capacity that could supply an 

estimated 24.5% of global electricity demand, with hydropower providing about 16.6%.  

Globally, approximately 5.9 TWh of modern renewable energy was produced, 

which includes hydropower, solar, wind, geothermal and modern biofuel production in 

2016, as shown in Fig. 1.2, [3]. This represents a 5 to 6-fold increase since the 1960s. 
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As of March 2018, the total RES installed capacity in India is 114.32 GW out of 

the total installed capacity 344 GW, which is 33.23 percent of overall installation, [5]. 

Out of which, the share of wind and solar are 34.05 GW and 21.65 GW, bio-power is 

8.84 GW and small hydro power share is 4.49 GW as shown in Fig.1.10.  From Fig. 1.10, 

it is observed that though hydro is dominating the growth rate is minimal in it when 

compared to other renewable energy sources. 

Considering the potential of RES, 175 GW of power is targeted to extract from 

renewable energy sources by the year 2022 in India, [5].  It is estimated that India has 

renewable energy potential of 900GW from commercially exploitable sources of which 

750 GW is from solar, 102 GW from wind, 25 GW from bio-energy and 20 GW from 

small hydro as shown in Fig.1.11.   

 

Fig.1. 11: Estimated Renewable energy share in India for year 2022, MNRE report [5] 
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1.2. Motivation of the Work 

The integration of renewable energy sources such as wind and solar, adds to the 

many troubles of today’s grid [6]. As the price of wind and PV generators continues to 

decline with improved technology, their penetration into the grid is increasing day by day 

challenging the grid operation and its stability.  

But this process of integrating large solar PV installations and wind farms into the 

AC grid will largely affect the performance of transmission and distribution systems [7]. 

Technical challenges like voltage instability, frequency instability, dynamic reactive 

power compensation, poor power quality, synchronization issues and storage issues are 

being faced during the process of AC grid integration [8-10]. Frequency and voltage 

fluctuations include, grid-derived voltage fluctuations, imbalance in voltage and reversal 

of power flow direction etc. [11-12]. Devices like compensators and controllers are 

needed to improve the system performance, which increases the cost of investment [15]. 

RES like solar and fuel cells generate DC but connected to AC grid using an inverter, 

which offers poor conversion efficiency when compared to DC-DC converter circuit [16]. 

These inverters will introduce harmonics into the grid.  Due to the presence of ripples at 

the output of inverter the power quality is degraded, using a filter at its output the 

harmonic content is removed [17].  In addition to that the current that the inverter feeds 

into the grid must be clean and in phase with the grid. 

1.3. Problem Identification  

Though there are some voltage control, frequency regulation and anti-islanding 

schemes that are realized through inverters but the control is not optimal and the 

efficiency is poor.  Generally, energy storage systems enhance the performance of 
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distributed renewable generation systems and increase the efficiency of the entire power 

system but it is not economically viable for large scale integration of renewable energy 

sources. Use of compensators, controllers, converters and energy storage systems will 

increase the investment cost. 

Many of these challenges faced during AC grid integration of RES can be 

overcome by integrating RES to DC grid. Challenges like frequency instability, reactive 

power compensation, poor power quality, harmonics during inversion and power factor 

will be mitigated by integrating RES to DC grid. 

1.4. Objectives of the Thesis 

Having carried out an intensified literature survey on challenges faced by the 

renewable energy sources during the grid integration; it is found that an attractive 

alternative to overcome these issues is required. In this concern, the objectives of the 

present work are summarized as follows. 

• To study various factors influencing DC grid integration of RES and to identify 

various challenges faced by  RES during DC grid integration    

• To propose a novel topology for high voltage DC grid integration of RES 

• To design a hybrid controller to addess two major challenges in DC grid 

integration namely extracting maximum power from time varying input and to 

supply stable DC voltage according to the grid demands. 

• To integrate solar PV and wind farms to high voltage DC grid using simulation-

based tool 

• To protect high voltage DC link from overvoltages 
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1.5.  Proposed Methodology 

To identify the challenges faced by the present AC grid during the grid 

integration of renewable energy sources, a literature review was conducted. The 

solution to overcome these challenges is DC Grid integration of RES. The technical and 

economical advantages offered by DC system over AC system are discussed.  

A literature review is conducted on different AC and DC collection topologies 

and a novel topology to integrate renewable energy sources to high voltage DC grid is 

proposed. Few major challenges faced by RES during DC grid integration are identified 

namely, time varying input due to the dependency on weather conditions, voltage 

imbalance due to grid side disturbances and influence of grid side faults on to the DC 

link. To address the first two challenges a hybrid controller is proposed here, which aids 

in extracting the maximum power operating point from PV and wind in addition to 

achieving stable DC output according to grid requirements. 

To track the maximum power at varying weather conditions, RSM based 

controller is chosen and RSM based two loop average current controller is designed for 

voltage regulation. To protect the DC link from over voltages caused due to the 

presence of unsymmetrical faults on grid side and also to satisfy grid codes, an efficient 

FRT protection scheme is implemented using DC chopper protection circuit. 

1.6. Outline of the Thesis 

This thesis is organized in the following manner. 

Chapter 1 deals with the Introduction, Motivation of the Work, Problem 

Identification with Proposed Methodology, Objectives and the Outline of the Thesis. 
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 In Chapter 2, an overview of problems faced by the present AC grid due to the 

penetration of renewable energy sources are discussed from the literature study. Different 

factors influencing DC grid integration of renewable energy sources are discussed. 

Various topologies proposed in literature for AC grid integration and DC grid integration 

of renewable energy sources (RES) are discussed. In addition to this the challenges faced 

during HVDC grid integration of RES are discussed here. 

In Chapter 3, different DC-DC boost converter configurations are discussed. The 

operation and working of converter circuits like DC-DC Boost converter, transformer less 

high gain boost converter, multilevel DC-DC Boost converter and LCL boost converter 

are discussed. In addition, the small signal modeling of boost converter, the open loop 

operation and closed loop operation of boost converter with a fuzzy controller are 

discussed. A comparative study is performed between two medium voltage converters 

namely transformer less high gain boost converter and multilevel DC-DC Boost 

converter using simulation.  

A novel topology to integrate solar and wind farms to high voltage DC grid is 

proposed in Chapter 4. The need for hybrid controller and its configuration are discussed 

in this chapter. The hybrid controller consists of Maximum Power Point Tracking 

(MPPT) controller along with voltage regulator, the MPPT controller helps in harnessing 

the maximum power at varying weather conditions whereas the voltage controller helps 

in reducing the distortion in output voltage. Different MPPT techniques in literature are 

discussed, a comparative study is performed among these techniques to determine the 

efficient MPP tracker. A random search method based two loop average current 

controller is proposed in this chapter for voltage regulation. To evaluate the performance 
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of proposed voltage controller the response of it is compared with linear proportional 

integral controller.  

 Chapter 5 initially discusses about the modeling of PV module. Different 

configurations, to integrate solar photo voltaic installations to DC grid are discussed. The 

impact of hybrid controller on the proposed system performance is evaluated under 

different combinations of varying input and fluctuating output. The stability analysis of 

boost converter with TLAC controller is discussed in this chapter.  

Chapter 6 includes modeling of wind turbine, drive train model and permanent 

magenet synchronous generator. Simulation of the proposed topology connecting solar 

PV and wind farm installations to high voltage DC grid using DC transmission.is 

performed in this chapter. To maintain constant DC link voltage during unsymmetrical 

faults and also to satisfy grid codes an efficient Fault Ride Through (FRT) protection is 

offered  by DC chopper circuit. The fault ride through protection offered by DC chopper 

circuit on the proposed system is evaluated using simulation. 

The Chapter 7 concludes the thesis and the major contributions. The 

recommendations for future work are also suggested in the chapter. 
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CHAPTER-2 

Literature Review 

2.1. Introduction 

The problems faced by the present AC grid due to the penetration of renewable 

energy sources (RES) are discussed in this chapter. Literature review is conducted on 

large scale integration of onshore, offshore wind and solar PV farms to DC grid. The 

factors influencing high voltage DC grid integration of RES are discussed, in addition to 

the advantages offered by DC transmission over AC transmission. Different topologies 

proposed in the literature for AC and DC grid integration of RES are discussed. The 

major challenges faced during DC grid integration are identified. 

2.2. Technical challenges faced by PV and wind energy sources during AC grid 

integration 

The operation and management of interconnected power system is a complex task 

and it faces significant voltage and frequency fluctuations as well as blackouts. These 

issues are further complicated by the large scale integration of renewable energy sources 

in the transmission and distribution systems. Depending up on the topology and size of 

the grid, the impact of RES on it will vary. RES when connected to low power grid might 

not have any impact on power quality and its reliability; however, if the injected power of 

grid-connected RES increases, the overall reliability of the system and power quality will 

be reduced. The degradation in power quality can be measured in terms of  voltage 

flickers, voltage rise, and harmonics. The decrease in reliability can be observed from the 
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sustained interruptions. Some of the key issues faced  by the grid during AC grid 

integration of RES are provided below. 

2.2.1. Frequency Instability 

The frequency of grid is unstable due to various reasons like time varying input   

and varying load demand. The generation and distribution companies have been deviating 

from their agreement or injection schedule resulting in deviations in the supply frequency 

[12]. 

To achieve frequency stability, fast acting primary reserves like hydro or gas are 

used; tertiary reserves that can sustain and support the actions of the secondary reserve 

are activated [13, 14]. At present there are no such reserve capacities, to maintain the 

frequency with in the safe limits, in the absence of a functional capacity market. As there 

are no incentives given to conventional or RES generators to keep their spare capacity for 

reserve purposes, the generators will generate power at their maximum capacity to 

increase their revenue. In addition to this, the availability of secondary reserves is 

significantly constrained by shortage of gas supply in gas power plants and seasonal 

unavailability of hydro plants. 

2.2.2. Grid Derived Voltage Stability 

Due to time varying nature of solar and wind energy, difficulties will arise in 

maintaining a balance between generation and demand, affecting the voltage stability due 

to changing demand for reactive power [15]. Since most of the wind generators, namely 

squirrel cage induction generator and double fed induction generator being inductive in 

nature, will absorb substantial reactive power from grid during starting and some during 

normal operation. Due to variable wind speed characteristics, generator start up occurs 
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multiple times in a day, resulting in huge quantum of reactive power absorption from the 

grid, creating voltage instability [16]. 

To overcome this issue, inverters used in grid interface  are configured  to  operate  

in  ‘voltage-following’ mode and they are set to disconnect RES connected to the grid 

when the grid voltage  moves  beyond the  set  parameters, [17]  This  ensures the system 

to maintain power quality as well as helps to protect the system against unintentional 

islanding. When large number of RES are connected to a particular feeder, their 

automatic disconnection  from the grid when the grid voltage violates the limits  can  be  

problematic  since the  other generators  on  the  network  will  suddenly  have  to  supply 

the additional power  to the grid [18].  

2.2.3. Synchronizations Issues  

Voltage  imbalance occurs when  the voltage amplitude  in  each  phase  is  different  

from the other phases or  when the phase angle difference between any two phase is not 

exactly 120°. Disproportionate installation of single phase systems will cause severely 

unbalanced networks leading to damage of DG, motors, controls, transformers, and 

power electronic devices. Thus, for high PV and wind farm penetrations, the cumulative 

size of all systems connected in each phase should be maintained the same [19].   

2.2.4. Variability 

Variability is the main hurdle for integrating RES into the AC grid, with 

inaccurate forecasting techniques the output power generated is variable in nature that 

results in poor frequency and voltage control [20-22]. 
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2.2.5. Voltage Rise  

Voltage rise is one of the challenges that would arise due to the increase in the 

penetration of RES into the grid during low demand season. It can be controlled by using 

power factor control devices, reducing the voltage setting of high-voltage/medium-

voltage substation, and using ring-operated distribution network with respect to the RES 

interconnection [23]. Voltage regulators can also be used to compensate voltage drop and 

maintain the voltage in the designated range along the line. 

2.2.6. Oscillations 

In modern power systems, RES like solar and wind are integrated to AC grid in 

large scale using power electronic converters like inverters [24, 25]. Due to which, the 

interaction between the converter and the grid has changed the system dynamics 

significantly creating new oscillation issues. For example, sub/super synchronous 

oscillations at wind farms [26], high frequency harmonic oscillations in micro grids [27] 

and low-frequency oscillations created by constant power loads.  These oscillations 

generated would impact the stable operation of the system and the efficient penetration of 

RES. 

2.2.7. Poor power quality 

Renewable energy sources such as solar and fuel cells rely on voltage source 

based inverters to integrate with an AC grid. These inverters will introduce harmonics 

into the grid. Likewise, the output power generated by wind farms, rely on variable wind 

speed which is uncontrollable affecting the power quality of generated power. Voltage 

and current harmonics are highly expected due to grid integration of RES [28, 29]. 

Connectivity standards proposed by CE in 2013  (2013)  indicate that harmonic  

current  injections  and  flicker  introduced  by solar and wind generating  stations  shall  
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not  be beyond  the  limits  specified  in IEC  61000  and  IEEE 519 Standard  

respectively, [30]. The DC current injected into the grid should not be greater than 0.5% 

of the full rated output.  

2.2.8. Dynamically  varying reactive  power  support   

The  wind  generating  stations  should  be  capable  of  supplying  dynamically  

varying reactive  power  support,  in order  to  maintain  the power  factor  between  the  

limits 0.95 lagging and 0.95 leading [30].  If the power factor maintained on the grid is 

poor it will increase the losses in the line and hence instability in voltage due to improper 

voltage regulation. By using inverters and operating them in “voltage-following mode” 

and “voltage-regulating mode” power factor correction can be done [31, 32]. But various 

factors need to be considered while using inverters for power factor correction namely. 

• The size of the inverter should be increased to accommodate both reactive power 

support and maximum active power to the grid.  

• The allocation of reactive power support comes at the cost of energy. 

• FACTS devices like STATCOM or SVCs can provide reactive power support in a 

cost-effective manner [33, 34], with minimum losses, whereas VAR 

compensation offered by inverters takes rapid response time and is infinitely 

variable. In applications where rapid and frequent changes in voltage takes place 

because of large transients in load then VAR compensation by inverter may be 

justified.  

From the studies, it is observed that the use of inverters for voltage regulation of 

network at high PV penetrations need centralized control in order to achieve optimal 

operation of the network as a whole.    
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2.2.9. Poor Forecasting  

Forecasting the power is one of the major aspects in managing power for grid 

system planning, it ensures the reliability and stability of grid. Unlike conventional 

system where load forecasting is done in case of renewable energy technologies, 

forecasting studies are conducted at the generation side, [35]. In RES the source of 

generation are variable and uncontrollable due to which grid integration becomes more 

difficult to ensure grid stability, henceforth, there is a need for forecasting study at 

generator side. The characteristics of each renewable energy generation technology are 

different from other and hence the forecasting techniques. There are different forecasting 

techniques for each of the technologies like short and long term forecasts. Short term 

forecasting study is conducted in hours and it doesn’t creates any problem during 

integration, where as long term forecasting study is not accurate  and impacts the 

operation of the grid [36,37]. 

2.2.10. Location of RE Plants 

In general, RE plants of large scale are being connected to the grid, so the area 

occupied by such plants is considerable. For each technology, there are several factors 

that will influence its location. Identifying a location to install and operate RE plant 

involves various factors that will make Grid integration more challenging. Few factors 

that influence are, all RE sources are not available in the region we chose, the distance 

between generating plant and the grid is a major factor in terms of efficiency and cost.  

Dependency on weather, climate, and geographical locations are few other deciding 

factors. [38-39].  
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2.2.11.  Voltage Flicker 

Voltage flicker problem arises due to change in environmental and surrounding 

conditions, which would show a significant impact on voltage change on the feeder. In 

case of solar and wind energy systems, the output changes as a function of wind speed 

and sun’s radiations [40]. These voltage flickers are also produced due to switching 

operations usually during starting or shutdown operation of equipment. Rapid change in 

voltage occurs within 10 min averaging interval, typically on a time scale between half a 

period (10 ms at 50 Hz) and a few seconds [41]. Supervisory schemes are used to monitor 

the voltage magnitude and change in voltage per unit time and to maintain them within 

the desired limits [42]. 

2.3. Literature review on large scale integration of offshore wind farms and PV 

farms to DC grid 

Many of the challenges faced during AC grid integration of RES can be overcome 

by integrating RES to DC grid. Challenges like frequency instability, reactive power 

compensation, poor power quality, harmonics during inversion and power factor will be 

mitigated by integrating RES to DC grid. The factors influencing large scale integration 

of PV and wind farms to DC grid are given below [50-56]: 

• To overcome the frequency instability issue integrating conventional AC power 

with HVDC grid was investigated by various researchers to ensure huge 

penetration of RES into the DC grid as well as to maintain a stable operation of 

grid [50, 51].  

