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ABSTRACT OF THE DISSERTATION 

EFFICIENCY AND POWER DENSITY IMPROVEMENT OF 

GRID-CONNECTED HYBRID RENEWABLE ENERGY SYSTEMS 

UTILIZING HIGH FREQUENCY-BASED POWER CONVERTERS 

by 

Mahmoud Amin 

Florida International University, 2012 

Miami, Florida 

Professor Osama A. Mohammed, Major Professor 

High efficiency of power converters placed between renewable energy 

sources and the utility grid is required to maximize the utilization of these 

sources. Power quality is another aspect that requires large passive elements 

(inductors, capacitors) to be placed between these sources and the grid. The 

main objective is to develop higher-level high frequency-based power converter 

system (HFPCS) that optimizes the use of hybrid renewable power injected into 

the power grid. The HFPCS provides high efficiency, reduced size of passive 

components, higher levels of power density realization, lower harmonic 

distortion, higher reliability, and lower cost. 

The dynamic modeling for each part in this system is developed, simulated 

and tested. The steady-state performance of the grid-connected hybrid power 

system with battery storage is analyzed. Various types of simulations were 

performed and a number of algorithms were developed and tested to verify the 

effectiveness of the power conversion topologies. A modified hysteresis-control 
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strategy for the rectifier and the battery charging/discharging system was 

developed and implemented. A voltage oriented control (VOC) scheme was 

developed to control the energy injected into the grid.  The developed HFPCS 

was compared experimentally with other currently available power converters. 

The developed HFPCS was employed inside a microgrid system infrastructure, 

connecting it to the power grid to verify its power transfer capabilities and grid 

connectivity. Grid connectivity tests verified these power transfer capabilities of 

the developed converter in addition to its ability of serving the load in a shared 

manner.  

In order to investigate the performance of the developed system, an 

experimental setup for the HF-based hybrid generation system was constructed. 

We designed a board containing a digital signal processor chip on which the 

developed control system was embedded. The board was fabricated and 

experimentally tested. The system’s high precision requirements were verified. 

Each component of the system was built and tested separately, and then the 

whole system was connected and tested. The simulation and experimental results 

confirm the effectiveness of the developed converter system for grid-connected 

hybrid renewable energy systems as well as for hybrid electric vehicles and 

other industrial applications. 
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Chapter 1 Introduction 

Today, the world’s energy supply is based largely on fossil fuels and nuclear power. 

These sources of energy will not last forever and have proved to be a major cause of 

environmental issues. Environmental effects of energy use are not new, but it is 

increasingly well known that they range from deforestation to local and global pollution. 

In less than three centuries since the industrial revolution, humankind has burned away 

roughly half of the fossil fuels accumulated under earth’s surface during hundreds of 

millions of years. Nuclear power is also based on limited resources such as uranium, and 

the use of nuclear power creates such incalculable risks that nuclear power plants cannot 

be insured. 

Renewable sources of energy are in line with an overall strategy of sustainable 

development. They help reduce dependence on energy imports and do not create a 

dependence on energy imports, thereby ensuring a sustainable security of supply. 

Furthermore, renewable energy sources can improve the competitiveness of industries, at 

least in the long run, and have a positive effect on regional development and 

employment. Renewable energy technologies are suitable for off-grid services; they can 

serve remote areas of the world without expensive and complicated grid infrastructure. 

Integration of renewable energy sources involves integrating in a system any energy 

resource naturally over a short period of time. This time scale is derived directly from the 

sun (such as for thermal, photochemical, and photosynthetic energy), indirectly from the 

sun (such as for wind, hydropower, and photosynthetic energy stored in biomass), or 

from other natural movements and mechanisms of the environment (such as for 

geothermal and tidal energy). In the long term, renewable energies will necessarily 
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dominate the world’s energy supply system for the simple reason that there is no 

alternative. Humankind cannot survive indefinitely off the consumption of finite energy 

resources, concentrate supplies on some points on earth, or carelessly spread its 

population over the world. 

1.1 Renewable Energy Sources….Overview 

Renewable sources such as solar, wind, biomass, geothermal, ocean (wave, and tidal) 

energy are practically inexhaustible or can be regenerated or recycled. Figure 1.1 shows 

photographs for renewable source. Next an overview on some renewable energy sources 

is given [1-3]. 

1.1.1 Solar 

Solar energy, radiant light and heat from the sun, has been harnessed by humans since 

ancient times using a range of ever-evolving technologies. Solar radiation, along with 

secondary solar-powered resources such as wind and wave power, hydroelectricity and 

biomass, account for most of the available renewable energy on earth. Only a minuscule 

fraction of the available solar energy is used. 

Solar powered electrical generation relies on heat engines and photovoltaic. Solar 

energy's uses are limited only by human ingenuity. A partial list of solar applications 

includes space heating and cooling through solar architecture, potable water via 

distillation and disinfection, day-lighting, solar hot water, solar cooking, and high 

temperature process heat for industrial purposes. To harvest the solar energy, the most 

common way is to use solar panels. 

Solar technologies are broadly characterized as either passive solar or active solar 

depending on the way they capture, convert and distribute solar energy. Active solar 
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techniques include the use of photovoltaic panels and solar thermal collectors to harness 

the energy. Passive solar techniques include orienting a building to the Sun, selecting 

materials with favorable thermal mass or light dispersing properties, and designing spaces 

that naturally circulate air. 

1.1.2 Wind 

The Earth is unevenly heated by the sun, such that the poles receive less energy from 

the sun than the equator; along with this, dry land heats up (and cools down) more 

quickly than the seas do. The differential heating drives a global atmospheric convection 

system reaching from the Earth's surface to the stratosphere which acts as a virtual 

ceiling. Most of the energy stored in these wind movements can be found at high altitudes 

where continuous wind speeds of over 160 km/h (99 mph) occur. Eventually, the wind 

energy is converted through friction into diffuse heat throughout the Earth's surface and 

the atmosphere. 

Wind power is the conversion of wind energy into a useful form of energy, such as 

using wind turbines to make electricity, wind mills for mechanical power, wind pumps 

for pumping water or drainage, or sails to propel ships. 

At the end of 2009, worldwide nameplate capacity of wind-powered generators was 

159.2 gigawatts (GW). Energy production was 340 TWh, which is about 2% of 

worldwide electricity usage; and is growing rapidly, having doubled in the past three 

years. Several countries have achieved relatively high levels of wind power penetration 

(with large governmental subsidies), such as 13% in Spain and Portugal, and 7% in 

Germany and the Republic of Ireland in 2008. As of May 2009, eighty countries around 

the world are using wind power on a commercial basis.  
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Large-scale wind farms are connected to the electric power transmission network; 

smaller facilities are used to provide electricity to isolated locations. Utility companies 

increasingly buy back surplus electricity produced by small domestic turbines. Wind 

energy as a power source is attractive as an alternative to fossil fuels, because it is 

plentiful, renewable, widely distributed, clean, and produces no greenhouse gas emissions 

during operation. However, the construction of wind farms is not universally welcomed 

because of their visual impact and other effects on the environment. 

1.1.3 Biomass 

Biomass is a biological material derived from living, or recently living organisms, 

such as wood, waste, (hydrogen) gas, and alcohol fuels. Biomass is commonly plant 

matter grown to generate electricity or produce heat. In this sense, living biomass can 

also be included, as plants can also generate electricity while still alive. The most 

conventional way on how biomass is used however, still relies on direct incineration. 

Forest residues for example (such as dead trees, branches and tree stumps), yard 

clippings, wood chips and garbage are often used for this. However, biomass also 

includes plant or animal matter used for production of fibers or chemicals. Biomass may 

also include biodegradable wastes that can be burned as fuel. It excludes organic 

materials such as fossil fuels which are transformed by geological processes into 

substances such as coal or petroleum. 

1.1.4 Geothermal 

Geothermal power (from the Greek roots geo, meaning earth, and thermos, meaning 

heat) is power extracted from heat stored in earth. This geothermal energy originates 

from the original formation of the planet, from radioactive decay of minerals, and from 
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solar energy absorbed at the surface. It was used for bathing since Paleolithic times and 

for space heating since ancient Roman times, but is now better known for generating 

electricity. Worldwide, about 10,715 megawatts (MW) of geothermal power is online in 

24 countries. An additional 28 gigawatts of direct geothermal heating capacity is installed 

for district heating, space heating, spas, industrial processes, desalination and agricultural 

applications. 

Geothermal power is cost effective, reliable, sustainable, and environmentally 

friendly, but has historically been limited to areas near tectonic plate boundaries. Recent 

technological advances have dramatically expanded the range and size of viable 

resources, especially for applications such as home heating, opening a potential for 

widespread exploitation.  

The Earth's geothermal resources are theoretically more than adequate to supply 

humanity's energy needs, but only a very small fraction of it may be profitably exploited. 

Drilling and exploration for deep resources costs tens of millions of dollars, and success 

is not guaranteed. Forecasts for the future penetration of geothermal power depend on 

assumptions about technology growth, the price of energy, subsidies, and interest rates. 

1.1.5 Ocean Energy 

Ocean energy, also referred to as marine renewable energy, marine power, marine 

energy, and ocean power, refers to the energy carried by ocean waves and tides. The 

movement of water in the world’s oceans creates a vast store of kinetic energy, or energy 

in motion. This energy can be harnessed to create electricity to power homes, transport 

and industries. 
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The term marine energy encompasses both wave energy and tidal energy obtained 

from oceans, seas, and, in general, other large bodies of water. Offshore wind energy is 

also sometimes included under the description of marine energy. Marine energy is similar 

to hydroelectric power, although that term usually refers to energy generated by dammed 

rivers or waterfalls. 

The oceans have a tremendous amount of energy and are close to many if not most 

concentrated populations. Many researches show that ocean energy has the potential of 

providing for a substantial amount of new renewable energy around the world. 

1.1.6 Hydro 

Hydroelectricity is electricity generated by hydropower, i.e., the production of 

electrical power through the use of the gravitational force of falling or flowing water. It is 

the most widely used form of renewable energy. Once a hydroelectric complex is 

constructed, the project produces no direct waste, and has a considerably lower output 

level of the greenhouse gas carbon dioxide (CO2) than fossil fuel powered energy plants. 

Worldwide, an installed capacity of 777 GWe supplied 2998 TWh of hydroelectricity in 

2006. This was approximately 20% of the world's electricity, and accounted for about 

88% of electricity from renewable sources. 

Most hydroelectric power comes from the potential energy of dammed water driving 

a water turbine and generator. In this case the energy extracted from the water depends on 

the volume and on the difference in height between the source and the water's outflow. 

This height difference is called the head. The amount of potential energy in water is 

proportional to the head. To deliver water to a turbine while maintaining pressure arising 

from the head, a large pipe called a penstock may be used. 
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1.2 Energy Storage Systems….Overview 

Electrical energy storage has long been considered a critical technology. At the 

beginning of the twentieth century, electrochemical batteries were used to power 

telephones and telegraphs, and enormous, heavy flywheels were common in rotating 

generators to smooth out load oscillations. Electric vehicles were more common than 

gasoline-powered vehicles. Batteries were important in such transportation applications 

because they could store energy to give reasonable transportation autonomy to vehicles. 

Even longer ago, water dams were used to store potential energy.  

Today, energy storage systems play the important role of unifying, distributing, and 

augmenting the capabilities of alternative and renewable energy-distributed generating 

systems. The average central electrical generation, transmission, and distribution system 

is large enough not to be affected by residential and commercial load changes. On the 

other hand, distributed generation (DG) is exposed to the fluctuations of individual loads; 

it does not experience the averaging effect seen by large generators [4]. 

Figure 1.2 shows mature and emerging storage technologies organized in categories 

of ride-through, power quality, and energy management. Applications include lead–acid 

batteries, advanced batteries, low- and high-energy flywheels, ultra capacitors, 

superconducting magnetic energy storage (SMES) systems, heating systems, pumped 

hydro, geothermal underground, and compressed air energy storage (CAES). Hydrogen 

storage is not included in this section. 

1.3 Literature Review  

The integration of renewable sources of energy poses a challenge because their output 

is intermittent and variable and must be stored for use when there is demand. If only one 
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renewable energy source is considered, the electric power system is simple. The source 

can be connected to a storage system to deliver electricity for stand-alone use or 

interconnected with the grid. In the grid-connected application, the grid acts as energy 

storage. However, if multiple renewable energy sources are used, the electric power 

system can be rather complex and a microgrid will be formed. 
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Fig. 1.2 Energy management, power quality, and ride-through storage applications 

1.3.1 Converting Technologies 

Power electronics is the enabling technology that allows the conversion of energy and 

injection of power from renewable energy sources to the grid. Therefore, it is suggested 

that the reader review some background information on power electronics from the 

technical literature to complement this material. Figure 1.3 illustrates the main electrical 

conversion technologies required for injection of renewable energy power. If only 

photovoltaic and fuel cell systems are used, a DC-link bus might be used to aggregate 
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them. AC power can be integrated through DC–AC conversion (inverter) systems. If only 

hydro or wind power is used, a variable-frequency AC voltage control must be 

aggregated into an AC link through an AC–AC conversion system.  
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Fig. 1.3 Alternative energy conversion technologies for injection of alternative energy 
power to the grid 

1.3.1.1 AC/DC Power Conversion Topologies 

There are several ways for converting the AC power to DC, as a first stage of 

interfacing with the utility. Commonly, diode rectifiers shown in Fig. 1.4a are used to 

convert the input AC voltage into DC in an uncontrolled manner. This type of rectifiers 

has the advantage of being simple, robust and low cost. However, it allows only 

unidirectional power flow. Therefore, energy returned from the grid must be dissipated 

on power resistor controlled by chopper connected across the DC link. The diode input 

circuit also results in lower power factor and draw highly distorted current from the 

source. Furthermore, a large size DC link capacitor is required for smoothing the DC 
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voltage. In addition, the diode rectifier is working in uncontrolled manner, thus, the DC 

output voltage level is strongly depending on the amplitude of the AC input voltage level. 

Besides the six-diode bridge rectifier, a few other conversion topologies are known. 

The topology shown in Fig. 1.4b presents a simple solution of boost type converter with 

the possibility to increase DC output voltage. The main drawback of this solution, besides 

existing the diode rectifier’s drawbacks, is stress on the boost power switch. 

In the line frequency phase-controlled converter (Thyristors), shown in Fig. 1.4c, for 

a given AC input voltages, delaying the instants at which the thyristor is allowed to start 

conduction can control the magnitude of the average output voltage. The main 

disadvantage is the injection of large harmonics into the source. At a small value of 

output power, compared to its maximum possible value, these converters operate at very 

poor power factor and producing notches in the line-voltage waveform. 

In recent years, development in Pulse Width Modulation (PWM) controlled AC/DC 

rectifier (Converter) made it the most popular topology used in ASD, UPS…etc. This 

universal topology, shown in Fig. 1.4d, has the advantage of using a low-cost three-phase 

module with a bi-directional energy flow capability as well as high quality controlled DC 

output voltage. 

The converter stack, Fig. 1.4d, consist of six switches, where the upper switches (S1, 

S3, S5) and the lower switches (S2, S4, S6) should not conduct simultaneously to prevent 

each converter arm from being short circuited. Hence the dead-time must be introduced 

between the conduction of the upper switch and that of the lower switch [5]. 
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Fig. 1.4 Different rectifier topologies 

The semi-controlled rectifier structure uses three insulated-gate bipolar transistors 

(IGBTs) and three diodes is shown in Fig. 1.4e [6]. The main advantages of this topology 

when compared to standard topologies are that all switches are connected to the same 

reference in rectifier stage which simplifying the command circuit, there are no switches 

in series in the rectifier stage which discharging the possibility of short-circuit through a 

leg, and the small number of power stages increases efficiency when compared to the 

topology shown in Fig. 1.4b. The main disadvantage of this topology is the higher 
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harmonic content when compared to the fully controlled topology shown in Fig. 1.4d, 

since only the positive half-cycle can be modulated. 

1.3.1.2 DC/AC Power Conversion Topologies 

It is possible to use the line frequency phase controlled converter presented in the 

previous section where the converter always operates in an inverter mode and the polarity 

of the input DC power is considered. However, AC side filters and the reactive power 

compensation would be needed, since the output current will contain harmonics and will 

be at lagging power factor, which is not required to interface with the utility grid. 

Alternatively, switch mode DC/AC power converter (Inverter) used in motor control 

and UPS can be utilized where the objective is to produce a sinusoidal AC output voltage 

whose magnitude and frequency can both be controlled. For renewable energy 

interconnection, the inverter output voltage must be synchronized with the utility grid. 

In general, two basic types, Fig. 1.5, of inverters exist that are totally different in their 

behavior. The first is referred as a voltage link PWM or Voltage Source Inverter (VSI) 

while the second referred as a current link PWM or Current Source Inverter (CSI). The 

basic difference between the VSI and the CSI is the following; 

In the VSI, the DC input appears as a stiff DC voltage source to the inverter (ideally 

with no internal impedance) by the use of a large DC electrolytic capacitor in parallel to 

its input terminals. It creates a relatively well-defined switched voltage waveform at its 

output terminals. The resulting current waveform is then governed by the loads on the 

grid utility. By the use of recent inverter control algorithms, the supplied current can be 

controlled to be lagging or leading to the grid voltage, which leads to fully controlled 

reactive power. 
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In the CSI, the DC input appears as a stiff DC current source to the inverter (ideally 

with internal impedance approaching infinity). While a true DC current source can never 

be a reality, it is reasonably approximated by a controlled rectifier or chopper with a 

current control loop as well as a large inductor in series with its terminal to smooth the 

current. It creates relatively well defined-switched current waveforms at its output 

terminals. Here, the resulting voltage waveform is governed by the loads on the grid 

utility. Again with the inverter control algorithms, the supplied voltages can be 

controlled. 

Current source inverters have several advantages over variable-voltage inverters 

because they can operate under a wide input voltage range and a boost converter stage 

may not be required. They provide protection against short circuits in the output stage 

and can easily handle temporary overrating situations such as wind gusts or faulty 

turbines. In addition, CSIs have relatively simple control circuits and good efficiency. As 

disadvantages, CSIs produce torque pulsations at low speed, cannot handle undersized 

motors, and are large and heavy. The phase-controlled bridge rectifier CSI is less noisy 

than its chopper-controlled counterpart, losses are smaller, and it does not need high-

speed switching devices, but it cannot operate efficiently from direct DC voltage. The 

chopper-controlled CSI can operate from batteries and produces more noise as a result of 

its need for high-speed switching devices. With the advent of fast, high-power controlled 

devices, VS inverters have become popular, but much R&D is needed before they are 

applied to very high power systems. 

For most small- and medium-power applications, VS inverters are used, with some 

inherent constraints. For example, a VS inverter might be a buck converter that cannot 
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produce an output voltage greater than the source voltage. This limitation often requires 

an additional DC-DC boost converter for stationary applications such as batteries, 

photovoltaics, and fuel cells, which make the power conversion have lower efficiency, 

larger size, and higher cost [7-11]. 
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Fig. 1.5 Basic DC/AC converter topologies: (a) Voltage source inverter, and (b) Current 
source inverter 

 

A new type of power conversion circuit, known as an impedance-source (Z-source) 

power converter, is designed to overcome the characteristics associated with the 

conventional V-source and I-source converters [12]. A Z-source inverter can produce any 
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desired voltage regardless of its input voltage, which greatly reduces system complexity, 

cost, size, and power loss. 

Figure 1.6 shows the concept of a Z-source converter. In it, there is a unique LC 

network in the DC link, making it possible for buck and boost operation. Even though 

such topology has gained attention in the past few years (with some interesting features 

such as application to almost all the conversion circuits: DC-AC inversion, AC-AC 

conversion, and DC-DC conversion). In this dissertation, we concentrate on the analysis 

of DC-link voltage source conversion because of a vast and solid application to the field 

of renewable energy-based conversion systems. In addition, a Z-source converter has 

more passive components in the link, and an economical breakthrough analysis must be 

carried out for high-power applications [13]. 
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Fig. 1.6 Z-source converter system 

1.3.1.3 DC/DC Power Conversion Topologies 

DC-DC power converters are employed in a variety of applications, including power 

supplies for personal computers, office equipment, spacecraft power systems, laptop 

computers, renewable energy conversion systems and telecommunications equipment, as 

well as DC motor drives. The input to a DC-DC converter is an unregulated DC voltage 

Vg. The converter produces a regulated output voltage V, having a magnitude (and 

possibly polarity) that differs from Vg. For example, in a computer off-line power supply, 
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the 120 V or 240 V AC utility voltages is rectified, producing a DC voltage of 

approximately 170 V or 340 V, respectively. A DC-DC converter then reduces the 

voltage to the regulated 5 V or 3.3 V required by the processor ICs. 

High efficiency is invariably required, since cooling of inefficient power converters is 

difficult and expensive. The ideal DC-DC converter exhibits 100% efficiency; in 

practice, efficiencies of 70% to 95% are typically obtained. This is achieved using 

switched-mode, or chopper, circuits whose elements dissipate negligible power. PWM 

allows control and regulation of the total output voltage. This approach is also employed 

in applications involving alternating current, including high-efficiency DC-AC power 

converters (inverters and power amplifiers), AC-AC power converters, and some AC-DC 

power converters (low-harmonic rectifiers). 

A large number of DC-DC converter circuits are known that can increase or decrease 

the magnitude of the DC voltage and/or invert its polarity [14-18]. Figure 1.7 illustrates 

several commonly used DC-DC converter circuits, along with their respective conversion 

ratios. In each example, the switch is realized using a power MOSFET and diode; 

however, other semiconductor switches such as IGBTs, BJTs, or thyristors can be 

substituted if desired. 

The first converter is the buck converter, which reduces the DC voltage and has 

conversion ratio
 
M (D) = D. In a similar topology known as the boost converter, the 

positions of the switch and inductor are interchanged. This converter produces an output 

voltage V that is greater in magnitude than the input voltage
 
Vg. Its conversion ratio is    

M (D) = 1/ (1-D). 
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Fig. 1.7 Several basic DC-DC converters and their DC conversion ratios gVVDM /)( =  
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In the buck-boost converter, the switch alternately connects the inductor across the 

power input and output voltages. This converter inverts the polarity of the voltage, and 

can either increase or decrease the voltage magnitude. The conversion ratio is                 

M (D) = -D/ (1-D). 

The Cuk converter contains inductors in series with the converter input and output 

ports. The switch network alternately connects a capacitor to the input and output 

inductors. The conversion ratio M (D) is identical to that of the buck-boost converter. 

Hence, this converter also inverts the voltage polarity, while either increasing or 

decreasing the voltage magnitude. The single-ended primary inductance converter 

(SEPIC) can also either increase or decrease the voltage magnitude. However, it does not 

invert the polarity. The conversion ratio is M (D) = D/ (1-D). 

1.3.1.4 PWM Strategies 

Application of power converter topologies are still expanding due to continuous 

improvements in semiconductor technology, which offer higher voltage and current 

ratings as well as better switching characteristics. On the other hand, the main advantages 

of modern power electronic converters such as: high efficiency, low weight and small 

dimensions, fast operation and high power densities are being achieved through the use of 

the so called “switch mode operation”, in which power semiconductor devices are 

switched on and off to control power instead of continuous conduction [5, 6]. 

In the power converter system, a good choice of the switching manner (modulation 

technique) is very important, however, it should perform some general demands like: 

[1] Minimal number of switches to keep low switching losses in power components. 
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[2] Low content of high order harmonics in voltage and current, because they produce 

additional losses and noise in load. 

[3] Elimination of low order harmonics. 

[4] Simplicity and fast response because the modulator is one of the most time-

consuming part of control algorithm and reducing of computations intensity with high 

performance is the main point for industry, to give the possibility for using simple 

and inexpensive microprocessors. 

Pulse Width Modulation, is the basic energy processing technique applied in power 

converter systems. Among the different types of PWM, Space Vector Pulse Width 

Modulation (SVPWM), based on space vector representation, becomes very popular due 

to its simplicity and higher utilization of DC-bus voltage [19, 20]. A three-phase two-

level converter provides eight possible switching states, made up of six active and two 

zero switching states, Fig. 1.8. Active vectors divide the plane in six sectors where a 

reference voltage vector Vr (t) is obtained by switching ON two adjacent vectors for 

proper time. Generally, to implement any vector, the phase angle of the vector should be 

defined, and in which sector the vector exists, finally, referring the vector to the two 

adjacent vectors for that sector. The switching states and the converter output voltages are 

summarized in Table 1.1; where ‘1’ represents the conduction of the upper switch and ‘0’ 

do that of the lower switch.  In the dissertation, through the simulation and the 

experimental verifications, the SVPWM strategy will be studied. 
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Fig. 1.8 Space vector representation of three-phase converter 

Table 1.1 Switching states and converter output voltages 

 V1 V2 V3 V4 V5 V6 V7 V0 

S1 1 1 0 0 0 1 1 0 

S2 1 1 1 0 0 0 0 1 

S3 0 1 1 1 0 0 1 0 

S4 0 0 1 1 1 0 0 1 

S5 0 0 0 1 1 1 1 0 

S6 1 0 0 0 1 1 0 1 
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1.3.2 Energy Integration Link Technologies 

The integration of multiple renewable energy sources can be considered a facet of 

distributed generation (DG). DG systems consist of small generators, typically 1kW to 

10MW, scattered throughout the system to provide electrical and, sometimes, heat energy 

close to consumers. When interconnected with distribution systems, these small, modular 

generation technologies can form a new type of power system, the microgrid.  

The microgrid concept assumes a cluster of loads and micro-sources operating as a 

single controllable system that can provide power and heat to the local area. The 

electrical connection of sources and loads can be done through a DC link, an AC link, or 

an HFAC link. Converters are usually connected in parallel, although series arrangements 

of sources and loads are possible to allow better use of high voltages and currents. An 

example of series connection is a group of small run-of-river hydroelectric systems that 

drive induction generators connected in. All configurations require a controlled voltage at 

the load link bus that is capable of supplying power to all the loads with reasonable 

power quality. On the other hand, a controlled current source is more convenient to adjust 

the voltage of every electrical source to the common voltage of the source bus, according 

to the strategy of power control. 

In the configurations depicted in Fig. 1.9, thyristors or GTOs are still recommended 

for their robustness, guaranteed reliability, handling of higher power levels, low cost, 

easy control, and high efficiency. The major problem with these components is that they 

cannot operate easily with frequencies much higher than 1 kHz. Furthermore, GTOs 

demand a high control current to interrupt their load currents. Even so, for very high-

power applications, they are absolute in the industry. 
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1.3.2.1 DC-Link Integration 

The simplest and oldest type of electrical energy integration is through a DC link (see 

Fig. 1-9a). An example is the straightforward connection of a DC source to a battery and 

load scheme. Most of the first cars used this type of integration. With the advent of power 

diode rectifiers and controlled rectifiers, DC-link integration has widened its capabilities 

with AC–DC connections, controlled links, voltage-matching levels, and DC 

transmission and distribution. 

The advantages of DC-link integration include: 

− Synchronism is not required. 

− There are lower distribution and transmission losses than with AC-link. 

− It has high reliability because of parallel sources. 

− Although the terminal needs of a DC link are more complex, the DC transmission 

infrastructure per km is simpler and cheaper than in AC links. 

− Long-distance transmission (for high-voltage links) is possible, which enables 

integration of offshore wind turbines and other energies with inland networks. 

− The converters required are easily available. 

− Single-wired connections allow balanced terminal AC systems. 

The disadvantages are: 

− The need for careful compatibility of voltage levels to avoid current recirculation 

between the input sources. 

− The need for robust forced commutation capabilities in circuits at high power levels. 

− Corrosion concerns with the electrodes. 

− A large number of components and controls. 



 

24 

 

− More complex galvanic isolation. 

− Higher costs of terminal equipment. 

− Difficulties with multi-terminal or multi-voltage-level operation for transmission and 

distribution. 

In the rotatory generation with synchronous or induction generators of Fig. 1.9a, two 

separate converters would be necessary to feed the DC link. For stationary generation, it 

is used only in a diode scheme to prevent back-feeding to the DC source. In some cases, 

such as for fuel cell stacks, a DC–DC converter with filtering features is required for 

voltage matching and smoothing out undesirable ripples. The DC–AC converter 

connecting the DC link to the 60-Hz grid is necessary if the grid is used to store energy; 

otherwise, it could be an ordinary thyristor inverter. Control is exerted individually on 

each source because current contribution to the DC link can occur just by raising the 

output voltage above other sources. 

The same solution can be used to store energy in a battery, making sure that the 

battery can supply energy when the bus voltage is lower or receive energy when the bus 

voltage is higher. A typical case of a current control source is that of a small wind power 

plant for a boat or remote load. Other alternatives have to be adapted according the needs 

of the generating system. 

1.3.2.2 AC-Link Integration 

Another possibility for integrating renewable energy sources is the AC-link bus 

operating at either 50 or 60 Hz, as indicated in Fig. 1.9b. This bus can be the public grid 

or a local grid for islanded operation. In this case, the interconnection of a local bus to the 

public bus must follow the standards and requirements for interconnection. 
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The positive features of this configuration include: 

− Utility regulation and maintenance of the operational voltage, which makes it easier 

to inject power into the grid. 

− The possibility, in some cases, of eliminating the electronic converters (e.g., by using 

synchronous or induction generators that establish their own operating point) 

− Easy multi-voltage and multi-terminal matching. 

− Easy galvanic isolation. 

− Well-established scale economy for consumers and existing utilities. 

The negative points include: 

− The need for rigorous synchronism, voltage-level matching, and correct phase 

sequence between sources during interconnection as well as during operation. 

− Leakage inductances and capacitances in addition to the skin and proximity effects 

that cause losses in long distributions. 

− Electromagnetic compatibility concerns. 

− The possibility of current recirculation between sources. 

− The need for power factor and harmonic distortion correction. 

− Reduced limits for transmission and distribution. 

The rotatory generation in Figure 1.9b is feeding the AC link to the grid directly. The 

stationary generation will need a DC–AC inverter or, in some cases, a DC–DC booster 

and then a DC–AC converter to allow minimum levels of efficient conversion. No DC 

loads are assumed in this case. Volt-amperes reactive compensation and harmonic 

compensation are easily implemented in this scheme using the storage facilities and the 

p–q theory concepts. 
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Fig. 1.9  Varieties of energy integration: (a) DC-link integration, (b) AC-link 
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1.3.2.3 HFAC Link Integration 

An HFAC microgrid system is a power electronics solution that is promising as an 

interface for the utility grid and stand-alone operation. It provides embedded fault 

protection, small dimensions, and a configuration to serve various power quality 

functions. Frequencies in industrial use are 400 Hz, as is the case in spaceships, boats, 

buses, planes, submarines, and other loads of the kind. Researchers are investigating 

increased levels of these frequencies for high-power electronic circuits and devices. 

