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Abstract

This research investigates a low-cost generator and power electronics unit for small-

scale (<10kW) wind turbines, for both standalone and grid-connected applications. The

proposed system uses a high-inductance permanent magnet generator together with a

switched-mode rectifier (SMR) to produce a variable magnitude output current. The

high inductance characteristic allows the generator to operate as a current source, which

has the following advantages over conventional low-inductance generator (voltage source)

systems: it offers simple control, and avoids the need for bulky / costly energy storage

elements, such as capacitors and inductors.

The SMR duty-cycle is controlled in an open-loop manner such that 1) maximum

power is obtained for wind speeds below rated, and 2) the output power and turbine

speed is limited to safe values above rated wind speed. This topology also has the ability

to extract power at low wind speeds, which is well suited to small-scale wind turbines,

as there is often limited flexibility in their location and these commonly see low average

wind speeds.

The thesis is divided into two parts; the first part examines the use of the SMR as a

DC-DC converter, for use in standalone applications. The duty-cycle is essentially kept

constant, and is only varied for maximum power tracking and turbine speed / power

limiting purposes. The SMR operates in to a fixed voltage source load, and has the

ability to allow current and hence power to be drawn from the generator even at low

wind and hence turbine speeds, making it ideal for battery charging applications. Initial

dynamometer testing and limited wind-tunnel testing of a commercially available wind

turbine show that turbine power can be maximised and its speed can be limited by

adjusting the SMR duty-cycle in an open-loop manner.

The second part of the thesis examines the use of the SMR as a DC-AC converter

for grid-connected applications. The duty-cycle is now modulated sinusoidally at the

mains frequency such that the SMR produces an output current that resembles a full-

wave rectified sinewave that is synchronised to the mains voltage. An additional H-
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bridge inverter circuit and low-pass filter is used to unfold, filter and feed the sinusoidal

output current in to the utility grid. Simulation and initial resistive load and preliminary

grid-connected tests were used to prove the inverter concept, however, the permanent

magnet generator current source is identified as non-ideal and causes unwanted harmonic

distortion.

The generator harmonics are analysed, and the system performance is compared with

the Australian Standard THD requirement. It is concluded that the harmonics are caused

by 1) the low-cost single-phase output design, 2) the use of an uncontrolled rectifier, and

3) the finite back-EMF voltage. The extent of these harmonics can be predicted based on

the inverter operating conditions. A feed-forward current compensation control algorithm

is investigated, and shown to be effective at removing the harmonics caused by the non-

ideal current source. In addition, the unipolar PWM switching scheme, and its harmonic

components are analysed. The low-pass filter design is discussed, with an emphasis on

power factor and THD grid requirements. A normalised filter design approach is used

that shows how design aspects, such as cutoff frequency and quality factor, affect the

filter performance. The filter design is shown to be a trade-off between the output current

THD, power loss, and quality factor.

The final chapter summarises the thesis with the design and simulation of a 1kW

single-phase grid-connected inverter. The inverter is designed based on the low-pass filter

and feed-forward compensation analysis, and is shown to deliver an output current to the

utility grid that adheres to the Australian Standards.
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Conventions

This thesis employs the IEEE reference style for citations, and is written using Australian

English, as defined by the Macquarie English Dictionary 2005.

All voltages and currents shown in figures and equations are expressed as RMS (root-mean

squared) quantities, unless otherwise stated.

The hat symbol is used in Chapters 5 and 6 to indicate peak value, i.e. α̂ and α̂0 indicate

the peak values of α and α0, respectively. Similarly, the check symbol is used in Chapter 6

to represent the nadir (minimum) value, e.g. β
∨

represents the minimum value of β.

Measured data is represented by hollow points, e.g. circles, squares, diamonds etc. and is

often accompanied by solid lines that correspond to the equivalent analytical or computer

based simulations. Multiple cases of measured (and simulated) data commonly appear on

a single figure, and are differentiated by colour and shape. In contrast, coloured / shaded

points represent calculated data. These are also shown with solid lines, however, these

are for aesthetic purposes, i.e. they simply join the calculated data.

The above convention is used for the majority of this thesis, i.e. Chapters 2 to 5,

however, the convention is modified for Chapter 6, as the data presented in this chapter

is either simulated or analytically calculated. The simulated data, of Chapter 6 is hence

shown as shaded points, whilst the analytical calculations are shown by the solid lines.
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Nomenclature

α normalised rectifier voltage pu

α0 ratio of grid to open-circuit rectifier voltage

αcu temperature coefficient of copper /°C

β normalised rectifier current pu

β
∨

normalised minimum inverter input current pu

βapp normalised approximated rectifier current pu

βexp normalised experimental rectifier current pu

βid normalised ideal rectifier current pu

∆ difference

δ skin depth m

ηgen generator efficiency %

ηinv inverter efficiency %

λ tip-speed ratio

µ permability H/m

ω machine angular speed rad/s

ω turbine angular speed rad/s

ωcn normalised cutoff frequency (relative to f1) pu

ωe electrical angular frequency rad/s
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ωg grid angular frequency rad/s

ωm mechanical angular frequency rad/s

φ filter delay deg

φ power factor angle deg

Ψm RMS flux linkage Wb or Vs

ρ air density kg/m3

σ conductivity (Ω m)−1

α̂0 peak value of α0

ξ saliency ratio

C capacitance F

cp turbine coefficient of performance

d duty-cycle %

da adjusted duty-cycle %

di stored duty-cycle %

dB decibels

E induced back-EMF voltage V

f frequency Hz

f1 fundamental frequency Hz

fcn normalised cutoff frequency (relative to fsw) pu

fc cutoff frequency Hz

fm machine frequency Hz

fres resonant frequency Hz

fsw switching frequency Hz
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H(s) filter transfer function

h1 fundamental harmonic magnitude %

hf harmonic frequency Hz

hm harmonic magnitude at m multiples of f1 %

htot total harmonic components %

I current A

I∗ compensation current command A

ic exp(t) compensated current using the experimental I-V locus pu

ic id(t) compensated current using the ideal I-V locus pu

Ich characteristic current A

ic(t) time-varying compensated current A

IDC DC current A

Id damping resistor current A

If damping resistor current (from inverter) A

Ig grid drawn current (from grid) A

Iinv inverter output current A

Iin input current A

IL line current A

iout (id)(t) normalised time-varying ideal output current pu

Iout output current A

Iph phase current A

iR (id)(t) normalised time-varying ideal rectifier voltage pu

IR min minimum rectifier output current A
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IR rectifier output current A

iR(t) normalised time-varying rectifier current pu

iws (id)(t) normalised time-varying ideal wave-shaper current pu

Iws wave-shaper current A

j
√
−1

k back-EMF constant V/rpm

kph phase back-EMF constant V/rpm

L inductance H

L1 transformer primary inductance H

L2 transformer secondary inductance H

Leq equivalent inductance H

Lph phase inductance H

Ls stator inductance H

m number of machine phases

m positive integer

ma modulation index %

n machine / generator speed rpm

n positive odd integer

n transformer turns ratio

nk machine speed k rpm

P power W

P real power W

p number of machine pole-pairs
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PCU copper loss W

Pd damping resistor power loss W

PIFW machine iron, friction and windage loss W

Pinv in total inverter input power W

Pinv inverter output power W

Pin input power W

Ploss SMR/generator power loss W

PL machine power loss W

PSMR SMR output power W

Psw switching power loss W

PT wind turbine power W

PW wind power W

pk − pk peak to peak

Q quality factor

Q reactive power VAr

QC capacitive reactive power VAr

QL inductive reactive power VAr

R resistance Ω

r blade radius m

R1 transformer primary resistance Ω

R2 transformer secondary resistance Ω

Rcold cold resistance Ω

Rd damping resistance Ω
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Req equivalent resistance Ω

Rhot hot resistance Ω

RL load resistance Ω

Rph phase resistance Ω

Rs stator resistance Ω

rect(t) normalised time-varying rectifier ripple pu

S apparent power VA

S number of stator slots

s j ω

T torque Nm

t time s

toff device turn-off time s

ton device turn-on time s

tq thyristor turn-off time s

V voltage V

v wind speed m/s

VC capacitor voltage V

VDC DC link voltage V

VDC DC voltage V

veq turbine equivalent wind speed m/s

Vg pk peak grid voltage V

Vg grid voltage V

vg(t) normalised time-varying grid voltage pu
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vi internal wind tunnel wind speed m/s

VL line voltage V

Vph pk generator phase peak voltage V

VR pk OC peak rectifier voltage V

vr rated wind speed m/s

vR(t) normalised time-varying rectifier voltage pu

vws(t) normalised time-varying current wave-shaper voltage pu

X reactance Ω

Xph phase reactance Ω

Xs stator reactance Ω

Z0n normalised characteristic impedance pu

Z0 characteristic impedance Ω

Zs stator impedance Ω

Acronyms

AC alternating current

AS Australian Standard

CCS constant current source

CM control modes

CSI current-source inverter

CWS current wave-shaper

DC direct current

DCC duty-cycle command
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DFT discrete Fourier transform

ESR equivalent series resistance

F&P Fisher & Paykelr

FC filter configuration

FFT fast Fourier transform

GC grid connected

GCI grid-connected inverter

HF high-frequency

IFW iron, friction and windage

IPM interior permanent magnet

IR International Rectifierr

ISA integrated starter alternator

LA Lundell alternator

LF line-frequency

MPPT maximum power point tracker

NEG net energy gain

NICS non-ideal current source

OC open circuit

PM permanent magnet

pu per-unit

PV photovoltaic

PWM pulse-width modulation

RMS root-mean-squared
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rpm revolutions per minute

RR rectifier ripple

SC short circuit

SC squirrel cage

SG synchronous generator

SMR switched-mode rectifier

SPM surface permanent magnet

THD total harmonic distortion %

TL transformerless

TSR tip-speed ratio

UCG uncontrolled generation

VSI voltage-source inverter

WF wound field

WR wound rotor

Abbreviations

CL capacitive-inductive

I-V current vs. voltage

LC inductive-capacitive

LCL inductive-capacitive-inductive

P-V power vs. voltage

RLC resistive-inductive-capacitive

SPP slots per phase per pole
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SW switch

THY thyristor
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Chapter 1

Introduction

This chapter introduces wind energy and justifies it as a competitive renewable and non-

polluting energy alternative to fossil fuels. Its utilisation, recent growth and technological

advances are briefly discussed. The principles of wind energy conversion, along with small-

scale turbines and their generators are examined. Common standalone and grid-connected

power converters are discussed, and a novel low-cost grid-connected inverter topology is

proposed. The chapter concludes with the aims of the research project, discusses its

original contributions and describes the structure of the thesis.

1.1 Wind Energy

Wind is defined as the movement of air from regions of high pressure to regions of low

pressure, and is primarily caused by uneven heating of the Earth’s surface, where an

estimated 1% of the Sun’s energy is converted to wind [1]. The second cause of large-scale

air movement, also referred to as atmospheric circulation, is the rotation of the planet or

the Coriolis effect [1–3].

The definition of wind (moving mass), implies it has an associated kinetic energy.

This is converted to mechanical energy using a wind mill or wind turbine, which slows

the passing wind; the energy conversion takes place by virtue of the law of conservation

of energy. The instantaneous use of the wind’s energy is referred to as wind power.

Wind Power Utilisation

Wind power has been used for over three thousand years [4, 5], firstly by the Persians

and more recently the Europeans and Americans in the mid 13th and 19th centuries,
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CHAPTER 1. INTRODUCTION

respectively. It has been used for transportation, e.g. ship propulsion, and more recently

mechanical applications such as milling grains, sawing wood and pumping water etc. [2,

3, 6]. It was not until the advent of the electrical machine, in 1888, that wind power

was used to generate electricity [6]. Note that the term windmill refers to a device that

extracts wind energy for mechanical applications, whilst a wind turbine is used to generate

electricity.

Recent Growth

Global wind power has been growing at an average rate of 28% per annum over the

last decade [7] in response to the growing demands for electricity. Worldwide electricity

production has been steadily increasing at a rate of 3.4% per year on average between

1973 and 2002 [8], as a result of population growth and the industrialisation of developing

countries.

1.1.1 Electricity Usage and Conventional Generation

As it is well known, electricity is a form of energy that is widely used in domestic, com-

mercial and industrial applications. It can be easily converted to other forms of energy

including mechanical, thermal, light and chemical and is readily and effectively trans-

ported over long distances by transmission lines.

Figure 1.1 gives a breakdown of the sources of energy from which electricity was

generated in 2005 [8]. It is seen that approximately two thirds of the world’s electricity

is generated by fossil fuels, such as coal, oil and gas. This causes two serious issues:

1. Environmental impacts - fossil fuel combustion releases gases that contribute to

pollution and impact the environment, wildlife and human health. These gases

include sulphur dioxide, carbon dioxide and nitrous oxides, which are responsible

for acid rain, global warming and photochemical smog, respectively.

2. Depleting reserves - fossil fuels, such as coal, oil and gas, are formed in the ground

over long periods of time by chemical and physical changes to plant matter un-

der conditions of high temperature and pressure. Currently these fuels are being

consumed at a much greater rate than they are being formed.

The combination of increasing electricity demands, depleting fossil fuel reserves and

environmental issues, has created an urgent need to investigate non-polluting and renew-

able energy sources to generate electricity to ensure a sustainable future.

2



1.1. WIND ENERGY

Figure 1.1: Breakdown of worldwide electricity production for 2005 [8].

1.1.2 Alternative Energy Sources

Figure 1.1 showed that after fossil fuels, the next two largest sources of energy used for

electricity generation are hydro schemes and nuclear fission, which each make up almost

the remaining third of the total. Hydro schemes are non-polluting and renewable, however,

requires large-scale water storage in dams and has limited potential for further utilisation.

Nuclear power has been used for many decades but there is still significant public concern

about its safety and possible long term pollution issues after incidents such as Three-Mile

Island (1979) and Chernobyl (1985).

Of the remaining alternative energy sources, i.e. wind, photovoltaic, biomass etc.,

large-scale (> 250kW) wind power is one of the most economical. The majority of research

effort has been placed on developing large-scale wind turbines, which has resulted in the

cost of wind-generated electricity decreasing rapidly over the last 20 years. At present,

it is comparable in price to that of coal-fired power [9]. This is mainly attributed to

government incentives, improvements to aerodynamic efficiency, the evolution of power

semiconductors and control methods, and improved grid integration [9, 10].

Net Energy Gain

In addition to low cost, wind power offers the lowest net energy gain (NEG) period,

compared to other renewable sources of energy. This period is defined as the operating

time required to regain all the energy used to construct the electric power generation

3
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source. The NEG of large wind turbines is in the order of months [11], compared to

photovoltaic (PV) cells, which is in the order of years. This, is shown in Table 1.1

along with the NEG of various PV materials and other fossil-fuel based power generation.

Note that the NEG period for both wind and PV cells depend on operating conditions,

i.e. average wind speed and solar irradiance, respectively. Hence, as listed in the table,

careful site location or selection of technology will reduce the NEG period of wind and

photovoltaic systems, respectively.

Table 1.1: Comparison of net energy gain (NEG) periods of conventional and renewable
energy sources [11].

Despite the low cost and short NEG period of large-scale wind turbines, small-scale

wind energy systems are more expensive and have longer NEG periods, making them

less competitive with conventionally derived electricity [4]. This is due to the majority

of research focussing on large-scale wind turbine optimisation, as small blade efficiency

improvements would significantly increase the turbine output power, whilst an increased

blade efficiency will only slightly increase the output power of a small-scale wind turbine.

1.1.3 Large and Small-Scale Turbine Classification

The term Wind Power often manifests an image of large wind turbines arranged together

to form a wind farm. These large-scale turbines are typically rated in the order of MW,

and account for the majority of recent worldwide wind power growth.

Small-scale wind turbines are mainly used to generate electricity in remote areas. They

differ from their large-scale counterparts in physical size, power rating, and by the types of

generators, speed limiters and power converters used. The key differences between small

and large-scale wind turbines are summarised in Table 1.2.

4
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Table 1.2: Comparison of small and large scale wind turbine properties.

Small Scale Large Scale

Blade Length < 5m 20–50 m
Rated Power < 100kW 1–3 MW
Turbine Speed several hundred rpm 15–30 rpm
Transmission Type Directly Driven Gearbox

Generator Types
DC, Induction (SC and WR),

PM synchronous Synchronous (WF and PM)

Speed Control
Furling, Blade pitch,

Blade stall, Rotor resistance (WR IM),
Power electronics control Power electronics control

Applications
Standalone, Grid-connected

Grid-connected

Stator Grid Connected
via full-scale grid- Directly,
connected inverter via full-scale converter

Rotor Grid Connected - via partial-scale converter

Note: SC, WR, PM and WF denote, squirrel cage, wound rotor, permanent magnet and wound
field, respectively.

1.1.4 Small-Scale Turbine Development

In 1925, Marcelleus and Jacobs began working on the first high-speed, small-sized, afford-

able battery-charging wind turbines [12]. By the 1930’s many Midwest manufacturers

built wind-chargers, small battery-charging wind turbines that often provided the only

source of electricity for many homesteads [13]; these were used to power lights and electric

motors [14]. Their demise, however, was brought about in the late 1930’s when the Rural

Electric Association began spreading AC transmission lines across rural America [14].

Small DC wind turbines had no economical way of either interconnecting to the AC grid

or supplying power for the many new appliances that began to fill farm households [12].

Interest in wind power was renewed in the early 1970’s, as a direct result of the oil

crisis [4, 13, 14]. Since then, a new generation of small-scale wind turbines appeared,

i.e. DC generators were replaced with permanent magnet (PM) generators. Induction

generators were also examined in the 1980’s, and are now generally used for turbines

rated higher than 10kW.
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1.1.5 Technology Improvement

Wind turbine technologies have significantly improved since the 1980’s, allowing turbine

size, efficiency, and ease of installation to increase. Currently the largest generator is

about 100 times the output power of those used in 1980, and the rotor diameters have

increased 8-fold [15]. In addition, turbine efficiency has increased due to improved blade

design, and modern turbines are modular and hence quick and easy to install.

1.1.6 Market Growth

The sales of both large and small-scale turbines has experienced substantial growth in

recent years. The worldwide wind power market (which is predominantly large-scale)

grew by 40% in 2005, bringing the cumulative installed capacity to about 59GW [7, 16]

which meets the electricity needs of more than 25 million households worldwide. Global

wind power has been growing at an average rate of 28% per annum, over the last 10

years, and grew by 46% in 2007, with US $9 billion invested in wind plants alone [17].

