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Abstract

In this dissertation, a new topology for Direct-Drive Wind Turbines (DDWTs) with

a new power electronics interface and a low-voltage generator design is presented. In

the presented power electronics interface, the grid - side converter is replaced by a

boost Current Source Inverter (CSI) which eliminates the required dc-bus capacitors

resulting in an increase in the lifetime of DDWTs. The inherently required dc-link

inductor for this topology is eliminated by utilizing the inductance of the Perma-

nent Magnet Synchronous Generator (PMSG). The proposed three-phase boost CSI

is equipped with Reverse-Blocking IGBTs (RB-IGBT) and the Phasor Pulse Width

Modulation (PPWM) switching pattern to provide a 98% efficiency and high boost

ratios (VLL/Vdc) up to 3.5 in a single stage. In this dissertation, Phasor Pulse Width

Modulation (PPWM) pattern for the boost – CSI is also modified and verified through

simulation and experimental results. In order to realize potential capabilities of the

boost inverter and to assist its penetration into renewable energy systems, the boost

inverter dynamic behaviors are studied in this dissertation. Then, the developed mod-

els are verified using circuit simulations and experiments on a laboratory-scale boost –

CSI equipped with RB-IGBTs. The developed dynamic models are used to study the

stability of the boost – CSI through root locus of small signal poles (eigenvalues) as

control inputs and load parameters vary within the boost inverter’s operating limits.

The dynamic models are also used to design the control schemes for the boost – CSI



for both stand-alone and grid-tied modes of operation. The developed controllers of

the boost – CSI are verified through simulation and experimental results. In this dis-

sertation, the boost – CSI steady-state characterization equations are also developed

and verified. The developed boost – CSI is used to replace the grid - side converter in

a DDWT. A reliability analysis on the power electronics interface of an existing and

developed topology is presented to demonstrate the increase in the mean time between

failures. The boost – CSI enables conversion of a low dc voltage to a higher line-to-line

voltage enabling the implementation of a low-voltage generator. This further enables

a reduction in the number poles required in DDWT generators. The feasibility of the

presented low-voltage generator is investigated through finite element computations.

In this dissertation, a 1.5MW low-voltage generator designed for the proposed topology

is compared with an existing 1.5MW permanent magnet synchronous generator for

DDWTs to demonstrate the reduction in the volume, weight, and amount of permanent

magnet materials required in the generator. The feasibility of the developed system is

supported by a set of MATLAB/Simulink simulations and laboratory experiments on

the closed-loop stand-alone and grid-tied systems.
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sertation, the boost – CSI steady-state characterization equations are also developed

and verified. The developed boost – CSI is used to replace the grid - side converter in

a DDWT. A reliability analysis on the power electronics interface of an existing and

developed topology is presented to demonstrate the increase in the mean time between

failures. The boost – CSI enables conversion of a low dc voltage to a higher line-to-line

voltage enabling the implementation of a low-voltage generator. This further enables

a reduction in the number poles required in DDWT generators. The feasibility of the

presented low-voltage generator is investigated through finite element computations.

In this dissertation, a 1.5MW low-voltage generator designed for the proposed topology

is compared with an existing 1.5MW permanent magnet synchronous generator for

DDWTs to demonstrate the reduction in the volume, weight, and amount of permanent

magnet materials required in the generator. The feasibility of the developed system is
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Chapter 1

Introduction

This chapter provides an introduction to the dissertation. The motivations and objec-

tives of the proposed generator-converter topology for the Direct-Drive Wind Turbines

(DDWTs) are discussed in this chapter. The state-of-the-art DDWTs are also reviewed

as a background for presenting contributions of the dissertation in this chapter. This

chapter contains three sections. Section 1.1 presents the motivations and objectives of

the presented research. The literature review providing a background about the exist-

ing state of the art technology is presented in Section 1.2. Finally, the contributions

made in this dissertation are presented in Section 1.3.

1.1 Motivations and Objectives

The continuous growth in the energy demand around the globe, and the limited avail-

ability of fossil fuels along with the increased awareness in the society about the impact

of these fossil fuels on the environment has resulted in exploring of the renewable en-

ergy sources (for e.g., photovoltaic cells). Nowadays, renewable energy resources such

as photovoltaic panels and wind turbines play an important role in the electric power
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Fig. 1.1: Increase in installed capacity of renewable energy system in 2015 [1].

generation system. Connecting these energy resources to the power grid helps reduce

the dependency of the electric grid to the price and availability of fossil fuels. Fur-

thermore, sustainable energy sources have attracted the attention of many societies

because the generated power is environmentally friendly, and the sources are not sub-

ject to the instability of price and availability that are typical of conventional energy

sources such as oil, natural gas, etc. Advancements in sustainable energy technologies

such as in photovoltaic panels, wind generators, fuel cells and energy storage devices,

are increasing the penetration of distributed generation into the existing energy in-

frastructure. Wind power is the fastest growing renewable energy resource nationally

and globally. Over the past decade, the global capacity of wind energy has increased

from 30 GW to 300 GW [1], that is approximately equal to more than 200,000 new

wind turbines in the energy infrastructure. In 2012, the United States increased its

wind energy capacity by 60GW, exceeding natural gas for the first time ever [1]. 60

GW is enough to power the equivalent of 15.2 million U.S. homes. The increase in

global renewable energy installed capacity for the year 2015 is shown in Figure 1.1. As
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can be seen in Figure 1.1, wind power generation, and photovoltaic power generation

installed capacity increased by 63GW and 50GW, respectively. Wind energy system

and photovoltaic energy system are the major growing renewable energy conversion

systems. However, while the energy produced by them is in a form that cannot be

directly connected to the power grid, power electronics interface circuits are required

to convert their output to a compatible form with the electric grid and local loads.

Solid-state device based converters are used as an interface between sustainable energy

sources and the grid. In the past several decades, primary advances in power converters

have been achieved because of new semiconductor materials and high-speed solid-state

switches. As a result, solid-state converters have become the enabling technology to

realize a wide range of critical technologies, such as fuel-cells, wind and solar energy

conversion systems [2–6].

1.1.1 Reliability of the Power Electronics Interface in DDWTs

Renewable energy technologies are clean energy sources that have a very low environ-

mental impact as compared to conventional fossil fuel-based energy sources. These

technologies produce power in the form which cannot be directly connected to the grid

or local load and require an interface for converting the available power to a grid-

compatible form. Such power conversion is obtained through solid-state based power

converters. The primary advances in power converters that have been achieved by new

semiconductor materials and high-speed solid-state switches have resulted in solid-state

converters becoming one of the most crucial parts to execute many technologies, such

as solar or wind energy conversion systems.

In most renewable energy conversion systems, either a low dc voltage provided from

the source must be typically boosted and converted to an ac voltage with a fixed fre-

quency and fixed amplitude or a variable frequency ac input is converted to dc-voltage
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and the dc voltage is then converted to a symmetrical three-phase ac output. The

power electronics interface in most wind turbines consists of a rectifier, an inverter,

and an energy stored element, which is generally a dc-bus buffer formed by electrolytic

capacitors [7, 8]. For DDWTs, the back-to-back converter is the most failure prone

component [9–12]. However, the point of failure within this power electronics interface

is well known; electrolytic capacitors failures can account for over 60% of failures in

power electronics interfaces [13, 14]. Many complex methods which try to determine

the remaining lifespan of electrolytic capacitors exist [15–17], but these methods do

not serve to extend the life of the capacitors. Thus, although faults become more pre-

dictable using these methods, the capacitors must still be manually replaced, resulting

in high maintenance costs. Furthermore, the methods used to determine the remaining

lifespan of electrolytic capacitors require the use of expensive monitoring systems [16],

and so any system which uses electrolytic capacitors is expensive to monitor, maintain,

and has a shorter life span than a system which does not use these capacitors. The fail-

ure of these electrolytic capacitors determines the frequency of maintenance and thus

adds to the system operation and maintenance costs. Therefore, a converter which

can eliminate the need of dc-bus electrolytic capacitors will not only increase the sys-

tem lifetime but will also reduce the operation and maintenance costs associated with

them. Furthermore, elimination of failure-prone components without any additional

component in the system will result in low Mean Time Between Failure for the system

and will increase the system availability by reducing the system downtime. The next

subsection presents the capital cost reduction for the proliferation of DDWTs.

1.1.2 Capital Cost of PM Generator in DDWTs

The past decade has seen remarkable growth in the installed renewable power capac-

ity [18]. The Global Wind Energy Council has reported an increase in the global wind
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installed capacity from 237.7 GW in 2011 to 493.3 GW in 2016 [1]. The developments

in the wind energy conversion systems show an inclination to using high power rated

wind turbines [19]. In recent decades, several wind turbine generator concepts were

aimed to maximize the production of energy, reduce costs, and improve power quality.

For these reasons, it has become popular to place wind farms offshore. Offshore wind

turbines require new, precise design rules which take into account the particular op-

erating specifications. A generator-converter system which eliminates the weak links

(e.g. requirement of the gearbox, the electrolytic capacitors), and operates on lower dc

voltage to produce the same three phase voltage output would be a robust and reliable

wind energy system. The most commonly used system is a variable speed wind tur-

bine. A variable speed wind turbine uses a Doubly-Fed Induction Generator (DFIG)

whereas a fixed speed wind turbine either uses a Squirrel Cage Induction Generator

(SQIG) or a Permanent Magnet Synchronous Generator (PMSG). One of the problems

associated with DFIG and SQIG based wind power generation system is the presence of

a gearbox, which couples the wind turbine to the generator. Gearbox faults lead to sig-

nificant downtime, cause noise and vibration, and require regular maintenance [9–11].

It is worth noting that, although responsible for 20% of total wind turbine downtime,

gearboxes only account for 10% of wind turbine failures [9–11]. This discrepancy is due

to the fact that the bulk of gearbox failures necessitate an entire gearbox replacement,

a feat which requires the use of heavy machinery and significant manpower [9]. Thus,

although gearboxes are fairly reliable, failures which do occur are expensive, both in

terms of repair costs and production losses. Many efforts have been made to increase

the reliability of gearboxes by determining when preventive maintenance is required.

These efforts, however, often require the use of expensive sensors, and retrofitting ex-

isting gearboxes is costly if it can be done at all [10]. Therefore, for many turbines

especially those which are located in remote areas or offshore where maintenance fees
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increase drastically, the ideal solution is to remove the gearbox altogether. Compared

with gearbox coupled wind turbine generator, direct-drive PM generator has received

more and more attention in wind energy application because of its self-excitation, sim-

ple structure, and high efficiency [20, 21]. There is a definite trend toward DDWTs

as is predicted in the research papers and trade journals but there are some major

concerns that must be overcome in order to achieve higher market penetration [19,22].

The major concern which prevents the popularization of DDWTs is the large size of

the PM generator [23, 24]. The large size of the generator is a result of the generator

shaft rotating at the same speed as the turbine rotor shaft. Another reason which

leads to the huge size of the PMSG is the high voltage output requirement from the

power electronics interface. The commonly used power electronics interface in DDWTS

when generating 690V rms line-to-line voltage at the output requires about 770V rms

line-to-line voltage from the PMSG. The number of poles in the PMSG for this config-

uration is very high, in order to increase the frequency and magnitude of the generator

output voltage. This high voltage requirement from the PMSG results in large diame-

ter and size of the PMSG and consequently a high cost and volume for the generator.

Even though PMSG based DDWTs feature high efficiencies, a 10 MW PMSG is more

than 10m in diameter and weighs more than 300 tons [25]. The huge size and cost of

permanent magnet materials result in high capital costs of DDWTs, decelerating their

proliferation in comparison with DFIG - based wind turbines.

A topology for DDWTs with reduced volume and weight of the PMSG and high reli-

ability will have a huge impact on the popularization of DDWTs. This research presents

a new topology for the power electronics converter for DDWTs which eliminates the

failure prone components and results in a reduction in the volume and weight of the

generator. The existing state-of-the-art power converter topologies and wind turbine

topologies are discussed in the next section.
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1.2 Literature Review

In this section, the existing state-of-the-art solutions to the problems discussed in the

previous section are presented. Firstly, existing wind turbine topologies and the issues

associated with them are elaborated. Next the alternatives for the boost - CSI are

discussed along with its technical challenges.

1.2.1 Wind Turbine Topologies

The variable speed wind turbines are commonly categorized into Indirect Drive Wind

Turbines (IDWTs) and DDWTs. In IDWTs, the low-speed shaft is connected to the

high-speed shaft through a gearbox, whereas DDWTs have a low-speed shaft that is

directly connected to the generator [26]. The two most commonly used topologies

for wind turbines are based on Doubly Fed Induction Generator (DFIG) or Permanent

Magnet Synchronous Generator (PMSG) [26]. In DFIG configuration, the stator of the

generator is directly connected to the grid while the rotor does not require to rotate

at the fixed synchronous speed. The rotor is connected to the turbine shaft through

a gearbox. In PMSG based wind turbines, the speed of the rotating magnetic field

and the rotor is the same, and therefore, the generator must be connected to the grid

through a power electronics interface. In other words, the PMSG based wind turbines

require a power electronics interface to be connected to the grid which provides the

flexibility of using these turbines with or without gearbox between the turbine shaft

and the generator shaft [26]. The commonly used topologies of IDWTs and DDWTs

are discussed in the following.

In IDWTs the rotor shaft is connected to the generator through a gearbox [27,28].

These turbines have different topologies based on the type of generator and converter

used for the wind power conversion. Figure 1.2 shows different topologies of IDWTs.
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Fig. 1.2: Wind turbine system topologies for IDWTs with (a) WRIG and rotor resistance
control, (b) DFIG with partly rated back-to-back VSCs for rotor connection to grid, (c) SQIG
with fully rated back-to-back VSCs, and (d) PMSG with fully rated back-to-back VSCs.
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Figure 1.2(a) shows an IDWT topology with a Wound Rotor Induction Generator

(WRIG) with rotor resistance controller. In this topology, the output is controlled by

varying the slip through variation in rotor resistance [29]. This rotor resistance is varied

using the converter. Figure 1.2(b) shows an IDWT topology with DFIG. In this system,

the stator of the induction generator is connected directly to the grid and the rotor

feeds power to the grid through the power electronic converters. The power electronic

interface between the rotor and the grid comprises of a two bidirectional converters

connected at the dc-bus, formed by electrolytic capacitors. In the system shown in

Figure 1.2(b), the power converters are not rated for full power transfer and they share

only a fraction of the power produced. Figure 1.2(c) shows an IDWT topology with

squirrel cage induction generator connected to the power electronic interface, which

comprises of the back-to-back Voltage Source Converters (VSC). Unlike the system in

Figure 1.2(b) the power converters for this system are rated for the full power, i.e. the

full power is transferred to grid through the converters. Figure 1.2(d) shows IDWT

system with a PMSG and a back-to-back VSC as the power electronic interface. In

addition to the previously mentioned topologies, IDWT with wound field synchronous

generator can be used with back-to-back VSCs. In this type of IDWT, an additional

ac-dc converter, powered from the grid is needed to energize the air-gap magnetic field

of the generator. It has been shown that the gearbox causes more downtime than

any other component in an indirect drive wind turbine [9, 10, 26]. It is worth noting

that, although gearboxes are responsible for 20% of total wind turbine downtime, they

only account for 10% of wind turbine failures [9–11]. Recent investigations reveal that

gearboxes in wind turbines, which were supposed to last 20 years, might fail in 7-10

years [12, 30]. As a result, wind farm operators may face huge potential costs to fix

their turbines in the near future. The solution to the problem is to get rid of the

gearbox through the deployment of DDWTs [19].
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In DDWTs, the turbine rotor shaft is directly connected to the generator shaft,

and there is no gearbox employed. Figure 1.3 shows different topologies of DDWTs.

Figure 1.3(a) shows a DDWT topology with a PMSG with the power electronics inter-

face. The power electronic interface consists of a diode bridge rectifier, a dc-dc boost

converter to stabilize the dc-bus voltage, and a VSI [28, 31]. The power electronics

interface is rated for full power. Another DDWT topology is shown in Figure 1.3(b)

with power electronics interface consisting of back-to-back connected Current Source

Converters (CSC). The generator is a multi-pole PMSG. The dc-link between the CSCs

has dc-link inductors in order to have a constant current input to the second CSC [32].

Figure 1.3(c) shows the most frequently used configuration of DDWTs, comprising of

PMSG connected to the grid through back-to-back connected VSCs [28, 31]. The dc-

bus between the VSCs is formed by electrolytic capacitors in order to have a stable

and constant dc-bus voltage. In some cases, the power electronics interface can be a

back-to-back connection of multilevel converters as discussed in the previous subsec-

tion. In some DDWT applications, a wound rotor synchronous generator is used [27].

An additional ac-dc converter, which is powered by the grid, is needed to power the

field of the generator. All the DDWTs discussed above either have a dc-bus formed

by electrolytic capacitors or have a dc-link with inductors. The electrolytic capaci-

tors are one of the most failure-prone components and decrease system reliability [9].

The power electronics interface is one of the most vulnerable components in wind tur-

bines [9, 12], with the electrolytic capacitors known as the cause of more than 50% of

failures [16, 33]. Many sophisticated methods which try to determine the remaining

lifespan of electrolytic capacitors exist, but these methods do not serve to extend the

life of the capacitors [16]. The failure of these capacitors can have a huge impact on the

system maintenance costs especially in the case of offshore wind turbines [34]. The dc-

link inductors are bulky and add to the system loss reducing its efficiency [34]. In some
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cases, the grid side converter located away from the wind turbine and the transmission

cable is used to realize the dc-link inductor [35]. Additionally, elimination of gearbox

in the DDWTs leads to an increase in the size of PMSG, and thus, an increase in the

capital cost of the overall system [34–37]. The other major concern which prevents the

popularization of DDWTs is the large size of the PM generator [23,24]. The large size

of the generator is a result of the generator shaft rotating at the same speed as the

turbine rotor shaft. The number of poles in the PMSG for this configuration is very

high to increase the frequency of the generator output voltage and current waveforms.

The increase in the number of poles means increase in the PM material required. The

PM material are rare earth metals which are expensive and the high number pf poles

further results in increasing ye cost and volume of the generator.

1.2.2 Power Electronics Interface Topologies

The incorporation of solid-state power converters in wind energy conversion systems

has increased over the past decade in order to improve control of the wind turbine

and to improve its interconnection issues with the grid [28]. These power converters

are also used to control the active and reactive power injected into the grid. The

power converters used in wind energy conversion systems can be rated for full power

transfer or for partial power transfer depending upon the type of wind turbine. In this

subsection, the different configurations of three-phase power converters that are used

in wind turbines are described.
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Fig. 1.4: Commonly used three-phase two-level back-to-back power converter topologies for
energy conversion in wind energy conversion systems.

The most common two-level power converter topologies used for three-phase power

transfer are presented in Figure 1.4. Figure 1.4(a) presents a topology with a three-

phase diode bridge rectifier as the generator side converter which is cascaded with a

boost dc-dc converter [6]. These converters rectify the generator voltage and boost

it to the desired dc-bus voltage. The dc-bus formed by electrolytic capacitors is then

connected to a three-phase two-level VSC. The drawbacks of this converter topol-
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ogy is the distortion of the generator output current that results in the low-frequency

torque pulsations at the generator shaft [8]. Furthermore, the dc-bus is formed using

electrolytic capacitors, which are the most failure prone component for any power con-

verter [16]. The next commonly used back-to-back converter topology used in wind

energy conversion systems is shown in Figure 1.4(b). This topology is formed by a

cascaded connection of Current Source Converters (CSCs), connected through dc-link

inductors. This topology helps to eliminate the failure prone dc-bus capacitors but in-

troduces another component, i.e. the dc-link inductors, which are bulky and contribute

to losses in the system, reducing the overall system efficiency. The most commonly used

two level back-to-back converter topology is presented in Figure 1.4(c). This topology

is formed by a back-to-back connection of VSCs and electrolytic capacitors at the com-

mon dc-bus. This topology helps to eliminate the low-frequency torque pulsations at

the generator shaft but still has the failure prone component. The topologies discussed

so far are two-level power converters and when used forMW range of power conversion

cause very high dv
dt

stress at the generator and transformer, and would require bulky

filters in order to reduce this high dv
dt

stress. For high power wind turbines (multi-MW

power range), multilevel power converter topologies are used in wind energy conversion

systems.

Figure 1.5 shows the multilevel power converter topologies used in wind energy

conversion systems. Figure 1.5(a) shows a three-level Neutral-Point diode Clamped

(NPC) back-to-back converter topology. This topology adds another voltage level as

compared to the two-level topologies discussed earlier in this section. the multilevel

structure helps in reducing the dv/dt stress on the IGBTs and further aids in the reduc-

tion of the size of the output filter. Even though it is a very commonly used topology,

the frequently failing capacitor bank still exists in this topology and its failure rate is

high due to midpoint voltage fluctuation at the diode clamp [38]. Another commonly
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Fig. 1.5: Commonly used three-phase multilevel back-to-back power converter topologies
for energy conversion in wind energy conversion systems.

used topology is the three-phase three-level H-bridge back-to-back converters shown in

Figure 1.5(b). This topology eliminates the problems of dc-bus midpoint voltage fluc-

tuations and has smaller dc-bus capacitors as compared to the NPC topology, but still

employs the failure prone electrolytic capacitors to from the dc-bus. Another power

converter topology is five-level NPC converter, formed by back-to-back connected five-

level NPC converter which is connected at the dc-bus formed by electrolytic capaci-

tors [39]. Similarly, back-to-back connected five-level H-bridge converters are also used

in wind energy conversion systems [40]. Some wind turbines also use the back-to-back

connection of a three-level NPC converter and a five-level H-bridge converter, con-

nected at the dc-bus formed by electrolytic capacitors [41]. All the multilevel power
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converters used in wind turbines comprise of a dc-bus which is formed by electrolytic

capacitors that adversely affects the system reliability and adds to the system operation

and maintenance costs.

1.3 Contributions of the Dissertation

The most commonly used wind turbine topologies are the IDWTs which require gear-

boxes. As discussed earlier, gearboxes are not the most frequently failing component

but are definitely the most expensive failure associated with an IDWT. The cost as-

sociated with gearboxes is not just component cost but also the system downtime

costs. This results in a very high operation and maintenance costs associated with

the IDWTs. These costs will be even higher if the wind turbine is an offshore wind

turbine [34]. Additionally, elimination of gearbox in the DDWTs leads to increase in

the size of PMSG leading to an increased capital cost associated with them [34–37].

These issues exist due to buck nature of VSI and the low-speed input for DDWTs. This

dissertation proposes a new generator - converter topology for DDWT which facilitates

elimination of the failure prone component and reduction in the size of the PMSG. The

main contributions of this dissertation are presented as follows:

• This dissertation proposes a new generator-converter topology for DDWTs, which

eliminates the failure prone dc-bus electrolytic capacitors increasing the overall

system lifetime and eliminates the dc-link inductor by utilizing the synchronous

inductance of the PMSG.

• This dissertation proposes a three-phase boost - CSI as the grid-side converter

for DDWTs. This converter is capable of converting a low-voltage dc-input to a

higher three-phase ac voltage with boost ratio (VLL,rms/Vdc) ranging up to 3.5

16



• A low-voltage PMSG for the proposed topology is designed which helps in re-

ducing the weight and volume of the generator and reduces the amount of PM

material required by the generator.

• The presented topology is verified through simulation and experimental results,

in this dissertation.

This dissertation presents the topology, switching technique, dynamic models, control

techniques, steady-state characterization of the developed converter. Furthermore, a

low-voltage PMSG is required by the developed topology which helps in reducing the

weight and volume of the generator and reduces the amount of PM material required

by the generator.

1.4 Organization of the Dissertation

The rest of the dissertation is organized as follows:

Chapter 2 presents the proposed topology of the DDWT using the boost - CSI.

The advantages of using the boost - CSI are discussed. A reliability analysis is done on

existing DDWT power electronics interface and developed system to demonstrate the

increase in mean time between failure. This chapter also presents the design of a low

voltage PMSG for the developed topology of DDWTs. In this chapter, the designed

generator is compared with an existing DDWT generator in order to emphasize the

reduction in size and weight of the PMSG which is possible through the developed

topology. The feasibility of the developed topology is also verified using simulation

results.