Power electronic-based systems connected with the grid can be controlled and 

monitored remotely to allow real-time optimization of power generation and power flow, 

which allows aggregation of distributed power generation resources into a ‘‘virtual 

utility.’’ Several HFAC power distribution systems were implemented for aerospace 

applications, and NASA evaluated this scheme for space station applications [9, 10]. It 

was developed as a workable power distribution system for hybrid electric vehicles 

(HEVs) as well [11] using traditional AC–AC conversion through semiconductor 

switches. This is performed in two stages, from AC–DC and then from DC–AC (DC-link 

converters), or directly by cycloconverters. A microgrid is illustrated in Fig. 1.9c. 

Series resonant converters, using zero-voltage or zero-current switching, can be used 

with each of the sources to generate the HFAC link [9]. In this way, the overall losses in 

the converters can be reduced. An HFAC microgrid system has the following inherent 

advantages: 

− The harmonics are of higher orders and are easily filtered out. 

− Fluorescent lighting will experience improvement because, with higher frequency, the 

luminous efficiency is improved, flicker is reduced, and dimming is accomplished 
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directly. The ballast inductance is reduced proportionally to the frequency, with a 

corresponding reduction in size and weight. 

− High-frequency induction motors can be used for compressors, high-pressure pumps, 

high-speed applications, and turbines. AC frequency changers based on matrix 

converters can be used to soft start high-frequency induction motors. A safe operating 

area is not a restriction for soft switching, and therefore modern power electronic 

devices will be advantageous. 

− Harmonic ripple current in electric machines will decrease, improving efficiency. 

− High-frequency power transformers, harmonic filters for batteries, and other passive 

circuit components become smaller. 

− Auxiliary power supply units are easily available by tapping the AC link. They would 

be smaller with higher efficiencies. 

− Batteries have been the traditional energy storage source, but in HFAC microgrids, 

dynamic storage is an alternative. 

The disadvantages are: 

• The high cost of transformers. 

• The large number of devices (because of the use of bipolar AC switches). 

• Very complex control. 

• The dependence on future advances of power electronic components. 

• Concerns about electromagnetic compatibility. 

• Extremely reduced limits and technological problems for transmission and 

distribution at high frequencies. 
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1.4 Problem Statement  

High efficiency of power converters between renewable energy sources (wind, 

photovoltaic, fuel cells, etc.) and the utility grid is strongly recommended to maximize 

the utilization of these sources. The power quality is also another aspect that requires 

large passive elements (inductors, capacitors, filters) to be placed between these sources 

and the grid. In that respect, the new equipment and modern control systems can provide 

new possibilities for improving present control strategies, performance, and utilization of 

the installation. Furthermore, an improved control system should provide overall higher 

level of safety and reliability. The present state-of-the-art tools and methods for analyzing 

combined power systems does only to a limited extent utilize the possibilities for 

increased knowledge available in the more advanced models and methods developed and 

used within each of the machinery and electrical engineering disciplines [21-26]. To be 

able to analyze increasingly more complex systems of interest, the ability to easily 

combine models and methods to develop more fundamental insight into the total systems 

behavior, its characteristics and limitations will be an advantage in design of new 

systems. Accordingly, it is first necessary to design the grid-connected renewable power 

generation system simulation model that should include mathematical models of 

electrical and mechanical machinery components to the required level of complexity. 

Renewable power generation system simulation model should be used to explore 

possibilities of energy management system (EMS) as the control from the highest level 

and to provide means of developing methods of local-optimization and plant control.  

Various kinds of simulations should be performed and various algorithms should be 
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tested and verified with the aim of such model, including different power conversion 

topologies. 

1.5 Research Objectives 

Optimum utilization of the hybrid renewable power injected into the grid is essential 

for safe operation with minimum operational costs (fuel consumption). In the next 

generation systems, power converter topologies and the control systems are an integrated 

part of the system to an even higher level than found today. The main objective is to 

develop higher-level high frequency-based power converter system (HFPCS) which 

optimize the utilization of the hybrid renewable power injected into the local grid and has 

the overall control functionality of the power system and which will be the integrating 

element in a totally integrated power system as shown in Fig. 1.10. HFPCS should 

provide means of optimal topologies of energy conversion subject to operating 

conditions, safety requirements and operational availability. The high-level HFPCS have 

to be well integrated functionally with low level controllers which interact with producers 

and consumers of electrical energy, as well as control and protection of the overall power 

system. 

A key activity is to develop and establish a complete power system simulation model 

for overall system performance verifications. Such a model can, to a large extent, be 

based on models (modules) already available at the various research groups, but there is a 

need to adapt and combine the various models into one unified system model. A main 

challenge in this respect is to create a functional and modular system model where all 

critical components are adequately represented. This means that each type of component 

in the system, ranging from mechanical drive trains to purely electrical loads and 
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converters, is represented by models with the same level of complexity from an 

integrated system point of view. The system model serves a number of purposes, 

including: 

• Design and testing of the overall control system including the HFPCS and individual 

controllers for the local power consumers and power generating units.  

• Design of different conversion topologies which can be utilized to optimize 

utilization from the renewable sources, but also to include analysis of dynamic 

behavior in extreme operational cases for the total system.  

• Development and testing of a digital signal controller (DSC) for controlling the 

HFPCS with high precision. 

G 

DC-Link 
Generator-Rectifier 

Subsystem 

Inverter-Grid 
Subsystem 

Generator HF-Rectifier 

HF-Inverter 
Isolated 

Transformer 
Utility 
Grid 

HF-DC/DC 
Converter

PV 

Battery 

Wind 

 

Fig. 1.10  The developed grid-connected hybrid generation system schematic diagram 
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Before carrying out any testing, under different possible operational cases, it is 

imperative to test the developed system of “HFPCS” in fixed and controlled environment. 

This will verify the conceptual integrity of the methods developed before the added 

complexity of testing with different scenarios is implemented. 

1.6 Originality and Significance 

In the past few years, the use of high switching frequency for high power converters 

was very limited due to the absence of this technology for the high power switches 

(IGBT) which had a switching capability less than 20-kHz. The main reason for this 

limitation was the power losses (conduction and switching losses) dissipated in each 

switch which is increasing proportionally to the frequency. On the other hand, MOSFET 

switches had higher switching capability than IGBT but only for low power applications. 

Recently, a new generation of IGBT switch technology was produced to open the 

horizon for utilizing the power converters for high switching frequencies above 20 kHz. 

This new generation is bulk-diffused silicon, rather than the epitaxial material that both 

IGBTs and MOSFETs have historically used. This technology is called “non-punch 

through” (NPT) technology. 

Studying the high frequency power converters is the special task of this dissertation in 

order to optimize the utilization of the hybrid renewable power injected into the grid. 

Nowadays, a large part of power electronics system volume is occupied by heat 

dissipation unit and the passive components, i.e. heat sinks, magnetic components and 

capacitors. Therefore, reduction of power losses and increase of switching frequency are 

major technological direction. This is because the reduction of losses directly reduces the 
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heat sink volume. The increase of switching frequency reduces the passive component 

volume as well. The reduction of the power loss also improves the system efficiency [27]. 

In the next 10 years, the power density will be 10 times larger according to data 

traced by NTT [28]. According to the relation between output power density and power 

loss, the power losses of the power electronics systems is expected to be reduced by half, 

and the switching frequency will be 10 times higher than that for present converters. To 

achieve lower loss and higher switching frequency for higher output power density 

systems, the improvement of the semiconductor power device is a key issue. This is 

because the power loss generated in the power semiconductors shares about a half of the 

total losses in the present power electronics system. Also, an increase of switching 

frequency directly increases the semiconductor power loss [29-31]. 

The developed HFPCS hybrid generation system control should provide an 

improvement in the overall efficiency for the energy conversion stages if it works under 

high switching frequency control levels. The system is implemented with different 

conversion topologies to select the optimum design which provide low number of 

switches in order to decrease the switching losses for HFPCS. Moreover, the developed 

method should increase the overall power density (decrease the size for the energy 

conversion stages while handling the same power rating when compared to other 

traditional larger size circuits) if it works under high switching frequency control levels; 

since the power circuit passive elements (inductors, capacitors, harmonic filters, etc) are 

reduced proportionally to the frequency, with a corresponding reduction in size and 

weight. 
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1.7 Organization of Dissertation 

The dissertation is organized into twelve chapters including this chapter. 

Chapter 1 introduces an overview for the renewable energy sources. Classifications of 

energy storage systems are presented. Different topologies for the power electronics parts 

in which renewable energy can be injected into the grid are discussed. The PWM 

strategies applied on the power converters are introduced, focusing on the SVPWM 

technique. Mutli-renewable energy sources integration link technologies are well defined. 

In addition to the problem statement, research objectives, originality and significance, 

and the outline of the work in this chapter, the other chapters include: 

Chapter 2 presents background material for renewable energy sources characteristics and 

dynamic modeling involving battery energy storage system.  

Chapter 3 discusses the dynamic performance of the SEIG driven by a variable speed 

wind turbine. Also, loading effect on the stator terminal voltage of the SEIG is presented. 

Chapter 4 focuses on the modeling and control design of a controlled voltage DC-DC 

boost converters. The DC-bus is designed to meet the needs of house loads and future 

wide use of hybrid systems. The system being implemented in the laboratory is designed 

to operate at 318V DC. 

Chapter 5 proposes a SEIG-based WECS with VOC strategy for a three-phase voltage-

source PWM inverter is used as a dynamic VAR compensator system for weak grids to 

provide full control of active and reactive power injected into the grid.  

Chapter 6 presents a simple simulation comparative study between high frequency (HF) 

and low frequency (LF) switching to verify the advantages resulting from HF-operation 
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and to confirm the effectiveness of the hybrid generation system with high frequency-

high power converters for grid connection operation. 

Chapter 7 introduces a new grid-connected dual-boost converter feasible for low speed 

direct-driven PMWGSs. A three-phase high frequency semi-controlled boost rectifier is 

used as the first interface stage for grid connection. 

Chapter 8 presents a design of a novel modularized multi-input bridgeless boost converter 

(MIBBC) for possibility of reducing the size and weight of the passive components. 

Chapter 9 addresses the design and implementation of a real-time digital signal controller 

printed circuit board for high frequency converters to achieve a fast response during 

transient operation.  

Chapter 10 focuses on the practical implementation of the developed HFPCS compared 

to the other conventional power converters and discusses the grid connectivity issues. 

Chapter 11 introduces an application example study for WAMS network utilizing this 

type of data collection to check the health state of hybrid power system networks. The 

purpose is to increase the overall system reliability for all power stages via significant 

dependence on WAMS as distributed intelligence agents with improved monitoring, 

protection, and control capabilities of the power networks. 

Chapter 12 provides general discussions of the results of this work and includes the 

conclusions of this dissertation as well as provides suggestions and recommendations for  

further research. 
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Chapter 2 Characteristics and Dynamic Modeling of Renewable Energy Sources 

and Battery Energy Storage Systems 

2.1 Introduction 

A renewable energy source cannot run out and causes so little damage to the 

environment that its use does not need to be restricted. No energy system based on 

mineral resources is renewable because, one day, the mineral deposits will be used up. 

This is true for fossil fuels and uranium. The debate about when a particular mineral 

resource will run out is irrelevant in this context. A renewable energy source is 

replenished continuously. 

There is no shortage of renewable energy because it can be taken from the sun, wind, 

water, plants, and garbage to produce electricity and fuels. For example, the sunlight that 

falls on the United States in one day contains more than twice the energy the country 

normally consumes in a year. California has enough wind gusts to produce 11% of the 

world’s wind electricity [32]. 

Because every source is more or less intensive in what it produces, special measures 

have to be considered when considering global energy solutions. These include 

availability, capability, extraction costs, emissions, and durability [33]. This chapter 

addresses the characteristics and the dynamic modeling of the renewable energy sources 

involving the battery energy storage system.  

2.2 Wind Turbine Characteristics 

The effective power extracted from wind is derived from the airflow speed just 

reaching the turbine and the velocity just leaving it. The number of blades must also be 

considered. Only part of the full energy available from the wind can be extracted for 
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energy generation, quantified by the power coefficient, Cp. The power coefficient is the 

relationship of the power extraction possible to the total amount of power contained in 

the wind [34, 35]. Figure 2.1 relates the power coefficient to the tip speed ratio, λ, defined 

as the relationship between the rotor blade tip speed and the free speed of the wind for 

several wind power turbines. As stated earlier, in quantitative terms, the tip speed ratio is 

defined as λ = ω Rt / V, where ω is the angular speed of the turbine shaft, V is the wind 

speed, and Rt is the length of each blade. It emphasizes the importance of knowing the 

purpose for which the energy will be used, to allow determination of the best selection for 

wind power extraction. 
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Fig. 2.1 Output characteristics of various turbines 

According to Betz theory, the turbine mechanical power (Pt) can be given by [1]: 

smkgVACP pt /5.0 3 ⋅= ρ             (2-1) 

Where ρ is the air density and A is the area of the rotor blades. So, from (1), the turbine 

torque (Tt) is given by: 
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==             (2-2) 

Where the torque coefficient is defined as Ct = Cp / λ.  

 

Fig. 2.2 Turbine rotation versus power characteristic related to wind speed 

Considering the wind speed, the wind energy conversion system (WECS) can be 

divided into no load, partial load and full load state. When the wind speed is below the 

cut-in wind speed or above the cut-out wind speed, wind turbine operates in the no load 

region. When the WECS is in the full load region, the output power must be regulated at 

rated power, which can be achieved by changing the pitch angle. In order to maximize 

the captured power, the tip speed ratio needs to be controlled. As the rotor speed must 

change according to the wind intensity, the speed control of the turbine has to command 

low speed at low winds and high speed at high winds, so as to follow the maximum 

power operating point as indicated in Fig. 2.2. It is observed that the maximum power 

output occurs at different generator speeds for different wind velocities [36]. 
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2.3 Wind Turbine Generators 

Variable speed wind turbine (VSWT) systems are preferred for the higher output 

power generation. The first configuration shown in Fig. 2.3 is known as the double-fed 

induction generator (DFIG) concept, which corresponds to a VSWT with a wound rotor 

induction generator (WRIG) and a partial-scale power converter on the rotor circuit. One 

of the advantages for DFIG is that the rotor energy, instead of being dissipated, can be 

fed into the grid by the power electronic converter. Moreover, the power converter 

system can perform reactive power compensation and smooth grid connection. However, 

the DFIG system has the following disadvantages: a multi-stage gearbox is still necessary 

in the drive train because the speed range is far from a common turbine speed of 10–25 

rpm, slip ring is used to transfer the rotor power by means of a partial-scale converter 

which requires a regular maintenance, large stator currents due to grid fault condition 

result in large rotor currents then converter needs to be protected from destroy, control 

strategies are complicated [37]. 

In [38], the electrically excited synchronous generator (EESG) is another generation 

topology which is usually built with a rotor carrying the field system provided with a DC 

excitation as shown in Fig. 2.4. The voltage amplitude and frequency can be fully 

controlled by the power electronics at the generator side, so that the generator speed is 

fully controllable over a wide range, even to very low speeds. In addition, EESG has the 

opportunities of controlling the flux for a minimized loss in different power ranges. 

Moreover, it does not require the use of permanent magnets (PMs), which would 

represent a large fraction of the generator costs, and might suffer from performance loss 

in harsh atmospheric conditions. Including the disadvantages of direct-drive wind 
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turbines compared with geared-drive wind turbines, some disadvantages of direct-drive 

EESG systems can be summarized as follows: It is necessary to excite the rotor winding 

with DC and the field losses are inevitable, a larger number of parts and windings 

probably make it a heavy weight and expensive solution. 

In recent years, the use of PMs is more attractive than before, because the 

performance of PMs is improving and the cost of PM is decreasing. The trends make PM 

machines with a full-scale power converter more attractive for direct-drive wind turbines 

[39]. The scheme of a grid-connected permanent-magnet synchronous generator (PMSG) 

for direct-drive wind turbines is shown in Fig. 2.5. The advantages of PMSGs over 

EESGs and DFIGs can be summarized as follows: higher efficiency and energy yield, no 

additional power supply for the magnet field excitation, improvement in the PM machine 

thermal characteristics due to the absence of the field losses, higher reliability due to the 

absence of mechanical components such as slip rings, lighter and therefore higher power 

to weight ratio. However, PM machines have some disadvantages such as: high cost of 

PM material, difficulties to handle in manufacture, and demagnetization of PM at high 

temperature. 

In order to fulfill the variable speed operation with a self-excited induction generator 

(SEIG), an alternative generator system that might replace the capacitor bank and soft-

starter of ‘Danish concept’ is a variable speed multiple-stage geared SEIG with a full-

scale converter, as shown in Fig. 2.6 [39]. Compared with ‘Danish concept’ as mentioned 

above, this concept has advantages of the flexible control with a full-scale power, such as 

variable speed operation, better performances of reactive power compensation and 

smooth grid connection. Presently, Siemens is using this concept with the rated power of 
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3.6 MW (Bonus 107) in the market, and the generator speed range is designed to be 595– 

1547 rpm. The decreasing cost of power electronics (roughly a factor of 10 over the past 

10 years) and the absence of brushes may make variable speed multiple-stage geared 

concepts (both PMSG and SEIG as mentioned above) more attractive. 
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Fig. 2.3 VSWT with a gear-drive DFIG system 

 

Converter

Converter

EESG
Grid

 

Fig. 2.4 VSWT with a direct-drive EESG system 
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Fig. 2.5 VSWT with a direct-drive PMSG system 
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Fig. 2.6 VSWT with a geared SEIG system 
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2.3.1 SEIG Dynamic Model 

The model of an induction generator is helpful to analyze all its characteristics. The 

induction machine used as SEIG is a three- phase squirrel-cage machine. In this section 

the model, shown in Fig. 2.7, is used because it provides a complete solution (transient 

and steady state) of the self-excitation process [40]. 
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Fig. 2.7 The d-q model of an induction machine in the synchronously rotating reference 
frame: (a) d-axis and (b) q-axis 

In the d-q model of the induction machine, Vds and Vqs are the generated voltages 

along the d-axis and q-axis, respectively. The voltage of an induction machine in the 

synchronous reference frame, which can be obtained as follows: 

0=+++−+ drmdsmdslsqsedssds piLpiLpiLiRv λω        (2-3) 

0)( =++++−− drmdsmdrlrdrrqrred piLpiLpiLiRK λωω      (2-4) 
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0=+++++ qrmqsmqslsdseqssqs piLpiLpiLiRv λω        (2-5) 

0)( =++++−+ qrmqsmqrlrqrrdrreq piLpiLpiLiRK λωω      (2-6) 
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The voltage equation of the d-q model is based on the stator and rotor currents are 

given as: 
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The electromagnetic torque (Te) is given by: 
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T λλ −−=            (2-11) 

Where Vds, Vqs, ids, and iqs are the stator voltages and currents, respectively. Vdr, Vqr, idr, 

and iqr are the rotor voltages and currents, respectively. p is the derivative operator, i.e. 

p=d/dt. Kd and Kq are the residual voltage inside the induction generator. Vcd and Vcq are 

the initial voltages of the self-excitation capacitor bank. ωe and ωr are the synchronous 
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and rotor angular speed, respectively. P is the number of poles. λdr, λqr, λds, and λqs are the 

rotor and stator fluxes, respectively. C is the external self-excitation capacitance. Rs, Lls, 

Rr, and Llr are the resistance and the self inductance of the stator and the rotor, 

respectively. Ls and Lr are the stator and rotor inductances, respectively. Lm is the mutual 

inductance. The mathematical equation that relates the wind turbine output torque (Tt) 

with the electromagnetic torque of the induction generator is given by: 

et T
dt

d
JT ++= βωω               (2-12) 

Where J and  β are the effective inertia of the wind turbine and the induction generator, 

and friction coefficient, respectively. From (2-8)-(2-12), the state equations of the SEIG 

and turbine can be accomplished as in (2-13) and (2-14): 
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et T
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Jdt

d 11 −−= ωβω              (2-14) 
Where  2

mrs LLLL −=  

2.3.2 Power Conversion Topologies with SEIGs 

In order to supply a constant-voltage DC-link of the inverter stage, a DC–DC stage is 

introduced between the conventional diode rectifier and the output stage [9], as shown in 
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Fig. 2.8. However, the rectifier stage of the power converter causes high distortion of the 

current and voltage of SEIGs, implying several undesirable effects to the generator, such 

as [41], which are as follows:  

 Increased heating due to iron and copper losses at the harmonic frequencies  

 Reduction in machine efficiency  

 Loss of the torque production  

 Increased audible noise emission  

 Eventual occurrence of mechanical oscillations 

In order to avoid these problems, it is interesting to use systems capable of emulating 

resistive loads for the SEIG, resulting in low total harmonic distortion (THD). In grid-

connected applications, a step-up DC-DC converter, with current–source input 

characteristic, can be used in the WECS of Fig. 2.8. The simplicity of control, the 

reduced number of components, and the predominant need to increase the generated 

voltage make the boost converter the main choice [42] in this WECS. However, one can 

see that there are always three semiconductors in the current path from the generator side 

to the DC-link side, which reduces the efficiency of this topology. Also, power factor 

correction is achieved only in discontinuous-conduction mode. Then, this structure 

becomes feasible for small WECSs. 

Another option to achieve high power factor in the generator side is to use a PWM 

rectifier in the WECS. The traditional topology applied in high-power WECS is shown in 

Fig. 2.9 and uses the back-to-back converter [43]. In the rectifier stage of this structure, 

the currents can be modulated in both half cycles. However, the half-bridge connected 

switches demand the use of bootstrap-integrated circuits and the occurrence of eventual 
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short-circuits through the leg is possible. Fig. 2.10 shows a WECS that uses a variation of 

the back-to-back converter [44]. Only four semiconductors are used in the rectifier stage 

of this topology. On the other hand, the small number of components and voltage balance 

across the DC-link capacitors limit the use of modified modulation techniques for the 

optimization of losses [45, 46]. 
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Fig. 2.8 WECS with PF correction using intermediate DC–DC stage 
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Fig. 2.9 WECS with back-to-back converter 
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Fig. 2.10  WECS with modified back-to-back converter 

2.3.3 PMSG Dynamic Model 

Theoretical models for generator producing power from a wind turbine have been 

previously developed [47]. The PMSG dynamic equations are expressed in the d-q 
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reference frame. The model of electrical dynamics in terms of voltage and current can be 

given as: 

mrddrq
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Where vd, vq, id, and iq are the two-axis machine voltages and currents, respectively. Rg, 

Ld, and Lq are the PMSG resistance and d-q inductances, respectively. λm is the PMSG 

flux linkage amplitude. The aforementioned equations are derived assuming that the q-

axis is aligned with the stator terminal voltage phasor (i.e., Vd = 0). The expression for the 

electromagnetic torque in the rotor is written as: 
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Fig. 2.11  PMSG in the laboratory 

The PMSG was physically tested under varying load conditions at different rotational 

speeds. The 5-kW test setup for measuring the voltage variation with the load current is 

as illustrated in Fig. 2.11. The machine was coupled to a brushless motor simulating the 

characteristic of a wind turbine and was tested with a three-phase resistive load. 

2.3.4 Power Conversion Topologies with PMSGs 

Low-speed high-torque PMSGs are used as the preferred solution in variable-speed 

high-power direct-driven wind generators [48]. However, low speed operation produces 
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low voltage profile at the generator terminals. As the electrical power available from the 

wind generation system cannot be delivered directly to the grid, power electronics plays a 

decisive role in overcoming this limitation [49]. In order to optimize the wind turbine 

system, many kinds of power conversion systems to connect between the generator and 

the grid line have been proposed and utilized [50-54]. Figure 2.12 shows a bridge boost 

rectifier (BBR) in cascaded with VSI topology.  A step-up transformer is used for grid 

connection; since VSI produces low voltage profile due to low speed direct-driven 

generator operation. This topology has same features as the topology that was previously 

shown in Fig. 2.8 in addition to the grid-tie-transformer [50]. 
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Fig. 2.12  PMSG with BBR and VSI topologies  

Another option to achieve high power factor in the generator side is to use a VSC in 

cascaded with VSI topology in the WECS as shown in Fig. 2.13. The transformer stage 

still required to boost the inverter output voltage level to the grid voltage level [51]. In 

Fig. 2.14, a semi-controlled rectifier topology was proposed to achieve same VSC 

topology advantages with higher efficiency; since less switching losses can be obtained 

through reducing the number of switching devices. However, it will produce larger 

current harmonic distortion because only one half cycle is controlled [52]. The common 

drawback for the previous configurations is the use of the transformer for grid connection 
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which increases the size and weight of the power converter circuit. Then, this structure 

becomes feasible for small WECSs. 

DC 
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Fig. 2.13  WECS with VSC-VSI converter structure 
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Fig. 2.14  WECS with semi-controlled rectifier and VSI 

On the other hand, the same rectifier topologies can be efficiently utilized with CSI 

topology feasible for low-speed direct-driven PMSGs. Figure 2.15 shows same 

configuration as the other in Fig. 2.12 but with CSI working as a boost inverter stage. 

This configuration has the same drawbacks as illustrated previously. However, omitting 

the step-up transformer is representing an additional advantage which reduces the size 

and weight of the system [53]. 

In Fig. 2.16, the VSC topology can be used with CSI topology in order to achieve 

same advantages as the configuration in Fig. 2.13. Dual boost feature is obtained with 

low harmonic distortion. However, larger losses are expected through increasing the 

number of switching devices (12-switches) which reduce the overall converter-inverter 

efficiency. The CSI increases the voltage towards the mains by itself, so the output 

voltage of the VSC must be lower than the lowest rectified line to line voltage. In 
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practical implementations, a CSI requires a DC current source that should behave as a 

constant (as required by PWM CSIs) or variable (as square-wave CSIs) current source. 

Such current sources should be implemented as separate units [54]. 

DC 
Link 

Direct-driven 
wind turbine

Diode rectifier with 
DC-DC converter CSI

GRID PMSG

 

Fig. 2.15  WECS with BBR stage and CSI topology 
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Fig. 2.16  WECS with VSC-CSI structure 

2.4 Photovoltaic Cells Characteristics 

Semiconductor materials have bands of allowed and forbidden energy in their 

spectrum of electronic energy (the energy gap). Inside the allowed band, there are 

valence and conduction bands, separated by such an energy gap. The electrons occupy 

the valence band and can be excited in the conduction band by thermal energy or by 

absorption of photons with energy quantum higher than the energy gap. The bandwidth of 

the energy gap is characteristic for each semiconductor. 

When an electron passes from one band to other, it leaves in its place a hole that can 

be considered a positive charge. When voltage is applied across the semiconductor, the 

electrons and their holes contribute to the electrical current, since the presence of that 
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electric field makes those particles move in opposite directions with respect to each other. 

Therefore, an electrostatic potential inside the material is created to separate positive 

from negative charges. Now, when the semiconductor is illuminated, it behaves like a 

battery; in other words, the charges accumulate in opposite areas of the chip. If an 

external wire connects the two areas, there will be a circulation of electric current. In 

solar cells made of crystalline silicon, the processes of controlled and selective 

contamination of the semiconductor material originate the electric field [55, 56]. 

The equivalent electrical circuit of a single cell is represented in Fig. 2.17, from 

where the following equation for the cell output current (Io) can be derived: 

pdo IIII −−= λ               (2-18) 

Where Iλ is the photon current, which depends on the light intensity and its wavelength. Id 

is the Shockley temperature-dependent diode current. Ip is the PV cell leakage current. 

The photon current is proportional to the illumination intensity and depends on the light 

wavelength (λ). The parameters of this current are related to the cell short-circuit current 

(Isc) and to the cell open-circuit voltage (Voc). The short circuit current may be obtained 

from the I–V characteristic for a given PV cell when the cell output voltage is Vo = 0. In 

its turn, the open-circuit voltage is obtained for zero output current, Io = 0 (no load). 

Figure 2.19 shows very useful characteristics typically used for control design of 

power electronic systems connected to PV arrays: the output power versus the load 

voltage and the output power versus the load current at different illumination and 

temperature levels. Voltage-based power control is clearly better, as suggested by Fig. 

2.19a, where the family of curves are smoother and evenly spaced [57]. 
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Cell temperature also plays an important role in the efficiency of solar panels. Figure 

2.19c and d show that for a cell illuminated by 0.6 sun under two different temperatures, 

t1 = 50oC and t2 = -25oC, the cell short-circuit current decreases whereas the open-circuit 

voltage increases. 

 

Fig. 2.17  Equivalent electrical circuit of a single PV cell 

 

Fig. 2.18  Typical I–V characteristic of a PV cell 
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Fig. 2.20  Conditions of maximum power for various illumination levels 

Equation (2.19) supports the fact that the output power of a PV cell increases with the 

illumination level, generating a locus of maximum power. Figure 2.20 represents the 

maximum output power locus for an individual PV cell. Comparing this figure with Fig. 

2.19, it is interesting to observe that neither the maximum voltage nor the maximum 

current are the same for different levels of illumination at the maximum power point. As 

the output power (Po) is given as: 

ooo IVP =                (2-19) 

then the peak power may be given from the following condition: 

0=+=
o

o
oo

o

o
dI

dV
IV

dV

dP
 

that is: 

o

o

o

o
I

V

dI

dV −=                (2-20) 

The meaning of this expression is that the dynamical internal resistance of the source 

should match the external load resistance, leading to special power peak tracking control 

approaches. 
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2.4.1 Model of a PV Panel Consisting of n Cells in Series 

When integrating a group of PV cells in series, it is assumed that the cells are 

identical, resulting in the equivalence evolution of Fig. 2.21. This assumption is usually 

well accepted if it is taken into account that individual cells inside the panel are 

manufactured with very similar characteristics, to avoid circulation of internal currents 

among the cells. With this in mind, it is acceptable to make the assumption: 

Iλ1 =  Iλ2 = ··· = Iλn  Rs1 =  Rs2 = ··· = Rsn 

Id1 =  Id2 = ··· = Idn  Rp1 =  Rp2 = ··· = Rpn 

Vd1 =  Vd2 = ··· = Vdn 

 

Fig. 2.21  Equivalence evolution of a series PV panel 
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Fig. 2.22  Equivalent model of a PV panel with identical cells in series 

The respective output voltage and current of the group are: 

oiooio IInVV ==              (2-21) 

Where Voi and Ioi are the average voltage and current in the individual cell I, respectively. 

2.4.2 Model of a PV Panel Consisting of n Cells in Parallel 

Assuming that the PV cells of a panel are connected in parallel across common 

terminals a and b as in Fig. 2.23. In these conditions, there is no direct interaction among 

current sources or individual diode voltages because they are considered exactly the 

same. Therefore, this equivalent model may assume a more compact form, as shown in 

Fig. 2.24.  

 

Fig. 2.23  Group of identical PV cells connected in parallel 
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Tests of this equivalent model can be seen as a test carried out on a single panel with 

individual output voltage and current for the same cell: 

oiooio nIIVV ==              (2-22) 

The method just described can be extended to equivalent models of series–parallel 

combinations of PV panels or other arrangements of interest. The PV characteristic is 

emulated and tested in the laboratory using a Magna-Power XR-6 kW programmable DC 

power supply.  