The installed capacity is expected to reach 160GW by 2012 [7]. The USA is claimed to

be the fastest-growing wind power market for the last three years. Wind power accounted

for 35% of all new US electricity generation capacity in 2007 [17].

The growth in small-scale wind turbines is more difficult to quantify, however, it

is hence estimated that the small-scale turbine market is growing at roughly 40% per

year [18]. It is also estimated that the US alone will sell a total of US $25M–$55M

worth of such turbines by 2010 [19], depending on the market and other factors such as

government rebates, tax incentives etc. Within this market there is an increasing demand

for low-cost grid-connected wind turbines, and it is expected that by 2020 small-scale

turbines will provide 3% of the US electrical energy consumption [18].
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1.2. PRINCIPLES OF WIND POWER

1.2 Principles of Wind Power

1.2.1 Wind and Turbine Power

The power available in the wind, PW , is directly proportional to the air density, ρ, the

cube of the wind speed, v, and the blade sweep area πr2, where r is the blade radius,

as summarised by Equation (1.1). The turbine co-efficient of performance, cp, represents

the efficiency of the turbine in converting the power in the wind to mechanical power

(turbine power), PT , as shown in Equation (1.2). The cp is a function of the tip-speed

ratio, λ, where λ is the ratio of blade linear tip velocity and wind speed, summarised by

Equations (1.3) and (1.4), where ω is the turbine angular velocity.

PW =
1

2
ρ π r2 v3 (1.1)

PT = cP PW (1.2)

cp = f (λ) (1.3)

λ =
ω r

v
(1.4)

The cp typically has a maximum value of 40–45%, as shown in Figure 1.2, which shows

a typical three-bladed turbine cp characteristic. The dashed line represents the theoretical

peak cp of 59%, known as Betz’ limit, after its discovery by Albert Betz in 1919 [20].

Figure 1.2: Typical coefficient of performance, cp, vs. tip-speed ratio, λ, curve of three-
bladed wind turbines [21]. The dashed line represents the theoretical peak cp of 59%.

7
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1.2.2 Coefficient of Performance

The turbine coefficient of performance vs. tip-speed ratio (TSR) characteristic allows a

turbine’s power characteristic to be predicted, for any wind speed. A comparison of

various wind turbines and their respective cp characteristics is shown in Figure 1.3 [22].

The figure shows that turbines with high solidity (total blade area) reach their peak cp at

low values of λ, as seen for the American, Dutch and Savonius turbines. These turbines

hence have high starting torques [4]. In contrast, low solidity turbines, such as the two

and three-bladed turbines, have a higher peak cp, which occurs for higher TSR values,

and hence produce low starting torque.

Figure 1.3: Comparison of various turbine coefficient of performance vs. tip-speed ratio
characteristics [22].

High optimal TSR turbines are more difficult to start in low wind speeds, due to their

low starting torque, and have the potential to produce unwanted acoustic noise. The

starting problem can be solved by initially driving the turbine up to operational speed.

The Darrieus rotor, for example, does not produce torque at standstill, and needs to be

driven up to a rotational speed where aerodynamic forces take over [23].

8
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1.2.3 Principles of Turbine Operation

Turbine Operating Regions

Modern small-scale and large-scale wind turbines use variable-speed operation, due to the

benefits compared to constant-speed operation, such as higher energy yield (about 10%),

reduced noise and reduced mechanical stress [10, 12, 24]. More energy is extracted from

a variable-speed turbine as the turbine cp, and hence power, is maximised by adjusting

its speed in accordance with wind speed (see Equation (1.4)). Turbines operate using

maximum power point tracking (MPPT) below rated wind speed, generally 12m/s. As

the wind speed increases beyond rated, the turbine usually maintains constant output

power until the shut-down wind speed. The shut-down speed is typically 25m/s (about

twice that of rated speed) and the turbine is stopped for safety reasons at this wind speed.

Turbine Power

Figure 1.4 shows the simulated power vs. turbine and wind speed characteristic of a turbine

with a blade radius of 1m and with the cp curve shown in Figure 1.2. The dashed lines

show that turbine power is maximised for a given wind speed by adjusting the turbine

speed. The solid black lines represent the turbine operating range and show that power

is maximised below rated wind speed (12m/s), whilst power is maintained at rated power

(1.5kW) for high wind speeds, and that the turbine is stopped at 24m/s.
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Figure 1.4: Simulated typical turbine power vs. (a) turbine, and (b) wind speed charac-
teristic. The solid black lines show the power maximisation (MPPT) and constant power
modes of operation, i.e. below and above rated wind speed (12m/s), respectively.
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The above figures indicate that power is maximised below rated wind speed and main-

tained constant above rated wind speed by increasing and decreasing turbine speed, re-

spectively. The latter reduces the turbine cp and increases torque. This operating state is

summarised by Figure 1.5, which shows the turbine’s response to both MPPT and con-

stant power operation. In practise, the turbine torque can be increased by controlling the

generator output current via a power converter. This principle is experimentally verified

later in Section 3.3.3, using a DC-DC converter, and shown by simulation in Section 6.4.1

using a grid-connected inverter.
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Figure 1.5: Simulated turbine (a) power, (b) cp, (c) speed, and (d) torque response
to power maximisation and constant power modes below and above rated wind speed,
respectively. The vertical dashed lines represent rated wind speed.
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1.3 Small-Scale Wind Turbines

1.3.1 Applications

Small-scale wind turbines are used to generate electricity in one of three systems, these

include standalone, grid-connected and micro-grid systems. Each system is discussed

below:

Standalone System

Early small-scale wind turbines were predominantly used to generate electricity in remote

regions or properties such as farms or ranches, and are currently used in remote areas

to provide power for communication systems etc. [4]. These are known as standalone

systems, as the electrical power is generated without the presence of a utility grid. The

advantage is that remote properties can operate from locally-generated electricity without

incurring the high cost of extending the power grid to the property. The drawback is that

the wind energy must be stored, for periods of low or null wind speeds. Although several

energy storage options, such as thermal storage, inertia storage, storage by compressed

air, hydrogen storage or electrical accumulators (batteries) exist [3], batteries are most

commonly used.

Grid-Connected System

Small-scale wind turbines are also used in regions where utility power lines provide elec-

tricity. The electricity generated by the turbine is directly fed to the utility via a grid-

connected inverter (GCI). The main advantages of this arrangement are that energy stor-

age, e.g. bulky deep-cycle battery, is avoided, and that utility operators purchase excess

power fed to the grid. Despite the advantages, the cost of a GCI is about the same as

a deep-cycle battery and its required charger; based on data obtained from a renewable

energy technology supplier catalogue [25].

Micro-Grid System

A micro grid is a small-scale power supply network that is designed to provide energy for a

small community, such as a housing estate, isolated rural community or municipal region

etc. [26]. These operate in a similar manner to large-scale power systems, i.e. micro grids

aim to match the power with the real-time demand without energy storage. The main
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challenges of micro grids are power system and frequency control issues. Micro grids are

beyond the scope of this work.

1.3.2 Turbine Properties

Small-scale wind turbines use short fixed-pitch blades (up to a few metres), which operate

at relatively high turbine speeds, due to their small radius (see Equation (1.4)). This high

rotational speed avoids the need for a gearbox, which reduces maintenance and costs, and

also improves reliability and efficiency at low wind speeds [27]. Small-scale wind turbines

operate at variable speed to maximise the cp and hence output power. The turbine speed

needs to be limited under high wind speeds to avoid high stress on components [28], which

may damage the turbine and generators. The turbine speed is limited by using over-speed

protection mechanisms or speed-limiting devices.

Turbine Speed Limiters

Early small wind turbines that were used for simple battery charging applications used DC

generators, and have some form of natural speed control. Although the induced voltage

is proportional to the generator speed, the generator output voltage is set by the battery

voltage, and hence the machine output current increases with wind speed. The torque

is proportional to the machine output current and hence the generator speed is set by a

balance of the wind turbine and electrical torque [6].

Alternative forms of turbine speed control include furling and stall control. Furling

uses a governor-flyball or spring arrangement [3], which yaws or tilts the turbine out of

the direction of the incoming wind [29]. Furling is a self governing action that occurs

once the wind exceeds rated speed; the concept is illustrated in Figure 1.6. The turbine

is shown to be perpendicular to the incoming wind, for wind speed v1, which corresponds

to a wind speed less than rated. The turbine begins to furl as the wind speed increases to

v2 and then v3, increasing the axial force on the turbine and hence the tension and length

of the spring. The turbine is substantially furled for wind speed v3. Note that the figure

illustrates the concept for horizontal furling, however, vertical furling also exists, where

the turbine appears similar to a helicopter [4, 13].

Stall control is another method that limits turbine speed and power under high wind

speed conditions. This method, unlike furling, does not require mechanical components,

as the blades are specifically designed to be less efficient at high wind speeds [2, 5]. The
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1

v1 v2 v3

Spring

Tower

Figure 1.6: Furling action taken by small-scale wind turbines under increasing wind
speeds, v1−3. The turbine begins to furl for v2, and is largely furled for v3. Note that the
vector lengths indicate relative wind speeds.

resulting turbine rotates slower than fixed-pitch blades under increasing wind speeds,

which reduces the tip-speed ratio and hence cp.

The drawback of both furling and stall control is the unwelcome acoustic noise [30],

caused by the high tip-speed ratio and the angle of the passing air with respect to the

blades. Hence, lower noise speed limiting mechanisms are required. One solution is to

control the machine current and hence torque using a power converter; an alternative,

which is applicable only to DC generators, is to adjusting the field excitation.

1.3.3 Generator Varieties

Standalone Wind Turbines

Small-scale turbines of the 1930’s used shunt-excited DC generators and were used to

charge batteries. The generator was directly driven and its output was connected to a

battery via an automatic contactor that closed, allowing current to flow from the generator

to the battery, once the wind speed and induced voltage exceeded that of the battery.

This arrangement is shown in Figure 1.7(a), which also shows that loads, such as electric

motors or lights, were connected to the battery via switches.

The main drawback with this arrangement is that the full power is fed to the battery

via a carbon brush and commutator arrangement, which requires regular brush replace-

ment [23]. A diode replaced the contactor with the advent of semiconductors, and PM DC

generators replaced the wound-field DC generators. The advantage of such a generator is

a constant excitation, without the need for field current and hence field winding copper

losses. The drawback however, is the lack of excitation control and that full power is still
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transmitted through carbon brushes. Permanent magnet synchronous generators offer the

best solution, as carbon brushes are not required. These however, require a full-bridge

diode rectifier, due to their three-phase AC output voltage / current. The circuits of the

DC, PM DC, and PM synchronous generators used for battery charging, are shown in

Figure 1.7.
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(c) PM synchronous generator

Figure 1.7: Comparison of early and modern small-scale turbine topologies used for bat-
tery charging, including (a) wound-field DC, (b) PM DC, and (c) PM synchronous gen-
erators.

Grid-Connected Wind Turbines

During the late 1970s, small-scale wind turbines were first used for grid-connected power

generation. Research was carried out in the U.S. where generators such as induction,

synchronous, and Lundell automotive alternators were used [23]. Although synchronous

machines also use a carbon brush arrangement, they were favoured over DC machines, as

the carbon brushes are not replaced as often. This is due to the small amount of current,

that required to excite the field, that is transmitted through the slip ring / carbon brushes

arrangement.

Induction machines were widely used both in Denmark and in the US, as they are

cheaper than synchronous machines. Induction machine production peaked in 1981 in
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the US, however, these moved away from small-scale to medium-scale wind turbines,

as those used for small-scale applications were deemed a failure [13]. The drawback of

directly-connected synchronous machines was the requirement to operate at synchronous

speed, such that power was fed to the grid at the grid frequency.

The advantages of variable-speed operation were known, and two methods to integrate

variable-speed wind turbines were examined in the literature. The first used a rotary

inverter, which consisted of a variable-speed AC generator that controls a DC machine

that is coupled to a second AC generator. The concept was to operate the grid-side

generator at synchronous speed, by controlling the speed of the DC machine. The main

drawback of this arrangement is the poor peak efficiency, of about 60% [23], which is due

to the use of three electrical machines.

The second method investigated to grid-connect variable-speed generators, was the

use of power converters. This will be further discussed in Section 1.5.

1.3.4 Current Trends

A survey of currently available small scale wind turbines is presented in [31]. This cat-

alogue suggests that for wind turbines rated below about 10kW, PM synchronous gen-

erators are used, whilst induction machines are used for rated powers above 10kW. The

catalogue also suggests that small wind turbines rated at 1kW or less are generally not

grid connected, whereas turbines upward of 1kW generally are, through the use of power

converters. The survey shows that small scale turbine power is controlled by microproces-

sors or battery regulators, and that speed is controlled by furling or stall control.

PM excitation is generally favoured in modern small-scale turbine designs since it

allows for higher efficiency, and does not require external excitation current [32]. In

addition, these are capable of variable speed operation, which is required to maximise

aerodynamic efficiency. The drawback of these generators, however, is the lack of back-

EMF voltage control, i.e. the back-EMF voltage is controlled by the turbine speed. The

use of a three-phase PM generator and three-phase rectifier are nowadays common. The

turbine operating speed is controlled by the generator torque [33]. This is achieved using

a power converter.

Power Converters

Power converters are required for directly-driven permanent magnet (PM) synchronous

generators, as the variable-frequency and magnitude AC output current / voltage (pro-
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duced by variable-speed operation), is unsuitable for transmission, storage or use. Bat-

teries and the majority of power converters require a constant DC voltage, which is eas-

iest achieved using an uncontrolled or controlled rectifier. Rectifiers can either be used

alone or in conjunction with an additional standalone or grid-connected power converter.

Standalone and grid-connected power converters will be discussed in detail in Sections 1.4

and 1.5, respectively.

Permanent Magnet Material

Small-scale PM generators tend to use rare-earth magnets, such as Neodymium Iron Boron

magnets. These are preferred as they have a magnetic energy product up to 10 times

greater than those of ferrite and other permanent magnets, such as the Aluminium Nickel

Cobalt, varieties [34]. Rare-earth magnets offer high remanent flux densities and can be

used to produce machines which achieve high efficiencies and have high (generator) power

densities. These properties make rare-earth magnets the magnet of choice for for many

applications, including direct drive wind turbines [34].

1.3.5 Inductance Classification of PM Generators

PM generators used in wind turbine applications may have low or high inductance. The

majority of PM generators have short-circuit currents that are greater than the rated

current which are referred to as low-inductance machines. These machines are well-suited

to drive the voltage-source inverters which are commonly used in grid-connected invert-

ers. Low-inductance machines require an oversized power converter in order to achieve a

wide field-weakening range, and can produce high currents under fault conditions. High

currents can also be produced during over-speed conditions. If a power converter, such

as the boost converter, is used, the induced back-EMF voltage can exceed that of the DC

link, which can produce high currents.

In contrast, some generators have such high values of inductance that their short-

circuit current at high speed equals their rated current [35]. These machines are referred

to as high-inductance generators and can readily achieve a wide constant power speed

range. Note that care needs to be taken not to open-circuit these machines at high

speeds, due to their large back-EMF voltage.

A comparison of the current vs. voltage (I-V) locus of a conventional low-inductance

and a high-inductance generator is shown in Figure 1.8. The figure shows the I-V char-

acteristics of an ideal PM machine for speeds of n and 2n, and load resistance lines for
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high and low resistances. Note that the generator produces an open-circuit voltage that

is proportional to its speed, whilst the short-circuit current is fixed for all speeds, as the

stator reactance also increases with generator speed. The figure shows that a traditional

low-inductance machine operates as a variable-magnitude voltage source, whilst a high-

inductance machine operates as a fixed-magnitude current source when its output voltage

is much less than its open-circuit voltage. This concept, along with an explanation of the

ideal machine model used to determine the loci, will be further discussed in Section 2.1.2.

1

Current, I

Voltage, V

Short-circuit
current

n

2 n

Low-inductance
machine

High-inductance machine

Open-circuit voltage

Figure 1.8: Current vs. voltage locus of low and high-inductance PM generators, for
generator speeds of 1 and 2pu.
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1.4 Standalone Power Converters

The most common standalone power converters are discussed below, these are used for

battery charging, turbine power maximisation, or to operate household appliances.

1.4.1 Common Power Converters

Power converters, such as inverters [36] and rectifiers have been used to obtain constant

DC voltages from AC generators. Rectifiers have either been controlled [37,38], or uncon-

trolled and used as a switched-mode rectifier [39], or with a DC-DC converter. Common

DC-DC converters include the boost [40–44], buck [45], and buck-boost converter [46], of

which the boost converter is the most common.

Note that the use of rectifiers and power converters for small-scale wind generation, is

similar to that for automotive power generation using an alternator. Hence, a summary of

automotive and small-scale wind power generation research, including the types of power

converters and generators investigated, is shown in Table 1.3, where IPM, ISA, LA and

SG, are acronyms for interior PM, integrated starter-alternator, Lundell alternator and

synchronous generator, respectively.