• Due to higher capital cost of large solar farms, the investors and designers will try 

to extract the maximum possible power output from the installed plant. The 
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traditional AC collector grid concept is not the optimum choice for solar farms, as 

the power generated by PV modules is DC and it is inherently flexible and easier to 

couple multiple DC sources than coupling AC sources. The DC collector grid 

concept for large onshore and offshore wind farms has already been investigated in 

[52]. 

• HVAC transmission between onshore  load  centres  and offshore wind farms is  

not  a feasible option in  case  of  wind  farms  since the  active  current carrying 

capability of long AC cables is less when compared to DC due  to the presence of  

“high   charging  capacitance” in AC cables. Thus, long  distance HVAC  

transmission  will  create high  cable  losses, reduced efficiency  and  requires  

compensation of reactive  power  [53].  These  challenges  can  be  overcome  by  

HVDC  systems,  which  provides better transmission efficiency, higher  power 

transmission  capacity, improved  system  stability,  reduced  losses  and  no  

reactive  power  control, [54].    

• Improved conversion efficiency of DC-DC converters over  inverters [55] 

• Rapid growth in power electronics technology leads to fall in prices with improved 

power ratings, [56]. 

Some of the other reasons to choose electrical DC Grid Architecture in future 

applications are given below. The advantages offered by HVDC transmission over 

EHVAC transmission are also discussed below [57-64]: 

• Use of DC transmission will improve the transmission efficiency as a result; many    

HVDC transmission systems are built around the world. 
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• DC system offers greater flexibility, using DC buses of different voltage ratings, 

grid integration of battery storage systems and renewable generation systems can 

be made easier. 

• Using DC Micro grid, the power supplied by DC production for applications like 

lightning, charging of DC vehicles will be increased which influences the 

utilization of renewable energy. 

• Security and reliability of power supply will be improved due to increase in the use 

of distributed power system, example: DC micro- grid and smart grid technology. 

• Use of VSCs-HVDC and converter station will improve the bidirectional power 

transfer capability of AC power grids. 

• HVDC transmission systems can be operated in islanded and weak AC systems.   

Reversal of power flow is possible in DC without affecting the polarity of DC 

supply 

• Using DC Bus of different voltage ratings, power conversion from AC to DC or 

DC to AC can be minimized. 

• DC cable cost is lesser in comparison with AC cable considering same power flow 

due to the absence of skin effect and optimal use of cable. 

• Absence of capacitive currents in DC cable which is in contrast to AC long cable 

that produces high values of capacitive currents. 

In addition to above,  DC technology offers advantages like improved power flow 

control, reduced right-of-way and reduced infrastructure, etc., [64,65]. In the present 

work different topologies for integrating renewable energy sources to high voltage DC 

grid are discussed. Many topologies are available in literature to integrate offshore wind 
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farms to the onshore grid. These collection topologies are proposed considering the 

distance of the farm from the shore, voltage   levels, number of wind turbines and   

technological   choices, [70]. In this work, a new topology is proposed to integrate PV 

and wind farm installations to high voltage DC grid. 

2.4. Topologies proposed in literature for AC and DC grid integration of 

renewable energy sources  

2.4.1 Configuration of Offshore Wind Power Plants with AC collection System 

An “offshore wind power plant” configuration with AC collection system can be 

constructed in radial, ring and star connection schemes. The radial collection system is 

the most commonly used and economical due to its simplicity. The turbines when 

connected in string configuration are shown in Fig. 2.1(a) but it has a drawback that the 

system is unreliable. The ring collection system as shown in Fig. 2.1(b) offers better 

reliability compared to radial system, but there is increase in investment cost. The star 

collection system as shown in Fig. 2.1(c) reduces the ratings of the cable that are used to 

connect the wind turbine and collector point, thus reducing the investment cost [65]. 

2.4.2 Configuration of Offshore Wind Power Plant with DC Collection System 

                 There are three different DC collection systems proposed in literature for 

offshore wind power plant configurations based on the type of connections, namely 

parallel, series and hybrid [66-70]. In the first configuration, voltage of the turbine is 

maintained constant, whereas in the second configuration, the turbine current is 

maintained constant while in hybrid configuration a mix of parallel and series is 

implemented [67]. In general both series and hybrid topologies face technical challenges 
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like increase in insulation with increase in voltage level and over sizing of wind plants to 

overcome over voltages etc. [68].  For the parallel configuration, three DC offshore wind 

power plant (OWPP) configuration schemes are proposed in literature based on converter 

requirements and offshore collector platforms existence [69, 70]. In addition to that, a 

new hybrid topology is proposed in this work that offers better efficiency and reliability 

than the previous topologies. 

AC
DC

DC
DC

AC

DC

Offshore wind platforms

AC export cable

HVDC 
transmission

 

(a) 

 

                      (b)                                 (c) 

Fig 2. 1: (a) layout of radial collection (b) ring collection and (c) star collection 
configuration of the ac offshore wind power plant. 
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The scheme of DC configuration 1 is shown in Fig. 2.2 (a). In this case, wind 

turbines are connected directly to the HVDC main substation through feeders. To 

improve the voltage profile and to transfer the power to the onshore grid using HVDC 

transmission a DC-DC Converter is used, [67]. The major advantage of this topology is 

the absence of intermediate collector platform thus saving the capital costs.  

 

(a) 

 

(b) 
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(c) 

 

(d) 
Fig 2. 2:  (a) DC offshore wind power plant configuration 1, (b) DC Offshore Wind 

Power Plant Configuration 2, (c) DC Offshore Wind Power Plant Configuration 3, (d) 

Proposed DC Offshore Wind Power Plant Configuration. 

 

The second DC OWPP configuration is shown in Fig. 2.2(b), which consists of 

offshore collection point to which turbine strings are connected. This scheme differs 

from the first due to the presence of intermediate platform that connects inter-array 



 
 

27 
 

cables to the feeders.  The major advantage of this scheme is the absence of DC-DC 

converter, which is replaced with export cables of larger cross sectional area, saving 

the investment cost and reducing the energy losses, but it has the drawback of 

dissipating excess power in export cable. 

The schematic diagram of third DC OWPP is shown in Fig. 2.2(c), it consists of 

DC-DC step-up Converters, one at the end of the wind farm and the other one before 

HVDC transmission link, are used to improve the voltage profile and to deliver the power 

to shore.   The major advantage of this scheme is the reduction of export cable power 

loss, which will be dominant if distance between the main HVDC offshore platform and 

the collector is large. Due to lack of redundancy, this system is unreliable, incase if the 

converter fails to operate, then there is discontinuity in power delivered to the grid. 

The schematic diagram of the proposed system for connecting OWPP and solar 

power plants to DC grid using DC Collection system is shown in Fig. 2.2 (d). It consists 

of a string of PV and Wind farms connected to low voltage DC grid. Each PV string  

consists of solar PV farm connected to low voltage DC grid using two series connected 

DC-DC Converters where as in offshore wind string consists of wind turbine fed PMSG  

connected to low voltage DC Grid using rectifier and two series connected DC-DC 

Converters.  

The first converter is a conventional boost circuit that is used to extract maximum 

power using MPPT technique and the second converter is a multilevel boost converter 

that is used to maintain the stable DC output considering grid side and input side 

nonlinearities. In addition to that, they will improve the voltage profile and helps in 

delivering the power to the grid. Many such strings consisting of PV and wind farms are 

connected to low voltage DC grid, which is connected to DC offshore collection platform 
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using DC cables. At low voltage DC grid using MLBC the voltage level is improved 

from low voltage to medium voltage. To achieve the high voltage gain and to transmit the 

power through HVDC transmission, LCC coupled step-up DC-DC Converter is installed 

at offshore platform, it boosts up the voltage from medium voltage to high voltage. 

The proposed system offers better reliability in comparison with the 

configurations of the previous system configurations, as there are two different sources, 

there is continuity in power supply. In the proposed configuration, though the capital 

expenditure is high due to increase in the number of converters, but the system 

performance, reliability and flexibility will improve. 

2.5. Factors affecting the integration of RES to HVDC Grid 

Few major challenges faced by RES during DC grid integration are unpredictable 

input due to the dependency on weather conditions, voltage imbalance due to grid side 

disturbances and influence of grid side faults on to the DC link. To address the first two 

challenges, a hybrid controller is proposed here, which aids in extracting the maximum 

power operating point from PV and wind in addition to achieving stable DC output 

according to grid requirements. The hybrid controller proposed here consists of Random 

Search Method (RSM) based MPPT controller along with RSM based two loop average 

current controller, the MPPT controller helps in harnessing the maximum power at 

varying weather conditions whereas the voltage controller helps in reducing the distortion 

in output voltage. RSM method is chosen here for the design of controllers, as it has 

simple computational steps, derivative free, guarantees global convergence and requires 

less memory.  
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Another major issue is fault ride through (FRT) when RES are connected to a DC 

grid, some grid codes need to be satisfied to overcome fault ride through issue. If three 

phase fault occurs on AC side of the system, then the imbalance between power delivered 

and power utilized will create a voltage imbalance which charges the capacitor of DC 

link to more than its capacity, affecting the equipments nearby. To maintain constant DC 

link voltage during unsymmetrical faults and also to satisfy grid codes an efficient FRT 

protection scheme is implemented using converter circuit. Detailed simulation studies are 

performed to demonstrate the performance of the proposed configuration under different 

test conditions using MATLAB/ Simulink. 

2.6. Summary 

Due to increase in the potential market for wind and solar energy generation, their 

penetration to the grid is increasing with time.  Due to which the present AC grid faces 

technical challenges like operational instability, control and compensation of active and 

reactive power, voltage and frequency instability and storage issues. It is observed from 

the literature review majority of these issues can be overcome by integrating to DC grid 

which seems to be a promising solution, when compared to AC Grid due to its technical 

and economical benefits.  To integrate  these RES to DC Grid a literature survey is 

conducted on different topologies architecture topologies for high voltage DC grid 

integration, these topologies are discussed here. A new topology for integrating RES to 

high voltage DC grid is proposed here. The major factors influencing DC grid integration 

of RES are discussed here in brief. 
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CHAPTER-3 

DC-DC Boost Converters for DC Grid Integration 

3.1. Introduction 

To integrate solar and wind farms to DC grid DC-DC converter of different 

voltage and power ratings are needed at low, medium and high voltage DC grids. In this 

chapter different converters needed for DC grid integration of RES are identified and 

their performance is validated. Due to wide range of applications for high-voltage (HV) 

high power DC–DC converters in large on shore and offshore wind farms and large solar 

farms, an intensive research is being conducted on them [71]. Nevertheless, power 

electronics faces a big challenge in the design of these converters due to extreme 

blocking voltage faced by the semiconductor switches [72].  

Semiconductor switches like integrated gate-commutated thyristor (IGCT) and the 

HV insulated gate bipolar transistor (IGBT) are widely used for HV application but they 

offer high switching losses hence their switching frequency is limited to about 1 kHz 

[73]. For high frequency switching operation (>10 kHz), the most attractive switches are 

the MOSFET and IGBT. But they have the drawback that they cannot withstand high 

voltage stress when used in circuits like conventional DC-DC converters for high-power 

application. Hence conventional DC–DC converters are not the best choice for high-

frequency, high voltage operation [74]. Some common solutions described in the 

literature on DC–DC converters for high-frequency and high voltage applications are 

discussed below. 
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  Conventional boost converters, interleaved and cascaded boost converter 

topologies when used to obtain the required high voltage gain [75-77] have the inherent 

issues like high ripple current, extreme maintenance of duty cycle and relatively higher 

losses affecting the efficiency. Converters with transformers and coupled inductors have 

the limitation on switching frequency. The size of the converter becomes bulky and 

expensive in such converters since the losses in transformer vary as a function of 

switching frequency. In addition, there is increase in voltage stress across the switch due 

to high current flow through the boost inductor. Coupled inductor switched capacitor, 

coupled inductor with voltage multiplier cell techniques were proposed in [78-80], to 

achieve desired high voltage gain but the complexity in operation and component count 

and component size, voltage stress will increase with the increase in gain factor.  

  An isolated converter circuit consisting of full-bridge converter circuit with two 

legs connected in series in primary circuit is proposed in [81, [82]. The voltage stress 

across each switch is less and it can be further reduced by increasing the number of levels 

but the complexity will increase with the increase in the number of series connected full-

bridge legs in the primary side. 

  Converters like dual active bridge (DAB) DC-DC converter, flyback converter are 

frequently used in the low and medium voltage applications [83], [84]. These topologies 

when used for HVDC applications, the number of series connected semiconductor 

switches in a switch string are increased to sustain such high DC voltage. With this 

arrangement, the voltage stress across each semiconductor switch will come down but it 

needs an additional voltage balancing circuit; otherwise, it will lead to unequal voltage 

distribution across the switches in static and dynamic states, creating damage due to 
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overvoltage to one or many [85]. A  Transformer less high gain Boost Converter 

(TFHBC) is proposed in [86], it offers better efficiency and high gain factor, But is has 

the drawback that it can be used for medium voltage applications as the gain factor 

increases the voltage stress across the switch increases..  

  In the later days, the concept of multilevel based DC-DC power conversion 

attracted the attention of researchers and proven to be a suitable solution to obtain the 

required high voltage gain at high power level [87]. The main advantages of this topology 

are continuous input current, low voltage stress, self-voltage balancing, high efficiency, 

low EMI noise and harmonic distortion, ability to achieve high voltage with low voltage 

component, single switch structure and large conversion ratio without extreme duty cycle 

or transformer, which allows for high switching frequency. Further, multiple sources can 

also be connected to the converter, which makes this as an attractive topology for 

renewable energy conversion. But the major drawback of this topology is the complexity 

will increase with the increase in the number of levels for high voltage applications so its 

application is limited to medium and low voltage applications. An LCL DC-DC converter 

circuit for high voltage and high power applications offers high-gain factor without an 

intermediate AC transformer is proposed in [88]. This converter circuit consists of 

internal passive LCL circuits; that eliminates the issues with high-frequency 

transformers. 

  In this chapter, the operation and working of converter circuits like DC-DC boost 

converter, transformer less high gain boost converter, multilevel DC-DC boost converter 

and LCL boost converter are discussed. Using small signal mathematical modeling of 

boost converter, its open loop and closed loop performance is validated for different 



 

loads. A comparative study is performed between two medium voltage

converters namely transformer less high gain boost converter

boost converter.  

3.2. Modeling of Conventional DC

The DC-DC boost converter circuit

voltage source Vin, controllable 

resistor R, and a PWM block

by symbol ‘Iz
’ is connected in parallel 

for the corresponding load changes. 

the inductor and duty cycle of the converter are represented by 

scheme is considered to operate in continuous conduction mode (CCM).

Fig. 3. 

When the MOSFET switch is

coil gets charged through the source

the inductor and input is fed to the load. It is assumed that the switch chosen here is ideal 

d 
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. A comparative study is performed between two medium voltage

converters namely transformer less high gain boost converter and multilevel DC

Conventional DC-DC Boost Converters 

boost converter circuit consisting of a solar PV cell as 

, controllable MOSFET switch, filter inductor L and capacitor 

, and a PWM block is shown in Fig. 3.1, [89]. A current generator represented 

in parallel to the load to examine the response of the system

the corresponding load changes. The voltage across the capacitor and current through 

and duty cycle of the converter are represented by Vo, IL and d. The proposed 

scheme is considered to operate in continuous conduction mode (CCM). 

Fig. 3. 1: DC-DC Boost converter, [89]. 

When the MOSFET switch is turned ON, diode is turned OFF and 

coil gets charged through the source. When the switch is turned OFF, energy from 

fed to the load. It is assumed that the switch chosen here is ideal 

D 

. A comparative study is performed between two medium voltage DC-DC 

multilevel DC-DC 

cell as its DC input 

capacitor C, load 

. A current generator represented 

of the system 

current through 

. The proposed 

 

and the inductor 

energy from both 

fed to the load. It is assumed that the switch chosen here is ideal 
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and the losses in the capacitance and inductance are negligible. The output voltage of the 

converter expressed in terms of input voltage and duty cycle is, 

)1( d

V
V in

o


  

3.2.1. Mathematical Modeling of DC-DC Boost Converter 

The ideal dynamics of the conventional boost converter circuit can be obtained by 

applying the state space averaging method [89], which would help in designing the 

controller. When the switch is closed, the corresponding circuit is shown in Fig. 3.2(a). 

By applying Kirchhoff’s voltage law to the loop, consisting of the inductor and source 

and Kirchhoff’s current law to the node connecting the capacitor branch the following 

relations are obtained. 