The topology and switching pattern for the developed three-phase power converter

is presented in Chapter 3. First, the old switching technique is reviewed and then the
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modified switching technique is presented. The advantages achieved through the mod-

ified switching pattern are demonstrated through simulation and experimental results.

This chapter also presents the steady state characterization of the boost - CSI. The

expressions for the inverter output current, the fundamental component of the inverter

output current, the ac-side voltage referred to the dc-bus, and the minimum dc-link

inductance required to keep the inverter in continuous conduction mode are derived in

this chapter. These equations are then verified through circuit simulations and exper-

imental results on a laboratory scale setup for both stand-alone and grid-tied modes

of operation. This chapter also presents the PQ operating region for the developed

converter. A laboratory scale 2kW prototype of the boost - CSI is characterized and

its efficiency and performance are compared to existing boost inverters.

Chapter 4 presents the large - signal and small - signal dynamic models for the

stand - alone and grid - tied operating mode. These models are verified through circuit

simulations and experimental results on the laboratory scale setup. The developed

dynamic models are then used to assess the stability of the developed converter for

variation in input parameters and output load conditions. The dynamic models for

the stand-alone operating boost - CSI are used to design the controller for the output

voltage regulation. The dynamic model for the grid - connected boost CSI is used to

develop controllers for regulating active and reactive power injected into the grid and

to ensure stable operation of the converter.

Chapter 5 presents details of the controllers for the developed topology of the

generator - converter. The operation and function of the controllers for the back-to-

back converters are explained. The performance of the developed controllers is also

verified in this chapter through simulation results.

Chapter 6 presents details of the experimental setup developed for the verification of

the proposed topology. This chapter also presents experimental results demonstrating
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the feasibility and quality of output waveforms obtained from the system for stand-

alone and grid-tied modes of operation.

Chapter 7 presents the summary of this research along with the significant contri-

butions of this dissertation. This chapter also provides suggestions for future work on

designing and optimizing a laboratory scale prototype of the entire DDWT system in

order to showcase the developed technology to wind turbine manufacturers.

19



Chapter 2

Proposed DDWT Topolgy

In this chapter, the topology of the proposed DDWT and its power electronics interface

are presented. Section 2.1 introduces the topology of the developed DDWT with details

on the configuration of the power electronics interface between the PMSG and the

grid transformer. Section 2.2 presents a reliability analysis of the traditional power

electronics interface and the developed topology and compares the Mean Time Between

Failure (MTBF) of the two topologies. Finally, Section 6.3 ends the chapter with

concluding remarks.

 

Grid 

  
  

PMSG 

Turbine 

      

Filter Transformer 

      

VSC RB-IGBT based 
Boost CSI 

Fig. 2.1: The proposed DDWT topology with the PMSG connected to a back-to-back
connected VSC and the boost - CSI equipped by RB-IGBTs.
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2.1 Topology of the Developed DDWT System

The developed topology for the DDWTs is presented in Figure 2.1. In this wind turbine

system, the rotor is connected directly to the PMSG. The turbine injects power to the

grid through a fully rated power electronics interface, as can be seen in Figure 2.1.

In this section, different parts of the developed topology for DDWTs are explained.

Firstly, the power electronics interface topology is presented along with the expression

for minimum per phase inductance required from the PMSG for acceptable performance

of the boost-CSI. Next, the flexibility provided by this power electronics interface in

the design of the PMSG is explained and the generator is elaborated upon.

2.1.1 Power Electronics Interface

The power electronics interface in the developed topology comprises a cascaded con-

nection of a three-phase VSC and a boost - CSI as shown in Figure 2.1. In this system,

the grid side VSI used in the traditional power electronics interface is replaced by boost

- CSI equipped by Reverse Blocking IGBTs (RB-IGBT). It should be noted that in

this topology there is no dc-bus capacitor or dc-link inductor required to form the dc-

bus. A boost - CSI is modulated using the Phasor Pulse Width Modulation (PPWM)

switching technique, which enables it to convert a low voltage dc-input to a higher

rms line-to-line three phase ac-voltage in a single stage with a boost ratio of up to

three [42–45], whereas a traditional CSI operated using space vector PWM switching

provides a maximum boost ratio of about 1.2 [46]. Additionally, a boost - CSI re-

quires a dc-link inductor [42–45]. The developed system, which is shown in Figure 2.1

eliminates the dc-link inductor needed in a conventional CSI. This inductor can be

eliminated by designing the PMSG such that the generator synchronous inductance,

Ls, can be used as a replacement for the dc-link inductor. In order to achieve a low To-
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tal Harmonic Distortion (THD) of the inverter output voltage and current waveforms,

the boost - CSI must operate in Continuous Conduction Mode (CCM). The minimum

dc-link inductance, Ldc required to keep the inverter in CCM has been derived in in this

work as will be given in Chapter 3. The computed value of the minimum inductance

dc-link inductor is typically around the synchronous inductance of the generator, Ls.

The low dc-side voltage required by the boost - CSI enables the design of a low voltage

PMSG. The advantages gained by using a low voltage generator is discussed in the

next subsection.

2.1.2 PM Synchronous Generator

 

  

  

PMSG 

Turbine 

          

Filter Transformer Capacitor 
Bank VSC VSC 

        Grid 

Filter 

Fig. 2.2: Most common DDWT topology with the PMSG connected to back-to-back VSCs.

The developed power electronics interface provides design flexibility for the PMSG

design by enabling the use of a low-voltage generator. The boost - CSI, as described

above can convert a low dc-voltage to a three-phase ac-voltage with a boost ratio of

over three [42,45], for acceptable level of efficiencies, where boost ratio can be defined

as

BoostRatio = VLL,rms
Vdc

(2.1)

for just the inverter and

BoostRatio =
V grid
LL,rms

V generator
LLrms

(2.2)
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for a wind energy conversion system. The low dc-side voltage required by the boost -

CSI further enables a low output ac-voltage from the PMSG. In a traditional DDWT

topology, (as shown in Figure 2.2), in order to generate rms line-to-line voltage of

480V at the inverter output, about similar voltage needs to be generated at the PMSG

output terminal [47–49]. If the developed topology is utilized, then rms line-to-line

voltage of about 120V from the PM generator is sufficient to generate rms line-to-line

voltage of 480V at the boost - CSI output. A PMSG emf equation can be expressed as

E ∝ φNTnrpmp where, E is the per phase peak induced voltage, φ is the magnetic flux

per pole, NT is the number of turns, nrpm is the speed of the generator in RPM, and p is

the total number of poles [49]. The φ and nrpm are governed by the PM material of the

poles, stator construction, and the wind speed which results in E ∝ NTp. Therefore,

for the same output power from the system, a lower output voltage required from the

generator results in a lower value of NTp. The reduction in the value of NT gets limited

by the minimum inductance requirement computed in (3.30), but it still allows for the

reduction of number of poles in the PMSG. Furthermore, a decrease in the number of

poles results in a reduction in the amount of PMmaterial. A detailed reliability analysis

of the developed power electronics interface in comparison to an existing system has

been presented in the next section.

2.2 Reliability Analysis - Operation and Mainte-

nance Cost Reduction

In this section, the reliability of a 240V, 3kW power electronics interface for the pro-

posed and existing DDWT topologies, respectively shown in Figures 2.1 and 2.2 are

examined. For the ease of this discussion, the terminologies given in [50] for reliabil-

ity analysis is briefly explained first. Based on these terminologies, the Mean-Time-
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Between-Failures (MTBFs) are computed for the topologies shown in Figures 2.2 and

2.1 in Subsections 2.2.2 and 2.2.3, respectively. It should be noted that the reliability

analysis in this section uses the time-oriented indices based analysis, i.e. based on

annual outage time and annual available time of the system.

2.2.1 Basic Terminologies

In this subsection, the basic terminologies required for the reliability evaluation of the

two systems are reviewed [50].

1. Failure rate: Failure rate, λ, is the frequency of failure of a component. The

failure rate of any electrical or electronic component is affected by operating

conditions as voltage, current, temperature of operation, etc. [51]. Most electronic

designs follow bath-tub failure rate curve and the failure rate varies over the life

cycle of a system. Despite that, during most of the lifetime of a system, the failure

rate of the system remains constant. The system can, therefore, be approximated

to have an exponential distribution with failure rate λ.

2. Repair rate: Repair rate, µ, is the frequency of repairing of a component.

3. Mean time to failure (MTTF ): MTTF is the mean time for which a system is

up and in running condition.

MTTF = 1
λ

(2.3)

4. Mean time to repair (MTTR): MTTR is the mean time a system is down and

in repair.

MTTR = 1
µ

(2.4)
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5. Mean time between failure (MTBF ): MTBF is defined as

MTBF = MTTF +MTTR = 1
λ

+ 1
µ

For a system which has much higher repair rate than failure rate, MTBF can be

approximated as

MTBF ≈MTTF = 1
λ

(2.5)

6. Availability: Availability, A, is the probability of a system being in running state,

and can be expressed as

A = µ

λ+ µ
(2.6)

2.2.2 Reliability Analysis of Existing Power Electronics Inter-

face

The power electronics interface shown in Figure 2.2 consists of a generator-side VSC

(active rectifier), an electrolytic capacitor bank, and a grid-side VSC. The converters

are formed by IGBTs, diodes, gate drivers, and snubbers. In order to compute the

MTBF of the system, the failure rate and repair rate of each component are needed.

The failure rate of the power semiconductor devices varies with brand and model. Thus,

in order to obtain uniform data, the failure rates are computed using the data provided

in MIL-HDBK-217F [51]. The failure rate for IGBTs is not given in MIL-HDBK-217F,

and therefore for IGBTs the failure rate is estimated based on Power MOSFETs, as the

IGBT failure rate is half of an equivalent Power MOSFET [52]. Therefore, the failure

rate of an IGBT is described as

λIG = 0.5λbTπTπAπQTπET (2.7)
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Table 2.1: Failure rate of each component for rated power and voltage of 1 p.u.

 

Component 
Failure Rate 𝝀 

(per million hours) 

IGBT 𝜆𝐼𝐺 = 2.0874 

RB- IGBT 𝜆𝑅𝐵 = 2.0883 

Electrolytic Capacitor 𝜆𝐶 = 6.7321 

Snubber 𝜆𝑆 = 0.0032 

Gate Driver 𝜆𝐺𝐷 = 1.0021 

Diode 𝜆𝐷 = 1.6472 

 

where, λbT is the base failure rate,πT is the temperature factor, πA is the application

factor, πQT is the quality factor, and πET is the environment factor for an equivalent

Power MOSFET. The failure rate is computed for a maximum junction temperature of

70oC, and for an inverter rated at 3kW . The failure rate is computed to be λIG = 2.09

failures/million−hours, where the subscript denotes the component type given in Table 2.1.

For dc-bus electrolytic capacitors, the failure model is described as

λC = λbcπCV πQCπEC (2.8)

where, λbc base failure rate for electrolytic capacitors, πCV is the capacitance factor,

πQC is the quality factor of the capacitor, and πEC is the environment factor for the

capacitor application [51]. In the case at hand, the failure rate is computed for a

1000µF capacitor, rated at 2.163p.u. voltage handling a dc-bus voltage of 1.803p.u.

and with maximum rated temperature of operation as 105oC. It should be noted that

the base value considered here is the grid voltage at 208V and power 3kW . The failure

rate thus obtained is λC = 6.732 failures/million−hours. The failure rates for all the other
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electronic components can be calculated similarly using guidelines in [51] and [52], and

their failure rates are listed in Table 2.1. The system failure rate for the DDWT shown

in Figure 2.2 can be computed as [53]

λsys,1 = 12 (λIG + λD + λS + λGD) + λC (2.9)

where, the subscript 1 means the power electronics interface shown in Figure 2.2.

Substituting the failure rates, λ values yields

λsys,1 = 0.558 failures/year. (2.10)

Now, using (2.5) yields

MTBF1 = 15, 711Hours (or 1.79Y ears) (2.11)

By taking into account the system power rating, the repair time is chosen as 6 days [34].

Therefore, the repair rate can be computed as

µsys,1 = 365
6 = 64.03 repairs/year (2.12)

Accordingly, the availability of the power electronics interface of the existing DDWT

shown in Figure 2.2 can be computed using (2.6), (2.10), (2.11), and (2.12) as

A1 = 64.03
0.558 + 64.03 = 0.9914 (2.13)
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2.2.3 Reliability Analysis of the Developed Power Electronics

Interface

The power electronics interface shown in Figure 2.1 consists of generator-side volt-

age source converter (active rectifier), and the single-stage boost - CSI built by Re-

verse Blocking-IGBTs (RB-IGBTs). The constituent components comprise of IGBTs,

RB-IGBTs, diodes, gate drivers, and snubbers. The component failure rate can be

calculated as described in the previous subsection and the guidelines in MIL-HDBK-

217F [51] The failure rate for IGBTs is same as that calculated in the previous subsec-

tion as they have same power ratings. The failure rate of the RB-IGBTs is computed

following similar guidelines for a junction temperature of 70oC and the inverter rated

at 1p.u. Using the failure rates given in Table 2.1, the system failure rate for the DDWT

shown in Figure 2.1 can be calculated as

λsys,2 = 6 (λIG + λD + λRB) + 12 (λS + λGD) (2.14)

where, the subscript 2 means the power electronics interface shown in Figure 2.1.

Substituting the failure rates, λ values yields

λsys,2 = 0.412 failures/year (2.15)

Now, using (2.5) yields

MTBF2 = 21, 269Hours (or 2.428Y ears) (2.16)

The system repair time is same as the one considered in the previous subsection. The

repair rate is same as in (2.12). Accordingly, the availability of the proposed power
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electronics interface for DDWTs shown in Figure 2.1 can be computed using (2.6),

(2.12), (2.15), and (2.16) as

A2 = 64.03
0.412 + 64.03 = 0.994 (2.17)

It can be observed from (2.11) and (2.16) that the MTBF for the developed system

improves by about 35%. This is mainly due to the elimination of the dc-bus electrolytic

capacitors, which have the highest failure rate in the power electronics interface. It

should be noted that the reliability study presented in this section is performed only on

the power electronics interface. Since the repair rate for electronic components is very

high, i.e. they are repaired or replaced very fast, the improved MTBF has very little

impact on the system availability. In the case of DDWT being an off-shore turbine,

the smallest improvement in MTBF has a high impact on the system operation and

maintenance cost [24, 54]. A 35% increase in the system MTBF will not only result

in reduced maintenance cost but also decrease the system downtime for off-shore wind

turbines. A reduced downtime leads to impact the system availability, reduces system

operation costs, and helps in a faster payback of the wind turbine.

2.3 Capital Cost Reduction through PMSG

The use of boost - CSI as the grid-side converter facilitates the dc-link voltage to be

lower than that of when using VSC. This further provides the option of keeping the

generator output line-to-line voltage to be low, thus facilitating the design of a low

voltage generator with a lower value of NTp as discussed in Section 2.1. In this section,

a 1.5MW PMSG is designed for the proposed system and the design is compared

with an existing 1.5MW PMSG in order to demonstrate the reduction in volume and

weight achieved, lowering the capital costs associated with DDWTs. Firstly, an existing
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Fig. 2.3: Stator and rotor cross section of the designed PMSG, and their dimensions.

1.5MW PMSG is modified for the developed system to obtain a low-voltage generator.

Next, the designed generator is compared to the existing PMSG to emphasize on the

weight and volume reduction achieved through the proposed topology.

2.3.1 Low-Voltage Generator Design

In this subsection, a low-voltage generator for the developed topology of DDWTs is

designed. The low-voltage PMSG for the developed system is designed using GenAC

toolbox of MagneForce Finite Element (FE) software. An existing 1.5MW PMSG for

DDWT is used as a base to design the low-voltage PMSG with same power rating for

the developed topology [55]. The designed generator is a radial flux PMSG similar to

the existing generator with the PM poles being surface mounted on the rotor. The

designed generator has the rated voltage of 450V and rated speed of19.65RPM . The

rated speed of the generator lies within the operating speed limits (15 to 20RPM) of
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Fig. 2.4: Geometry and dimensions of (a) stator slot, and (b) rotor PM pole, obtained from
the FE model.

a 1.5MW DDWT [34]. Figure 2.3 shows the stator and rotor cross section of the

generator. As can be seen in Figure 2.3, the PMSG has 32 poles and 96 slots. The

dimensions and geometry of the stator slots and rotor poles are shown in Figure 2.4.

The armature winding is concentrated overlapping tooth coil double layered, with slot

fill of about 62%, insulation thickness in the slots of 3.5mm, and a current density of

4 A/mm2. The length of the stator is 0.6m, the inner diameter of the stator is 3.5m,

and the airgap length is 0.6mm.

As mentioned earlier, the rotor has the surface mounted PM poles, where the PM

material is NdFeB with the maximum coercive force of 24 kOersted, and maximum

residual flux density of 1.2T . The rotor poles were designed to achieve a desired value

of the airgap flux density and to minimize the airgap flux density distortion. Figures
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Fig. 2.5: Variation in the (a) air-gap flux density distortion, and (b) air-gap flux density
with a change in the ratio of pole arc to pole pitch for different values of PM pole thickness
at no load.

2.5 (a) and (b) present the airgap flux density distortion and airgap flux density with

varying PM pole arc to pole pitch ratio, τ, for different thickness, respectively. The PM

pole dimensions obtained through the results presented in Figure 2.5 are 260×100mm2

with τ = 0.8 for minimum airgap flux density distortion following the analysis presented

in [56].

The electromagnetic flux density distribution over the low-voltage PMSG cross sec-

tion at full load (1.5MW ) is presented in Figure 2.6. The FE computations indicate

that the maximum flux density is about 1.15T and it is observed at the stator tooth.

The parameters of the PMSG obtained through this design were implemented in MAT-

LAB/Simulink based simulations for the verification of the developed system. The
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generator line-to-line voltage and line current obtained from FE analysis and MAT-

LAB/Simulink simulations are presented in Figure 2.7 when supplying 1MW power. It

can be observed from Figure 2.7 that the voltage and current waveforms obtained from

FE analysis matches those obtained from MATLAB simulations. In the next section,

the designed low-voltage generator is compared to the existing PMSG for DDWT.

 

Fig. 2.6: Flux and flux density distribution (T) over the cross-section of the designed PMSG
at full load.
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Fig. 2.7: Line-to-line voltage and line current waveforms of the designed PMSG obtained
through FE computations and MATLAB simulations.

 

(a) 

(b) 

Fig. 2.8: Generator (a) line-to-line voltage, and (b) per phase flux linkage vs. rotor electrical
position obtained through FE computation for the existing and new design of the PMSG.

2.3.2 Generator Parameter Comparison

In this subsection, a detailed comparison between an existing 1.5MW PMSG for

DDWT and the low-voltage PMSG design for the developed system (designed in the
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previous subsection) is presented. For the purpose of this comparison, the existing

generator is duplicated and modeled using FE, while the design parameters are ob-

tained from [55]. The comparison of the generator no-load line-to-line voltage and the

flux linkage with respect to rotor electrical position is presented in Figure 2.8. The

no-load line-to-line voltage of the generators is shown in Figure 2.8(a). The existing

generator is rated at 770V (1.12 p.u.) as compared to the modified generator as 450V

(0.652 p.u.). Figure 2.8(b) presents the flux linkage with armature phase-A of the gen-

erator with respect to rotor electrical position. It can be observed from Figure 2.8(b)

that the flux linkage is sinusoidal for the designed generator, with minimal distortion.

It can be further observed from Figure 2.8(b) that the flux linkage for the new design

is higher than that of the existing generator. This is designed so as to obtain higher

per-phase inductance than in the existing generator. The higher per phase flux leads

to the requirement of magnetic material with higher maximum flux density. It should

be noted that even though the per phase flux is higher in the new generator design, the

maximum flux density does not exceed the permissible for the core. This is possible

as the maximum flux density of the core material used for the new generator design is

1.2T which is higher than that of the existing design (1.15T ).

A comparison of the existing and designed PMSG construction and design parame-

ters is presented in Table 2.2. The rated power, rated speed, and airgap length are the

same for both the generators. The existing generator is a 78 pole PMSG as compared

to the new generator which is designed to be a 32 pole PMSG. This reduction in the

number of poles is possible due to the low voltage output requirement in the proposed

topology. It can be further observed from Table 2.2 that the there is a significant

reduction in the volume and weight of the designed generator with respect to the ex-

isting generator. The axial length of the designed generator is higher than the existing

generator, but the diameter is significantly smaller. This can be further observed in
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Table 2.2: Comparison of the existing and designed generator.

 

Parameter Existing 
Generator Designed Generator 

Power rating 1.5MW 1.5MW 

Speed 19.65 rpm 19.65rpm 

Air gap length 0.6 mm 0.6 mm 

No. of poles 78 32 

Line-to-line voltage 770V 450V 

Stator inner diameter 4462 mm 3500 mm 

Stack length 500 mm 600 mm 

Number of slots 234 96 

Copper weight 384.4 kg 401.3 kg 

Core weight (stator) 21552 kg 19429 kg 

Rotor weight 40990 kg 35870 kg 

 

the lower weight of the designed generator. Furthermore, the amount of copper (in

armature winding) in the new generator is higher but the overall generator weight is

lower than the existing generator. The amount of copper in the armature winding

increases in the new design as the designed generator is rated for same power with low

output voltage, which results in higher rated current from the armature winding.

A detailed comparison of the existing and designed generator efficiency, total loss,

core loss, and copper loss is presented in Figure 2.9. The copper loss, core loss, total

loss, and efficiency data for existing and designed PMSG are presented in Figures 2.9

(a), (b), (c), and (d), respectively for the current injected into the grid ranging from

0.1 p.u. to 1.25 p.u. for a wind speed variation from 15 rpm to 21 rpm and with output

impedance kept constant. It can be observed that the maximum generator efficiency

occurs at about 0.8 p.u. load. It can be observed from Figure 2.9(a) that the copper
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Fig. 2.9: Plot of (a) copper loss, (b) core loss, (c) total loss, and (d) efficiency for generator
of existing DDWT and the generator designed for the proposed DDWT for varying output
power.
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Fig. 2.10: Plot of (a) copper loss, (b) core loss, (c) total loss, and (d) efficiency of the
existing and new design of PMSG for DDWT for varing output power at constant generator
speed.
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loss in the new design is higher than the existing generator. The copper loss in the

new generator is 6.5% higher than the existing generator. This is due to the change in

rated current level from the generator. The generator for the developed topology has a

lower output voltage but is rated for the same output power as the existing generator.

Even though the number of turns per phase in the new generator is lower leading to

lower armature resistance, the output rms line current is significantly higher resulting

in a higher copper loss. But, the increase in copper loss does not affect the efficiency of

the new generator and it can be observed from Figure 2.9(d) that the generators have

about the same efficiency, with a peak efficiency of the existing and new generators

being 93.8% and 94.4%, respectively. The efficiency of the generators is about the same

as the core loss in the new design is lower than the existing generator by about 9.5%,

as shown in Figure 2.9(b). The reduction core loss is due to a reduction in the size of

the generator. It should be noted from Figure 2.9 that the generator core losses vary

with the load as the output of the generator is changed by varying the speed of the

generator (which happens in the practical case through variation in wind speed) and

keeping the output impedance constant. The efficiency, total loss, copper loss, and

core loss comparison for the existing and designed generators for a constant speed of

operation is presented in Figure 2.10. It can be observed from Figure 2.10 that the

copper loss in the designed generator is higher than the existing generator but the core

loss is significantly lower. The efficiency of both the generators is comparable and the

maximum efficiency at constant speed is obtained for 1 p.u. load.

A normalized comparison of copper loss, total loss, stator diameter, rotor weight,

stator weight, volume, and PM material of the two generators is presented in Figure

2.11. Figure 2.11(a) shows the copper loss for both the generators. It can be observed

from Figure 2.11(a) that the copper loss in the new generator has increased by about

6.5%. This can be contributed to the change in the current levels in the generator.
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Fig. 2.11: Comparison of normalized (a) copper loss, (b) core loss, (c) stator diameter, (d)
rotor weight, (e) stator weight, (f) volume, and (g) PM material of the existing and designed
PM generator for DDWT using FE computation.