Table 1.3: Summary of the research and the type of generators and power converters,
used for small-scale wind and automotive power generation.

``````````````̀Converter
Application

Wind Automotive

Inverter IPM - Morimoto [36] ISA - Lovelace [47]

Controlled Rectifier
Jones [37] LA - Liang [48]

PM - Raju∗ [38] PM - Naidu [49]

SMR
PM - Venkataramanan [39] LA - Hassan [50], Rivas [51]

and Perreault [52]
IPM - Soong et al. [53]

Boost
PM - Chen∗ [40], Hao [41] PM - Tolbert [54]
SG - Prats∗ [42], Song∗ [44]

Smith∗ [43]
Buck PM - Chau∗ [45] PM - Gutt [55]
Buck-Boost SG∗ [46] PM - Tolbert [54]

Note: ∗ indicates that the power converters are used as part of a grid-connected system.
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Converter Circuits

The circuits of the controlled rectifier, inverter, buck, boost, buck-boost and switched-

mode rectifier (SMR) are shown in Figure 1.9, whilst the key properties and differences are

summarised in Table 1.4. Note that the figure does not include the uncontrolled rectifier.

However, it is included in the table as it can be used for battery charging and other DC

applications without an additional power (DC-DC) converter. In addition, the switches

of each power converter, with the exception of the controlled rectifier, are controlled using

pulse-width modulation (PWM) techniques.

1
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(a) Controlled rectifier
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(b) Inverter
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(c) Buck converter
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(d) Boost converter
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(e) Buck-boost converter
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(f) Switched-mode rectifier

Figure 1.9: Comparison of DC power converter equivalent circuits, showing the (a) con-
trolled rectifier, (b) inverter, (c) buck, (d) boost and (e) buck-boost converters, and (f)
the switched-mode rectifier. The converter DC output voltage, Vout, is shown for each
converter, along with its DC or AC (line) input voltage, i.e. Vin or VL, respectively.
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Table 1.4: Comparison of small-scale wind turbine generator DC power converters

Converter Topology Switch Control Relative
Count Cost

Uncontrolled Rectifier 0 - low
Controlled Rectifier 6 medium medium
Inverter 6 complex high
Buck 1 simple medium
Boost 1 simple medium
Buck-boost 1 simple medium
SMR 1 simple low-medium

Although the buck, boost and buck-boost converters of Figure 1.9 are shown without

an uncontrolled rectifier, this is required for use with a wind turbine as these converters

require a DC input voltage. As such, the rectifier and boost converter combination appear

similar in appearance to the SMR. However, the SMR avoids the rectifier output capacitor

and inductor, making it cheaper and physically smaller than an equivalent boost converter.

Note that the boost inductor, which is required to allow the voltage boosting action to

occur, is conveniently provided by the machine inductance in the SMR. In addition, due

to its widespread use, the boost converter is discussed further in this study together with

the uncontrolled rectifier, inverter, controlled rectifier and SMR.

The high number of controllable switches accounts for the high and medium costs of

the inverter and the controlled rectifier, respectively. In addition, both the controlled

rectifier and the inverter require information about the generator rotor position, which

complicates the control of each converter. In contrast, the SMR and boost converter do

not require rotor position information and each have only a single controllable switch,

which is controlled by a fixed duty-cycle PWM signal. These aspects reduce the control

complexity and cost of each converter. Note that the boost converter with rectifier attracts

a higher cost than the SMR, due to the required DC link capacitance and inductance.

Although inverters are conventionally used to convert DC voltage to AC voltage, they

are also used to convert AC voltage to DC voltage. Despite its similar appearance to the

controlled rectifier, the inverter uses forced-commutated switches, such as the MOSFET

or IGBT, compared to thyristors that have controllable firing angles (if used as a rectifier).

The inverter switches are more expensive than thyristors and are operated using a PWM

switching scheme, which accounts for the high cost and complex control of inverter.
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Converter Output Power Comparison

Although the SMR offers a low-medium cost and simple control, it is also important to

consider the power characteristic of each converter. These are analysed and compared

to that of a standard uncontrolled rectifier for reference. Note that the term “high” in

high-inductance generator implies a rated current of 1pu.

1.4.2 Uncontrolled Rectifier Operation

The uncontrolled rectifier is the cheapest and the simplest power converter used in prac-

tical systems. It consists of 6 diodes and is used to convert AC voltage to DC, and as

such can be used to charge a battery (see Figure 1.10(a)). Charging occurs providing the

turbine speed is sufficiently high, i.e. the generator back-EMF voltage is greater than the

battery voltage. Note that although the induced voltage is directly proportional to speed,

the rectifier output (battery voltage) will remain fixed as the generator speed and hence

back-EMF voltage increase.

The power characteristic of an uncontrolled rectifier can be determined by simplifying

the generator, rectifier and battery models. The battery can be replaced by a variable re-

sistive load. Since the rectifier forces the generator voltage and current to be in-phase [56],

it can be modelled as a variable three-phase resistive load. The rectifier equivalent circuit

and its simplified models, including the DC and three-phase resistive load models, are

summarised in Figure 1.10. Note that the single-phase model also includes the genera-

tor induced voltage, E, generator phase reactance, X, equivalent load resistance, R, and

resulting current, I, and voltage, V .

Rectifier

+

(a) (b) (c)

E

X I

VR

(d)

Figure 1.10: Uncontrolled rectifier modelling, showing (a) circuit diagram, (b) equivalent
DC resistive loading, (c) simplified AC resistive loading, and (d) single-phase equivalent
circuit. Note that the rectifier is represent by the dashed and solid boxes in (a) and (b),
respectively.
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Phasor Analysis

In this study, the machine equivalent output voltage, current and power is simulated for

a DC link voltage of 1pu. It is assumed that a generator speed of 1pu yields a reactance

and a generator back-EMF voltage of 1pu. The output voltage is the vector summation

of the induced voltage and the voltage drop across the stator reactance, as shown in

Equation (1.5). The machine power, P, is given by Equation (1.6), where φ is the angle

between the output voltage and current phasors (see Figure 1.11). The figure shows that

φ is equal to 0° as the rectifier forces the output current and voltage to be in-phase with

each other. The phasor diagrams also show the angle between the induced voltage and

current phasors, θ; the torque per ampere is maximised when this is equal to 0°.

V = E + j X I (1.5)

P = V I cos(φ) (1.6)
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Figure 1.11: Rectifier phasor diagram showing induced voltage, E, output voltage, V ,
output current, I, and voltage drop across the inductor, jXI, for generator speeds of (a)
1, (b) 1.5 and (c) 2pu. Note that current does not flow for speeds ≤ 1pu, and that the
induced and output voltage phasors are equal for case (a); they are shown to be separated
by a small distance for simplicity.
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As shown in the above phasor diagram, the machine current does not flow to the load

for generator speeds less than 1pu. This occurs as the induced voltage, which is directly

proportional to machine speed, must exceed that of the DC link voltage for current to

flow. The current (and hence power) sharply increases with generator speed above speeds

of 1pu, and levels off approaching its peak value of 1pu as the generator speed increases.

This is known as uncontrolled generation (UCG) [56], as the power increases with speed

and is not controllable [33]. This is illustrated in Figure 1.12.
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Figure 1.12: Generator output (a) voltage, and (b) current and hence power, vs. generator
speed characteristic.

Small-scale turbines are often located in areas that experience low average wind speeds.

The resulting low turbine and hence generator speeds indicates that the use of an un-

controlled rectifier will prevent power flow at low wind speeds. In addition the power

generated at high wind speeds is uncontrollable (see the above figure). The solution is to

use a power converter that allows the generator current and hence torque to be controlled.

This allows power to be extracted at low wind speeds, and controls the turbine speed such

that the peak aerodynamic efficiency (cp) is obtained for all wind speeds. Therefore, a

power converter can effectively operate as a maximum power point tracker, and is hence

often used as an intermediate stage with another power converter, e.g. a grid-connected

inverter (as seen in Table 1.3, references [38,40,42–46]).

1.4.3 Switched-Mode Rectifier

The switched-mode rectifier operates in a similar manner to that of the boost converter,

i.e. it increases (boosts) its input voltage to a fixed output voltage. The boosting action is
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used to effectively reduce the rectifier output voltage to some value less than the induced

machine voltage. This is achieved by varying the converter duty-cycle, and allows power

to be produced by the machine even at low generator speeds. As such, the SMR is

modelled in the same manner as the uncontrolled rectifier, except the effective rectifier

output power can be controlled by the duty-cycle.

Phasor Analysis

The rectifier phasor diagrams of a SMR, corresponding to maximum output power below

generator speeds of 1.41pu, are shown in Figure 1.13. Those corresponding to speeds

greater than 1.41 pu are identical to those of the uncontrolled rectifier (Figures 1.11(b)

and 1.11(c)), and are hence not repeated here. The output current and voltage phasors, of

the previous section, was shown to be in-phase due to the resistive load model. In addition,

the output current is equal to 0.71pu over the speed range, which corresponds to maximum

power that was obtained when the phase resistance and reactance of Figure 1.10(d) are

equal in magnitude. This is known as load-matching. Note that the phasor diagrams of

Figure 1.13 are identical in shape, but scale in magnitude with generator speed.
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Figure 1.13: SMR phasor diagrams showing induced voltage, E, output voltage, V , output
current, I, and voltage drop across the inductor, jXI, for generator speeds of (a) 0.71,
(b) 1 and (c) 1.41pu.

The generator current and power (corresponding to the peak power obtainable using

the SMR) is shown in Figure 1.14 as a function of generator speed. The peak generator

24



1.4. STANDALONE POWER CONVERTERS

(and SMR) output power increases linearly with generator speed until a speed of 1.41pu,

after which, the peak power increases in an identical manner as the uncontrolled rectifier.

As such, the SMR is said to operate as boost rectifier at low generator speeds, whilst for

speeds above 1.41pu, it acts as an uncontrolled rectifier under maximum output power

operation. Note that any power below the solid line in Figure 1.14(b) can be obtained

using the SMR. This is further discussed in Chapter 3, along with boost rectification.
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Figure 1.14: Generator output (a) current, and (b) power vs. speed, corresponding to
maximum power operation, using the switched-mode rectifier (SMR). The dashed line
represents the current and power obtained using an uncontrolled rectifier.

1.4.4 Inverter Operation

The inverter is also capable of extracting power from the generator at low speeds, however,

it requires an accurate rotor position sensor, which attracts a higher cost and complicates

the control. The inverter is able to obtain rated current for all generator speeds and

maintain it in-phase with the induced voltage at low generator speeds to maximise the

output power. The inverter is hence able to extract more power than that obtainable

using the SMR at low generator speeds. The corresponding machine model, under inverter

operation, is shown in 1.15.

Phasor Analysis

The machine phasor diagrams corresponding to inverter operation are shown in Fig-

ure 1.16, for various speeds. Consider Figure 1.16(a), which corresponds to the phasor
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1

E

X I

V

Figure 1.15: Simplified machine phase model operating with an inverter, showing the
induced voltage, E, reactance, X, and output voltage, V , and current, I.

diagram at a generator speed of 0.71pu. Under this condition, the torque and hence ma-

chine power are maximised as θ is equal to 0°, i.e. the current and induced voltage phasors

are in-phase with each other. The output voltage is now twice that obtained using the

SMR (1 vs. 0.5pu), whilst the current is now also 41% larger (1 vs. 0.71pu). In addition,

the current and output voltage phasors now have a 45° phase shift, i.e. power factor of

0.71 lead. Despite the phase shift, the increased current and voltage allows the inverter

to extract twice the output power of the SMR (see Equation (1.6)).
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Figure 1.16: Inverter phasor diagram showing induced voltage, E, output voltage, V ,
output current, I, and voltage drop across the inductor, jXI, for generator speeds of (a)
0.71, (b) 1 and (c) 1.41pu. Note that this figure shows φ, rather than θ as shown in the
previous phasor diagrams.
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The above phasor diagram shows that the voltage and current phasors remain fixed

at 1pu for all speeds greater than 0.71pu. The phase angle of the current relative to the

induced voltage, θ, is shown to increase with speed. This reduces the power factor angle,

φ, which allows the inverter to approach unity power factor and hence a peak power of

1pu, as the generator speed increases. The machine current and hence power vs. speed

characteristic, using an inverter, is summarised in Figure 1.17.
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Figure 1.17: Generator output (a) current, and (b) power vs. speed, corresponding to
maximum power operation, using the inverter (INV). The dashed line represents the
current and power obtained using an uncontrolled rectifier.

1.4.5 Power Comparison of Standalone Converters

Figures 1.14(b) and 1.17(b) clearly show that both the SMR and inverter obtain power

from the generator at low speeds, unlike the uncontrolled rectifier. Further comparison

shows that the inverter is able to extract twice the peak power compared to the SMR

at low generator speeds, whilst at high speeds, they both asymptote towards the same

power, i.e. 1pu. Recall that both the SMR and inverter are able to reduce the power

to any level below their maximum value. This is summarised in Figure 1.18, which also

compares the power range of the uncontrolled and controlled rectifier.

The figure clearly shows the benefit of a controlled power converter, i.e. power can

reduced to any desired value, unlike the rectifier whose output power is governed by the

generator speed. The controlled rectifier is unable to extract power from the generator

at low speeds. The SMR can extract power at low generator speeds and offers simple

control. This is achieved by effectively load-matching the generator to the voltage source
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load by choosing an appropriate duty-cycle. The inverter is able to offer twice as much

power at low speeds than the SMR. This is achieved as the inverter offers greater control

of the generator output current. Note that there is little difference between the high-speed

output power of the inverter and SMR.
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Figure 1.18: Comparison of power converter output powers, showing that obtainable
using an (a) uncontrolled rectifier, (b) controlled rectifier, (c) switched-mode rectifier
(SMR), and (d) inverter. The dashed lines of (b)-(d) represent the power obtained by
the (uncontrolled) rectifier, and are shown for reference. Subfigure (d) also compares the
power obtained by the SMR, for reference.

Hence, the choice of power converter is selected based on a low-speed output power

vs. cost trade-off. Despite producing only half of the inverter’s low speed output power,

the SMR is selected due to the absence of sensors, which reduce the total cost, and its

simple control.
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1.5 Grid-Connected Inverters

Grid-connected (GC) inverters used for small-scale wind turbines use a rectifier to obtain

a DC voltage from the generator. The majority of the inverter is hence similar to those

used for photovoltaic (PV) installations, and therefore the literature about PV inverter

topologies is also reviewed and discussed.

1.5.1 Introduction

Small-scale wind turbines feed power to the utility grid using a grid-connected inverter

(GCI). Unlike standalone inverters that control the output voltage, GCIs control the out-

put current [57], as they are effectively connected to an infinite bus (fixed voltage source).

However, these inverters must meet strict grid requirements, such as total harmonic dis-

tortion, power factor and DC current injection specifications, which will be discussed later

in Section 4.1.1. Note that these requirements complicate the inverter design and control,

which increase the total cost. This is illustrated in Figure 1.19 which compares the cost

of commercially available standalone and GC inverters. The costs given in the figure are

obtained from a catalogue [25], and are shown as a function of inverter power rating.
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Figure 1.19: Cost comparison of standalone (ST) and grid-connected (GC) inverters. The
solid and dashed lines represent cost trendlines for ST and GC inverters, respectively.
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The above figure clearly shows the increased cost associated with a GCI, i.e. about

AUS$1000 more than a similar-sized standalone inverter. The survey also shows that the

input voltage increases with power, for standalone inverters. This is required to prevent

high input currents (and hence losses), and to improve the overall efficiency. The figure

also shows that the inverter cost can be optimised by using a 12V inverter for power levels

below 650W, whilst a 24V inverter should be used below 2.4kW.

Inverters can be classified by many attributes, including input type, the switch / comm-

utation type, controllable output variable, and transformer type, which are discussed in

the following section.

1.5.2 Line-Commutated Inverters

Early GCIs used for PV applications in the late 1980’s were line-commutated current-

source inverters and in the order of several kilowatts [58]. This type of inverter was also

used with wind turbines as the technology had been used for high-voltage DC transmission

since the 1970’s [59] and it was a mature, efficient, robust, low-cost and reliable technology

[33, 58, 60]. However, the main drawbacks of this inverter are the reactive power drawn

from the grid, which results in a power factor of between 0.6 and 0.7 [58] lag, and the

high harmonic content of the output current. The output current of a line-commutated

inverter is typically a square-wave of 120° conduction angle, which contains large low-

order harmonic components in the range of 250–350Hz [61]. An example of the output

current and the line-commutated current-source topology is shown in Figure 1.20. Note

that the inverter shown in the figure corresponds to a three-phase CSI, and that neither

the rectifier or the generator are included.
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t

Figure 1.20: Circuit diagram and square-wave output current of the line-commutated
current-source grid-connected inverter topology.
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Harmonic Reduction

Compensators (based on auxiliary PWM VSI with line-current feedback [33]) and passive

tuned filters have been examined in [60] to reduce the output current distortion and im-

prove the power factor. The use of Notch filters will be examined in detail in Section 5.2.6,

despite being large and costly for low-order harmonic frequencies [61]. Notch filters, tuned

to the 5th and 7th order harmonics, together with a second-order damped filter, tuned to

the 11th order harmonic, were shown to significantly improve the power factor. However,

they were ineffective at removing the low-frequency harmonics.

In contrast, the use of active power compensators (active parallel filters) was shown

to significantly improve the output current distortion. This is achieved by controlling

the compensators to generate AC currents which form an ideal output waveform, when

combined with the distorted current [60]. Despite their success, the addition of active

compensators increases system complexity and cost. An outline of a line-commutated

inverter with passive filters and active compensation is shown in Figure 1.21.

1

+

Active Compensation

+ + +

Passive Filter *

Figure 1.21: Current-source inverter with active compensation and passive filters, exam-
ined by Chen [60]. Note that the rectifier and PM generator are also shown, along with
a three-phase passive filter∗.

Note that active compensators are modern power electronic devices [60], which use

self-commutating semiconductor switches, such as the IGBT or MOSFET. As it is well

known, these switches have replaced thyristors in many power electronic converters, due

to the recent rapid development of the semiconductor device industry [58,62]. As such, the

majority of commercially available GCIs now use self-commutating switches, and high-
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frequency (above 3 kHz [63]) pulse-width modulation (PWM) control strategies. The

resulting high-frequency switching harmonics are attenuated using a smaller and lower

loss filter than that required for a line-commutated inverter [61], and allow much greater

control of the power factor. A survey of in [62] shows that modern inverters obtain power

factors of 0.9 or greater, over a wide range of operating conditions.

1.5.3 Self-Commutated Inverters

Two types of self-commutated inverter exist, these are the voltage-source inverter (VSI)

and the current-source inverter (CSI). The VSI requires constant DC input voltage, which

is provided by a DC link capacitor, whilst a CSI requires a constant DC current, which is

provided by a DC link inductor. These passive elements decouple the grid from the input

power source and provide energy storage. This is required as it allows the inverter input

and output powers to differ and prevents input current or voltage ripple, which affects

output current distortion; this is further examined in Section 5.1.1. However, a trade-off

exists as increased storage capacity increases the overall inverter cost and power losses.

In addition, the arrangement of semiconductor switches, feedback controllers and low-

pass filter arrangements of the VSI and CSI topologies differ; low-pass filters are discussed

later in Section 5.3. The CSI requires a series-connected diode with each IGBT or MOS-

FET to provide unidirectional current flow and bidirectional voltage blocking [64, 65].

These diodes, however, increase the overall cost and conduction (power) losses [65]. Simi-

larly, the switches of the VSI require anti-parallel (freewheeling) diodes to provide bidirec-

tional current flow and unidirectional voltage blocking capability [64]. The key differences

between the self-commutating VSI and CSI topologies are highlighted in Figure 1.22.
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Figure 1.22: Comparison of self-commutating (a) voltage-source inverter (VSI), and (b)
current-source inverter (CSI) topologies. The key difference are the energy storage element
and switch / diode configuration. Note that the switches are either MOSFETs or IGBTs.
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Open-loop PWM switching schemes, such as the common bipolar and unipolar sinu-

soidal schemes, could yield an alternating current from an ideal current source, as shown

in Figure 1.23. In practise, however, feedback is required as input currents / voltages vary.

Both types of inverters use feedback control systems, that sample and adjust control sig-

nals, to deliver a sinusoidal current to the grid. This differs from standalone inverters

that traditionally sample and regulate the output voltage [57]. The fixed grid voltage

regulates the inverter output, allowing the output current of a CSI to be controlled in

proportion to the modulation factor, which makes the CSI appropriate for a power con-

version system [66].
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Figure 1.23: Ideal (a) input, and (b) bipolar PWM and (c) unipolar PWM output currents.

Note that the bipolar output current is obtained by switching the state of both phase

legs, whilst the unipolar scheme requires only one phase leg state to change [67]. The

unipolar sinusoidal PWM switching scheme, including a harmonic analysis, is further

discussed in Section 5.2.4.

PWM Control Strategies

Grid-connected inverters use a variety of feedback based PWM control strategies to control

the output current, which include current hysteresis and space-vector modulation schemes

[68]. A comparison of the operation of a 100kVA IGBT VSI using each control strategy,

is reported in [68]. The space-vector control scheme results in the least current THD,

i.e. 5%, however, it is the most complex scheme, has a slow current response, and attracts

the highest cost. The current hysteresis scheme yields a current with 7.7% THD, and is

well suited to fast-varying input powers, as it provides over-current protection and offers

high power factor.

More information regarding both the open-loop and feedback based PWM control

signals, including the derivation of control signals, is given in appendix A.1.
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Voltage vs. Current-Source Inverters

Voltage-source inverters are generally regarded to be more efficient than an equivalent

CSI, as the DC link capacitor has lower power losses compared to the resistive and core

losses of a DC link inductor [69]. Despite this, the output voltage of a VSI must exceed

that of the peak grid voltage, implying that either a high-voltage input source or the use

of a step-up transformer or boost converter is required. The use of either increases the

total cost and reduces the overall efficiency [64].

In contrast, the average output voltage of a CSI is equal to that of the grid. The

CSI is also advantageous over the VSI as its output fault current is limited. However,

care must be taken using the CSI to prevent open circuiting the DC link inductor, which

may destroy inverter components. Similarly, VSIs must avoid simultaneous gating of two

switches in the same leg to prevent high currents destroying components. Hence dead

time must be introduced to the VSI controller. The drawback, however, is that dead time

causes output current distortion [64]. The amount of distortion is proportional to the

length of the dead time [70].

Switching Loss

The main drawback of self-commutating inverters is the higher switching power loss. This

is caused by commutating the switches whilst the current flowing through (or the voltage

drop across) the device is non zero, and is also referred to as hard-switching. The switching

loss, Psw, is proportional to the device turn-on and turn-off times, ton and toff , the output

current, Iout, DC link voltage, VDC , and the switching frequency, fsw, as summarised in

Equation (1.7) [67], assuming an inductive load.

Psw =
1

2
(ton + toff ) VDC Io fsw (1.7)

Some inverter topologies use zero-voltage or zero-current switching techniques to re-

duce switching losses. These techniques involve commutating a switch when the current

through or the voltage across the device is zero. These are known as soft-switching tech-

niques. Examples of GCI topologies that employ soft-switching techniques are discussed

in Section 1.5.6.
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1.5.4 Transformer Type

Three transformer topologies exist for grid-connected inverters, these include the line-

frequency (LF), high-frequency (HF) and transformerless (TL) topologies. Each topology

is discussed below.

Line-Frequency Transformer

Line-frequency transformers are designed to operate at the grid frequency (50 or 60Hz)

and are located between the grid and inverter output. The role of the transformer is

to decouple (isolate) the inverter from the grid, provide voltage boosting (step-up trans-

former) and eliminate DC currents. The transformer also provides line reactance and a

small amount of resistance that may assist with filtering or filter damping.

The majority of PV grid-connected inverters used in Korea employ LF transform-

ers [71]. However, despite the above mentioned benefits, there is a trend to move away

from this topology as these transformers are heavy, bulky and expensive [71].

High-Frequency Transformers

The physical size and cost of a transformer can be reduced by increasing its operating

frequency [71]. Hence, transformers of frequencies 400Hz and above are used in some

grid-connected inverters. Despite the size and cost benefits of a HF transformer, the

GCI requires two inverter stages and additional components, which reduce the overall

inverter efficiency and reliability [72], and increases control complexity [58]. In addition,

DC currents may be injected in to the grid, which cause saturation and overheating of

utility distribution transformers.

High-frequency transformers are preferred and used in inverters that have low rated

powers, whilst LF transformers are generally used in high-power inverters [73,74].

Transformerless Topologies

The transformerless inverter topology has been examined in [75], as it is physically smaller,

lighter, cheaper and more efficient than topologies that contain transformers. This is ver-

ified in Table 1.5, which compares the peak efficiency, weight and cost of the transformer

and TL GCI topologies [76].

Despite the benefits of the TL topology, it is unable to isolate the energy source from

the grid, and can not remove DC components at the output. In addition, low voltage
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Table 1.5: Comparison of single-phase grid-connected inverter properties [76].

sources such as parallel-connected PV cells require voltage boosting to transmit power

to the grid. This is achieved using an additional DC-DC converter, which increases cost

and reduces efficiency. The common-mode voltage and lack of isolation between the grid,

PV cells and associated wiring are probable reasons that the TL topology is prohibited

in Italy and the United Kingdom [58].

Cost /Performance Trade-Off

As stated above, each transformer topology has certain advantages and disadvantages

associated with it. A summary of key transformer and transformerless GCI topology

properties are given in Table 1.6.

Table 1.6: Comparison of line-frequency, high-frequency and transformerless grid-
connected inverter topology properties.