 

Fig. 2.24  Equivalent model of a PV panel with cells in parallel 

2.5 Fuel Cells Characteristics and Dynamic Modeling 

Evaluation of the dynamic performance of fuel cells for studies of electrical energy 

generation systems is important to reduce cost and time at the design and testing stages. 

An electrical model may be derived from the electrochemical equations to enable 

determination of the open-circuit voltage and voltage drops of cells for a specified 

operating point [58–61]. In power generation systems, the dynamic response is of 

extreme importance for the control planner and system management, especially when 

energy is injected into the grid. Accordingly, special attention has to be given to the 

dynamic response of FCs. For energy injection into the grid, the generation control has to 
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set the amount of power the FC will supply as a function of the load demand. As such, 

the dynamic FC response should be compatible with a fast variation in the random load 

curve, which is not always the case [62–64]. 

Figure 2.25 shows the FC construction of an equivalent circuit model which 

represents FC dynamic behavior. C is the equivalent capacitance of the system and Ra is 

the equivalent variable resistance to the activation and concentration losses (ohms). The 

membrane and contact ohmic losses are represented by Rr. The FC open circuit voltage is 

represented by Eoc. The output voltage of a single cell can be defined as Vfc. The 

instantaneous electrical power supplied by the cell to the load (Pfc) can be determined by: 

fcfcfc IVP =                 (2-23) 

Figure 2.26 shows the performance curves for a typical membrane used in fuel cells, 

which may be superimposed on the theoretical curves described by equation (2-23) for Pfc 

and Vfc. The efficiency (η) is defined as the relationship between the electric output power 

and the energy corresponding to the fuel input. When the water product is in liquid form, 

it is usually given as: 

48.1
c

f
Vμη =                 (2-24) 

On the other hand, when the water product is in vapor form, the efficiency is 

generally given as: 

25.1
c

f
Vμη =                 (2-25) 

Where μf is the fuel utilization factor, generally about 95%, and 1.48 and 1.25 V are the 

maximum voltages that can be obtained using the highest and lowest values, respectively, 
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of the cell enthalpy. Vc is the output voltage across the terminals of every single cell 

belonging to the FC stack. 

 

Fig. 2.25  Equivalent circuit of the dynamic behavior of a fuel cell 

 

Fig. 2.26  Typical curves of fuel cells 

2.6 Battery Energy Storage System Characteristics and Dynamic Modeling 

Although most of the battery energy storage systems (BESSs) currently available on 

the market are equipped with small size battery modules; such as Ni-MH batteries, the 



 

60 

 

lead-acid batteries are still attractive and used for hybrid systems, which have relatively 

restricted functions and require consideration of cost effectiveness. Also, lead-acid 

batteries represent both reasonable cost and high reliability in automotive applications, 

but they generally show some drawbacks in cycle life, power characteristics, and weight, 

etc. Studies to improve their performance are being continuously performed, and 

different viewpoints have arisen providing resolutions other than strictly improving the 

battery itself [65-68]. Moreover, further improvement could be achieved when a proper 

storage device is selectively used corresponding to respective charging status and 

operation conditions, which can be called an advanced Hybrid Energy Storage System 

(advanced HESS) [69]. 

Figure 2.27 shows how the terminal voltage depends on the charge or discharge rate 

and the state of charge for a typical lead–acid battery [1]. The charge capacity of a battery 

is referred to as C. Thus, if a load is connected to a battery such that it will discharge in n 

hours, the discharge rate is C/n.  

It is extremely difficult to measure accurately the state of charge of a lead–acid 

battery and predict the remaining capacity. In a battery, the rate at which input or output 

current is drawn affects the overall energy available from the battery. For example, a 100-

Ah battery at a 20-hour rate means that over 20 hours, 100 Ah is available (i.e., the user 

can expect to draw up to 5 A per hour for up to 20 hours). If a quick discharge is 

imposed, the effective ampere-hours will be fewer. 
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Fig. 2.27  Terminal voltage as a function of charge–discharge rate and state of charge 

Figure 2.28 represents the equivalent circuit of a generic battery dynamic model 

parameterized to represent most popular types of rechargeable batteries [70]. Lead-acid 

batteries are used here which can be modeled as: 

Discharge model (i*>0) 
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Where E0 is constant voltage, Exp(s) is exponential zone dynamics, Sel(s) represents the 

battery mode, K is the polarization constant or Polarization resistance, i* is the low 

frequency current dynamics, i is the battery current, it is the extracted capacity, and Q is 

the maximum battery capacity. 

 

Fig. 2.28  BESS simplified model 

As an example, a ten-cell battery bank has the following characteristic voltage set 

points: 

• Quiescent (open-circuit) voltage: 12.6 V 

• Discharging end voltage: 11.8 V 

• Charge: 13.2 to 14.4 V 

• Recommended floating voltage for charge preservation: 13.2 V 

After full charge, the terminal voltage drops quickly to 13.2 V and then slowly to 12.6 

V. Figure 2.29 shows a schematic of a 12 kW battery bank that was built and connected 

to our test bed to study the energy storage under different mode of operation.  



 

63 

 

10x1.2 kW, 12 V

1……………10

 

Fig. 2.29  A group of 10-batteries (each 1.2 kW) connected in series 
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Chapter 3 DC-Bus Voltage Control of Three-Phase Full Bridge PWM Converters 

Connected to Wind Powered Induction Generator 

3.1 Introduction 

Recently, wind generation systems are attracting attention as a clean and safe 

renewable energy source. The three-phase induction machine with a squirrel cage rotor or 

a wound rotor could work as a three-phase induction generator either connected to the 

utility AC power distribution line or operated in the self-excitation power generation 

mode with an additional stator terminal excitation capacitor bank [71]. 

Variable speed operation of wind turbines has many advantages that are well 

documented in the literature [72, 73]. Induction machines have many advantageous 

characteristics such as high robustness, reliability and low cost. The induction machines 

may be used as a motor or a generator. These machines are good candidates for wind-

power electricity generation especially in remote areas, because they do not need an 

external power supply to produce the excitation magnetic fields [74, 75].  The excitation 

can be provided by a capacitor bank connected to the stator windings of the induction 

generator. 

Many research results focusing on control point of view were reported [76-78]. 

Reference [76] analyzed the design methods and the performance of the voltage and 

current proportional plus integral (PI) controllers, which are as usually made up of inner 

current control loops and an outer voltage control loop in a cascade structure. The 

cascade control structure is not so effective for the system control of which both 

dynamics are close to each other. In references [77] and [78], the PWM converters have 

been modeled in a single nonlinear system using a power balance concept between the 
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input and output sides. However, the nonlinear system was analyzed and the controllers 

were designed using small-signal analysis, which is valid only around specified operating 

points, not in the whole operating range. 

The difficulty in controlling the converters is mainly due to the nonlinearity. There 

are several ways of dealing with the nonlinearity. The simplest way is to use two PI 

controllers to control the DC-term and the reactive power independently [79]. 

Particularly, the voltage-oriented control (VOC), which guarantees high dynamic and 

static performance via internal current control loops. This method has become very 

popular and has constantly been developed and improved [80]. A conventional PI-

compensator can be applied to the variables in the rotating reference frame so as to 

achieve a zero steady-state error in response to step commands. Then, variables in the 

rotating reference frame must be restored in the stationary three-phase reference frame 

using the inverse– transformation [81]. 

In this chapter, we discuss the dynamic performance of the self-excited induction 

generator (SEIG) driven by a variable speed wind turbine. Also, loading effect on the 

stator terminal voltage of the SEIG is presented. There was a tendency to operate AC/DC 

converters with PWM switching patterns to improve the input and output performance of 

the converter. In addition, a control strategy for a three-phase voltage-source PWM 

AC/DC converter is used in the synchronous dq frame. The PI-current controllers in dq 

axes are designed and analyzed to meet the time domain specification: minimum 

overshot, minimum settling time and minimum steady-state error. A PI voltage controller 

is designed to accomplish the specifications of the voltage control loop based on the 

dynamic of the DC-bus. In order to investigate the performance of the overall developed 
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system, an experimental setup for wind energy conversion system was constructed and 

connected to a DC-load. A digital board containing dSPACE DS1104 R&D controller 

board was used as the interface part of the system.  

3.2 System Description  

Wind is a result of the movement of atmospheric air. The prime mover for the 

induction generator is the wind turbine connected via a gear box as shown in Fig. 3.1. It 

shows only the overall mechanical and electrical connections; the controller part is not 

shown. The machine parameters which are used as a simulator to the wind generator are 

listed in Table 3.1. 

3.3 Dynamic Model of the Vector Controlled PWM Converter 

A power circuit and a per-phase equivalent circuit of a fully-controlled PWM voltage-

source converter are shown in Fig. 3.2. It is assumed that a resistive load RL is connected 

to the output terminal. 

Cdc 

Wind turbine 

Gear box 

Induction 
generator 

 

Fig. 3.1  Electrical and mechanical connections 
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Table 3.1 Induction generator IM-100 parameters 

Symbol Quantity Value 

hp Output power 1/3 

Vn Nominal voltage  208 V L-L 

rpm Nominal speed 1800 

In Nominal current 1.7 A 

Rr Rotor resistance 3.592 Ω 

Rs Stator resistance 6.294 Ω 

Lls Stator self-inductance 0.0168 H 

Llr Rotor self-inductance 0.0168 H 

Lm Mutual inductance 0.464 H 

J Moment of inertia 0.03338 Kg.m2 

 
idc
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(b)         (c) 

Fig. 3.2  AC/DC PWM converter: (a) Power circuit, (b) Per-phase input equivalent 
circuit, and (c) Per-phase output equivalent circuit 
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From the equivalent circuit shown in Fig. 3.2.b, assuming generator voltage is 3-

phase balanced voltage source and its state equations are: 
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Where E is the maximum amplitude of the generator AC voltage, (R, L) are the line 

inductor and resistance between generator and the converter terminal, respectively, ea is 

the generator phase voltage, va is the bridge converter voltage controllable according to 

the demanded DC-voltage level, ia is the line current, idc is the converter DC-output 

current, vdc is the converter DC-output controlled voltage, ic is the DC-link capacitor 

current, and iL is the load current. From Fig. 3.2.b., the dynamic equation for the input 

side of the three phase converter system can be written as: 

)(
)(

)()( tRi
dt

tdi
Ltvte abc

abc
abcabc +=−           (3-2) 

 Referring to Fig. 3.2.c., the dynamic equation for the output side of the three phase 

converter system can be written as, 

dt

tdv
Ctititi dc

Ldcc
)(

)()()( =−=            (3-3) 

The line voltage, the phase current, and the terminal voltage of the PWM converter 

can be transformed to a synchronous reference frame using the transformation matrix H(θ 

) as follows: 
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            (3-4) 
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Where θ is the rotating angle of transformation. Now, the dynamic equation (3-2) can be 

transformed directly from the abc frame to the synchronous reference frame resulting in a 

mathematical model for the PWM converter in a synchronous rotating coordinates: 
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For more simplification, we assume that the three-phase voltage source is balanced 

without zero sequence component. Therefore, (3-6) can be written as: 
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The converter system in the s-domain can be obtained by applying Laplace 

transformation to the dynamic equations in the synchronous frame directly such as: 
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For the converter output side: 
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Now, we should derive the active and reactive power to get the relation between id 

and idc where the complex power S is the sum of the active power P and reactive power 

Q, and is defined as: 

jQPIES +== ∗.              (3-10) 

Where the subscript * means complex conjugate, in the synchronous frame: 
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In a balanced case and unity power factor operation, the q-component for the 

generator voltage and current are zero. Therefore, (3-11) can be modified to: 

)().(.
2

3
)( titetP dd=              (3-12) 

Assuming no power dissipation in the converter power switches, the converter input 

power is equal to the output, thus: 

)().()( titvtP dcdc=              (3-13) 

   Then, from (3-12), (3-13): 
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 The converter plant model in s-domain representation is shown in Fig. 3.3. 
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Fig. 3.3  Converter model block diagram 

3.4 Voltage Oriented Control Technique 

The block diagram of the wind power generation system studied in this section 

involving the developed VOC technique is shown in Fig. 3.4. The wind turbine is 

coupled to the shaft of a SEIG through a gear box. The generator is connected to current 

regulated PWM voltage source converter with current and voltage regulation utilizing 

VOC control of the supply. In this control scheme, the output DC voltage is controlled by 

a voltage loop, where a PI controller acts on the DC-voltage error to generate references 

for the AC currents in the stationary (abc or dq) or rotating (dq) frames. PI current 

regulators ensure that the input AC currents track these references. Note that the current 

loop uses two PI regulators in the rotating dq frame in these approaches. 
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Fig. 3.4  SEIG wind energy conversion system 

From the converter dynamic equations in synchronous frame, (3-7), there are 

coupling terms between these equations. This degrades the dynamic performance (slow 

the controller transient and cause high overshoots) of the system. These terms are the 

coupling q-current componenet (ɷLiq) and generator voltage on the d-axis equation, ed , 

while coupling d-current component (ɷLid) and eq on the q-axis. The vector controller 

will decouple these terms, giving the ability to control each current component separately 

without any effect from the other component.  

 The two current components, id and iq, could be oriented to control the converter 

operation via internal current control loops. Consequently, the system performance is 

largely depending on the quality of applied current control technique. 

Two current controllers are utilized as inner controllers. The first is q-current 

controller with reference iq
r which determines the reactive power. By setting iq

r = 0 , the 

unity power factor operation is achieved. The other is the d-current controller with id
r set 
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by the outer DC-voltage controller and decides the active power flow between the wind 

generator and the DC-bus. The converter DC-voltage is determined by idc(t)-iL(t), as 

shown in Fig. 3.2.c., such that: 

 −= dttiti
c

tV Ldcdc )]()([
1

)(            (3-15) 

     Using the PI-voltage controller, the DC-voltage can be regulated by choosing the 

DC current reference, idc
r(t) such that: 
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Where Vdc
r is the desired DC voltage, Kp

v, Ki
v are the constant gains of the PI-voltage 

controller. From (3-15):  
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From (3-12), the current can be constructed to give the suitable voltage drop across 

the inductor 
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Where vd
r(t), vq

r(t) are the d and q voltage references, respectively, and Ud
v, Uq

v are the 

effective voltage reference which can be obtained using PI-current controllers as follows: 
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Where Kp
i, Ki

i are the constant gains of the PI-current controllers. The structure of the PI-

voltage and current controllers for the rectifier system is shown in Fig. 3.5. 

 

Fig. 3.5  The structure of the PI-voltage and decoupled current controllers for the 
PWM converter 

3.5 Simulation and Experimental Results 

In order to investigate the dynamic performance of the VOC algorithm, a simulation 

program using Matlab/Simulink™ was carried out using simulation parameters shown in 

Table 3.2. The PWM studied in this section was used with a 5-kHz switching frequency. 

The vector converter control strategy discussed in section 3.4 is utilized in the simulation. 

Two inner PI-controllers are used as current controllers; one for the d-component and the 

other for the q-component. The outer PI is the voltage controller. Fig. 3.6 shows the 

experimental setup for the overall WECS. The wind generator is represented by variable 

speed prime mover (VSPM) coupled with SEIG. A photograph for the experimental 

WECS connected to DC-load is shown in Fig. 3.7. 
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Fig. 3.6 Wind energy model drives a PWM voltage source converter laboratory setup 

Table 3.2 Simulation parameters for the PWM converter 

Parameter Value Parameter Value 

Generator frequency 60 Hz Generator voltage 120 Vrms 

DC link voltage 400 V DC-link capacitor 1200 uF 

Resistive load 250 Ohm Line inductor 12 mH 

Switching frequency 5 kHz Internal Resistance 2.7 Ω 
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Fig. 3.7  Experimental setup laboratory for the WECS  

3.5.1 The Software Design Flow Chart 

This section is concerned with formulating a software program code designed using 

Matlab/Simulink that will instruct the DSP Controller to control the DC-bus voltage 

under UPF operation. Programming DSPs using Simulink provides portability and 

maintainability.  Preparing and testing the program in Matlab is relatively easier than 

using an assembly language and the program can be optimized to this particular processor 

architecture.  The software design is the main heart of the control system, as it includes 

all theories introduced in previous sections. The DSP controller commands the operation 

of the experiment setup by the use of the software design.  The flowchart shown in Fig. 
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3.8 describes the software experimental steps. The initialization section is where all the 

variables and constants that will be used in the program are initialized. 

Start

INITIALIZATION 

• ADC’s module 
activation

Measure
∗ Line current 
∗ Phase voltage 
∗ DC voltage

Monitoring 

DAC 

SPLL 

Axis 
transformations 

Axis 
transformations 

Check over 
∗ Line current 
∗ Phase voltage 
∗ DC voltage

SVPWM

Stop

Master 
PI 

Slave 
PI 

VOC 
algorithm

Output 
ports 

Switching 
signals 

Drivers & 
IGBT 

modules 

NO

YES
Vdc 

Vdc
r

id

id
r

Vabc
r

 

Fig. 3.8  Rectifier control software flow chart 

3.5.2 Characteristics of Magnetizing Inductance 

To model an induction machine when used for motoring application, it is important to 

determine the magnetizing inductance at rated voltage. In the SEIG, the variation of 

magnetizing inductance is the main factor in the dynamics of voltage buildup and 

stabilization. In this investigation, the magnetizing inductance is calculated by driving the 

induction machine at synchronous speed. The magnetizing inductance Lm used in this test 

is given in Fig. 3.9. It is based on the rated frequency (60 Hz) of the induction machine 

where the curve is a fourth-order curve fit given by: 
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Fig. 3.9  Variation of magnetizing inductance with phase voltage at rated frequency 

3.5.3 Process of Self-Excitation 

 The following figure shows the process of self-excitation in an induction machine 

under no-load condition. From Fig. 3.10, we can say that the self-excitation follows the 

process of magnetic saturation of the core and a stable output is reached only when the 

machine core is saturated. 

3.5.4 Effect of Load Variation 

When an induction machine operates as a motor at a constant frequency, the speed of 

the air-gap rotating magnetic field is fixed. When this motor is loaded the rotor speed will 

be varied relative to the synchronous speed. For a SEIG with constant rotor speed, the 

speed of the rotating magnetic field lags behind the rotor speed. When the load of the 

SEIG is increased from (1.5 to 2A), the magnitude of the negative slip also increases. In 

this case, as the rotor speed is the input, the increase in slip is due to a decrease in the 

speed of the rotating magnetic field. The generated frequency and voltage are 
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proportional to the speed of the rotating magnetic field. A decrease in the speed of the 

rotating magnetic field will inevitably decrease the generated voltage and its frequency. 

The simulation and experimental results given in Fig. 3.11, respectively, confirm this. It 

can be seen that for the same speed, the voltage and frequency drop with load. 

 

(a) 

 

(b) 

Fig. 3.10  Voltage build up in a self-excited induction generator: (a) simulation and 
(b) experimental 
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(a) 

(b) 

Fig. 3.11  Loading of SEIG after the voltage has developed to its steady-state value: 
(a) simulation and (b) experimental 

3.5.5 2nd Order Software Phase Locked Loop for Phase Angle Detection 

A good detection of the phase angle of the generated power is highly recommended in 

WECSs utilizing converter-inverter unites. A zero-voltage crossing detection method, 

where the zero voltage must be accurately detected each half period, can be used. 

However, the synchronization must be updated, not just at the zero voltage, but 

continuously during the whole period, because multi-zero crossing can occur with the 

existence of noise [82]. The Phase Locked Loop (PLL) technique can be applied here for 

precise detection of the phase angle. PLL is widely used in communication engineering 
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because of its excellent noise rejection capability [83]. A hybrid (hardware & software) 

PLL was introduced by Jovan [84] for synchronizing a single-phase PWM inverter (UPS) 

with the grid. However, this technique needs software and hardware implementations. A 

fully software PLL for the phase angle detection of the three phase generator voltage is 

used here using the dq synchronous reference frame [85]. Fig. 3.12 shows a basic block 

diagram of the applied PLL. The output of the voltage controlled oscillator (VCO), Fref, is 

fed-back to the phase frequency detector input, and comparison continue until both 

frequency and phase are made the same and the phase and frequency of the VCO are in 

locked state with reference signal i.e. Fosc = Fref ,  θosc= θref. The closed loop transfer 

function of the PLL system of Fig. 3.12 can be expressed as: 

)()(1

)()(

)(

)(
)(

sKsKK

sKsKK

s

s
sW

vf

vf

ref

osc

φ

φ
θ
θ

+
==           (3-21) 

 

Phase detector 
gain K∅ Loop filter 

Kf (s) 
VCO 

Kv(s) 
Fref 

θref 
θosc 

Fosc,θosc 

+ 

- 

 

Fig. 3.12  Basic PLL block diagram 

The VCO transfer gain Kv(s) is a function of time, since phase is the time integral of 

frequency, it may be written as: 

s

K
sK v

v =)(                (3-22) 

The phase frequency detector gain, K∅, is assumed to be independent of frequency. 

With unity VCO gain, Kv=1, (3-21) can be rewritten as: 
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There are several methods to design the loop filter. The 2nd order loop filter is 

commonly used as a good trade-off of the filter performance and system stability [86]. 

The 2nd order PI-loop filter can be expressed in the form: 

sKKsK ipf /)( +=              (3-24) 

Therefore, the SPLL transfer function will be: 
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The general form of the closed loop transfer function of the second order system is 

given by: 
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Comparing (3-25) with (3-26): 
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The configuration of the PLL system using the dq components in the synchronous 

reference frame of the three phase input voltage is shown in Fig. 3.13. Figure 3.14 shows 

the simulated and experimental response of the SPLL system at 60Hz, 120V. The 

synchronous reference frame dq-voltage appears as DC-values. This technique achieved 

high accuracy (error=0.04) which leads to better performance for the control system and  

very fast transient response within a fraction of millisecond (0.1 msec) during frequency 

step change due to wind speed 
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Fig. 3.13  SPLL applied for wind generation converter 
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Fig. 3.14  The SPLL response: (a) Simulation and (b) Experimental (1-Generator 
voltage, phase angle, and 3, 4-synchronous frame dq voltage waveforms for phase “a”) 
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3.5.6 Converter Experimental Setup and Evaluation Results 

The system experimental setup is constructed of a three phase converter IGBT full 

wave bridge connected to a three phase SEIG (Hampden™, 1/3 hp). A three line 

inductors each with inductance 12 mH are mounted in series between the generator 

terminals and the converter. The wind turbine is modeled by a DC motor (Hampden™ 

120V, 1/3 hp) working as a prime mover. In order to evaluate the performance of 

developed emulator in turbulent wind speed condition an experimental test was carried 

out. Fig. 3.15 shows the daily average wind speed at Chicago City during 2009. 

 

Fig. 3.15  Daily average wind speed in Chicago 2009 

The SPWM technique used in the converter simulation was investigated. Fig. 3.16 

shows the generator output voltages eabc, at 60 Hz with the converter terminal phase 

voltages vabc. The converter terminal line voltages vL_abc are shown in Fig. 3.17. 

3.5.7 DC Reference Change Test 

In order to confirm the transient behavior of the DC-voltage controller used in the 

built converter system, it was exposed to step changes in the DC-voltage from 400V to 

500V. The experimental results compared with the simulation results are shown in Fig. 

3.18. The simulation results shown with the experimental results give great agreement. 

The generator phase voltage and line current are shown in Fig. 3.19. 
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It is clear from these results that good tracking and regulation performance are 

attained due to the presence of the VOC technique for converter system. The voltage 

controller provides a rapid and accurate response for the reference. The unity power 

factor (UPF) demand was investigated in Fig. 3.20, where the generator line current and 

the phase voltage are in phase. 

    

(a) 

    

(b) 

 Fig. 3.16 Generator output voltages and converter terminal phase voltages: (a) 
Simulation and (b) Experimental 

    

(a)          (b) 

Fig. 3.17  Converter terminal line voltages: (a) Simulation and (b) Experimental 
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(a) 

 

(b) 

Fig. 3.18  Converter output response for reference & actual DC-voltage: (a) 
Simulation and (b) Experimental  

  

(a)           (b) 

Fig. 3.19  The zooming window for the generator phase voltage and line current: (a) 
positive edge and (b) negative edge 
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(a) 

 

(b) 

Fig. 3.20  The generator phase voltage and line current showing the unity power factor 
at 60Hz: (a) Simulation and (b) Experimental 

3.5.8 DC-Output Voltage under Load Variation  

The converter response under load variations is shown in Fig. 3.21. We started 

loading the DC-bus by RL=40 Ω and at 3.2 sec load changed to be 60 Ω. At 3.8 sec, the 

load returns to its initial value of 40 Ω. From DC-output voltage waveform, we can notice 

that the system gives a good and fast transient performance during loading change 

instants and returns to its reference value within 0.1 sec. Since the load resistance 

increases at 3.2 sec, the generator current should produce less current while the load and 

DC-output current decreases. 

1) ea (100V/div-10ms) 
2) Ia (5A/div-10ms) 
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2
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Fig. 3.21  Converter’s variables response under load step change 

3.5.9 Generator Voltage and Frequency Variation Test 

Imitating the variation in wind speed, which leads to variation in the generator output 

voltage and frequency, is shown in Fig. 3.22. The Figure shows the converter output DC- 

voltage under step change in the generator output voltage and frequency. Fig. 3.22.a 

represents the falling response in the DC-voltage with the line current and phase voltage, 

while Fig. 3.22.b shows the rising response. 

3.6 Conclusion 

 In this chapter, the dynamic mathematical model of the full-bridge PWM converter 

was derived for the SEIG-based WECS. The VOC technique was used for high 

performance control operation. The synchronous frame SPLL was used to give a fast 

detection for the phase and frequency variation resulting by the variable speed operation. 

The simulation results investigated the response of the converter at different generator 
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outputs. All results obtained confirm the effectiveness of the developed control system 

for the SEIG feeding PWM voltage source converter. An experimental setup was 

designed and implemented including a dSPACE DS1104 R&D controller board as an 

interface element. The experimental results showed agreement with the simulation results 

to a great extend. 

    

    

    

(a)           (b) 

Fig. 3.22  Converter response under wind speed variation: (a) Falling edge response 
and (b) Rising edge response 
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Chapter 4  DC-Bus Voltage Control for PV Sources in Hybrid DC-Distribution 

System Infrastructure 

4.1 Introduction 

The utilization of PV energy in hybrid systems has become more practical, feasible 

and realizable at sizable levels. One of the most common control strategies applied to the 

grid-connected system is based on VOC technique employing a controller for the DC-link 

voltage and a controller to regulate the injected current to the system [87]. 

In order to extract the maximum amount of energy, the PV system must be capable of 

tracking the solar arrays maximum power point that varies according to the solar 

radiation and temperature values [88]. These control requirements have been generally 

achieved by means of voltage and current control loops based on analog linear controllers 

[89].  

A DC-DC converter is required to regulate the voltage feed from a PV source. The 

DC/DC converter is achieved by constantly adjusting the amount of energy absorbed 

from the source and that is injected into the load which is in turn controlled by the 

relative durations of the absorption and injection intervals [90]. 

The control is made possible by using an IGBT which acts as a switch in the circuit. 

The gate of the IGBT is feed a PWM signal that is generated based on the output voltage 

and the input current of the boost circuit. A conventional proportional integral-derivative 

(PID)-type controller is most widely used in industry due to its simple control structure, 

ease of design and low cost [91]. 
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4.2 Description of Controlled Voltage DC-Bus 

This chapter focuses on the modeling and control design of a controlled voltage DC- 

DC boost converters. The DC-bus is designed to meet the needs of house loads and future 

wide use of hybrid systems. The system being implemented in the laboratory is designed 

to operate at 318V DC. As an example, the schematic diagram of the PV-source 

connected to the utility hybrid power system is shown in Fig. 4.1 [92]. The system 

includes a distribution zone which has four houses (1, 2, 3, and 4); each house has its own 

generations which are represented by three renewable energy sources (PV, wind, and fuel 

cells) and each source should be connected to a boost converter in order to obtain a 

regulated (constant) DC-voltage of 318V. Furthermore, each of those houses is connected 

to a group of battery banks which are used as backup energy storage in case of any 

overload which can occur by each house or neighbor’s house. This battery storage also 

should be connected to the battery charger which operates in two modes. The first is the 

charging mode which will draw the charging current from the DC-bus and the second is 

the discharging mode which will be useful in case of overloading or loss of grid 

generation due to any fault condition.  

The input from the PV source is a variable DC-voltage. Based on the PV-cells 

characteristics, shown in Fig. 4.2, the input voltage range for the bus is designed and the 

range of the operating load is set. The PV generates 1.2 kW at varying voltage range of 

100-200V. 
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Fig. 4.1  The schematic diagram for the PV source connected to utility hybrid power 
system and local DC-distribution system 

 

(a)           (b) 

Fig. 4.2  PV-cells characteristics: (a) V-I and (b) P-I 
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4.3 DC-DC Boost Converter Operation 

As shown in Fig. 4.3, the boost converter consists of DC-input voltage source Vi, 

boost inductor L, IGBT switch, diode, filter capacitor C, and load resistance R. When the 

IGBT is in the on state, the current in the boost inductor increases linearly and the diode 

is off at that time. When the IGBT is turned off, the energy stored in the inductor is 

released through the diode to the output RC-circuit [54]. 

 

Fig. 4.3  Circuit schematic of DC-DC boost converter circuit 

Using Faraday’s law, the following equation can be derived for the boost inductor: 

TDVVDTV ioi )1)(( −−=             (4-1) 

The DC-voltage transfer function is illustrated in (4-1). The boost circuit voltage gain 

(Mv) is deduced in (4-2). The parameters of the inductor and capacitor are calculated 

based on (4-3) and (4-4), respectively. The boost converter operates in the common 

emitter mode for L > Lb. The filter capacitor must provide the output DC-current to the 

load when the diode is off. The minimum value of the filter capacitance that results in the 

voltage ripple Vr is given by (4-4). The value of the capacitor is inversely proportional to 

the voltage ripple Vr. 
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Where Vo is the output voltage, D is the duty cycle of the PWM, Cmin is the minimum 

capacitance needed, Lb is the minimum inductance needed, f is the switching frequency. 

4.4 DC-DC Boost Converter Controller 

The control signal for the IGBT is generated based on the inductor current and the 

load voltage. As seen in Fig. 4.4, the analog to digital (ADC) block, which is termed as 

inductor current, is reading the analog voltage signal from the current sensor. This signal 

is multiplied by a gain value to read the actual current measured. The analog voltage 

signal from the voltage sensor is obtained via the ADC, which is termed as load voltage. 