Even though the new design has a lower number of turns in the generator winding,

i.e. lower overall stator resistance, the rms line current is significantly higher leading

to higher copper loss in the designed low voltage generator. The total loss for the two

generators is compared in Figure 2.11(b). It can be observed from Figures 2.11 (a)

and (b) that even though the copper loss in the new design increases, the core loss

for the designed generator goes down by about 9.5%. This decrease in the core loss in

the designed generator can be attributed to the significant decrease in the generator

iron loss which can be further extended to be caused by a decrease in stator and rotor

diameters. It should be noted that the stator and rotor dimensions are decreased while
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the efficiency of the generator is not compromised upon, with full load efficiency of the

designed and existing generator being 94.4% and 93.8%, respectively as is also shown

in Figure 2.9. Figure 2.11(c) presents the stator outer diameter for the designed and

existing generators. The stator outer diameter of the designed generator is lower than

that of the existing generator by about 9.95%. Figures 2.11 (d) and (e) present a

comparison of the rotor and armature weights, respectively for the two generators. It

should be noted that the rotor weight is the combined weight of the NdFeB PM poles

and the rotor core. Similarly, the stator weight is the cumulative weight of the stator

core and armature winding. It can be observed from Figures 2.11 (d) and (e) that

the new designed generator has rotor and stator weight reduction by about 12.5% and

9.4%, respectively. Figure 2.11(f) presents the total volume of the two generators. The

volume of the new design is lower by about 2.79% than the existing design. It can be

observed that even though the decrease in the stator diameter is about 10%, it does not

translate to an equivalent decrease in the overall volume of the new generator. This

is because the stack length of the new generator is higher than that of the existing

generator. It should be noted that the designed generator has a higher Stack Length

to Diameter (L/D) ratio of 0.13 compared to the existing generator design which has

a L/D ratio of 0.11. Furthermore, a comparison for the weight of permanent magnet

materials is presented in Figure 2.11(g). The dimensions of PM poles in the existing

PMSG is 500×142×100mm2with the ratio of pole arc to pole pitch of 0.8. In the new

designed generator the dimensions of the PM pole is 600 × 260 × 100mm2 with the

pole arc to pole pitch ratio of 0.8. The new generator is a 32 pole PMSG as compared

to the existing generator which is a 78 pole PMSG, which results in 9.8% reduction in

the PM material.

The reduction in the PM material not only reduces the cost associated with but

also reduces the dependency on the import and unstable market of PM materials. The
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reduction in the weight and volume of designed generator is due to lower output rms

line-to-line voltage. The lower voltage allows a lower value of NTp. This results in the

reduction in the overall generator volume and weight. The reduction in the generator

volume and weight will further translate into reduction in the cost of the system and

overall cost of energy which can be another avenue for further studies in the developed

system. The reduced weight and size of the PM generator leads to a reduction in the

capital cost associated with DDWTs. The current market of rare earth metals, which

are used to make the PM material (NdFeB) is highly unstable and the rare earth

metals have very high cost. A reduced cost generator with the more reliable converter

system will have a huge commercial impact on promoting the widespread deployment

of DDWTs.

2.4 System Verification

Table 2.3: Circuit parameter values (using system base).

 

𝑳𝒔 𝑪𝒂𝒄 𝑳𝒂𝒄 𝒇𝒔 

23.78 p.u. 5.57p.u. 5.95 p.u. 6kHz 

 

In this section, the generator designed in Section 2.3.1 for the developed system is

implemented and the feasibility of the entire system is demonstrated through simulation

results. The developed system is implemented in MATLAB/Simulink environment,

using the SimPowerSystem toolbox while using the PMSG parameters obtained FE

computations. The system parameters during these verifications are presented in Table

2.3.

For the first set of verification, the generator designed in the previous section is
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Fig. 2.12: Simulated results of generator output (a) line current waveforms, and (b) line-
to-line voltage waveforms, for grid-tied system when the generator speed is 18.75 rpm and
it is supplying 0.67p.u. power to the grid, and the generator side converter is a diode-bridge
rectifier.

implemented in MATLAB/Simulink environment and is connected to the boost - CSI

while using a diode bridge rectifier as the generator side converter. The generator

is run at 18.75 rpm and the system is connected to the grid with line-to-line voltage

as 690V (1p.u.). The average dc-side voltage is controlled through the boost - CSI

such that active power injected into the grid is about 1MW . Figure 2.12 shows the

waveforms of the generator three-phase line currents and generator three-phase line-to-

line voltages. The FFT analysis of these waveforms are presented in Figure 2.13. It can

be observed from the generator line current waveform and its FFT spectrum (shown in

Figures 2.13 (a) and (b), respectively) that the magnitude of the lower order harmonics

(5th, 7th, etc.) content in the line current is very high. This harmonic content will result

in cogging torque at the PMSG shaft decreasing its life. The waveforms of three-phase
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Fig. 2.13: Simulated results of generator output (a) line current waveform, (b) line current
FFT spectrum, (c) line-to-line voltage waveform, and (d) line-to-line voltage FFT spectrum
for grid-tied system when the generator speed is 18.75rpm and it is supplying 0.67p.u. power
to the grid, and the generator side converter is a diode-bridge rectifier.

line currents injected into the grid and the three-phase voltage at the point of common

coupling is shown in Figure 2.14. The FFT spectrum of the line current injected into

the grid and the line-to-line voltage at the point of common coupling is presented in

Figure 2.15 (b) and (d), respectively. The THD of the line current injected into the

grid is computed to be about 3.56%, which is within the maximum allowable limits for

grid connection of distributed generation sources [57]. The results presented through

this simulation demonstrate that the proposed topology is capable of providing power

to the grid using a low-voltage PMSG and boost - CSI without any dc-link inductor

or dc-bus capacitor, even with a diode bridge rectifier as the grid side converter. The
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Fig. 2.14: Simulated results of output waveforms of (a) line current injected into the grid,
and (b) line-to-line voltage at the point of common coupling, for grid-tied system when the
generator speed is 18.75rpm and it is supplying 0.67p.u. power to the grid, and the generator
side converter is a diode-bridge rectifier.

drawback of using this converter topology is a huge distortion of the generator output

line current (as observed in Figure 2.13(b)), which will result in cogging torque at

the PMSG shaft. This drawback of the topology can be overcome by replacing the

diode bridge rectifier by a three-phase active rectifier called voltage source converter

henceforth. The simulation results using the VSC as the generator side converter for

the proposed topology are presented next.

The next verification is directed toward the quality of the output from the developed

grid-tied system, and the results with the generator side converter as a three-phase VSC

are presented in Figures 2.16 and 2.17. The rms line-to-line grid voltage was taken as

690V (1p.u.), which is generally the transformer primary voltage for a DDWT con-
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Fig. 2.15: Simulated results of (a) line current injected into the grid waveform, (b) line
current FFT spectrum, (c) line-to-line voltage waveform, and (d) line-to-line voltage FFT
spectrum for grid-tied system when the generator speed is 18.75rpm, supplying 0.67p.u. power
to the grid, and the generator side converter is a diode-bridge rectifier.

nected to the grid [58–61]. Figure 2.16 shows the generator output line current and

line-to-line voltage waveforms along with their FFT spectra, when the system is inject-

ing 1MW (0.67p.u.) active power into the grid, and the generator speed is 18.75 rpm.

It can be observed from Figure 2.16(a) that the generator current as sinusoidal current

profile and the Total Harmonic Distortion (THD) of the current was computed to be

about 1.2%. The absence of lower order harmonics in the generator current ensures

smooth torque and elimination of any significant cogging torque on the PMSG shaft.

Figure 2.17 presents the waveforms of the line current injected into the grid, and line-

to-line voltage at the point of common coupling along with their harmonic spectrum
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Fig. 2.16: Simulated results of generator output (a) line current waveform, (b) line current
FFT analysis, (c) line-to-line voltage waveform, and (c) line-to-line voltage FFT analysis, for
grid-tied system when the generator speed is 18.75rpm and it is supplying 0.67p.u. power to
the grid, and the generator side converter is a VSC.

when injecting 1MW (0.67p.u.) active power into the grid. The THD of the inverter

line current is computed to be about 3.3 and it lies within the operating limits as

set by the IEEE 1547 standards for grid connection of distributed energy generation

units [57].

2.5 Conclusion

In this chapter, an inductorless current source low-voltage generator-converter topology

has been examined for DDWTs through finite-element computations and circuit sim-

ulations. The grid-side VSC in the power electronics interface of a traditional DDWT
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Fig. 2.17: Simulated results of inverter output (a) line current waveform, (b) line current
FFT analysis, (c) line-to-line voltage waveform, and (d) line-to-line voltage FFT analysis for
grid-tied system the generator speed is 18.75rpm and the system is injecting 0.67p.u. active
power into the grid, and the generator side converter is a VSC.

has been replaced by the boost - CSI. The CSI topology helps in the elimination of the

dc-bus electrolytic capacitors while the inherently needed dc-link inductors have been

eliminated by utilizing the synchronous inductance of the PMSG. This will increase

the reliability of DDWTs and decrease the overall system downtime that will have a

significant impact on the maintenance costs, especially for offshore wind turbines. A

reliability analysis has been performed on the existing and proposed DDWTs, showing

that the proposed power electronics interface has a higher MTBF by about 35%. In

this chapter, a 1.5MW proposed generator has been designed. The designed generator

output has been verified through FE computations and MATLAB simulations. The

designed generator has been compared to a similarly rated existing DDWT generator
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using FE analysis. It has been shown that the weight, volume, and amount of PM

material in the PMSG can be reduced by 9.8% by employing the new topology, when

the overall system output remaining the same as the existing system. This will result

in a significant reduction in the capital cost associated with the PMSG of DDWTs.

Furthermore, a reduction in the amount of PM material is also demonstrated through

the new generator design which will reduce the dependence on the unstable and unpre-

dictable rare earth PM market. It has been proven that the developed DDWT system

has desired performance with the synchronous inductance of PM generator utilized to

eliminate the need for a dc-link inductor. It has been established that the system out-

put waveform quality conforms to the IEEE 1547 requirements. The feasibility of the

developed topology with the designed generator has also been demonstrated through

simulation results in this chapter. The feasibility of the system has been demonstrated

with the generator side converter as a simple diode bridge rectifier and active front rec-

tifier as a proof-of-concept. The experimental verification will be presented in Chapter

6.
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Chapter 3

Three-Phase Boost Current Source

Inverter - Topology, Switching and

Steady-State Characterization

This chapter introduces the topology of the three-phase boost - CSI and then details

upon the developed switching technique for the control of the inverter. This chapter

contains five sections. Section 3.1 describes the topology of the three-phase boost - CSI.

The developed switching technique herein known as Phasor Pulse Width Modulation

(PPWM) is described in Section 3.2. Section 3.2 also describes the modifications

done in the developed switching pattern in order to improve the inverter output power

quality. The steady state characterization equations for the boost - CSI are derived and

a three-phase 3kW 240V laboratory scale boost - CSI is characterized, in Section 3.3.

The expressions for the rms value of the line current being supplied by the inverter,

the fundamental component of injected current, inverter ac side voltage referred to

the dc-side, the minimum dc-link inductance required in order to keep the inverter

in Continuous Conduction Mode (CCM) is derived in this section. The steady state

50



 

O
u

tp
u

t C
ircu

it 

𝐿𝑑𝑐 

𝐶𝑎𝑐 

𝑆𝑎𝑝 𝑆𝑏𝑝 𝑆𝑐𝑝 

𝑆𝑎𝑛 𝑆𝑏𝑛 𝑆𝑐𝑛 

𝑣𝑑𝑐  

Fig. 3.1: The topology of three-phase, two-level CSI.

operating regions of the boost - CSI are also discussed in Section 3.3. The expressions

derived in this chapter are verified through simulation and experimental data, and the

results have also been presented in Section 3.4. Section 3.5 ends the chapter with

concluding remarks.

3.1 Topology of Boost-CSI

The three-phase boost - CSI has a topology similar to a Current Source Inverter (CSI).

A traditional three-phase two-level CSI is formed using six IGBTs in series with a diode.

The circuit topology of a three-phase two-level CSI is shown in Figure 3.1. The three-

phase boost - CSI uses Reverse Blocking – IGBTs (RB-IGBTs) as the switching devices.

The circuit topology of the boost - CSI is shown in Figure 3.2. The employment of RB-

IGBTs in the boost - CSI enables usage of only six switching semiconductor devices

as opposed to twelve semiconductor devices in a traditional CSI. This facilitates a

reduction in the switching and conduction losses associated with the boost - CSI.
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Fig. 3.2: The topology of three-phase boost - CSI equipped with RB-IGBTs.

As compared to a three-phase two-level VSI, the boost - CSI dc-side constitutes

of a dc-link branch instead of a dc-bus node. The circuit topology of a three-phase

two level VSI is shown in Figure 3.3. In a VSI, the dc-side comprises of a dc-bus

formed by dc-bus electrolytic capacitors. The electrolytic capacitors are the most

failure prone component in a power converter and it determines the system availability

and lifetime [16]. This failure prone component is eliminated in the boost - CSI. The

dc-side of the boost - CSI is formed by a dc-link inductor. It should be noted that

even though the failure prone component is eliminated in the boost - CSI topology, the

addition of dc-link inductor directly affects the system size and efficiency. The details

of these effects are presented in the subsequent sections and the solution to eliminate

such losses is described in the subsequent sections. The switching pattern designed for

the control of the boost - CSI is discussed in the following subsection.
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𝐶𝑑𝑐 

Fig. 3.3: The topology of a three-phase two level VSI.

3.2 Switching Pattern - Phasor Pulse Width Mod-

ulation

The boost - CSI topology by itself is not capable of boosting voltage in a single-stage.

When the boost - CSI topology described in the previous section (see Figure 3.2) is

operated using the developed switching technique PPWM it is able to provide boost

ratio of about 3.5. The boost ratio is defined as

BoostRatio = VLLrms
Vdc

(3.1)

The PPWM switching technique was originally presented in [44]. It is derived from

Space Vector Pulse Width Modulation (SVPWM). The six sectors in PPWM switching

technique are formed by the six line-to-line voltage phasors as shown in Figure 3.4. In

PPWM, one switch from the top row (Sap, Sbp, and Scp) and one switch from the bottom

row (San, Sbn, and Scn) of three-phase boost - CSI conduct at any instant, always

allowing a path for the dc-link inductor current. The switches are shown in Figure 3.2.
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Fig. 3.4: Line-to-line voltage phasors and associated sectors for PPWM switching technique.

Every switching cycle, Ts, is divided into three time intervals (states); tc, td1, and td2.

For example, subsequent equivalent circuits of charging, C, and discharging, D1 and

D2, states of Sector I, are demonstrated in Figure 3.5. During the charging state, both

switches in the same leg are conducting and during each discharging state, one switch

from the top row and one switch from the bottom row that are not in the same leg

conduct simultaneously. For further clarification, the charging and discharging states

are described as follows:

State - C: In this state, the dc circuit is shorted through two switches from a same

leg. For example, in Sector I (refer to Table 3.1) Sap and San, are closed and the dc-

link inductor is being charged over tc. Figure 3.5(a) shows the equivalent circuit of the

converter for this state in which voltage across Ldc equals Vdc. Figure 2.6 demonstrates
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Table 3.1: Sectors and switching states in PPWM switching technique.

 

Sector 𝑽𝟏 𝑽𝟐 𝑺𝒂𝒑 𝑺𝒂𝒏 𝑺𝒃𝒑 𝑺𝒃𝒏 𝑺𝒄𝒑 𝑺𝒄𝒏 

(I) 𝑉𝑎𝑏 𝑉𝑎𝑐  𝑇𝑠 𝑡𝑐 0 𝑡𝑑1 0 𝑡𝑑2 

(II) 𝑉𝑎𝑐  𝑉𝑏𝑐 𝑡𝑑1 0 𝑡𝑑2 0 𝑡𝑐 𝑇𝑠 

(III) 𝑉𝑏𝑐 𝑉𝑏𝑎 0 𝑡𝑑2 𝑇𝑠 𝑡𝑐 0 𝑡𝑑1 

(IV) 𝑉𝑏𝑎 𝑉𝑐𝑎 𝑡𝑐 𝑇𝑠 𝑡𝑑1 0 𝑡𝑑2 0 

(V) 𝑉𝑐𝑎 𝑉𝑐𝑏 0 𝑡𝑑1 0 𝑡𝑑2 𝑇𝑠 𝑡𝑐 

(VI) 𝑉𝑐𝑏 𝑉𝑎𝑏 𝑡𝑑2 0 𝑡𝑐 𝑇𝑠 𝑡𝑑1 0 

 

dc-link inductor current and voltage waveforms over the charging time, tc.

State - D1: During the first discharging time-interval, td1, the inductor current is

directed into phase A and returned from phase B in Sector I (refer to Table 3.1), when

Sap and Sbn are closed. Figure 3.5(b) depicts the equivalent circuit of boost - CSI

during td1 when the voltage across Ldc equals to Vdc − V1 = Vdc − Vab, as shown in

Figure 3.6.

State - D2: During the second discharging time-interval, td2, the inductor current

is directed into phase A and returned from C, when Sap, and Scn are closed. Figure

3.5(c) depicts the equivalent circuit of boost - CSI during td2 when voltage across Ldc

equals to Vdc − V2 = Vdc − Vac, as shown in Figure 3.6.

From the voltage-second balance law for the dc-link inductor voltage at steady-state

conditions, the following can be written:

tcˆ

0

Vdcdt +
td1ˆ
tc

(Vdc − V1) dt +
td2ˆ
td1

(Vdc − V2) dt = 0 (3.2)
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(b). 𝑫𝟏: 𝑡𝑐 + 𝑡0 ≤ 𝑡 < 𝑡0 + 𝑡𝑐 + 𝑡𝑑1 

(a). 𝑪: 𝑡0 ≤ 𝑡 < 𝑡0 + 𝑡𝑐                                         

(c). 𝑫𝟐: 𝑡𝑐 + 𝑡𝑑1 + 𝑡0 ≤ 𝑡 < 𝑡0 + 𝑇𝑠 
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Fig. 3.5: Equivalent circuit of the boost - CSI during (a) state C: charging time interval, (b)
state D1: first discharging time interval, and (c) state D2: second discharging time interval
of Sector I.
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Fig. 3.6: Experimentally obtained waveforms of current and voltage of the dc-link inductor
in the boost - CSI.

where, V1 and V2 are the corresponding line-line voltages (see Table 3.1). This equation

can be simplified as

VdcTs = V1td1 + V2td2 (3.3)

and dividing by Ts yields:

Vdc = V1d1 + V2d2 (3.4)

where dc = tc/Ts, d1 = td1/Ts, and dd2 = td2/Ts, are the charging and discharging duty

ratios, related as follows:

dc = 1− (d1 + d2) (3.5)
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Fig. 3.7: Switching pattern of Sap obtained from (a) PPWM and (b) Modified PPWM
methods.

The discharging ratios, d1 and d2, are obtained from the law of Sines formula as

d1 = msin (π/3− θ) and d2 = msin (θ). Using (3.5), dc is calculated as

dc = 1−msin (θ − π/3) (3.6)

where, m is the modulation index that must be adjusted to regulate inverter output

voltage. Using a real-time calculation for d1, d2, and dc, the expanded switching pattern

of Sap in Sectors VI, I, and II is obtained, see Figures 3.7(a) and (b). This switching

pattern is not symmetric because the numbers of pulses in Sector VI and Sector I are

not equal. This asymmetry is due to the inadequate resolution required for d1, d2, and

dc calculations and implementations, thus resulting in increased THD of the output
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voltage and current waveforms. In order to resolve this problem, a modified version of

PPWM method is presented in the following section to guarantee a symmetric pattern

as shown in Figure 3.7(c).
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Fig. 3.8: Variations of the duty ratio d1, d2 and dc versus angle, θ = ωt, for (a) the
conventional PPWM and (b) the modified PPWM.

Figure 3.8(a) shows variations of charging and discharging duty ratios over one

sector for the continuous PPWM derived in (3.4) – (3.6). In the modified PPWM, (i)
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Fig. 3.9: Switching pattern obtained from using modified PPWM.

charging time remains constant over each switching cycle and (ii) discharging times

are discretized as shown in Figure(3.8)(b). In this technique, nc is obtained from the

following expression.

nc = bD.NT c (3.7)

where, b cis the floor function, and D is the control index in the modified PPWM

instead of m in the conventional PPWM. Herein, n1, n2, and nc are the number of

sampling points in discharging and charging time intervals. For example, in case of

implementing a 4kHz PWM frequency using a 500kHz processor, the total number of

available points, NT , is 500/4 = 125. As shown in Figure 3.8(a), when d1 decreases the

other discharging duty ratio, d2, increases. In the proposed method, the numbers of
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5𝑓1 

𝑓𝑠 + 𝑓1 𝑓𝑠 − 𝑓1 

2𝑓1 

Fig. 3.10: Line current waveform for NT = 40 and its FFT spectrum with THD = 3.8%,
for Vdc = 65V , and Rload = 70Ω.

points associated with the discharging time intervals are approximated by increasing

and decreasing staircase functions, as shown in Figure 3.8(b). If the total number of

points in every switching cycle is assumed to be NT , the number of points in every

switching cycle associated with the discharging time intervals are given by

nd1 = b(k(NT − nc))/(M − 1)c (3.8)

nd2 = b((m− k) (NT − nc))/(M − 1)c (3.9)

where, k = (M − 1) , . . . , 1, M is the predetermined number of steps over each sector,

chosen based on the total number of available points, e.g. M is equal to 10 in Figure
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Fig. 3.11: Line current waveform for NT = 60 and its FFT spectrum with THD = 2.1, for
Vdc = 65V , and Rload = 70Ω.

3.8(b). Using values of nc, nd1, nd2, and sector number, the switching pattern for

each switch can be generated, whereas nc remains constant over each sector and the

number of points for nd1 and nd2 are used to produce staircase patterns for associated

discharging time intervals. The switching patterns of all switches over 18msec, i.e.

slightly more than one power cycle, are shown in Figure 3.9.

The selection of NT is also very important in maintaining symmetrical switching

pattern and ensuring quarter-wave symmetry in the output voltages and currents. NT

must be a multiple of the product of number of sectors and M . As can be seen, the

switching patterns have symmetrical shapes, guaranteeing a low THD for the output

current and voltage waveforms in boost - CSI. The required generate quarter-wave

symmetry has been verified through simulations and the result is presented in Fig-

ures 3.10 and 3.11. Figure 3.10 and 3.11 demonstrate the line current and frequency

62



 
𝑆𝑎𝑝 

𝑆𝑎𝑛 

𝑆𝑏𝑛 

𝑆𝑐𝑛 

𝑇𝑠 

𝑡𝑐 

𝑡𝑐 + 𝑡𝑑1 

𝑡𝑐 + 𝑡𝑑1 + 𝑡𝑑2 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ᇩᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇪᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇫ
𝑁𝑇

 

𝑡∇ 

𝑡∇ 

0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .ᇩᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇪᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇫ
𝑛𝑐

 

Fig. 3.12: Overlap-time, t∇, a small duration when three switches are conducting before
turn-off any switch, herein demonstrated over a switching cycle in Sector I (refer Table 3.1).

spectrum for NT = 40 and NT = 60, respectively. In this study, M is kept to 10

andfs = NTf1. It can be observed from Figure 3.10, current has a second harmonic

component for NT = 40 while, this second harmonic component is absent for NT = 60

in Figure 3.11. It should be noted thatNT = 60 provides an equal and integer number

of sample points per sector, which results in quarter-wave symmetry in the boost - CSI

output waveforms.

In a three-phase boost - CSI, a path must always exist in which dc-link current

can circulate. Also, the switching pattern is based on the assumption that solid-state

switches can turn on and off instantly. In reality, however, a solid-state switch has a

finite switching time. In VSIs, the finite turn-off time may cause a short-circuit of the

dc-bus. Therefore, dead-times must be implemented to avoid commutation overlaps
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between switches. On the contrary, the presence of a dead-time in a boost - CSI during a

commutation can result in a huge voltage spike across the switches causing overvoltage

failure. Kavimandan et al. (2013) suggested the use of a circuit containing a switch

and antiparallel diode across the dc-link inductor to resolve this problem [62]. However,

this circuit complicates the control system and increases the overall cost. Singh et al.