``````````````̀Property
Topology

Line-Frequency High-Frequency Transformerless

Operating Frequency 50 or 60Hz > 400Hz -
Size (relative) Large Medium Small
Weight (relative) High Medium Low
Cost (relative) High Medium Low
Provide Isolation ? Yes Yes No
Remove DC Components ? Yes No No
Provide Line Reactance ? Yes No No
Boost Voltage ? Yes Yes No

It should be noted that voltage boosting and isolation are important issues for PV

applications, due to their low voltage and roof-top installations, respectively. These issues,

however, are less likely to be of concern for a grid-connected wind turbine as an oversized

generator can be used to produce higher voltages, and turbines are often located upon

high towers away from inadvertent human interaction.
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1.5.5 Voltage Source Topologies

Uncontrolled Rectifier

The use of an uncontrolled rectifier together with a current-controlled voltage-source in-

verter is the simplest type of GCI. This topology is reported in [68] and is shown in

Figure 1.24. The inverter uses a fast analogue-to-digital converter (ADC) and micro-

controller to adjust the inverter control signals based on the sampled output current, to

produce the desired sinusoidal output currents.

1

+

Figure 1.24: Common 3-phase voltage-source grid-connected inverter.

The main disadvantages of the above inverter topology are the limited life span, due

to the DC link (electrolytic) capacitor, and the poor performance at low wind speeds.

Low wind speeds cause the generator to rotate at low speeds, where the resulting induced

voltage is less than the required DC link voltage. Under this condition the DC link

capacitor is being charged through the inverter anti-parallel diodes, which causes excessive

reactive power flow [77]. In addition, the controller loses its ability to control the output

current and hence injects a highly distorted current, that may contain a significant DC

component, to the grid.

To prevent high output current distortion and / or DC current injection, a normal

IGBT inverter should disconnect itself from the grid at low wind speeds (3–5m/s [77]).

This implies that the wind turbine will fail to extract energy at these low wind speeds,

and may account for as much as 20% of the turbine’s annual energy yield. A solution

investigated in [77], was the inclusion of a reverse-blocking diode between the DC link

capacitor and the inverter output stage, as shown in Figure 1.25. The diode is introduced

to ensure unidirectional power flow at low wind speeds, i.e. prevent the grid charging the

DC link capacitor. This solution has only limited success as the inverter is still unable to

inject a high quality sinusoidal current to the grid at low wind speeds, due to the presence

of low-order harmonics. This causes the overall power factor to be lagging and increases

generator losses [77].
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1

Figure 1.25: Single-phase voltage-source inverter with reverse-blocking diode, as inves-
tigated in [77], to prevent reactive power flow and high current distortion at low wind
speeds.

Low Wind Speed Power Improvement

DC-DC power converters, such as the boost [40, 42, 44], buck [45], and buck-boost [46]

converters have been used as an intermediate stage of a grid-connected inverter (see

Table 1.3). These converters are used to maximise the turbine power by controlling the

turbine speed such that the peak cp is obtained. As such, these converters operate as

maximum power point trackers (MPPT); a term which is more commonly used for PV

GCI topologies.

The use of a boost converter is most common [78], and has the advantage of effectively

adjusting the rectifier output and hence generator output voltage. This allows power at

low generator (wind) speeds to be extracted, as previously seen in Section 1.4.3. The

equivalent circuit of the combined boost converter and VSI is shown in Figure 1.26. The

main drawback of this arrangement is the use of two electrolytic capacitors, which reduce

the overall reliability, and the necessity of a boost inductor.

1

Figure 1.26: Voltage-source grid-connected inverter with boost converter.

The use of back-to-back PWM inverters was investigated in [79] to optimally control

a PM generator in a wind turbine, and is now widely used [9]. The circuit is shown in

Figure 1.27, which has a high switch count. This, together with the additional requirement
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1.5. GRID-CONNECTED INVERTERS

of a rotor position sensor and a complex controller, significantly increases the overall cost.

Despite this drawback, the use of the inverter input stage allows better utilisation of

the generator, compared to that of a boost converter and will allow the use of a smaller

generator (see Figure 1.18).

Figure 1.27: Back-to-back PWM voltage-source grid-connected inverter configuration in-
vestigated in [79].

High-Frequency Transformer

A high-frequency transformer PV GCI was constructed and tested in [71]. The input

stage consists of a DC-DC converter containing a transformer operating at 20kHz and is

used to boost the PV array output voltage and provide an output current which resembles

a full-wave rectified sine-wave, as shown in Figure 1.28. The transformer output current

is filtered by a small inductance before being fed to an unfolding circuit to produce the

desired AC output current.

1

Figure 1.28: High-frequency (HF) transformer inverter topology presented in [71]. The
inverter consists of HF PWM DC-DC converter and a line-frequency H-bridge unfolding
circuit. Note that various current and voltage waveforms illustrate the inverter operation.

39

a1172507
Text Box
                                           NOTE:      This figure is included on page 39 of the print copy of      the thesis held in the University of Adelaide Library.

a1172507
Text Box
                                           NOTE:      This figure is included on page 39 of the print copy of      the thesis held in the University of Adelaide Library.
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Despite the advantage of the reduced size and cost of the transformer, the HF trans-

former inverter requires several additional components, which increase its complexity and

can reduce its reliability and efficiency [72], compared to that of a LF transformer inverter.

1.5.6 Current Source Topologies

PWM Controlled Inverter

Various control strategies were examined with a sensorless self-commutated PWM current-

controlled GCI in [21]. The wind energy system, which is shown in Figure 1.29, consists of

an uncontrolled rectifier, DC link inductor and PWM current-source inverter. The turbine

output power is maximised by adjusting the DC link voltage according to wind speed.

This is achieved by varying the inverter modulation index, which ultimately adjusts the

pule width (duty-cycle) of the PWM control signal. Five alternative power maximisation

control strategies, including one based on an open-loop controller, were shown to improve

the power maximisation capability of the turbine without significantly increasing the

complexity of the control.

1

Figure 1.29: Three-phase current-source PWM grid-connected inverter circuit.

The main drawback of the above inverter is the high switching losses, due to the high-

frequency PWM control signals, and the resistive and core losses associated with the DC

link inductor.

H-Bridge Inverter

The line-frequency commutated H-bridge inverter is used as part of a PV GCI, as shown

in Figure 1.30. The inverter input current is modulated by another converter stage and

resembles that of a rectified sinusoid. The H-bridge inverter hence acts as an unfolding

circuit, and operates at twice the grid frequency producing a sinusoidal output current.

The advantage of this circuit is the zero-current and zero-voltage switching scheme that

effectively eliminates switching losses, i.e. only semiconductor conduction losses remain
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1

H-Bridge Inverter
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Reported by Kjaer

Although it is a CSI, it uses VSI H-bridge!!

Figure 1.30: Line-commutated H-bridge inverter used as part of a photovoltaic grid-
connected inverter, reported in [80]. The inverter input current, which resembles a rectified
sinusoid, and the resulting sinusoidal output current is also shown.

[80]. The circuit cost could be reduced by using thyristor switches, which would naturally

commutate based on the input current zero-crossings.

Alternative Soft-Switched Inverters

Two soft-switching current-source inverters have been investigated in the literature. The

first study, investigated in [81] is shown in Figure 1.31, where a DC voltage source and DC

link inductor provide the current-source input current. The inverter itself is based on a

line-commutated topology, i.e. it uses thyristors. The key difference is that an additional

parallel-connected IGBT is used to short the current-source output to ground using a

high-frequency PWM control scheme. This allows the thyristors to commutate naturally,

which is referred to as active commutation. However, the IGBT in this topology is hard-

switched, which will cause significant switching loss.

1

+
Vin

IGBT
(PWM)

Input Current (Iin)

Output Current (IA, IB, IC)

Iin
IA
IB
IC

H-Bridge Inverter

Examined  by Bendre

t

t

Figure 1.31: Actively-commutated thyristor based current-source inverter investigated
in [81], showing the circuit and ideal input and output current waveforms.
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The advantage of the above circuit is that rugged, high-power, low-cost thyristors are

used for the H-bridge components [81]. These commutate naturally as a result of the

high-frequency IGBT switching. The high-frequency PWM switching implies the size of

the DC link inductor and filter capacitors can be reduced in size, and that the output

current harmonic contents can be well controlled [81]. In addition, the use of thyristors,

which have a blocking capability, avoids the need for series-connected reverse-blocking

diodes, unlike a self-commutating CSI.

An alternative soft-switching CSI topology was also investigated for a PV GCI in [69].

The inverter topology is summarised in Figure 1.32, which consists of a DC link commu-

tation circuit, and an IGBT H-bridge inverter with series-connected diodes. The commu-

tation circuit is comprised of two semiconductor switches, two diodes and an LC resonant

circuit, which provides a current path such that zero-current switching of the H-bridge

can be achieved. The drawback, however, is the added cost and the increased control

complexity of the LC resonant circuit, compared to that of a single IGBT used in [81].

1

IDC

Examined  by Han

Commutation Circuit

Figure 1.32: Soft-switching single-phase current-source grid-connected inverter topology
examined by Han et al. [69], showing the current source, commutation circuit, current-
source H-bridge inverter, and line output filter.

Note that the PV cell is treated as the current source, as PV cells have characteristics

of both voltage and current sources [69].

1.5.7 Current Trends

A survey of PV GCIs [62], revealed that all modern inverters are of the voltage-source type.

The majority (81%) of these control the inverter output current, whilst the remaining

19% control the inverter output voltage. A second survey done in [58], indicates that 55%

of GCI incorporate a line-frequency transformer. High-frequency transformer topologies

make up 0.3% of the market share, despite the size and cost benefits of such a transformer.
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About 45% of the market share is made up of transformerless topologies, with about 96%

of these employing a boost converter, whilst 4% incorporate a buck converter.

1.5.8 Proposed Grid-Connected Inverter

Despite the current trend of using voltage-source inverters, the proposed GCI is based on

a CSI topology. This is shown in Figure 1.33, and will be further discussed in Chapter 4.

The topology is similar to that investigated in [81], however, the proposed topology uses

a high-inductance PM generator and uncontrolled rectifier as the inverter current source,

rather than a DC voltage source and series-connected DC link inductor. A MOSFET

is used to allow zero-current switching of the thyristor H-bridge inverter, which actively

commutates the thyristors. Note that this will be referred to as the current wave-shaper

in Part II (Chapters 4–6) of this study. A capacitive-inductive, CL, low-pass filter is used

in the output of the inverter to remove high-frequency PWM harmonic components. In

addition, the proposed inverter concept will be simulated and experimentally verified with

operation into a voltage source (rather than a three-phase resistive load as tested in [81]).

1

Proposed topology

Constant Current
Source

Thyristor
H-Bridge

Low-Pass
Filter

Active
Commutator

Figure 1.33: Proposed grid-connected inverter topology, including the PM generator cur-
rent source, active commutator, thyristor H-bridge and low-pass filter.

It should be noted that the above topology has also been investigated for PV-based

GCIs, as part of another PhD research project. Some of the publications were listed on

page xvii of this thesis.
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1.6 Thesis Overview

1.6.1 Aim of Research

The aim of this research is to design, test and validate a novel low-cost power converter

topology to control a commercially-available small-scale wind turbine. The DC-DC and

proposed grid-connected inverter, both of which are based on the switched-mode rectifier

topology, must be able to i) maximise turbine power below rated wind speed, ii) maintain

rated power above rated wind speed, and iii) reduce the turbine speed at high wind speeds,

to prevent turbine damage.

The operation of each power converter is determined from open-loop dynamometer

testing. In addition, the turbine and DC-DC power converter is tested using a small wind

tunnel, whilst a high-powered (1kW) grid-connected inverter is simulated over wide range

of wind speeds.

1.6.2 Justification for Research

There is growing interest in renewable energy sources due to sustainability and fossil fuels

concerns. It has been estimated that the small-scale wind turbine market is growing at

roughly 40% per year [18], and that the US alone will sell US a total of $25M–$55M

by 2010 [19], depending on the market and other factors such as government rebates,

tax incentives etc. Within this market there is an increasing demand for low-cost grid-

connected wind turbines, and it is expected that by 2020 small-scale turbines will provide

3% of the US electrical energy consumption [18].

Reducing the cost of the power electronic converter, which make up a significant

portion of the cost of a renewable energy conversion system, including solar [82] and

wind, will encourage more people to utilise renewable sources of energy. Increased wind

or solar power utilisation will reduce the demand for conventionally derived electricity,

whilst meeting the increased energy demand. In addition to the environmental benefits,

e.g. reduced greenhouse gas emissions, customers who utilise grid-connected inverters are

able to reduce their electricity bills, as grid operators purchase their customer’s excess

electricity.
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1.6.3 Original Contributions

The first original aspect of this research is to investigate the suitability of a SMR to control

a high-inductance PM generator as part of small-scale wind turbine. This is different to

the work presented in [39] where a conventional low-inductance generator is studied. The

turbine was simulated and shown to operate at the peak cp over a range of wind speeds,

using a sliding mode current control strategy that compared the switch current to a value

corresponding to peak power from a wind-speed look-up table. The work presented in this

thesis, however, shows that the SMR can maximise and also limit turbine power, and limit

turbine speed. This is simulated and experimentally verified using both a dynamometer

and small wind tunnel.