This signal is multiplied by a gain value to read the actual measured load voltage. A PI 

controller is used to control the duty ratio of the IGBT. The integrator for the PI 

controller has a lower saturation limit of 0.05 and an upper saturation limit of 0.95. The 

current limiter control is essential in this experiment as a protection for the circuit against 

high current. This is activated when the input current to the boost converter is larger than 

the maximum allowable current of 10 A. A comparator block is used to compare the 

instantaneous inductor current. If the inductor current is larger than 10A, then a signal 

with a fixed duty ratio will be activated while the calculated controlled PWM is 

deactivated. While supplying the boost converter input current within its range, the PI- 

controller will be on. The saturation block connected to the PI-controller is used to limit 
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the output. The output of the saturation block is subtracted by a saw tooth signal of 

amplitude 0.45 and frequency of 2 kHz. The subtraction result is used to create the pulse 

signal to the IGBT. 

 

Fig. 4.4  Simulink model of the voltage controller 

4.5 Simulation Results 

Simulation was performed to verify the effectiveness of the control strategy. The 

parameters of the boost converter are listed as follows: L=2.7 mH, C=1200 µf, RL=250 Ω 

4.5.1 Simulated Input Voltage Variation Effect 

The input voltage is suddenly changed from 70 to 100V. The output voltage remained 

constant while tracking the reference value (318V) with a very short disturbance time to 

reach its desired value in 0.2 sec, as shown in Fig. 4.5. Also, the load current is affected 

by this variation of the input voltage for the same period of time (0.2 sec) then returning 

back again to be constant, as shown in Fig. 4.6. 



 

96 

 

 

Fig. 4.5  Simulated results for the output voltage transient response during the input 
voltage variation (30V)  

 

Fig. 4.6  Simulated results for the load current transient response during the input 
voltage variation (30V) 

From the previous figures, the voltage increases by 15V for 0.2 sec due to 30V 

variation in the input voltage. 

The simulation results for the pulse, inductor current and load current are illustrated 

in Figs. 4.7-9; since it shows the steady state response. A 100V input voltage and 250 Ω 

resistive load applied to the boost converter. The generated pulse has constant frequency 
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since the input voltage and the load does not vary. The inductor current is also symmetric 

and the load current is constant at a value of 1.272A. 

 

Fig. 4.7  Simulated results for generated pulse at steady state and 100V input 

 

 Fig. 4.8  Simulated results for inductor current at steady state and 100V input 

 

Fig. 4.9  Simulated results for load current at steady state and 100V input 

4.6 Experimental Results 

Figure 4.10 illustrates an enlarged schematic for the whole developed system. The PV 

is acting as a source for the boost converter. The controller reads the instantaneous 

inductor current and the instantaneous load voltage. Based on the values, the controller 

will calculate a pulse signal to control the IGBT. A picture of the experimental setup 
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showing the DC-Bus voltage control for PV source using boost converter is depicted in 

Fig. 4.11. 

 

Fig. 4.10  Schematic diagram of the boost converter 

 

Fig. 4.11   The experimental setup in our energy systems research laboratory 

The experimental results for the PWM pulses, the inductor, and output current 

response in the boost circuit are illustrated in Figs. 4.12 and 4.13, respectively. The signal 

seen in the graph is multiplied by a gain to get the actual current signal. Therefore, the 

inductor current is 2.1A. This test is done while a load of 250 Ω resistance is applied to 

the boost converter. Figure 4.12 illustrates the pulse signal that is used to switch ON and 

OFF the IGBT. We can notice that the inductor current is operating in the discontinuous 
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mode (DCM); which means a reduced need to a large inductor. On the other hand, the 

instantaneous value of the inductor current cannot be controlled in DCM.  

  

Fig. 4.12  Experimental results of generated PWM at steady state (5V-div) 

    

(a)           (b) 

Fig. 4.13  Experimental steady state results of: (a) Inductor current (5A-div) and (b) 
Load current (5A-div)  

4.6.1 Loading Change Effect 

A load of 1000 ohms resistance is applied to the boost circuit and then the load 

resistance is reduced. Figures 4.14 and 4.15 shows the PWM signal, inductor and load 

currents, respectively. The Figure clearly shows that the switching frequency increased 

due to increasing the load current to compensate the output voltage drop. 

Io

PWM

IL 



 

100 

 

 

Fig. 4.14  Experimental results of generated PWM during loading change (5V-div) 

    

(a)           (b) 

Fig. 4.15  Loading change experimental results of: (a) Inductor current (5A-div) and 
(b) Load current (1A-div)  

4.6.2 Experimental Input Voltage Variation  

The next test is to change the input voltage and monitor the output voltage of the 

boost converter. The input voltage changes from 66V to 200 while operating the circuit at 

a load with resistance 333.3 Ω. Figure 4.16 shows that the output voltage still kept 

constant and tracking the desired output value (318V). 
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Fig. 4.16  Experimental results of input and output voltages 

4.6.3 DC-Output Voltage Reference Change 

In order to confirm the effectiveness of the developed control system, we should test 

it under different values of the reference output voltage. The boost converter is running at 

100V input voltage and load resistance of 250 Ω. Figure 4.17 shows the output voltage 

change with respect to the change of the reference voltage. The reference is changed from 

318V to 200V in the first step. The second step is from 200V to 150V. Then, it increased 

from 150V to 350V to 400V to 500V. From Fig. 4.17, we can notice that the output 

voltage is tracking the reference value. Also, the response time is 0.1 sec (fast response). 

 

Fig. 4.17  Experimental results of varying the reference output voltage  
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4.7 Conclusion 

In this chapter, the mathematical model of the boost converter connected to DC-bus 

system was introduced. The simulation results showed how the control scheme succeeded 

in injecting the PV-power to feed the DC-distribution system with the available power 

from the PV-source.  

A laboratory experimental setup was developed and implemented. All the interfacing 

circuits to the analog power circuits were connected. The system was experimentally 

tested under different possible conditions. All results obtained confirm the effectiveness 

of the developed control system for the PV-source system feeding the small utility power 

system. The experimental results showed good transient and steady state performance for 

each part of the system as well as the overall system.  
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Chapter 5  Active and Reactive Power Control Strategies through Grid-Tie-

Inverter as a Dynamic VAR Compensator for WECS 

5.1 Introduction 

Nonlinear devices, such as power electronics converters, are injecting harmonic 

currents in the AC system and increase the overall reactive power demanded by the 

equivalent load. Also, the number of sensitive loads that require ideal sinusoidal supply 

voltages for their proper operation has increased [93]. 

The power quality can be improved for grid-connected WECSs for a more 

economical system. In order to keep the power quality under the limits proposed by 

standards, it is necessary to include compensation. There are several technical issues 

arising from compensation techniques and the complexity of implementing their control 

operation [94-96]. 

In [94], an LC filter design for medium voltage applications of PWM inverters was 

proposed. The filter capacitor compensates the reactive power of the motor which allows 

the utilization of standard industrial motors without de-rating. However, the filter 

becomes heavy and expensive because of the low switching frequency (below 1 kHz) of 

inverter switches. Also, the designed filter was always excited at resonance frequency. A 

damping function integrated in the inverter control could be a solution. 

A three-phase AC-to-DC resonant converter operating in high input power factor 

mode was introduced in reference [95]. This design offers several advantages such as 

high power factor and low THD operation. However, high switching losses for high 

frequency operation will reduce the overall efficiency. The control complexity is one of 

the main drawbacks for this proposed system. 
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The static VAR compensator (SVC) technique for the voltage regulation or reactive 

power control of the wind powered self-excited induction generator (SEIG) is 

investigated in [96]. The SVC has some known problems as switching capacitors and 

injection of harmonics to the grid due to the use of the thyristor-based switching devices. 

In this chapter, a SEIG-based WECS with VOC strategy for a three-phase voltage-

source PWM inverter is used as a dynamic VAR compensator system for weak grids to 

provide full control of active and reactive power injected into the grid [97]. A second 

order SPLL technique for phase angle detection of the grid voltage in synchronous 

reference frame is utilized same as in chapter 3.  An analytical model for the VSI 

connected to the grid with L and LC-filters and the operating principle of the developed 

vector controllers were introduced. Finally, the simulation and experimental results for 

VSI connected to the grid with L and LC-filters are presented and compared to confirm 

the validity of the developed technique and show its practical superiority in renewable 

energy applications. 

5.2 Grid-Connected System Architecture 

The developed topology is shown in Fig. 5.1. With this topology, boost converter is 

omitted without any change in the WECS objectives. The advantages of the developed 

system are; simplicity and high efficiency. Since there are no switches in the rectifier 

stage, the reliability of the system is greatly improved. This is because it has the ability of 

full active and reactive power control. The high injected power quality is achieved by 

employing LC filter between the inverter and grid [98]. Better dynamic performance 

under different possible conditions is accomplished by utilizing the decoupled VOC 

control scheme. 
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Fig. 5.1  SEIG-based WECS with VOC VSI structure 

5.3 Dynamic Model of the Converter-Inverter System 

5.3.1 Three-Phase Diode Bridge Rectifier 

Three-phase diode bridge rectifiers are commonly used for high-power applications. 

It is very efficient and popular wherever both DC-voltage and current requirements are 

high. In many applications, no additional filter is required because the output ripple 

voltage is only 4.2%. Even if a filter is required, the size of the filter is relatively small 

because the ripple frequency is increased to six times the input frequency. The circuit of a 

three-phase bridge rectifier is shown in Fig. 5.2. The voltage waveforms of the rectifier 

are shown in Fig. 5.3. The line voltage is 3  times the phase voltage of a three-phase 

generator voltage. The average value of the output can be found as: 

θθ
π

π

π
dVV mdc ⋅= sin3

2

6 3/2

3/
           (5-1) 

or mmdc VVV 654.1
33 ==

π
            (5-2) 

Where L, Cdc are input inductance and output filter capacitance, respectively. Here, Vm is 

the maximum value for the generator output phase voltage. θ is the angle of the generator 

voltage. Vdc is the DC-link output voltage. 
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Fig. 5.2  Three-phase diode bridge rectifier 

 

Fig. 5.3  Voltage waveforms of the three-phase diode bridge rectifier 
5.3.2 Voltage Source Inverter 

The main circuit of the VSI connected to a three phase grid is shown in Fig. 5.4.  An 

inductance L that works as line filter is mounted between the utility grid and the VSI 

having an internal resistance R. The phase potentials of the VSI denoted as )(tva , 

)(tvb and )(tvc .  The phase potentials of the utility grid denoted )(tug
a , )(tu g

b and )(tug
c . 

gω  is the grid voltage angular frequency. The currents flowing from the DC-link to the 

VSI denoted as )(tia , )(tib and )(tic  while the DC-link current and voltage are denoted as 

)(tidc and )(tVdc  respectively. 
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Fig. 5.4  The main electric circuit of the VSI connected to the utility grid 
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Fig. 5.5  Simplified circuit of a grid connected VSI 

In order to design a VSI control systems, mathematical models are important tools for 

predicting dynamic performance and stability limits of different control laws and system 

parameters. The system modeled is shown in Fig. 5.5.  In this figure, the grid inductance 

Lg is assumed to be zero. The assumption of  the balanced state of the grid is presented. 

The AC-side of the inverter system is modeled by the differential equations for three-

phases such that: 

)()()(
)(

tutvtRi
dt

tdi g
abcabcabc

abc −=+          (5-3) 

Using vector notation, the last equation can be written in the αβ stationary frame such 

as: 

)()()(
)(

tutvtRi
dt

tdi g
αβαβαβ

αβ −=+           (5-4) 
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Equation (5-4) can be written in the rotating reference frame synchronized with grid 

voltage using Park’s transformation such as [40]: 

)()()()(
)(

tutvtiLjR
dt

tdi g
dqdqdqg

dq −=++ ω         (5-5) 

The decoupled equation can be written in the state space form as: 

YBXA
dt

dX ⋅−⋅=              (5-6) 

Where the state vector and the input vector are defined by: 

[ ]Tqd iiX =                (5-7) 

[ ]Tg
q

g
dqd uuVVY =              (5-8) 

Respectively, the system matrix and the input matrix are given by: 
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ω
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              (5-9) 
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−
=

LL

LLB
1010

0101
            (5-10) 

The DC-side of the system is modeled by the equation: 

)()(
)(

titi
dt

tdV
C Ldc

dc
dc −=             (5-11) 

5.4 VCO Strategy for VSI as Dynamic VAR Compensator  

Until recently, most wind power plants and utility operations have utilized capacitor 

banks to correct the power factor to near unity.  The capacitors are switched in and out by 

means of mechanical contactors. Unfortunately, because these contactors are relatively 

slow, they are unable to react to sudden momentary dips in the voltage commonly seen in 
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the weak grid and can add greater stress on the utility grid. The VOC VSI is used here as 

a dynamic VAR compensator system. 

The dynamic VAR systems detect and instantaneously compensate for voltage 

disturbances by injecting leading or lagging reactive power at key points on power 

transmission grids. Through the VAR control system, the reactive power is supplied to 

the grid in a fraction of a second, regulating the system voltage and stabilizing a weak 

grid. The controller measures the utility line voltage, compares it to the desired level, and 

computes the amount of reactive power needed to bring the line voltage back to the 

specified range [99]. 

The active and reactive power in the synchronous frame given by: 

[ ]
[ ])()()()(

2

3
)(

)()()()(
2

3
)(

titutitutQ

titutitutP

q
j

dd
j

q

q
j

qd
j

d

⋅−⋅=

⋅+⋅=
           (5-12) 

The power of the DC-side is given by: 

dcdcdc iVP ⋅=               (5-13) 

The basic principle of the VOC method is to control the instantaneous active and 

reactive grid currents. Consequently, the active and reactive power by separate 

controllers that are independently of each other. The grid voltages and currents are first 

sensed.  By means of  the SPLL, the grid phase angle and frequency can be detected in 

order to synchronize the VSI output with grid. The demanded amount of power is first 

estimated from the utility grid at the desired power factor. As a result, the reference 

currents  in the synchronous frame synchronized with the grid voltage are calculated.  
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Consequently, the current controllers are trying to bring the actual currents to its 

references. 

The reference currents r
di and r

qi could be calculated from the power equation (5-13), 

such that: 

[ ]
[ ])()()()(

3

3
)(

)()()()(
3

3
)(

tQtutPtuti

tQtutPtuti

rj
d

rj
q

r
q

rj
q

rj
d

r
d

⋅−⋅
Π

=

⋅+⋅
Π

=
          (5-14) 

Where )()(
22

tutu j
q

j
d +=Π , and Pr(t), Qr(t) are the active and reactive power commands, 

respectively. With the assumption of zero reactive power command, the current 

command equations can be simplified such that: 

0)(

)(3

)(2

)(3

)(2
)(

=

⋅
⋅⋅=

⋅
⋅=

ti

tu

tiV

tu

tP
ti
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q
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d

r
dcdc

j
d

r
r
d

          (5-15) 

From the state equation (5-6), the current controllers can be constructed such that: 

v
qqdg

j
q

r
q

v
ddqg

j
d

r
d

UtiRtLitutv

UtiRtLitutv

+⋅++=

+⋅+−=

)()()()(

)()()()(

ω
ω

         (5-16) 

Where )(tvr
d  and )(tvr

q  are the d-axis and q-axis voltage commands, respectively, v
dU  

and v
qU  are the effective voltage commands.   

The coupling term between the d-axis and q-axis is cancelled out by feed-forward 

controller )(tLidgω , )(tLiqgω . The effective voltage commands are obtained by using PI- 

controller such that: 
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   (29) 

Where i
pk  and i

ik  are the proportional and integral gains of the current controllers, 

respectively. The schematic diagram of the VSI connected to the grid and its decoupled 

vector current controller is shown in Fig. 5.6. 
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Fig. 5.6  Schematic diagram of the VOC VSI connected to the grid 

5.5 Grid-Connected VSI with LC-Filter 

The per-phase equivalent circuit for the VSI connected to the grid with LC-filter is 

shown in Fig. 5.7. The inverter dynamic should have additional voltage controller in front 

of the current controller to control the filter capacitor voltage. According to the 

equivalent circuit, the system dynamic equations can be written as: 
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tdi
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 Fig. 5.7  VSI with LC filter equivalent circuit 

The three phase model of the system transformed to a synchronous reference frame, 

where the d-axis is oriented with the grid voltage vector, can be described by the state 

equations: 

)()()()(
)(

)()()()(
)(

tiLtutiRtv
dt
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The system utilizes an inner control loop to control the current through the filter 

inductor, and an outer control loop to control the filter capacitor voltage, which in turn 

will be applied to the primary terminals of the isolation transformer between the grid and 

the inverter. The capacitor voltage could be controlled by controlling the filter inductor 

current since the injected current, j
dqi , may be considered as a disturbance.  Therefore, the 

controller could be constructed such that:   
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Where )(tir
d  and )(tir

q  are the d-axis and q-axis current commands, respectively, c
dU and 

c
dU  are the effective current commands. If PI-controller is used, )(tU c

dq  could be 

controlled such that: 
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Where c
pk , and c

ik  are the proportional and integral gains of the capacitor voltage 

controllers, respectively. The inner current controller has the same dynamics as the 

controller of L-filter discussed in section 5.4, so it can be used here. The overall VSI 

controllers are shown in Fig. 5.8. 
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Fig. 5.8  VSI with LC-filter controller schematic diagram 
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5.6 Simulation and Experimental Results 

In order to investigate the performance of the overall developed system, a simulation 

program using Simulink™ was carried out using simulation parameters shown in Table 

5.1. Furthermore, an experimental setup for the developed WECS was constructed and 

connected to the local grid. A digital board containing a digital signal processor (DSP 

TMS320F240) was tested and used as the control heart of the system. Each unit of the 

system is built and tested alone, and then the whole system is connected and tested.  The 

SVPWM presented in this chapter was used with a 5 kHz switching frequency. VOC 

strategy discussed in section 5.4 is utilized in the simulation. A low pass filter with LC 

elements and 205 Hz cut-off frequency is connected before the isolation transformer in 

order to have clean power injection. Figure 5.9 shows the experimental setup schematic 

diagram for the overall developed system connected to the grid. The experimental setup 

includes fabricated built circuit boards, a wind generator modeled by a VSPM coupled 

with SEIG, and grid connected VSI. The induction machine ratings are listed in Table 

5.2. 

5.6.1 Wind Speed Variation 

In order to evaluate the performance of emulator in turbulent wind speed condition, 

an experimental test was carried out. The wind speed could be constant, or varying in a 

form of pulses, sinusoidal, or step change. Actually wind speed has a random variation 

according to the wind turbine location and its atmospheric conditions, but it can be set to 

operate within a given variation of speed. Figure 5.10 shows the monthly average wind 

speed at La Venta station. 
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Table 5.1 Specifications and parameters for VOC VSI with L and LC-filters 

Symbol Quantity Value 

fg Grid frequency 60 Hz 

Vg Grid voltage  120/208 V r.m.s 

Vdc DC-link voltage 350 V 

Cdc DC-link capacitance 1200 µf 

Lf Filter inductance 24 mH 

Cf Filter capacitance 40 µf 

fsw Switching frequency 5 kHz 

kp
i Proportional current controller 10 

ki
i Integral current controller 100 

kp
c Proportional voltage controller 0.07 

ki
c Integral voltage controller 0.7 

 Table 5.2  Specifications and parameters for SEIG 

Symbol Quantity Value 

Po Output power 1/3 hp 

Cg SEIG capacitance 70 µf

Vn Nominal voltage 120/208 V r.m.s 

n Nominal speed 1800 rpm 

In Nominal current 1.7 A 

Vf Field voltage 125 V 
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Fig. 5.9  The overall WECS control system connected to grid: (a) Schematic diagram 
and (b) Laboratory prototype setup 
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  Fig. 5.10  Monthly average wind speed at La Venta station 

5.6.2 Grid-Connected VOC VSI with L-Filter 

In order to estimate the power injection characteristics, two types of tests are carried 

out. These tests have been done to compare L-filter performance that was introduced 

previously in the references [24, 50] with the developed LC-filter. The first is active 

power injection without any reactive power compensation. The second is injection of 

active power with reactive power compensation (lagging or leading). The terminal phase 

and line voltage of the VSI in abc frame are shown in Figs. 5.11, 12, respectively. The 

wind speed is variable according to the previous wind characteristics in Fig. 5.10. 

However, the output voltage has the rating of 208 V, 60 Hz which is synchronized with 

the utility grid rating. Figure 5.13 shows the first test of the power injection. A step 

change to the demanded active power from 125 W (half load) to 250 W (full load) while 

keeping the reactive power equal zero. Because the injected power is only active, the 

current appears in phase with grid voltage. The VSI phase voltage connected to utility 

grid through L- filter is shown in Fig. 5.14.We can notice that the voltage waveform has 
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large harmonic contents of 10.35%. The THD of the current injected in the electrical grid 

and output phase voltage with L-filter is shown in Fig. 5.15. It also shows large harmonic 

contents of 9.86% above the IEEE standards for grid connectivity protocol (5%).  

    

(a)           (b) 

Fig. 5.11  Line voltage of the VSI in abc frame (400 V/div-5ms): (a) Simulation and 
(b) Experimental 

    

(a)           (b) 

Fig. 5.12  Phase voltage of the VSI in abc frame (400 V/div-5ms): (a) Simulation and 
(b) Experimental 
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(a) 

Power step change instant
 

(b) 

Fig. 5.13  Grid phase voltage (50 V/div-10ms) and injected current (1 A/div-10ms): 
(a) Simulation and (b) Experimental 

 

(a) 

Fig. 5.14  Inverter phase voltage to be connected to the grid with only L-filter (50 
V/div-10ms): (a) Simulation and (b) Experimental 
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(b) 

Fig. 5.14  Inverter phase voltage to be connected to the grid with only L-filter (50 
V/div-10ms): (a) Simulation and (b) Experimental (continued) 

 

(a) 

 

(b) 

Fig. 5.15  The harmonic spectrum of: (a) Injected current and (b) Phase voltage 

6 
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5.6.3 Grid-Connected VOC VSI with LC-Filter 

An LC (24mH, 40µf) filter with cut-off frequency of 205 Hz is used in the system 

between the WECS and utility grid. In the second test to investigate the controller 

performance and the capability of the system assumption of demanded active and reactive 

power is considered such that:   

Pr = 125 watt over the test period. Qr = 125 VAR from the start till 2 sec, and reversed 

to a positive reference (Qr = -125 VAR) after that. The change between the modes of 

supplying and extracting reactive power is very clear with grid current and voltage 

waveforms as shown in Fig. 5.16.  From the start until 2 sec, the VSI is considered as a 

capacitive load supplies reactive power to the grid.  After that, the VSI absorbs reactive 

power from the grid causing the current to lag the voltage.  

The in-phase injected current with grid and capacitor voltages (ia
j, ua

g, ua
c), the 

harmonic content of the injected current and filter capacitor voltage, and the measured 

efficiencies are shown in Figs. 5.17-5.19.  Not like the L-filter, the voltage and current 

waveforms have less harmonic distortion.  

Figure 5.17 shows the synchronization between the grid voltage and the filter 

capacitor voltage where they are almost the same. The current and voltage THD for the 

developed WECS with LC-filter is less than the 5% limit imposed by IEEE-519 standard 

[100], which does not occur when L-filter is considered. There is a significant change in 

the harmonic content for the output current and voltage of the WECS where the current  

and voltage THD% decreases from (9.86%, 10.35%) with L-filter to lower values as 

(2.67%, 0.12%) with LC-filter, respectively, as shown in Fig. 5.18. This demonstrates the 

expected improvement when compared with similar works. 
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(a) 

 

(b) 

Fig. 5.16  Grid voltage (50 V/div-25ms) and injected current (1 A/div-25ms) under 
step change in the reactive power injected into grid: (a) Simulation and (b) Experimental 

 

(a) 

Fig. 5.17  VSI response with LC-filter for the grid and capacitor voltage (100 V/div-
10ms) with the injected line current (5 A/div-10ms): (a) Simulation and (b) Experimental 
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(b) 

Fig. 5.17  VSI response with LC-filter for the grid and capacitor voltage (100 V/div-
10ms) with the injected line current (5 A/div-10ms): (a) Simulation and (b) Experimental 

(continued) 

6 

 

 (a) 

6 

 

(b) 

Fig. 5.18  The harmonic spectrum analysis with LC-filter: (a) Injected current 
harmonic content and (b) Filter capacitor voltage harmonic content 
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Fig. 5.19  Efficiency and output power factor versus output power 

5.7 Conclusion 

In this chapter, the VOC grid connected VSI was investigated for high performance 

control operation. The test results showed how the control scheme succeeded in injecting 

the wind power as active or reactive power in order to compensate the weak grid power 

state. An LC-filter is inserted between VOC VSI and grid to obtain a clean voltage and 

current waveform with negligible harmonic content and improve the power quality. Also, 

this technique achieved unity power factor grid operation (average above 0.975), very 

fast transient response within a fraction of second (0.4 sec) under different possible 

conditions (wind speed variation and load variation) and high efficiency due to reduced 

number of components (average above 90%) was achieved. The experimental results 

obtained from a prototype rated at 250 W showed that the current and voltage THD 

(2.67%, 0.12%), respectively, for the WECS with LC-filter is less than 5% limit imposed 

by IEEE-519 standard. All results obtained confirm the effectiveness of the developed 

system feasible for small-scale WECSs connected to weak grids. 

 



 

125 

 

Chapter 6 High Frequency versus Low Frequency Converter Operation Study for 

Hybrid Renewable Generation System 

6.1 Introduction 

Today’s power converters generally operate in the low hundreds of kHz (the 

frequency at which power is shuffled through the circuit) with efficiencies between 60 

and 90%. While higher efficiency power converters are currently technologically 

possible, their size and cost preclude them from practical application.  Specifically, the 

size of the passive components (inductors and capacitors) in these converters is inherently 

tied to the frequency at which the converter operates.  A power converter is like a bucket 

that transfers water from a one tank to another.  To transfer water (“energy”) between 

tanks, one could fill and then empty a large bucket once, or, to transfer the same amount 

of water in the same amount of time, one could fill and empty a smaller bucket several 

times very quickly. Similarly, by increasing the switching frequency of power converters, 

passive components – which make up the majority of the converter’s volume – can be 

miniaturized significantly; thereby driving down the converter’s cost.  Unlike in the 

computing industry where Moore’s law has driven switching frequencies into the 

Gigahertz range, high frequency operation has not been the focus of power electronics 

because the energy losses in the semiconducting switches and in the converter’s magnetic 

components increase at higher frequencies.  This means that in order to realize the 

miniaturization and low-cost benefits of high frequency power conversion, a new set of 

materials, circuit topologies, and component designs is needed. Achieving greater 

conversion efficiencies along with greater degrees of integration and miniaturization has 
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become the focus of research labs and corporations across the country as groups attempt 

to create the next generation of integrated power conversion systems. 

High frequency operation for power converters became a mature technology with 

several international manufacturers of power electronic devices [101]. Recent power 

converters tend to increase switching frequency to reduce the size and volume of the 

passive components, such as inductors, transformers, and capacitors. However, a high-

frequency switching operation increases the power semiconductor device switching loss, 

which is proportional to the switching frequency [102]. The latest technologies have a 

fast turn-on and turn-off capability to reduce the switching loss at a high frequency 

operation [103]. A major design aspect in high power converters is the selection of the 

inductor and capacitor. The major concern is the size, cost and weight of such a high 

power inductor that is perhaps the single heaviest component in the entire converter. In 

order to reduce the inductor size and weight, a small inductance value is preferred. 

Figure 6.1 shows relation between output power density and power loss of converters 

(based on traced data by NTT for different types of power supplies). It is obvious that the 

output power density increases with the loss reduction [27, 165]. Figure 6.2 shows the 

relation between output power density and switching frequency [104, 166]. It is implied 

from this data that the output power density have been improved roughly in proportion to 

switching frequency increase. In 10 years of the future, the power density will 10 times 

increase according to the trend curve shown in Fig. 6.3 [30, 167]. According to the 

relation between output power density and power loss shown in Fig. 6.1, the power losses 

of power electronics systems will be reduced by half, and the switching frequency will be 

10 times higher than that for present converters according to Fig. 6.2. 
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Figure 6.4 shows present switching frequencies for output power of power electronics 

systems. To achieve lower loss and higher switching frequency for higher output power 

density systems, semiconductor power device improvement is the key issue because the 

power loss generated in the power semiconductors shares about a half of total losses in 

the present power electronics system and increase of switching frequency directly 

increases the semiconductor power loss. 
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Fig. 6.1  Relation between output power density and power loss of converters 
according to traced data by manufacturer for different types of power supplies 
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Fig. 6.2  Output power density versus switching frequency trends 
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Fig. 6.4  Switching frequency for power electronics systems (broken line represents 
frequency prospect in 2010-2015) 

 In this chapter, a simple simulation comparative study between high frequency (HF) 

and low frequency (LF) switching is done to verify the advantages resulting from HF-

operation and to confirm the effectiveness of the hybrid generation system with high 

frequency-high power converters for grid connection operation. This study is investigated 

for each conversion stage separately. Firstly, the rectification stage (AC/DC) between the 
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wind generator and DC-link. Secondly, the (DC/DC) conversion stage between PV-

generator and DC-link. Finally, the inversion stage (DC/AC) between the DC-link and 

the local grid. 

6.2 Electromagnetic Interference Effect 

Two major sources of EMI in power electronics are dv/dt and di/dt during switching 

times. In fact, a DC-voltage of few hundred volts is chopped by a power switch in a 

fraction of microsecond. Thus, conducted emission is a major issue in most power 

electronic systems due to significant over voltage and leakage current generated by fast 

switching and stray components of the system. 

High di/dt may create significant over voltage in power converters due to stray 

inductance of current loops. High dv/dt may create significant leakage current in 

magnetic elements and electric motors due to stray capacitive coupling between windings 

and a frame. 

The switching loss can be reduced by decreasing the switching time, but fast 

switching increases dv/dt and di/dt which affects electromagnetic interference (EMI) 

noise. As previously discussed, decreasing dv/dt and di/dt means increasing the switching 

time which increases losses. Thus, it is a trade-off between losses and EMI to determine 

the switching time. The other alternative is to reduce stray inductance and capacitance of 

power electronics system using a better layout, interconnection and configuration. 

6.3 Simulink Model Architecture 

Figure 6.5 shows the Simulink model for the hybrid system which includes: 

• PMSG wind generator (10 kW), 

• PV generator (6-kW), 
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• 3-Line inductors (0.1 mH) mounted between wind generator and rectifier circuit, 

• Rectifier circuit; semi-controlled topology is studied as an example, 

• DC-DC boost converter to interface the PV-source to the DC-link, 

• DC-link capacitor (1000 µf) as a voltage filter 

• DC-resistive load (1 kW) 

• PWM VSI topology for grid connectivity, 

• LC-filter (0.3mH and 20 µf) as a low pass filter 

• AC-resistive load (3 kW), 

• AC-dynamic load (5 kW induction motor). 

 

Fig. 6.5  The Simulink model for switching frequency comparative study 

6.3.1 HF versus LF for Rectifier Operation Test 

In this section, the comparison is made between HF and LF switching for the same 

rectifier topology. A semi-controlled rectifier topology is selected here as an example. 