(2015) proposed an overlap-time in order always to guarantee a path for the dc-link

current [45]. In a two-level voltage source inverter, a time delay between gate signals

of the upper and lower switches in each leg is necessary to prevent dc-bus short circuit.

This time delay is known as dead-time or blanking-time, t∆. However, the dead-time

is undesired in boost - CSI, because two switches are ON at any time and there always

must be a path for dc-link current to flow. The finite turn-on and turn-off times in

solid-state switches can cause dead-times and consequently create huge voltage spikes

across the inverter switches. This problem can be resolved by introducing an overlap-

time, t∇, i.e. a small duration when the three switches associated with a commutation

process are conducting before turning off a switch. Meanwhile, the incorporation of

the overlap-time allows the use of a smaller snubber capacitor for the boost - CSI.

In Figure 3.12, the first overlap-time is naturally added to the charging time interval,

which is compensated by adjusting D in (3.7) using the inverter closed-loop control

scheme. However, the summation of nc , nd1 and nd2 in each switching cycle must be

equal to the total number of points, NT , therefore nc must be adjusted as follows:

nc = NT − (nd1 + nd2) (3.10)

where, nd1 and nd2 are calculated from (3.8) and (3.9). As mentioned above that the

control index for the modified PPWM is D instead of m. This control index can be

derived from m by averaging the charging duty ratio obtained in (3.6), over a sector.
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Fig. 3.13: Space vectors and associated sectors for SVPWM switching technique.

Using (3.6) and averaging over one sector, the following expression can be written:

D = 3
π

π/3ˆ

0

{
1−msin

(
θ + π

3

)}
dθ

which results in

D = 1− 3
π
m (3.11)

In spite of similarities between PPWM for boost - CSI and space-vector PWM

(SVPWM) for conventional (buck) inverters, there are fundamental differences; (i)

PPWM has been formulated based on phasor quantities (line-to-line voltages), not

space-vectors, (ii) in SVPWM, six main switching states and two zeroes exist with

three switches conducting at any given instant, however, in PPWM, six discharging

and three charging states are present, with only two switches conducting at any given
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instant, as shown in Figure 3.5. Additionally, in SVPWM, the resultant space vector is

rotating at line frequency while the states forming the sectors are stationary as shown

in Figure 3.13. In PPWM, the dc voltage is stationary and the line-to-line phasors

that form the six sectors are rotating as demonstrated in Figure 3.3.

The boost - CSI bears resemblance to conventional CSIs since they share the same

circuit topology. A conventional CSI is either operated based on selected harmonic

elimination (SHE) modulation or SVPWM switching pattern. The SVPWM switching

pattern for a CSI is formulated based on line-current space-vectors [46, 63–65]. In

a SHE based CSI, the shoot-through state is prevented, and thus, it does not have

the capability to boost the input voltage [66]. However, the SVPWM based CSI has

a charging state, making it capable of boosting the input voltage. The boost ratio

(VLLrms/Vdc) obtained from an SVPWM based CSI is low (being slightly more than

1.1) compared to the boost ratio as high as 3.5, using a PPWM based boost - CSI.

3.3 Steady State Characterization of Boost-CSI

In this section, the steady state equations for the boost - CSI are derived and a three-

phase 3kW 240V laboratory scale boost - CSI is characterized. Firstly, an expression for

the rms value of the line current being supplied by the inverter is derived in Subsection

3.3.1. Secondly, the fundamental component of injected current is derived in Subsection

3.3.2. Thirdly, an expression for the inverter ac side voltage referred to the dc-side is

computed in Subsection 3.3.3. Next, an expression for the minimum dc-link inductance

required in order to keep the inverter in Continuous Conduction Mode (CCM) is derived

in Subsection 3.3.4. The steady state operating regions of boost - CSI are discussed in

Subsection 3.3.5.
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Fig. 3.14: (a) Discharging duty ratio, and (b) output current waveform before ac capacitor
for phase-A over a positive half cycle.

3.3.1 Boost-CSI rms Current, Irmsinv

In this subsection, the rms value of the inverter output current is formulated. For

simplicity, the inverter output current is assumed to have rectangular-shape pulses,

which implies that the dc-link current is ripple free, or idc(t) = Idc. Accordingly, one

can write the following expressions.

iinv (t) ∼=


Idc tc < t < tc + td

0 Otherwise

(3.12)
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where, td = td1 + td2. From (3.12) and Figure 3.9 the inverter output current can be

calculated as follows:

Irmsinv =

 2
T1

πˆ

0

i2invdt


1/2

=
2I2

dc

Np

Np−1∑
n=0

d (n)
1/2

(3.13)

where, Np = T1/2TS. Herein, the summation over d(n) has to be calculated over half

power cycle, and can be calculated for a phase (e.g. phase-A) from Figure 3.14(a) and

then generalized. For positive half power cycle of phase-A, sectors VI, I, and II should

be analyzed and the following equation can be written:

d (n) =



msin
(
π
Np
n
)

0 ≤ n < Np
3

2msin
(
π
3 + π

Np
n
)

Np
3 ≤ n < 2Np

3

msin
(
π
3 −

π
Np
n
)

2Np
3 ≤ n < Np

(3.14)

where, n = 1, 2, . . . , Np, and Np = T1/2TS is the number of pulses in any half-cycle.

Substituting (3.14) in (3.13) and changing the variables to shift all the variables to

interval 0 ≤ n < Np⁄3 yields:

Irmsinv =
mI2

dc

Np


Np/3−1∑
n=0

sin

(
π

Np

n

)
+

Np/3−1∑
n=0

sin

(
π

3 + π

Np

n

)
+

Np/3−1∑
n=0

sin

(
π

3 −
π

Np

n

)
1/2

(3.15)

The following trigonometric identity can be used

N∑
n=0

sin (nx) =
sin

(
Nx
2

)
sin

(
1
2 (N + 1)x

)
sin

(
x
2

) ; . . .

. . .
N∑
n=0

cos (nx) =
cos

(
Nx
2

)
sin

(
1
2 (N + 1)x

)
sin

(
x
2

) (3.16)
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Now using (3.16), (3.11) and (3.15), the inverter output rms current can be written as

follows

Irmsinv = Idc

√
2m
π

= Idc

√
2
3 (1−D) (3.17)

This equation is verified using simulation and experimental results later in this section.

3.3.2 Boost - CSI Fundamental Component of Current, Irmsinv (f1)

In this subsection, the fundamental component of the inverter output current is cal-

culated. Again, assuming that the PWM switching frequency is much higher than

the line frequency; from Figure 3.14 and Fourier series of iinv(t), the rms value of its

fundamental-frequency component can be obtained as follows:

Irmsinv (f1) = I1√
2

= 1√
2

4
T1

Np∑
n=0

iinv (n) sin
(
π

Np

n

)
(3.18)

Substituting (3.14) in (3.18) and further simplification yields:

Irmsinv (f1) =
√

2Idcm
Np

Np/3−1∑
n=0

3
2

 (3.19)

Again, considering half power cycle, the series in (3.19) can be simplified as follows:

Irmsinv (f1) = Idcm√
2

= πIdc

3
√

2
(1−D) (3.20)

As one can observe from (3.20), the fundamental-frequency component of the inverter

output current increases with an increase in the modulation index, m. It should be

noted that (3.17) and (3.20) are valid as far as the dc-link current ripples are relatively

small. This low-frequency ripple will cause low order harmonics at the inverter output

and affect the current THD index. Furthermore, using (3.17) and (3.19) the THD can
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be calculated as

THD =

√
Irms2inv − Irmsinv (f1)2

Irmsinv (f1) p.u. (3.21)

Substituting (3.17) and (3.20) in (3.21) we get

THD =
√

4
mπ
− 1 (3.22)

It should be emphasized that the THD computed here is for the inverter current before

the ac capacitors, Cac, as shown in Figure 3.5.

3.3.3 AC Side Voltage Referred to DC-Bus, u 〈vinv〉

In this subsection the inverter output ac voltage referred to the dc-bus is formulated

as a function of system parameters. The voltage drop across the output filter can

be neglected. The average value of switching function u 〈vinv〉, can be approximately

obtained as:

u 〈vinv〉 = 6
√

2VLL
T1

∑{
d1Tssin

(
π

Np

n

)
+ d2Tssin

(
π

Np

n− 2π
3

)}
(3.23)

where, T1 is the power cycle period and ω1 is the power cycle angular frequency. Using

(3.14), (3.23) can be rewritten by expressing d1 and d2 in terms of modulation index

m as follows:

u 〈vinv〉 = 3
√

2VLL
Np

Np−1∑
n=0

{
sin

(
π

Np

n

)
sin

(
π

3 −
π

Np

n

)
+ sin

(
π

Np

n

)
sin

(
π

Np

n− 2π
3

)}

which can further be simplified as

u 〈vinv〉 = 3
√

2VLLTsm
T1

Np−1∑
n=0
{cos (2ω1Tsn)− 1} (3.24)
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This on further mathematical simplification yields,

u 〈vinv〉 = 3m√
2
VLL (3.25)

3.3.4 DC-Link Inductor, Ldc

In this subsection, the minimum dc-link inductor required to keep the boost - CSI

in CCM is derived. In order to achieve a low total harmonic distortion (THD) of the

inverter output voltage and current, the inverter must operate in continuous conduction

mode (CCM). The minimum inductance, Ldc, required to keep the inverter in CCM

needs to be computed in order to eliminate Ldc.

The peak dc-link current after a charging state can be seen in Figure 3.15(b), where

Ts is the switching time period. For a small Ts, the charging and discharging currents

can be assumed to be linear. For the boundary condition, when the dc-link current is

zero only for almost zero time, the average dc-link current can be expressed as

IBdc = 1
2Ipkdc + 1

2 (Ipk − IM) d1 + IMd1 + 1
2IMd2 (3.26)

where, IM and Ipk are dc-link currents after the charging and first discharging time

intervals, as shown in Figure 3.15(b). If the dotted line in Figure 3.15(b) is used to

simplify the calculation, one can write the following expression.

IBdc = 1
2IpkdcTs (3.27)

The minimum ripple in dc-link current occurs when the reflected ripple voltage is

maximum, i.e. V1 =
√

2VLL. This occurs for dc at θ = kπ/3. Substituting the (3.6)

into (3.26) and approximating the discharging periods by the dotted line in Figure
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Fig. 3.15: Ideal (a) voltage and (b) current waveform of the dc-link inductor in the boost
- CSI at boundary condition (BC), when it is about to enter the discontinuous mode of
operation.

3.15(b) leads to

IBdc = 1
2

1
fs

Vdc
Ldc

(
1−
√

3
2 m

)
(3.28)

In order to obtain the minimum inductance required to keep the boost - CSI in CCM,

Idc ≥ IBdc. Using the dynamic equation (4.6), neglecting didc/dt and substituting Vq =
√

2VLL leads to the steady-state average value of Idc as follows:

IBdc =
Vdc −

√
3/2mVLL

Rdc + 2Ron

(3.29)
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The modulation index, m, for the boost - CSI depending of the boost ratio is in the

range of [0.05, 0.35]. From (3.28) and (3.29), the minimum value of Ldc required to

keep the three-phase single-stage boost - CSI in CCM of operation can be obtained

from

Ldc >
1
2

1
fs
Vdc

Rdc + 2Ron

Vdc −
√

3/2mVLL

(
1−
√

3
2 m

)
(3.30)

3.3.5 PQ Operational Region

 

Changing  
𝒎  

𝜑 = 0  

Changing  
𝝋  

Fig. 3.16: The boost - CSI operating points for grid-tied mode obtained by varying the
modulation index and phase difference between inverter and grid voltages.

In this subsection, operating points of the boost - CSI are identified in the PQ plane.

The boost - CSI is formed using Reverse Blocking IGBTs (RB-IGBTs), therefore unlike
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Fig. 3.17: The boost - CSI operating zone for grid-tied mode obtained by varying the
modulation index and phase difference between inverter and grid voltages with the THD of
the current injected to grid.

VSCs, the boost - CSI allows only unidirectional power flow, i.e. P > 0. In order to

study the operating region of the boost - CSI, a grid-tied boost - CSI was simulated

with varying modulation index, m and the phase difference between the modulated

output current and the grid voltage, ϕ. Figure 3.16 illustrates the operating points

available for a boost - CSI in the PQ plane. The base value chosen for the system is

208V and 2kV A. The small negative values of P in Figure 3.16 represent the power

loss in the CL filter. Figure 3.17 demonstrates the operable points in the PQ plane.

The points marked in red demonstrate the operating points with high THD values

in the inverter output current (more than 5%). It can be further observed that for

low output active power from the inverter, the boost - CSI has high output current
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THD. Again, unlike VSCs the reactive power cannot be produced for the operating

points with low power factor, as shown in Figure 3.17. In the boost - CSI, a minimum

magnitude of the dc-link current is necessary to generate a modulated ac-current. In

other words, for a given Vdc if Idc = 0 (Pac ∼= Pdc = VdcIdc), no reactive power can be

generated as the boost - CSI is a unidirectional converter.

3.4 Steady-State Verification of Boost - CSI

In this subsection, the validity of the formulas developed in Section 3.3 is verified using

simulation and experimental results. The efficiency and losses in the boost - CSI are

also studied on a 2kW , 240VLLrms boost - CSI. The case study circuit parameters are

given in Table 2.5.

Table 3.2: Circuit parameters for Steady State Verification.

 

𝑳𝒅𝒄 𝑪𝒂𝒄 𝑳𝒂𝒄 𝒇𝒔 

7.5mH 20µF 5mH 3.6kHz 
 

Many investigations have been reported on the efficiency of boost rectifiers and

single-phase boost inverters. However, only a few reports in literature can be found

concerning the efficiency of three-phase boost inverters that are experimentally verified.

Zhou et al. (2012) presented a three-phase boost inverter topology made of a coupling

inductor, two diodes, two capacitors, and an inductor in the dc-side of a VSI [67].

In their work, a maximum efficiency of 83.4% was reported for a boost ratio of 2 (at

the line-line output voltage of 220Vrms) and a switching frequency of 8kHz. Anand

et al. (2014) presented a transformer-less grid-connected CSI with dc-bus capacitors,

dc-link inductors, and an extra leg compared to the CSI topology [68]. However,
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this inverter provided a boost ratio of about 1.33 (at the line-line output voltage of

400Vrms) with a switching frequency of 7.5kHz, and high efficiency of the inverter was

only possible without the boost capability. Brito et al. (2015) presented a two-stage

buck-boost integrated boost inverter, made of a cascaded dc-dc converter with a space

vector PWM (SVPWM) based CSI [69]. In their work, an overall efficiency of 90%

was reported for a boost ratio of 1.27 (at the line-line output voltage of 127Vrms). The

boost inverters reported prior to the work presented in this dissertation either have

a low boost ratio or have a low efficiency. This dissertation presents a boost - CSI

with high boost ratio (VLL,rms/Vdc) of 3.5 and also has a high system efficiency using

Reverse Blocking IGBTs (RB-IGBTs).

Table 3.3: Measured and calculated parameters of the grid-tied boost - CSI (simulation
results).

 

𝒗𝒅𝒄(V) 𝑫 
𝑰𝒅𝒄(A) 𝑰𝒊𝒏𝒗

𝒓𝒎𝒔(A) 𝑰𝒊𝒏𝒗
𝒓𝒎𝒔(𝒇𝟏)(A) 

Meas. Meas. Calc. Meas. Calc. 

60 0.791 10.63 3.887 3.968 1.589 1.645 

65 0.773 9.76 3.713 3.797 1.593 1.640 

70 0.755 9.029 3.567 3.649 1.589 1.638 

75 0.737 8.408 3.459 3.521 1.594 1.637 

 

The inverter quantities, Irmsinv and Irmsinv (f1) measured in simulation and calculated

through the developed expressions in (3.17) and (3.20) for different input dc-voltage

for grid-tied and stand-alone modes are summarized in Table 3.3 and Table 3.4, respec-

tively. In the stand-alone mode of operation, the inverter output voltage is regulated

at 208V for different input dc-voltage. It can be clearly observed from Table 3.3 that
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the calculated results from (3.17) and (3.20) match closely to the simulated results and

the error is less than 3%. In the grid-tied mode of operation, the inverter was regulated

to supply 600W active power to the grid for varying input dc-voltages. The results for

the grid-tied mode of operation are summarized in Table 3.4 with the maximum error

of 3.5%.

Table 3.4: Measured and calculated parameters of the stand-alone boost - CSI (simulated
results).

 

𝒗𝒅𝒄(V) 𝑫 
𝑰𝒅𝒄(A) 𝑰𝒊𝒏𝒗

𝒓𝒎𝒔(A) 𝑰𝒊𝒏𝒗
𝒓𝒎𝒔(𝒇𝟏)(A) 

Meas. Meas. Calc. Meas. Calc. 

60 0.66 13.44 6.255 6.398 3.286 3.384 

65 0.63 11.87 5.843 5.895 3.251 3.252 

70 0.54 9.226 5.032 5.109 3.116 3.143 

75 0.50 8.592 4.861 4.961 3.126 3.181 

 

The validity of the developed characterization equations is experimentally evaluated

using a laboratory scale 2kW , 208V (240V ), 60Hz three-phase single-stage boost - CSI

shown in Figure 3.18. Also, the efficiency of the overall system is calculated at different

stages through a set of experiments for different input voltages and power levels.

The boost - CSI was designed and built using six individual reverse-blocking IGBTs

(RB-IGBTs) [17], [22]-[24]. The inverter prototype, shown in Figure 3.18, contains two

printed circuit boards called (i) control board and (ii) power board. The inverter is a

self-powered device with control board powered directly by the dc input voltage. The

IGBTs used in the boost - CSI are RB-IGBTs from Fuji, i.e. FGW85N60RB. The

inverter switching is generated by Altera’s DE0 FPGA development board [70], which

receives a control signal from dSpace 1103.
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Power Board 
Control Board 

RB-IGBTs 

Fig. 3.18: Picture of the prototype 2kW , 208V (240V ) three-phase single-stage boost - CSI.

In this work, the prototype boost - CSI was tested for various input dc-voltage, Vdc,

values and load impedances. In these tests, the discretized switching pattern described

earlier in Section 3.2 was implemented. In these tests, the fundamental and switching

frequencies were set to f1 = 60Hz andfs = 3.6kHz, respectively, with M = 10 and

NT = 60 in the discretized PPWM. The switching signals are generated by the FPGA

using D and θ inputs, which are generated by the dSpace interface [70]. In this work,

a simple direct PQ control scheme was implemented for the purpose of steady-state

analysis of grid-tied boost - CSI. Basically, to build the closed-loop control scheme, the
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grid-side line-to-line voltages and line currents are measured as feedback signals. The

controller discussed in Subsection 4.2.2 was implemented in dSpace. The computed

values of D and θ are then provided as input signals to the FPGA in order to generate

the PPWM switching pattern described in Section 3.2.

Table 3.5: Measured and calculated parameters of the grid-tied boost - CSI (experimental
results) for P = 600W .

 

𝒗𝒅𝒄(V) 𝑫 
𝑰𝒅𝒄(A) 𝑰𝒊𝒏𝒗

𝒓𝒎𝒔(A) 𝑰𝒊𝒏𝒗
𝒓𝒎𝒔(𝒇𝟏)(A) 

Meas. Meas. Calc. Meas. Calc. 

60 0.80 10.98 3.88 4.01 1.56 1.63 

65 0.78 10.11 3.70 3.87 1.59 1.64 

70 0.765 9.41 3.58 3.72 1.61 1.64 

75 0.74 8.71 3.51 3.63 1.61 1.68 

 

Table 3.6: Measured and calculated parameters of the stand-alone boost - CSI (experimental
results) for VLL,rms = 208V .

 

𝒗𝒅𝒄(V) 𝑫 
𝑰𝒅𝒄(A) 𝑰𝒊𝒏𝒗

𝒓𝒎𝒔(A) 𝑰𝒊𝒏𝒗
𝒓𝒎𝒔(𝒇𝟏)(A) 

Meas. Meas. Calc. Meas. Calc. 

60 0.66 14.53 6.90 6.70 3.66 3.59 

65 0.64 13.57 6.64 6.32 3.62 3.54 

70 0.60 10.88 5.62 5.61 3.22 3.37 

75 0.58 9.87 5.22 5.25 3.07 2.99 
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Table 3.7: Simulated and experimentally obtained efficiency of the grid-tied boost - CSI.
 

𝒗𝒅𝒄 
(V) 

Efficiency (%) 

System Inverter and Filter Inverter 

Sim. Exp. Sim. Exp. Sim. Exp. 

60 94.07 91.07 95.85 94.20 99.76 98.52 

65 94.58 91.30 96.01 94.31 99.75 98.81 

70 94.93 91.08 96.31 94.42 99.68 98.73 

75 95.15 91.85 96.54 94.64 99.68 98.67 

The measured and calculated quantities for grid-tied and stand-alone modes of

operation are summarized in Table 3.5 and Table 3.6, respectively. The measured

dc-link current was used to estimate Irmsinv (f1) from (3.20). In order to verify the stand-

alone case, the inverter was made to convert input dc-voltage to output 208V rms

line-to-line voltage feeding a load. In the grid-tied test, the inverter injected active

power to the grid for different input dc-voltages, where the desired reactive power was

set to zero. The measurements were performed for many operating points and the

results are given in Table 3.5, Table 3.6, and Table 3.7, as well as Figure 3.19, Figure

3.20, and Figure 3.21. It can be observed from the results given in Table 3.5 and

Table 3.6 that the measured quantities closely match the calculated quantities with

errors being less than 4%. During the grid-tied mode, efficiencies of the entire system,

inverter with filter, and only inverter were also calculated. The efficiencies obtained

through simulation and experimental results have been presented in Table 3.7. It can

be observed from Table 3.7 that the overall system has an efficiency of about from

91 – 92%, for the entire operational range of the input dc voltage. The efficiency of

the system, excluding the dc-link inductor loss, is more than 94%. Also, the dc-link
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inductor contributes to about 1.5 to 3% of the system loss, while the filter capacitor

and inductor contribute to 3 to 4% of the overall system loss.

 

Fig. 3.19: Experimentally obtained efficiency of the prototype boost - CSI versus input
dc-voltage for the grid voltage of 208VLL,rms, and Pg = 600W .

The inverter switching and conduction losses contribute to only about 1.5% losses,

and this RB-IGBT based inverter is more than 98.5% efficient, as shown in Figure

3.19. Also, Figure 3.20 shows the efficiency of the overall system, inverter and ac filter,

and inverter only versus the power injected to the grid for a constant input voltage,

herein Vdc = 80V . It can be observed from Figure 3.19 and Figure 3.20 that the

system efficiency is higher than 91% for the entire operating range. The efficiency

of the prototype boost - CSI is comparable or better than contemporary three-phase

two-stage boost - CSIs [71,72]. In Figure 3.21, the relationship between the power flow

and the averaged charging duty ratio, D, is examined using experimentally obtained

data. Figure 3.22 shows variation of the system efficiency and the THD of current

injected to the grid with respect to power injected to the grid through experimental

data. The variations of the power injected to the grid, Pg, versus the charging ratio are

demonstrated in Figure 3.21(a). Herein, two main observations can be indicated; (i)

an increase in the charging ratio will result in an increase in the power flow from the

dc-source to the grid. In other words, the larger charging ratio means the more injected
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power to the grid, and (ii) theD−P relationship is almost linear. Also, the tested boost

- CSI demonstrates a superior performance regarding its controllability for the boost

ratios below 208VLLrms/60Vdc = 3.47. Figure 3.21(b) shows the relationship between

the input power at the dc-source and the power injected to the grid for different values

of input dc-voltage. It can be observed from Figure 3.21(b) that Pdc and Pg have a

linear relationship regardless of the input dc-voltage level. Figure 3.22(a) shows the

variation of the overall system efficiency versus Pg. It should be noted that this is the

combined efficiency of the inverter, the dc-link inductor, and the ac filter. As can be

seen, the system efficiency for the PPWM/RB-IGBT based single-stage boost - CSI is

higher than the overall efficiency reported for the single-stage three-phase boost - CSI

in [67], and for the current source inverter in [68], with similar ratings. It can be further

deduced from Figure 3.22(a) that the tested system is optimal for operating around

Pg = 1kW . Since there exists a maximum in the efficiency curves, it can be optimized

by changing parameters in Table 3.2 for higher output power. Finally, Figure 3.22(b)

represents variations of the current THD versus the power injected into the grid for

different input dc-voltages. As can be seen, a THD of less than 5% was successfully

achieved for all the operating points in the grid-tied mode of operation. It can be

further observed that THDs for Vdc = 120V and 60V are higher than for Vdc = 80 or

100V . This indicates that the optimal operating input voltage (in terms of the THD

level) is between 80V and 100V for the tested inverter. Figure 3.22(b) also shows that

the current THD reaches almost 5% for higher boost ratios and the inverter operates

best for boost ratios less than 3.5.
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Fig. 3.20: Experimentally obtained efficiency of the prototype boost - CSI versus power
injected into the grid for the input dc-voltage of Vdc = 80V .