The second original contribution is the investigation of a novel grid-connected inverter

topology. The novel current-source inverter is based on the SMR topology and uses a high-

inductance PM generator and rectifier as a constant-current source. In this research, the

inverter operation is simulated and experimentally verified using a dynamometer test rig.

The inverter topology, including a detailed generator model, low-pass output filter, and

feed-forward controller, is analysed. An optimised high-powered (1kW) grid-connected

inverter is designed and simulated, and shown to effectively control a wind turbine over

a wide range of wind speeds.

1.6.4 Thesis Structure

This thesis contains five main chapters that are separated into two parts, as shown in

Figure 1.34. Part I (Chapters 2 and 3), investigates the use of the SMR as a standalone

(DC-DC) power converter. The selected high-inductance PM generator is described, mod-

elled, characterised, simulated and experimentally tested in Chapter 2. The analytical

and computer-based (PSIMr) models are compared with experimentally measured results

Chapter 3 discusses the equivalent circuit model and operating regions of the SMR.

The SMR is simulated using PSIMr and is shown to match the experimentally measured

data. The SMR is tested using both a dynamometer and wind tunnel test facility, as

these arrangements allow the generator and wind speeds to be controlled, respectively.

The SMR duty-cycle is varied in an open-loop manner, and its role as a power maximiser,

and power and turbine speed limiter are successfully demonstrated.

Part II (Chapters 4, 5 and 6), investigates a novel grid-connected inverter topology

based on the high-inductance PM generator and SMR topology. Chapter 4 discusses the
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1

Ch 2: High Inductance PM

Generator Characteristics

Ch 7: Conclusions

Ch 6: Design and Simulation of 

1kW GC Inverter System

Ch 5: Inverter Analysis and 

Control

Ch 1: Introduction

Ch 3: Switched-Mode Rectifier

Operation

Ch 4: Simulation and Test of 150W 

Grid-Connected Inverter

Part II : Investigation of Grid-Connected Inverter
Based on Switched-Mode Rectifier Topology

Part I : Investigation of Switched-Mode Rectifier for 
Standalone Power Converter

Figure 1.34: Thesis structure, showing part and chapter breakdown.

grid requirements, and the preliminary design, implementation and experimental testing

of the proposed grid-connected inverter. The inverter concept is proved for a 150W case,

by PSIMr simulations and by open-loop experimental testing.

Chapter 5 analyses in detail the proposed grid-connected inverter, low-pass filter design

and a feed-forward based controller. The chapter begins by identifying the PM generator
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and uncontrolled rectifier (current source), and the PWM-switching scheme as harmonic

sources. The harmonics caused by the unipolar PWM switching are also examined, and

techniques to reduce all sources of harmonic distortion are discussed.

The low-pass filter and open-loop control algorithm are identified as the main cause of

output current harmonic distortion. As such, the design of the low-pass filter for this type

of current-source inverter, is thoroughly analysed. Several damped filter configurations

are compared, and the parallel damped inductor is identified as the optimal configuration,

offering the best power loss vs. harmonic attenuation trade-off. In addition, Chapter 5

analyses the power factor, harmonic attenuation and damping resistance power loss, and

summarises a normalised low-pass filter design approach. The chapter also analyses two

feed-forward control algorithms that adjust the inverter modulation index and hence duty-

cycle in real-time, to eliminate the input current harmonic components.

Chapter 6 combines the principles of wind energy conversion, described in Section 1.2,

with the inverter analysis to design a higher-power (1kW) grid-connected inverter. The

inverter is simulated using PSIMr, to investigate the control of the turbine power, torque

and speed over a wide range of wind speeds, whilst delivering a high quality current

waveform and hence power to the grid.

Finally, Chapter 7 summarises the aims and original contributions of the thesis. The

chapter also identifies areas of work that are opportunities for further investigation.
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Chapter 2

High Inductance PM Generator

Characteristics

This chapter examines the machine characteristics of the selected permanent magnet

generator. The machine construction and its high-inductance property are discussed.

Experimental tests are performed to determine its parameters , which are then used to

model the machine. The machine is simulated using analytical models and simulation

packages, and experimentally tested over a wide range of operating speeds and loads to

verify the models. Particular attention is paid to the DC load modelling and testing, as

the PM generator will be used with a three-phase bridge rectifier for the majority of this

research project.

2.1 Introduction

The generator selected for this project is a three-phase synchronous surface permanent

magnet (PM) machine, that was originally designed and manufactured by Fisher &

Paykelr (F&P) for motor applications. The machine was first reported in 1992 [83], and

is directly coupled to the agitator and spin-bowl of F&P’s range of Smart Drive� washing

machines. The direct-drive system operates effectively as the motor is able to provide

high torque at low speeds while still capable of operating at high speeds; these features

are required for the washing (agitation) and spin-drying stages, respectively.

Direct-drive systems replace the more conventional belt driven mechanical agitation

and braking systems, which significantly improves the efficiency of the appliance [83].

Despite this, the motor requires additional components, such as a variable speed controller
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and Hall-effect sensors, to be operated effectively. These components, however, are not

required for generator applications, and together with the machine’s ready availability,

make the machine a convenient low-cost generator. The high torque and wide operating

speed characteristic of the F&P surface PM machine make it ideal for a low-cost small-

scale wind generator.

An example of an F&P PM machine is shown in Figure 2.1, which shows a 42

tooth concentrated-winding star-connected stator arrangement. These windings are non-

overlapped coils (coils wound around a single tooth), which produce very short end-

winding length and hence reduce the copper weight and copper loss of the machine [35,84].

In addition, concentrated windings reduce the machine manufacturing cost, due to the

winding simplicity, and increase the inductance compared to conventional distributed

windings, for the same magnet flux linkage [35]. This high-inductance property is useful

when designing power converters, and is further discussed in Section 2.1.2.

1

Phase
terminals

Star
point

Rotor

Permanent
magnets

Concentrated
windings

Stator

Stator
Tooth

Figure 2.1: Fisher & Paykelr surface PM machine, showing the three-phase terminals,
star point, concentrated stator windings, and permanent magnets.

The above surface PM machine uses an outer rotor configuration, as shown in Fig-

ure 2.2. The outer rotor configuration has several advantages over the more conventional

interior rotor configuration, these include [85]:

� higher output torque due to larger rotor volume,

� magnets are more easily retained against centrifugal forces [86],
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(b) Outer rotor

Figure 2.2: Cross-sectional views of (a) inner, and (b) outer rotor PM machines. Note
that the stator windings are not included, for simplicity.

Commercially, the F&P surface PM machines are available in two varieties, these are

the 56 magnetic pole / 42 stator teeth, and the 48 pole / 36 teeth configurations. The latter

was introduced to reduce cogging torque [83]. These machines are classified as fractional

slot winding types, as they have less than 1 slot per pole per phase (SPP). The machine

SPP value is calculated according to Equation (2.1) [87], where S is the number of slots,

p represents the number of magnetic poles pairs, and m is the number of phases; hence

both F&P machines have a SPP value of 0.25. Fractional-slot PM machines with a SPP

value of 0.25 or less allow the machine structure to have a lower output torque ripple,

though the average output torque may be lower compared with PM machines with higher

values of SPP [87].

SPP =
S

2p . m
(2.1)

Fractional-slot concentrated winding PM machines with a wide range of SPP values

exist [87]. Each SPP value offers different machine characteristics [35] and a SPP design

procedure, based on specific criteria, is summarised in [35, 87]. PM machines with a

SPP value of 2/5 or 2/7 are identified as the best candidates. Despite this, the F&P
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surface PM machine is used for the small-scale test wind turbine in this study, as these are

readily available. In addition, since this research project also investigates power electronic

converter design, implementation, analysis, simulation and testing, an optimised machine

design is not considered here.

2.1.1 Ideal Machine Model and Current vs. Voltage Locus

A simplified model of a surface PM machine with a three-phase resistive load, consists

of a back-EMF voltage source, E, series stator reactance, X, and load resistance, R, as

shown in Figure 2.3. The back-EMF voltage source has a voltage and frequency which

are both proportional to the machine speed. Note that both the generator open-circuit

voltage and stator reactance increase linearly with generator speed. Therefore, the sub-

sequent short-circuit current remains fixed. The resulting normalised current vs. voltage

(I-V) locus is shown in Figure 2.4(a). The locus is shown for generator speeds, ω, equal

to 1 and 2pu, and load resistances of 0.3 and 10 pu.

The surface PM machine I-V locus is compared to those of the DC and interior PM

(IPM) machines, in Figure 2.4(b). The loci comparison is obtained from [88] and is shown

for reference only. Note that the interior PM machine shows a voltage over-shoot, i.e. its

peak voltage under load is larger than its open-circuit voltage. This phenomenon occurs as

the result of its saliency. The IPM locus shown in the figure represents a saliency ratio, ξ,

of 4, which corresponds to a voltage over-shoot of about 16%. The saliency ratio represents

the ratio of q-axis to d -axis inductance, and significantly increases the complexity of the

machine model, compared with a non-salient machine. More information regarding IPM

machine modelling can be found in [88].

1

E

X I

VR

Figure 2.3: Simplified PM machine model, showing the back-EMF voltage source, E,
stator reactance, X, variable load resistance, R, and the resulting output current, I, and
voltage, V .
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(a) I-V locus for surface PM machine
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(b) Comparison of various machine I-V loci

Figure 2.4: Ideal I-V loci of (a) surface PM machine (SPM) and (b) surface PM, DC and
interior PM, IPM , machines. Note that the SPM machine loci is shown for speeds, ω, of
(a) 1 and 2pu, and (b) 1 pu; the IPM locus is shown for a saliency ratio, ξ, of 4, and has
a 16% voltage over-shoot (peak voltage of 1.16pu).

2.1.2 Inductance Classification

Conventional surface PM synchronous machines generally have low -inductance stator

windings as the permanent magnets mounted on the rotor surface behave as large air

gaps in the machine’s magnetic circuit [35]. The resulting characteristic current, Ich,

tends to be significantly higher than the machine’s rated current, causing limitations on

the machine’s operation, due to the possibility of high currents. The characteristic current

is expressed by Equation (2.2), where Ψm and Ls represent the RMS magnet flux linkage

and stator inductance, respectively.

Ich =
Ψm

Ls

(2.2)

High stator currents increase copper losses and increase the temperature of the stator

windings. Exposure of the rotor magnets to high temperatures for long periods may pro-

duce metallurgical changes that may impair the ability of the material to be magnetised,

and may even render the magnet non-magnetic [89,90]. The magnet’s magnetisation will

be reduced to zero if it reaches the Curie temperature. Despite this, the magnet may be

re-magnetised providing no metallurgical changes have been made.
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There is limited opportunity to reduce the magnet flux linkage in a conventional SPM

machine, without degrading the machine’s torque production capability [35]. Therefore,

the Ich can only be reduced by increasing the stator inductance, which is (conveniently)

achieved by using fractional slot concentrated stator windings. The F&P test machine

considered here is a high-inductance machine, which implies the Ich is comparable to the

machine rated current. One distinct advantage of any high-inductance machine is that the

short-circuit or fault current magnitude is limited to roughly the machine’s rated current.

A comparison of the operating regions of both high and the more conventional low

inductance PM machines is shown in Figure 2.5. Conventional low-inductance PM gen-

erators operate at output currents which are small compared to the short-circuit current,

Isc, and output voltages that are close to the open-circuit voltage, Voc. The output voltage

is proportional to the machine speed and hence the generator acts like a variable voltage

source. This output voltage variation complicates the design of a power converters, e.g. a

voltage-source grid-connected inverter, as these require a constant input voltage. In con-

trast, a high-inductance PM generator has output voltages which are small compared to

its Voc, whilst the output current is close to the short-circuit current. The machine acts

as a constant current source, whose magnitude is unaffected by operating, providing its

output voltage is significantly less than its open-circuit voltage.

1

Output 
Voltage, V

Output 
Current, I ω 2ωIsc

Voc

High inductance machine
operating range 

(constant current)

Low inductance machine
operating range

(variable voltage)

2Voc

Figure 2.5: Operating regions of high and low-inductance PM machine,s operating at
speeds ω and 2ω. The resulting open-circuit voltages occur at Voc and 2Voc, whilst the
short-circuit current for each case is equal to Isc. The high-inductance machine operates
near Isc in the constant current region. Low-inductance machines operate close to Voc,
i.e. the variable voltage source region.
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2.2 Machine Characterisation

The surface PM machine is modelled and simulated, using mathematical analysis and

simulation software, prior to laboratory testing. However, the ideal PM machine model

is replaced with one that is more realistic, which is later used to predict the machine

performance. The detailed machine model, characterisation tests and parameters are

discussed below.

2.2.1 Realistic Machine Model and Effect on Loci

The ideal surface PM machine model was discussed in Section 2.1.1. Stator resistance

is now added to the ideal phase model, which allows copper losses to be modelled. The

realistic phase model of the surface PM machine is shown in Figure 2.6(a). The delta

connected machine equivalent circuit is shown in Figure 2.6(b), and a simplified model is

shown in Figure 2.6(c).

1

+

+

+

+

(a) Phase model

1

+

+

+

+

(b) Delta connected circuit

1

+

+

+

+

(c) Generator representation

Figure 2.6: Realistic surface PM machine model, showing (a) phase model, (b) delta
connected equivalent circuit, and (c) symbolic representation . Note that the machine
star point does not exist for a delta connected machine.

The effect of the stator resistance on the I-V locus and the resulting power vs. volt-

age (P-V) locus is illustrated in Figure 2.7, for stator resistances of 0.1 and 0.2pu. Note

that the ideal curves (Rs = 0pu) are shown in the figure for reference, and that these

are indicated by the dashed lines. The figure indicates that the introduction of Rs does

not affect the open-circuit voltage, however, it does affect the machine output current.

The short-circuit current is slightly reduced, whilst the machine current and hence power,

between the short-circuit and open-circuit operating points, is significantly reduced. This
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is highlighted in Figure 2.7(b), which shows that a stator resistance of 0.2pu reduces the

peak machine output power by 18%, compared to the ideal model (Rs = 0). Note that

this difference is largely due to the copper loss, PCU , which is proportional to the square

of the RMS current, I, and stator resistance, as summarised in Equation (2.3).
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Figure 2.7: Effect of introducing the stator resistance to the ideal model, showing the
(a) current vs. voltage (I-V) and (b) the resulting power vs. voltage (P-V) loci, for stator
resistances, Rs, of 0.1 and 0.2 pu. The dashed line represents the loci of the ideal model
(Rs = 0), and is shown for reference.

PCU = I2Rs (2.3)

The required machine parameters, such as k, Ls and Rs, are determined by a series

of characterisation tests. The stator resistance is determined by applying a DC current

(whilst the machine is stationary) to the stator windings and measuring the resulting

voltage drop. In contrast, the back-EMF constant and stator inductance are found by

rotating the machine at various speeds; k is found from the open-circuit test, whilst Ls is

determined from the short-circuit test.

2.2.2 Test Arrangement

The surface PM machine is characterised over a wide range of speeds in the laboratory

using a directly-coupled, separately-excited 5kW DC machine. The DC machine speed is

controlled by adjusting the armature voltage, which is supplied by the rectified output of a
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3-phase Variac; it is fine-tuned using a rheostat (variable resistor) that is series connected

to the separately-excited field winding. The machine speed is measured using a simple

Hall-effect sensor that fits in the PM machine air gap. The sensor delivers a 50% duty-

cycle square wave voltage to a frequency meter. The machine speed, n, is calculated as

shown in Equation (2.4), where P is the number of machine pole-pairs, and f represents

the electrical frequency (Hz). Note that the machine speed is calibrated using an optical

tachometer.

n =
60 f

p
(2.4)

In addition to the Hall-effect device, the stator of the PM machine is fitted with a

reaction torque transducer. This force measurement sensor allows the shaft torque and

hence PM machine mechanical input power, Pin, to be accurately measured. The input

power is the product of the shaft torque, T , and the machine speed, ω, in rad/s, as shown

in Equation (2.5). The machine test arrangement and the general block diagram is shown

in Figure 2.8.

Pin = Tω (2.5)

1

DC machine

Torque
transducer

Hall-effect 
sensor

PM
machine

(a) Block diagram

1

Power

supply
Load-bankDC machine

F&P PM
machine DC power

supply

Load-bank

Torque 
transducer

Rheostat

DC machine

Hall-effect
sensor

(b) Photograph

Figure 2.8: Laboratory machine test arrangement, showing (a) block diagram, and (b)
photograph. The directly coupled DC and PM machines, torque transducer and frequency
(speed) sensor are shown in each figure, whilst the photograph also shows the DC power
supply (rectified 3-phase variac), rheostat and a load-bank.
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Load Arrangement

The machine is characterised by three tests, these are the DC resistance, open-circuit

(OC) and short-circuit (SC) tests. The machine is loaded in various ways during these

tests, as summarised by Figure 2.9. Note that the machine is stationary during the

resistance test to prevent induced voltages affecting the readings, whilst it is rotated at

various speeds during the OC and SC tests. In addition, each line voltage was measured

for the resistance and OC tests, whilst each line current was measured for the SC test.

I

VV

I

(a) Resistance measurement

I

VV

I

(b) OC

I

VV

I

(c) SC

Figure 2.9: PM machine characterisation arrangements, showing the (a) resistance mea-
surement, (b) open-circuit (OC), and (c) short-circuit (SC) arrangements. The measured
voltage and currents are represented by V and I, respectively. Note that the machine ro-
tates for the OC and SC tests, and that all line voltages are measured during the resistance
and OC tests, whilst all line currents are measured during the SC test.

2.2.3 Open-Circuit Test

The generator back-EMF constant is determined from the open-circuit test. The PM

generator is driven over a wide range of speeds (50–1000 rpm), whilst the line voltages

and input loss torque are measured. This test arrangement is seen in Figure 2.9(b), whilst

the measured results are displayed in Figure 2.10. As can be seen from the figure, both the

induced voltage (also see Equation (2.6)) and the input torque vary linearly with speed.

The difference, however, is that the induced voltage intercepts the origin, unlike the torque

plot. The input torque is vertically offset by 0.3Nm at zero speed, which represents the

generator starting torque which includes the hysteresis and peak cogging torques, and the

torque required to overcome the bearing and seal friction [86]. The measured OC test

torque is further discussed in Section 2.2.5.

E = k ω (2.6)

60



2.2. MACHINE CHARACTERISATION

0 200 400 600 800 1000
0

20

40

60

80

Generator Speed (rpm)

Li
ne

 V
ol

ta
ge

 (
V

)

0 200 400 600 800 1000
0

0.2

0.4

0.6

0.8

1

Generator Speed (rpm)

T
or

qu
e 

(N
m

) T = 0.00043 * n + 0.3V
L
 = 0.0668 * n

(a) Open-circuit voltage
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Figure 2.10: Open-circuit characteristic, showing measured (a) line voltage, and (b) gen-
erator torque vs. generator speed. Note that the lines represent curve-fitted lines; the
back-EMF constant, k, and torque curve equation is included.