The rectifier is controlled through hysteresis band controller to achieve lower current 
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harmonic distortion; since the duty cycle is discontinuous. The HF switching operation is 

set between 30-45 kHz while the LF switching operation is set between 1-5 kHz. Figure 

6.6 show the rectifier input voltage and current waveforms for both switching operations. 

HF switching gives THD of (0.62, 21.79%) for generator voltage and current, 

respectively, while LF switching gives THD of (0.71, 63.78%) for rectifier voltage and 

current, respectively, as shown in Figs. 6.7, 8. It can be noticed that the harmonic 

distortion is significantly reduced with HF operation compared to LF operation. 

time sec  

(a) 

time sec  

(b) 

Fig. 6.6  Switching frequency comparison for the rectifier stage: (a) HF and (b) LF 
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(a)           (b) 

Fig. 6.7  Harmonic spetcrum for rectifier under HF operation: (a) Voltage THD% 
and (b) Current THD% 

 

(a)           (b) 

 Fig. 6.8  Harmonic spetcrum for rectifier under LF operation: (a) Voltage 
THD% and (b) Current THD% 

6.3.2 HF versus LF for Inverter Operation Test 

A simple sinusoidal (SPWM) switching technique was used for HF of 30 kHz versus 

LF of 3 kHz. This study was created for same passive element values in the circuit; where 

0.3 mH, 20 µF are used in the VSI. Figure 6.9 shows the voltage and current waveforms. 

The harmonic spectrum for both operations is also shown in Fig. 6.10, 11. For HF 

operation, we can notice that voltage and current harmonic distortion (THD %) are 1.21 

and 0.74%, respectively, which is below the 5% limit imposed by IEEE-519 standard 
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[100]. On the other hand, a 37 and 17.26% voltage and current harmonic distortion, 

respectively, resulted from LF operation. 
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Fig. 6.9  Switching frequency comparison for the inverter stage: (a) HF and (b) LF 
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(a)           (b) 

Fig. 6.10  Harmonic spetcrum for inverter under HF operation: (a) Voltage THD% 
and (b) Current THD% 
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 Fig. 6.11  Harmonic spetcrum for inverter under LF operation: (a) Voltage 
THD% and (b) Current THD% 

6.4 Conclusion 

In this chapter, the HF switching operation was investigated and compared with the 

LF switching operation for hybrid systems applications. A Simulink model was built and 

tested under both operations. The system performance was evaluated through the voltage 

and current waveforms for the rectifier and inverter inside the system. It was noticed that 

under HF operation, reduced passive elements were used in addition to less harmonic 

distortion which leads to better power quality when compared to LF operation.    
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Chapter 7  High Frequency Three-Phase Semi-controlled Boost Rectifier for 

Grid-Connected Wind Generation Systems 

7.1 Introduction 

Low speed operation of direct-driven permanent magnet wind generation systems 

(PMWGS) is one of the major aspects that influence the generated voltage. However, 

direct drive operation is preferred for higher generation efficiency [48]. Also, low speed 

operation produces low voltage profile at the generator terminals. In this chapter, a new 

grid-connected dual-boost converter feasible for low speed direct-driven PMWGSs is 

introduced. A three-phase high frequency semi-controlled boost rectifier is used as the 

first interface stage for grid connection. Robustness, simplicity, low cost, and high 

efficiency are inherent characteristics because few semiconductor elements are used. 

Also, the size and weight of the passive elements (inductors and capacitors) are reduced 

proportionally to the switching frequency improving the overall efficiency. Furthermore, 

a DC-bus voltage control technique for parallel wind-based three-phase semi-controlled 

PWM rectifiers is developed with master-slave strategy. This technique involves 

hysteresis control algorithm in order to reduce the wind generator harmonic distortion 

due to duty cycle discontinuity. The topology structure, the principle of operation, and 

control scheme are presented. The general circuit model and loss model are derived with 

the aim to design the closed-loop control and to calculate the efficiency, respectively. 

These models consider the internal resistance of the inductor and capacitor for the 

rectifier. The PI-voltage controller is designed to accomplish the specifications of the 

voltage control loop based on the dynamics of the DC-bus.  A 2nd order SPLL technique 

is also used in the control loop to detect the angle of the generator and grid voltages. 
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Additionally, a three phase current source inverter (CSI) is employed in the grid 

connection. 
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Fig. 7.1  Schematic diagram of the dual-boost low speed direct-driven PMWGS 

7.2 Developed Conversion Topology 

The developed system is shown in Fig. 7.1. Each wind emulator machine system is 

represented by a VSPM directly coupled to PMSG. With this configuration, the boost 

DC-DC converter (shown in Figs. 2.12, 15) is omitted without any change in the 

objectives of WGS. The developed semi-controlled rectifier topology only uses three 

insulated-gate bipolar transistors (IGBTs) and three diodes when compared to VSC 

topology (shown in Figs. 2.13, 16) [105].  Moreover, there is no need to add step-up 

transformer (shown in Figs. 2.12-14) between the inverter output and grid; since CSI is 

used as a boost inverter. The easy way to reduce the size of the inductor, capacitor and 

input /output EMI filter by means of increasing the frequency of inductor current ripple 

and the output voltage ripple. The operating switching frequency for rectifier is set 

between 30-45 kHz according to the designed hysteresis band and for inverter operation 
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is 50 kHz. The control scheme provides higher system bandwidth with the aim to achieve 

a fast dynamic response for the converter and to reduce the size of the passive 

components. To design the developed rectifier control system, it is necessary to model its 

dynamic behavior. Unfortunately, understanding of converter dynamic behavior is 

hampered by the nonlinear time-varying nature of the switching and PWM process. 

7.2.1 Rectifier Power Transfer Operation 

Three-IGBTs are only employed for controlling the amount of the power transferred 

from the wind generator inputs to DC-link. When any switch S1, S2, or S3 is turned on 

then the current will flow through it and respective input inductor current will increase, 

while respective diode D1, D2, or D3 is reverse biased (off). On the other hand, when S1, 

S2, or S3 is turned off then the current will flow through the respective diode D1, D2, or 

D3 (forward biased) and energy will be transferred to DC-link.  

According to current direction, three states are representing each phase current Ia, Ib, 

and Ic. These states can be simplified as: zero (z), forward (f), and reverse current flow 

(r), resulting in 27 different states as shown in Fig. 7.2. Only 12 states are physically 

implemented as shown in Table 7.1. There are three states (10, 11, and 12) will not be 

implemented for rectification mode of operation; since no power will be transferred to 

DC-link. The other nine states can be subdivided into three groups; (1, 4, and 7), (2, 5, 

and 8), and (3, 6, and 9). Therefore, states 1-3 will be repeated with 4-6 as well as 7-9. 

Fig. 7.3 shows the current waveforms for all rectification possible states 1-9 where only 

the positive half cycle is modulated while negative half cycle is uncontrolled. 

• Sector I: In this sector, currents Ia and Ib are forward, and current Ic is reverse. Thus, 

in this sector, the rectifier has two degree of freedom (DOF), associated to the states 
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of switches S1 and S2, resulting in the four possible topological states, as shown in 

Fig. 7.4. 

• Sector II: In this sector, current Ia is forward, current Ib is zero, and current Ic is 

negative. Therefore, in this sector, the rectifier has only one DOF, which is 

associated to the state of the switch S1, resulting in the topological states of Fig. 7.5. 

• Sector III: In this sector, current Ia is forward, current Ib is reverse, and current Ic is 

zero. Thus, in this sector, the rectifier has only one DOF, which is also associated to 

the state of switch S1, resulting in the topological states of Fig. 7.6. Applying the 

same criterion, similar sectors can be subdivided in three sets: (1, 4, and 7), (2, 5, 

and 8), and (3, 6, and 9). Hence, the description of sectors I–III is enough for 

deriving the remaining ones. 
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Fig. 7.2  All possible combinations for rectifier current flow 

Table 7.1 The physical valid current flow for rectifier operation 

 1 2 3 4 5 6 7 8 9 10 11 12 
Ia f f f f z r r r z f r r 
Ib f z r r r z f f f r f r 
Ic r r z f f f f z r r r f 



 

139 

 

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 

ωt 

Imax 

-Imax 

Ia (ωt) 
Ib (ωt) 
Ic (ωt) 

 

Fig. 7.3  Theoretical current waveforms for the nine rectification physical states 
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(c)          (d) 

Fig. 7.4  Sector I topological states: (a) S1, S2 are ON, (b) S1, D2 are ON, (c) D1, 
D2 are ON and (d) D1, S2 are ON 
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(a)          (b) 

Fig. 7.5  Sector II topological states: (a) S1 is ON, (S2, D2) are OFF and (b) D1 is 
ON, (S2, D2) are OFF 
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Fig. 7.6  Sector III topological states: (a) S1 is ON, (S3, D3) are OFF and (b) D1 is 
ON, (S3, D3) are OFF 

7.2.2 Rectifier Dynamic Model 

The input and output equivalent circuits of a three-phase semi-controlled rectifier are 

shown in Fig. 7.7. It is assumed that a resistive load RL is connected to the output 

terminal. The instantaneous average voltages (Vra, Vrb, and Vrc) seen by each phase are 

given by: 
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Where Dsa(t), Dsb(t), and Dsc(t) are instantaneous functions of the effective duty cycle of 

switches S1, S2, and  S3, respectively, Va, Vb, and Vc are the PMSG-phase voltages, Ia, Ib, 

and Ic are the AC-input currents, and R, L are the resistance and inductance of the 

boosting inductor, respectively. Considering the generator voltages balanced and the 

absence of the neutral conductor, and applying the Kirchhoff’s law and Laplace 

transform, the dynamic model of the rectifier is obtained and given in matrix form by: 
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For fast voltage control, the input power should supply instantaneously the sum of 

load power and charging rate of the capacitor energy. On the DC-output side in Fig. 7.7. 

b: 

L
dc

dcdc i
dt

dv
Ci +=              (7-3) 

Where dcv , dci , dcC  are the DC-link output voltage, current, and filter capacitor, 

respectively, iL is the load current. 
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Va(t) R 

R 

R 

L 

L

L

Vra(t)ia 

ic

   

iL 

+ icap 
vdc idc RL

- 
 

(a)          (b) 

Fig. 7.7  The equivalent circuit of the three-phase PWM semi-controlled rectifier. (a) 
Input side and (b) Output side 
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7.2.3 Rectifier Control 

Through simulation studies, it was verified that constant frequency PWM controllers 

tend to increase the current THD due to the discontinuities duty cycle operation [106-

109]. Among presented techniques and widely used for high performance current control 

is the hysteresis controller. The input currents through each phase ( abcsI _ ) are measured 

and compared to the respective reference currents ( *
_ abcsI ). The reference current shapes 

are obtained from the respective input voltages, and their peak values are given by a 

MPPT algorithm as shown previously in Fig. 7.1. The employed MPPT algorithm 

consists of measuring the frequency of the generator voltage through a 2nd order SPLL 

technique [86]. Then, the current peak values are obtained from a preprogrammed table. 

Switching operation occurs when the current limits are reached, as shown in Fig. 7.8. 

With this technique, the obtained line currents achieve low THD with a simple control 

circuitry. The main disadvantage of the hysteresis control is the variable switching 

frequency. However, switching frequency can be maintained within acceptable range by 

adjusting the hysteresis band (HB). 

The HB method switches the IGBTs (S1-S3) when the error between *
_ abcsI and 

abcsI _ exceeds a fixed magnitude: the hysteresis band. This type of control needs a 

single comparator with hysteresis per phase. In this case the switching frequency is not 

determined, but its maximum value can be evaluated such that [110]: 

Lh

V
F dc

s ⋅
=

4
max               (7-4) 

Where max
sF  is the maximum switching frequency, and h is the HB magnitude. 
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Fig. 7.8  Switching pattern of the hysteresis control applied to the rectifier stage 

7.2.4 Rectifier Efficiency 

In this section, the power losses of the rectifier are estimated with the aim to calculate 

the efficiency of the converter. The total losses in a power electronics system are the sum 

of all losses and the efficiency of a system (η) can be calculated based on input power 

(Pin), output power (Pout) and total losses (Ploss). The converter efficiency is expressed by: 

lossout

out

in

out

PP

P

P

P
Efficiency

+
==)(η           (7-5) 

LCDSloss PPPP ++=              (7-6) 

The power loss in a switch (PS) over one switching cycle is given by: 
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The IGBT represents the switch in this study. The IGBT characteristics (e.g. rCE, VCE, 

VCC, IC, Eoff, and Eon) are given in IGBT datasheet. The ISrms, ISav and ∆I represent 

respectively the rms current of the IGBT, the average current of the IGBT and the current 

ripple. The losses of the diode (PD) are evaluated as follows: 
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The diode characteristics (e.g. rF, VF0, VCC, IF, and Err) are given in datasheet. The 

IDrms and IDav represent the rms current and the average of the diode. In a power 

electronics system, there are other circuits such as gate drives, controllers, sensors and 

passive filters which consume power. The losses of the passive components (PLC) are 

approximately given by: 

CCrmsLLrmsLC RIRIP 22 +=             (7-9) 

The DC-output power is calculated as follows: 

dcdcout IVP =                (7-10) 

In order to estimate the efficiency of the rectifier, a loss analysis was performed, 

considering the developed equations, the semiconductors, and parameters given in Table 

7.2 and the respective datasheets. 

Table 7.2 Semiconductor devices and its parameters 

Parameter Specification 

S1-S9, D1-D3 SKM 50GAL125D 

Vswitch 1200V 

Iswitch 50A 

7.3 Rectifier Parallel Operation for Wind Farms 

In this section, the rectifier topology is studied for parallel-integrated PMSG-based 

wind farms. A DC-bus voltage control technique is introduced based on a master-slave 

hysteresis control scheme in order to solve discrepancy problems that could happen 
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between the controllers. The developed system provides interconnection extension ability 

of multi wind converter units sharing the same DC-bus and more economic utilization of 

the wind generator; by insuring unity power factor operation.  

To design the parallel-connected rectifier control system, it was necessary to model 

its dynamic behavior as introduced previously. It is assumed that the converters are 

rectifying the output voltage of two wind generator systems. It is not convenient to let 

each unit controlling the DC-bus voltage separately without any information from the 

other unit. A discrepancy could happen between the controllers. The Master-Slave 

scheme can solve this problem. One converter unit is selected to be a Master whereas the 

other is treated as a slave. The slave unit has a self governing system, i.e., it has its inner 

current control feedback loop. Only the master unit has the outer DC-voltage control 

feedback loop giving the reference current to the entire slave units. Figure 7.9 shows the 

DC-bus voltage controller operation. Using the master PI-voltage controller, the DC-

voltage can be regulated by choosing the current reference, )(tiref such that: 

 −⋅+−⋅= dttVVKtVVKti dc
r

dc
v
idc

r
dc

v
pref )]([)]([)(       (7-11) 

Figure 7.10 shows the configuration of the overall PMWGS parallel system including 

its control strategy and hardware test setup. 
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Fig. 7.9  DC-bus voltage controller for parallel rectifier operation 
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Fig. 7.10  The overall PMWGS parallel configuration and its developed control 
strategy: (a) Schematic diagram and (b) Experimental test setup 
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7.4 Test Results 

In order to investigate the performance of the overall system, an experimental setup 

for the low-speed direct-driven PMWGS is constructed and connected to the local grid. 

The semi-controlled rectifier topology was tested. Master-Slave strategy discussed in 

section 7.3 is utilized in the control operation. The parameters for the PMSGs are listed in 

Table 7.3. The converters specifications and parameters used in the system are shown in 

Tables 7.4. The individual converters are controlled by their own control platforms. In 

this section, the experimental results of the semi-controlled rectifier are provided. 

Table 7.3 Wind PMSGs Specifications and Parameters 

PMSG1 PMSG2 

Parameter Specification Parameter Specification 

Output power 0-4.88 kW Output power 0-7 kW 

Rated voltage 208 Vrms Rated voltage 460 Vrms 

Rated speed 1200 rpm Rated speed 1500 rpm 

Resistance  0.46 Ω Resistance  0.56 Ω 

Inductance 4.86 mH Inductance 5.9 mH 

Table 7.4 Rectifier and CSI Specifications and Parameters 

Rectifier CSI 

Parameter Specification Parameter Specification 

Input voltage range 70-208 Vrms Grid voltage 208 Vrms 

Line input inductor 0.3 mH Grid frequency 60 Hz 

Internal resistance 0.012 Ω Input inductor 1 mH 

DC-bus capacitor  1200 µf Internal resistance 0.04 Ω 

DC-bus voltage 400 V Filter capacitor  20 µf 

Switching frequency 30-45 kHz Switching frequency 50 kHz 
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7.4.1 Rectifier Performance 

Figure 7.11 shows the DC-bus voltage, the current through phase “a,” and the 

respective phase voltage at rated power of PMSG1 (4.88 kW). The DC-bus voltage has 

no overshoot and low voltage ripple of 2.3%. Figure 7.12 shows the harmonic spectrum 

of the generator voltage (THD=0.37%) and rectifier current (THD=17.03%) at rated 

power, where the second-, fourth-, and fifth-order components are the most relevant. This 

high current THD will affect the generator operation; since it creates more noise and 

vibration. This large harmonic content can be reduced either by decreasing the hysteresis 

band width or by increasing the input filter inductance value. UPF operation was 

investigated (PF=0.991); since the generator current and the phase voltage are in phase. 

In conventional diode bridge rectifiers, typical power factor and THD are about 0.94 and 

35%, respectively. This improvement in the power factor represents a reduction of about 

10% in the generator conduction losses. Considering that the THD for the rectifier is 

lower, additional gain due to the skin effect losses reduction is achieved. While the 

winding resistances tend to be smaller due to the reduced temperature of the generator, 

conduction losses are even more reduced. 

1

2

3
1) 200 V/div-5ms 2) 10A/div-5ms 3) 50 V/div-5ms  

Fig. 7.11  DC-bus output voltage (200 V/div, 5ms), rectifier current (10 A/div, 5ms), 
and generator voltage (50 V/div, 5ms) for phase “a” 
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(b) 

Fig. 7.12  Harmonic spectrum of: (a) The generator voltage and (b) The input current 

7.4.2 Parallel Operation Test 

The performance of the parallel operation is investigated using the developed control 

strategy. Two modular converter units are connected in parallel, sharing one DC-bus as 

shown in Fig. 7.10. Two different types of DC-loads have been connected to DC-bus; one 

is representing a static resistive load of 2.38 kW and the other is a dynamic DC-motor 

loaded at its rated power of 2.5 kW.  Figure 7.13 shows the test results of the two parallel 

converters under step change in the load current (from 2.5 to 4.88 kW). We can notice 

that the total load current is equally shared between both converters according to the 
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master-slave scheme. On the other hand, DC-bus voltage still tracking its reference value 

(400 V) with a small transient dipping of 4 V (1%). 
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Fig. 7.13  Load current sharing among two parallel converters: (a) DC-bus output 
voltage (100 V/div, 5ms). (b) Load current (5 A/div, 5ms). (c) PMSG1 d-axis current (5 

A/div, 5ms). (d) PMSG2 d-axis current (5 A/div, 5ms) 

7.4.3 Rotor Speed Variation 

In order to evaluate the performance of PMWGS emulator in turbulent wind speed 

condition, an experimental test has been carried out in order to imitate the wind behavior 

effect which leads to variation in the generator output voltage and frequency. Practically, 

wind speed has a random variation according to the location and atmospheric conditions. 

Step change is representing a severe condition for any WECS; since the instantaneous 

change from any speed to another is not physically possible. However, it is a good test to 

evaluate the overall control dynamic performance under the worst case. The random wind 

variation is even easier for the system performance to be tested. Figure 7.14 shows the 

DC-bus voltage, PMSG1, and PMSG2 phase voltages under step change in the generator 

output voltage and frequency. The generator voltage change is applied for both PMSGs 
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but at different instants. It can be noticed that DC-bus voltage has a limited effect at 

generator voltage variation instants. An 8 V (2%) transient change appears for a fraction 

of second (0.1 sec) and after that the DC-bus voltage restore its desired reference value at 

400 V. 
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3

1) 100 V/div-1s       2) 200 V/div-1s     3) 200 V/div-1s 
 

Fig. 7.14  DC-bus voltage (100 V/div, 1s), PMSG1 phase voltage (200 V/div, 1s), and 
PMSG2 phase voltage (200 V/div, 1s) under generators voltage and frequency change 

7.4.4 Parametric Variations Effect 

Once the developed parallel PMWGS and its controller was modeled as described 

above in section 7.3, various parametric variations have to applied to the rectifier circuit, 

so that a controller can be synthesized which will desensitize them and maintain good 

performance to achieve satisfactory voltage regulation. For modeling uncertainty, a ±10% 

variation in the component values of L and Cdc is considered. The effect of parameter 

variations on the control performance is shown in Fig. 7.15. The result shows a transient 

change of 7% in the DC-bus voltage then it changed back to the desired value according 

to the reference voltage. This test confirms the robustness of the controller. 
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Fig. 7.15  DC-bus voltage (100 V/div, 1 s) and input rectifier current (10 A/div, 1 s) 
control response during parametric variation of ± 10% 

7.4.5 CSI Performance 

Figure 7.16 shows the inverter–grid current and the grid voltage for a power factor 

around 0.998. We can notice that the inverter current is shifted by 180o from the grid 

voltage. This result confirms that PMWGS succeeded to inject the generated wind power 

into the utility grid. The THD of the grid voltage and grid-injected current of the CSI are 

about 1.09%, 0.64%, respectively. The 31st harmonic is the most relevant component, as 

shown in Fig. 7.17. The power factor (PF) is equal to 0.988 with respect to inverter 

voltage; it means that the inverter is transferring only active power to the grid. Figure 

7.18 shows the measured efficiencies and PF. This demonstrates the expected 

improvement when compared with similar works. 
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Fig. 7.16  Grid voltage for phase “a” (50 V/div, 5ms) and grid current (10 A/div, 5ms) 
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Fig. 7.17  Harmonic spectrum of: (a) The grid voltage and (b) Grid-injected current 
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Fig. 7.18  Efficiency, input power factor, and output power factor versus output power 

7.5 Application Considerations 

Practically, during initial voltage controller adjustment with the DC-bus capacitor 

uncharged, the initial DC-level will be very high, if it is above the capacitor voltage 

rating, it can destroy it. Avoiding that can be done by initially charging the DC-bus 

capacitor to 60% of the reference DC-voltage. The free-wheeling diodes of the IGBT 

module is working as a diode bridge rectifier during an initial charging. Once the 

capacitor is charged, the converter switching control signals should be connected, 

allowing the total power to flow to the IGBT switches. A protection relay controlled from 

the DSP board should be mounted between the generator side and the converter side in 

order to avoid working above the voltage limit. The current controller discussed in 

section 7.3 should be tuned first while keeping the output DC-voltage level uncontrolled.  

That can be done by commanding the current controller to work with a constant value.  

Once the actual current tracks the command current, the DC-voltage controller can join 
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the control loop. Also, the impact of the large current harmonic contents should be 

considered for grid-connection operation. 

7.6 Conclusion 

This chapter discussed an effective high frequency semi-controlled boost rectifier 

topology feasible for grid-connected low speed direct-driven PMWGSs. This topology 

achieved high efficiency (average above 95%). This is due to the reduced number of 

components. Moreover, the passive elements (inductors and capacitors) are reduced 

proportionally to the frequency improving the overall efficiency for the system. The UPF 

(0.998) operation was verified for better economic utilization of the generator operation. 

The DC-bus voltage control technique was investigated for parallel integrated PMWGSs 

based on a Master-slave strategy. The hysteresis algorithm was used for reducing the 

generator harmonics.  

The system was tested under different severe conditions including: full load parallel 

operation, hard wind speed variation, and parameter uncertainties. Load current sharing 

among the parallel converters was investigated with a small transient voltage dips (<5%). 

A fast control dynamic response was achieved (0.1 second) during wind speed variation. 

The use of parallel converters provides high reliability and power capability. 

The inverter stage is based on a three-phase CSI which has higher power capability 

compared to voltage source inverter. High frequency operation was utilized to achieve 

low voltage and current THD (1.09% and 0.64%) for grid-connection, respectively. The 

test results obtained from a prototype have demonstrated the system effectiveness for a 

wide power range (0-5 kW). 
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Chapter 8  Novel Modularized High Frequency Multi-Input Bridgeless Boost 

Converter Topology 

8.1 Introduction 

In hybrid energy systems and its application such as PHEVs, multi-input boost 

converters became widely used to enhance the stability and reliability. The high power 

boost converter is an essential interface between the hybrid energy sources and the DC-

bus that serves as the inverter input. However, conventional boost converters have 

difficulty of low efficiency and the implementation size problem as well as the cost. 

Therefore, the DC system with multiple input converters may play an important role in 

the future power system. The topology designs of boost converters were documented in 

many references examples of which are references [111-114]. In addition, the design of 

high power boost converters and their controller plays an important role to control power 

regulation particularly for a common DC-bus. Several DC/DC converters topologies 

based on their components count, advantages and disadvantages are discussed and 

compared in [115-117]. 

In this chapter, our scope of work focuses on the multiple input boost converter 

(MIBC), considering three hybrid AC/DC sources: 

• AC- source; such as wind generator or AC-grid, 

• DC-source; such as PV or FC, 

• DC-source as energy storage; such as battery bank.  

 Figure 1 shows an application example for the MIBC topology feasibility with 

PHEVs [118, 119]. In MIBC, the AC-grid is connected to the DC-Bus via boost rectifier, 
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the FC is connected to the DC-Bus via boost converter and the energy storage system is 

connected to the DC-Bus through a bidirectional DC/DC converter. Another example is 

the MIBC topology instead of the individual converters inside the HF hybrid DC-link 

integration infrastructure systems which shown in Fig. 8.2. 
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Fig. 8.1  The block diagram of the PHEV drive train including MIBC 
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Fig. 8.2  The HF DC link integration hybrid system Configuration 

In addition, the MIBC performance directly influences on the characteristics of the 

renewable sources or the energy storage system (e.g. Batteries) [120]. For example, the 

ripple and harmonic content of the current is one of the various phenomena influencing 
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fuel cell lifetime as well as batteries lifetime [117]. It is clear that, the main objective is to 

minimize such inductor size, capacitor, current /voltage ripple and harmonic content. The 

problems due to harmonics in conventional converters have resulted in the establishment 

of standards such as IEC 61000-3-2 and IEEE Std 519™-1992 [41, 121]. Thus, a PHEV 

charger with a Power Factor Correction (PFC) based AC-DC converter is desirable [122]. 

Furthermore, Bridge and bridgeless boost converter topologies have been well 

discussed in many literatures [25]-[35]. In [123], the bridge boost converter (BBC) 

topology was introduced as a simple and popular topology for PFC applications. It uses a 

dedicated diode bridge to rectify the AC input voltage to DC, which is then followed by 

the boost section, as shown in Fig. 8.3.a. In this topology, the output capacitor ripple 

current is very high [124]. Furthermore, as the power level increases, the diode bridge 

losses significantly degrade the efficiency, so dealing with the heat dissipation in a 

limited area becomes problematic. Due to these constraints, this topology is good for a 

low to medium power range up to approximately 1kW [125]. For power levels >1kW, 

typically, designers parallel semiconductors in order to deliver greater output power. The 

inductor volume also becomes a problematic design issue at high power. 

On the other hand, the bridgeless power factor correction boost converter (BPFCC) 

topology avoids the need for the rectifier input bridge [126], yet maintains the classic 

boost topology, as shown in Fig. 8.3.b. It is an attractive solution for applications > 1kW, 

where power density and efficiency are important [127]. The bridgeless boost converter 

solves the problem of heat management in the input rectifier diode bridge, but it 

introduces increased EMI [128]. Another disadvantage of this topology is the floating 

input line with respect to the PFC stage ground, which makes it impossible to sense the 
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input voltage without a low frequency transformer or an optical coupler. Also in order to 

sense the input current, complex circuitry is needed to sense the current in the IGBT and 

diode paths separately, since the current path does not share the same ground during each 

half-line cycle. 
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Fig. 8.3  Conventional MIBC topologies: (a) BBC and (b) BPFCC 

In this chapter, a novel modularized multi-input bridgeless boost converter (MIBBC) 

is studied for possibility of reducing the size and weight of the passive components such 

as; inductor, capacitor and input/output electromagnetic interference (EMI) filter. 

Meanwhile, the input/output current/voltage ripple can still be minimized with high 

efficiency and reliability. Furthermore, the developed topology is compared with other 
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conventional MIBC converter topologies (e.g. BBC and BPFCC) in order to investigate 

its dynamic response. All topologies (BBC, BPFCC, and MIBBC) were built and tested 

in our laboratory. The MIBBC topology structure, the principle of operation, and control 

scheme are presented. The general circuit model and loss model are derived with the aim 

to design the closed-loop control and to calculate the efficiency, respectively. These 

models consider the internal resistance of the inductor and capacitor for these converters. 

A hybrid control strategy programmed on TMS320F28335 DSP was developed to 

implement the control strategy for the converters. 

8.2 Developed MIBBC Topology 

The MIBBC structure, which is developed here, uses six insulated-gate bipolar 

transistors (S1-S6 IGBTs) and four diodes (D1-D4), is shown in Fig. 8.4. (S1-S3) and 

(D1-D3) are used for the three-phase AC-input. (S4, D4) are used as for the fuel cell 

input. (S5, S6) are used for the battery input. The easy way to reduce the size of the 

inductor, capacitor and input /output EMI filter by means of increasing the frequency of 

inductor current ripple and the output voltage ripple. The developed converter is 

compared with two other converter topologies (BBC and BPFCC). The main advantages 

of the developed topology are: 

• Higher efficiency; due to less number of switches, 

• Smaller size; since passive elements are reduced proportionally due to high 

frequency operation, 

• Unity power factor (UPF) operation can be achieved. 
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Fig. 8.4  The structure of the developed MIBBC topology 

8.2.1 MIBBC Detailed Description 

Figure 8.5 shows a detailed description for the developed MIBBC topology. It 

consists of 3-input ports and 1-output port. The first input port could be supplied from a 

three-phase AC-input source; such as wind generator or AC-grid…..etc. A three-phase 

semi-controlled rectifier topology was used for this input in order to regulate the ac-input 

and get a controlled DC-output voltage.  