 
Fig. 3.21: Variations of the boost - CSI (a) charging duty ratio, D, vs. input power, Pdc,
and (b) input power, Pdc vs. output power, Pg for different input dc voltages.
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Fig. 3.22: Variations of the boost - CSI (a) system efficiency, η, vs. output power injected
into the grid, and (b) THD of injected current into the grid vs. power for different input dc
voltages.

3.5 Conclusion

In this chapter, the circuit topology of the three-phase single stage boost - CSI has

been explained and the switching technique has been detailed. The CSI topology

has been implemented using Reverse Blocking - IGBTs (RB-IGBTs) for the developed

boost - CSI. In this chapter, the PPWM switching technique has been detailed and

the difference between the developed PPWM switching technique and the conventional

SVPWM switching technique has been explained. It has been shown that the PPWM

switching developed earlier has asymmetrical pulse droppings when implemented using

a low-resolution processor which results in a high THD in the inverter output voltage

and current waveforms. The modified PPWM for the three-phase single stage boost
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- CSI has been presented by discretizing the PPWM modulation technique to solve

the problem of unsymmetrical switching. The finite on and off times associated with

the switching devices might lead to a dead time during the switching transitions be-

tween devices. This will result in a high voltage spike across the devices. In this

chapter, an overlap-time technique has been presented as a solution to suppress the

voltage spikes across the RB-IGBTs in the boost - CSI and ensures that a path always

exists for dc-link current. This chapter also provided a detailed steady-state analy-

sis of both stand-alone and grid-tied PPWM based boost - CSI. This chapter formed

the knowledge base for the steady-state analysis of the boost - CSI. The switching

technique generates desired inverter output waveforms with THDs below 5% from low-

voltage dc-sources, with higher efficiencies in comparison with two-stage dc-ac boost

converters. Furthermore, characterization equations have been derived and verified us-

ing simulation and experimental results. The simulation and experimentally obtained

data have been presented in order to validate the derived equation for both stand-alone

and grid-tied modes of operation. The efficiency of the overall circuit, the inverter with

the filter, and just the inverter has also been examined using simulation and experi-

mentally obtained data. It has been verified experimentally that the efficiency of the

prototype inverter and filter is comparable to commercial three-phase boost converters.

The family of curves representing power injected to the grid with varying the charging

duty ratio has been also presented for different input dc-voltages in this paper. The

presented results demonstrate that the PPWM based three-phase single-stage boost -

CSI is an efficient alternative for two-stage dc-ac boost converters. The application of

the developed three-phase boost - CSI and the developed DDWT topology in the next

chapter.
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Chapter 4

Dynamic Models and Controllers

for Boost-CSI

This chapter is focused on the development of the boost - CSI dynamic models, and

controllers. This chapter is divided into three sections. Section 4.1 presents the devel-

opment of the inverter dynamic models for both stand-alone and grid-tied modes of

operation. The large-signal and small signal models of the boost - CSI are developed

in stand-alone and grid-tied modes of operation. The boost - CSI controllers for volt-

age regulation in the stand-alone mode of operation, and active-reactive power control

in the grid-tied mode are presented in Section 4.2. The conclusion of this chapter is

provided in Section 4.3.

4.1 Dynamic Models of Boost-CSI: Stand-Alone and

Grid-Tied Modes

In this section, the state space averaged model of the boost - CSI feeding a resistive-

inductive (RL) load and connected to the grid is derived. In this work, the inverter
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PWM frequency is assumed adequately higher than the frequency of fundamental ac

waveforms, therefore, the averaging theorem described in [73], can be applied. The

large-signal and small signal models for stand-alone and grid - tied boost - CSI are

derived in this section. In addition to these models, the dq equivalent circuit of the

boost - CSI is obtained from these models. A stability analysis of the system is also

performed using these models. The developed models are verified using simulation and

experimental data and the results are also presented in this section.

4.1.1 Stand-Alone Model

The state space averaged model of a three-phase boost - CSI feeding a resistive-

inductive (RL) load is derived in this subsection. It should be noted that on-state

resistance and voltage-drop of the solid-state switches are taken into account for de-

veloping the boost - CSI dynamic models. The state space model is developed in two

steps. First, the boost - CSI equivalent circuits which represent boost - CSI behaviors

in charging and discharging times are combined using averaging method. This results

in six distinct state-space models, which are then converted into a single state space

representation using a rotating reference frame transformation. Also, the small signal

model of the boost - CSI is obtained by linearizing the large-signal model.

The circuit diagrams, corresponding state-space equations for each switching state

of the boost - CSI feeding a resistive-inductive load, RL,LL, are summarized in Ta-

ble 2.2. The boost - CSI circuit leads to three state space representations over a

switching cycle, corresponding to the three switching states. In these state-space rep-

resentations, the state vector x consists of state variables of the system, i.e. x =[
idc vab vbc ia ib

]T
, as shown in Figure 3.2. It should be noted that vca can

always be rewritten in terms of vab and vbc, therefore, the state space variables can

remain the same for all six sectors. Similarly, ic can be written in terms of ia and ib.
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Also, the input vector u is the dc-source voltage such that u = vdc. Applying periodic

averaging technique to these models results in ˙̃x = ĀI x̃ + B̄u state space representa-

tion for Sector I where, x̃ is the approximate state vector and ĀI is the averaged state

matrix of Sector (I) obtained from ĀI = [dcAC1 + d1AD1 + d2AD2]. Therefore, there

are six time varying state space representations of the boost - CSI corresponding to

the six sectors of PPWM, which are presented in Appendix (A). Transferring these six

state space representations to the synchronously rotating dq reference frame results in

a time-invariant state space averaged model, using (4.1).

 ṽab

ṽbc

 =

 cos (θf ) sin (θf )

cos
(
θf − 2π

3

)
sin

(
θf − 2π

3

)

 ṽq

ṽd

 (4.1)

where, θf is the angular displacement of the rotating dq reference frame. The duty

cycles d1, d2, and dc are replaced using

d1 = msin
(
π

3 − θ
)

(4.2)

d2 = msin (θ) (4.3)

and

dc = 1− (d1 + d2) (4.4)

The averaged matrix obtained for the six sectors in dq reference frame are same i.e.,

ĀdqI = ĀdqII = . . . = ĀdqV I = Ādq, . Therefore, Ādq forms the matrix A of the

large-signal model [74].

The state-space-averaged representation of the boost - CSI feeding an R-L load in

the rotating dq-frame of reference can be written as in (4.5) [45].
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d

dt



ĩdc

ṽq

ṽd

ĩq

ĩd


=



−Rdc−2Ron
Ldc

−
√

3m
Ldc

0 0 0
√

3m
Ldc

0 −ω −1
2Cac

−
√

3
6Cac

0 ω 0
√

3
6Cac

−1
2Cac

0 1
2LL

−
√

3
6LL

−RL
LL

−ω

0
√

3
6LL

1
2LL ω −RL

LL





ĩdc

ṽq

ṽd

ĩq

ĩd


+



1
Ldc

0

0

0

0


vdc (4.5)

where, ω is the angular frequency of the reference line voltage and m is the modulation

index. Equation (4.5) represents large-signal model of the boost - CSI. In order to study

the inverter dynamics in the dq-reference frame for various loads, the dq-equivalent

circuit representation of the system is important. Therefore, the dq-equivalent circuit

representations of the boost - CSI must be obtained.

The dq-equivalent circuits for the three-phase single-stage boost - CSI are derived

from the developed state-space model presented in (4.5). The order-five state-space

model in (4.5) can be broken down to q-axis equations, d-axis equations on the ac-side

and dc side equation linking the dc-side input circuit to the d and q quantities. The

input dc-side dynamics of the boost - CSI can be expressed as

vdc = (Rdc + 2Ron) idc + Ldc
didc
dt

+
√

3
2 mvq (4.6)

The dc-voltage equation in (4.6) contains q-axis component which can be modelled as

a dependent voltage source. Thus, the q-axis component in (4.6) links the dc-input to

the ac dq quantities. It is therefore necessary to find the q-axis dynamics, which can

be expressed as follows:

iq = 2
√

3
3 midc − 2Cacωvd −

√
3

3 id − 2Cac
dvq
dt

(4.7)
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vq = 2RLiq + 2LL
diq
dt

+
√

3
3 vd + 2LLωid (4.8)

where, the voltage equation in (4.8) contains d-axis components. These terms can

again be modelled as dependent voltage sources. Similarly, the current equation in

(4.7) contains d-axis components, which can be modelled as dependent current sources.

This leads to a need for obtaining d-axis dynamics, which can be expressed as

id = 2Cacωvq +
√

3
3 iq − 2Cac

dvd
dt

(4.9)

vd = 2RLid + 2LL
did
dt
−
√

3
3 vq − 2LLωiq (4.10)

These equations can form the dq-equivalent circuits for the boost - CSI. Equation

(4.6) can be represented as a circuit forming the dc-input, (4.7) and (4.8) form the

q-axis, and (4.9) and (4.10) form the d-axis equivalent circuits. These circuits are

shown in Figure 4.1 (a), (b), and (c), respectively [45]. As can be seen in Figure

4.1, the q-axis and d-axis equivalent circuits are formed by passive elements as well

as dependent voltage and current sources. In Figure 4.1(a), the independent voltage

source, vdc, in the dc-equivalent circuit forms the system input, while a dependent

voltage source makes the link between ac and dc sides of the circuit quantities. The

dq-equivalent circuits can be used for analysis of a boost - CSI coupled with dynamic

loads, as now the entire system can be represented in the same frame of reference.

The dq-equivalent circuit representation can create a knowledge base for analysis of

the boost - CSI. The dq-equivalent circuits in Figure 4.1 and equation (4.5) represent

a linear time-invariant system, assuming that m, and ω are constant. However, the

modulation index is commonly used as the input control signal to regulate inverter

output voltage. Therefore, a small-signal model of the boost - CSI is needed.

The small-signal model of the three-phase boost - CSI feeding a resistive-inductive
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Fig. 4.1: The boost - CSI equivalent circuits; (a) dc-side equivalent circuit, (b) q-axis
equivalent circuit; and (c) d-axis equivalent circuit in stand-alone mode of operation.
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load is derived using the large signal model in (4.5). As illustrated in (4.5), vdc rep-

resents the system input for constant values of m and ω. In practice, m is used to

regulate the output voltage in stand-alone mode. Therefore, (4.5) cannot be considered

a linear equation. However, (4.5) can be linearized around a steady-state operating

point by defining small perturbations for the system variables as x̄dq = X̄dq + δx̄dq,

vdc = Vdc + δvdc, m = M + δm, ω = Ω + δω, where x̃dq =
[
ĩdc ṽab ṽbc ĩa ĩb

]T
is the

state vector, δ denotes small-signal perturbation, and capital quantities represent the

steady-state operating point. The linearized (small-signal) model can be written as in

(4.11) [45]. Equation (4.11) can be used to perform different linear control designs and

small-signal stability studies on the boost - CSI for stand-alone applications.

d

dt



δĩdc

δṽq

δṽd

δĩq

δĩd


=



−Rdc−2Ron
Ldc

−
√

3m
2Ldc

0 0 0
√

3m
3Cac 0 −Ω −1

2Cac
−
√

3
6Cac

0 Ω 0
√

3
6Cac

−1
2Cac

0 1
2LL

−
√

3
6LL

−RL
LL

−Ω

0
√

3
6LL

1
2LL Ω −RL

LL





δĩdc

δṽq

δṽd

δĩq

δĩd


+ ...

...



1
Ldc

−
√

3
2Ldc

Ṽq 0

0
√

3
3Cac Ĩdc −Ṽd

0 0 Ṽq

0 0 −Ĩd

0 0 Ĩq




δvdc

δm

δω

 (4.11)

The developed models for large and small signal dynamics of the boost - CSI for the

stand-alone mode of operation are presented in (4.5) and (4.11), respectively. These

models are verified first using a circuit simulation and then using a laboratory test

setup. The values of main circuit parameters for the laboratory setup are given in
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Table 4.2: System parameters.

 

Parameter Nominal values 

𝑣𝑑𝑐  65 V 

𝐿𝑑𝑐 10 mH 

𝑅𝑑𝑐 0.5 Ω 

𝐶𝑎𝑐 20 µF 

𝐿𝐿 7.5 mH 

𝑅𝐿 70 Ω 

𝑣𝐿𝐿 𝑟𝑚𝑠 208 V 

 

Table 4.2. The dc-link inductor, ac-filter inductors, and PWM switching frequency

have not been optimized for this study. In order to verify the validity of the developed

state-space-averaged model, a laboratory-scale three-phase single-stage boost - CSI,

feeding an RL load, has been modeled and simulated in MATLAB/Simulink using the

SimPowerSystems toolbox.

Firstly, the dynamic behaviors of the boost - CSI, when generates a line-to-line

rms voltage of 208V from a 65Vdc with a PWM frequency of 2.4kHz, are studied using

circuit simulations. In Figure 4.2, the boost - CSI response to a step change of vdc, from

zero to 65V , is demonstrated. In this figure, the gray color waveforms demonstrate

the results obtained from the circuit simulation and the black color waveforms are

obtained from solving (4.5). As can be seen, the results obtained from solving the

averaged model in (4.5) are in very good agreement with the circuit simulation results.

In Figure 4.3, the system response to a small step change in the duty ratio, D, or the

modulation index, m, is shown. Again, the relationship between the charging duty

ratio, D, and the modulation index, m, is D = 1− 3
π
m, as discussed earlier in Chapter

3. In Figure 4.3, a step change to the modulation index, m, is applied at t = 5msec.
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Fig. 4.2: Simulated (Gray) and model (Black) waveforms of vdc, idc, vq, vd, iq and id during
startup.
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In this example, m suddenly decreases from 0.51 to 0.433, i.e. D increases from 0.49

to 0.589. In this figure, the black color waveforms were obtained from solving (4.11),

and the gray color waveforms are from the circuit simulation that contains the inverter

PWM switching transients. These two case scenarios were repeated in the laboratory

to further confirm the validity of the developed state space models in (4.5) and (4.11).

In order to verify the validity of the developed state-space-averaged model, a 2kW ,

208/240V boost - CSI made of reverse-blocking IGBTs (RB-IGBTs) was designed and

built in the laboratory. The system parameters in the developed setup are the same as

the ones applied in the circuit simulation and summarized in Table 4.2. The prototype

boost - CSI was switched at fs = 2.4kHz. The switching signals were implemented

using a dSpace 1103 as the interface circuit between computer and hardware in the

setup. The dSpace provides rapid control prototyping for power electronic circuits

using Matlab/Simulink programming. Furthermore, the experimental results presented

in this section were acquired using a LeCroy Waverunner 64XI oscilloscope equipped

with ADP305 differential high-voltage probes (100MHz bandwidth) and CP031 high-

current (50MHz bandwidth) probes.

The experimentally obtained data from the prototype boost - CSI and the state-

space-averaged models in (4.5) and (4.11) are plotted in Figure 4.4 and Figure 4.5.

As shown in these figures, the outputs of the state-space-averaged models are in good

agreement with the experimentally obtained data. The start-up transient results in

which the dc-source voltage is switched from zero to 65V are shown in Figure 4.4. In

this test scenario, the input dc voltage, vdc, increases exponentially from zero to 65V

over around 20msec. The same input dc voltage waveform is given to the model in

(4.5), and both experimental and model results are plotted in Figure 4.4. Moreover,

in order to verify the small-signal model in (4.11), the model was solved for a step

change in D, from 0.49 to 0.59 at t = 20msec, and the same was performed in the
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control scheme of the prototype boost - CSI. As shown in Figure 4.5, the experimental

results satisfactorily match the results obtained from the developed state-space models

in (4.5) and (4.11).

4.1.2 Grid - Connected Model

The models presented in this subsection, are derived assuming the inverter PWM

frequency is adequately higher than the frequency of fundamental ac voltages and cur-

rents. These assumptions allow the averaging theorem described in [73] to be applied to

obtain the averaged models. The state-space representation of the boost - CSI operat-

ing in stand-alone mode has been derived in [45]. Similarly, the state-space representa-

tion for a grid-connected three-phase boost - CSI operated by Phasor PWM (PPWM)

technique described in [42,43,45] can be obtained. For the six sectors of PPWM, there

are six different sets of equations, and consequently six distinct state matrices, namely

AI , AII , AIII , AIV , AV , and AV I ,see Appendix A. The state-space-averaged repre-

sentation of grid-connected boost - CSI in the rotating dq-frame of reference can be

written as in (4.12). In (4.12), ṽq and ṽd are the dq components of inverter line-to-line

voltages, vgq and vgd are dq components of the grid voltage, ĩq and ĩd are dq components

of inverter line currents,̃idc is the dc-link current, and vdc is the input dc voltage.

d

dt



ĩdc

ṽq

ṽd

ĩq

ĩd


=



−Rdc
Ldc

−
√

3mcos(φ)
2Ldc

−
√

3msin(φ)
2Ldc

0 0
√

3mcos(φ)
3Cac 0 −ωg −1

2Cac
−
√

3
6Cac

√
3msin(φ)

3Cac ωg 0
√

3
6Cac

−1
2Cac

0 1
2Lg

−
√

3
6Lg

−Rg
Lg

−ωg

0
√

3
6Lg

1
2Lg ωg

−Rg
Lg





ĩdc

ṽq

ṽd

ĩq

ĩd


+ . . .
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Fig. 4.4: Experimental (Gray) and model (Black) waveforms of vdc, idc, vLL, iL, vq, vd, iq
and id during startup.
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. . .+



1
Ldc

0 0

0 0 0

0 0 0

0 − 1
2Lg

√
3

6Lg

0 −
√

3
6Lg −

1
2Lg




vdc

vgq

vgd

 (4.12)

The model in (4.12) represents the linear time-invariant state-space model of the

boost - CSI assuming that m, and the phase angle between the output voltage of the

single-stage boost - CSI, vab, and the grid voltage, vgab, φ are constant. However, in

practice, m and φ can be used to control the injected power to the grid. In this case,

(4.12) will be a non-linear model. Thus, by linearizing (4.12) around an operating

point, the small signal model can be obtained as in (4.13), where, Ṽq, Ṽd, M̃ , and Ĩdc

correspond to the operating point. In order to study inverter dynamics for different

operating points and stability analysis of open and closed loop grid-connected inverter

in dq-frame of reference the dq- equivalent circuit representation of the system is very

important.

d

dt



δĩdc

δṽq

δṽd

δĩq

δĩd


=



−Rdc
Ldc

−
√

3M̃cos(φ)
2Ldc

−
√

3M̃sin(φ)
2Ldc

0 0
√

3M̃cos(φ)
3Cac 0 −ωg −1

2Cac
−
√

3
6Cac

√
3M̃sin(φ)

3Cac ωg 0
√

3
6Cac

−1
2Cac

0 1
2Lg

−
√

3
6Lg

−Rg
Lg

−ωg

0
√

3
6Lg

1
2Lg ωg

−Rg
Lg





δĩdc

δṽq

δṽd

δĩq

δĩd


+ . . .
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. . .+



1
Ldc

0 0 −
√

3[cos(φ)Ṽq+sin(φ)Ṽd]
2Ldc

−
√

3M̃[sin(φ)Ṽq+cos(φ)Ṽd]
2Ldc

0
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√

3cos(φ)Ĩdc
3Cac

−
√

3M̃sin(φ)Ĩdc
3Cac −Ṽd

0 0 0
√

3sin(φ)Ĩdc
3Cac

√
3M̃cos(φ)Ĩdc

3Cac Ṽq

0 −1
2Lg

√
3

6Lg 0 0 −Ĩd

0 −
√

3
6Lg

−1
2Lg 0 0 Ĩq





δvdc

δvgq

δvgd

δm

δφ

δω


(4.13)

The dq-equivalent circuits for the grid-connected three-phase boost - CSI are derived

from the linearized average state-space model presented in (4.13). The fifth order

dynamic model developed in (4.13) can be used to get q-axis equations, d-axis equations

for the ac side of the inverter and the dc-bus equation in order to link the input dc side

to the output ac side. The equation representing the input dc-side of the grid-connected

inverter can be expressed as

vdc = Rdcidc + Ldc
didc
dt

+
√

3mcos (φ)
2 vq +

√
3msin (φ)

2 vd (4.14)

The dc-side equation in (4.14) has both q-axis and d-axis components which link the

input side equation to the output dq quantities of the inverter. This makes it essential

to obtain the d-axis and q-axis equations in order to obtain the full dynamic model.

The q-axis equations for the inverter can be expressed as follows:

iq = 2mcos (φ)√
3

idc − 2Cacωvd −
1√
3
id − 2Cac

dvq
dt

(4.15)

vq = 2Rgiq + 2Lg
diq
dt

+ 1√
3
vd + 2Lgωgid + vgq −

1√
3
vgd (4.16)

Equations in (4.15) and (4.16) represent the q-axis dynamics of the boost - CSI. Both
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Fig. 4.6: The boost - CSI equivalent circuits; (a) dc-side equivalent circuit, (b) q-axis
equivalent circuit; and (c) d-axis equivalent circuit in the grid-tied mode of operation.
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the input side dynamic equation, and q-axis dynamic equations have d-axis components

associated with them which makes it necessary to obtain the d-axis dynamic equation

for the inverter. The d-axis dynamics can be expressed as

id = 2msin (φ)√
3

idc + 2Cacωvq −
1√
3
iq − 2Cac

dvd
dt

(4.17)

vd = 2Rgid + 2Lg
did
dt
− 1√

3
vq − 2Lgωgiq + vgd −

1√
3
vgq (4.18)

These equations can be used to form the dq-equivalent circuits for the grid-connected

three-phase boost - CSI. Equation (4.14) forms the input dc-side circuit for the in-

verter, (4.15) and (4.16) form the q-axis circuits, and (4.17) and (4.18) form the d-axis

circuit. These circuits are presented in Figure 4.6(a), (b), and (c), respectively. The

independent dc-source in Figure 4.6(a) forms the input to the system, while the de-

pendent sources act as the link between the input dc-side and the output ac-side of the

boost - CSI.

4.2 Controllers for Boost-CSI

4.2.1 Stand - Alone System

Stability of the boost - CSI with respect to the variation in input signals, i.e. m

and ω, as well as load parameters are studied using the developed small-signal model,

represented by (4.11). The study is based on the experimental setup that is built

in the laboratory for test and verification. The parameters of the developed setup are

summarized in Table 4.2. Substituting these values into (4.11) results in the state vector

equilibrium point of Xdq =
[

12.30 178.75 234.71 0.23 2.83
]T

, which corresponds

to a line-to-line rms voltage of 208.5V and a line rms current of 2.01A. The eigenvalues
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Fig. 4.7: Root locus of small-signal poles (eigenvalues) of the stand-alone boost - CSI as (a)
ω, or f varies from 10Hz to 400Hz; (b) m, or D varies from 0.1 to 0.9.

of the system at this operating point are obtained as λ1 = −220.7, λ2,3 = −202.0 ±

j705.7, and λ4,5 = −7.713 × 103 ± j376.9. These five eigenvalues are located in the

left-half s-plane, indicating a stable system. However, this does not necessarily mean

that the system will be stable for input signal variations and load parameter changes.