An example of the measured generator open-circuit line voltages is shown in Fig-

ure 2.11, for a generator speed of 1000 rpm. The high-quality sinusoidal voltage waveforms

shown each contain a small amount of total harmonic distortion (less than 0.5%). The

distortion is attributable to the machine design and is hence independent of the generator

speed. The term total harmonic distortion is defined and further discussed in Section 5.2.

Figure 2.11: Measured generator open-circuit line voltage at 1000 rpm, showing (top)
VAB, and (bottom) VBC . The zero position for each waveform is shown by the arrow on
the left; the vertical and horizontal scales are 50V and 1ms per division, respectively.
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2.2.4 Short-Circuit Test

The short-circuit (SC) test is performed to calculate the stator inductance. The stator

terminals are shorted together and the current is measured whilst the machine is operated

up to 1000 rpm (see Figure 2.9(c)). The phase current and generator torque is plotted in

Figure 2.12, as a function of generator speed. The current is shown to rapidly increase at

low generator speeds, and approach a limit of about 9.26A; this corresponds to the ma-

chine’s characteristic current (see Equation (2.2)). In contrast, the measured SC machine

torque is shown to rapidly increase at low speeds, reaching its peak of approximately

9.1Nm at 92 rpm. The torque then decreases with increasing machine speed.
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Figure 2.12: Short-circuit characteristic, showing predicted and measured (a) phase cur-
rent, and (b) generator torque vs. generator speed. The measured and predicted data are
represented by points and solid lines, respectively.

Note that the fundamental difference between the characteristic and short-circuit cur-

rent is the inclusion of stator resistance in the calculation of the latter. The ratio of the

SC to characteristic current is 0.997:1, at 1000 rpm.

The machine phase reactance, Xph, and inductance, Lph, are calculated from the mea-

sured SC current, the calculated induced phase voltage, Eph, and the measured stator

(phase) resistance, Rph. These parameters are given by Equations (2.7) and (2.8), respec-

tively, where ωe is the electrical frequency and is equal to 2πf .

Xph =

√(
Eph

Iph

)2

−R 2
ph (2.7)
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Lph =
Xph

ωe

(2.8)

The calculated phase inductance is shown in Figure 2.13 as a function of phase current

and generator speed. Figure 2.13(a) shows that the phase inductance decreases at low

currents and approaches a value of 2.87mH at high currents, whilst Figure 2.13(b) shows

a relatively constant phase inductance over the range of 200–1000 rpm. Given that this is

a surface PM machine the inductance is expected to be relatively constant. In addition,

the bulk of experimental work presented in this thesis concentrates on a generator speed

range of 200–1000 rpm, thus a constant inductance corresponding to the value at high

currents was used in the model. This was also used to calculate the simulated curves of

short-circuit current and input torque shown in Figure 2.12, and is shown as the dashed

line in Figure 2.13.
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Figure 2.13: Measured phase inductance vs. (a) phase current, and (b) generator speed
characteristic, from the short-circuit test. The dashed line represents the constant induc-
tance used in the modelling.

Note that it is likely that errors in the measurements and models used cause the large

inductance variation at low currents. Although this work focusses on the 200–1000 rpm

speed range, it is recommended that a phase inductance test is performed at stand still,

in the future, to further verify the relatively constant phase inductance.
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Stator Temperature

The high currents under SC or loaded operation produce high copper losses in the stator,

which are dissipated as heat throughout the copper windings, causing the stator tem-

perature to increase. In addition to possibly damaging or demagnetising the permanent

magnets, high temperatures can damage the copper insulation causing short circuits in

the stator windings. Safe operation of the test machine at high currents is tested by

measuring the stator temperature during the SC test, using thermocouple that is directly

connected to a stator winding. The measured temperature rise of the stator is shown

in Figure 2.14 for a generator speed of 1000 rpm, along with a fitted curve, whose time

constant is 10 minutes.
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Figure 2.14: Stator temperature increase, ∆, vs. time under short-circuit conditions for a
generator speed of 1000 rpm. The points represents experimentally measured data, whilst
the solid line and equation corresponds to a fitted curve.

The maximum temperature rise is shown to be about 25°C, which implies that the

machine is able to withstand high currents without compromising the stator insulation or

permanent magnet integrity. It also indicates that the stator resistance will increase by

about 10.7%, as summarised by Equation (2.9), where Rcold, Rhot, ∆T and αcu, represent

the initial (cold) resistance, the hot resistance, the difference between hot and cold stator

temperatures, and the temperature coefficient of copper, respectively. Note that αcu is

equal to 4.27 * 10−3/°C at 0°C [91].

Rhot = Rcold (1 + αcu ∆T ) (2.9)
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2.2.5 Machine Losses

The torque measurements from the open and short-circuit tests allow the machine losses

to be calculated. The input power from the OC test gives the machine iron, friction

and windage (IFW) losses. The OC input torque curve of Figure 2.10(b) is linearly

proportional to the generator speed, and hence the expected IFW (power) losses will be

proportional to the square of the machine speed (recall Equation (2.5)). The calculated

OC IFW loss is shown in Figure 2.15, as the dashed line.

The figure also shows the total, copper and IFW losses, under SC conditions. The

total loss is equal to the machine input power which is calculated from the measured input

torque (see Equation (2.5)). The total loss is shown to increase rapidly at low generator

speeds and continues to increase monotonically at high speeds, due to the shape of the

SC torque characteristic. The copper loss is calculated knowing the stator resistance and

the measured current. This loss is expected to increase sharply at low generator speeds,

due to the sharp current increase (see Figure 2.12(a)). The copper loss is also expected

to approach a fixed value at high generator speeds, as the SC current approaches the

characteristic current. Note that the stator resistance is assumed constant, although in
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Figure 2.15: Calculated generator open and short-circuit losses vs. generator speed. The
losses shown include: open-circuit (OC) iron, friction and windage (IFW), the short-circuit
(SC) IFW, copper, Cu, and total (Cu+IFW) losses.
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practise it will increase due to the stator temperature rise and perhaps skin effect at

higher frequencies (see Section 2.4.1).

The SC IFW loss is calculated as the difference between the total loss and the copper

loss (total - Cu). This loss is also plotted in Figure 2.15, and is shown to increase sharply

at low generator speeds, up to about 150rpm. The SC IFW loss then continues to slowly

increase linearly with speed. This is unlike the OC IFW power loss curve which increases

with the square of generator speed. Hence, the SC IFW loss will be greater than the

corresponding OC loss, at low generator speeds, whilst it will be less than the OC IFW

loss at high generator speeds. This is seen in the figure, which shows that the SC and OC

IFW losses are equal at about 600 rpm.

2.2.6 Machine Properties

A summary of the test PM machine properties is shown in Table 2.1. These include the

physical properties, the calculated parameters and a summary of the extreme (maximum)

measured conditions.

Table 2.1: Physical, measured and calculated PM generator properties.

Parameter Value

Physical

Stator Connection Delta
Phases 3
Magnetic Poles 48
Stator Teeth 36
Slots per phase per pole 0.25

Measured
(maxima)

Test Speed 1000 rpm
SC Phase Current 9.24 A
Ratio of ISC : Ich 0.997 : 1
Torque 9.08 Nm
∆ Stator Temperature 23°C

Measured
Parameters

Back-EMF Constant, kph 0.0668 V/rpm
Phase Inductance, Lph 2.87 mH
Phase Resistance, Rph 0.519 Ω

Note: the ratio of short-circuit to characteristic current is shown for a generator speed of 1000 rpm.
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2.3 Machine Modelling

The test PM generator is simulated over a wide range of speeds and AC and DC load

conditions prior to experimental testing to gain an understanding of its power generation

capabilities. Two models are used to predict the machine’s generating performance, these

are the analytical and PSIMr based models. The accuracy of the models are examined

in Section 2.4, which compares the models to the experimentally measured data.

2.3.1 Analytical Model

The test machine is modelled as a synchronous generator with a load resistance, RL. The

single-phase machine model is shown in Figure 2.16. The machine phase parameters, kph,

Xph and Rph, are obtained from Table 2.1.

1

Eph

Xph Iph

VphRL

Rph

Figure 2.16: PM generator phase model.

The resulting phase current, Iph, and voltage, Vph, is calculated using Equations (2.10)

and (2.11), respectively. These are converted to line quantities which are used to plot

the machine I-V locus. Note that for the delta connected machine the phase and line

voltages are equal in magnitude (|VL|= |Vph|), whilst the line current, IL, is given by

Equation (2.12). The machine power, P , is calculated from Equation (2.13), where cos(φ)

represents the power factor. Note that unity power factor is assumed here, as the load

is assumed purely resistive. In practise, however, a small amount of inductance exists,

which slightly reduces the power factor.

Iph =
Eph

| (Rph + RL) + j Xph|
(2.10)

Vph = Iph RL (2.11)

IL =
√

3 Iph (2.12)
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P =
√

3 VL IL cos(φ) (2.13)

Normalised AC Voltage Loci

The normalised output I-V and P-V loci are shown in Figure 2.17, for generator speeds of

200–1000 rpm. At each speed the voltage, current and power is normalised to the open-

circuit voltage, the characteristic current and the maximum power possible at that speed

(with zero stator resistance), respectively. The solid lines represent the predicted machine

performance, based on the measured parameters including stator resistance, whilst the

dashed line represents the predicted ideal case, i.e. zero stator resistance. It is shown

that despite the stator resistance, the machine current and hence power approaches the

ideal case as the generator speed increases. This occurs as the stator reactance increases

with frequency (machine speed), and becomes the dominating impedance, i.e. the ratio

of stator resistance to reactance approaches zero. The resulting current approaches its

characteristic value (1pu), as previously shown in Figure 2.7. Note that the following

assumptions are made regarding the phase model and the subsequent normalised voltage

loci:

� the induced voltages are sinusoidal,

� the stator resistance is fixed, and equal to its DC measured value, and

� the load is purely resistive for all cases.

DC Quantities

The above equations allow the AC I-V and P-V loci to be plotted. However, the equiv-

alent DC voltage loci are also required, as the proposed power converters will use an

uncontrolled full-wave three-phase rectifier. These DC loci can be obtained by converting

the AC line voltages and currents to equivalent DC quantities. The equivalent DC bus

voltage, VDC , corresponding to an AC line voltage, VL, is expressed in Equation (2.14),

which assumes the peak phase voltage is equal to 2/π VDC [56]. The equivalent DC bus

current, IDC , corresponding to an AC line current, IL, is shown in Equation (2.15). The

equation is deduced from the three-phase power and DC voltage equations, and assumes

a loss-less rectifier (i.e. the AC and DC powers are equal).
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Figure 2.17: Normalised PM machine line voltage AC loci, showing (a) current, and (b)
power loci, for generator speeds of 200–1000 rpm. The solid lines represent the various
machine speed loci, whilst the dashed line corresponds to the ideal I-V locus (zero stator
resistance).
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VDC =
π√
6

VL = 1.283 VL (2.14)

IDC =
3
√

2

π
IL = 1.35 IL (2.15)

The resulting DC voltage loci differ from the AC voltage loci, due to the above equa-

tions linking the AC and DC quantities. Despite this, the normalised AC and DC voltage

loci are identical. Note that the conversion of AC to DC quantities makes the following

assumptions, and as such may not be accurate.

� the ratio of DC to AC quantities remain fixed for all conditions, and

� the rectifier voltage drop and resulting power loss is ignored.

2.3.2 PSIMr Model

A computer based model is used to provide insight in to the rectifier modelling and

to verify the analytical AC predictions. PSIMr is used as it is designed to simulate

power electronics and motor control circuits. Compared to other simulations tools such

as SPICE, PSIMr simulates faster and avoids convergence problems, as the nodes are

analysed using the trapezoidal rule integration algorithm [92]. Figure 2.18 shows the delta

connected PM generator with both the three-phase AC and DC (rectifier) resistive loads.

The rectifier diodes were modelled with a voltage drop of 1V. The resulting calculated

normalised DC I-V and P-V loci are shown in Figure 2.19.

(a) AC resistive load (b) DC resistive load

Figure 2.18: PSIMr delta-connected PM machine model showing (a) AC, and (b) DC
resistive loads. Note that the three-phase load is star connected.
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Figure 2.19: Normalised PM machine DC output voltage loci, showing (a) current, and
(b) power loci, for generator speeds of 200–1000 rpm. The dashed line represents the ideal
analytical (zero stator resistance) model, whilst the solid lines correspond to the various
machine speed loci.
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The normalised DC loci are shown for generator speeds of 200–1000 rpm, as solid

lines, whilst the dashed line corresponds to the ideal analytical case. At each speed the

DC output voltage is normalised to the equivalent DC voltage obtained (using Equa-

tion (2.14)) with the open-circuit AC voltage. The DC output current is normalised

(using Equation (2.15)) with the characteristic current, whilst the power is normalised to

the maximum AC power possible at that speed with zero stator resistance.

The current and resulting power are again shown to increase with generator speed, as

the ratio of stator resistance to reactance decreases. Despite this, the loci do not appear

to approach the ideal analytical curves as much as the AC case, which indicates that the

analytical DC model has limited accuracy. This is most likely due to the incorrect assump-

tions made regarding the rectifier voltage drop, power losses, and AC to DC conversion

ratios. The latter is briefly investigated in Section 2.4.2.

In contrast, the AC voltage loci with a three-phase resistive load predicted by PSIMr

are identical to those predicted using the analytical phase model (see Figure 2.17).

2.3.3 Power Maximisation

The maximum normalised power is shown in Figure 2.20, as a function of generator speed.

This data is obtained from the AC and DC normalised P-V loci. The figure compares the

AC power predicted by both models, to the DC power predicted by PSIMr. Note that

the power is normalised relative to that obtained from an ideal (zero stator resistance)

PM generator with a three-phase resistive load. This is represented by the dashed line in
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Figure 2.20: Model comparison showing the peak normalised DC output power vs. gen-
erator speed prediction, based on the analytical and PSIMr models. The dashed line
represents the peak power obtained using the ideal analytical model.
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the figure. Although both models predict the same AC loci, PSIMr consistently predicts

about 0.1pu less power than the analytical model for the DC loci. This verifies that power

is lost in the rectifier. This conduction loss is caused by the diode voltage drop, and is

proportional to the rectifier output current.

2.3.4 Model Comparison

The normalised AC and DC voltage loci predicted by PSIMr, for a generator speed of

600rpm, are compared in Figure 2.21. The ideal analytical case, corresponding to zero

stator resistance and a loss-less rectifier (for the DC case), is also shown for reference.

The effect of stator resistance is clearly seen, as is the reduced current and hence power

for the DC case. This is not caused by stator resistance, and is likely to be caused by

the assumptions used to predict the DC quantities (i.e. fixed AC to DC voltage and

current ratios and the use of a loss-less rectifier), which have only limited validity. Both

the analytical and PSIMr predictions should be compared with experimentally measured

data, to validate their respective models.
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Figure 2.21: Comparison of ideal analytical and PSIMr models, showing (a) I-V, and (b)
P-V loci, for both AC and DC cases for a generator speed of 600rpm. The ideal analytical
predictions assume zero stator resistance and loss-less rectifier (for the DC case), and are
represented by the dashed line.
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2.4 Resistive Load Testing

The PM generator is loaded using a variable resistance, to verify the analytical and PSIMr

models. It is first loaded by a three-phase (AC) variable resistive load, and secondly by a

rectifier (DC) variable resistive load. The DC loading is achieved using an uncontrolled

full-bridge three-phase rectifier, and along with the AC loading is shown in Figure 2.22.

Note that the AC resistive load was connected in both the star and delta configurations

to achieve a wider range of load resistances, as the delta connection effectively reduces

the resistance to one third that of the equivalent star case.

or

(a) AC resistive load

Rectifier
(b) DC resistive load

Figure 2.22: PM machine load arrangements, showing the (a) three-phase AC, and (b)
DC resistive load arrangements. Note that the AC resistive load is shown for both star
and delta connections, and that the dashed box represents the uncontrolled rectifier, as
used for the DC resistive load case.

2.4.1 3ph Resistive Loading

The test machine is rotated at speeds of 200, 400, 600, 800 and 1000 rpm, whilst the load

resistance is varied from very low to high resistances, i.e. 0.075 to 350Ω, respectively. The

DC machine speed is kept constant via the field rheostat, as the varying load changes the

PM generator output power and hence torque. The resulting measured current vs. voltage

(I-V) and power vs. voltage (P-V) loci are shown in Figure 2.23 for the generator speeds

mentioned above. The figure includes both the analytical and PSIMr model simulations,

and the measured experimental data. Note that the currents and voltages are expressed

as line quantities, whilst the power shown corresponds to total (three-phase) power.
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Figure 2.23: PM machine line voltage AC loci, showing (a) current, and (b) power loci,
for generator speeds of 200–1000 rpm. The points represent measured data, whilst the
lines represent the analytical model and (matching) PSIMr simulations.
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Increasing Stator Resistance

The generator I-V locus indicates that the simulations and experimentally measured data

closely match, however, small discrepancies exist. These and are more clearly seen on

the P-V locus, and are shown to increase with generator speed (frequency). This may be

associated with an increase in stator resistance caused by the increase of stator temper-

ature, and the skin and proximity effects. The rise in stator temperature accounts for a

maximum stator resistance increase of 10% (see Section 2.2.4).

The skin effect causes current to flow on the outside of the conductors, which effectively

reduces the conducting cross-sectional area (skin depth) and hence increases the resistance.

The skin depth, δ, is defined as the depth below the surface of the conductor at which the

current density decays to 1/e (about 0.368) of the current density at the surface [67, 93];

it is inversely proportional to square-root of the electrical frequency, f , the permeability,

µ, and conductivity, σ, of the conductor, as summarised by Equation (2.16).

δ =
1√

π f µ σ
(2.16)

The proximity effect is related to the current distribution in the conductor to changing

due to magnetic fields, and can be reduced by positioning the coil away from the slot

opening [94]. The use of Litz wire, thin insulated strands bundled together, reduces both

the skin and proximity effects. Despite this, Litz wire may not be a desirable solution

due to its high cost, relatively poor thermal conductivity and low packing factor [94].

Generator Efficiency

The generator efficiency, η, is calculated as output power divided by input power, as

summarised and simplified in Equation (2.17). The mechanical input power is obtained

using the torque transducer and generator speed, whilst the electrical output power is

measured using a power analyser. Note that the three-phase resistive loads contain only a

negligible amount of inductance. This is verified by the power analyser which repeatedly

measured a load power factor of 0.999 lag.