 

(a) 

 

 
(b) 

Fig. 3. 2: (a) Boost converter circuit during on state, (b) Boost converter circuit during off 

state, [89]. 

 

(3.1) 
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During OFF state, when the switch is OFF and the diode is ON the corresponding 

circuit is as shown in Fig.3.2 (b). By applying the Kirchhoff’s voltage and Kirchhoff’s 

current law to the circuit, the equations of OFF state are obtained as in (3.4) and (3.5). 

The inductor current is represented by iL and V is the voltage across the capacitor. 

)(
1

VV
Ldt

di
in

L   

)(
1

R

V
ii

Cdt

dv
ZL   

3.2.2. Small Signal Modeling 

In this work DC-DC boost Converter shown in Fig. 3.1 is modeled using “Small signal 

state-space averaging technique”. A set of differential equations representing the ON and 

OFF state operation of boost Converter in “continuous conduction modes” are used to 

represent “state space representation”, [89].  

The current through the inductor current iL and voltage across the capacitor V are given 

by, 

T
L tVtitx )](),([)(   

where x(t) is the state vector. 

The continuous state-space equations of the system during ON state are 

BuAxx   

(3.4) 

(3.5) 

(3.6)

(3.2) 

(3.3) 
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where, 

offon AddAA )1(   

offon BddBB )1(   

Let x1 = iL and x2 =V 

The equations (3.2) and (3.3) in terms of input and state variables are given by,
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In state space form: 
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The state space equation for (3.4) and (3.5) will become, 
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In state space form: 
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Using perturbation technique linearization of the time varying system given in equation 

(3.6) is performed by introducing small AC perturbations in DC steady state quantities. 
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(3.10)

(3.9)
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These variables when substituted in (6) give,  

UBtdDBtdDtxXAtdDAtdD
dt

txXd
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Small signal analysis starts by recognizing that the derivative of steady state component 

dx/dt is zero. By collecting term 
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A linear equation is obtained with small changes in the variables as shown below: 
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By substituting the above equation in (3.6), the matrices A and B can be obtained.  
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The final representation using averaging method is given by, 
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Thus Equations (3.23), (3.24), (3.25) and (3.26) represent small-signal modeling of DC-

DC converter operated in the CCM. 

3.2.3. Fuzzy Logic Controller 

Fuzzy logic gives the solution for controlling non-linear processes and it is 

derived from fuzzy set theory [90]. The fuzzy control for the converter chosen is 

developed using input membership functions for error 'e' and change in error 'ce' and the 

output membership function for Duty cycle, D of the DC-DC boost converter.  

e  = Vr - Vo 

ce = e k - e k-l 

where Vr is the desired output voltage and Vo is the actual output voltage measured. The 

subscript 'k' denotes values at the beginning of kth sampling cycle, [90].  

      The fuzzy inference system used here will determine the duty cycle of the boost 

converter. For instance, if the output voltage fed to the load continues to increase 

gradually, the fuzzy logic controller will increase the duty cycle of the boost converter 

accordingly to reach the set point. The resolution of fuzzy logic control depends upon the 

“fuzziness” of the control variables while the fuzziness of the control variables varies 

with the “fuzziness” of their membership functions. Fuzzy logic control involves three 

different stages of evaluation namely: “fuzzification, inference or rule evaluation and 

defuzzification”.  

The fuzzy variables 'e', 'ce' are taken as input to the fuzzy controller and 'D' acts as 

output of fuzzy controller. Table 3.1 gives the fuzzy rule base created in the present work 
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based on intuitive reasoning and experience. Fuzzy memberships NB, NS, ZE, PS and PB 

are defined as ‘negative big’, ‘negative small’, ‘zero’, ‘positive small’ and ‘positive big’.  

Table 3. 1: Fuzzy Rule Base. 

ΔV 

ΔP 
NB NM NS ZE PS PM PB 

NB NB NB NB NB NM NS PS 

NM NB NB NB NM NS PS PM 

NS NB NB NM NS PS PM PB 

ZE NB NM NS PS PM PB PB 

PS NM NS PS PM PB PB PB 

PM NS PS PM PB PB PB PB 

PB ZE PM PB PB PB PB PB 

 

Table 3. 2: Specifications of DC-DC Boost Converter 

S.No Parameter  Value 

1. Input voltage, Vin 12 V 

2. Output Voltage, Vo 24 V 

3. Inductance of  L 200 µH 

4. Capacitance of  C 10 µF 

5. Resistor, RL 120 Ω,  360 Ω, 330 kΩ 

3.2.4. Design and Simulation 

The Simulink model of open loop DC-DC boost converter developed by using set 

of “state space equations” is shown in Fig. 3.3. The specifications of the converter are 

given in Table 3.2. The influence of load resistance value on to the output is analyzed 



 

here considering the performance 

steady state error and, and settling time

Fig. 3. 3: Open loop model of DC

40 

performance parameters like rise time, peak time, overshoot voltage

, and settling time.  

Open loop model of DC-DC boost converter. 

(a) 

overshoot voltage, 
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(b) 

Fig. 3. 4: Open-loop response of boost converter when load resistance, RL is 120 Ω 

(a) Inductor current (b) output voltage. 

 
(a) 

 
(b) 

Fig. 3. 5: Open-loop response of boost converter when load resistance, RL is 360 Ω 

(a) Inductor current (b) output voltage. 
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(a) 

 
            (b) 

Fig. 3. 6: Open-loop response of boost converter when load resistance, RL is 330 Ω 

(a) Inductor current (b) output voltage. 

 

(a) 
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(b) 

Fig. 3. 7:  Closed loop response of boost converter when load resistance, RL is 120 Ω 

(a) Current through the inductor and (b) Voltage across capacitor 

 

 
(a) 

 

(b) 

Fig. 3. 8: Closed loop response of boost converter when load resistance, RL is 360 Ω 

(a) Current through the inductor and (b) Voltage across capacitor 
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(a) 

 
(b) 

Fig. 3. 9: Closed loop response of boost converter when load resistance, RL is 330 Ω 

(a) Current through the inductor and (b) Voltage across capacitor 

 

The open loop response of converter namely the inductor current and the output 

voltage for the corresponding load changes are shown in Figs. 3.4, 3.5 and 3.6 

respectively. The output voltage of 24 V is achieved by maintaining the duty cycle at 0.5 

for different load changes as shown in Figs. 3.4(a), 3.5(a) and 3.6(a). But the overshoot in 

the output response is very high and it increases with the increase in load resistance. 

In addition to that, there is a presence of steady state error and delay in the settling 

time and rise time.  To improve the performance of the boost converter there is a need for 

controller, a Fuzzy logic controller is chosen to meet the desired specifications. The 
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output response of the proposed system for different loads using FLC is shown in Figs. 

3.7, 3.8 and 3.9 respectively.  

The current through the inductor for different load changes are shown in Figs. 

3.7(a), 3.8(a) and 3.9(a), it is observed that the current through the inductor  increase with 

increase in the load. Figs. 3.7(b), 3.8(b) and 3.9(b) shows that the output voltage response 

of boost converter for different loads. From the voltage response of closed loop system it 

is observed that the response has is no overshoot, settling time, rise time, delay time, 

settling time and steady state error are reduced. Hence the overall performance of the 

system has improved using the fuzzy logic controller.  

3.3. Transformer Less High Gain Boost Converter 

The topology of Transformer less high gain Boost Converter (TFHBC) is shown 

in Fig.3.10. It mainly consists of three passive components, namely a resonant inductor, 

‘Lv
’; resonant capacitor, ‘Cv

’; and the input inductor, ‘Lin
’. The gating signals given to the 

switches labeled S1 and S2 are identical and they are operated simultaneously as in [86]. 

The purpose of the switching module and resonant capacitor is to control the ON and 

OFF process of the rectifying diode. 

3.3.1. Assumptions 

The three assumptions considered in the analysis and operation of circuit are, all 

the components in the circuit are ideal, all sources over a switching period are constant 

and the ratio between the input inductor, ‘Lin
’, and resonant inductor, ‘Lv

’, should be much 

greater than ‘1’ so that the input inductor can be assumed as a constant current source. 
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Fig. 3. 10 Transformerless High Boost DC-DC Converter, [86] 

 

3.3.2. Operating Principle 

Before the switching cycle begins, the current through the resonant inductor i.e. 

iLv(t)  is non zero and the voltage across the resonant capacitor i.e. Vcv(t) is at 0 V when 

Switch S2 is ON. The switching cycle of the converter consists of eight states as 

discussed below. 

     State 1: During state 1 S1switch is turned ON and S2 switch is turned "OFF'". This 

causes the inductor to discharge its energy to the resonant capacitor nearby creating a rise 

in capacitor voltage VCv(t) from 0 V to Vout. 

     State 2: When the capacitor voltage reaches to Vout state ‘1’ ends which makes the 

rectifying diode Drect to turn ON. Both the currents, namely Iin and ILv(t) are fed to the 

load. During this period of the state, Vout is applied across the resonant inductor, Lv which 

causes inductor current to change at a constant rate. As iLv(t) changes, it passes through 

zero current crossing and starts to divert Iin from the rectifying diode. Once when iLv(t) 

equates to Iin, the rectifying diode turns OFF and there is no power transfer to the load, 

this ends State 2. 
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     State 3: The rectifying diode is turned off at the beginning of State 3, but the resonant 

capacitor is still charged at Vout volts, which is discharged through the inductor Lv causing 

its current to increase. When Cv reaches 0 V, voltage is no longer applied to Lv, and iLv(t) 

stays constant.  

     State 4: When Vcv(t) reaches 0 V, state 4 begins. As there is no voltage applied across 

Lv, iLv(t) remains constant during this state. Since there is no transfer of energy between 

these resonant components it is considered as a hold state. 

      State 5 to State 8: When switch Sl is OFF and S2 is turned ON State 5 begins, the 

capacitor Cv gets charged from the inductor. States 5 to 8 maintains the same order of 

events as State 1 to 4, the only difference is iLv(t) is inverted, iLv(t) conducts through the 

opposite half of the H-bridge. 

3.4. Modeling of Multilevel Boost Converter 

3.4.1. Power Circuit 

  The power circuit diagram of multilevel boost converter (MLBC) circuit 

consisting of three levels is shown in Fig. 3.11. It combines the circuit configuration of 

simple boost converter and switched capacitor technique to provide high voltage gain, as 

shown in Fig. 3.11. To generate an output which is N times the conventional boost 

converter the MLBC circuit includes only one MOSFET switch, one inductor, (2N-1) 

diodes and (2N-1) capacitors, [91]. Though the number of components namely capacitor 

and diodes are high these devices are of low voltage rating as each device blocks only 

one voltage level. 
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3.4.2. Modes of Operation 

  MLBC circuit operates in two modes, mode-1 when the switch is turned ON and 

mode-2 when the switch is turned OFF. The sequential operation of MLBC in two modes 

is given below: 

  In Mode-1, switch ‘S1’ is turned ON, the inductor is connected to the voltage 

source. At this instant if the voltage across C2 is less in comparison with voltage across 

C1, C1 charges C2 through the diode D2 and the switch. Simultaneously, if the voltage 

across C2+C4 is smaller than the voltage across C1+C3, C1 and C3 charges C2 and C4 

through the diode D4 as shown in Fig. 3.11, [91]. In the same interval the voltage across 

the capacitors C1+C3+C5 discharges through the load. 

 

Fig. 3. 11 Multilevel Boost converter circuit, [91] 

In Mode-2, switch ‘S1’ is turned OFF, the diode D1 is turned ON and the inductor charges 

the capacitor C1 until the voltage across the capacitor C1is equal to the sum of the 

voltages across the voltage source and the inductor. The voltage source, inductor and 

capacitor C2 charges the capacitor C1+C3 through the diode D3. The diode D3 turns OFF 

when the voltage being charged is equal to being discharged and diode D5 turns ON. the 
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Through the diode D5 the voltage source, inductor and capacitors C2 and C4 will charge 

capacitors C5, C3 and C1 until the voltage until the voltage across discharging elements is 

equal to the voltage across charging elements, [87]. 

3.4.3. Design of multilevel boost converter 

The design of the passive elements present in the power converter is very similar 

to that of conventional boost converter. For a conventional boost converter circuit, the 

relationship between input and output voltage is given by, 

(1 )
in

o

V
V

D



          (3.27) 

For an N level Multilevel Boost Converter, relationship between input and output voltage 

is given by, 

(1 )
in

o

NV
V

D



          (3.28) 

where N indicates the number of levels. 

  The design specifications are input voltage = 100V, output voltage = 1000V, 

switching frequency = 20 kHz and output power = 6.8 kW.  The number of levels in 

MLBC that would give a voltage gain of 10, which can be found from equation (3.28). In 

addition, boost converters with lower levels (N=1, 2, 3) need to be operated at very high 

duty ratios; sometimes greater than 0.85 to achieve the required voltage gain. This is 

practically not possible. Hence, the number of levels is increased. 

  It is proposed to operate MLBC at a duty cycle of 0.75 with 4 levels in order to 

provide sufficient turn off time for the power device and avoid excessive voltage stress. 
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Based on the duty cycle and output power, the critical value of the inductance is found 

from the expression: 

(1 )

2
crit

D D R
L

f




   
 

  The capacitance offered can be found from the following expression, where R is 

resistance offered by the load, f is switching frequency. 

2

D
C

fR
  

3.5. Performance evaluation of TFHBC and MLBC for DC grid integration 

A comparative analysis is made between two medium voltage boost converter 

circuits of same ratings namely TFHBC and MLBC circuits to evaluate the converter 

with high gain factor, high efficiency and low voltage stress. The specifications of 

TFHBC and MLBC are given in Table 3.3 and 3.4.  Simulation of a four level multilevel 

boost converter is performed in MATLAB/Simulink environment to generate an output 

voltage of 1 kV. A DC input voltage of 100 V is applied to both the converters. The 

inductance, capacitance and duty cycle of MLBC are chosen as 1.2 mH, 35 μF and 0.6 to 

achieve a gain factor of 10. The output power delivered to the load is 8.35 KW. In MLBC 

the voltage across the individual capacitors is shown in Fig.3.12.  

The input voltage of MLBC, voltage across the load is shown in Fig.3.13. The 

input current and the current delivered to the load are shown in Fig.3.14. From Fig. 3.12 

it is observed that the voltage across capacitors C1, C3 C5 and C7 are 330 V, 250 V, 215 V 

and 205 V respectively. It is shown that voltage across the load is the algebraic sum of 

the voltages across the individual capacitors connected across it, i.e. VC1+VC2+VC5+VC7. 

(3.29) 

(3.30) 
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As shown in Table 3.5, the efficiency of MLBC is around 99.4%. The individual voltage 

across each capacitor is not exceeding 400 V. It is observed that though the output 

voltage is 1000V the voltage stress across the switch is only around 330 V. 

 

Fig. 3. 12: Voltage across capacitor C1, C3, C5 and C7 in MLBC. 

 

Fig. 3. 13: Input voltage, voltage across the load in MLBC. 
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Fig. 3. 14: Input current, load current in MLBC. 

 

Fig. 3. 15: Voltage across capacitor C1, current through the resonant inductor in TFHBC. 

 

Fig. 3. 16: Voltage across the load, Input Voltage, Current through the load in TFHBC. 
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The performance of MLBC is compared with Transformer less high gain boost 

converter circuit. To generate an output voltage of 1 kV, 100 V DC input is given to the 

TFHBC circuit. The voltage across the capacitor, input current through the resonant and 

series inductor are shown in Fig.3.14 and 3.15. The voltage across the load and current 

drawn by the load is shown in Fig. 3.16. The Input current through series inductor of 

TFHBC  is shown in Fig. 3.17. 

From the results it is observed that the input and output currents of TFHBC circuit 

are 91.2 A and 8.35 A respectively. The output power delivered to the load is 8.35 KW 

maintaining an efficiency of 91.55%. 

  On comparing the results obtained by both the converters for the given 

specifications from Table 3.5, it is observed that the performance of MLBC is much 

better when compared to Transformerless high gain boost converter. For the given load, 

the efficiency of MLBC is 99.4%, whereas for TFHBC circuit it is 91.55%. The voltage 

gain of MLBC can be increased further by increasing the number of levels which 

includes addition of capacitor and diodes whereas in TFHBC difficulty will arise in 

choosing the capacitor of such high voltage rating and voltage stress across the switch 

will also be increased. The use of multilevel boost converter (MLBC) requires only low 

voltage devices as each device blocks only one voltage level, the voltage stress across the 

switch is also less for MLBC. The voltage stress across the switch is around 330 V in 

MLBC and it is nearly 1 kV in the latter case.  