Therefore, variations of the overall system eigenvalues with respect to changes in the

input control signals and load parameters must be studied.

The system eigenvalues are shown in Figure 4.7(a), in which the frequency varies

from 10Hz(62.83 rad⁄sec) to 400Hz (2513.3 rad⁄sec), with all nominal parameter val-

ues provided in Table 4.2. The range of frequency is chosen based on the typical

frequency range used in adjustable speed drive systems [75, 76]. As shown in Figure

4.7(a), the eigenvalues move toward the origin as the system frequency increases, and
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Fig. 4.8: Root locus of small-signal poles (eigenvalues) of the stand-alone boost - CSI as (a)
power factor varies from 0.999 to 0.799; (b) RL varies from 0.06p.u. to 2.5p.u..

therefore the damping factor of the system decreases, when the overall system remains

stable. The root locus of small signal poles (eigenvalues) of the stand-alone boost -

CSI as m varies from 0.1047 to 0.9425 is shown in Figure 4.7(b). This range of m

corresponds to the charging ratio, D, variation from 0.1 to 0.9, as the relationship

between these parameters has been given in Section 3.2. This variation in D covers

the entire operating range of the boost - CSI corresponding to the system parameters

given in Table 4.2. It can be observed that the eigenvalues of the boost - CSI lie on

the left half of the s-plane for the entire operating range, indicating the stability of

the boost - CSI over the range. As can be seen, the imaginary part absolute values

of λ2 and λ3 increase whereas the real part absolute values decrease as m increases.

Unlike λ2 and λ3, λ1 moves away from the imaginary axis as m increases. However,
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since the pair eigenvalues, λ2 and λ3, have higher weights than the single one, it can

be expected that the overall system response becomes more oscillatory as m increases.

Nevertheless, the overall system remains stable for the entire range of m variation.

The system eigenvalues as the load power factor varies from 1 to 0.8 is shown in

Figure 4.8(a). In this case, the load power factor changes while the load impedance

is kept constant. This power factor range is chosen to analyze the system stability

for common power factors encountered in loads. It can be observed from Figure 4.8(a)

that with the decrease in power factor, λ2, λ3, λ4 and λ5 eigenvalues move toward right,

staying in the left-half s-plane and λ1 eigenvalue toward the left. In this case, even

though four eigenvalues move toward right, they always stay in the left-half s-plane even

for lower power factor values. Thus, the system is stable with variation in load power

factor. Figure 4.8(b) demonstrates the root locus of small signal poles (eigenvalues) of

the stand-alone boost - CSI as the load resistance, RL varies from 0.06p.u. to 2.5p.u.

Here, the base values for the power and line-to-line voltage are chosen based on the

laboratory setup rated values, i.e., base power is 2kW and base voltage is 240V . It

can be clearly observed from Figure 4.8(b) that as the load resistance increases all the

eigenvalues move to the left half s-plane. As the load resistance increases λ1, λ4 and λ5

move toward left in the s-plane, and λ2 and λ3 move to the right. For the entire range

of variation, again the eigenvalues remain in the left half s-plane and thus establishing

the stable operation of the boost - CSI. It can be observed from the above four cases

that changes in the input control parameters, i.e. ω and m, mainly affect the three

eigenvalues λ1, λ2 and λ3. However, changes in load parameters (power factor and load

resistance), have impact on all the system eigenvalues. It can be thereby concluded

that λ1, λ2 and λ3 are input dominant eigenvalues. Thus, to design a controller for a

boost - CSI, the dynamic model of the inverter can be reduced to a third-order system.

107



 

∑ 
+ 

− 
𝑣𝑞  

𝑣𝑞
∗ 

PI ∑ + 
− 
𝑖𝑞  

PI 
𝐷 

ሺ𝑎ሻ ሺ𝑏ሻ 

∑ + 
− 
𝑣𝑑 

𝑣𝑑
∗ PI 

𝑖𝑑 

∑ 
+ 

− 
∑ − 

+ 
𝜔𝑡 

𝜃 

Load 
𝑉𝑑𝑐 

𝐿𝑑𝑐 
+       

− 

𝑖𝑑𝑐             

𝑣𝑎𝑏  𝑣𝑏𝑐  𝑖𝑎  𝑖𝑏  

PPWM 𝑎𝑏𝑐 
𝑑𝑞 

𝑎𝑏𝑐 
𝑑𝑞 

𝑣𝑞  𝑣𝑑  𝑖𝑞  𝑖𝑑  

𝜔𝑡 𝜃 𝐷 

𝑆1  𝑆6  

Fig. 4.9: Block diagram of the controller for output voltage regulation of a three-phase
boost - CSI in the stand-alone mode of operation.

The controller of the stand-alone system is designed to regulate the output line-

to-line rms voltage. The block diagram of the controller is presented in Figure 4.9.

The load line-to-line load voltages and line currents are converted to dqo-reference

frame to obtain vq, vd, iq, and id. These measured values are then compared with the

desired values v∗q and v∗d obtained from the desired value of the output rms line-to-

line voltage. The controller generates the charging duty ratio D and the phase shift

from the reference angle. This is then used as input in order to generate the inverter

switching signals, as shown in Figure 4.9.
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Fig. 4.10: Measured output line-to-line voltage and line current waveforms of the boost -
CSI for the input voltage of Vdc = 65V , load resistance of RL = 70Ω , and switching frequency
of 2.4kHz, when the output rms line-to-line voltage is regulated at 208V .

 

Fig. 4.11: Simulation result for voltage regulation, THD of output line current, and D
variation with change in load for various input dc voltages.
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Figure 4.10 presents the three-phase line-to-line voltage and line current waveforms

of a boost - CSI operating in stand-alone mode, feeding a resistive load of 70Ω while

the output voltage is regulated at 208Vrms. The THD of the output voltage and current

waveforms are measured to be about 2.3% and 2.7% respectively. The next verification

of the controller is done by changing the load while keeping the desired output line-

to-line rms voltage constant at 208Vrms. Figure 4.11 presents the results of voltage

regulation, THD of the output line current, and D obtained using the controller shown

in Figure 4.9 with variation in load and for various input dc voltages. It can be clearly

observed from Figure 4.11 that the output rms line-to-line voltage was maintained at

208V with voltage regulation of less than 5%. The THD of the output line current

is less than 4% for all loads and input dc voltages which is well within the allowed

distortion of the line current.

4.2.2 Grid - Tied System

Table 4.3: System parameters for grid-tied inverter.

 

Parameter Nominal values 

𝑣𝑑𝑐  65 V 

𝐿𝑑𝑐 10 mH 

𝑅𝑑𝑐 0.5 Ω 

𝐶𝑎𝑐 20 µF 

𝐿𝐿 7.5 mH 

𝑅𝑔 0.1 Ω 

𝑉𝐿𝐿
𝑔 208 V 
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Stability of the boost - CSI with respect to the variation in input signals, i.e. m and

φ, are studied using the developed small-signal model, represented by (4.13). The

study is based on the experimental setup that is built in the laboratory for test and

verification. The parameters of the developed setup are summarized in Table 4.3. The

starting point is when the inverter is injecting 500W active power into the grid at

unity power factor i.e., φ = 0. Substituting these values into (4.13) results in the state

vector equilibrium point of Xdq =
[

7.69 294.2 0 1.96 0
]T

, which corresponds to

a line-to-line rms grid voltage of 208V and while injecting 500W active power into the

grid. The eigenvalues of the system at this operating point are obtained as λ1 = 75.3,

λ2,3 = 237.1± j921.5, and λ4,5 = −313.1± j1624.8. Out of the five eigenvalues of the

system for this operating point, three are located in the right half of the s-plane and

two are located in the left half of the s-plane indicative of the system being unstable

at this operating point. This indicates that the developed inverter in an open-loop

structure has unstable operating points which need to be identified and a controller

is designed for stable system operation. Therefore, variations of the overall system

eigenvalues with respect to changes in the modulation index and inverter phase angle

with respect to the grid must be studied.

The system eigenvalues are shown in Figure 4.12(a), in which the modulation index,

m varies from 0.2 to 0.7 , with all nominal parameter values provided in Table 4.3. This

range of m corresponds to the charging ratio, D, variation from 0.33 to 0.81, as the

relationship between these parameters has been given in Section 3.2. The range of

modulation index is chosen based on the active power injected into the grid for the

laboratory prototype. As shown in Figure 4.12(a), the eigenvalues of the system are

located on both sides of the s-plane indicative of the system being unstable for the

entire operating region. As can be seen, the imaginary part absolute values of λ2 and

λ3 increase whereas the real part absolute values decrease as m increases. Unlike λ2
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Fig. 4.12: Root locus of small-signal poles (eigenvalues) of the grid-tied boost - CSI as (a)
m, varies from 0.2 to 0.7; (b) φ varies from 0o to 45o.

and λ3, λ1 moves away from the imaginary axis as m increases. However, since the pair

eigenvalues, λ2 and λ3, have higher weights than the single one, it can be expected that

the overall system response becomes more oscillatory as m increases. Nevertheless, the

overall system remains unstable for the entire range of m variation. The root locus of

small signal poles (eigenvalues) of the grid-tied boost - CSI as the inverter angle with

respect to the grid, φ varies from 0o to 45o is shown in Figure 4.12(b). This variation in

φ covers the entire operating range of the boost - CSI corresponding to reactive power

injection into the grid. It can be observed from Figure 4.12 that the eigenvalues of

the boost - CSI lie on both left and right half of the s-plane for the operating range,

indicating that the boost - CSI is unstable over the range.

The controller of the grid-tied system is designed to control the active and reactive
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Fig. 4.13: Block diagram of the controller for regulation of active and reactive power injected
into the grid for the three-phase grid-tied boost - CSI.
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Fig. 4.14: Block diagram for iq control.
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power injected into the grid and ensure a stable operation of the grid-tied closed loop

boost - CSI. The block diagram of the controller is presented in Figure 4.13. In order

to control the active power injected into the grid, the computed value of P to the

grid is compared with the desired active power and the error is compensated using a

PI controller which generates the desired q-axis current, i∗q. This generated i∗q is then

compared with the measured iq, and the error is compensated by a PI controller, which

generates the charging duty ratio D.

 

Fig. 4.15: Root-locus for the reduced order (a) open-loop, and (b) closed-loop grid-tied
boost-CSI.

The active power controller is detailed in Figure 4.13(a). The control technique formu-

lated in this section is derived from (4.13). To control the active power injected into the

grid, P , the control variables are iq and D. The transfer function G(s) shown in Figure

4.14 can be obtained by reducing the order of the small signal model derived in (4.13).
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For the grid connected inverter, one can assume dvq⁄dt = dvd⁄dt are negligible as the

grid is assumed as an infinite bus and is not a weak grid; all inputs perturbation to

the system is neglected except that of δm. Thus, the open-loop reduced-order transfer

function between Iq(s) and M(s) can be obtained as

G (s) = a2s
2 + a1s+ a0

b3s3 + b2s2 + b1s+ b0
(4.19)

For the circuit parameters and operating point given in Table 4.3, the open-loop trans-

fer function can be obtained in which ao = −1.7257×103, a1 = −20.0783, a2 = −0.0438,

bo = 1.8663×103, b1 = 12.0222, b2 = 0.0229, and b3 = 0.1081×10−4. Now applying the

closed loop control as shown in Figure 4.13 and Figure 4.14, the closed loop transfer

function can be obtained as T (s) = H(s)G(s)
(1+H(s)G(s)) . Using the Routh-Hurwitz criterion for

stability of a fourth-order system [77], and applying the bound on m for the operating

range (0.2 ≤ m ≤ 0.7), conditions on Ki and Kp are obtained as Kp > 1.673 × 10−4

and KiKp < 2.018× 10−5. Thus, using these conditions Ki and Kp have been chosen

for the Figure 4.13(a). The root-locus for the open-loop and reduced order closed-loop

system are presented in Figure 4.15 (a) and (b), respectively. It can be observed from

Figure 4.15 that the open-loop system may go to the unstable region while the closed-

loop boost - CSI is always stable. This can be further verified from Figure 4.16, which

shows the eigenvalue variation of the closed-loop transfer function with varying m and

φ, as Ki and Kp remain same as in Figure 4.16.
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Fig. 4.16: Root locus of reduced-order, closed-loop transfer function (eigenvalues) of the
grid-connected boost - CSI as (a) m varies from 0.2 to 0.7; (b) φ varies from −π⁄4 to π⁄4.

In order to control the reactive power injected into the grid, the desired active power,

P ∗ and desired reactive power,Qinv∗are used to compute the phase shift required in the

voltage generated from the inverter to inject the desired power to the grid. The error

between desired reactive power at the grid and measured reactive power at the PCC, Q

is compensated by a PI controller and the result is added to the obtained phase shift.

This phase shift is then introduced in grid reference angle ωt to obtain the switching

pattern reference angle, θ. The reactive power controller has been detailed in Figure

4.13(b). While the error between desired reactive power at the grid and measured Q

is computed, the reactive power generated from the ac-capacitors has been added it to

Qinv∗ value. The P ∗ and Qinv∗ make the charging duty ratio D and reference angle θ.

This is then used to generate the PWM switching pulses for the boost - CSI.
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Fig. 4.17: Simulation results for (a) P ∗and P , and (b) Q injected into the grid for the boost
- CSI regulated by the developed control technique when P ∗is given step changes at t = 1sec
and t = 4sec.

The verification of the controller is presented through simulation and experimen-

tal results. The boost - CSI along with the developed control scheme is simulated in

Simulink/MATLAB environment in order to validate the developed control scheme for

the independent control of active and reactive power. In order to verify the perfor-

mance and decoupled behavior of the active and reactive power controllers, two cases

were simulated. Figure 4.17 shows the results for the verification of the active power

controller and its decoupling with the reactive power control. For this verification,

P ∗ is first set to 800W , which is then given a step change to 600W at t = 1sec, and

at t = 4sec, P ∗ was given a step change back to 800W . During this time, Qinv∗ is

constant at 0V Ar. It can be observed from Figure 4.17 (a) and (b) that the P closely

follows the command P ∗, and reactive power from the inverter remains zero. The sec-
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Fig. 4.18: Simulation results for (a) P , and (b) Qinv∗ and Q injected into the grid for the
boost - CSI regulated by the developed control technique when Qinv∗ is given step changes
at t = 1sec and t = 2.5sec.

ond verification is for the reactive power controller and its decoupling with the active

power control. For this verification, Qinv∗ was set to 0V Ar initially, then at t = 1sec,

Qinv∗ was stepped to 500V Ar, and att = 2.5sec, Qinv∗ was brought back to 0V Ar.

During this validation P ∗ was set constant at 600W . It can be observed from Fig-

ure 4.18(a) that the P injected into the grid remains constant at 600W , while Figure

4.18(b) shows that the Q follows the command Qinv∗. The experimentally obtained

waveforms of the inverter output line-to-line voltage, line-to-line voltage at the point

of common coupling, current injected into the grid, and inverter output line current

are shown in Figure 4.19 when the inverter is injecting 1kW active power into the grid.

The THD of the current injected into the grid was computed to be about 3.16%, which

is within the limits as per IEEE 1547 standards for grid connection [57].
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Fig. 4.19: The waveforms from the top to the bottom of the oscilloscope screen are: voltage
at the ac capacitors, grid line-to-line voltage, injected current into the grid, and inverter
output current before the ac capacitors.

4.3 Conclusion

In order to realize the boost - CSI capabilities, and to assist the penetration of the

boost - CSI into renewable energy systems, the boost - CSI dynamic behaviors and

models have been presented in this chapter for both stand-alone and grid-tied modes

of operation. The boost - CSI dq-equivalent circuits have been developed using the

state-space averaged model of the boost - CSI transferred into a dq-frame of reference.

The boost - CSI small-signal model has also been developed to analyze the boost - CSI

stability. In this paper, the root locus studies on small signal poles of the boost - CSI
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have been performed and revealed that the boost - CSI stays stable as control inputs

and load parameters vary within the boost - CSI’s operating limits for stand-alone

operation but is unstable for open-loop operation. These investigations demonstrate

that the boost - CSI can be a suitable dc-ac converter to generate three-phase voltage

from a parallel set of small dc voltage sources, which is typically more reliable than the

series connected voltage sources, paving the path for the boost - CSI into renewable

energy generation systems (e.g., photovoltaic arrays, fuel cells, etc.). The developed

dynamic models are used to design the controller for closed-loop operation in stand-

alone and grid-tied modes. The controller for the stand-alone mode is used to regulate

the output voltage of the boost - CSI. The controller for the grid-tied operation controls

the active and reactive power injected into the grid while maintaining stable operation

of the boost - CSI. The developed models and controllers have been verified using

simulation and experimental results. The control scheme for the proposed DDWT

topology is presented in the next chapter.
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Chapter 5

Control Schemes for the Proposed

DDWT

In this chapter, the control scheme for the boost - CSI as part of the back-to-back

converter in DDWTs is explained. Section 5.1 provides the details about the control

technique and the functionality of controllers developed for the power converters. Sec-

tion 5.2 provides the results verifying the effectiveness of the developed controllers.

Section 5.3 ends the chapter with concluding remarks.

5.1 Control Technique

The block diagram of the controller is shown in Figure 5.1. The controller for the

developed system is a two-part controller with the first controller for the VSC and

the second for the boost - CSI. The VSC controller is used for Maximum Power Point

Tracking (MPPT) and it delivers the maximum power available dependent on the

generator speed (governed by the wind speed) to the dc-side. The boost - CSI controller

is used to maintain a constant average dc-side voltage while controlling the reactive
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DDWTs .
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power injected into the grid. Thus, the VSC controller modulates the active power

injected into the grid while the boost - CSI controller regulates the average of the

dc-bus voltage and the reactive power injected into the grid.

5.1.1 VSC Controller

The VSC controller receives the generator line-to-line voltages, line currents, dc-side

voltage, and dc-side current as feedback signals. The three-phase quantities are then

transferred to the dqo reference frame rotating at generator electrical speed, ωgen. The

measured power on the dc-side is compared to the desired active power signal, P ∗

and the error is forced to zero through a PI controller, while generating the desired

q-axis voltage, V V SC∗
q for the converter input. The desired active power, P ∗ signal is

generated from the generator rotor speed, using the most common MPPT technique,

where P ∗ = Koptω
3
R, [60, 78]. The generated V V SC∗

q and the measured V V SC
d are used

to compute the reference signals for generating the switching signals for the VSC using

Sine PWM (SPWM) switching technique.

5.1.2 Boost - CSI Controller

The boost - CSI controller receives the line-to-line voltages at the point of common

coupling, line current injected into the grid, and dc-side voltage as inputs. The average

dc-side voltage, Vdc is compared to the desired dc-side voltage, V ∗dc and the error is forced

to zero through a PI controller, as shown in Figure 5.1. This generates the modulation

index, D required for implementing the PPWM switching technique as described in

[19]. The measured three-phase quantities are transferred to the dqo frame of reference,

rotating at grid frequency. The measured reactive power injected into the grid, Q is

corrected by the amount of reactive power compensated by the ac filter capacitors, Qac
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and then compared to the desired reactive power, Q∗. A PI controller is then used to

make the error zero while generating the correction factor for the phase shift between

the inverter and grid voltages, ϕ, as can be seen in Figure 5.1. This generates the

boost - CSI reference angle, θ which is needed for generating the PPWM switching

pattern [45]. The verification of these controllers is presented in the next section.

5.2 Simulation Results

 

(a) 

(b) 

(c) 

Fig. 5.2: Simulation results showing (a) P ∗ and P , (b) V ∗dc and Vdc, and (c) Idc for a step
change in P ∗ at t = 0.5s and t = 1.5s while V ∗dc = 0.725p.u. and Q∗ = 0.

The controllers developed in Section 5.1 are verified through the next set of results

presented in Figures 5.2, 5.3, and 5.4. For the first set of verification, step changes

were provided to the desired power command,P ∗ from 0.75 p.u. to 0.9 p.u. at t = 0.5 sec

and back to 0.75 p.u. at t = 1.5 sec. During this interval the desired average dc-side
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(c) 

(b) 

(a) 

Fig. 5.3: Simulation results showing (a) Q∗ and Q, (b) P ∗ and P , and (c) Idc for a step
change in Q∗ at t = 0.5s and t = 1.5s while V ∗dc = 0.725p.u. and P ∗ = 0.8p.u.

voltage, Vdc∗ = 0.725 p.u., and the desired reactive power, Q∗ = 0. The active power

command signal, measured power injected into the grid, command dc-side voltage,

measures average dc-side voltage, and the dc-side current for this test case is presented

in Figure 5.2. It can be observed from Figure 5.2 that the power injected into the grid

follows the desired power command, while the dc-side voltage remains unchanged. The

dc-side current changes to accommodate the active power requirement.

For the next verification, step changes were provided to Q∗ from 0 to 0.5 p.u. at

t = 0.5 sec and back to 0 p.u. at t = 1.5 sec, while P ∗ is constant at 0.8 p.u., and V ∗dc
is constant at 0.725 p.u. The resulting Q∗, Q, P ∗, active power injected into the grid,

and Idc are shown in Figure 5.3. It can be observed from Figure 5.3 that Q follows Q∗

while the active power injected into the grid remains unchanged.
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Fig. 5.4: Simulation results showing (a) P ∗ and P , (b) V ∗dc and Vdc, and (c) Idc for a step
change in V ∗dc at t = 0.5s and t = 1.5s while P ∗ = 0.8p.u. and Q∗ = 0p.u.

The next verification is through a change in V ∗dc as shown in Figure 5.4. It should be

noted that such a case does not occur in a wind turbine and this result is presented for

validation of the decoupled operation of the controllers. In this case, V ∗dc is given step

changes from 0.65 p.u. to 0.70 p.u. at t = 0.5 sec and back to 0.65 p.u. at t = 1.5 sec,

while P ∗ remains constant at 0.8 p.u. during this time. It can be seen in Figure 5.4(a)

that the measure active power injected into the grid follows P ∗. Figure 5.4(b) shows

V ∗dc and Vdc and it can be seen that Vdc follows the command signal, while Idc changes

to keep the power output constant.

The results presented in Figures 5.2, 5.3, and 5.4 demonstrate that the controllers

for the VSC and the boost - CSI work together to follow their respective command

signals. It can be observed from the results presented in Figures 5.2, 5.3, and 5.4 that
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Fig. 5.5: Simulated results of (a) generator speed governed by wind speed, (b) p.u. desired
and measured power injected into the grid, and (c) p.u. three-phase generator line current
for the developed system when the wind speed is varying.

a low dc-side voltage is used to inject power into the grid (1p.u.).

Figure 5.5 demonstrates the feasibility of the developed system and its controllers

for variable wind speed. The input wind speed is varied over a period of 5 sec. Figure

5.5(a) shows the resulting generator speed over this interval. From t = 0 sec to t = 1 sec

the generator speed is 7.5 rpm. At t = 1 sec the speed gradually increases to 18.75 rpm

and at t = 3.1 sec the speed decreases gradually to 15 rpm. The speed profile chosen

here consists of sudden changes in the wind speed, which is used to demonstrate the

robustness of the controllers. The generator speed is used to compute P ∗. Figure 5.5(b)

shows P ∗ and the measured active power injected into the grid. It can be observed from

Figure 5.5(b) that the power injected into the grid closely follows P ∗. The waveforms

of the three-phase current output from the PMSG is shown in Figure 5.5(c). Figure
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5.5 demonstrates that the controllers have acceptable performance while maintaining

the quality of the output waveforms.

5.3 Conclusion

In this chapter, the control technique for the developed power electronics interface has

been developed and verified through simulations for different operating conditions. It

has been proven that the developed DDWT system has desired performance with the

synchronous inductance of PM generator utilized to eliminate the need for a dc-link

inductor. It has been demonstrated that the controllers for the converters work in

tandem to effectively control the active and reactive power injected into the grid. The

performance of the controller has also been verified for sudden changes in wind speed

profile.
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Chapter 6

Experimental Setup and

Verifications

In this chapter, the laboratory scale experimental setup developed for the proposed

system is explained and the developed system is verified through experimental results.