The second input port was designed to be supplied from any DC-source; for example 

PVs, FCs, DC-generators …etc. A step-up DC–DC converter was installed for boosting 

the input voltage to a higher level of common DC-voltage. The third input port was added 

for battery energy-storage system (BESS). According to operation mode, BESS mitigates 

power fluctuations of the DC and AC inputs, or shifts the power generation to regulate 

the power transferred to the load. The BESS is divided into battery storage and a buck–

booster that is a bidirectional DC–DC converter for charging or discharging the battery 

storage. The battery converter links the battery-terminal bus and the common DC bus, 

whose voltage levels are mutually different, and controls the current flow between the 

two buses. In some previous applications [129], battery storage was directly linked to 
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common DC-bus without using a converter. This configuration requires more battery 

stacks than using a DC–DC converter, and so may lower the system economy. Also, the 

lifetime of battery may be degraded without appropriate control of battery current and 

voltage. 
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Fig. 8.5 The detailed power circuit configuration for the developed MIBBC topology 

8.2.2 MIBBC Power Transfer Operation 

Six-IGBTs are only employed for controlling the amount of the power transferred 

from the hybrid AC/DC inputs to DC-bus. Assuming that the battery is running under 

discharging mode of operation, then each input is connected to DC-bus via a boost 

converter. Figures 8.6-8 shows the different modes of operation for the MIBBC. This 
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operation was previously discussed in section 7.2.1; since same analysis can be used here 

under the battery discharging operation.  

Assuming that the battery is running under charging mode of operation, the same 

operation is repeated for the developed topology; since  S4 is running as a boost DC-DC 

fuel cell converter and S6 is running as a buck DC-DC battery converter. The 

corresponding sectors are given in Figs. 8.9-11. 
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(c)           (d) 

Fig. 8.6  Sector I topological states (discharging mode): (a) S1, S2 are ON, (b) S1, 
D2 are ON, (c) D1, D2 are ON and (d) D1, S2 are ON 
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(a)           (b) 

Fig. 8.7  Sector II topological states (discharging mode): (a) S1 is ON, (S2, D2) are 
OFF and (b) D1 is ON, (S2, D2) are OFF 
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(a)           (b) 

Fig. 8.8  Sector III topological states (discharging mode): (a) S1 is ON, (S3, D3) are 
OFF and (b) D1 is ON, (S3, D3) are OFF 
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(c)           (d) 

Fig. 8.9  Sector I topological states (charging mode): (a) S1, S2 are ON, (b) S1, D2 
are ON, (c) D1, D2 are ON and (d) D1, S2 are ON 
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(a)           (b) 

Fig. 8.10  Sector II topological states (charging mode): (a) S1 is ON, (S2, D2) are 
OFF and (b) D1 is ON, (S2, D2) are OFF 
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Fig. 8.11  Sector III topological states (charging mode): (a) S1 is ON, (S3, D3) are 
OFF and (b) D1 is ON, (S3, D3) are OFF 

8.2.3 MIBBC Dynamic Model 

To design the control system of a converter, it is necessary to model the converter dynamic 

behavior. Since the dynamic mathematical model semi-controlled rectifier topology was 

previously introduced in section 7.2.2. So, it is not necessary to repeat the modeling 

equations of this stage inside the developed MIBBC topology. For the DC-DC stage, 

bidirectional (regenerative) power flow can be obtained with a current-bidirectional two 

quadrant realization of the switch network. An example is illustrated in Fig. 8.12, in 

which a DC-DC converter interfaces batteries to the main DC-power bus of a spacecraft.  
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Fig. 8.12  Bidirectional DC-DC PWM converters power circuit 

The anti-parallel-connected switches and diodes form current-bidirectional switches. 

Switch S5 is driven with the complement of the S6 drive signal, such that S5 is off when 
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S6 is on, and vice-versa. To charge the battery, the inductor current iL(t) is positive and 

flows through transistor S6 and diode D5. To discharge the battery, the current iL(t) 

reverses polarity, and flows through transistor S5 and diode D6. In both cases, the battery 

voltage is less than the main DC-bus voltage. The magnitude and polarity of the battery 

current can be controlled via adjustment of the duty cycle d.  

In particular, it is of interest to determine how variations in the power input voltage, 

the load current iL, and the duty cycle d affect the output voltage Vdc. Unfortunately, 

understanding of converter dynamic behavior is hampered by the nonlinear time-varying 

nature of the switching and pulse-width modulation (PWM) process. These difficulties 

can be overcome through the use of waveform averaging and small signal modeling 

techniques [130]. A well-known converter modeling technique known as state-space 

averaging is briefly described here. The model equations are derived below. When state 

switch S6 is on and S5 is switched off (buck converter), based on Kirchhoff’s laws: 
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The state space equation in the matrix form when S6 is off and S5 is on (boost 

converter) is given by: 
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Where p is the derivative operator, i.e. p=d/dt. Vb and Vc are the battery and capacitor 

voltages, respectively. rb and rc are the battery and capacitor internal resistances, 

respectively. The averaged state space equation can be written as: 
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The state space equation for the output can be written as: 
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Where d is the duty cycle and the matrices are given by: 
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The input to output transfer function can be written as: 
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          (8-6) 

Where ỹ(s) is the output and ũ(s) is the input in Laplace form. Also the averaged matrices 

are given by: 
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8.3 MIBBC Hybrid Control Strategy 

A hybrid control strategy is used here in order to optimize the utilization of each input 

independently. The control strategy should be designed in order to satisfy the current and 

voltage requirements. In this section, a simple feedback hybrid PI-hysteresis controller is 

used to maintain a constant bus voltage of 400 V in converter output, irrespective of the 

variations in load and input voltage. Figure 8.13 shows the schematic diagram for the 

overall developed MIBBC system.  
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Fig. 8.13  The configuration of the overall MIBBC system and its local control 
schematic 

The diagram is involving the control strategy for each conversion stage as follows: 
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8.3.1 AC-Input Source Control  

The hysteresis control scheme is used for the AC-input stage to achieve low harmonic 

distortion of the AC-input current; since it operates at variable switching frequency due 

to duty cycle discontinuity operation. This strategy was previously well discussed in 

section 7.2.3. 

8.3.2 Fuel Cell Control 

The cascaded digital control strategy is more efficient than other techniques to 

achieve a high performance (stability, accuracy, and the response speed) for the PWM 

boost converter. Figure 8.14 illustrates the block diagram of the cascaded control 

structure in the s-domain. The series voltage controller (Hv(s)) is designed to maintain the 

DC-output voltage constant. The feed-forward inner current controller (Hi(s)) is used to 

achieve faster transient response. This controller requires the sampling of two variables, 

namely: DC-output voltage Vdc, FC-inductor current Ifc, which are obtain through 

conventional Hall Effect Transducers. A limiter on the inductor current reference is 

crucial in this controller. This is because during large signal transient like startup period, 

there is a big difference between the voltage reference and the DC-output voltage. As a 

result, the output of the voltage compensator could give a command to the current loop 

higher than the maximum allowable inductor current, resulting in the inductor saturation 

and damaging the device. There are in general two basic approaches in designing the 

digital controller for DC/DC PWM converters. The first approach, known as the Digital 

Redesign Approach (RDA), is to design the controller in the s-domain using conventional 

methods and the resulting controller is transformed into the z-domain using appropriate z-

transformations. However, the RDA suffers from sampling and quantization errors, 
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computational time delay and discretization effects. The second approach, known as 

Direct Digital Control (DDC), is to design the controller directly in the z-domain itself. 

Since the DDC starts with the system discrete transfer functions, it is possible to include 

the effect of sampling, Zero-Order-Hold (ZOH) and computational time delay effects in 

order to guarantee the stability of the controller design [131]. Consequently, the final 

digital control more realistic and meet the design specifications without any tuning. In 

this section, a cascaded digital controller is designed using DDC approach. 

In order to design the cascaded digital controller, the continuous time transfer 

functions (Gv(s) and Gi(s)) of the boost converter are first discretized using one of the 

discretization methods, such as ZOH, matched pole-zero, backward difference and 

bilinear transformation methods. Therefore, the appropriate transformation method to be 

used here is the ZOH method. Once the discrete transfer functions of the system are 

available, the digital controller (H(z)) is directly designed in the z-domain using methods 

similar to the continuous-time frequency response methods. Figure 8.15 illustrates the 

entire cascaded system containing the outer voltage loop controller (Hv(z)), inner current 

loop controller (Hi(z)) , the ZOH and computational delay, e-sTd, and the control to output 

transfer functions (Gv(s) and Gi(s)) of the converter. The discrete-time transfer functions 

(Gv(z) and Gi(z)) of the converter, that include the ZOH and e-sTd, are given as follows: 
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The loop gains for inner current loop and outer voltage loop can be expressed as: 



 

171 

 

)()()( zGzHzT iii ⋅=              (8-10) 

)(1

)()()(
)(

zT

zGzHzH
zT

i

iiv
v +

⋅⋅=            (8-11) 

The digital PI-controllers are designed based on the required phase margin (φ m) and 

critical frequency (ωcz) by using the bode diagram in the discrete time domain, the 

transfer function of the digital PI-controller in z-domain is given by: 
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The Go(z) is the discrete-time transfer function of the open loop system (e.g. Gv (z), or 

Gi (z)). For example, Figure 8.16 demonstrates the bode plots for the current loop gain 

and voltage loop gain, respectively, which are designed for MIBBC topology with 

converter parameters listed in Table 8.1. The plots demonstrate that the current loop gain 

has a crossover frequency as high as 2 kHz, with a phase margin of 40.4°. To avoid 

interaction between the sub-systems and to accommodate the slow fuel cell response, low 

control bandwidth is used for voltage loop outer voltage loop has a crossover frequency 

of 50 Hz and a phase margin of 73.4°. 

Table 8.1 DC-DC converters parameters 

Topology L (μH) RL (mΩ) C (μF) RC (mΩ) 

BBC 600 25 2000 0.164 

BPFCC 330 12   1500 0.212 

MIBBC 300 10 1000 0.326 
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Fig. 8.14  Cascaded control structure 
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Fig. 8.15  Cascaded digital control structure using DDC approach 
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Fig. 8.16  The frequency response of cascaded digital control: (a) Current gain and (b) 
Voltage gain 
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(b) 

Fig. 8.16  The frequency response of cascaded digital control: (a) Current gain and (b) 
Voltage gain (continued) 

 

8.3.3 Battery Energy Storage Control 

The primary goal of the battery converter is to stabilize the common DC-bus voltage 

which must be regulated to stay within a stable region regardless of the battery-current 

variation. To do this, a modified hysteresis-control strategy is applied. The concept of this 

strategy is to regulate the common DC-voltage within a specific band, for example, a 

hysteresis band. Therefore, the battery charger/discharger is controlled in such a way that 

the DC-bus voltage should not violate the specified upper and lower limits, Vdc_up and 

Vdc_low, as shown in Fig. 8.16.a. A decision criterion for charging/discharging becomes 

the level of the common DC-bus voltage and the battery buck–booster operates according 

to the scheme as below: 
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If updcdc VV _> then charging: updcrefdc VV __ =          

If lowdcdc VV _< then discharging: lowdcrefdc VV __ =       (8-14) 

If updcdclowdc VVV __ ≤≤ then control (rest).          

When the common DC-voltage Vdc becomes larger than the upper limit, charging 

mode begins with the voltage command Vdc_ref equal to the upper limit and continues until 

the DC-voltage reaches the limit. If Vdc goes below the lower limit, then the voltage target 

is bound at the lower limit and the converter starts operating in boost mode. 

Discharging Discharging Charging Rest Rest 

Hysteresis 
Band 

Vdc

Vdc_up 

Vdc_low 
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Vdc < Vdc_low 
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(b) 

Fig. 8.17  Battery-mode control: (a) Modified hysteresis control strategy and (b) flow chart 
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Accordingly, the battery-mode control block in Fig. 8.13 can be built as shown in Fig. 

8.17.b. There is another reason for such hysteresis control other than voltage regulation of 

the DC-bus. It is intended to protect the battery storage against excessive charging 

frequency and current variation. Not by bounding DC-bus voltage at a constant value but 

by allowing a hysteresis band; the battery can take a rest during the rest interval in Fig. 

18. a. Energy that can be extracted or stored across the hysteresis band in a DC-bus 

capacitor ΔEc is described as follows: 

)(
2

1 2
_

2
_ lowdcupdcdcc VVCE −=Δ           (8-15) 

8.4 MIBBC Loss Estimation 

A main part of total losses is the switching and conduction losses which depend on 

switching times and switching frequency. When a switch is turned on or off, energy is 

lost during the switching transients as the operating point of the switch is changed from 

on (off) to off (on) state through an active state. This type of energy loss is called 

switching loss of the power switch and it depends on voltage across the switch, current 

through the switch and the switching time. When a switch is off, normally a leakage 

current through the switch is very small and we ignore the energy loss associated with the 

off-state. But when the switch is on, the energy loss depends on current through the 

switch and a forward voltage of the switch. This type of energy loss is called conduction 

loss of the switch.  

Figure 8.18 shows the waveforms for switching times. The average power loss in a 

switch over one switching cycle is given by the following equation which consists of the 

conduction and switching losses: 
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Fig. 8.18  The voltage, current, and power waveforms for power switches 

Assuming that the on and off switching times are small compared to switching cycle, 

Tsw, and the leakage current is negligible, Ioff = 0. Thus the conduction loss is given by: 

DIVP ononcond ⋅⋅= , 
sw

on
T

t
D =           (8-17) 

Where ton is the time when the switch is in on-state, Von is a voltage drop across the 

switch, Ion is a current through the switch assuming it is constant in magnitude and D is a 

duty cycle. The switching loss should be calculated based on instantaneous current and 

voltage waveforms as follows: 



 

177 

 














 ⋅+ ⋅=

offswonsw t

swsw

t

swswswsw dtivdtivfP
__

00
         (8-18) 

Where tsw_on and tsw_off are turn- on and turn-off switching times. Also, the total average 

power losses can be calculated as follows: 
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In a power electronic system, there are other circuits such as gate drives, controllers, 

sensors and passive filters which consume power. The total losses in a power electronic 

system are the sum of all losses and the efficiency of a system (η) can be calculated based 

on input power (Pin) and total losses (Ploss) as given below: 
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In order to estimate the efficiency of the developed topology, a loss analysis was 

performed, considering the developed equations, the semiconductors, and parameters 

given in Table 8.2 and the respective datasheets. Figure 8.19 compares the estimated 

efficiency of the developed MIBBC topology (η1) with the BPFCC topology (η2). In the 

fully controlled structure, the currents can be modulated in both half cycles which leads 

to less input current harmonic distortion when compared to the developed topology. 

However, it has larger switching losses and it requires the use of bootstrap-integrated 

circuits. Moreover, the occurrence of eventual short-circuits through the leg is possible. It 

can be seen that MIBBC has improved efficiency over the entire power range. 
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Table 8.2 Semiconductor devices and its parameters  
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Fig. 8.19  The estimated efficiencies for the MIBBC topology (η1) and the BPFCC 
topology (η2) at load change based on loss model 

8.5 Experimental Results 

A hardware prototype of the developed high frequency power converter module was 

developed. Figure 8.20 shows the MIBBC prototype hardware implementation. It was 

designed, fabricated, and implemented in our laboratory. Ports 1-3 are designed for AC-

source, fuel cell, and battery inputs, respectively. Port 4 is the DC-output. The individual 

converters are controlled by their own TMS320F28335-based control platforms. LEM 

voltage and current transducers are used for measuring feedback signals required for 

control strategy implementation. The specifications and parameters used in the prototype 

Parameter Specification Parameter Specification 

S1-S4, D1-D4 SKM 200GAL125D S5, S6 SKM 200GB125D 
Vswitch 1200V Vswitch 1200V 
Iswitch 200A Iswitch 200A 
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are shown in Tables 8.3, 4. In this section, the experimental results of the BBC, BPFCC, 

and the developed converter (MIBBC) are provided. 

Driver module Voltage sensing circuit Fan and heat sink

Converter switches Filter circuitSnubber circuit

 

(a) 

Switch diagnostic Interface section Supply section Controller connector 

Battery-input port DC-output port FC-input port AC-input port

 

(b) 

Fig. 8.20  The MIBBC topology hardware implementation: (a) Open-frame prototype, 
(b) Modularized frame and (c) Overall test setup 
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Fig. 8.20  The MIBBC topology hardware implementation: (a) Open-frame prototype, 
(b) Modularized frame and (c) Overall test setup (continued) 

 

Table 8.3 PMSG wind generator AC-input specifications and control parameters 

Parameter Specification 
Input power  0-4.88 kW 
Rms input voltage range 80-208 V 
Output voltage  400 V 
Switching frequency  30-45 kHz 
Input inductor 0.3 mH 
Switching frequency  30-45 kHz 

Table 8.4 FC and BESS Specifications and control Parameters 

 

 

 

 

 

FC Battery Bank 

Parameter Specification Parameter Specification 

Output Power 0-6 kW rated voltage 160 V  
Nom. operating point (5 A,150 V) Connection   10-series 
Max. operating point (60 A, 70 V) rated capacity 100 AH 
Switching frequency 50 kHz Battery type Lead-acid 
Input inductor 0.33 mH Total power 12 kW 
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8.5.1 MIBBC AC-Input Performance Evaluation 

Figure 8.21 shows the DC-bus voltage, the current through phase “a,” and the 

respective phase voltage at load power of 10-kW. The DC-bus voltage has no overshoot 

and low voltage ripple of 2.3%. In conventional bridge boost converter (BBC), the power 

factor and THD are about 0.835 and 35%, respectively, as shown in Fig. 8.22. In BPFCC, 

the power factor and THD are about 0.9983 and 7.95%, respectively, as shown in Fig. 

8.23. In the developed MIBBC, the harmonic spectrum of the grid voltage (THD=0.3%) 

and rectifier current (THD=17.03%) at rated power, where the second-, fourth-, and fifth-

order components are the most relevant, as shown in Fig. 8.24. Unity power factor (UPF) 

operation was investigated (PF=0.998); since the generator current and the phase voltage 

are in phase. This PF improvement represents more economic utilization of AC-power; 

since BPFCC achieved same advantage but with larger number of switches and losses. 
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(a) 

Fig. 8.21  DC-bus output voltage (200 V/div, 5ms), input AC-current (10 A/div, 5ms), 
and generator voltage (50 V/div, 5ms) for phase “a”: (a) BBC, (b) BPFCC and (c) 

MIBBC 
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(c) 

Fig. 8.21  DC-bus output voltage (200 V/div, 5ms), input AC-current (10 A/div, 5ms), 
and generator voltage (50 V/div, 5ms) for phase “a”: (a) BBC, (b) BPFCC and (c) 

MIBBC (continued) 
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(b) 

Fig. 8.22  BBC topology harmonic spectrum: (a) Grid voltage and (b) AC-current 
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Fig. 8.23  BPFCC topology harmonic spectrum: (a) Grid voltage and (b) AC-current 
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Fig. 8.23  BPFCC topology harmonic spectrum: (a) Grid voltage and (b) AC-current 
(continued) 

0 5 10 15 20 25 30 35 40 45 50
0%

0.01%

0.02%

0.03%

0.04%

0.05%

0.06%

0.07%

Harmonic order

Voltage THD= 0.30%

 

(a) 

0 5 10 15 20 25 30 35 40 45 50
0%

2.5%

5%

7.5%

10%

12.5%

15%

Harmonic order

Current THD= 17.03 %
Power Factor = 0.998
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Fig. 8.24  MIBBC topology Harmonic spectrum: (a) Grid voltage and (b) AC-current 
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8.5.2 DC-Reference Change Test 

Figure 8.25 shows the reference voltage, Vdc_ref, and the actual voltage, Vdc under DC-

bus voltage reference change. The main objective of this test is to investigate the control 

system performance under DC-bus voltage level change to large values for medium-

voltage distribution applications such as PHEV. A reference step change is applied and 

set to be increased from 400 to 500 V. The corresponding input current for the wind 

generator is also shown in Fig. 8.25. According to gain parameter design, it is noticed 

that the control operation has over damped transient response and there is no overshoot. 

The settling time is almost 0.05 sec which indicates to the fast response of the control 

system. Therefore, the overall dynamic performance was greatly improved. 
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Fig. 8.25  Reference and actual DC-bus voltage (100 V/div, 20ms) and generator AC-
current (10 A/div, 20ms) under DC-step change 

8.5.3 Efficiency Comparison 

Figure 8.26 illustrates the steady state battery DC-input inductor current of the 

MIBBC which shows that it works in the continuous mode of operation. As a result, the 
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instantaneous value of the inductor current can be easily controlled.  This represents one 

of the main advantages for the MIBBC topology under high frequency operation; since 

the battery current is operate in the continuous mode which facilitates the control of the 

instantaneous value of the current instead of only controlling the average value. This 

leads to faster dynamic response during control operation. Figure 8.27 shows the 

comparative study of the efficiency between the converters based on laboratory 

measurements. In addition, the digital controller based DSP provides a good solution for 

achieving high accuracy under high frequency switching operation. As a result, the size 

of the passive components (inductor, output capacitor, and EMI Filter) is reduced by 

more than 50% compared with BBC at the same switching frequency. In addition, 

MIBBC and its digital control reduce the output voltage ripples and the inductor current 

ripple. Table 8.5 demonstrates the comparative study between the developed MIBBC 

topology the conventional converters (BBC and BPFCC) based on the experimental 

results. 

 
IL2: 10 A/div-100ms

IL2 

 

Fig. 8.26  The DC-inductor current of the MIBBC (10 A/div, 100 ms) 
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Fig. 8.27  The comparative efficiency between MIBCs at load change based on loss 
model 

Table 8.5 Experimental topology comparisons of various MIBCs  

Topology BBC BPFCC MIBBC 

PF 0.835 0.9983 0.998 (UPF) 

Efficiency 92.2% 94.8% 97.8% 

Input Inductor 2 mH 0.33 mH 0.3 mH (85% reduction) 

THD% 35% 7.95% 17% (medium) 

 

8.6 Conclusion 

In this chapter, a novel modularized 4-port high frequency multi-input bridgeless 

boost converter (MIBBC) topology feasible for hybrid energy systems and PHEVs was 

developed in order to optimally utilize the amount of the generated energy. The hybrid 

PI-hysteresis control algorithm was designed for reducing the AC-input source 

harmonics. A direct digital control (DDC) approach was used for designing the cascaded 

digital control strategy to control the DC-input sources operation. The digital PI-
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controllers were designed using a bode diagram to achieve the required phase margin and 

critical frequency. The MIBBC achieved higher efficiency (97.8%), when compared to 

BBC (92.2%) and BPFCC (94.8%). Also, the inductor size and weight (0.3 mH: 1.29 lbs) 

reduced proportionally to the frequency, compared to BBC (2 mH: 12.5 lbs), improving 

the overall efficiency for the system. In addition, less cost (more economic) was achieved 

compared to BPFCC; due to less number of switches. Smaller heat sink was needed 

compared to BPFCC; due to less switching losses which lead to less heat dissipation. 

High current THD (17.03%) was investigated but still lower than the compared BBC 

current THD (35%). Furthermore, UPF (0.998) operation was verified for generator input 

operation, compared to BBC (0.835). A fast control dynamic response was achieved (0.1 

second) under DC-reference step change test. All the obtained results confirm the 

effectiveness of the developed topology for hybrid sustainable energy systems. 

 

 

 

 

 

 

 

 

 

 

 



 

189 

 

Chapter 9 Design and Implementation of Digital Signal Controller and Peripheral 

Interface Circuit for High Frequency Grid-Tie Inverters  

9.1 Introduction 

The digital signal controllers (DSCs) are finding wide application in many 

engineering fields especially the field of power electronics and these are suitable in 

almost all high frequency power conversion applications. This is because of their ability 

to perform complex mathematical computations within minimum amount of time and 

efforts. Furthermore, the digital controller is flexible as the implementation involves only 

software instructions and is independent of the converter size. An example of this is the 

dSPACE hardware and software programs which allow engineers to control projects 

through Matlab. However, a key setback presented by using dSPACE as the control 

interface is that the project or system must be constantly connected to the dSPACE 

interface board as well as the computer where the program is created. In addition, 

dSPACE controllers are expensive tools and have multiple components which occupy 

large space in the hardware system. Furthermore, it has a limited processing speed 

capability [132]. 

Some research studies for designing and implementing a DSP controller have been 

done on simulators and emulators for different applications [133-137]. In [133], a fuel 

cell (FC) emulator and the control are implemented in a Matlab/SimulinkTM environment 

and programmed into a dSPACE and/or DSP controllers. The control voltage from the 

FC model is fed into a power amplifier. Finally, the power amplifier drives either a load 

or a power-converter circuit. Reference [134] proposes a design and implementation of a 

power converter for an autonomous wind-powered SEIG feeding an isolated load through 
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the employment of a DSP-based rectifier-inverter circuit. Moreover, a DSP-based 

prototype platform used to support advanced power measuring algorithms, considering 

the definitions proposed in the new IEEE Standard 1459–2000, was presented in [135]. 

Reference [136] reports on the development of a laboratory prototype of a fully 

digital DSP-controlled 12-kVA unified power quality conditioner (UPQC), capable of 

compensating for both the supply voltage and the load current imperfections. A fully 

digital controller based on the TMS320F2812 DSP platform is implemented for the 

reference generation as well as control purposes. Also, an eZdsp development board was 

used to implement various PWM strategies on a fixed point DSP and compare their 

performances [137]. 

One of the most important applications that utilize digital signal processors is 

adjustable speed drives (ASDs) as discussed in [138-140]. A true single chip solution was 

proposed using DSP controller for multiple motor drives which significantly simplify the 

system design [138]. A speed control of DC motor using TMS320F240 DSP was done in 

[139] and [140]. In the previous application, an accurate and reduced part closed loop 

control was achieved through the fabricated DSP controller board. 

In this chapter, a real-time digital control based on TMS320F28335 DSC is designed 

and implemented in order to achieve a fast response during transient operation. The 

control strategies are implemented using Code Composer Studio™ (CCStudio) and 

eZdsp TMS320F28335. The developed DSC board is highly suitable not only for high 

frequency-based power converters and wind turbine controllers but also for various 

industrial electronics applications such as; HEVs controllers and ASDs. 
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9.2 The DSC Developed Hardware Board 

The DSC board is 150mm x 250mm four layers fabrication. The card is powered 

from regulated 5V DC switched mode power supply (SMPS) mounted on a separate 

analog board in the same box. It is plugged on the analog board for interfacing via 16 

(12-Bit) ADCs BNC pins, 8 (8-Bit) DACs BNC pins, and 88 I/O pins female connectors. 

Figure 9.1 shows the block diagram of the developed DSC digital board. Figure 9.2 

shows the board after assembling its components. The board has 7 major sections: 

• TMS320F28335 DSP processor and 150 MHz crystal oscillator, 

• On-card 256K x 16 Flash memory, 34K x 16 SARAM, and 8K x 16 Boot ROM, 

• 16-channels 12Bit input Mux 80 ns/12.5 MSPS conversion rate, 

• 8 Output Two DACs TLC7226 8Bit converter, 

• 88 general purpose I/O pins with input filtering, 

• Multiple output-SMPS with +5V or +/-15V Power Options, 

• JTAG 1149.1 compliant emulation port compatible with XDS-510 USB or 

equivalent debugger using TI Code Composer Studio. 

The DSC-board requires a 5V DC source. This 5 V DC source is obtained from the 

imbedded multiple output SMPS PCB which yields the required voltage as well as a +/- 

15V output, this 15V output can be accessed through three female banana connections 

which are placed on the DSC mainframe. These outputs are +15V, ground, and -15V. The 

SMPS powers both the DSC mother board as well as the internal fan with the 5V DC 

output. However, the DACs which are used for the analog outputs are powered by the +/- 

15V output. The SMPS is connected to a power receptacle of 120V AC. 
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Fig. 9.1  Block diagram of the developed DSC digital board 

 

(a) 

Fig. 9.2  DSC digital fabricated board: (a) Internal DSC-design with assembling its 
components and (b) Finalized version of the controller 
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(b) 

Fig. 9.2  DSC digital fabricated board: (a) Internal DSC-design with assembling its 
components and (b) Finalized version of the controller (continued) 

The cooling is implemented using a small 1.5” x 1.5” fan. The air in the DSC is able 

to circulate because across from the fan there are 9 strategically placed holes which allow 

air to flow easily. Furthermore, the fan can be controlled through a heat sensor which 

maintains the internal temperature at a desired value. The schematic diagram and the 

layout footprints are shown in Fig. 9.3. 

The TLC7226CN is a four 8-bit output digital to analog converter (DAC). This chip 

is used to convert the output digital signals from the TMS320F fabricated board into 

analog signals. These analog output signals are amplified to control the speed of the 

prime-mover which acts as a wind turbine emulator. The DAC has a parallel input 

channel configuration, which means that it will work faster than the serial input channel 

configuration since the eight input digital bits will be sent to the chip at the same time. 

Out of one single DAC chip we can obtain up to four analog outputs (OUTA, OUTB, 
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OUTC and OUTD). Since the converter is an 8 bit converter, eight outputs from the I/O 

pins on the controller board will be used to send digital signal to the DB0 through DB7 

pins on the chip to obtain four analog outputs. Figure 9.4 below shows the chip pin 

configuration [141]. 

 

Fig. 9.3  SMPS design schematic diagram for DSC digital board 

 

Fig. 9.4  The TLC7226CN digital to analog convertor pin configuration 
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9.3 Software Design 

Software development environments such as Code Composer Studio™ (CCStudio), 

Matlab and Microsoft Visual C++ were used. This section gives a brief overview of the 

first two items. The Texas Instruments (TI) provides a royalty-free RTOS with its DSPs, 

called DSP/BIOS. For a list of features, the reader must refer to [142-144]. In view of the 

described application, the use of DSP/BIOS has three distinct advantages: 

• The Code can be impeded and ported to a small fixed-point DSC, without 

substantially modifying the source code, 

• It is a pre-emptive multitasking environment. Software expansion is easy and the 

real-time analysis (RTA) module provides detailed information in real-time about 

the running algorithms (tasks), 

• It has a real-time data exchange (RTDX) module, that transfers data in real-time 

between the DSC and the PC. 

At first, the “C” programming language was considered for the algorithm 

development. Given the fact that it takes significant time to master writing good quality 

“C” code, programming of an algorithm in a DSP/BIOS task is done by means of the 

Matlab IDE Link toolbox, thus avoiding tedious manual coding of the algorithms. The 

produced “C” code is compiled and linked with support software that runs the code as a 

single or multiple tasks, depending on whether the Matlab system has one or more 

sample rates. The tasks are either data- or interrupt-driven. 

The DSP/BIOS provides streaming I/O objects (SIO) that handle this type of data 

acquisition and entirely hide process synchronization from the programmer. A task 

simply blocks when a request is made for data that is not yet available, releasing the 
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processor to other, lower-priority tasks. A low-level I/O driver (LIO) was written that 

uses the DSCs on-chip direct memory access (DMA) controller to transfer these blocks in 

the background without interrupting the DSC. 

9.4 Peripheral Interface Circuit 

The interface section is one of the most important parts in the real-time operation. It 

represents the connection point between the control circuit and power circuit. The 

designed interface board is 127mm x 114mm two layers fabrication. The board is 

powered from regulated 15V DC switched mode power supply (SMPS) mounted on a 

separate analog board outside the module box. The main objectives of this board are: (1) 

to make ground isolation between the controller board (low power) and power circuit 

(high power) which protects the controller against power circuit section faults, (2) to 

amplify the control voltage from 5V to 15 V in order to be able to switch on the IGBT 

power switches.  