  In addition to it, multiple sources can be connected to MLBC converter making 

this an attractive topology for renewable energy conversion. In addition to the above said 

advantages MLBC topology offers continuous input current, large conversion ratio 
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without maintaining extreme duty cycle. To achieve desired voltage level, either we can 

vary the number of levels or vary the duty cycle, but in TFHBC circuit duty cycle is fixed 

at 0.5, there is no control over duty cycle. 

 

Fig. 3. 17: Input current through series inductor in Transformer less high boost DC-DC 

converter. 

Table 3. 3: Transformerless High Gain Boost DC-DC Converter Specifications. 

S.No Converter Component Value 

1. Lv 100 μH 

2. Lin 1 mH 

3. Cv 0.025 μF 

 

Table 3. 4: Multilevel Boost Converter Specifications 

S.No Parameters Rating 

1 Inductor 500mH 

2 Capacitor 105µF 

3 Switching Frequency 20kHz 

4 Input Voltage 1000V 

5 Output Voltage 20000V 

6 Duty Cycle ,D 0.6 
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Table 3. 5: Performance Specifications of MLBC and TFHBC 

S.No Parameter Multilevel Boost 

Converter 

Transformer less High 

Boost DC-DC Converter 

1. Vin 100 V 100 V 

2. Vo 1000 V 1000 V 

3. Iin 83.8 A 91.2 A 

4. Io 8.35 A 8.35 A 

5. Gain, G 10 10 

6. Efficiency, η 99.4 91.55 

3.6. LCL DC-DC Boost Converter Topology 

The circuit topology of DC-DC LCL Boost converter is shown in Fig. 3.18, [92]. 

It is built for two phases, can be extended to multiphase depending upon the application. 

The primary goal of the chosen LCL DC-DC converter is the controllable transfer of 

power from low voltage circuit to high voltage circuit; in addition to that, it maximizes 

the converter efficiency by eliminating the inner reactive current circulation which is 

achieved by matching voltage profiles. Issues associated with iron losses and 

manufacturing of medium and high frequency transformer are eliminated due to the 

absence of transformer. The converter circuit consists of DC-AC bridge with switches S1, 

S2, S3, S4, and the inner layer consisting of elements L1, L2 and C and DC-AC bridge of 

high voltage rating with switches S5,S6, S7 and S8. 

The subscripts 1 and 2 in the Fig. 3.16 represents ports 1and 2. The transferred 

DC power is controlled in port1 whereas port-2 issued to align central AC voltage in line 

with the coordinate frame i.e. Vcq=0; which maintains power balance inside the converter. 

Under normal steady state Vcq(pu) will be maintained at zero by port-2.In case if Vcq(pu) 



56 
 

exceeds zero then there is surplus injection of power will occur effecting the reference 

power. The performance of the converter in HVDC grid connected application will be 

discussed in chapter 6. 

 

Fig. 3. 18: LCL DC-DC Boost Converter Topology for Two Phase, [92] 

3.7. Summary 

In this chapter a literature review is conducted on different DC-DC boost 

converters, in order to choose DC-DC boost converters for application in DC grid 

integration of solar PV and wind farms. The performance of the converters chosen is 

validated for low and medium voltage applications.  

The open loop and closed loop operation of conventional DC-DC boost converter 

is analyzed using small signal mathematical modeling. From the simulation results it is 

observed that the corresponding change in the load resistance affects the output voltage 

and inductor current of the converter. The open loop response of boost converter offers 

large overshoot, large delay time, settling time and peak overshoot.  Using fuzzy 

controller in closed loop operation, the performance of the system has improved the over 

shoot, steady state error, settling time, rise time, delay time are reduced. 
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A comparative study between two high voltage gain DC-DC boost converters for 

medium voltage applications is performed in this work. From the simulation results it is 

noticed that multilevel boost converter offers, a low voltage stress across the switch, 

continuous input current, higher efficiency than transformer less high gain boost DC-DC 

converter. It is easier to achieve high voltage gain in MLBC either by adjusting its duty 

cycle or by increasing the number of levels whereas in transformer less high gain boost 

DC-DC converter, the voltage stress across the switch and the rating of the capacitor will 

increase with its gain factor which increases the complexity in design and operation. LCL 

DC-DC converter is chosen for high voltage application, as it has the capability to 

achieve high stepping ratio at high power in high voltage DC grid connected 

applications.. 
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Chapter-4 

        Performance Evaluation of Hybrid Controller 

4.1. Introduction 

In the previous chapter different DC-DC Boost converters needed for DC grid 

integration of RES are discussed. In the present chapter a novel topology to integrate 

solar and wind farms to high voltage DC grid is proposed. The proposed topology 

consists of a hybrid controller. The need for hybrid controller and its working are 

discussed. The Hybrid controller consists of Maximum Power Point Tracking (MPPT) 

controller along with voltage regulator, the MPPT controller helps in harnessing the 

maximum power at varying weather conditions whereas the voltage controller helps in 

reducing the distortion in output voltage. Different MPPT techniques namely Incremental 

Conductance, Perturb and Observe, Fuzzy logic and Random Search Method (RSM) 

based MPPT are discussed here. A comparative study is performed among these 

techniques to determine the efficient MPP tracker. In this chapter a voltage controller 

using RSM based two loop averaged current control (TLAC) technique is proposed. The 

performance of the proposed RSM based (TLAC) is compared with linear Proportional 

and Integral controller. 

4.2. Need for Hybrid Controller 

When renewable energy sources are connected to DC grid two major issues faced 

by the system are unreliable input and fluctuating grid voltage. As the input fed to the 

renewable energy sources namely solar and wind are unreliable it is necessary to operate 
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the system at a point where the maximum power can be extracted. To extract maximum 

power output from the PV panel MPPT control logic is commonly used. Likewise when 

RES are connected to DC grid, the output voltage fed to the grid should match with grid 

voltage, as the grid voltage fluctuates slightly due to the presence of disturbance, a 

regulated DC output according to grid requirement need to be fed. This is done by using a 

voltage controller. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. 1: Hybrid control architecture for PV and wind Farms in DC Grid Connected 

Applications. 

The Hybrid controller proposed in the present system performs both MPPT 

tracking and voltage regulating action as shown in Fig. 4.1. The MPPT controller uses 

random search method (RSM) to track the global maximum power point and voltage 

regulating action is performed by using RSM based two loop average current (TLAC) 
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controller, which is used to maintain stable DC output irrespective of grid side 

disturbances. 

When MPPT controller is used at converter B1 the output voltage and current will 

have some perturbations due to change in the duty cycle of the converter, which will 

affect the performance of converter B2 connected in cascade. The linear PI controller 

when used as a voltage controller will not consider the influence of input side 

perturbations due to which system performance will get detoriated.  

The RSM based two loop average current controller proposed here will consider 

the influence of input side perturbations and grid side disturbances into account and 

maintains a stable DC output according to the grid demands. So, TLAC controller is 

chosen for the design of voltage regulator.   Both these control actions i.e. MPPT control 

and voltage regulating action are achieved with the help of independent duty ratio control 

of DC-DC boost converters. 

4.3. MPPT Controller 

Conceptually, MPPT is a simple problem—it is basically an operating point 

matching between the source and power converter. The main objective of MPPT is to 

efficiently extract maximum power from the source to the load. According to maximum 

power transfer theorem, the output power delivered to the load is maximum when the 

impedance offered by the source matches with the load [93]. Hence the 

maximum power point tracking problem reduces to an impedance matching problem 

where the system should be operated at a point where the impedance offered by the 

source and the load seen by it are equal.  
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However, because of the non-linear input characteristics of the solar and wind 

farms and the consequence of the varying environmental conditions, tracking the correct 

maximum power point (MPP) can sometimes be a challenging task. Over the years, many 

MPPT techniques have been proposed by the researchers; which is evident from the 

increase in the number of research publications. The main objective of the MPPT 

algorithms is to achieve accurate and fast MPP tracking with reduced steady state 

oscillations at varying weather conditions. Among different MPPT techniques proposed 

in literature [94], more focus is on perturb and observe (P&O) [95], hill climbing [96], 

and incremental conductance (INC) methods [97]. It has been observed that the 

traditional methods of MPPT suffer from problems like oscillations around the operating 

point, complexity in operation, designer dependency and many computational difficulties. 

Improved versions of perturb and observe are proposed in [98-100] but they have 

the drawback of being slow and generating perturbations under steady-state. To 

overcome the above-mentioned drawbacks, several methods have been proposed using 

artificial intelligence (AI)-based algorithms such as neural network (NN) [101] and fuzzy 

logic controller (FLC) [102]. But they face difficulties like large data storage requirement 

and extensive computation [103]. The calculation of error and change in error leads to 

increase in time response and decrease in accuracy of the MPPT to track the MPP, when 

FLC algorithm is implemented in digital controller addition of its noise factor would 

result in high oscillations in the output. So adaptive perturb and observe technique is 

proposed in [104] which combines advantages of P&O and FLC algorithms. Particle 

swarm optimization (PSO) technique [105], [106], and its improved versions like Firefly 

algorithm (FA) and Artificial Bee Colony (ABC) [107], [108], are developed to track the 
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Maximum Power Point (MPP) of a solar cell module, they have major advantage of being 

simple computational steps, guaranteed global convergence and easy to implement in 

hardware. But the viability of exploration of other optimization algorithms is not reported 

in the available literature. So, a derivative free optimization algorithm method namely 

random search method (RSM), based tracking algorithm is chosen for tracking Global 

Maximum Power Point [109]. It has simple computational structure, derivative free and it 

guarantees global convergence if the parameters are properly chosen in algorithm [110]. 

4.4.1. Incremental Conductance Technique 

According to incremental conductance technique, when the incremental 

conductance, dI/dV is equal and opposite to the conductance offered, I/V then MPP is 

reached and there the algorithm ends and returns the corresponding value of operating 

voltage for maximum power point [97]. The major problem associated with this 

technique is that it requires many sensors to sense the operating voltage and current. The 

incremental conductance algorithm is shown in Fig. 4.2. 

          (4.1) 

Differentiating with respect to voltage 

( )
dP

d V I
dV

           (4.2) 

dP dI
I V

dV dV
            (4.3) 

 

When the maximum power point reaches zero then the condition will be: 

0
dP

dV
           (4.4) 

 

Substitute equation (3) in (4) 

P V I 



 

0
dI

I V
dV

      

   

   

    

 

Fig 4. 2: Flow chart of MPPT control using Incremental conductance technique
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Flow chart of MPPT control using Incremental conductance technique

V(t), I(t) 

 (4.5) 

 (4.6) 

Flow chart of MPPT control using Incremental conductance technique. 
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4.4.2. Perturb and Observe Technique 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. 3: Flowchart of Perturb and Observe Technique. 

It is derived from hill climbing method. The flowchart for P&O algorithm is 

shown in Fig.4.3. In P&O technique the PV panel’s output voltage and current are 

measured to calculate the corresponding power, [100]. A voltage perturbation is 

introduced by updating the duty cycle and the corresponding power is measured again. 

From those two steps the change is power is computed and if the change is positive, then 

the voltage is perturbed in the same direction as earlier, once if the change in power is 

negative then the direction of the voltage is changed as shown in Fig. 4.4. This process 
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continues until that maximum power point is attained. In this algorithm the change in 

duty cycle is maintained constant throughout the operation. But it has a drawback that the 

operating point keeps oscillating around the MPP. 

 

Fig 4. 4: P-V curve of a solar PV module, [100]. 

4.4.3. Fuzzy based MPPT technique 

Unlike constant irradiation, where uniform shading conditions exists in PV 

system, under variable irradiations, global and local MPPs exist. Traditional algorithms 

like P&O algorithm or hill climbing techniques when used for tracking MPP the 

operating point oscillates around “global maxima”. The FLC controller can be able to 

find the optimal point using the “expert knowledge”. FLC implementation involves three 

basic steps namely “Fuzzification, Inference, and Defuzzification” as shown in Fig. 4.5. 

During “Fuzzification” input variable are changed to linguistic variables like NEB, NES 

etc. which represents negative extreme big, negative extreme small. The “inference 

mechanism” makes use of “fuzzy rule base” given in Table 4.1, for generating the output. 

“Mamdani fuzzy inference” is used for FLC, [102]. During “defuzzification” all the 

generated outputs of each rule are accumulated to produce a “crisp output” in numerical 

form, “common centroid method” is frequently used method for this step. 



66 
 

 
 

 
 
 

 

 

 

Fig 4. 5: Fuzzy MPPT Control logic. 

Table 4. 1:Fuzzy rule base. 

e 

Δe 

NB NS ZE PS PB 

NB ZE ZE PB PB PB 

NM ZE ZE PS PS PS 

ZE PS ZE ZE ZE NS 

PM NS NS NS ZE ZE 

PB NB NB NB ZE ZE 

 

4.4.4. Random Search Method based MPPT Technique 

Random Search Method is a direct search method that does not have any 

derivatives in its algorithm which makes computation very simple [110]. As many 

compilers that we work are associated with digital controllers and computer libraries have 

random generators, RSM method can be used either in maximization/minimization of 

optimization problems. Consider a function, 1 2( , ,...... )nf X X X  with n variables, which is to 

be maximized using RSM method. The step by step procedure is given below [109]: 
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1. Set iteration count, k as one. Set an arbitrary number to each variable k
iX  in between 

the limits ,miniX and ,maxiX . For a problem of dimension ‘n’, the function value  is given 

by 1 2( , , . . .. ) ( )k k k k k
nf f X X X f X   

2. Generate ‘n’ random numbers 1 , 2 , ,. . . . . nr r r  which are lying in the interval      

[−1, 1] and find the unit vector ‘u’ given by, 

1

2
2 2 2 (1/ 2)

1 2

1

( )n

n

r

r
u

r r r
r

 
 
 

  
    

 
 

  

3. Identify new vector 1kX   for the next iteration, and the function values using (4.8) and 

(4.9), where ‘λ’ is initial step length. 

1

1 1( )

k k

k k

X X u

f f X



 

 


 

4. Examine the values of 1kf  and kf ’. If, �
� > ����  updat the new values for ‘x’ and ‘f’ 

as in (4.10) and (4.11) and then go to step 2; else step 5.  

1

1

k k

k k

X X

f f








 

5. If count of iteration, k is less than or equal to N, update ‘k’ as ‘k + 1’ and find the new 

step length ‘λ = λ× q’. Go to step 2 if new step length is greater than ‘ɛ’, the 

minimum allowable step length; else step 6. Here, ‘q’ is a constant value within the 

interval [0, 1]. 

6.  Stop the iteration and take the optimal solution ���� = ����. 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

(4.11) 
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4.4.5. Application of RSM for GMPP of PV systems 

RSM technique is preferred in computing MPPT as it becomes competitive in cases 

where there is a limited memory available and the function to be optimized has multiple 

peaks. The step by step procedure of RSM towards MPPT is given below [109]: 

1. Initialize step length ‘λ’, minimum allowable step length ‘∈’and a constant value 

‘m’ within the interval [0, 1]. 

2. In this step a random duty cycle ‘��’ is generated within the interval [dmin, dmax] 

which is given as input to the pulse generator of DC–DC boost converter and 

‘Vpv’ and ‘Ipv’ of the solar array are sensed after allowing a reasonable settling 

time and then power output of PV system, ‘���
� ’ are computed. 

3. Generate a random number ‘r1’ within the interval    [−1, 1] where u = r1. 

4. Compute new duty cycle; dk + 1 = dk+λ×u and find the corresponding power 

output of PV system, ���
���. 

5. Compare the values of ���
���and ���

� . If ���
��� < ���

� , set the new values as dk + 1 = 

dk and ���
��� < ���

�  and go to step 3; else go to step 6. 

6. If λ ≤ ε, stop the program and go to step 7; else set λ = λ×q and go to step 3. 

7. Take the optimal duty ratio d opt = d k+ 1at GMPP. 

4.4.6. Comparison of MPPT Techniques 

To evaluate the performance of different MPPT Techniques PV array fed DC-DC 

Boost Converter is chosen here. The specifications of each PV module are given in Table 

4.2; five such modules are connected in series and sixty six of them in parallel to form an 
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array. At constant irradiation it generates a power output of 100 kW.  The I-V and P-V 

characteristics of  PV array at 25 oC under different irradiations are shown in Fig. 4.6.                                                                                                                            

DC-DC Boost converter is designed to handle a power of 100 kW. The 

specifications of the boost converter are given in Table 4.3. For a constant irradiation of 

1000 W/m2, PV array generates an output voltage of nearly 260 V which is stepped up to 

a voltage of nearly 525 V using conventional boost converter circuit. If the input 

irradiation varies as shown in Fig. 4.7, then the voltage and current response of converter 

are shown in Fig.4.8 and 4.9.  From the results it is observed that at an irradiation of 1000 

W/m2 an output voltage of 525 V is generated as the irradiation varies the output voltage 

varies in proportion to that. 