The details of the 1.5 kW , 240V laboratory scale prototype of the developed system

is explained in Section 6.1. The developed experimental setup is then used to verify

the performance and feasibility of the proposed topology of DDWT, and the results

are presented in Section 6.2. The chapter ends with concluding remarks presented in

Section 6.3.

6.1 Experimental Setup

In this section, the details of a laboratory scale 1.5 kW, 240V prototype of the devel-

oped topology of DDWT is presented. The laboratory setup has four main parts:

1. Wind Turbine Emulator - prime mover

2. PMSG
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3. Active rectifier or VSC along with input filter

4. Boost - CSI with output filter

 

Control - Port 

Power - Port 

Fig. 6.1: Servo motor which acts as the prime mover in the wind turbine emulator.

 

Fig. 6.2: Servo drive to control and power the servo motor for the wind turbine emulator.
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Output - Port 

Fig. 6.3: PMSG used in the laboratory scale setup of the developed system.

 

Fig. 6.4: The wind-turbine emulator and PMSG dyne setup.

The wind turbine emulator has been developed using a 1.5 kW , 110V servo-motor

along with a servo drive to control the motor. The servo motor used is an Allen-Bradely

Kinetix series MPL–A320P-SK72AA motor, shown in Figure 6.1. The motor receives

three-phase power supply through the power port (shown in Figure 6.1) from a 2 kW,

110V Allen-Bradely servo drive: 2098-DSD-020X which is shown in Figure 6.2. The

servo drive is also used to control the speed of the servo motor which acts as the prime

mover for the generator. The control of the servo drive is done through Ultraware

software named Ultra 3000 version 1.82 from Allen-Bradely. The servo motor and the

drive together form the wind turbine emulator for the developed setup. The servomotor

is then coupled to an 8 − pole, 7hp, 480V PMSG shown in Figure 6.3. It should be

noted that the PMSG being used here is not designed specifically for this system

and an existing permanent magnet motor is used as a generator for the experimental

verification of the topology of the proposed system. The entire wind turbine emulator
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Driver Board 

Power Module 

Fig. 6.5: The generator side converter (VSC) setup developed using SiC MOSFETS.

- PMSG dyne bench is shown in Figure 6.4.
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Power 
Board 

Control 
Board 

Fig. 6.6: The boost - CSI setup developed using RB-IGBTs.

The VSC used in the laboratory setup is CREE CCS020M12CM2 and CREE

CGD15FB45P based converter formed using SiC MOSFETs. The power converter

is shown in Figure 6.5. The boost - CSI converter is a 2 kW , 240V , 60Hz three-phase

converter developed using six individual RB-IGBTs [45]. The IGBTs used in the boost

inverter are RB-IGBTs from Fuji, i.e. FGW85N60RB. The inverter prototype, which is

133



 

Fig. 6.7: Measurement board for sending feedback to the controller implemented in dSPACE.

shown in Figure 6.6, contains two printed circuit boards called 1) control board and 2)

power board. The inverter is a self-powered device with control board powered directly

by the dc input voltage. A detailed circuit drawing for the boost - CSI is presented in

Appendix B. The inverter switching is generated by Altera’s DE0 FPGA development

board [70]. The controllers for the system are implemented in dSPACE 1103. The

feedback signals are measured from the experimental setup using the measurement

board shown in Figure 6.7 and it sends the feedback signals to the dSPACE. Two such

measurement boards are implemented in the final setup to sense and send feedback for

controllers of the VSC and boost - CSI. The setup developed in this section is used for

system verification and the results are presented in the following section.

6.2 System Verification

This section presents experimental results demonstrating proof-of-concept of the pro-

posed topology where the grid-side VSC is replaced by three-phase boost - CSI, en-
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Permanent Magnet 
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Resistive 
Load Filter 

Diode 
Bridge Boost Inverter 

FPGA 

Fig. 6.8: Laboratory scale setup of the proposed system with the wind turbine emulator,
the PMSG, a diode bridge rectifier, and the 2kW 240V three-phase boost - CSI operating in
the stand-alone mode feeding a resistive load.

abling elimination of dc-bus electrolytic capacitors. The verification is provided for

both stand-alone and grid-tied modes of operation of the system. The experimen-

tal verification is done using a laboratory scale 1.5 kW , 240V setup described in the

previous section.

6.2.1 Stand-Alone Operation

The first set of verification of the proposed topology is done on a stand-alone system

comprising the wind turbine emulator, generator, diode-bridge as the generator-side

converter, and boost - CSI is presented through experimental results using the labora-

tory scale boost - CSI. A wind turbine emulator is used to run a PMSG as shown in

Figure 6.8. The output of the generator is connected to a diode bridge rectifier, and
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Fig. 6.9: Experimentally obtained waveforms of (a) dc-side voltage, and (b) dc-link current
for the stand-alone mode of operation of the system with a diode bridge as the generator-side
converter.

the dc output of the rectifier is connected to the three-phase boost - CSI operating in

stand-alone mode feeding resistive load through a filter. The generator side filter is a

three-phase 3mH inductor. The boost - CSI switching frequency was set to fs = 6 kHz

and the output filter values are Cac = 20µF , and Lac = 5mH with a load resistance of

50 Ω per phase. The generator used for the experimental verification of the topology

is a three-phase, 7hp, 8-pole, 480V PMSG. Again it should be noted that the PMSG

used to obtain the experimental results is not designed for the proposed system and

is used just as the proof-of-concept for the developed topology. The generator was

run at 450 rpm corresponding to 30Hz frequency of the generator output voltage and

current. The output dc-side voltage corresponding to this speed of the wind emulator
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Fig. 6.10: Experimentally obtained waveforms of (a) generator output line current, (b)
generator output line-to-line voltage, (c) inverter output line current, and (d) inverter output
line-to-line voltage for the stand-alone mode of operation of the system with a diode bridge
rectifier as the generator-side converter.

is obtained 60V .

Figure 6.9 presents the dc link voltage and current waveforms for the system feeding

a resistive stand-alone load, when the inverter output is regulated to provide line-to-

line rms voltage of 208V . The average dc link voltage was obtained to be about 60V .

The generator and the output line-to-line voltage and line current waveforms are shown
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Fig. 6.11: Experimentally obtained waveform of input to the active rectifier.

in Figure 6.10. Figures 6.10 (a) and (b) show the experimentally obtained waveform

of the generator output line current and line-to-line voltage, respectively. It can be

clearly observed that the generator output current is similar to the current from a

three-phase source connected to a full-bridge diode rectifier. The output voltage and

current waveforms from the generator are distorted because a diode-bridge rectifier is

used as the generator-side converter. This distortion can be eliminated by replacing

the diode-bridge rectifier with an active rectifier. The generator line current will be

sinusoidal if the system is implemented with the generator-side converter as an active

rectifier. Figures 6.10 (c) and (d) present the inverter output line-to-line voltage and

line current, respectively. The THD of the output voltage and current was computed

to be 2.7% and 3.1%, respectively. Figure 6.11 shows the generator line-to-line voltage

as seen by the diode bridge rectifier. It can be observed from Figure 6.10 that the

inverter is able to boost a dc voltage of ∼ 60V to 208V demonstrating boost ratio of

about 3.5. The inverter output voltage and current waveforms demonstrate that the

quality of the power from the converter is not compromised. The results presented in

Figure 6.10 demonstrate the feasibility of a new topology for a DDWT system but the

generator line current is highly distorted with low-order harmonics which will result in

a cogging torque at the generator shaft. This distortion in the generator line current

is eliminated by replacing the diode bridge rectifier by an active rectifier is presented
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Fig. 6.12: Laboratory scale setup of the proposed system with the wind turbine emulator,
the PMSG, an active VSC, and the 2kW 240V three-phase boost CSI operating in stand-alone
mode feeding a resistive load.

next.

The next verification is for a wind turbine emulator, PMSG, a VSC as the generator-

side converter, and boost - CSI. The operating conditions for the generator are kept

same as in the previous case. The experimental setup for this verification is shown

in Figure 6.12. The generator speed is 450 rpm, which generates a line-to-line voltage

of ∼ 45V . The generator side converter hereby referred as the VSC is controlled to

maintain the average dc-side voltage at 70V . The switching frequency of the VSC is

25 kHz and was connected to the PMSG through a three-phase L filter of 3mH. The

boost - CSI was controlled to regulate the output rms line-to-line voltage at 208V ,

while switching at 6 kHz and connected to a three-phase resistive load of 50 Ω through
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Fig. 6.13: Experimentally obtained waveforms of (a) generator output line current, (b)
generator output line-to-line voltage, (c) inverter output line current, and (d) inverter output
line-to-line voltage of the system with a VSC as the generator-side converter, when the output
of the system is regulated at 208V for the stand-alone mode of operation when the PMSG
speed is 450 rpm.

a three-phase CL filter with Cac = 20µF and Lac = 5mH. Figure 6.13 shows the exper-

imentally obtained waveforms of the generator output line current, generator output

line-to-line voltage, load current, and load line-to-line voltage. The FFT analyses of

these waveforms are presented in Figures 6.14 and 6.15. The THD of the generator

current is calculated to be 2.9%. It can be observed from the waveforms of the genera-

140



 
Fig. 6.14: Experimentally obtained generator output (a) line current waveform, (b) line
current FFT spectrum, (c) line-to-line voltage waveform, and (d) line-to-line voltage FFT
spectrum for the system when the output of the system supplying about 856W active power
to a three-phase stand-alone load.

tor output line current and line-to-line voltage and their FFT spectra shown in Figures

6.14(b) and (d) that the low order harmonics have been eliminated. The elimination

of the low order harmonics is especially essential for generator line current and it can

be evidently observed in Figure 6.10(a) and Figure 6.13(a). This low order harmonic

reduction from generator line current results in the elimination of a detrimental cogging

torque in the generator.

The next verification is for a wind turbine emulator, PMSG, a VSC as the generator-

side converter, and boost - CSI. The operating conditions for the generator are different

than the previous case. The generator speed is 600 rpm, which generates a line-to-line

voltage of about 64V . The generator side converter hereby referred as the VSC is

controlled to maintain the average dc-side voltage at 110V . The switching frequency
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Fig. 6.15: Experimentally obtained load (a) line current waveform, (b) line current FFT
spectrum, (c) line-to-line voltage waveform, and (d) line-to-line voltage FFT spectrum for
the system when output is regulated at 208V and it is supplying about 856W active power
to a three-phase stand-alone load.

of the VSC is 25 kHz and was connected to the PMSG through a three-phase L filter of

3mH. The boost - CSI was controlled to regulate the output rms line-to-line voltage

at 208V , while switching at 6 kHz and connected to a three-phase resistive load of

50 Ω through a three-phase CL filter with Cac = 20µF and Lac = 5mH. Figure 6.16

shows the experimentally obtained waveforms of the generator output line current,

generator output line-to-line voltage, load current, and load line-to-line voltage. The

THD of the generator current is calculated to be 2.7%. The THD of the load line-to-

line voltage and the load current is computed to be 2.8% and 3.01%, respectively. It

can be observed from the presented results that the quality of the system output is

maintained, while utilizing low voltage from the generator. For a conventional DDWT,
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in order to generate this 208V line-to-line voltage, ∼ 220V rms line-to-line voltage

 

Fig. 6.16: Experimentally obtained waveforms of (a) generator output line current, (b)
generator output line-to-line voltage, (c) inverter output line current, and (d) inverter output
line-to-line voltage of the system with a VSC as the generator-side converter, when the output
of the system is regulated at 208V for stand-alone mode of operation, when the PMSG speed
is 600 rpm.

is required from the generator when the power electronics interface is back-to-back

VSCs . It is shown from the experimental results that about 64V line-to-line voltage

is sufficient to provide the same output as in a traditional DDWT.
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The results presented in this subsection demonstrate the feasibility of the developed

system for the stand-alone mode of operation. The developed system is capable of

delivering power to a local load while regulating the output voltage and dc-side voltage

without compromising the quality of the system. The results also demonstrate that

the generator line current does not contain low order harmonics that could create a

cogging torque which is detrimental for the generator shaft. In the next subsection,

the developed system is verified for grid-tied operation.

6.2.2 Grid-Tied Operation

In this subsection, the feasibility of the developed system is demonstrated for the grid-

tied mode of operation. The experimental setup shown in Figure 6.12 is used for this

verification. The circuit parameters for this verification is presented in Table 6.1. For

this verification the generator is run at 450 rpm, resulting in about 45V rms line-to-line

voltage. The VSC is controlled to transfer about 510W active power to the dc-side

considering 98% efficiency of the boost - CSI, i.e. 500W to be injected into the grid.

The boost - CSI is controlled to maintain the average dc-side voltage at 70V . Figure

6.17 shows the generator output line current, generator output line-to-line voltage, line

current injected into the grid, and line-to-line voltage at the point of common coupling

when the system is injecting 500W active power into the grid. The THD of the grid

line-to-line voltage shown in Figure 6.17(d) is computed to be about 5.1% with a very

prominent 5th and 7thharmonic content. This high harmonic content in the available

Table 6.1: Circuit parameter values for experimental verification.

 

𝑳𝒔 𝑪𝒂𝒄 𝑳𝒂𝒄 𝒇𝒔,𝑽𝑺𝑪 𝒇𝒔,𝑪𝑺𝑰 

3mH 20µF 5mH 25kHz 6kHz 
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grid voltage leads to high THD of the current injected into the grid. The THD of the

 
Fig. 6.17: Experimentally obtained waveforms of (a) generator output line current, (b)
generator output line-to-line voltage, (c) line current injected into the grid, and (d) line-to-
line voltage at the point of common coupling of the system with VSC as the generator-side
converter, when the system is injecting 500W active power into the grid.

line current injected into the grid is computed to be about 5.4%. Even though this THD

is high but that is a result of the highly distorted grid, which is further evident from

the stand-alone results which have very low distortion of the system output voltage

and current waveforms. The efficiency of the entire system was computed to be about
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95%. The results shown in Figure 6.17 demonstrate the feasibility of the developed

system and its controllers for the grid-tied mode of operation.

6.3 Conclusion

In this chapter, the experimental setup developed for the verification of the proposed

topology of DDWTs has been explained. This chapter also presented experimental re-

sults on a 1.5 kW , 240V laboratory scale prototype of a boost - CSI in order to show its

superior performance. In this chapter, the proof-of-concept of the proposed system has

been demonstrated through experimental results on a wind-turbine emulator, PM gen-

erator with boost - CSI. The developed system has been verified for both stand-alone

and grid-tied modes of operation and the results show the feasibility of the developed

topology and its controllers. It has been demonstrated through the presented results

that the proposed DDWT topology is feasible and it does not compromise the quality

of the system output voltage and current waveforms. The failure prone electrolytic

capacitor bank has been eliminated from the DDWT system and no additional com-

ponent is required for the viability of the proposed system. It has been shown that

the developed topology of DDWT is capable of operating with a low voltage generator,

and has the potential of reduction in the size of the generator.
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Chapter 7

Conclusions and Suggestions for

Future Work

In this chapter, the main accomplishments of this dissertation are summarized and the

contributions are highlighted. This chapter also includes the suggestions for possible

future investigations and research in this topic.

7.1 Summary and Conclusions

This dissertation presents the three-phase single-stage boost CSI as an alternative for

multi-stage boost inverters. The application of the boost - CSI for DDWTs has also

been presented in this dissertation. This dissertation includes the background and the

problem statement for the issue addressed through this dissertation. The motivation

behind the research findings presented in this dissertation has been described. The

importance of renewable energy deployment is described and the growth in different

renewable energy sources has been elaborated. In the introductory chapter, the lit-

erature review for the state-of-the-art power converter topologies and wind turbine
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topologies have been presented. The challenges that exist which need to be overcome

for the proliferation of DDWTs have been discussed.

In this dissertation, topology of the boost - CSI has been described and a review of

the switching pattern has been presented. The switching pattern (termed as PPWM)

for the boost - CSI has been modified in order to achieve symmetrical switching and

lower harmonic content in the inverter output. The modified switching technique has

been verified using simulation and experimental results.

The dissertation also forms a knowledge base for the developed boost - CSI. The

dynamic models for the inverter have been presented for stand-alone and grid-tied

modes of operation. The stability of the inverter has been investigated for different

operating conditions. It has been demonstrated that the boost - CSI has a stable

operation for stand-alone mode while it is unstable for open-loop grid-tied operation.

The inverter controllers have been developed for both stand-alone and grid-tied modes

of operation. The steady state characterization equations of the inverter have been

developed and a laboratory scale boost - CSI has been characterized. It has been

shown that the boost - CSI is an efficient alternative for two-stage boost inverters. It

has been demonstrated through simulation and experimental results that the boost

inverter is capable of converting a low-voltage dc-input to a higher line-to-line three-

phase output voltage with a boost ratio of ∼ 3.5.

In this dissertation, the developed boost - CSI is implemented for the DDWT ap-

plication. The grid-side converter in a conventional DDWT has been replaced by the

boost - CSI. It has been demonstrated that the implementation of the boost - CSI as

the grid side converter eliminates the need for the failure prone dc-bus electrolytic ca-

pacitors. The dc-link inductor which is inherently needed by the boost - CSI has been

eliminated by utilizing the synchronous inductance of the PMSG. Furthermore, it has

been demonstrated that the developed topology for DDWTs is capable of operating
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with a low voltage generator as compared to a traditional DDWT. The low-voltage

requirement from the generator has been used to design a PMSG for a 1.5MW sys-

tem and it has been compared with a generator for existing DDWTs. It has been

demonstrated that the developed topology provides flexibility in the generator design

and leads to a substantial reduction in the generator volume, weight, and amount of

permanent magnet material without affecting the efficiency of the generator. The key

contributions of this dissertation are listed as follows:

• A three-phase boost - CSI has been developed, characterized along with its dy-

namic models. It has been demonstrated capable of converting a low voltage

dc-input to a higher line-to-line three-phase output with boost ratio of about 3.5

in single-stage and exhibits efficiency higher than a two-stage counterpart.

• A new generator - converter topology for DDWTs has been introduced in which

the boost - CSI has been used as the grid-side converter.

• The developed topology eliminates the failure prone dc-bus electrolytic capacitor

bank without any additional component in the system. The synchronous induc-

tance of the PMSG has been utilized to eliminate the dc-link inductor required.

It has been shown through reliability analysis of the power electronics interface

that the MTBF increases by about 35% for the developed system. The increase

in MTBF directly impacts the system operation and maintenance costs especially

in case of off-shore wind turbines.

• The developed topology also provides flexibility in the design of the PMSG. It

has been shown that a low-voltage generator is required by using the proposed

topology of DDWTs. Furthermore, it has been demonstrated that a substantial

reduction in the volume, weight, and amount of PM material can be achieved
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through a low-voltage PMSG design. This directly impacts the capital cost asso-

ciated with DDWTs. A lower volume and weight of the PMSG results not only

in capital cost reduction but also installation cost reduction. Additionally, in

the current unstable and unpredictable market of rare-earth minerals, a low PM

material requirement will further help in the proliferation of DDWTs.

7.2 Suggestions for Future Work

This dissertation presents a new generator-converter topology for DDWTs which has a

low-voltage PMSG connected to a power electronics interface comprising of cascaded

connection of a VSC and a boost - CSI. While the developed system is verified and the

advantages are demonstrated, the low voltage generator has not been manufactured and

tested. A laboratory scale low-voltage PMSG for the proposed system can be optimally

designed and manufactured for a complete system. This will also help in showcasing

the developed topology in conferences and to the industry. The optimization of the

PMSG for the system can also be an avenue of research.

Furthermore, this dissertation presents a reliability analysis and comparison for

the power electronics interface. A detailed reliability analysis of the developed PMSG

can be done and compared with the reliability analysis of the existing PMSG for

conventional DDWT. The DDWT topology proposed in this dissertation uses a low-

voltage generator for the same power rating as an existing DDWT. This results in

a higher current rating of the PMSG. A lifetime analysis of the cooling system and

demagnetization of the permanent magnet poles can also be done in the future.

It has been shown in Chapter 3 that the boost - CSI has two - quadrant opera-

tion due to unidirectional switches (RB-IGBTs) used for the inverter. The inverter

operation can be developed for four-quadrant by implementing the inverter using bidi-
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rectional switches used in matrix converters and modifying the switching code for the

bidirectional operation of the converter.
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Appendix A

Dynamic Model Derivations

Stand-Alone System

The averaged state matrices for the six sectors are as follows:

AI =
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(A.6)

It can be shown that these matrices have the same eigenvalues which indicates that
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these are similar matrices. Equation (A.1)for Sector I can be re-written as


d
dt
ĩdc

d
dt
ṽLL

d
dt
ĩL

 =


AI(1,1) AI(1,2) AI(1,3)

AI(2,1) AI(2,2) AI(2,3)

AI(3,1) AI(3,2) AI(3,3)




ĩdc

ṽLL

ĩL

+

 B(1,1)

O

 vdc (A.7)

where, AI(1,1) = −Rdc
Ldc

, AI(1,2) =
[
−(d‘1+d2)

Ldc

−d2
Ldc

]
, AI(1,3) =

[
0 0

]
, AI(2,1) =

 2d1+d2
3Cac

−d1+d2
3Cac

,

AI(2,2) =

 0 0

0 0

, AI(2,3) =

 −1
3Cac

1
3Cac

−1
3Cac

−2
3Cac

, AI(3,1) =

 0

0

, AI(3,2) =

 2
3LL

1
3LL

−1
3LL

1
3LL

,

AI(3,3) =

 −RL
LL

0

0 −RL
LL

, ṽLL =

 ṽab

ṽbc

, ĩL =

 ĩa

ĩb

, B(1,1) = 1
Ldc

, O =
[

0 0 0 0
]T

.

Using equation (4.1)

ṽLL = Mṽqd (A.8)

Accordingly, the derivative of ṽLL with respect to time is obtained as:

d

dt
ṽLL =

(
d

dt
M

)
ṽqd +M

(
d

dt

)
ṽqd (A.9)

Using the (A.7) and (A.8), one can write:

d

dt
ĩdc = AI(1,1)ĩdc + AI(1,2)Mṽqd +B(1,1)vdc (A.10)

Using the second row of (A.7) and (A.9),

(
d

dt
M

)
ṽqd +M

(
d

dt
ṽqd

)
= AI(2,1)ĩdc + AI(2,3)Mṽqd +Ovdc (A.11)
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Using (A.11), the derivative of ṽqd with respect to time can be expressed as

d

dt
ṽqd = M−1AI(2,1)ĩdc −

[
1

3RLCac I M−1 d
dt
M

]
ṽqd +Ovdc (A.12)

Using (A.10) and (A.12), (A.7) can be expressed as

d

dt

 ĩdc

ṽqd

 = AdqI

 ĩdc

ṽqd

+

 1
Ldc

O

 vdc (A.13)

where,

AdqI =



−Rdc−2RON
Ldc

−[d1cos(θ)+d2cos(θ−π3 )]
Ldc

. . .

2[d1cos(θ)+d2cos(θ−π3 )]
3Cac 0 . . .

2[d1sin(θ)+d2sin(θ−π3 )]
3Cac ω . . .

0 1
2LL . . .

0
√

3
6LL . . .


. . .

. . . =



. . .
−[d1sin(θ)+d2sin(θ−π3 )]

Ldc
0 0

. . . −ω −1
2Cac

−
√

3
6Cac

. . . 0
√

3
6Cac

−1
2Cac

. . . −
√

3
6LL

−RL
LL

−ω

. . . 1
2LL ω −RL

LL


(A.14)

The averaged system matrices for other sectors in the dq-frame of reference can be

obtained similarly. The averaged matrices in dq - frame of reference are presented as

follows:
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AdqI =



−Rdc−2RON
Ldc

−d1cos(θ−π3 )+d2cos(θ+π
3 )

Ldc
. . .

2[d1cos(θ−π3 )−d2cos(θ+π
3 )]

3Cac 0 . . .

2[d1sin(θ−π3 )−d2sin(θ+π
3 )]

3Cac ω . . .

0 1
2LL . . .

0
√

3
6LL . . .