Figure 9.5 shows the circuit schematic of the developed interface circuit. The circuit 

was completely designed using the tools in Orcad Capture. A simple opt-coupler was 

obtained from the built-in libraries and it was modified to look like the 6N136. This one 

has a BJT inside and also had one more diode than a regular opt-coupler. This circuit was 

done exclusively on a PCB to reduce the size and bulkiness of breadboard built models. 

This circuit was repeated to create 12 inputs-12 outputs design as shown in Fig. 9.6. 

Figure 9.7 shows a photograph of the board after assembling its components. 
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Fig. 9.5  Circuit schematic of one opt-isolator 

 

Fig. 9.6  The layout of the overall interface board before fabrication 
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Fig. 9.7  The hardware interface board after assembling its components 

9.5 Power Circuit Description 

Figure 9.8 illustrates the schematic diagram of a grid-connected wind farm and its 

VOC control strategy that was previously discussed in chapter 3. This system is 

considered as an example to verify the advantages of the developed DSC over the 

commercial laboratory controllers such as dSPACE 1104. DSC is used here to investigate 

the performance of the control operation of the high frequency grid-tie-inverter. 
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Fig. 9.8  Schematic diagram of the overall WECS control system connected to grid 
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9.6 DSC Test Results 

In order to investigate the performance of the developed system, an experimental 

setup for WECS is constructed and connected to the local grid. A prototype experimental 

setup is designed and implemented including the developed DSC as the control heart of 

the developed system and all the interfacing circuits to the analog power circuits. 

 The control program using Matlab/Simulink™ was designed and downloaded to 

DSC-chip [145]. The HF-PWM presented in this section was used with a 30-kHz 

switching frequency. The VOC strategy discussed in chapter 3 is utilized in the control. 

Figure 9.9 shows a photo of the experimental test setup implemented in the laboratory for 

the developed system. 

HF-Inverter

DSC

Drive module

Grid filter

AC-Grid

Wind emulator

AC-Load

 

 Fig. 9.9  The experimental setup of the overall WECS connected to grid 
(including DSC-controller board).  
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9.6.1 DSC-board performance  

In order to test the DSC-board characteristics, two types of tests were carried out. The 

first is the DAC test for wind speed emulation. The second is the digital output test for 

high frequency operation capability. 

In the first experiment, a sine wave is used as the input signal to be converted into 

eight bit digital values. This eight bit will then be sent to the DAC chip in order to obtain 

an analog sine wave on the output. Because the DAC has 8 bit inputs, then the state 

(11111111) will be equivalent to 28 = 256 and the state (00000000) will be equivalent to 

0. The states between these two values can be calculated by the formula (28-1)/VIN. 

Figure 9.10 shows the Matlab/SimulinkTM program that was designed to perform this 

operation. 
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Fig. 9.10  Digital to analog converter- sine wave test 
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The sign wave signal at the input has amplitude of 2.5V and is biased by 2.5V in 

order to have the full sine wave on the positive side of the y-axis since the chip is set to 

work in the unipolar configuration. A gain of 255/5 is placed after the sine wave block to 

convert the analog voltage values between zero and 5V into a value between zero and 

two hundred and fifty five. The value obtained after the gain is then processed by eight 

different operations which gives eight different digital outputs of zeros and ones. A 

multiplexer is then used to send the eight outputs to the block named “Digital Output”. 

The Digital Output block sends the input values coming from the multiplexer to the I/O 

pins which are connected directly to the chip. Figure 9.11 shows the sine wave obtained 

from the analog output on the DSC- box. 

 
2V/div – 250 ms 

 

Fig. 9.11  Sine waveform obtained from the analog output of the DSC-board  

In the second experiment, the digital outputs or I/O pins are tested with a very simple 

circuit design. The objective of this experiment is to measure the switching frequency of 

the output digital signal. Figure 9.12 shows the circuit schematic. 
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Fig. 9.12  Digital output test 

A pulse generator is used as the input signal with amplitude of 1. Then, it is 

subtracted by a constant of 0.5 and the result is compared to 0. When the value from the 

pulse modulator is 1, then (1-0.5>0) and the output is 1. On the other hand, when the 

pulse modulator is 0, then (0-0.5<0) and the output is 0. The output from the comparator 

is sent to the “Digital Output” block and is assigned to a specific I/O pin on the board. 

The signal output from the circuit must be a pulse signal with amplitude of 3.3V (rated 

value). The frequency of the output signal depends on the frequency of the input pulse 

modulator. Figure 9.13 show the output signal from the I/O pins. 

 

(a) 

Fig. 9.13  Pulse signal from the digital outputs with amplitude of 3.3V and frequency 
of: (a) 50 kHz and (b) 100 kHz  

1V/div – 5 µs 
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(b) 

Fig. 9.13  Pulse signal from the digital outputs with amplitude of 3.3V and frequency 
of: (a) 50 kHz and (b) 100 kHz (continued) 

9.6.2 Wind Emulator and HF-PWM Inverter Control  

This part is composed of two main components. The first is the wind emulation 

section which can be seen on the lower left corner of Fig. 9.14. The block “Repeating 

Sequence Interpolate d” is used to simulate the wind speeds at one of Chicago’s airports 

data 2009. This value is then converted to an analog output through the DAC subsystem 

which was previously explained on the first experiment. The second part is the inverter 

control which can be seen on the top left. The inverter control is composed of a high 

frequency PWM signals which sends digital outputs to control the IGBTs in the grid-tie 

inverter part of the wind emulation system. This HF-PWM signal can be seen in Fig. 

9.15. The signal on the top half represents the wind speed simulation and the PWM 

digital output signal is represented on the bottom half. 

1V/div – 5 µs 
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Fig. 9.14  Simulink program for the wind emulator and inverter control system 

 

Fig. 9.15  Wind emulator speed (5 V/div, 10s) and inverter HF-PWM (30 kHz) 
control output signal (2 V/div, 10s) 

9.6.3 Power Injection Test 

In order to evaluate the performance of developed system, two types of loads are 

applied to the output of the WECS at the grid connection point. A 350 Ω resistive load 

and 1/3 hp induction motor load were connected together at the same time. Although 

loads are connected at the grid point, no current was drawn from the AC grid and WECS 

supplied the current for both loads as well as the wind generation system maintain stable 

1) 5V/div – 10s  2) 2V/div – 10s 

1 

2 
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in synchronization process with the grid. Figure 9.16 shows the grid-tie inverter output 

voltage synchronized to the AC-grid voltage while the load current appears to be lagging 

to inverter output voltage. 

 

Fig. 9.16  Grid-tie inverter voltage and AC grid voltage (100 V/div, 5ms) versus load 
current (2 A/div, 5ms) 

9.6.4 DSC Measured Efficiency and Power Factor 

Figure 9.17 shows the measured efficiency and inverter output power factor (PF) for 

both controllers (DSC-development board versus dSPACE1103 board) according to the 

applied resistive load condition. For DSC, it is noticed that the average efficiency is 

above (91 %) while the PF is almost unity and these results agree with dSPACE 

controller results to a great extend. 

1) 100V/div – 5ms  2) 100V/div – 5ms 

3) 2 A/div – 5ms

1 
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Fig. 9.17  Efficiency versus output power and output PF versus output power 

9.7 Conclusion 

In this chapter, the developed DSC-board proved its high performance and practical 

impact towards controlling high frequency-based power inverters for grid-connected 

wind emulator system. The high frequency operation was utilized for efficiency (above 

91%) and power density improvement since the passive elements physical size and power 

losses have been reduced inversely with switching frequency. Different types of loads 

have been connected to the system (active and reactive) in order to test the power 

injection capability.  

The designed controller achieved the following advantages; low cost (less that $100), 

comparing to other commercial controllers such as dSPACE 1103, which facilitate its 

availability for research work as well as educational purposes, high accuracy, where 150 

MHz processor is used as the main heart of DSC-system, high reliability, since it is an 

embedded and computer independent with USB communication for program 

downloading process. The developed DSC-system confirmed its superiority for grid-

connected sustainable energy systems.  
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Chapter 10 Practical Implementation of HFPCS  

10.1 Introduction 

Enabling modern power electronics solution for markets such as wind, solar, traction, 

welding, elevators and electric vehicles is a complete sub-assembly. The decision to 

select an all-round solution which includes a complete sub-assembly, the specification 

and design, production, arduous testing and after-sales support and service is time-saving, 

cost-effective and so simple with an experienced partner. 

Through the whole dissertation study, the high frequency power converter system 

HFPCS was designed, implemented, and investigated in our Energy Systems Research 

Laboratory (ESRL) as a high-level-integration power electronics system from the multi-

converter system family that was developed in line with customer specifications. The 

system comprises multiple converters used to control power flow under harsh ambient 

conditions. Different operating modes are possible, e.g. the system can be supplied with 

electric power by way of a 3-phase wind generator, a PV, Fuel cell, and Batteries. The 

system is housed in an air-cooled case (with thermal protection) and communicates with 

the master controller via a D-connector bus. The signal interface features analogue and 

digital I/Os to allow for the connection of a wide variety of sensors, e.g. temperature 

sensors, resolver inputs. 

This new enabling technology has ability for hybrid sustainable energy sources 

connection representing DC-microgrid and sharing same DC-bus voltage level. Also, 

DC-Power can be injected into local single-phase or three-phase AC-grid through a 

power inverter module system. The main advantages of this high frequency developed 
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module when compared to the conventional low frequency power converters for other 

manufacturers are: 

• Higher efficiency due to less power losses and reduced number of switching 

elements, 

• Lower total harmonic distortion (THD %) which leads to better power quality, 

• Larger output power density realization, 

• The power circuit passive elements were reduced proportionally to the frequency, 

with a corresponding reduction in size and weight, 

• Smaller size and weight, 

• Voltage/current measurements and interface board are internally imbedded, 

• Less overall operational cost, 

• The harmonics are of higher orders and can be easily filtered out, 

• Higher reliability because of parallel sources and thermal protection. 

Figure 10.1 illustrates the developed HFPCS schematic diagram and its hardware 

implementation. High frequency multi-input boost converter (MIBC) was successfully 

tested, as a prototype of its initial 72kW hybrid converters technology. The power 

handling capability was calculated according to the maximum designed features for the 

developed converter. However, this converter was tested for 10 kW loading condition 

considering the available loads in our laboratory and the amount of the heat dissipation 

that will occur during larger power operation. Accordingly, there are some important 

recommended rules explained in this chapter must be considered to upgrade the 

developed converter for testing it under larger power ratings up to 72 kW.   
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(b) 

Fig. 10.1  The overall high frequency-based power converter system configuration: (a) 
Schematic diagram. (b) Hardware implementation 
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10.2 Commercialized MIBC Description 

The developed HF MIBC is a power electronics platform solution meeting market 

demands for a standardized, compact, maintainable, flexible and above all cost-effective 

system for forced air-cooled converters of 1200V, 72 kW. Figure 10.2 shows a 

photograph of the first modularized version of the MIBC.  

The diode rectifier with intermediate DC-DC boost converters and the fully-

controlled converters are the dominant power converter topologies used in AC-

sustainable energy conversion systems. MIBC uses a completely new topology called 

high frequency semi-controlled converter topology. This topology uses similar 

components and materials as the conventional converters, but operates in a completely 

unique method. Although HF MIBC was designed as a standard platform it was also 

designed to allow customization, such as changing the power modules, the type and 

orientation of the fans without changing the whole concept. The dramatically smaller size 

and lower weight of the MIBC prototype converter is proven in this pilot project. 

 

Fig. 10.2  MIBC developed prototype 
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10.3 MIBC Main Features 

The main features of the developed MIBC topology can be summarized as: 

• Reduced cost industrial platform is achieved; parts used within the range of 60A, (at 

50kHz switching frequency) are reduced to the minimum according to the available 

components of the shelf (COTS), the whole range can be covered with only one 

reference of IGBT module, line input inductor filter, heat sink, fan, and voltage 

sensor.  

• The module design with the latest NPT-IGBT chip generation is optimal for the HF 

MIBC range. 

• The gate driver along with close protection scheme gate boards protects the devices 

with electrical isolation, Vce monitoring, short pulse suppression, under-voltage 

monitoring and interlocking.  

• The MIBC range has forced air-cooling of the system guaranteeing long lifetime 

expectancy and avoiding the occurrence of hot spots.  

• The excellent symmetry of the bus-bar system between the Snubber blocks and the 

IGBT modules ensure a current sharing between the modules.  

• All five sizes use the same spare parts; this ensures easy integration, plug and play 

and easy maintenance.  

• Four of these sizes have a half controlled rectifier. All removable parts weigh less 

than 66 lbs and all screwing points are accessible from the left side, while 

conventional converters with similar capability have about 364 lbs of magnetic-metal.  

• For a large installation with multiple power ratings less spares are required due to the 

modularity of the MIBC.  
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• The same parts are used through the whole range, which simplifies training of the 

after sales team and allows an improved availability of the parts. 

• All technical performances result in a power/volume ratio, which was previously only 

achievable through water cooling. 

• Reduced weight and cost; this is achieved by reducing inductive filter requirements. 

• Higher efficiency due to less power losses and reduced number of switching 

elements, maximizing energy harvesting. 

The developed MIBC detailed technical specifications are shown in Table 10.1. 

Table 10.1 MIBC technical specifications and parameters 

Technology MIBC  

Max. DC-Voltage 550 Vdc 
Max. Input Current 60A 
Max. Input Power 11 kW 
Efficiency 97.8% Average 
Weight <66 lbs (>80% reduction) 
Size (Dimension) 11.8”x11.8”x12.2” 
Multi-access Yes  
Switching Frequency 50 kHz 
Passive elements Filters included  
Interface circuit Yes (TTL & CMOS) 
Voltage measurements Yes (+/- 0.8% accuracy) 
Current measurements Yes  
Cooling Yes (Forced-air heatsink) 
Thermal Protection Yes (through thermal sensor) 
Accessories Self-Supply Yes (Through battery bank) 
Signal Error Monitoring Yes 
Snubber circuit Yes  (0.22 µF) 
Load Control  Yes (6-outputs) 
Controller Connectivity BNCs or D-connector 
Battery voltage sensor Yes 
Total Costs <$3,000 
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10.4 MIBC Application Area 

The developed converter is designed to provide superior power management for rapid 

control prototyping and is highly suitable for various applications such as: 

• Hybrid sustainable energy conversion systems, 

• Grid connected systems, 

• Grid-tie inverters, 

• DC-distribution infrastructure systems, 

• Hybrid electric vehicles,  

• Adjustable speed drives.  

10.5 The Practical Rules for MIBC Scaling-up 

It is not viable to simply resort to increasing the switching frequency to limit the size, 

weight, and cost of the converter since the core and copper loss of the inductor will go up 

as a result of the increased switching frequency and the power rating. In addition, the 

semiconductor heat dissipation in the converter limits the switching frequency [169]. For 

example, the inductor design is still a challenging issue for increasing the converter 

efficiency and power density. Besides its large size and heavy weight, the lossy inductor 

limits the operating temperature. As a result, a compact size (11.8 in. × 11.8 in. × 12.2 

in.) and light weight (<66 lbs) were achieved. Furthermore, the power density of the 

developed converter is considerably increased.  

On the other hand, research labs around the US have taken many different approaches 

and rules, which represent the potential innovation, to scale-up to the full utilization for 

larger power ratings (up to 72 kW) of our developed MIBC converter and obtaining more 

efficient and better integrated power converters:  
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10.5.1 Improved High Frequency Circuit Topologies 

The Perrault lab at MIT has focused much of their recent efforts on new circuit 

topologies – the arrangement of components in a circuit – that can limit the losses in the 

semiconducting switches used in power converters.  This group has developed a new 

class of converters which operate at high frequencies with minimal switching losses.  

Many of these new designs rely on Gallium Nitride-based (GaN) semiconductors 

currently under development. The GaN switches will likely replace silicon-based 

semiconductors as the building block for tomorrow’s converters [169]. 

Also, the replacement of silicon carbide (SiC) devices instead of the present NPT-

IGBT will have merit because of their high-temperature capability, high-power density, 

and high efficiency, which has been indicated by some previous works [170, 171]. 

Moreover, the use of the clustered insulated gate bipolar transistor (CIGBT) in 

cascaded manner is another option to increase the power rating through larger voltage 

levels (> 3.3 kV) [172]. However, some issues, such as short circuit, could be arisen from 

the series connection which must be taken into consideration [173]. In addition, the 

multiphase multilevel connection is highly recommended for high-current, high power 

HEVs and fuel cell vehicles (FCVs) [174]. 

10.5.2 Switched Capacitor Circuits  

 Groups such as the Sanders lab at Berkeley have been researching a new circuit 

topology called switched capacitor circuits that eliminate magnetic devices completely 

from the switching circuit (remember that losses in magnetic components generally scale 

with frequency).  Work is still underway to produce switched capacitor systems which 

can be efficiently regulated, but miniaturization is easily attainable with these new 
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designs [175]. There is still great potential to make the converter even lighter by 

replacing the film capacitors with multilayer ceramic capacitors (MLCCs). 

10.5.3 Integrated Magnetics Designs 

Building miniaturized magnetic devices with manageable losses at high frequencies 

has been the recent focus of the Lang (MIT) and Allen (Georgia Tech) labs.  Designing 

magnetics which are smaller and much more integrated with the converters’ other 

components can require both new materials and complex microfabrication approaches.  

This has convinced MEMS (micro electromechanical systems) experts, such as Lang and 

Allen, to focus their work on building efficient micro-scale inductors for power 

converters.  Magnetic components that are integrated on-chip with other power 

conversion components could bring low-cost and efficient power conversion to a myriad 

of industries. 

10.5.4 Heat Sink Design Considerations 

In fact, the heat sink is one of the major parts that directly affect heat transfer 

characteristics inside the converter module [176]. With the increase in heat dissipation 

from microelectronic devices and the reduction in overall form factors, thermal 

management becomes a more and more important element of electronic product design. 

Both the performance reliability and life expectancy of electronic equipment are 

inversely related to the component temperature of the equipment. The relationship 

between the reliability and the operating temperature of a typical silicon semiconductor 

device shows that a reduction in the temperature corresponds to an exponential increase 

in the reliability and life expectancy of the device. Therefore, long life and reliable 

performance of a component may be achieved by effectively controlling the device 
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operating temperature within the limits set by the device design engineers. The developed 

MIBC employs SEMITRANS3 SKM 200GAL125D Ultra Fast NPT IGBT Modules. 

Form the respective data sheet, the effect of temperature change on the output current and 

switching frequency is shown in Fig. 10.3. It is clearly appeared that for larger switching 

frequency, the maximum current is proportionally reduced. Meanwhile, the temperature 

reduction is increasing the current capability for high switching frequencies. 

 

Fig. 10.3  Maximum output current versus switching frequency (during temperature 
change) 

Figure 10.4 shows that the temperature is also related to the DC-bus voltage level 

which also limits the corresponding current value. 

 

Fig. 10.4  Maximum output current versus DC-bus voltage (during temperature 
change) 
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Heat sinks are devices that enhance heat dissipation from a hot surface, usually the 

case of a heat generating component, to a cooler ambient, usually air. 

For the following discussions, air is assumed to be the cooling fluid. In most 

situations, heat transfer across the interface between the solid surface and the coolant air 

is the least efficient within the system, and the solid-air interface represents the greatest 

barrier for heat dissipation. A heat sink lowers this barrier mainly by increasing the 

surface area that is in direct contact with the coolant. This allows more heat to be 

dissipated and/or lowers the device operating temperature. 

The primary purpose of a heat sink is to maintain the device temperature below the 

maximum allowable temperature specified by the device manufacturer. The heat sink 

geometry is affecting the performance of the heat dissipation. Rectangular fins have 

better performance than square fins, whose back edges have poor air flow past them.  

Rectangular fins also have better performance than round fins; however, pressure drop is 

also higher for rectangular fins. Round fins are good if you don’t know which direction 

your airflow will be from or if airflow may not be straight through the heat sink.  

Longer fin heights mean increased surface area but with a fixed volumetric flow rate 

performance may actually decrease with fin height. Also, longer heat sinks in the 

direction of flow and more fins both mean increased surface area but both have adverse 

affects on pressure drops and flow bypass, and the average heat transfer coefficient goes 

down [177]. The developed MIBC uses P3/300B-Semikron rectangular Heat Sink, 

135x125x300mm with axial fan, 119mm, 115VAC, 190mA as shown in Fig. 10.5. This 

design is considered for a maximum power rating of 10 kW continuous operation and 15 

kW pulse operation.  
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For larger power ratings (maximum 72 kW), a larger rectangular poly heat sink (P16) 

with forced cooled radial fan that provide the thermal characteristics shown in Fig. 10.6. 

It can be noticed that for longer operation time, the power dissipation capability is 

reduced.  For example, if the converter runs for short period of 5 seconds, then the power 

rating becomes large 1/0.005 (200 kW). Also, if the converter runs for long period of 600 

seconds, then the power rating becomes smaller 1/0.02 (50 kW). It can be noticed that the 

curve reaches saturation level after 400 seconds.     

        

(a)           (b) 

 

(c) 

Fig. 10.5  The photograph of the rectangular heat sink with axial fan employed in the 
developed MIBC: (a) Heat sink, (b) Fan and (c) Installation schematic 
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Fig. 10.6  The thermal characteristics of the P16 poly heat sink 

10.6 MIBC Grid Connectivity  

In this section, an experimental study is performed to confirm the practical validity of 

the developed MIBC for AC-grid connection through the grid-tied-inverter. This study is 

also implemented to verify the active-reactive power control capability through the 

developed VOC control algorithm that was previously discussed in Chapter 5. The MIBC 

output is connected as the inverter stage input while the DC-bus is representing a 

common connection point for supplying the DC-microgrid local loads as shown in Fig. 

10.1. The filter design is directly affecting the power quality of the grid-connection 

operation. Accordingly, different inductor values are designed and its results are 

discussed. Three values are mounted (6, 12, and 24 mH) and each inductor is tested 

within 1-6 kW power range. A variable filter was designed by using two 12mH inductors 

and three switches as shown in Fig. 10.7. The detailed operation is explained in 

Table.10.2. The harmonic contents of the injected current are analyzed and compared in 

order to select the proper filter value. In addition, the active-reactive power flow control 

operation is investigated by applying different reference power values. 
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Fig. 10.7  The developed variable inductor filter design: (a) Schematic diagram and 
(b) Real hardware circuit.  
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Table 10.2 The three switching states for the variable filter 

 

 

 

10.6.1  6 mH Line Filter 

This test is investigating the grid connection system performance with 6 mH inductor 

filter. According to Table 10.2, when S1, S2 are ON and S3 is OFF, then the parallel 

connection between the two 12 mH is achieved resulting a total of 6 mH inductance value 

as shown in Fig. 10.8. When S1, S3 are OFF and S2 is ON, then the connection gives a 

12 mH inductance value as shown in Fig. 10.9. When S1, S2 are OFF and S3 is ON, then 

the series connection between the two 12 mH is achieved resulting a total of 24 mH 

inductance value as shown in Fig. 10.10. The experimental test results with 6 mH filter 

are shown in Figs. 10.11, 12. Figure 10.11 shows the injected active current with 

different reference active power from 1-6 kW. It can be noticed that the current appears 

to be in phase with grid voltage which means a pure active power injection with a unity 

power factor operation. It is also clearly appeared that the current increased 

proportionally with the reference required active power value. The harmonic spectrum 

analysis of the injected current is illustrated in Fig. 10.12. At low power of 1 kW, the 

current THD is 31.2% (large). However, at larger power of 6 kW, the current THD is 

3.26% (low) which is accepted within the IEEE 929 standard that allows a limit of 5% 

with individual limits of 4% for each odd harmonic from 3rd to 9th and 2% for 11th to 

15th. We can notice that the harmonic distortion effect is decreased with larger power 

ranges. 

Inductance value S1 S2 S3 
6 mH ON ON OFF
12 mH OFF ON OFF
24 mH OFF OFF ON 



 

222 

 

10.6.2 12 mH Line Filter 

This test is investigating the grid connection system performance with 12 mH 

inductor filter. The experimental test results with 12 mH filter are shown in Figs. 10.13, 

14. Figure 10.13 shows the injected active current with different reference active power 

from 1-6 kW. The harmonic spectrum analysis of the injected current is illustrated in Fig. 

10.14. At low power of 1 kW, the current THD is 21.8% (large) but less that the 

compared 6 mH inductor (31.2%) that was previously tested. However, at larger power of 

5 kW, the current THD is 1.97% which is lower than the compared 6 mH (3.64 %) for the 

same power value. On the other hand, it can be noticed that the current did not increase 

when the reference power changed from 5 to 6 kW. The main reason is that at larger 

inductance values, the same sampling time is not sufficient to store the energy at larger 

current values. Accordingly, the controller failed to satisfy the required referenced power 

which limits the use of larger inductors at certain power ranges. 
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Fig. 10.8  The schematic diagram of the 6 mH line filter connection. 
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Fig. 10.9  The schematic diagram of the 12 mH line filter connection. 
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Fig. 10.10  The schematic diagram of the 24 mH line filter connection. 
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 (a)           (b) 

  

(c)           (d) 

  

(e)           (f) 

Fig. 10.11  The grid voltage (90 V/div-5 ms), the injected current (20 A/div-5ms), 
and the desired power (2 kW/div-5ms) with 6 mH: (a) 1 kW, (b) 2 kW, (c) 3 kW, (d) 4 

kW, (e) 5 kW and (f) 6 kW. 
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(e)           (f) 

Fig. 10.12  The injected current harmonic spectrum analysis with 6 mH: (a) 1 kW, 
(b) 2 kW, (c) 3 kW, (d) 4 kW, (e) 5 kW and (f) 6 kW. 
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(e)           (f) 

Fig. 10.13  The grid voltage (90 V/div-5 ms), the injected current (20 A/div-5ms), 
and the desired power (2 kW/div-5ms) with 12 mH: (a) 1 kW, (b) 2 kW, (c) 3 kW, (d) 4 

kW, (e) 5 kW and (f) 6 kW. 
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(e)           (f) 

Fig. 10.14  The injected current harmonic spectrum analysis with 12 mH: (a) 1 
kW, (b) 2 kW, (c) 3 kW, (d) 4 kW, (e) 5 kW and (f) 6 kW. 

10.6.3 24 mH Line Filter 

This test is investigating the grid connection system performance with 24 mH 

inductor filter. The experimental test results with 24 mH filter are shown in Figs. 10.15, 
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16. Figure 10.15 shows the injected active current with different reference active power 

from 1-6 kW. The harmonic spectrum analysis of the injected current is illustrated in Fig. 

10.16. At low power of 1 kW, the current THD is 12.3% (large) but less than the other 

compared 6 mH (31.2%) and 12 mH (21.8%) inductors that were previously tested. 

However, at larger power of 2 kW, the current THD is 5.93% which is lower than the 

other compared 6 mH (16.1 %) and 12 mH (11.4%) for the same power value. For 3 kW, 

the 24 mH gives a very low harmonic distortion of 1.36 % compared to the 6 mH 

(11.4%) and the 12 mH (7.96%). On the other hand, it can be noticed that the current did 

not increase when the reference power changed from 4 to 6 kW for the same reason that 

was previously mentioned in section 10.6.2. Accordingly, the controller failed to satisfy 

the required referenced power which limits the use of larger inductors at certain power 

ranges. Table 10.3 shows the total values resulted from the comparison between all the 

three filters. We can conclude that the large filter value (24 mH) is feasible for small 

power range (1-2.5 kW) while smaller filter values (12 mH) are recommended for larger 

power range (3-5 kW). Meanwhile, the 6 mH is feasible for power ≥ 5 kW. 

Table 10.3 The comparative test results for the grid line filter  

Filter value 
Reference              

power 

%THD 
6 mH 12 mH 24 mH 

1 kW 31.2 21.8 12.3 
2 kW 16.1 11.4 5.93 
3 kW 11.4 7.96 1.36 
4 kW 9.74 5.68 1.24 
5 kW 3.64 1.97 1.2 
6 kW 3.26 1.97 1.01 
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Fig. 10.15  The grid voltage (90 V/div-5 ms), the injected current (20 A/div-5ms), 
and the desired power (2 kW/div-5ms) with 24 mH: (a) 1 kW, (b) 2 kW, (c) 3 kW, (d) 4 

kW, (e) 5 kW and (f) 6 kW. 
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(e)           (f) 

Fig. 10.16  The injected current harmonic spectrum analysis with 24 mH: (a) 1 
kW, (b) 2 kW, (c) 3 kW, (d) 4 kW, (e) 5 kW and (f) 6 kW. 

10.6.4 Active-Reactive Power Injection Capability with MIBC 

An inverter grid-tie system has been designed to verify the effectiveness of the MIBC 

injection capability for AC-power into the grid. The inverter has been tested under 



 

231 

 

various power factor and command step conditions with 12 mH grid filter.  The switching 

frequency of the devices is set to be 3 kHz. If more inverter units are connected in 

cascade while adopting the phase-shifted PWM control, the equivalent switching 

frequency of the inverter is 6 kHz for two-unit and 9 kHz for three-unit cascade inverters, 

respectively. With more cascade units, the equivalent switching frequency will be higher, 

which leads to less output current ripple and possibility of smaller passive filter 

component selections. On the other hand, the system efficiency will suffer if the 

switching frequency is set too high because this topology is still hard switching [178]. 

The grid voltage is 120V, 60 Hz. The system controller and PWM generation are 

conducted by DS1103 PPC Controller Board. The passive filter components are selected 

as: L = 12 mH. Figure 10.17 shows the grid-tie inverter control under pure active power, 

pure leading and lagging reactive power conditions. The output is 5 kW active power 

(0o), 2.5 kVar lag reactive power (-90o), or 5 kVar lead reactive power (90o). 

Figure 10.18 shows the grid-tie inverter control with equal active power and reactive 

power command. The active power is 3 kW with either lagging (1.5 kVar) or leading 

reactive power (3 kVar). 

Figure 10.19 shows the grid-tie inverter control with active power command and 

reactive power command step changes. The experimental results proved that the control 

system has fast dynamics and good stability. The active power step change test was made 

from 3 to 5 kW as shown in Fig. 10.19a. The lead reactive power step change test was 

made from 2 to 4 kVar as shown in Fig. 10.19b. It can be noticed that the current is 

quickly responding to this severe condition within one cycle (millisecond) which 

indicates the control system robustness.  
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(a) 

 

(b) 

 

(c) 

Fig. 10.17  The test results for the pure active-reactive power injection: (a) 5 kW 
active, (b) 2.5 kVar lag reactive, and (c) 5 kVar lead reactive powers. 
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  (a)             (b) 

Fig. 10.18  The test results for the hybrid active-reactive power injection: (a) 3 kW 
active with 1.5 kVar lag reactive powers and (b) 3 kW active with 3 kVar lead reactive 

powers. 