Different MPPT techniques like incremental conductance, perturb and observe, 

fuzzy logic control and random search method are used to track the maximum power 

from the PV array as shown in Fig. 4.10. It is observed that there are some oscillations in 

the output response when P&O technique is used because of the perturbations in duty 

cycle. The incremental conductance based MPPT creates huge transient response during 

starting and tracks the maximum power thereafter. Fuzzy logic control based MPPT is 

able to track the maximum power but its performance is not satisfactory at higher 

irradiance level. RSM based MPPT controller is able to track the maximum power at 

different irradiations with good tracking efficiency when compared to other MPPT 

controllers.  
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Fig 4. 6: I-V and P-V curves of solar PV array. 

 

Fig 4. 7: Variable input irradiation. 

 

Fig 4. 8: Voltage  response of boost converter for variable irradiation using different 

MPPT techniques. 



 

Fig 4. 9: Current  response of b

Fig 4. 10: Output power of b

Table 4. 

S.No 

1 Maximum power

2 Open circuit voltage

3 Maximum power voltage

4 Short circuit current

5 Maximum power current

6 Number of PV cells per module

71 

Current  response of boost converter for variable irradiation using different 

MPPT techniques. 

ower of boost converter for variable irradiation using different MPPT 

techniques. 

Table 4. 2: Parameters of solar PV module. 

Parameters Rating 

Maximum power 305.3 W 

Open circuit voltage 64.2 V 

Maximum power voltage 54.7 V 

Short circuit current 5.96 A 

Maximum power current 5.58 A 

of PV cells per module 66 

 

radiation using different 

 

radiation using different MPPT 
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Table 4. 3: Boost converter-1 Specifications. 

S.No Parameters Rating 

1 Inductor 3mH 

2 Capacitor 0.009 F 

3 Switching Frequency 5000 Hz 

4 Input Voltage 256.8 

5 Output Voltage 500 V 

6. Output Current 5.58 A 

7 Duty Cycle, D 0.4864 

4.4. Voltage Droop Control Techniques 

DC-DC boost converters are used in grid connected applications of RES system, 

for proper utilization of renewable energy since the output voltage generated from solar 

PV array and wind farms are very low. They are also used in regulating DC output 

voltage and current delivered to the load and also to track the maximum power point 

(MPP) of the PV module. If the load or grid voltage fluctuates due to any disturbance, 

then boost converter can act as a voltage regulator and generates a stable DC output by 

adjusting its duty cycle. In this section different controllers used in regulating DC voltage 

are discussed in brief. 

4.5.1. PI based droop controller 

 In many industrial applications proportional, integral plus differential controller 

arrangement is commonly used to optimize the chosen control system. It offers many 

advantages like provides faster response to change in the controller input, reduces steady 

state error and eliminates oscillations. 
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The PI controller output is given by   

�(�) =  ���(�) + �� ∫ �(�)��       (4.12) 

      The control signal generated by proportional controller is proportional to the 

product of error signal and the proportional gain constant ‘Kp’. The rise time of the 

resultant response is effected by proportional controller. If an integrator is added to the 

proportional system, the control signal is proportional to the integral gain ‘Ki’. The steady 

state error ‘ess’ will be affected with it. The combined action of them has the advantage of 

each of the two individual control actions, [112]. 

 In the proposed system PI controller is used to regulate the DC output voltage 

fed to the grid. Using Zeigler-Nichols technique proportional and integral constants are 

calculated.  The PI controller will generate the duty cycle as output as shown in Fig. 4.11. 

By controlling the duty cycle of conventional boost converter the desired output voltage 

i.e. the grid voltage is generated. 

 

 

 

 

 

Fig 4. 11: Block diagram of PI controller 

4.5.2. RSM based two loop average current controllers 

 RSM based two loop average current controller is proposed here to produce 

stable DC output. The objective function for inner current controller and outer voltage 

controller are given here along with the constraints. Using RSM method optimal values 

of ‘Kp’ and ‘Ki’ are found for both the cases.  
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The objective function for outer voltage controller 

2

0

( ) ( )

st

rF Vo V    

Subject to constraints ( ) ( )lower upper     

Here { , }p iK K   

The objective function for inner current controller is 

2

0

( ) ( )

st

L rF I I    

Subject to constraints ( ) ( )lower upper     

Here { , }p iK K   

where, 

Vo = measured output voltage of boost converter B2 

Vr = desired grid voltage to be maintained 

IL= input current to boost converter B2 

Ir = reference current to inner current controller 

Step wise procedure for designing voltage controller using RSM technique is given 

below: 

1. Set the initial start value for ‘Kp1
’,‘Ki1

’ as ‘1’ and initial step length ‘λ=1’, and 

iteration count  N=20 and the minimum allowable step length  ε = 0.1. 

2. Find the objective function F1 = F (Kp1, Ki1), which is a function of  ‘Kp1
’, ‘Ki1

’
 as 

given in equation (4.15) and (4.16) 

3. Start the iteration count with initial value for ‘i = 1’. 

(4.15) 

(4.16) 
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4. Generate ‘r1’, ‘r2
’ randomly between the limits [−1, 1] and find the unit vector ‘u’. 

5. Update the new values for ‘Kp
’, ‘Ki

’
 using  

Kp = Kp1+λu, Ki = Ki1+λu 

and find the corresponding objective function value from  F= F(X). 

6. Compare the objective functions F and F1. If F < F1, update Kp1 = Kp, Ki1 = Ki and 

F1= F and go to step 3. Else the new step length λ = λ/2. If λ ≤ ε, go to step 7. 

Otherwise go to step 4. 

7. Stop the procedure and take the optimal values for Kpopt ≈ Kp1, Kiopt ≈ Ki1 and Fopt ≈ 

F1.  

             It can be noticed that RSM converges the objective function rapidly, to one of the 

lowest values. 

4.5.3. Results and Discussion 

A comparative analysis is performed between PI controller and two loop average 

current controller based voltage regulators in this section. To evaluate the performance of 

voltage regulators a 500/1000 V DC-DC boost converter is chosen. The specifications of 

the converter are given in Table 4.5. For a constant DC input voltage of 500 V the boost 

converter generates an output voltage of 1000 V at 0.5 duty cycle without droop 

controller as shown in Fig. 4.12. 

If the load on the converter varies with a voltage requirement as shown in Fig. 

4.12(d) then the performance of the converter with PI based voltage controller and two 

loop average current controller are shown in Fig. 4.12(b) and 4.12(c). The open loop 

response of the converter without a voltage controller is shown in Fig. 4.12(a). From the 
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graphs it is observed that two loop average current controller is able to regulate the DC 

output voltage of the converter according to the requirement.  

Whereas the PI controller can regulate the voltage between 0 to 0.28 s as the ‘Kp’ 

and ‘Ki’ constants are set to achieve the desired voltage of 1040 V in that range. As the 

desired voltage changes then ‘Kp’ and ‘Ki’ constants are to be updated with the 

corresponding change due to which the voltage curve doesn’t follows the desired 

response after 0.28s. The two loop average current controller that uses random search 

method is able to achieve the desired response without any delay or oscillations as shown 

in Fig. 4.12.  

 
 

Fig 4.12: Desired response and actual voltage response of Boost converter with and 

without voltage regulator. 

Table 4.4: Boost converter-2 specifications. 

S.No Parameters Rating  

1 Inductor 50 mH 

2 Capacitor 15 μF 

3 Switching Frequency 5000 Hz 

4 Input Voltage 500 V 

5 Output Voltage 1000 V 
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4.5. Summary 

The major contribution of this chapter is, a hybrid controller proposed to address 

two challenges faced during DC grid integration i.e. extracting the maximum power from 

the variable input and regulating DC voltage according to the grid requirement. For 

efficient MPPT tracking a comparative study is performed among different MPPT control 

techniques like incremental conductance, perturb and observe, fuzzy logic and random 

search method. From the results it is observed that RSM based MPPT controller performs 

well under varying weather conditions and is able to track the maximum power from the 

source with good tracking efficiency and less oscillations.  

Second major contribution of this chapter is a random search method two loop 

average current controller is proposed to provide stable DC output at low voltage DC grid 

under grid side disturbances.  To validate the effectiveness of the proposed controller its 

performance is compared with linear PI controller.  From the results it is observed that 

the proposed controller performs well at varying load conditions, producing a stable DC 

output with less delay time and oscillations. In addition to load side disturbances, it 

performs well under input side perturbations that can occur in the system. 
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Chapter 5 

Performance Evaluation of DC Grid Connected Solar PV System Using 

Hybrid Controller 

5.1. Introduction 

In the previous chapter the performance of proposed hybrid controller is evaluated 

by comparing with other MPPT and voltage regulating techniques. In the present chapter 

three different configurations are proposed to integrate solar photo voltaic installations to 

DC grid, which at a later stage aided to build a novel topology for integrating solar PV 

and wind farms to high voltage DC grid as discussed in chapter 6. The main objective of 

these configurations is to address two major challenges faced during DC grid integration 

of PV system namely maximum power extraction from time varying input and to provide 

stable DC grid voltage. The hybrid controller proposed in the previous chapter is used in 

one of these configurations. The performance of the proposed configurations is evaluated 

under different combinations of input and output variations. The stability analysis of 

TLAC controlled DC-DC boost converter is also discussed in this chapter. 

5.2. Modeling of Solar PV Module 

Single diode mathematical model of silicon PV module is shown in Fig. 5.1, 

which consists of a photocurrent source generator Iph-m, a nonlinear PN junction diode, 

internal series resistance Rs and shunt resistance Rp. The shunt resistance, Rp will control 

the leakage current from the module to ground, [116]. 
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Fig.5.1: PV module representation using single diode. 

From the single diode mathematical model, the output current in terms of photocurrent 

and output voltage is given by as in [117], 

( )
exp 1

pv m s pv m pv m s pv m
pv m ph m s

t p

V R I V R I
I I I

V R

   
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  
     

 
    (5.1) 

When Rp tend to infinity,  

exp 1
pv m pv m s pv m pv mo

s
pv m t t pv m

dI V R I dII
R

dV V V dV 

   

 

   
              

    (5.2) 

From the above equation, series resistance offered by PV module under open circuit is 

1pv m
s

pv m V

dI
R

dV X





            (5.3) 

Where 

exp( / )o oc m t
V

t

I V V
X

V




  

The photocurrent, Iph-m of PV module is given by, 

( )ph m sc N iI I k T G            (5.4) 
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The voltage across PV module under open circuit, Voc-m, in terms of irradiation, change in 

temperature, thermal voltage and open circuit voltage is given by, 

ln( )oc m oc N t N vV V V G k T            (5.5) 

Where, 

Ipv-m  = PV module output current (A) 

Vpv-m = Output voltage of PV module (V) 

Iph-m= Photon Current (A) 

Voc-m= voltage across open circuit (V) 

Vt= Thermal voltage at panel surface Temperature, T1 (V)     

Vt-N= Thermal voltage at panel surface Temperature, TN (V)   

Isc-N= Current under short circuit (A) 

Voc-N= Voltage under open circuit (V) 

Io= Current through diode in saturation mode (A) 

q = Electron Charge (C) 

η = Diode Ideality factor 

RS, RP = Series and shunt resistance of PV module (Ω) 

Ns= No. of Cells in Series 

G= Solar irradiation (kW/m2) 

ki ,kv= Current, voltage temperature coefficient 

5.3. Proposed Configuration-1 for DC grid Integration of Solar PV System 

In the proposed system, as shown in Fig. 5.2, the DC-DC Boost converter is 

connected to each of the solar PV unit. The outputs of these converters are series 

connected and fed to the DC grid. Some of these converters will take care of MPPT, 
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while the others will function as voltage regulators. To perform simulation study the 

outputs of two PV fed DC-DC Boost converters are connected in series and finally the 

series connected output is tied up to the DC grid. While one of these DC-DC Boost 

converters will take care of MPPT, the other will function as voltage regulating agents 

thus achieving the dual functionality of MPPT as well as voltage regulation of the DC 

bus.  

In a solar PV generator the generated output varies with the change in 

atmospheric temperature and solar input irradiation. Since the dynamics of temperature 

being slow compared to input irradiation it will not affect the performance of PV system.  

The output current and voltage of PV array and hence the output power gets influenced 

by change in the input irradiation [64]. Due to simplicity in approach incremental 

conductance technique is chosen for MPPT and fuzzy logic control technique for voltage 

regulation. 

 

 

 

 

 

 

 

 

 

 

Fig.5. 2: DC grid connected solar PV system. 
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The specifications of PV module and converter are given in Table 5.1 and 5.2. 

Many such modules are connected in series and parallel to form PV array of desired 

rating. The input and output voltage response of converter connected to PV array of 

subsystem-1, are shown in Fig. 5.3.  The output voltage across the grid and current fed to 

the grid are shown in Fig. 5.4 and Fig. 5.5.  

 

Fig.5. 3: Input and output voltage of boost converter. 

 

 
Fig.5. 4: Open loop voltage response of proposed system. 
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Fig.5. 5:Open loop current response of proposed system. 

 
 

Fig.5. 6: Output voltage of  closed loop boost converter. 

 

Fig.5. 7: Fluctuating input(irradiation) 
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Each PV array can generate an output voltage of 255V which is given as input to 

the boost converter as shown in Fig. 5. 3. The output of the boost converter is around 510 

V at 0.5 duty cycle under constant irradiation.  Two such boost converters are connected 

in series to generate an output voltage of 1020 V. The output voltage and current 

response of the proposed system without fuzzy based voltage regulator is shown in Fig. 

5.4 and Fig. 5.5. From the voltage response it is clear that though the desired grid voltage 

is 1035 V where as the proposed system (without fuzzy logic controller) could generate 

an output voltage 1020 V. When the voltage regulating unit is present in the system, with 

the change in the grid voltage the voltage fed by the proposed system changes 

accordingly as shown in Fig. 5.6.    

When the irradiation to the PV array (subsystem-1) varies as shown in Fig. 5.7, 

the output voltage and current response of the proposed system for the fluctuating input 

are shown in Fig. 5.8 and Fig. 5.9. Irrespective of change in input the output voltage of 

the system is stable using MPPT controller and voltage regulator as shown in Fig. 5.9.  

 
Fig.5. 8: Output voltage response for the fluctuating input. 
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Fig.5. 9: Output current response for the fluctuating input 

 
By increasing the number of subsystems the proposed configuration can be used 

for high voltage DC grid connected applications. But the hybrid control action would 

become complex with increase in the number of subsystems. The proposed system has a 

drawback that, if the irradiation is low in few subsystems then the desired grid voltage 

can be maintained by adjusting duty cycle of other converters using droop controller but 

when partial shading prevails in those subsystems which acts as voltage regulators, then 

the desired grid voltage is difficult to maintain by adjusting the duty cycle at the rest of 

the subsystems. 

Table 5. 1: Parameters of solar PV Module 

 

S.No Parameters Rating 

1 Maximum power 305.3 W 

2 Voltage under open circuit 64.2 V 

3 Voltage at maximum power 54.7 V 

4 Current under short circuit 5.96 A 

5 Current at maximum power 5.58 A 

6 Number of PV cells per module 66 

 

 



86 
 

 

Table 5. 2: Boost converter specifications for configuration-1 

S.No Parameters Rating 

1 Inductor 3mH 

2 Capacitor 0.009 F 

3 Switching Frequency 5000 Hz 

4 Input Voltage 256.8 

5 Output Voltage 510 V 

6. Output Current 5.58 A 

5.4. Proposed Configuration-2 for DC grid Integration of Solar PV System 

To provide MPPT and voltage regulation action at the same time the 

configuration of each subsystem is changed as shown in Fig. 5.10. Each subsystem 

consists of PV array, two boost converters and hybrid controller. PV array fed DC-DC 

boost converter B1 is connected to boost converter B2 whose outputs is fed to DC grid. 

 

 

 

 

 

 

 

 

 

 

 

Fig.5. 10: Hybrid control scheme-2 for DC grid connected PV system. 
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The hybrid controller proposed here includes MPPT controller and voltage 

regulator. The MPPT controller uses random search method to track the global maximum 

power point and voltage regulating action is performed by using PI controller, which is 

used to maintain stable DC output irrespective of grid disturbances. Both these control 

actions are achieved with the help of independent duty ratio control of DC-DC boost 

converters. 

The I-V and P-V characteristics of PV Cell are shown in Fig. 5.11 and 5.12. From 

which the open circuit voltage and short circuit current of PV cell can be calculated. For a 

constant input irradiation of 1000 W/m2 PV array generates a constant DC output voltage 

of 320 V which when given as input to boost converter B1 generates an output voltage of 

640 V. A constant DC output of 1280 V is fed to DC grid from converter B2 taking an 

input of 640V from converter B1. The specifications of PV array, boost converter B1 and 

B2 are given in Table 5.3, 5. 4 and 5.5. 