η =
Pout

Pin

=

√
3 VL IL cos(φ)

T ω
(2.17)

76



2.4. RESISTIVE LOAD TESTING

The measured generator efficiency is plotted as a function of total (3-phase) output

power, in Figure 2.24, for generator speeds of 200–1,000rpm. The peak generator efficiency

increases from about 83%, at 200rpm, to approximately 87% at 1,000rpm. The P-V locus

(Figure 2.23) shows that the same output powers can be obtained, for a fixed generator

speed, with two values of load resistance. The same output power can be obtained with

a low resistance producing a high current and low voltage, as with a high resistance

producing a high voltage and low current. This implies that for each speed, the generator

will have two efficiency vs. power curves which meet at the peak power. This is shown in

the figure below, and is more clearly seen for the high speed cases. The lower efficiency

curve corresponds to operation with higher currents and hence copper losses, which is

associated with operation in the constant current region of the generator I-V locus.
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Figure 2.24: Measured generator efficiency vs. output power, for speeds of 200–1,000rpm.

2.4.2 DC Resistive Loading

The test generator is again loaded by a variable resistance, however, an uncontrolled

rectifier is used to obtain a DC output voltage, current, and power. The resulting DC

I-V and P-V loci are shown in Figure 2.25, which includes the analytical and PSIMr

model based simulations, and the measured experimental data. There is a close match

between the measured results and the PSIMr simulations, giving confidence in the model.
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Figure 2.25: PM machine DC output voltage loci, showing (a) current, and (b) power
loci, for generator speeds of 200–1000 rpm. The points represent measured data, whilst
the dashed and solid lines represent the ideal analytical model and PSIMr simulations,
respectively.
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In particular, the PSIMr model accurately predicts the non-linearity in the rectified I-

V locus near the open-circuit point. This non-liberality is likely to be associated with

discontinuous input currents under this condition.

Power Maximisation

The normalised generator I-V and P-V loci of Figure 2.7 indicate that the maximum gen-

erator output power ideally occurs for an output current and voltage of 0.71pu (1/
√

2).

The roughly constant short-circuit current and the open-circuit voltage, which is propor-

tional to speed, implies that the peak output power will increase linearly with generator

speed. The peak DC output power can also be assumed to be linearly proportional to the

generator speed, as the rectifier has a fixed voltage drop and hence power loss. This can

be seen from the P-V locus above, but is more clearly seen in Figure 2.26, which shows

the both the analytical and PSIMr DC predictions, as well as the peak measured power.

Note that the peak measured power is slightly less than that predicted by PSIMr. This

may be due to the limited range of resistances, which do not necessarily correspond to

the peak DC output power. This is evident for the 600rpm P-V locus.
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Figure 2.26: Maximum DC output power vs. generator speed. The points represent the
experimentally measured data, whilst the solid and dashed lines correspond to the PSIMr

and analytical model based simulations, respectively.
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Modelling Discrepancies

The discrepancies between the analytical and PSIMr DC output predictions are clearly

seen in Figures 2.25 and 2.26. This, along with the close match between the experimentally

measured data and the PSIMr simulations indicate the simplifying assumptions, used

with the analytical model, have only limited validity. This is briefly investigated here

using a power analyser to compare the rectifier AC input and DC output current and

voltage magnitudes. The rectifier output (DC) current is found to closely match that

predicted by the analytical model seen in Equation (2.15), however, the DC voltage does

not match the analytical prediction seen in Equation (2.14). This is likely due to the

assumption that the generator currents and voltages are sinusoidal using the rectifier. In

addition, it was shown in [63] that diode commutation, which can take up to 1ms at rated

current, accounts for a lower mean voltage (on the DC link) than that expected.

The measured ratio of DC to RMS AC line voltage is shown in Figure 2.27, for gener-

ator speeds of 200–1,000rpm. The solid line in the figure represents the fixed AC to DC

voltage ratio of the analytical model, whilst the dashed line corresponds to the calculated

DC to RMS line voltage ratio. The calculated ratio assumes a sinusoidal voltage source
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Figure 2.27: Measured DC to RMS line voltage ratio, for generator speeds of 200–
1,000rpm. The solid line represents the fixed ratio, as used by the analytical model,
whilst the dashed line represents the calculated ratio.
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input, a fixed rectifier voltage drop (1V /diode) and a purely resistive load. This calcu-

lated ratio is shown to increase rapidly at small line voltages values, and becomes steady

at high voltages, where it approaches 1.347. This occurs as the rectifier voltage drops are

significant at low voltages, whilst these are negligible at high line voltages.

Although the measured ratio is shown to increase with line voltage in a similar manner

to that of the calculated ratio, it approaches a value of about 1.2, which is somewhat

less than the calculated limit of 1.347. In addition, the measured ratio is shown to

rapidly increase once the line voltage exceeds about 0.91pu of its open-circuit voltage (see

Figure 2.25(a)). The ratio then reaches a peak of 1.38 at open-circuit voltage, for each

generator speed. This phenomenon is likely to be caused by the non-sinusoidal machine

currents near the open-circuit point. Further investigation is required, however, it is

beyond the scope of this work.

Generator + Rectifier Efficiency

The generator and rectifier efficiency is measured using the power analyser, and is shown

in Figure 2.28, as a function of generator speed and DC output power. The combined

efficiency appears similar to the generator (AC) efficiency (see Figure 2.24). However,
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Figure 2.28: Measured generator and rectifier efficiency vs. DC output power, for gener-
ator speeds of 200–1,000rpm.
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the efficiency is reduced at low powers (and hence generator speeds), due to the fixed

maximum rectifier loss, which is more significant at low rectifier output powers. The

rectifier loss is proportional to the fixed diode voltage drops and rectifier output current.

Note that the rectifier efficiency is combined with the generator efficiency here as

both the DC-DC and the DC-AC power converters proposed in this study contain an

uncontrolled full-bridge three-phase rectifier. The combined peak efficiency increases from

72%, at 200rpm, to 84% at 1,000rpm; compared to the previously measured peak generator

efficiencies of 83 to 87%, over the same speed range (see Figure 2.24).
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2.5 Chapter Summary

The use of a fractional-slot concentrated winding gives PM machines a high-inductance

characteristic, which allows the machine to operate at currents close to the short-circuit

current for prolonged periods of time. This was experimentally verified, which found that

the temperature of the tested PM generator stator winding increased by about 25°C, after

operating under three-phase short-circuit conditions at high speed for 40 minutes. This

temperature rise corresponds to a stator resistance increase of 10.7%.

The high-inductance PM generator current vs. voltage (I-V) loci and hence power

vs. voltage (P-V) loci are simulated based on simplified analytical modelling using the

single-phase synchronous generator equivalent circuit. A second model based on a nu-

merical circuit simulation software package, PSIMr, is also used. Both models predict

similar generator AC output current and power vs. voltage loci, which closely match the

experimentally measured data, especially at low generator speeds. Despite this, discrep-

ancies exist, which increase with generator speed. These may be are caused by increasing

stator temperature (and hence resistance), and by skin and proximity effects.

In contrast, when predicting the uncontrolled rectifier DC output characteristic, the

analytical model, which is based on a converting AC to DC quantities by using a fixed

ratio and assuming a loss-less rectifier, does not match the PSIMr based simulations.

The PSIMr predictions match the experimentally measured data. This indicates the

simplifying assumptions used in the DC analytical model have only limited accuracy. It

is interesting to note that comparisons of the measured rectifier AC input and DC output

quantities show that the AC to DC current ratio is fixed, whilst the AC to DC voltage

ratio varies with the AC voltage.

The P-V loci indicate that output powers below that of the peak, can be obtained

using two different voltage / current combinations. Therefore, two efficiency vs. power

curves exist for each speed, which meet at the peak power. Regrettably, the least efficient

curve corresponds to the constant-current region of the I-V locus, which is the proposed

operating region, as the higher currents cause higher copper losses.
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Chapter 3

Switched-Mode Rectifier Operation

This chapter discusses the equivalent circuit, modelling and operating regions of the

switched-mode rectifier (SMR). The SMR is experimentally tested with the high-

inductance PM generator from Chapter 2, using a dynamometer and small wind tun-

nel. The SMR duty-cycle is varied in an open-loop manner using the dynamometer and

wind tunnel, which allows the generator and wind speeds to be controlled, respectively.

The SMR is shown to effectively control the PM generator such that maximum power is

obtained at low wind speeds, and that the turbine speed is limited under high wind speed

conditions.

3.1 Introduction

The switched-mode rectifier is a simple single-switch power converter that converts the

variable frequency and magnitude generator output voltage to a fixed DC voltage. It

consists of a three-phase uncontrolled full-wave rectifier, a high-speed switch that shorts

the rectifier output at a duty-cycle, d, a reverse-blocking diode and a storage capacitor, as

summarised in Figure 3.1. The SMR is similar in appearance and performance to a boost

converter with an uncontrolled rectifier, however, it requires fewer passive components, as

it uses the phase inductance of the high-inductance PM generator, rather than an external

inductance (recall Figure 1.9).

The SMR can deliver a controlled output current to a voltage-source load, and is hence

suitable for use as a battery charger. The fixed output voltage, VSMR, (often referred to

as the DC link voltage) together with the parallel SMR switch, and the machine phase

inductance allows the boosting action to occur. This effectively allows the rectifier output

voltage (and hence generator output voltage) to be reduced below the DC link voltage.
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Switched-Mode Rectifier

d

V
R

V
SMR

I
R

I
SMR

V
L

I
L

Figure 3.1: SMR equivalent circuit showing three-phase uncontrolled rectifier, switch,
blocking diode and storage capacitor. The rectifier input and output, and SMR output
currents and voltages are shown using subscripts L, R, and SMR, respectively. The SMR
switch duty-cycle, d, is also shown.

The rectifier voltage, VR, is linearly proportional to the duty-cycle, and the constant

DC link voltage, as summarised in Equation (3.1). Similarly, the SMR output current,

ISMR, is proportional to the rectifier output current, IR, and the duty-cycle, as shown in

Equation (3.2). This is derived assuming the SMR is loss-less, i.e. VSMR.ISMR = VR.IR.

These ideal rectifier and SMR output voltage and current relationships are summarised

in Figure 3.2. Note that the rectifier current and DC link voltage are both assumed to be

constant and equal to 1pu, and that the rectifier current and voltages are proportional to

the generator line currents and voltages, as discussed in Chapter 2.

VR = (1− d) VSMR (3.1)

ISMR = (1− d) IR (3.2)

3.1.1 Switched-Mode Rectifier Model

A switched-mode rectifier can be modelled as an uncontrolled rectifier with a voltage-

source load, as the output voltage of the SMR is essentially constant. This model can be

approximated by an uncontrolled rectifier with a resistive load, and thus further modelled

as a three-phase resistive load. This approach is based on the assumptions that the rectifier

forces the generator output current and voltage to be in-phase and that the current

remains sinusoidal despite the non-sinusoidal voltages [56]. Using these assumptions,
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Figure 3.2: Ideal SMR and rectifier output (a) voltages, and (b) currents vs. duty-cycle.
The SMR output voltage, VSMR, is fixed due to the voltage-source load, whilst the rectifier
output current, IR, is assumed constant.

the DC output voltage / current characteristic of the SMR can be modelled using the DC

analytical model described in Section 2.3.1. Note that the DC load resistance is effectively

varied by adjusting the duty-cycle.

Despite this, the DC analytical model was previously shown in Chapter 2 to signif-

icantly differ from the PSIMr simulations. In addition, the PSIMr predictions were

shown to closely match the experimentally measured DC resistive load test data, giving

confidence in this model. Therefore the remainder of simulations presented in this thesis

are predicted using PSIMr. The PSIMr model of the SMR is shown in Figure 3.3, which

includes the delta-connected PM (test) generator, and a voltage-source load. Note that

the voltage source load fixes the voltage drop across the load resistance, and consists of a

fixed load resistance, voltage source and reverse-blocking diode.

Figure 3.3: PSIMr model of the delta-connected PM generator and switched-mode rec-
tifier connected to a voltage-source load. An IGBT is used as the SMR switch.
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3.1.2 SMR Operation

The SMR operates in a similar manner to a PM generator and rectifier operating in to

a voltage-source load, where the load voltage can be changed by varying the duty-cycle.

Note that the high-frequency switching of the SMR, together with the machine inductance,

causes the PM machine to see only the time averaged effect of the PWM switching. Hence,

the SMR operation is described and compared to that of a PM machine generating into

a DC voltage-source load (e.g. battery), using an uncontrolled three-phase rectifier. This

is commonly referred to as uncontrolled generation (UCG) [56].

Uncontrolled Generation

Consider a PM machine that is connected to a rectifier and operates into a voltage-source

load. As the speed increases from standstill, the DC output current remains at zero

until the speed at which the induced back-EMF is equal to the DC link voltage. Beyond

this speed the generator output current increases rapidly and asymptotes towards its

characteristic current (Equation (2.2)) at high speeds. This occurs as the output voltage

remains fixed, whilst both the induced voltage and stator inductance increase with speed,

i.e. the machine approaches the short-circuit operating condition.

An example of a PM generator operating under the UCG condition is shown in Fig-

ure 3.4, which shows the rectifier output voltage, current and power vs. generator speed,

for DC link voltages of 0.5, 1, 1.5 and 2pu. Consider the 0.5pu DC link voltage case.

It is seen that the induced and DC link voltages are equal at a speed of 0.5pu, after

which current begins to flow. This highlights that the machine is able to deliver reduced

power at lower speeds and hence induced voltages, providing the DC link voltage is re-

duced. Similarly, more output power is obtained if the DC link voltage is increased at

high generator speeds.

The figure also highlights that the maximum output power increases linearly with

speed. This occurs as the induced back-EMF voltage and stator reactance are proportional

to machine speed. In addition, the DC link voltage must also be increased with speed to

maximise the rectifier output power. This is equivalent to matching the effective three-

phase load resistance to the magnitude of the stator reactance. This concept is referred

to as load matching, and allows maximum power to transfer from the source to the load.

Maximum power corresponds to a current of 0.71pu, which occurs at a speed of 1.41V pu.
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Figure 3.4: Ideal (a) voltage, (b) current, and (c) power, of a generator operating in to a
rectifier and a voltage-source load with DC link voltages of 0.5, 1, 1.5 and 2pu. The solid
line in (c) represents the maximum power, which increases linearly with speed.

SMR Operating Regions

The above figure shows that output power can be obtained even at low generator speeds,

by using a low DC link voltage. This, however, limits the power at high generator speeds.

The SMR overcomes this by adjusting the rectifier voltage (via the duty-cycle) as a func-

tion of generator speed, which effectively allows the SMR to load-match the PM generator

and load. This allows the generator to transfer maximum power to the voltage-source load

(battery), whilst operating into a fixed output voltage. This is referred to as the Boost

Rectifier operating mode, and occurs for generator speeds below 1.41pu, where a higher

output power is obtained, compared to that using an uncontrolled rectifier.
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In contrast, the induced back-EMF voltage significantly exceeds the DC link voltage

at high speeds, and the PM generator can be considered as a constant current source

under these conditions. The SMR output current and hence power can be reduced below

that of an uncontrolled rectifier, by adjusting the duty-cycle. This is hence referred to

as the Current Chopper mode. Both operating modes and the regions they occupy are

summarised in Figure 3.5. In addition, the dashed line represents the power obtained

using an uncontrolled rectifier operating into a voltage-source load of 1pu; it is shown for

reference. Note that the SMR output power can be controlled such that any amount of

power within the shaded regions is transferred from the generator to the load.
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Figure 3.5: SMR operating areas, including the boost rectifier and current chopper regions.
The dashed line represents the power obtained using an uncontrolled rectifier, and is shown
for reference. The SMR output power can be controlled to any value within the shaded
regions, by adjusting the duty-cycle.

3.1.3 SMR Properties

The SMR used was designed and constructed for another application, and as such was de-

signed with additional features such as over-voltage protection and dummy-load switching

capabilities, which are beyond the scope of this work. The SMR components of interest

include the IGBT, reverse-blocking diode, and the filter capacitors (2× 470µF). A sum-

mary of the components a photograph showing these and other aspects of the SMR, are

shown in Table 3.1 and Figure 3.6, respectively.
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Table 3.1: SMR component properties.

XXXXXXXXXXXXProperty
Component

Rectifier IGBT Diode Capacitor

Manufacturer SEMIKRON IR IR BHC Components
Part Number SKD230/16 IRG4PC40F 40EPF10 ALS31A471DE400
Rating 230A, 1600V 27A, 600V 40A, 1000V 400V (470µF)
Voltage Drop 1V per diode 1.50V 1.25V -
Maximum ESR - - - 0.267Ω

Note: IR and ESR denote International Rectifier, and equivalent series resistance, respectively.

1

Capacitors

IGBT

Reverse
Blocking

Diode

PWM
Control
Signal

(a) Components

1

Control and Over-Voltage
Protection Circuitry

Capacitors

(b) Control circuitry

Figure 3.6: Photograph of SMR (a) semiconductor components, and (b) control and
over-voltage protection circuitry.
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3.2 Dynamometer Testing

The SMR is experimentally tested using the same PM generator characterised in Chap-

ter 2, as its input. The generator is directly coupled and driven by a 5kW DC machine

using a dynamometer test rig (see Section 2.2.2). The generator speed is controlled by

adjusting the DC machine armature voltage and field current. The SMR is tested by

varying its duty-cycle over a wide range of fixed generator speeds.

3.2.1 Test Arrangement

The PM generator and SMR test arrangement is shown in Figure 3.7. The SMR is

connected to a voltage-source load that simulates a 42V battery. This DC link voltage

was chosen primarily as this is a multiple of 14V, which is required to charge a standard

12V battery. In addition, this voltage exceeds the rectified open-circuit voltage of the

PM machine for speeds below about 450rpm (see Section 2.4.2). This is useful as it

demonstrates how the SMR will operate in the boost rectifier operating mode under low

wind speed (generator speed) conditions.

+

-42V

Voltage-Source Load

Figure 3.7: SMR dynamometer test arrangement, showing the PM generator, switched-
mode rectifier, and the voltage-source load (VSL). The VSL consists of a DC voltage
source, reverse-blocking diode and a load resistance; its output voltage is set to 42V.