  

  (a)             (b) 

Fig. 10.19  The test results for the step change active-reactive power injection: (a) 
3 to 5 kWactive power and (b) 2 to 4  kVar lead reactive power. 

10.7 Conclusion 

HFPCS successful pilot test proved that its new power converter technology 

improved the efficiency as well as the power density by reducing the weight and size of 

converters. The MIBC converter will improve the direct cost, indirect cost, efficiency and 

P = 0 kW, Q = 2 to 4 kVar lead 

Grid voltage (90 V/div) 

Injected current (20 A/div-10ms)

P = 3 kW, Q = 3 kVar (lead) 

Grid voltage (90 V/div) 

Injected current (20 A/div-5ms)

P = 3 kW, Q = 1.5 kVar (lag) 

Grid voltage (90 V/div) 

Injected current (20 A/div-5ms)

P = 3 to 5 kW, Q = 0 kVar 

Grid voltage (90 V/div) 

Injected current (20 A/div-10ms)



 

234 

 

reliability of commercial-scale hybrid systems. The isolated gate drive with fault 

monitoring and protection confirmed its interface ability with any peripheral controller. 

Moreover, MIBC verified the multi-access input comprehensive connectivity which 

enables the power interface to hybrid sources through one converter. Also, MIBC 

included the power circuit, measurements board, filter circuit, and interface circuit all 

imbedded inside the converter which leads to its compact design. The forced air cooling 

capability gave more protection to the developed converter against high temperature rise 

which can easily damage the switching semiconductor devices. Additionally, the thermal 

protection is added to the design to detect the over temperature case and run the fan 

according to the thermal sensor setting value. The snubber circuit was designed and 

connected to the switching elements in order to protect it against the fast 

overvoltage/overcurrent excessive operation. 

The grid-tie control of inverter operation for MIBC system was presented and 

discussed. The control system ensures wide-range power flow capability, from pure 

active power to pure reactive power delivery. Detailed analysis and design of the grid 

filter were conducted for inverter system. The VOC compensation controller was 

incorporated into the control loop to achieve better dynamic and steady-state 

performances. It was confirmed that smaller inductance value is feasible for larger power 

ranges while larger inductance value is recommended for smaller power ratings. A 6 kVA 

inverter grid-tie system was built and tested to verify the developed control operation. 

Wide-range power flow experimental results proved the feasibility and effectiveness of 

the designed control system. 
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This technology can be applicable to other clean energy infrastructure markets, 

including microgrids, utility-scale converters, plug-in hybrid electric vehicles (PHEVs), 

and adjustable speed drives (ASDs). The basic rules for scaling-up the developed MIBC 

for larger power rating operation were discussed. 

 

 

 

 

 

Chapter 11 Implementation in a Wide Area Measurement System for Smart Grid 

Involving Hybrid Energy Sources: An Application Study 

11.1 Introduction 

Wide area measurement system (WAMS) became one of the most recent technologies 

that are quite popular for upgrading the traditional electric grid. This upgrade has become 

a necessity to modernize the electricity delivery system following the occurrence of 

major blackouts in power systems around the world. Although many algorithms were 

developed in the past for online monitoring of transmission and distribution systems 

including the estimation of operating frequency, the required level of details for real-time 

online assessment is yet to be achieved [146-148]. In the early 1980s, synchronized 

phasor measurement units (PMUs) were first introduced and since have become the 

ultimate data acquisition technology, which will be used in wide area measurement 

systems with many applications currently under development around the world [149].  
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 Synchronized phasor measurements, or synchrophasors, provide a method for 

comparing the phase and sequence values from anywhere on a power system which can 

be integrated with phasor data concentrators (PDCs) at substations in a hierarchical 

structure [150, 151].  

The precise and accurate data that can be acquired from PMUs in a WAMS built on 

the power system confirms the need for a robust, reliable communication network with 

secure and high speed capabilities for online data access. As smart grid applications, 

utility power grid analysts can benefit from WAMS in the validation of system models 

and components which was one of the first uses of synchrophasors. This validation 

occurs through the use of inter-area communication or simultaneous data collection of 

conditions at a single point in time [152].  

In addition, real-time system monitoring (RTSM) for stability assessment and state 

measurement is another application where phasor measurements at nodes help the system 

operators to gain a dynamic view of the power system and initiate the necessary measures 

at the proper time. This is done in accordance with the latest IEEE standard (C37.118-

2005) developed to standardize data transmission format and sampling rates of PMUs. 

This can significantly be supported by the stability assessment algorithms, which are 

designed to take advantage of the phasor measurement information [153].  

In the past, post-event analysis was an application of synchrophasors (PMUs) without 

wide-area communication where data was archived locally. However, it was not a useful 

tool for online (dynamic) control. Recently, real-time control (RTC) of WAMS became a 

powerful control and analysis tool which provides a new view of power systems [154]. 

This is achieved by improving the communication network capabilities while maintaining 



 

237 

 

PMUs as a main component in the network. The use of PMUs for RTC will increase the 

control accuracy since the data are measured online. Also, it will enhance the power 

system stability and delivery automation capabilities after challenges of new data 

communication requirements across the system are firstly resolved [155-156].  The depth 

of observability is another advantage for PMUs. It means that the ability of measuring the 

bus voltage phasor directly or calculating it using the PMU voltage and line current of the 

nearest connected bus. This is the cost effective part since it reduces the number of data 

acquisition instruments and tools needed across the network as the measuring line 

currents can extend the voltage measurements to buses where no PMU is installed. In Fig. 

9.1, a simple generalization of the PMU block diagram is shown. This serves as the basis 

of simulating such unit [157, 158]. 

In this chapter, the developed WAMS network is studied and discussed to utilize this 

type of data collection to check the health state of hybrid power system networks. The 

purpose is to increase the overall system reliability for all power stages via significant 

dependence on WAMS as distributed intelligence agents with improved monitoring, 

protection, and control capabilities of the power networks [159]. This is achieved through 

building WAMS infrastructure communication network. The performance of the overall 

developed system is investigated through a Matlab simulation of the PMUs in a small 

system scenario of a WAMS network based on a 6-bus power utility network along with 

the associated communication network. Such a system is shown in Fig. 9.2. Moreover, 

the developed WAMS power network was experimentally built in the laboratory in order 

to dynamically interact (online) with the PMUs readings. The PMU functions were 
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programmed in the Matlab/Simulink environment based on the Hardware-in-The loop 

(HIL) concept. 
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Fig. 11.1  The block diagram of PMU 

G1 

B1 B2 

B3 

B4 B5 

B6 

T1 T2 

T3 

CB1 CB2 

CB3 

T.L.1 

T.L.2 

CB4 

PMU1 PMU2 

PMU3 

Load1 

Load2 

Gen. 
Station 

PV-Power 
Plant 

DC/AC 

 

Fig. 11.2  Single-line diagram of the developed hybrid AC/DC network 

11.2 WAMS System Description 

The principle of a WAMS network based on synchrophasors data with the aid of a 

broadband communication network is described in this section. The system consists 

mainly of two layers as shown in Fig. 11.3. First, the electrical power system layer, which 

consists of line-line 208V generating station with 50-kW output rated power, a PV-power 

renewable source of 24-kW rated power, 3-power transformers (T1, T2, and T3) linking 

the different parts of the electrical system, 2-short transmission lines (T.L.1 and T.L.2), 

6-buses (B1-B6), 4- circuit breakers (CB1, CB2, CB3, and CB4) and 2-loads each of 30-
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kW. Secondly, the WAMS layer which consists of 3-PMUs, located at generation and 

load buses, and one phasor data concentrator (1-PDC) which collects the data received 

from the remote PMUs. The PDC performs protocol conversion from IEEE C37.118 to a 

number of common power system protocols suitable for analysis and control actions in 

the control center. 
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Fig. 11.3  Schematic diagram of the developed WAMS involving the PV-sustainable 
power plant 

11.3 WAMS Mathematical Modeling 

A small size WAMS platform was designed and built on a 208-V, 60-Hz test-bed 

network that was modeled as shown in Fig. 11.4. This developed communication network 

was implemented in the lab by locating one PMU at each generation or load bus. All 

PMUs will send their measured voltage and current measurements to the PDC to monitor 

the system status and take the proper control action if required. Furthermore, the depth of 

observability can be utilized here to significantly reduce the system costs through the 

reduction of the number of PMUs. This is, since one PMU can read the voltage and 
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current measurements at its bus location with other bus measurements, located in same 

area, can be calculated. However, this algorithm has less accuracy than installing one 

PMU at each bus. A simulation of the PMU units was done with using the sampling clock 

pulses to achieve synchronization between the synchrophasors which are phase locked to 

the signal provided by the global positioning system (GPS) receiver built inside or 

outside the PMU. The GPS module is simulated as a clock enabling pulses sent to all 

PMUs at the same time so that all of them will have the same time tags. Accordingly, the 

same reference wave can be used at all different PMU locations through the WAMS. 
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Fig. 11.4  Simulink model for a scenario of the developed PMUs communication 
network layer on a hybrid AC/DC power system smart grid 

11.3.1 PMU Network Analysis 

The PMU must separate the fundamental frequency component from other harmonics 

and find its phasor representation. The Discrete Fourier transform (DFT) method is then 

applied on the sampled input signal to compute its phasor. Also, it should compensate for 

the phase delay introduced to the signal by the antialiasing filters present in the input to 
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the PMU. For { }Nkxk ,,1,0 =  where N is the number of samples taken over one period, 

the phasor representation is given by: 

=
−

=

−1

0

2
2 N

K

N
jk

kx
N

X

π
ε             (11-1) 

Since the components for the real input signals at a given frequency appears in DFT 

and are complex conjugates of each other, they can be combined giving the factor of 2 in 

front of the summation in (11-1). The rms value of the fundamental frequency is obtained 

by dividing the peak value by 2 . In steady state, all generators have the same frequency 

( ssf Hz). Accordingly, the voltage at all points in the power system will have the same 

frequency ssf which is measured by the PMU through to the following equation: 

)2cos()( issii fEte δπ +=             (11-2) 

In case of frequency disturbance, the power system generators will run at different 

frequencies and each generator may be considered as a voltage source with different 

values of iE , ssf  and iδ  as slow time varying functions. It can be assumed that for a 

small time interval ( cyclesnt =Δ ), the iE , ssf  and iδ  are constants. As a result, the 

power system can be represented as a circuit with several voltage sources of different 

frequencies. The actual voltage at any bus i using superposition becomes as follows 

[160]: 
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Where jiV , represents the voltage at bus i due to generator j. This indicates that this bus 

will have a multi frequency voltage that is close to 60 Hz. In dynamic power system 

studies, this can be estimated as: 

)2cos()( est
i

est
i

est
i

est
i tfVtv θπ +=           (11-4) 

In equation (11-4), the frequency est
if represents the frequency of the system at this 

location. It equals the frequency measured by the PMU at that bus. This is done by 

assuming that )()( tvtv act
i

est
i = and having access to the sampled data of )(tvact

i ; so 

est
if can be easily evaluated [161]. 

11.3.2 Communication Channel Analysis 

The IEEE PC37.118 16 protocol format is usually used in PMUs’ communication. 

This standard format includes the frequency and the rate of change of frequency in each 

message. Once the frequency and size of the messages are known, the following equation 

can be used to determine the bit-per-second (bps) rate at which the data can be sent [162]: 

)(2.1 fLnnbps ⋅⋅=              (11-5) 

Where nn is the message size (bytes), L is the frame length (1 start bit, 8 data bits, 2 stop 

bits, 1 parity=12), f is the messages frequency, 1.2 is a factor to account for system delays 

(based on typical experience). The PMU data can be sent at various rates, depending on 

the application requirements. Most PMUs have Ethernet cards that use the IEEE 

PC37.118 16 protocol for data exchange on the physical layer. The physical layer of the 

Ethernet can be unshielded twisted pair (UTP) or fiber optical network that support data 

speeds up to 100 Mbit/s in each data stream. The communications link connecting the 
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substations could be a fiber-optic multiplexer. The relays communicate with the 

multiplexer via EIA-232 asynchronous interface. 

11.3.3 The Communication System Constraints 

Communication networks suitable for smart grid applications—even in a loose 

sense—need to provide distinct qualities and services which are closely related to 

application requirements and distinguish them from other networks [163]: 

• High reliability and availability are standard requirements for nearly every 

communication system; Nodes should be reachable under all circumstances. 

While this is normally not a problem in a wired network, it may be challenging 

for wireless or power line infrastructures because communication channels can 

change during operation. In the particular case of power line systems, such a 

change may be introduced by distribution network management which balances 

the power consumption load on the power grid, particularly on the medium-

voltage (MV) level. Switching actions are initiated via various supervisory control 

and data acquisition (SCADA) and controlling systems (or even manually) using 

specific communication protocols that may not be modified. 

• High coverage and distances. Evidently; the nodes to be connected by the 

communication network are distributed in a wide area. Network concepts based 

on telecommunication systems or power lines have the potential to fulfill this 

requirement. 

• Large number of communication nodes; If we assume that only one energy meter 

per customer is connected, a primary station can supply up to tens of thousands of 

nodes, particularly in areas of large apartment block concentration. Even though 
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the commands and data packets are usually short, total data volume to be 

transferred in the network is substantial, and communication overheads can 

become an issue. 

• Appropriate communication delay and system responsiveness; The Quality-of-

Service (QoS) needs to take care of different data classes such as metering, 

control, or alarm data. Even if the predominant communication relationship is 

client/server (i.e., an application server polls the meter data or issues control 

commands), it may be necessary to foresee something like a fast event channel to 

transmit. 

• Communication security; Data related to smart grid applications are considered 

critical, in particular, when they are relevant for billing purposes or grid control. 

Secure communication is therefore important. Surveys among utilities showed 

that integrity (no malicious modification) and authenticity (origin and access 

rights are guaranteed) are the most important security goals for energy 

transmission and distribution networks, whereas the confidentiality aspect is not 

considered to be an issue. 

• Ease of deployment and maintenance. For any distributed communication system, 

mechanisms must be foreseen which facilitate not only the initial installation but 

particularly the maintenance of the infrastructure during the operation. Features 

like error mode analysis and error localization, easy update of firm- and software 

and remote configuration are essential. 
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11.4 Simulation and Experimental Results 

A Matlab Simulink model was constructed to investigate the performance of the 

developed WAMS for smart grid applications. The model was carried out according to 

the operation described in section 11.2. The simulation parameters are shown in Table 

11.1. Furthermore, a reduced scale experimental setup of 6 kW (4:1 scale) programmable 

power supply was utilized as a PV-characteristics emulator connected to AC-grid 

network. The setup was designed and implemented in the laboratory to verify the 

obtained simulation results. The experimental verification is based on HIL concept 

utilizing real-time DSP controller. The dSPACE1104 R&D TMS320F240 DSP controller 

board was used for interfacing the simulated PMUs with the hardware circuit to achieve 

fast real time response during the transient and steady state operations. An LEM (LA 25-

NP) current and voltage (LV 25-P) transducers were used for measuring the actual power 

network bus-signals. The required measuring and interface circuits were designed and 

built. All the measurements from across the scaled model are time tagged using GPS 

synchronization clock. These measurements are then transmitted to the simulated PMUs 

that communicate with the setup. The measurements and the signals received from the 

power network communicating with the scaled model are transmitted to a local host 

through an Ethernet network. The interface software and the simulation algorithms are 

located on the host computer. This information is then used as inputs to the state 

estimator and estimates the state of the system considering all the imbalances, 

asymmetries, faults, and instrumentation errors. The results can then be compared with 

the actual measurements from the system. 
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In this section, the simulation and the experimental results of the developed WAMS 

are given. The experimental ratings and parameters are listed in Table 11.2. Figure 11.5 

shows the descriptive schematic diagram and the overall experimental setup for the 

developed reduced scale HIL WAMS network. To estimate the PMUs characteristics, 

two types of tests were carried out. The first is a normal operation test without any fault 

or unbalanced conditions in the network. The second test is a fault test which was used as 

an extreme case to show the behavior of the network under this condition. 

 
 

 

Table 11.1 Simulation parameters 

Parameter Specification 
Rated voltage and frequency 208 Vrms, 60 Hz 
Generation station rated power 50 kW 
PV-plant rated power 24kW 
Total load rated power 60 kW 
No. of  loads 2 (at B2, B3) 
No. of transformers (Y/Y) 3 (208V/11 kV) 
No. of transmission lines 2 (10km each) 
No. of  buses 6 
PMU message report rate  60 msg./sec. 

 
Table 11.2 Experimental parameters 

Parameter Specification 
Grid voltage and frequency 208 Vrms, 60 Hz 
Programmable power supply 6 kW (4:1) 
Total load rated power 6 kW (10:1) 
Inverter power rating 10 kW 
Inverter L-filter 1 mH 
Inverter C-filter 40 μf 
Switching frequency 20 kHz 
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Fig. 11.5  The schematic diagram of the HIL WAMS hardware implementation 

11.4.1 Normal Operation Test 

In this test, the system was observed under normal operation condition. The 30 kW 

load on bus 2 was supplied locally from the PV-power plant and the other 30 kW load on 

bus 3 was supplied by the generating station sharing the PV-energy. In this case, all the 

PMUs show stable readings within the references. From Figs. 11.6-11, the three PMUs 

read accurate information about line voltage abV , the voltage amplitude of about 296 V 

starting from 0 sec for buses 1 and 2. At bus 3, zero voltage amplitude for the first 0.1 

sec; since load bus was not connected to the network. After 0.1 sec, breaker 4(CB4) will 

connect load bus 3 to the network, the same average voltage amplitude level appears at 

other buses with a phase difference of 2.65 degrees under stable operation for all 

readings. The exported data by the simulated PMUs to the control center show that the 

developed WAMS succeeded to accurately reflect the system status in real-time (online). 

For a complete verification of its performance, another test with a fault occurrence is 

required. 
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Fig. 11.6  PMU1 readings under normal operation condition (simulation) 
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(a)           (b) 

Fig. 11.7  PMU1 readings under normal operation condition (experimental): (a) The 
line voltage (100 V/div, 30ms) and (b) The voltage amplitude (100 V/div, 30 ms) and 

phase difference (180 degree/div, 30 ms) 
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Fig. 11.8  PMU2 readings under normal operation condition (simulation) 
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(a)           (b) 

Fig. 11.9  PMU2 readings under normal operation condition (experimental): (a) The 
line voltage (100 V/div, 30ms) and (b) The voltage amplitude (100 V/div, 30 ms) and 

phase difference (180 degree/div, 30 ms) 
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Fig. 11.10  PMU3 readings under normal operation condition (simulation) 
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(a)           (b) 

Fig. 11.11  PMU3 readings under normal operation condition (experimental): (a) 
The line voltage (100 V/div, 30ms) and (b) The voltage amplitude (100 V/div, 30 ms) 

and phase difference (180 degree/div, 30 ms) 
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11.4.2 Fault Operation Test 

In this test, a three phase to ground short circuit fault occurred at bus 3 then was 

repeated for bus 2. Figures 11.12, 13 show the single-line diagram for the hybrid AC/DC 

power network during fault occurrence at B3 and B2, respectively.  
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Fig. 11.12  Hybrid AC/DC power network during fault occurrence located at bus 3 
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Fig. 11.13  Hybrid AC/DC power network during fault occurrence located at bus 2 

Figures 11.14, 15 show the readings for all PMUs at the 3-buses. The whole system 

shows normal operation for 0.2 sec while bus 3 was loaded after 0.1 sec. The fault has 

occurred after 0.2 sec and it is cleared after 0.05 sec later. PMUs 1 and 2 read larger 

phase differences (10.8 and 11 degrees, respectively) than in the normal mode (2.16 and 

2.18 degrees, respectively). Accordingly, the voltage amplitude dropped by 40 V which 

means that the fault is not located on those buses area. On the other hand, PMU 3 has 
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extremely large phase difference change (54 degrees) associated with a large drop in the 

voltage amplitude as a result of the fault that occurrence in this area. Consequently, the 

control center must send a control signal to the relay to release the circuit breaker at that 

bus upon receiving these data in real time from the PMUs to protect the other generation 

stations which are the most valuable part in the power network. Protecting against such 

damage prevents cascaded turnoff of stations which may result in major blackouts in the 

power system [164]. Furthermore, it helps analysts to determine the type of fault that has 

occurred using the data transmitted from PMUs. Additionally, the fault test is repeated 

for bus 2 (PV-plant area) to confirm the validity of PMU readings in showing the 

behavior for the system health status. Figures 11.16, 17 show the system response while 

the fault occurred at bus 2. We can notice that PMU2 observed the fault status at B2 

while PMU1 and PMU3 indicate the fact that the fault is located inside the network but 

neither at B1 nor B3. This test can be utilized for studying the depth of observability for 

each PMU which will optimize the number of PMUs inside the WAMS network. Also, it 

leads to better economic operation and higher system reliability [165]. 
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Fig. 11.14  PMUs readings during fault occurrence located at bus 3 (simulation) 
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Fig. 11.15  PMUs readings during fault occurrence located at bus 3 (experimental): 
(a) PMU1, (b) PMU2 and (c) PMU3 
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Fig. 11.16  PMUs readings during fault occurrence located at bus 2 (simulation) 
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Fig. 11.17  PMUs readings during fault occurrence located at bus 2 (experimental): 
(a) PMU1, (b) PMU2 and (c) PMU3 
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Fig. 11.17  PMUs readings during fault occurrence located at bus 2 (experimental): 
(a) PMU1, (b) PMU2 and (c) PMU3 (continued) 

11.5 Conclusion 

A performance analysis for a PMU based WAMS network was presented. The 

developed system was tested under two different possible conditions. The simulated 

PMUs show the real values of a maximum phase difference of 2.18 degrees and normal 

average amplitude reading showing the system stability. In this case, no action is to be 

taken from the control center during dynamic system monitoring.  

During fault state, the PMUs data shows that the system has an unstable part with 

about 55 degrees phase difference. Additionally, a large voltage drop was observed in the 

area of the fault occurrence. This area was isolated via dynamic control signals before 

spreading to other parts resulting in catastrophic failure in some parts of the power 

system or blackouts. Furthermore, the fault test was repeated at different locations to 

study the behavior of each PMU. The depth of observability was identified through 

different fault locations; one PMU can give the status indications for each area. PMU2 

was able to observe B2 locally and give indication for fault located at B3. 
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Furthermore, the developed HFPCS was utilized inside a reduced scale HIL-based 

experimental verification system was test as an experimental verification in this chapter.  

The real-time code for the PMU function was automatically generated using embedded 

target in dSPACE and real time workshop facility (RTW) in the Matlab/Simulink. All 

results obtained confirm the robustness of the HFPCS under severe conditions and the 

effectiveness of the developed WAMS network for smart grid applications. 
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Chapter 12  Discussion of Results, Conclusions and Recommendations for Future 

Work 

12.1 Discussion of Results 

This dissertation presented the dynamic mathematical model of the grid-connected 

hybrid renewable energy system utilizing high-frequency power converters. The VOC 

technique was developed to achieve high performance DC-bus voltage control operation 

as well as active-reactive power injection control. This technique achieved unity power 

factor grid operation (average above 0.975), very fast transient response within a fraction 

of second (0.4 sec) under different possible conditions (wind speed variation and load 

variation) and high efficiency due to reduced number of components (average above 

90%) was achieved. The experimental results obtained from a prototype rated at 250 W 

showed that the current and voltage THD (2.67%, 0.12%), respectively, for the WECS 

with LC-filter is less than 5% limit imposed by IEEE-519 standard. 

A high frequency semicontrolled rectifier topology was developed. This topology 

achieved high efficiency (average above 95%). The UPF (0.998) operation was verified 

for better economic utilization of the generator operation. The system was tested under 

different severe conditions including; full load parallel operation, hard wind speed 

variation, and parameter uncertainties. Load current sharing among the parallel 

converters has been investigated with a small transient voltage dips (<5%). A fast control 

dynamic response was achieved (0.1 second) during wind speed variation. 

The inverter stage is based on a three-phase CSI which has higher power capability 

compared to voltage source inverter. High frequency operation was utilized to achieve 

low voltage and current THD (1.09% and 0.64%) for grid-connection, respectively. The 
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test results obtained from a prototype have demonstrated the system effectiveness for a 

wide power range (0-5 kW). 

A new modularized 4-port high frequency multi-input bridgeless boost converter 

(MIBBC) topology feasible for hybrid energy systems and PHEVs was developed in 

order to optimally utilize the amount of the generated energy. The MIBBC achieved 

higher efficiency (97.8%), when compared to BBC (92.2%) and BPFCC (94.8%). Also, 

the inductor size and weight (0.3 mH: 1.29 lbs) reduced proportionally to the frequency, 

compared to BBC (2 mH: 12.5 lbs), improving the overall efficiency for the system. In 

addition, less cost (more economic) was achieved compared to BPFCC; due to less 

number of switches. Smaller heat sink was needed compared to BPFCC; due to less 

switching losses which lead to less heat dissipation. High current THD (17.03%) was 

investigated but still lower than the compared BBC current THD (35%). Furthermore, 

UPF (0.998) operation was verified for generator input operation, compared to BBC 

(0.835). A fast control dynamic response was achieved (0.1 second) under DC-reference 

step change test.  

The AC-grid connection system performance was investigated with 24 mH inductor 

filter. The experimental test results showed the injected active current with different 

reference active power from 1-6 kW. At low power of 1 kW, the current THD is 12.3% 

(large) but less than the other compared 6 mH (31.2%) and 12 mH (21.8%) inductors. 

However, at larger power of 2 kW, the current THD is 5.93% which is lower than the 

other compared 6 mH (16.1 %) and 12 mH (11.4%) for the same power value. For 3 kW, 

the 24 mH gives a very low harmonic distortion of 1.36 % compared to the 6 mH 

(11.4%) and the 12 mH (7.96%). On the other hand, it can be noticed that the current did 
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not increase when the reference power changed from 4 to 6 kW. Accordingly, the 

controller failed to satisfy the required referenced power which limits the use of larger 

inductors at certain power ranges. We can conclude that the large filter value (24 mH) is 

feasible for small power range (1-2.5 kW) while smaller filter values (12 mH) are 

recommended for larger power range (3-5 kW). Meanwhile, the 6 mH is feasible for 

power ≥ 5 kW. All the obtained results confirm the effectiveness of the developed 

topology for hybrid sustainable energy systems. 

12.2 Conclusions 

The main objective of the dissertation was to develop a high frequency-based power 

converter system (HFPCS), which optimizes the utilization of the hybrid renewable 

power injected into the power grid. Studies and verifications on the developed HFPCS 

confirmed high efficiency, reduced size of the passive components, which leads to high 

output power density realization, low harmonic distortion, high reliability, and low cost.    

A discussion was given on the simulated dynamic model of the developed converter 

starting from the dynamic formulations. Various types of simulations were performed and 

various algorithms were developed and tested. The results were verified for several 

factors including various power conversion topologies. The VOC technique was used for 

high performance control operation. The simulation results showed the response of the 

converter at different power outputs (1-10 kW). The Master-Slave control scheme was 

developed for a uniform current distribution among parallel converters when connected 

to cover higher power ratings than that of the currently available semiconductor power 

switches. The simulation results showed uniform current operation when using two 

converters. The synchronous frame 2nd order SPLL was developed to give a fast detection 
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for the variable speed operation resulting in the phase and frequency variation. The test 

results confirmed the required performance. 

The VOC technique was used for grid connected a voltage source inverter. The 

simulation and experimental results showed the validity of the control scheme in injecting 

the wind power as active or reactive power in order to compensate the grid power state. A 

VSI was introduced to work as a dynamic VAR compensator for regulating the system’s 

voltage and stabilizing grid unbalance issues. The simulation and experimental tests for 

different situations of grid disturbance verified the compensator’s instantaneous reaction 

to stabilize the grid voltage and allow sensitive loads to operate safely. 

An effective high frequency semi-controlled boost rectifier topology feasible for grid-

connected low speed direct-driven PMWGS was developed. The UPF operation was 

verified for better economic utilization of the generator operation. The DC-bus voltage 

control technique was developed for parallel integrated PMWGSs based on a hysteresis 

algorithm. This algorithm was used for reducing the generator harmonics. The developed 

topology was tested under various severe conditions including: full load parallel 

operation, hard wind speed variation, and parameter uncertainties in wind patterns. 

A DSC-board containing a digital signal processor was designed to imbed the control 

scheme. The controller was fabricated and tested for use as the control unit of the system 

to satisfy all performance requirements. Each component of the system was built and 

tested separately, and then the whole system was connected and tested in the laboratory.  

The experimental tests were implemented on line using a PC as a user interface tool. 

Appropriate software was developed, interfacing the experimental setup in the power 
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system test bed.  The most important practical considerations were taken into 

consideration for HFPCS operation and the power injection into the grid. 

A novel modularized 4-port high frequency multi-input bridgeless boost converter 

(MIBBC) topology feasible for hybrid energy systems and PHEVs was developed to 

optimally utilize the amount of the generated energy. The hybrid PI-hysteresis control 

algorithm was designed for reducing the AC-input source harmonics. A direct digital 

control (DDC) approach was used for designing the cascaded digital control strategy to 

control the DC-input sources operation. The digital PI-controllers were designed to 

achieve the required phase margin and critical frequency in a complete control scheme. 

The simulation and experimental results confirm the effectiveness of the developed 

HFPCS for the grid-connected hybrid renewable energy systems. 

12.3 Future Work and Recommendations 

Suggestions for further studies that can be conducted as future additions or studies are 

numerous. Such future works and/or additions can be used to extend this work in the 

following ways: 

• Utilization of intelligent controllers instead the conventional PI-controllers may 

give more flexibility to the power system. 

• Enhancing the functionality of the developed HFPCS through the new 

communication aspects that promote the converter to be a smart element engaged 

in larger networks (WAMS) and fault diagnosis operations. 

• Studying multiphase converters to reduce the ripple-current notches (for 

minimum-size inductors according to the component of the shelf and also for 

reduced switching losses). 
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• Studying the cascading structure possibility in order to reach larger voltage levels 

with less stress on the switching devices. 

• Testing and comparing different types of the advanced semiconductor switching 

devices (SiC and GaN) under high frequency operation as a promising way for 

reducing switching losses as well as enhancing the power density. 

• Applying the recommended steps mentioned in chapter 10 in order to scale up the 

utilization of the developed HFPCS for larger power rating operation.         

• Investigating the system performance under the disturbances that might happen to 

the converter behavior due to the unbalance wind generator state or during fault 

condition.  

• Focusing on parallel converters’ operation that may rise to a problem such as a 

circulating current among the converter units.   

• Optimizing the size of the HFPCS by replacing the existing components with the 

advanced components, packaging and manufacturing technologies.  

• Improving the MIBBC large current harmonic distortion through studying an 

additional filter that can be connected between the grid and the converter circuit 

to reduce the harmonic contents. 

• Developing usable, high-fidelity models of advanced high frequency power 

converter topologies for PHEVs, which are gaining popularity because of the 

environmental consideration “go green” factor. 
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