 
 

Fig.5. 11: I-V Characteristics of PV cell. 
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Fig.5. 12: P-V Characteristics of PV cell. 

 
Fig.5. 13: Input and output voltage of boost converter1, B1with MPPT control. 

 

The input and output voltage response of converter, B1 is shown in Fig. 5.13.  For 

time varying input solar irradiation as shown in Fig. 5.14, the MPPT controlled output 

voltage response of boost converter B1 is shown in Fig. 5.15. The output voltage response 

of converter B2, without voltage regulating unit is shown in Fig. 5.16. Due to disturbances 

if the grid voltage is changed to 1260 V then there is difference in voltage between the 

actual voltage fed i.e. 1280 V and grid voltage as shown in Fig. 5.16. Using a PI based 
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voltage controller in feedback the desired grid voltage of 1260 V is achieved by adjusting 

the duty cycle as shown in Fig. 5.17.  

 
Fig.5. 14: Fluctuating input(irradiation). 

 
Fig.5. 15: MPPT controlled output voltage, current and power response of boost 

converter 1. 

 

 
Fig.5. 16: Open loop voltage response, desired response of proposed system. 
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Fig.5. 17: The output voltage response with voltage regulator and MPPT for  the 

fluctuating input. 

 

Table 5. 3: Parameters of solar PV Module 

 

S.No Parameters Rating 

1 Voltage under open circuit 64.2 V 

2 Voltage at maximum power 54.7 V 

3 Current under short circuit 5.96 A 

4 Current at maximum power 5.58 A 

5 Number of PV cells per module 96 

 

Table 5. 4: Boost converter-1 specifications for Configuration-2 

S.No Parameters Rating 

1 Inductor 10.26 mH 

2 Capacitor 40 nF 

3 Switching Frequency 5000 Hz 

4 Input Voltage 320 V 

5 Output Voltage 640 V 

6 Duty Cycle, D 0.5 

 

In the proposed system DC-DC boost converter, B1 along with MPPT controller is 

used to generate stable DC output of 640 V irrespective of change in input irradiation 
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whereas the other converter along with PI controller will control its output voltage 

according to the grid requirement by adjusting the duty cycle, thus achieving the dual 

functionality of MPPT as well as voltage regulation of DC bus. 

        The PI based voltage controller considers only grid side perturbations neglecting 

the input side perturbations which will occur due to MPPT control action at converter B1, 

for wide variation in input irradiation. In addition to that, the PI based voltage controller 

cannot generate a stable DC output according to the grid requirement if the grid voltage is 

changing dynamically. To overcome this issue RSM based two loop average current 

controller is proposed to generate steady DC output under grid side and input side 

fluctuations. 

Table 5. 5: Boost converter-2 specifications for configuration-2 

S.No Parameters Rating 

1 Inductor 45 mH 

2 Capacitor 10 μF 

3 Switching Frequency 5000 Hz 

4 Input Voltage 640 V 

5 Output Voltage 1280 V 

6 Duty Cycle, D 0.5 

5.5. Proposed Configuration-3 for DC Grid Integration of Solar PV system 

The proposed configuration overcomes the drawbacks of the previous topologies 

and also provides efficient MPPT tracking and voltage regulating actions under varying 

load and weather conditions.  It consists of several subsystems; each subsystem consists 

of a PV array fed DC-DC converter B1, grid connected DC-DC converter B2 and a hybrid 

controller to perform MPPT and voltage regulating action. The outputs of these DC-DC 

converters B2 present in each subsystem configuration are series connected and fed to 
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high voltage DC grid as shown in Fig. 5.18. The hybrid controller designed here 

combines RSM based MPPT controller and a voltage droop regulator, that uses RSM 

based two loop average current control technique as shown in Fig.5.19.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5. 18: Proposed configuration for DC Grid Integration of large solar PV system. 
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connected in series to form an array. The specification of converter B1 and B2 are given 

in Table 5.6 and 5.7.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.5. 19: Subsystem layout with hybrid control architecture in proposed DC Grid 

connected solar PV system. 

Each subsystem consists of PV array fed two stage DC-DC converter setup with 
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performance of proposed grid connected system is studied under different input and 

output disturbances. 

5.5.1. Case A: At constant input irradiation and fixed load 

For a constant input irradiation of 1000W/m2 as shown in Fig. 5.20, the voltage 

and current response of converter B1 within subsystem-1 are shown in Fig. 5.21. It is 

observed that a stable DC output voltage of 500 V and current of 5.58 A are generated.  

 
 

Fig.5. 20: Constant irradiation of 1000 W/m2 

 
 

Fig.5. 21: Voltage and current responses of converter B1. 
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The output voltage and current response of converter B2 are shown in Fig.5.22, 

from which it is observed that an output voltage of 1000 V and current of 2.79 A  are 

generated by each subsystem at constant input irradiation and the overall system response 

is 11000V as  shown in Fig. 5.23. It is observed that output voltage response of converter 

B2 and overall response of proposed system has a transient in the beginning for fraction 

of seconds, because of the delay in the operation of voltage controller. 

 
Fig.5. 22: Voltage and current responses of converter B2. 

 
Fig.5. 23: Output voltage fed to DC grid. 
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5.5.2. Case B: At variable irradiation and fixed load 

 
For a variable solar input as shown in Fig.5.24, the voltage and current response 

of converters B1 and B2 are shown in Fig.5.25 and 5.26.  

 
 

Fig.5. 24: Variable input irradiation. 

 
Fig.5. 25: Output voltage and current response of converter-1 at variable irradiation. 
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It is observed that MPPT controller can track the maximum power but cannot 

maintain stable DC output. Due to which there are some perturbations in the output 

response as shown in Fig. 5.25, which would impact the performance of converter B2 in 

the absence of RSM based TLAC controller. The output response of converter 2 is shown 

in Fig.5.26 and the output voltage is stable due to presence of voltage controller. The 

overall performance of proposed system with hybrid controller is shown in Fig. 5.27.  

 
Fig.5. 26: Output voltage and current response of converter-2 at variable irradiation. 

 

Fig.5. 27: Overall DC voltage and fed to the DC grid. 
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5.5.3. Case C: Variable input and fluctuating output 

The performance of the proposed system for varying input irradiation and for grid side 

disturbances caused due to sudden change in the load are analyzed here. Due to 

disturbances in load, if the grid voltage is changed to 10.8 kV then the proposed system is 

able to generate the desired grid voltage by using RSM based two loop average current 

control based voltage regulator. For the variable input irradiation as shown in Fig. 5.28, 

the response of converter B1 and B2 are shown in Fig. 5.29 and Fig. 5.30.  

 

Fig.5. 28: Variable irradiation to PV array in one of the subsystems. 

 
Fig.5. 29: Voltage and current responses of converter B1. 
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Fig.5. 30: Voltage and current responses of converter B2. 

 

        Fig.5. 31: Voltage fed to the DC grid without voltage droop controller, Desired DC 
grid voltage. 

 

From the response it is observed that there are some perturbations in input fed to 

boost converter-2 because of MPPT control action and there are grid side fluctuations due 

to load disturbance, irrespective of that the desired grid voltage is achieved by controlling 

the duty cycle using RSM based two loop average current controller. The overall 
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response of the proposed system with MPPT control and without voltage regulating 

action is shown in Fig. 5.31; it is noticed the output voltage fed to the grid is different 

from desired grid voltage of 10.8 kV.  From Fig. 5.32, it can be observed that due to the 

presence of hybrid control action the proposed system is able to generate the same output 

voltage as the grid demands. 

 

 

Fig.5. 32: Voltage fed to the DC grid with voltage droop controller, Desired DC grid 
voltage 

 

Table 5. 6: Boost converter-1 specifications for Configuration-3 

S.No Parameters Rating 

1 Inductor 3mH 

2 Capacitor 0.009 F 

3 Switching Frequency 5000 Hz 

4 Input Voltage 256.8 

5 Output Voltage 500 V 

6. Output Current 5.58 A 

7 Initial Duty Cycle, D 0.4864 

 

Table 5. 7: Boost converter-2 specifications for Configuration-3 
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S.No Parameters Rating 

1 Inductor 50 mH 

2 Capacitor 15 μF 

3 Switching Frequency 5000 Hz 

4 Input Voltage 500 V 

5 Output Voltage 1000 V 

 

5.5.4. Partial Shading Condition 

 

Fig.5. 33: Output voltage fed to DC grid under partial shading conditions in few 

subsystems. 

In the system proposed, if one of the subsystems faces partial shading condition 

where as the others are fully exposed to sunlight then MPPT controller will try to extract 

the maximum power from the available P-V characteristics by controlling the duty cycle 

to  new maximum power operating voltage. The rest of the converters along with voltage 

regulating unit will try to maintain desired grid voltage as shown in Fig. 5.33.  

Compared to AC grid connected model of PV system the proposed DC grid 

connected model have no reactive power flow, reduced size and weight of conductor, 



102 
 

saving in copper and simple paralleling procedures. In addition to that, there are no 

reactive power compensators, frequency regulating devices and power factor correcting 

devices which saves the cost of investment.  

From the results and analyses, it is observed that the proposed system performs 

well under different climatic conditions and varying load conditions the hybrid controller 

used here performs dual tasks of harnessing maximum power and regulating DC output. 

But the proposed system has drawback that if one of the subsystem fails to operate then 

the desired DC grid voltage is maintained by improving the voltage feeding capability of 

the rest of the subsystems which might exceed the converter capability. To overcome this 

drawback a novel topology is proposed in chapter 6 to integrate PV and wind farms to 

high voltage DC grid. 

5.6. Stability Analyses of Boost Converter for Voltage Regulation 

As a closed-loop control system, the on-off time of the switches need to be 

regulated to maintain the stable output and to achieve good static and dynamic 

characteristics by using the closed loop feedback. 

 

Fig.5. 34: Boost Converter Circuit. 
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5.6.1. Small Signal Modeling of DC-DC Boost Converter 

The transfer function relating input and output parameters are derived using small 

signal modeling of DC-DC boost converter shown in Fig. 5.34, as discussed in section 

3.3. The presence of nonlinear elements like IGBT switch and diode makes the converter 

a nonlinear time-varying system [118]. To linearize the non linear system, small-signal 

analysis method is used, which is commonly used in the dynamic modeling and analysis 

of switched converter topologies. 

Small-signal linear dynamic model of the switching converter can be obtained 

with an assumption that the boost converter works at a stable operating point, [119]. If 

the disturbance signal was very small, it can be considered as the linear system under 

steady state. From this analysis, the transfer function for output voltage to duty ratio, 

output current to duty ratio and output voltage to output current are obtained. Small 

Signal modeling of DC-DC converter considering the ON state and OFF state equations 

are given below [119]. 
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Solving the above matrix, the relation between the output voltage and duty ratio control 

in transfer function form is given by, 
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R

 


  
       (5.8) 
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Similarly the transfer function of load current and duty ratio control is given by, 

1 1

2 210
1 1 1

ˆ ( ) 2(1 )( )

ˆ ( ) ( ) (1 )

o LL C V s D Ii s

Ld s L C s s D
R

 


  
       (5.9) 

The transfer function relating input current and output voltage is given by, 

1 1

1 1

ˆ ( ) (1 ) ( )

ˆ ( ) 2(1 )( )

o o L

o LL

v s D V L I s

C V s D Ii s

 


 
       (5.10) 

Where  

Vo is the output voltage 

IL is current through the inductor 

do is duty cycle of boost converter  

Vc is voltage across the capacitor 

The DC-DC converter B2 consists of a series inductance of 50mH, shunt 

capacitance of 15 μF, diode and MOSFET switch with duty cycle of 0.5 and switching 

frequency 5 kHz. The input voltage is nearly 500 V at uniform irradiation and the output 

voltage is 1000 V, substituting the converter specifications in equation (5.9) and (5.10) 

gives the following transfer functions: 

8 2 5

ˆ ( ) 500 0.279
ˆ 75 10 13.9 10 0.25( )

ov s s
Tpv

s sd s  


 

   
 

 

Bode plot for the above open loop transfer functions are shown in Figure 5.35 and 

5.36. It is observed that the “phase margin” is -90o and “gain crossover frequency” is 

2×104 rad/s for transfer function relating voltage and duty ratio.   From the bode plot of 

3

8 2 5

ˆ ( ) 15 10 5.58
ˆ 75 10 13.9 10 0.25( )

Li s s
Tpc

s sd s



 

 
 

   

(5.11) 

(5.12) 
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current to duty ratio control shown in Fig. 5.36, it is observed that “phase margin” is -

90o and “gain crossover frequency” is 3×105 rad/s.  

 

Fig.5. 35: Bode plot of transfer function in (5.11) 

 

Fig.5. 36: Bode plot of transfer function in (5.12). 

For proper design of closed-loop control system, the open loop transfer function 

of the final circuit should meet certain conditions for stability i.e. the “cross over 
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frequency” of open loop transfer function should have lesser phase margin (positive).To 

prevent quick changes in circuit, system should maintain higher bandwidth for quick 

response and improved system dynamic performance.  

To enhance the frequency domain characteristics of the original system, “two loop 

average current control technique” is chosen here. For stable operation of PV and 

converter circuits, the bandwidths (BW) of two loops are separated with a slow moving 

voltage loop and a fast acting current loop. 

5.6.2. Inner Current Control loop 

The dynamics of inner loop (higher BW) are faster when compared to outer 

voltage loop (low BW) due to which the current in inductor changes faster than the 

voltage [120]. The block diagram of “inner current control loop” is shown in Fig. 5.37.  

 

 

 

 

 

Fig.5. 37: Inner current control loop. 

 

A triangular waveform is chosen as a reference modulating signal, whose 

frequency is same as switching frequency of the switch.  

. 500
2

o in sV V T
Vmp K

L


   

 where K is a sensor multiplying factor, if it is a Hall effect sensor it is 1 V/A. 

(5.13) 
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Tm(s) = 1/Vmp = 0.002 

The PI controller transfer function is given by 

1( )

i
p

pi
c p

K
K s

KK
T s K

s s

 
 

 
     

From random search method optimal values of Kp and Ki are found to be 0.436 and 

2411.43. The “open loop transfer function of current control loop” is given by 

TOL1(s) = Tc1(s)Tm(s)Tpc(s) H1(s) 

On substituting the above equations in (5.23), 

3 2 4

8 3 5 2

6.54 10 38.6 1.35 10
( )

75 10 13.9 10 0.25
OL

s s
T s

s s s



 

   


     

From the bode plot shown in  Fig. 5.38  it is observed that the phase margin is reduced 

and low frequency gain is improved indicating Kp and Ki values are optimal. 

 

Fig.5. 38: Bode plot of transfer function in (5.16). 

(5.14) 

(5.15) 

(5.16) 
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5.6.3. Outer Voltage Control Loop 

It generates the reference parameter for inner current loop sensing the voltage as 

shown in Fig. 5.39. While designing voltage loop, the dynamics of inner loop are 

neglected since the fast acting current loop corrects the current errors quickly [120].  

Hence, the sudden changes in duty cycle can be neglected in (5, 17), i.e., dˆ(s) = 0, 

Replacing d with D. 

 

 

 

 

 

    Fig.5. 39: Outer voltage control loop. 

 

Fig.5. 40: Bode plot of transfer function in (5.20). 
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From random search method optimal values of Kp and Ki are found to be 0.0833 and 

180.43. 

The transfer function of outer loop is given by 

TOL(s) = Tc(s)Tpv(s)H(s)  

6

2

285.3 1.718 10
( )

185.2
OL

s
T s

s s

 



 

From the bode plot of equation (5.20) as shown in Fig. 5.40, it is observed that the 

“phase margin” has reduced to 20o and “gain cross over frequency” is 1216 rad/s. RSM 

based PI controller chosen here reduced the steady-state error improves the low 

frequency gain maintaining a “positive phase margin” and satisfying the stability criteria. 

Compared with other the techniques which involves computational delay and complex 

calculation using RSM techniques the optimal values of Kp and Ki are found accurately 

for a linear PI controller on real time. 

5.7. Summary 

This chapter focuses on DC grid integration of solar PV system, for which three 

different configurations are proposed. These configurations are proposed to address two 

major challenges faced during DC grid integration of PV system i.e. MPP extraction for 

varying input and stable DC grid voltage during grid side disturbances. The performance 

of the proposed configurations is evaluated under different combinations of input and 

(5.19) 

(5.20) 

(5.17) 

(5.18) 



110 
 

output variations.  It has been observed that the configuration 3 performance is efficient. 

Consequently the hybrid controller proposed in chapter 4 is used in configuration 3.  