. . .

. . . =



. . .
−d1sin(θ−π3 )+d2sin(θ+π

3 )
Ldc

0 0

. . . −ω −1
2Cac

−
√

3
6Cac

. . . 0
√

3
6Cac

−1
2Cac

. . . −
√

3
6LL

−RL
LL

−ω

. . . 1
2LL ω −RL

LL


(A.15)

AdqIII =



−Rdc−2RON
Ldc

d1cos(θ+π
3 )+d2cos(θ)
Ldc

d1sin(θ+π
3 )+d2sin(θ)
Ldc

0 0
−2[d1cos(θ+π

3 )−d2cos(θ)]
3Cac 0 −ω −1

2Cac
−
√

3
6Cac

−2[d1sin(θ+π
3 )−d2sin(θ)]

3Cac ω 0
√

3
6Cac

−1
2Cac

0 1
2LL

−
√

3
6LL

−RL
LL

−ω

0
√

3
6LL

1
2LL ω −RL

LL


(A.16)

AdqIV =



−Rdc−2RON
Ldc

d1cos(θ)+d2cos(θ−π3 )
Ldc

d1sin(θ)+d2sin(θ−π3 )
Ldc

0 0
−2[d1cos(θ)−d2cos(θ−π3 )]

3Cac 0 −ω −1
2Cac

−
√

3
6Cac

−2[d1sin(θ)−d2sin(θ−π3 )]
3Cac ω 0

√
3

6Cac
−1

2Cac

0 1
2LL

−
√

3
6LL

−RL
LL

−ω

0
√

3
6LL

1
2LL ω −RL

LL


(A.17)
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AdqV =



−Rdc−2RON
Ldc

d1cos(θ−π3 )−d2cos(θ+π
3 )

Ldc
. . .

−2[d1cos(θ−π3 )−d2cos(θ+π
3 )]

3Cac 0 . . .

−2[d1sin(θ−π3 )−d2sin(θ+π
3 )]

3Cac ω . . .

0 1
2LL . . .

0
√

3
6LL . . .


. . .

. . . =



. . .
d1sin(θ−π3 )−d2sin(θ+π

3 )
Ldc

0 0

. . . −ω −1
2Cac

−
√

3
6Cac

. . . 0
√

3
6Cac

−1
2Cac

. . . −
√

3
6LL

−RL
LL

−ω

. . . 1
2LL ω −RL

LL


(A.18)

AdqV I =



−Rdc−2RON
Ldc

−d1cos(θ+π
3 )−d2cos(θ)
Ldc

−d1sin(θ+π
3 )−d2sin(θ)
Ldc

0 0
2[d1cos(θ+π

3 )+d2cos(θ)]
3Cac 0 −ω −1

2Cac
−
√

3
6Cac

2[d1sin(θ+π
3 )+d2sin(θ)]

3Cac ω 0
√

3
6Cac

−1
2Cac

0 1
2LL

−
√

3
6LL

−RL
LL

−ω

0
√

3
6LL

1
2LL ω −RL

LL


(A.19)

The discharging duty ratios in the above equations are replaced using (4.2), (4.3), and

(4.4). Assuming θf = θ, i.e. synchronously rotating frame of reference the averaged
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system matrices for all sectors are obtained as follows

Adq = AdqI = AdqII = . . . = AdqV I =



−Rdc−2RON
Ldc

−
√

3m
2Ldc

0 0 0
√

3m
3Cac 0 −ω −1

2Cac
−
√

3
6Cac

0 ω 0
√

3
6Cac

−1
2Cac

0 1
2LL

−
√

3
6LL

−RL
LL

−ω

0
√

3
6LL

1
2LL ω −RL

LL


(A.20)

Grid-Tied System

The averaged state matrices for the six sectors are as follows:

AI =



−Rdc−2RON
Ldc

−(d1+d2)
Ldc

−d2
Ldc

0 0
2d1+d2

3Cac 0 0 −1
3Cac

1
3Cac

−d1+d2
3Cac 0 0 −1

3Cac
−2

3Cac

0 2
3Lg

1
3Lg

−RL
Lg

0

0 −1
3Lg

1
3Lg 0 −RL

Lg


(A.21)

AII =



−Rdc−2RON
Ldc

−d1
Ldc

−(d1+d2)
Ldc

0 0
d1−d2
3Cac 0 0 −1

3Cac
1

3Cac

d1+2d2
3Cac 0 0 −1

3Cac
−2

3Cac

0 2
3Lg

1
3Lg

−Rg
Lg

0

0 −1
3Lg

1
3Lg 0 −RL

Lg


(A.22)
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AIII =



−Rdc−2RON
Ldc

d2
Ldc

−d1
Ldc

0 0
−(d1+2d2)

3Cac 0 0 −1
3Cac

1
3Cac

2d1+d2
3Cac 0 0 −1

3Cac
−2

3Cac

0 2
3Lg

1
3Lg

−Rg
Lg

0

0 −1
3Lg

1
3Lg 0 −RL

Lg


(A.23)

AIV =



−Rdc−2RON
Ldc

d1+d2
Ldc

d2
Ldc

0 0
−(2d1+d2)

3Cac 0 0 −1
3Cac

1
3Cac

d1−d2
3Cac 0 0 −1

3Cac
−2

3Cac

0 2
3Lg

1
3Lg

−Rg
Lg

0

0 −1
3Lg

1
3Lg 0 −RL

Lg


(A.24)

AV =



−Rdc−2RON
Ldc

d1
Ldc

d1+d2
Ldc

0 0
−d1+d2

3Cac 0 0 −1
3Cac

1
3Cac

−(d1+2d2)
3Cac 0 0 −1

3Cac
−2

3Cac

0 2
3Lg

1
3Lg

−Rg
Lg

0

0 −1
3Lg

1
3Lg 0 −RL

Lg


(A.25)

AV I =



−Rdc−2RON
Ldc

−d2
Ldc

d1
Ldc

0 0
d1+2d2

3Cac 0 0 −1
3Cac

1
3Cac

−(2d1+d2)
3Cac 0 0 −1

3Cac
−2

3Cac

0 2
3Lg

1
3Lg

−Rg
Lg

0

0 −1
3Lg

1
3Lg 0 −RL

Lg


(A.26)

170



and

B =



1
Ldc

0 0

0 0 0

0 0 0

0 −2
3Lg

−1
3Lg

0 1
3Lg

−1
3Lg


(A.27)

It can be shown that these matrices have the same eigenvalues, which indicates that

they are similar matrices. Equation (A.21)for Sector I can be re-written as


d
dt
ĩdc

d
dt
ṽLL

d
dt
ĩL

 =


AI(1,1) AI(1,2) AI(1,3)

AI(2,1) AI(2,2) AI(2,3)

AI(3,1) AI(3,2) AI(3,3)




ĩdc

ṽLL

ĩL

+


B(1,1) B(1,2)

B(2,1) B(2,2)

B(3,1) B(3,2)


 vdc

vgLL

 (A.28)

where, AI(1,1) = −Rdc
Ldc

, AI(1,2) =
[
−(d‘1+d2)

Ldc

−d2
Ldc

]
, AI(1,3) =

[
0 0

]
, AI(2,1) =

 2d1+d2
3Cac

−d1+d2
3Cac

,

AI(2,2) =

 0 0

0 0

, AI(2,3) =

 −1
3Cac

1
3Cac

−1
3Cac

−2
3Cac

, AI(3,1) =

 0

0

, AI(3,2) =

 2
3LL

1
3LL

−1
3LL

1
3LL

,

AI(3,3) =

 −RL
LL

0

0 −RL
LL

, ṽLL =

 ṽab

ṽbc

, ĩL =

 ĩa

ĩb

, B(1,1) = 1
Ldc

, B(1,2) = 0,

B(2,1) =

 0

0

, B(2,2) =

 0 0

0 0

, B(3,1) =

 0

0

, B(2,2) =

 −2
3Lg

−1
3Lg

1
3Lg

−1
3Lg

.
Using equation (4.1)

ṽLL = Mṽqd (A.29)

Accordingly, the derivative of ṽLL with respect to time is obtained as:

d

dt
ṽLL =

(
d

dt
M

)
ṽqd +M

(
d

dt

)
ṽqd (A.30)
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Using the (A.28) and (A.29), one can write:

d

dt
ĩdc = AI(1,1)ĩdc + AI(1,2)Mṽqd +B(1,1)vdc (A.31)

Using the second row of (A.28) and (A.30),

(
d

dt
M

)
ṽqd +M

(
d

dt
ṽqd

)
= AI(2,1)ĩdc + AI(2,3)Mĩqd (A.32)

Using (A.32), the derivative of ṽqd with respect to time can be expressed as

d

dt
ṽqd = M−1AI(2,1)ĩdc +M−1AI(2,3)Mĩqd −M−1 d

dt
Mṽqd (A.33)

Similarly, ĩqd with respect to time can be expressed as

d

dt
ĩqd = M−1AI(3,2)Mṽqd +

(
M−1AI(3,3)M −M−1 d

dt
M

)
ĩqd −M−1B(3,2)Mvgqd (A.34)

Using (A.31) and (A.33), (A.28) can be expressed as

d

dt


ĩdc

ṽqd

ĩqd

 = AdqI


ĩdc

ṽqd

ĩqd

+B

 vdc

vgqd

 (A.35)
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where,

AdqI =



−Rdc−2RON
Ldc

−[d1cos(θf)+d2cos(θf−π3 )]
Ldc

. . .

2[d1cos(θf)+d2cos(θf−π3 )]
3Cac 0 . . .

2[d1sin(θf)+d2sin(θf−π3 )]
3Cac θ̇f . . .

0 1
2Lg . . .

0
√

3
6Lg . . .


. . .

. . . =



. . .
−[d1sin(θf)+d2sin(θf−π3 )]

Ldc
0 0

. . . −θ̇f −1
2Cac

−
√

3
6Cac

. . . 0
√

3
6Cac

−1
2Cac

. . . −
√

3
6Lg

−Rg
Lg

−θ̇f

. . . 1
2Lg θ̇f

−Rg
Lg


(A.36)

The averaged system matrices for other sectors in the dq-frame of reference can be

obtained similarly. The averaged matrices in dq - frame of reference are presented as

follows:

AdqII =



−Rdc−2RON
Ldc

−d1cos(θf−π3 )+d2cos(θf+π
3 )

Ldc
. . .

2[d1cos(θf−π3 )−d2cos(θf+π
3 )]

3Cac 0 . . .

2[d1sin(θf−π3 )−d2sin(θf+π
3 )]

3Cac θ̇f . . .

0 1
2Lg . . .

0
√

3
6Lg . . .


. . .
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. . . =



. . .
−d1sin(θf−π3 )+d2sin(θf+π

3 )
Ldc

0 0

. . . −θ̇f −1
2Cac

−
√

3
6Cac

. . . 0
√

3
6Cac

−1
2Cac

. . . −
√

3
6Lg

−Rg
Lg

−θ̇f

. . . 1
2Lg θ̇f

−Rg
Lg


(A.37)

AdqIII =



−Rdc−2RON
Ldc

d1cos(θf+π
3 )+d2cos(θf)
Ldc

d1sin(θf+π
3 )+d2sin(θf)
Ldc

0 0
−2[d1cos(θf+π

3 )−d2cos(θf)]
3Cac 0 −θ̇f −1

2Cac
−
√

3
6Cac

−2[d1sin(θf+π
3 )−d2sin(θf)]

3Cac θ̇f 0
√

3
6Cac

−1
2Cac

0 1
2Lg

−
√

3
6Lg

−Rg
Lg

−θ̇f

0
√

3
6Lg

1
2Lg θ̇f

−Rg
Lg


(A.38)

AdqIV =



−Rdc−2RON
Ldc

d1cos(θf)+d2cos(θf−π3 )
Ldc

d1sin(θf)+d2sin(θf−π3 )
Ldc

0 0
−2[d1cos(θf)−d2cos(θf−π3 )]

3Cac 0 −θ̇f −1
2Cac

−
√

3
6Cac

−2[d1sin(θf)−d2sin(θf−π3 )]
3Cac θ̇f 0

√
3

6Cac
−1

2Cac

0 1
2Lg

−
√

3
6Lg

−Rg
Lg

−θ̇f

0
√

3
6Lg

1
2Lg θ̇f

−Rg
Lg


(A.39)

AdqV =



−Rdc−2RON
Ldc

d1cos(θf−π3 )−d2cos(θf+π
3 )

Ldc
. . .

−2[d1cos(θf−π3 )−d2cos(θf+π
3 )]

3Cac 0 . . .

−2[d1sin(θf−π3 )−d2sin(θf+π
3 )]

3Cac θ̇f . . .

0 1
2Lg . . .

0
√

3
6Lg . . .


. . .
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. . . =



. . .
d1sin(θf−π3 )−d2sin(θf+π

3 )
Ldc

0 0

. . . −θ̇f −1
2Cac

−
√

3
6Cac

. . . 0
√

3
6Cac

−1
2Cac

. . . −
√

3
6Lg

−Rg
Lg

−θ̇f

. . . 1
2Lg θ̇f

−Rg
Lg


(A.40)

AdqV I =



−Rdc−2RON
Ldc

−d1cos(θf+π
3 )−d2cos(θf)
Ldc

−d1sin(θf+π
3 )−d2sin(θ)

Ldc
0 0

2[d1cos(θf+π
3 )+d2cos(θf)]

3Cac 0 −θ̇f −1
2Cac

−
√

3
6Cac

2[d1sin(θf+π
3 )+d2sin(θf)]

3Cac θ̇f 0
√

3
6Cac

−1
2Cac

0 1
2Lg

−
√

3
6Lg

−Rg
Lg

−θ̇f

0
√

3
6Lg

1
2Lg θ̇f

−Rg
Lg


(A.41)

and

B =



1
Ldc

0 0

0 0 0

0 0 0

0 −2
3Lg

−1
3Lg

0 1
3Lg

−1
3Lg


(A.42)

The discharging duty ratios in the above equations are replaced using (4.2), (4.3), and

(4.4). Assuming θf − θ = φ and θ̇f = ωg, i.e. synchronously rotating frame of reference

175



the averaged system matrices for all sectors are obtained as follows

Adq = AdqI = AdqII = ... = AdqV I =



−Rdc−2RON
Ldc

−
√

3mcosφ
2Ldc

−
√

3msinφ
2Ldc

0 0
√

3mcosφ
3Cac 0 −ωg −1

2Cac
−
√

3
6Cac

√
3msinφ
3Cac ωg 0

√
3

6Cac
−1

2Cac

0 1
2Lg

−
√

3
6Lg

−Rg
Lg

−ωg

0
√

3
6Lg

1
2Lg ωg

−Rg
Lg


(A.43)

and the large signal model can be written as

d

dt



ĩdc

ṽq

ṽd

ĩq

ĩd


=



−Rdc
Ldc

−
√

3mcos(φ)
2Ldc

−
√

3msin(φ)
2Ldc

0 0
√

3mcos(φ)
3Cac 0 −ωg −1

2Cac
−
√

3
6Cac

√
3msin(φ)

3Cac ωg 0
√

3
6Cac

−1
2Cac

0 1
2Lg

−
√

3
6Lg

−Rg
Lg

−ωg

0
√

3
6Lg

1
2Lg ωg

−Rg
Lg





ĩdc

ṽq

ṽd

ĩq

ĩd


+ . . .

. . .+



1
Ldc

0 0

0 0 0

0 0 0

0 − 1
2Lg

√
3

6Lg

0 −
√

3
6Lg −

1
2Lg




vdc

vgq

vgd

 (A.44)

The large signal model presented in (A.44) has the modulation index,m and phase shift,

φ as parameters in the state-space A matrix, while these are the parameters used for

controlling the system. Equation (A.44) presents a time-invariant non-linear model of

the grid connected three-phase boost - CSI. The linear, time-invariant dynamic model

of the three-phase boost - CSI can be obtained by linearizing the model in (A.44).

The following presents the linearzing of the large-signal model using the perturbation
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technique.

Linearization of the Idc equation:

d

dt

(
Ĩdc + δĩdc

)
= −Rdc

Ldc

(
Ĩdc + δĩdc

)
−
√

3 (M + δm) cos (φ+ δφ)
2Ldc

(
Ṽq + δṽq

)
− ...

...

√
3 (M + δm) sin (φ+ δφ)

2Ldc

(
Ṽd + δṽd

)
+ 1
Ldc

(
Ṽdc + δṽdc

)
which can be simplified as

δ ˙̃idc = −Rdc

Ldc
δĩdc −

√
3M

2Ldc
cos (φ+ δφ)

(
Ṽq + δṽq

)
−
√

3δm
2Ldc

cos (φ+ δφ)
(
Ṽq + δṽq

)
− ...

...

√
3M

2Ldc
sin (φ+ δφ)

(
Ṽd + δṽd

)
−
√

3δm
2Ldc

sin (φ+ δφ)
(
Ṽd + δṽd

)
+ 1
Ldc

δṽdc

which results in

δ ˙̃idc = −Rdc

Ldc
δĩdc−

√
3Mcosφ

2Ldc
δṽq−

√
3Msinφ

2Ldc
δṽd+

1
Ldc

δṽdc−
√

3
2Ldc

(
Ṽqcosφ+ Ṽdsinφ

)
δm+...

...

√
3M

2Ldc

(
Ṽqsinφ+ Ṽdcosφ

)
δφ (A.45)

Equation (A.45) presents the linearized dynamic equation for Idc.

Linearization of the Vq equation:

d

dt

(
Ṽq + δṽq

)
=
√

3 (M + δm) cos (φ+ δφ)
3Cac

(
Ĩdc + δĩdc

)
− (Ω + δω)

(
Ṽd + δṽd

)
− ...
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...
1

2Cac

(
Ĩq + δĩq

)
−
√

3
6Cac

(
Ĩd + δĩd

)
which can be simplified as

δ ˙̃vq =
√

3M
3Cac

cos (φ+ δφ)
(
Ĩdc + δĩdc

)
+
√

3δm
3Cac

cos (φ+ δφ)
(
Ĩdc + δĩdc

)
−Ωδṽd−Ṽdδω−...

...
1

2Cac
δĩq −

√
3

6Cac
δĩd

which can be re-written as

δ ˙̃vq =
(
−
√

3M
3Cac

Ĩdcsinφ

)
δφ+

(√
3M

3Cac
cosφ

)
δĩdc +

( √
3

3Cac
Ĩdccosφ

)
δm− 1

2Cac
δĩq − ...

...

√
3

6Cac
δĩd − Ωδṽd − Ṽdδω

which can be rearranged as

δ ˙̃vq =
√

3M
3Cac

cosφδĩdc−Ωδṽd−
1

2Cac
δĩq−

√
3

6Cac
δĩd+

√
3

3Cac
Ĩdccosφδm−

√
3M

3Cac
Ĩdcsinφδφ−Ṽdδω

(A.46)

Equation (A.46) provides the linearized dynamic equation for Vq.

Linearization of the Vd equation

d

dt

(
Ṽd + δṽd

)
=
√

3 (M + δm) sin (φ+ δφ)
3Cac

(
Ĩdc + δĩdc

)
− (Ω + δω)

(
Ṽq + δṽq

)
− ...

...

√
3

6Cac

(
Ĩq + δĩq

)
− 1

2Cac

(
Ĩd + δĩd

)
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which can be simplified as

δ ˙̃vd =
√

3M
3Cac

sin (φ+ δφ)
(
Ĩdc + δĩdc

)
+
√

3δm
3Cac

sin (φ+ δφ)
(
Ĩdc + δĩdc

)
+Ωδṽq+Ṽqδω+...

...

√
3

6Cac
δĩq −

1
2Cac

δĩd

which can be rewritten as

δ ˙̃vd =
(√

3M
3Cac

Ĩdccosφ

)
δφ+

(√
3M

3Cac
sinφ

)
δĩdc +

( √
3

3Cac
Ĩdcsinφ

)
δm− 1

2Cac
δĩd + ...

...

√
3

6Cac
δĩq + Ωδṽq + Ṽqδω

on further rearrangement results in

δ ˙̃vd =
√

3M
3Cac

sinφδĩdc+Ωδṽd+
√

3
6Cac

δĩq−
1

2Cac
δĩd+

√
3

3Cac
Ĩdcsinφδm+

√
3M

3Cac
Ĩdccosφδφ+Ṽqδω

(A.47)

Equation (A.47) presents the linearized model for Vd.

Linearization of the Iqequation:

d

dt

(
Ĩq + δĩq

)
= 1

2Lg

(
Ṽq + δṽq

)
−
√

3
6Lg

(
Ṽd + δṽd

)
−Rg

Lg

(
Ĩq + δĩq

)
−(Ω + δω)

(
Ĩd + δĩd

)
−...

...
1

2Lg

(
V g
q + δvgq

)
+
√

3
6Lg

(V g
d + δvgd)

which can be simplified as

δ ˙̃iq = 1
2Lg

δṽq −
√

3
6Lg

δṽd −
Rg

Lg
δĩq − Ωδĩd − Ĩdδω −

1
2Lg

δvgq +
√

3
6Lg

δvgd
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which can be rearranged as

δ ˙̃iq = 1
2Lg

δṽq −
√

3
6Lg

δṽd −
Rg

Lg
δĩq − Ωδĩd −

1
2Lg

δvgq +
√

3
6Lg

δvgd − Ĩdδω (A.48)

Equation (A.48) presents the linearized dynamic model for Iq.

Linearization if the Id:

d

dt

(
Ĩd + δĩd

)
=
√

3
6Lg

(
Ṽq + δṽq

)
+ 1

2Lg

(
Ṽd + δṽd

)
+(Ω + δω)

(
Ĩq + δĩq

)
−Rg

Lg

(
Ĩd + δĩd

)
−...

...

√
3

6Lg

(
V g
q + δvgq

)
− 1

2Lg
(V g

d + δvgd)

which can be simplified as

δ ˙̃id = 1
2Lg

δṽd +
√

3
6Lg

δṽq −
Rg

Lg
δĩd + Ωδĩq + Ĩqδω −

1
2Lg

δvgd −
√

3
6Lg

δvgq

which can be rearranged as

δ ˙̃id =
√

3
6Lg

δṽq + 1
2Lg

δṽd + Ωδĩq −
Rg

Lg
δĩd −

√
3

6Lg
δvgq −

1
2Lg

δvgd − Ĩqδω (A.49)

Combining equations (A.45), (A.46), (A.47), (A.48), and (A.49) we get the linearized

small signal dynamic model as follows

d

dt



δĩdc

δṽq

δṽd

δĩq

δĩd


=



−Rdc
Ldc

−
√

3M̃cos(φ)
2Ldc

−
√

3M̃sin(φ)
2Ldc

0 0
√

3M̃cos(φ)
3Cac 0 −ωg −1

2Cac
−
√

3
6Cac

√
3M̃sin(φ)

3Cac ωg 0
√

3
6Cac

−1
2Cac

0 1
2Lg

−
√

3
6Lg

−Rg
Lg

−ωg

0
√

3
6Lg

1
2Lg ωg

−Rg
Lg





δĩdc

δṽq

δṽd

δĩq

δĩd


+ . . .
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. . .+



1
Ldc

0 0 −
√

3[cos(φ)Ṽq+sin(φ)Ṽd]
2Ldc

−
√

3M̃[sin(φ)Ṽq+cos(φ)Ṽd]
2Ldc

0

0 0 0
√

3cos(φ)Ĩdc
3Cac

−
√

3M̃sin(φ)Ĩdc
3Cac −Ṽd

0 0 0
√

3sin(φ)Ĩdc
3Cac

√
3M̃cos(φ)Ĩdc

3Cac Ṽq

0 −1
2Lg

√
3

6Lg 0 0 −Ĩd

0 −
√

3
6Lg

−1
2Lg 0 0 Ĩq





δvdc

δvgq

δvgd

δm

δφ

δω


(A.50)

where, Ĩdc, Ṽq, Ṽd, Ĩq, and Ĩd represent the steady state operating point around which

the system is linearized.
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Appendix B

Developed Hardware

The circuit drawings along with rating of all the parts for the power and control board

of the developed three-phase boost - CSI is presented in this Appendix. The drawings

are presented supplemental files.
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