From the results and analyses it is observed that the third configuration with 

proposed hybrid controller performs well under different climatic conditions and varying 

load conditions. The hybrid controller used here performs dual tasks of harnessing 

maximum power and regulating DC output. RSM based MPPT controller used here 

extracts the MPP accurately and efficiently; a stable and steady  DC grid side response 

according to the grid requirement is being fed using RSM based two loop average current 

control technique.  But it has drawback that if one of the subsystem fails to operate then 

the desired DC grid voltage is maintained by improving the voltage feeding capability of 

the rest of the subsystems which might exceed the converter capability. To overcome this 

drawback a novel topology is proposed in chapter 6 to integrate PV and wind farms to 

high voltage DC grid. 

Second major work done in this chapter is, stability analysis of TLAC controlled 

DC-DC boost converter. From the stability analysis it is observed that the proposed 

controller produces a stable DC output voltage according to the grid needs with no delay 

in response. 
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Chapter 6 

Performance Evaluation of High Voltage DC Grid Connected Solar PV and 

Wind Farms Using Hybrid Controller with FRT Protection 

6.1. Introduction 

In the previous chapter performance of DC grid connected solar PV system using hybrid 

controller is evaluated. In this chapter both solar PV and wind farms are connected to DC grid 

using hybrid controller. The specifications of the proposed topology are attained using Nanhui 

wind project, in China. The hybrid controller used here extracts the maximum power operating 

point from PV and wind in addition to achieving stable DC output voltage at low voltage DC 

grid. To maintain constant voltage in HVDC link during unsymmetrical faults on the AC grid 

side and also to satisfy grid codes an efficient fault ride through (FRT) protection scheme is 

implemented using chopper protection circuit. Simulation studies are performed to demonstrate 

the performance of the proposed configuration under varying weather conditions and grid side 

disturbances, using MATLAB/Simulink. 

6.2. Description of Proposed Topology 

The conventional topology for connecting offshore wind energy conversion systems (WECS) 

and large solar farms to DC grid using AC collection systems is shown in Fig. 6.1, it consists of 

rectifiers, inverters, transformers, DC cables to collect energy from the wind farm to offshore 

converter station.  But this topology faces challenges like, moderate efficiency, larger size and weight, 

contributing higher installation and maintenance costs [123-125]. 
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Fig.6. 1: Conventional topology for DC grid connected PV and Wind farms using AC collection 

systems. 

 

Fig.6. 2: Proposed topology for DC grid connected PV and Wind farms using DC collection 

systems. 

The schematic diagram of the proposed system for connecting offshore WECS and solar 

PV farms to DC grid using DC Collection system is shown in Fig. 6.2. Nanhui wind project in 

China is considered as reference for constructing the proposed topology. It consists of a string of 

PV and Wind farms connected to low voltage DC grid of 1000V. Each PV string consists of solar 

PV farm of 100 kW power rating connected to low voltage DC grid using two series connected 

DC-DC converters where as in offshore wind farm string consists of wind turbine fed PMSG of 
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rating 200 kW connected to low voltage DC Grid using rectifier and two series connected DC-

DC converters as shown in Fig. 6.3. Each of hundred such PV and wind farms are connected to 

low voltage DC grid to generate a power output of 30 MW.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6. 3: Proposed Topology for DC grid connected PV and PMSG based WECS. 
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To track maximum power at fluctuating wind speeds and at variable irradiations MPPT 

controller using random search method is considered, it adjusts the duty cycle of converter-1 for 

maximum power extraction, while DC-DC boost converter-2 along with random search method based 

TLAC voltage regulator is used to maintain the stable DC output considering grid side and input 

side nonlinearities. In addition to that they will improve the voltage profile and helps in 

delivering the power to the offshore grid.  

Many such strings consisting of PV and wind farms are connected to low voltage DC grid, 

which is connected to DC collection platform using MLBC circuit that steps up the voltage from 

1k V to 10 kV. To achieve the high voltage gain and to transmit the power through HVDC 

transmission LCC coupled step-up DC-DC Converter is installed at offshore platform. It will 

step up the voltage from 10kV to 30kV.The proposed system eliminates inverters, heavy AC 

transformers and use of  large filters, thus increasing overall conversion efficiency.  

6.3. Modeling of Wind Energy Conversion System 

In recent years, there is increase in research in the area of wind energy generation due to its 

advantages like inexhaustible potential, rise in competitive cost and environmental friendly nature 

[126]. Wind turbine transforms wind energy into mechanical energy. Wind turbine system usually 

consists of a gearbox that helps in matching the turbine low speed to speed of the generator which is 

rated for higher speeds, a blade pitch angle control for controlling the amount of power to be 

transformed.  

The output of wind turbine system is coupled to the electrical generator which generates 

electrical energy from mechanical energy. At present, the wind generators used for commercial 

applications are squirrel cage induction generator (SCIG), wound field synchronous generator 
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(WFSG), and doubly fed induction generator (DFIG) and permanent magnet synchronous generator 

(PMSG) [127-130]. Considering the speed at which they rotate the wind turbine generators are 

classified into: fixed speed wind energy generation and variable speed wind energy generation. 

Compared to fixed speed wind energy generation variable speed wind energy generation is 

more attractive due to improved energy generation and reduced flicker problem [131]. By operating 

wind turbine at wide range of wind speeds large amount of energy can be captured enabling the power 

coefficient to its maximum value in variable-speed wind turbines. At varying wind speeds, the wind 

turbine can be operated at MPP by maintaining the shaft speed optimally to achieve maximum 

efficiency at all wind velocities [132].  

One of the major problems offered by variable-speed wind generation systems are the 

presence of the gearbox coupling, which increases the size of the plant, creates wear and tear as well 

as noise and reduces the efficiency [133]. Recently, there is increase in research interest on PMSG due 

to its advantages; the desirable features offered by PMSG are high air–gap flux density, compact size 

and structure due to the absence of external DC excitation, no gear box requirement, improved power 

density, high torque producing capability and large torque-to-inertia ratio [134]. PMSG when 

compared with an induction generator offers advantages like better efficiency as there are no rotor 

losses, reduced no-load current for speeds less than the rated speed and less sensitive to parameter 

variation of generator due to decoupling control [135]. Therefore, high performance variable-speed 

generation with better efficiency and great controllability is offered by PMSG based wind generation 

system. 

6.3.1. WindTurbine modeling 

The wind turbine will convert the associated kinetic energy of wind into mechanical 

energy. The kinetic energy associated with wind is given by, [133], 
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2

2

1
mvEkin    (6.1)  

Where,  

m is air mass and 

v is velocity of wind 

and the mass ‘m’ can be expressed as 

m = ρ(Ad)  (6.2)  

Where,  

ρ is density of air particles 

A is area swept by the blades of the rotor 

D is the distance travelled by the wind 

Under ideal condition the mechanical power developed by the turbine is given by,    

3

2

2

12

1

Av
t

Adv

t

E
P kin

w 


   (6.3)  

where the actual power captured by the turbine always relies on efficiency of wind turbine, Cp(λ, β) 

which depends on two factors namely tip speed ratio (λ) and pitch angle (β) 

Tip speed ratio, λ is turbine to the wind speed ratio, [133] and is given by, 

v

R
    (6.4)  

Where ω is the angular speed of the turbine measured in rad/s, and R is the radius of the turbine 

in m. The actual power captured by the turbine is  

3),(
2

1
AvCP p    (6.5)  

The torque developed by the wind turbine T is  



117 
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1
ARvCT t 

  (6.6)  

where ),( tC  represents the torque coefficient of the turbine and ),( pC is a nonlinear function 
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  (6.7) 

The characteristics of the power conversion coefficient Cp(�, β) of the turbine aerodynamics can 

be estimated by the non-linear functions. The Cp-� characteristics of wind turbine for different 

pitch angles are shown in Fig. 6.4, [135]. The speed-power characteristics of wind turbine at 

different wind speeds are shown in Fig. 6.5 [135].  
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The coefficients c1 to c6 are 0.5176,116, 0.4,5,21 and-0.0068 

 

Fig.6. 4: Cp-� characteristics of wind turbine 
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Fig.6. 5: Turbine Speed Characteristics 

 

6.3.2. Drive Train Model 

The shaft system of wind turbine coupled to generator can be represented in two different 

ways one is lumped mass system and the other one is two mass system [136]. It is more accurate 

to represent the shaft in two mass system model that considers the impact of grid side 

disturbances that leads to shaft oscillations in wind turbine generator. In two mass model, two 

separate masses are used to indicate the “low speed turbine, damper, high speed generator and 

spring”.  

The model of the drive train is shown in Fig. 6.6. 

The differential equations representing electromechanical parameters of wind turbine and 

generator are given by, 

turturssm
tur

tur DKP
dt

d
H 


2   (6.10) 

gengenelshsh

gen

gen DPK
dt

d
H 


2   (6.11)  
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)( genturb
sh

dt

d



                                                                                                             (6.12)  

Where, 

Htur is inertia constant of turbine 

H-gen is inertia constant of generator 

Dtur is damping coefficient of turbine 

Dgen is damping coefficient of generator 

Ksh is shaft stiffness coefficient 

Ɵsh is Torsion angle of the shaft connecting the turbine 

 

Fig.6. 6: Drive train model. 

 

6.3.3. Permanent Magnet Synchronous Generator 

Out of all Wind Energy Conversion Systems (WECS) available in literature for commercial 

power generation PMSG based variable speed WECS has accelerated growth due to its advantages 

like simple in structure, smaller in size and weight, lesser maintenance cost due to absence of gear 

box, slip rings and brushes, higher conversion efficiency and good controllability due to lesser 

sensitivity to the parameter variations [137]. So, PMSG based WECS is chosen for DC grid 

integration. 
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The dynamic model of PMSG is derived using two phase synchronous rotating reference frame 

in which the direct axis lags the quadrature axis by 90o with respect to direction in which the rotor 

rotates. The equivalent circuit of PMSG in synchronous rotating reference frame for both quadrature 

and direct axis are given in Fig. 6.7 and 6.8. 

 

Fig.6. 7: Equivalent circuit of PMSG on quadrature axis. 

 

Fig.6. 8: Equivalent circuit of PMSG on direct axis. 

 

The electrical representation of permanent magnet synchronous generator in synchronous 

reference frame is given by [136], 
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where, 

��is winding resistance of the stator 

��is electrical rotational speed  

��is the mechanical rotational speed  

�o is flux generated by the permanent magnets 

P is number of poles 

ud is direct axis voltage and  

uq is quadrature axis voltage 

Ld is inductance offered in direct axis 

Lq is inductance offered in quadrature axis and 

Te is electromagnetic torque developed 

eq is  quadrature axis electromagnetic potential offered 

 

Table 6. 1: Parameters of single solar PV module 

S.No Parameters Rating 

1 Maximum power 305.3 W 

2 Voltage under open circuit 64.2 V 

3 Voltage at maximum power 54.7 V 

4 Current under short circuit 5.96 A 

5 Current at maximum power 5.58 A 

6 Number of PV cells per module 66 

 

 

(6.15) 

(6.16) 

(6.17) 
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Table 6. 2: Specifications of Boost converter-1 and 2 

 

S.No Parameters Rating 

1 Inductance of converter-1 5mH 

2 Capacitance of converter-1 0.006 F 

3 Switching Frequency of converter-1 5000 Hz 

4 Input Voltage of converter-1 256.8 

5 Output Voltage of converter-1 550 V 

6. Output Current of converter-1 5.58 A 

7 Inductance of converter-2 1 mH 

8 Capacitance of converter-2 8 mF 

9 Switching Frequency of converter-2 5000 Hz 

10 Input Voltage of converter-2 550 V 

11 Output Voltage of converter-2 1000 V 

 

6.4. Results and discussion 

In this work an efficient way to integrate large solar PV and wind farms to DC grid is 

proposed. In addition to it, the impact of DC chopper protection circuit on high voltage DC link 

over voltages caused during grid side faults is evaluated in the later section.  The proposed 

system consists of DC grid connected solar PV and wind farms and intermediate DC-DC 

converter circuits (LV-MV and MV-HV converters). DC Grid connected PV farm consists of PV 

array, two DC-DC converters and a hybrid controller, each PV array consists of five series 

connected modules per string and sixty six strings in parallel. The specifications of each PV 

module are given in Table 1. The specifications of converter 1 and 2 are given in Table 2. Wind 

farm topology consists of wind turbine fed PMSG connected to low voltage DC grid, using diode 
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rectifier and series connected boost converters 1 and 2 along with hybrid controller. The 

specifications of wind turbine, PMSG and converters 1 and 2 are given in Table 3. 

The performance of the system under different test conditions namely, at constant input 

with fixed load, at varying input with fixed load and at varying input with load disturbance are 

studied.  

Case A: At constant input and fixed load 

In solar PV system, for a constant input irradiation of 1000W/m2, the output voltage 

response of converter B1 and B2 are shown in Fig. 6.9 and 6.10. It is observed that converter 1 

and 2 produces a stable DC voltage of 500 V and 1000 V and an output current of 200A and 

100A respectively, as shown in Fig. 6.11. The output power delivered to the low voltage DC grid 

at constant irradiation of 1000 W/m2 is nearly 100 kW. 

 

Fig.6. 9: Output voltage response of converter 1. 
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Fig.6. 10

Fig.6. 11: Output current response of converter 1 and 2

 

At constant wind speed of 12m/s, the performance of 

DC grid is evaluated. The speed of the rotor, torque developed and generated output voltage of 

PMSG at 12m/s wind speed are shown in Fig. 6.12 and 6.13.  The input voltage to the coverter

at constant wind speed is 250 V

DC grid are shown in Fig. 6.14, it is shown that the magnitude of voltage and current are 1000 V 

and 200A respectively generating a power output of 200 kW.
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10: Output voltage response of converter 2. 

Output current response of converter 1 and 2. 

At constant wind speed of 12m/s, the performance of wind farm connected to low voltage 

DC grid is evaluated. The speed of the rotor, torque developed and generated output voltage of 

PMSG at 12m/s wind speed are shown in Fig. 6.12 and 6.13.  The input voltage to the coverter

at constant wind speed is 250 V. The voltage and current response of converter 2 connected to 

DC grid are shown in Fig. 6.14, it is shown that the magnitude of voltage and current are 1000 V 

and 200A respectively generating a power output of 200 kW. 
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Fig.6. 12: Speed and torque developed by wind turbine. 

 

 

Fig.6. 13: Input voltage to DC-DC converter1 at constant wind speed. 
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Fig.6. 14: Output voltage and current response of converter-2 using hybrid controller at constant 

wind speed 

Table 6. 3:Wind Turbine, PMSG And Converters Specifications 

Parameter Rating 

Mechanical power output 200 kW 

Base wind speed 12 m/s 

Stator phase resistance Rs 0.4578 

Armature Inductance 3.34 mH 

Voltage Constant (L-L)/rpm 248.12 V/rpm 

Flux established by magnets (V.s) 0.17099 Vs 

Inductance of converter-1 3mH 

Capacitance of converter-1 0.005 F 
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Switching Frequency of converter-1 5000 Hz 

Input Voltage of converter-1 250 V 

Inductance of converter-2 1 mH 

Capacitance of converter-2 10 mF 

Switching Frequency of converter-2 5000 Hz 

Input Voltage of converter-2 500 V 

Output Voltage of converter-2 1000 V 

 

Table 6. 4: MLBC Specifications 

Parameter Rating 

Power 30 MW 

Input Voltage 1 kV 

Output Voltage 10 kV 

Capacitances 50 µF 

Inductances 30 mH 

Switching Frequency 5 kHz 

 

Case B: At varying input irradiation and wind speed with fixed load 

As the input irradiation to PV system varies as given in Fig.6.15, the output voltage and 

current response of converter-1 with RSM based MPPT technique is shown in Fig. 6.16. The 

maximum power extracted by converter-1 with MPPT controller is shown in Fig. 6.17. From the 

response it is observed that random search method is able to extract the maximum power by 

controlling the duty cycle and hence the output voltage of converter-1.The output voltage 

response of converter-2 with fixed load on DC grid with and without voltage regulator are shown 

in Fig.6.18 and Fig. 6.19. From the voltage response of converter-2 it is observed that though 

there are input side perturbations the output voltage is still maintained at 1000 V due to RSM 

based TLAC voltage controller. 
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Fig.6. 15: Input irradiation to PV array of 100 kW rating. 

 

 

Fig.6. 16: Output voltage of converter 1 at variable irradiation. 

 

 

Fig.6. 17: Maximum power extracted by converter1 with RSM based MPPT controller. 

 



 

Fig.6. 18: Output voltage of converter

Fig.6. 19: Output voltage of converter

 

At varying wind speed as

in Fig. 6.21. RSM based MPPT technique is implemented here as it offers good tracking 

efficiency and extracts the maximum power.  At varying wind speed the output response of 

converter-2 is shown in Fig. 6.22
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Output voltage of converter-2 at variable irradiation and fixed load without voltage 

regulator. 

Output voltage of converter-2 at variable irradiation and fixed load with voltage 

regulator. 

At varying wind speed as shown in Fig. 6.20, the output response of converter

. RSM based MPPT technique is implemented here as it offers good tracking 

efficiency and extracts the maximum power.  At varying wind speed the output response of 

shown in Fig. 6.22. The output voltage is maintained at 1000 V due to the 

voltage controller. 
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2 at variable irradiation and fixed load without voltage 

 

2 at variable irradiation and fixed load with voltage 

converter-1 is shown 

. RSM based MPPT technique is implemented here as it offers good tracking 

efficiency and extracts the maximum power.  At varying wind speed the output response of 
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Fig.6. 21:  Output voltage response of 
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Fig.6. 20: Variable wind speed. 

response of converter-1 using MPPT controller at variable wind speed

        (a) 
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1 using MPPT controller at variable wind speed 
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(b) 

Fig.6. 22: Output(a) voltage and(b) current response of converter-2 using hybrid controller. 
 

Case C: Variable input with grid side disturbance: 

The performance of the proposed PV system at variable input irradiation and with 

disturbances at load end is analyzed in this section. If the input irradiation varies as shown in 

Fig.6.15 and LV grid side voltage is changed from 1000 to 1050 V then the output voltage 

response of converter-2 is shown in Fig. 6.23. From the voltage response it is identified that DC 

voltage of 1050 V, is fed to low voltage DC grid as the grid demands using proposed voltage 

controller.   

 

Fig.6. 23: Output voltage fed by solar PV farm to DC grid at variable load using proposed 

voltage regulating technique  



 

 

Fig.6. 24: Output response of converter

 

Likewise, when the wind sp

from 1000 to 1050 V the voltage response of wind farm connected to low volta

shown in Fig. 6.24. From the response of proposed system it is observed that the output voltage 

is stable and same as desired DC 
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Output response of converter-2 of wind topology during grid side voltage fluctuations

when the wind speed changes as shown in Fig. 6.20 and grid voltage changes 

from 1000 to 1050 V the voltage response of wind farm connected to low volta

. From the response of proposed system it is observed that the output voltage 

DC grid voltage. 

  (a) 

 

voltage fluctuations. 

and grid voltage changes 

from 1000 to 1050 V the voltage response of wind farm connected to low voltage DC grid is 

. From the response of proposed system it is observed that the output voltage 
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(b) 

Fig.6. 25: MLBC (a)output voltage and (b) output current response.` 

 

Fig.6. 26: LCL boost converter output voltage response. 

Low voltage DC grid side voltage of 1000 V is stepped up to 10 kV using MLBC circuit. 

The output voltage and current response of MLBC circuit is shown in Fig. 6.25. At DC 

collection platform the DC voltage is stepped up from 10 kV to 30 kV using LCL boost 

converter circuit. The specifications of LCL boost converter and MLBC are given in Table 6.4 

and 6.5. The output voltage and current response of LCL Boost converter are shown in Fig. 6.26 

and 6.27. The output voltage of LCL boost converter is 30kV, which is the voltage rating of 

HVDC transmission link.  The output current of LCL converter is 1 kA. The power transferred 

by HVDC transmission link is 30 MW. 
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Fig.6. 27: LCL boost converter output current response. 

 

Table 6. 5:LCL Boost Converter Specifications 

Power 30 MW 

Input Voltage 10 kV 

Output Voltage 30 kV 

Capacitances C1, C2 120 µF, 10 µF 

Inductances L1, L2 10.67 mH and 43 mH 

Switching Frequency 1.5 kHz 

6.5. Fault Ride Through Protection 

6.5.1. Introduction  

According to TenneT Grid Codes, it is needed that a wind farm should stay connected to 

the grid when fault occurs on grid [139]. Even if the voltage dip is maximum at AC grid during 

fault period that should not disconnect the wind or solar PV farm from grid for a fault-clearing 

period of up to 150 ms as shown in Fig. 6.28.  In the area above the limit line 1, instability of the 

wind or solar PV farm and disconnection from the grid are not permitted. Above limit line 2, if 

there are any technical problems like instability etc. exists then the wind or solar PV farm is 

allowed to disconnect from the grid. 



 

Fig.6. 28: TenneT GC fault Ride

 

In the proposed system, the

using inverter to covert DC power

if three phase short circuit fault occurs

transfer capability of the converter will be limited due to voltage dip at PCC, AC grid side 

voltage drops will create a sudden rise in the DC link voltage causing damage to the equipment 

nearby. The energy supplied by the wind farms during this fault period create

power, which charges the capacitance in DC link.  The DC system responds to this imbalance 

with a short time constant leading to over

DC equipment. There are many techniques proposed in

Controlled resistors, crowbar protection circuit, DC snubber circuit, series dynamic resistor 

circuit, Series Fault Current Limiter and DC Chopper protection circuits are proposed that will 

dissipate excess energy in the DC link in order to maintain the voltage with in safe margins [139

143].  For the present study DC Chopper FRT protection circuit is chosen to protect HVDC link 

from over voltages, because of its simplicity in construction and efficien
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TenneT GC fault Ride-through point of common coupling voltage limit lines

In the proposed system, the other end of HVDC transmission is connected to AC grid 

power to AC, since the consumption of electricity is in AC. In case, 

ault occurs near to AC grid side converter then the

capability of the converter will be limited due to voltage dip at PCC, AC grid side 

voltage drops will create a sudden rise in the DC link voltage causing damage to the equipment 

nearby. The energy supplied by the wind farms during this fault period creates an imbalance in 

power, which charges the capacitance in DC link.  The DC system responds to this imbalance 

with a short time constant leading to over-voltages that could create a potential damage to the 

DC equipment. There are many techniques proposed in literature to limit this overvoltage. 

Controlled resistors, crowbar protection circuit, DC snubber circuit, series dynamic resistor 

circuit, Series Fault Current Limiter and DC Chopper protection circuits are proposed that will 

the DC link in order to maintain the voltage with in safe margins [139

For the present study DC Chopper FRT protection circuit is chosen to protect HVDC link 

from over voltages, because of its simplicity in construction and efficient operation.

 

through point of common coupling voltage limit lines [138]. 

is connected to AC grid 

to AC, since the consumption of electricity is in AC. In case, 

n the total power 

capability of the converter will be limited due to voltage dip at PCC, AC grid side 

voltage drops will create a sudden rise in the DC link voltage causing damage to the equipment 

s an imbalance in 

power, which charges the capacitance in DC link.  The DC system responds to this imbalance 

voltages that could create a potential damage to the 

literature to limit this overvoltage. 

Controlled resistors, crowbar protection circuit, DC snubber circuit, series dynamic resistor 

circuit, Series Fault Current Limiter and DC Chopper protection circuits are proposed that will 

the DC link in order to maintain the voltage with in safe margins [139-

For the present study DC Chopper FRT protection circuit is chosen to protect HVDC link 

operation. 



 

6.5.2. DC Chopper FRT Protection circuit

The DC chopper circuit is shown in Fig. 6.29. It consists of power resistor in series with 

MOSFET switch, if the voltage in DC link goes beyond the set value, the chopper protection 

circuit will be turned on, protecting the DC

under AC grid side faults.  The wind and solar PV farm are still connected to grid without 

interrupting its operation.  Under steady state, when the DC link voltage is within the safe limit 

the chopper circuit will be inactive. Fig.6.30 indicates the HVDC link with DC chopper 

protection circuit.  

Fig.6. 29: DC Chopper protection circuit in DC link

Fig.6. 30: DC Chopper protection circuit in PCC 
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FRT Protection circuit 

The DC chopper circuit is shown in Fig. 6.29. It consists of power resistor in series with 

MOSFET switch, if the voltage in DC link goes beyond the set value, the chopper protection 

circuit will be turned on, protecting the DC link capacitor, equipment in DC link and IGBTs 

under AC grid side faults.  The wind and solar PV farm are still connected to grid without 

interrupting its operation.  Under steady state, when the DC link voltage is within the safe limit 

t will be inactive. Fig.6.30 indicates the HVDC link with DC chopper 

 

DC Chopper protection circuit in DC link. [142]  

 

DC Chopper protection circuit in PCC coupled VSC HVDC transmission

The DC chopper circuit is shown in Fig. 6.29. It consists of power resistor in series with 

MOSFET switch, if the voltage in DC link goes beyond the set value, the chopper protection 

link capacitor, equipment in DC link and IGBTs 

under AC grid side faults.  The wind and solar PV farm are still connected to grid without 

interrupting its operation.  Under steady state, when the DC link voltage is within the safe limit 

t will be inactive. Fig.6.30 indicates the HVDC link with DC chopper 

 

coupled VSC HVDC transmission, [142]. 
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6.5.3. DC Chopper Design 

The DC chopper circuit is designed considering the worst case scenario where the export 

of power is completely diminished when the wind farm is generating its maximum power. 

Therefore, the DC chopper is designed for rating equal to the wind farms rating. 

 The active power transferred to the grid from the converter is [142]. 

�� =  
����sin (��)

��
 

Where, Pg is active power injected into the grid 

Xp is the reactance offered between the grid and converter 

Vc= Vc⎳δc is the voltage at converter and  

Vg= Vg ⎳0 is the grid side voltage.  

As discussed earlier, the grid fault could create a voltage dip of up to 0 % of the nominal 

steady state grid voltage. Then the subsequent rise in DC link voltage is given by: 

��� =  �
2

���
�(�� − ��)�� 

where Pw is active power of the wind farm injected into the DC link, and  

Ceq is the equivalent capacitance offered by the capacitors and DC line neglecting the others. 

If the excess power, i.e. (Pw − Pc ) is dissipated by  resistor in DC chopper circuit then DC 

voltage balance can be maintained in the DC link.  

Considering 1.05 pu and 1.1 pu as current and voltage limits, the resistance offered by DC 

chopper and current required can be calculated as given below,  

��� =  
(1.1������)�

������
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����� =  
(1.05������)

���
=  

(1.05������)

������
= 1.05 ������ 

Using hysteresis controller the chopper control is implemented. The valve creating the 

chopper circuit is controlled based on voltage in the DC link. The DC valve is closed when the 

difference in voltage exceeds the threshold limit, making the resistor in chopper circuit to 

dissipate the excess energy. The DC valve is blocks the chopper circuit if the voltage in the DC 

link is below the predefined minimum limit. In general, this method of controlling the chopper 

circuit is considered simple, fast and robust and it doesn’t need any fast communication channel 

for its operation [143]. 

������ = �

1                       ��� > ����

0                       ��� > ����

ℎ��� ���� < ��� < ����

� 

Those voltage limits always depend upon the design of the system. 

6.6. Fault Ride Through Results 

To analyze the performance of the proposed system under the influence of fault, a three 

phase short circuit fault is created near to the AC grid, between the instants 0.1 s and 0.25 s.  

 

Fig.6. 31: DC link voltage before three phase fault. 
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The DC link voltage before the fault is shown in Fig. 6.31. When three phase fault occurs 

near to the grid, between the instants 0.1s and 0.25s, the DC link voltage during the period of 

fault is shown in Fig. 6.32. It is observed that during fault period there is an over voltage in DC 

link. 

 

Fig.6. 32: DC link voltage before and during three phase fault, without fault ride through. 

 

Fig.6. 33: DC link voltage during three phase fault, with fault ride through. 

 

To protect the equipment near to DC link against this over voltages FRT protection 

circuit namely DC chopper circuit is inserted in DC link. Due to the presence of DC Chopper 

circuit the DC link voltage is maintained constant as shown in Fig. 6.33. The power is dissipated 
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in the resistor connected across the chopper protecting the equipment against external faults. 

From Fig. 6.33 it is examined that the DC chopper protection circuit provides efficient FRT 

protection diverting the excess power to the resistor present in the circuit and limiting the voltage 

in DC link. Under normal operation the FRT circuit is turned off without affecting its steady 

state operation. 

6.7. Summary 

The major work done in this chapter is, the performance of DC grid connected solar PV 

and wind farms (taking reference as Nanhui project, China) is evaluated using proposed hybrid 

controller under varying weather and load disturbances. 

From the simulation results it is observed that the proposed system performs well under 

different climatic conditions and varying load conditions the hybrid controller used here 

performs dual tasks of harnessing maximum power and regulating DC output. The proposed 

system offers good flexibility and reliability in its operation under maintenance or failure of any 

of the system in addition to that it provides fault ride through protection against different faults. 

DC chopper protection circuit gives efficient FRT protection to the proposed system under fault 

condition diverting the fault current through resistor. 
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CHAPTER-7 

Conclusions and Future Scope 

7.1 Conclusions 

Due to increase in the potential market for solar and wind energy generation, their 

penetration into the AC grid is increasing with time.  Due to which the present AC grid faces 

technical challenges like voltage and frequency instability, operational instability, dynamic 

reactive power support etc. Majority of these issues can be overcome by integrating to DC grid 

and it is considered as a promising solution, when compared to AC grid due to its technical and 

economical benefits.   

To integrate large solar PV and wind farms to DC grid, different DC collection 

topologies are proposed in literature for high voltage DC grid integration. A new topology for 

integrating RES to high voltage DC grid is proposed in this work. The proposed topology in 

comparison with the previous topologies offers better reliability and flexibility, as there are two 

different sources there is continuity in power supply and efficient when compared to AC 

collection system. 

RES like photovoltaic cells, fuel cells and wind will be at a low voltage level, they must 

be stepped up considerably for DC grid integration, for which we need a high voltage gain     

DC-DC boost converters. The open loop and closed loop operation of conventional DC-DC 

boost converter is analyzed using small signal mathematical modeling. From the simulation 

results it is observed that using fuzzy controller in closed loop operation, the performance of the 

system has improved the over shoot, steady state error, settling time, rise time, delay time are 

reduced. To step up voltage from low voltage to medium voltage, multilevel boost converter 

(MLBC) is chosen. The performance of MLBC is compared with transformerless high gain DC-



142 
 

DC boost converter for medium voltage applications. It is shown that MLBC offers low voltage 

stress, low ripple current, better efficiency, etc. compared to transformer-less high gain boost 

DC-DC Converter.  

One of the major contributions in this work is, a hybrid controller proposed to address 

two challenges faced during DC grid integration i.e. extracting the maximum power from the 

variable input and regulating DC voltage according to the grid requirement. For efficient MPPT 

tracking a comparative study is performed among different MPPT control techniques like 

incremental conductance, perturb and observe, fuzzy logic and random search method. From the 

results it is observed that RSM based MPPT controller performs well under varying weather 

conditions and is able to track the maximum power from the source with good tracking 

efficiency and less oscillations.  

RSM based  two loop average current controlled voltage regulator is proposed to provide 

stable DC output at low voltage DC grid, considering grid side and input side perturbations.  It is 

observed from the simulations that when compared to linear PI controller the proposed RSM 

based TLAC voltage regulator provides stable DC output at varying load conditions where as 

optimal tuning is needed for PI controller for different load conditions.  

The performance of DC grid connected solar PV system consisting of hybrid controller is 

evaluated under different weather conditions and grid side disturbances. From the results and 

analyses it is observed that the proposed system performs well under different climatic 

conditions and varying load conditions the hybrid controller used here performs dual tasks of 

harnessing maximum power and regulating DC output.  Performed stability analysis on TLAC 

controlled DC-DC boost converter. From the stability analysis it is observed that the proposed 
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controller produces a stable DC output voltage according to the grid needs with no delay in 

response. 

The performance of proposed topology consisting of PV and wind farm connected to DC 

grid is evaluated under different weather conditions, load disturbances and fault conditions. From 

the simulation results it is observed that the proposed system performs well under different 

climatic conditions and varying load conditions the hybrid controller used here performs dual 

tasks of harnessing maximum power and regulating DC output. The proposed system offers good 

flexibility and reliability in its operation under maintenance or failure of any of the system. The 

DC chopper protection circuit used in high voltage DC link gives efficient FRT protection to the 

proposed system under fault condition diverting the fault current through resistor. 

 

7.2 Future Scope: 

 To improve overall efficiency of the DC grid connected renewable energy topology further, 

there is a need for design of efficient high voltage gain DC-DC Boost converter with 

improved voltage and power levels.  

 The hardware prototype of the proposed hybrid controller for DC Microgrid connected 

applications can be implemented as a future work.  

 Considering that most of the RES generate either DC or can be easily interfaced to DC grid 

using efficient power electronic interface. Like DC transmission, to improve efficiency in 

utilization of energy the present AC distribution can be replaced with DC, significant energy 

saving can be done as there is no DC-AC-DC Converter. 
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