3.2.2 SMR Test Results

The SMR is loaded by the voltage source whilst the PM machine is rotated at various

speeds. The load voltage is fixed during the SMR tests, i.e. the SMR duty-cycle and

machine speed are the only adjustable parameters. The SMR duty-cycle is swept from 0

to 100% for generator speeds of 200, 400, 600, 800 and 1,000rpm.
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3.2. DYNAMOMETER TESTING

The simulated and measured rectifier voltages are shown in Figure 3.8 as a function of

duty-cycle, d, and generator speed. The rectifier voltage is shown to be linearly propor-

tional to (1-d), for speeds of 600rpm and above. This occurs as the rectified open-circuit

voltage is greater than the DC link voltage for speeds above about 500rpm. In contrast,

the rectified generator voltage is linearly proportional to (1-d) only for higher duty-cycles

for the 200 and 400rpm cases. The voltage then sharply asymptotes towards its maximum

value which corresponds to the rectified generator open-circuit back-EMF voltage. The

rectifier can not transfer power to the SMR as its voltage is less than that set by the re-

quired voltage given by Equation (3.1). Even when the SMR duty-cycle is further reduced,

the rectifier voltage remains unchanged for these generator speeds. This is highlighted in

the figure for the 200 and 400rpm cases, which shows that the rectifier voltage must be

less than 16.5 and 33V to transfer power from the generator to the SMR, respectively.
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Figure 3.8: Rectifier output voltage vs. SMR duty-cycle, for generator speeds of 200–
1,000rpm. The solid lines represent PSIMr simulations, whilst the points correspond to
measured data. Note that the simulated and measured data for the 600–1000 rpm cases
are identical and vary linearly with (1-d), whilst the rectifier voltage reaches its maximum
value at duty-cycles of 60 and 20%, for the 200 and 400 rpm cases, respectively.

Note that the DC link voltage seen at the rectifier is offset by the SMR reverse-blocking

diode forward voltage drop (1.25V). In addition, the rectifier voltage is limited at high

duty-cycles by the IGBT voltage drop (1.5V).
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The above figure indicates that output current and hence power will only be obtained

for a duty-cycle greater than 60 and 20%, for speeds of 200 and 400rpm, respectively.

This is verified in Figure 3.9, which shows the rectifier output current vs. duty-cycle

characteristic, for the generator speeds mentioned above. The figure clearly shows that

current ceases to flow for the 200 and 400rpm cases, if the duty-cycle is set below 60

and 20%, respectively. This, together with Figure 3.8 indicates that the SMR operates in

the boost rectifier region for generator speeds less than 500rpm, as the rectified induced

back-EMF voltage is less than DC link voltage for these speeds. Power is transferred

to the SMR as the DC link voltage is effectively reduced by increasing the duty-cycle.

In contrast, the SMR operates in the current chopper region for generator speeds above

500rpm, as the rectified induced back-EMF voltage exceeds that of the DC link.
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Figure 3.9: Rectifier output current vs. SMR duty-cycle, for generator speeds of 200–1000
rpm. The points represent measured data, whilst the solid lines correspond to PSIMr

simulations.

The above figure also shows that the PM generator and rectifier start to operate as

a constant current source at 1,000rpm. This occurs as the induced back-EMF voltage is

significantly larger than the DC link voltage at this speed, and implies that the genera-

tor’s ability to provide a relatively constant current decreases with speed, i.e. due to the

decreasing induced voltage (see Section 2.1.2).
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The SMR output current is shown in Figure 3.10 as a function of duty-cycle for the

various generator speeds tested. It is expected that the current varies linearly with (1-d)

for a constant rectifier current (see Equation (3.2)). This is seen for the 1,000rpm case, as

the induced back-EMF is significantly greater than the SMR output voltage, except at low

duty-cycles. The generator behaves less ideally as the speed and hence back-EMF voltages

decrease, resulting in a substantial drop in the rectifier current at low duty-cycles. Note

that the SMR is able to maximise its output current and hence power (see Figure 3.11)

for generator speeds of 800rpm or less. Note also that the SMR output power and current

plots are identical in shape, as the SMR output voltage is fixed by the voltage-source

load. In addition, the SMR output power curves appear similar to the DC resistive load

test loci of Figure 2.25(b), for DC voltages between 0 and 42V. The difference, however,

is that the x -axis is reversed due to the (1-d) relationship stated in Equation (3.1).
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Figure 3.10: SMR output current vs. duty-cycle, for generator speeds of 200–1000 rpm.
The points and solid lines represent measured data and PSIMr simulations, respectively.

The SMR output power is shown to vary with speed and duty-cycle, which implies

that the rectifier and generator output power must also vary with these parameters.

Therefore, the generator input power and hence generator torque must also vary with

speed and duty-cycle. This is verified in Figure 3.12, which shows the measured machine

torque as a function of duty-cycle and generator speed. The torque plot for the 200rpm
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Figure 3.11: SMR output power vs. duty-cycle, for generator speeds of 200–1000 rpm.
The solid lines and points represent PSIMr simulations and experimentally measured
data, respectively.
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Figure 3.12: Measured torque vs. duty-cycle, for generator speeds of 200–1000 rpm.
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case appears similar to that of the short-circuit test (Figure 2.12(b)), however, the x -axis

is again reversed. The torque curve peak broadens and shifts to the left as the generator

speed increases. This implies that in addition to the SMR output power, the machine

torque can be controlled by adjusting the duty-cycle, for a fixed generator speed.

Power and Torque Maximisation

Figures 3.11 and 3.12 indicate that the SMR duty-cycle corresponding to maximum SMR

output power and generator torque, varies with generator speed. This is more easily seen

in Figure 3.13, which also shows that output power will only be produced for generator

speeds above 56rpm. This is because 56rpm corresponds to the generator speed at which

the induced voltage exceeds the rectifier and SMR reverse-blocking diode forward voltage

drops. In addition, the SMR can only maximise the generator power by varying the duty-

cycle for generator speeds less than 824rpm, as this corresponds to the speed at which the

peak rectified generator back-EMF voltage equals that of the DC link. As such, the SMR

will extract maximum generator power for duty-cycles of 0% for all generator speeds above

824rpm (see Figure 3.5). This implies that the SMR operates in the boost rectifier mode

for generator speeds between 56 and 824rpm, whilst it operates in the current chopper

modes for generator speeds above 824 rpm. Note that this range of speed is dependent

on the DC link voltage, as shown in Figure 3.13(a) for a reduced VDC of 28V.
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Figure 3.13: Duty-cycle corresponding to maximum (a) SMR output power, and (b)
generator input torque, vs. generator speed. The solid lines and points represent PSIMr

simulations and measured data, respectively. The simulations in (a) correspond to DC
link voltages of 42 and 28V.
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The duty-cycle corresponding to maximum generator torque is also linearly propor-

tional to the generator speed. Similarly, Figure 3.13(b) shows that the generator torque

can be maximised (by adjusting the duty-cycle) for generator speeds between 130 and

870rpm, i.e. the generator operates below its peak torque outside of this speed range.

Note that this range of speed also varies with the DC link voltage.

SMR Efficiency

The measured SMR efficiency is shown in Figure 3.14, as a function of SMR output power.

The efficiency is plotted for each generator speed, and its peak is shown to increase with

generator speed from 82.9% at 200rpm to 94.0% at 600rpm. The 200, 400 and 600rpm

cases show two efficiency vs. power plots that meet at the peak power. This was previously

seen in Figure 2.28, which occurs as the same power can be obtained for two different

rectifier voltages (or duty-cycles in this case). Note that only one efficiency vs. power plot

exists for the 800 and 1,000rpm cases as the voltage corresponding to peak DC power

occurs at voltages greater than the DC link. This is seen in Figure 2.25(b), which shows

that maximum power occurs at speeds of 800 and 1,000rpm when the DC voltages are

42.2 and 56.2V, respectively.
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Figure 3.14: Measured SMR efficiency vs. power characteristic, for generator speeds of
200–1000 rpm.
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System Efficiency

The measured torque allows the generator input power to be calculated, which is used

to determine the total system efficiency. The system efficiency, i.e. that of the SMR and

the PM generator, is shown in Figure 3.15. The figure shows that the peak efficiency

increases from 65.9% at 200rpm to 80.9% at 600rpm, whilst it decreases slightly to 79.1%

for the 1,000rpm case. This data indicates that the generator alone has a peak efficiency

of approximately 79.5, 86.1 and 87.0%, for speeds of 200, 600 and 1,000rpm, respectively.

0 100 200 300 400 500 600 700 800
0

10

20

30

40

50

60

70

80

90

100

SMR Output Power (W)

T
ot

al
 E

ffi
ci

en
cy

 (
%

)

200 rpm
400 rpm
600 rpm
800 rpm
1000 rpm

Figure 3.15: Measured total efficiency vs. SMR output power characteristic, for generator
speeds of 200–1000 rpm. Note that the total efficiency includes the PM generator and
SMR.

3.2.3 Summary of Testing

The SMR has demonstrated its ability to maximise the generator output power and control

its input torque, over a wide range of speeds using the dynamometer test arrangement.

This is important as the SMR is required to maximise the turbine power and limit its

speed, at wind speeds below and above rated, respectively. Further testing, using a wind

tunnel, is required to verify the SMR’s ability to sufficiently control a small-scale wind

turbine.
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3.3 Wind Tunnel Testing

The SMR’s ability to control a commercially available wind turbine, purchased from

EcoInnovationr [95], was tested using a small wind tunnel. This allowed the wind speed

to be controlled, whilst the SMR duty-cycle was varied. The generator used for this

turbine is the F&P outer-rotor surface PM machine, which was tested in Chapter 2 and

in Section 3.2. The generator (turbine) speed is again measured using the Hall-effect

sensor, however, the torque transducer was unable to be fitted to the turbine. Therefore,

the torque was calculated from other measured parameters and is used to estimate the

turbine input power and hence blade coefficient of performance characteristics.

3.3.1 Test Arrangement

The wind tunnel test setup, made available by the School of Civil Engineering of the

University of Adelaide, is predominantly used for fluid mechanics studies. The wind

tunnel aperture diameter is 1m, which is less than the turbine blade diameter of 1.8m.

Due to time and resource limitations, the turbine was mounted to a nearby tank, which is

located approximately 4 metres from the wind tunnel, and shielded the lower half of the

turbine. The turbine was fitted with a carbon brush / slip ring arrangement to allow yaw

movement, however, the tail vane was fixed to the tank shortly after initial testing. This

was required as the non-ideal test arrangement caused the turbine to oscillate significantly,

which affected the turbine orientation (yaw) and wind turbine test results. A block

diagram and photograph of the test setup is shown in Figure 3.16.

1

Wind Tunnel

Tank

v

(a) Block diagram (not to scale) (b) Photograph

Figure 3.16: Wind tunnel test arrangement, showing (a) block diagram, and (b) photo-
graph of the EcoInnovationr [95] wind turbine and the available wind tunnel. Note that
the turbine and its tail vane are fastened to the water tank.
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Wind Speed Estimation

Many factors, including nearby obstacles (not shown in Figure 3.16), reflections from the

mounting tank, and the large distance between the wind tunnel and turbine, cause the

wind speed to be non-uniform within the turbine blade-sweep area. An example of this

is shown in Figure 3.17(a) for a wind tunnel (internal) wind speed of 17m/s. The wind

speed is measured at 10 points around the blade circumference, using an anemometer.

The turbine equivalent wind speed, veq, is approximated as the cube-root of the mean of

the cube of the measured wind speeds, vi, as the wind power is proportional to the cube

of the wind speed. This is summarised in Equation (3.3), where n=10. The wind tunnel

was operated at (internal) wind speeds of 14, 15, 16, 17 and 18m/s, which correspond to

equivalent wind speeds of 4.00, 4.37, 4.68, 4.83 and 4.96 m/s, respectively, as shown in

Figure 3.17(b). The results show another limitation of the test arrangement in that only

relatively low equivalent wind speeds (at the turbine) could be achieved. Note that this

range of wind speeds was used in the tests, as 14m/s corresponds to the turbine cut-in

speed, whilst 18m/s is the wind tunnel’s rated wind speed.

veq = 3

√√√√ 1

n

n∑
i=1

v 3
i (3.3)
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Figure 3.17: Equivalent wind speed calculation, showing (a) measured wind speed around
the blade-sweep area for wind tunnel (internal) speed of 17m/s, and (b) the estimated
equivalent wind speed vs. internal wind speed characteristic.
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3.3.2 Turbine Coefficient of Performance

The turbine is operated at the five wind speeds mentioned above, whilst the SMR duty-

cycle is varied from 0 to 100%, at increments of 5%. The PM generator is again connected

to the SMR, which has a DC link voltage of 42V. The turbine speed, SMR output current

and duty-cycle are recorded for each test, as these parameters allow the turbine (generator)

input power to be estimated (based on the results of Section 3.2.2). This allows the

turbine coefficient of performance, cp, to be determined, based on the equivalent wind

speed. The cp is calculated from Equation (3.4), where ρ, r, PSMR and Ploss represent

the air density, blade radius, SMR output power, and estimated SMR/generator power

losses, respectively.

cp =
2 (PSMR + Ploss)

ρ π r2 v 3
eq

(3.4)

The resulting estimated cp curve is shown in Figure 3.18(a), for each veq. The peak cp is

shown to be 24.0%, for an veq of 4.96m/s. The results show a consistent shape but do not

show a good correspondence in the vertical scaling. It was hence assumed that the lowest

wind (4.00 m/s) speed measurement was accurate and the values of higher wind speeds

were adjusted to produce cp curves at these speeds which more closely matched the peak

of the 4.00m/s cp curve. The resulting modified cp curves are shown in Figure 3.18(b),
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Figure 3.18: Estimated coefficient of performance, cp, vs. tip-speed ratio curve, showing
(a) original, and (b) modified data. Note that the legend shows wind tunnel (internal)
wind speeds, and that the solid line represents a fifth-order polynomial approximation.
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along with a fifth-order polynomial approximation (see Equation (3.5)), shown by the

solid line. The value of tip-speed ratio corresponding to the peak cp of the curve, i.e. 5.6,

is consistent with the trend shown in [22] for 1, 2 and 3 bladed turbines. Note that cp

curve is set to zero, for λ < 0.2 and λ > 8, as the cp must be greater than or equal to 0.

cp (λ) = 8.1 ∗ 10−5 ∗ λ5 − 0.0018 ∗ λ4 + 0.011 ∗ λ3 − 0.018 ∗ λ2 + 0.026 ∗ λ− 0.0059 (3.5)

The resulting peak cp is 18.5%, which is significantly less than that expected for turbine

of radius 0.9m, i.e. a cp of about 31%. This value is linearly interpolated from data given

in [1], which states that wind turbines of diameter around 1m generally have a maximum

cp of about 0.3 (30%), whilst a turbine of diameter about 10m has a peak cp of about 0.42

(42%). The difference between the expected and estimated cp values may be accounted for

by the use of low-cost (and possibly poorly designed / inefficient) blades, and experimental

error, particularly in the wind speed estimation. Despite the lower than expected peak

cp value, the polynomial approximated cp curve is used to predict the turbine power and

torque in the following sections. The resulting modified equivalent wind speeds are 4.0,

4.4, 4.8, 5.1 and 5.4m/s, and are shown in Figure 3.19, as a function of wind tunnel wind

speed. The modified wind speeds are compared to the originally calculated data (from

Equation (3.3)) for reference. The modified data is now linearly proportional to the wind

tunnel (internal) wind speed, as would be expected for a linear system.
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Figure 3.19: Estimated equivalent wind speed vs. internal wind tunnel wind speed. The
solid line represents the wind speeds calculated from the cube-root expression, i.e. Equa-
tion (3.3), whilst the points correspond to the modified cp curve of Figure 3.18(b).
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3.3.3 Open-Loop Control Mode

The wind turbine is subjected to the small range of available wind speeds, i.e. 4.0 to

5.4m/s, whilst the generator is loaded by the SMR. The duty-cycle is varied for each

wind speed, whilst the SMR output current and turbine speed is recorded. The estimated

and analytical turbine (generator input) power vs. speed is shown in Figure 3.20. The

estimated turbine power, derived from the measured SMR output power, duty-cycle and

turbine speed. The results shows a good correspondence to the analytical values, which are

based on the analytical turbine equations (Section 1.2.1), the polynomial approximated

cp curve, and the estimated equivalent wind speeds, as discussed above. The dashed line

in the figure represents the PM generator’s open-circuit iron, friction and windage loss

(see Section 2.2.5), which increases roughly linearly with the square of generator speed.

This loss is significant compared to the turbine output power, which is due to the low

values of the available wind speeds, and prevents measurements being taken at light loads

(below the dashed line).
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Figure 3.20: Estimated (from measurements) and analytical (lines) turbine power
vs. measured turbine speed, for the small range of equivalent wind speeds. The dashed
line represents the PM machine open-circuit iron, friction and windage (OC IFW) loss.

The resulting estimated machine input (turbine output) torque is shown in Figure 3.21

as a function of measured turbine speed. The dashed line represents the PM machine iron,
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friction and windage loss, which only increases slowly with generator speed, as previously

seen in Figure 2.10(b). Note that the vertical offset of 0.3Nm represents the torque re-

quired to overcome the machine’s bearing, friction losses and cogging torque.

Note that the close match between the estimated and analytical turbine power and

torque indicate that the modified cp curve and the resulting equivalent wind speeds are

accurate.
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Figure 3.21: Estimated (symbols) and analytical (lines) torque vs. measured turbine
speed, for a small range of wind speeds. The dashed line represents the PM machine’s
open circuit iron, friction and windage loss (OC IFW).

SMR Turbine Control

Although the above figures indicate that turbine power and torque vary with both turbine

and wind speed, it is the manipulation of the SMR duty-cycle that has allowed the turbine

speed and power to vary. The SMR output power is hence examined as a function of

duty-cycle. This is shown in Figure 3.22 for the various estimated wind speeds mentioned

above. The dashed line represents an artificial rated wind speed, which corresponds to

the peak SMR output power at a wind speed of 4.8m/s. Note that this wind speed is

required to demonstrate the SMR’s ability to limit power beyond rated wind speed. The
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figure clearly shows that the SMR can maximise and limit its output power at different

wind speeds, by adjusting the SMR duty-cycle.
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Figure 3.22: Measured SMR output power vs. duty cycle, for the various low wind speeds
available. The dashed line represents an artificial rated wind speed, which corresponds to
the peak SMR output power obtained at an equivalent wind speed of 4.80m/s.

In addition, the turbine speed is shown to be controlled by adjusting the duty-cycle

for various wind speeds. This is seen in Figure 3.23, which shows the turbine speed is

nearly linearly proportional to the duty-cycle, at high duty-cycles. However, this speed

tends to level off as the duty-cycle approaches 0%. This occurs as the DC link voltage

is higher than the rectified generator back-EMF voltage, i.e. current and hence electrical

power will not flow from the turbine to the voltage-source load. This was previously seen

in the dynamometer testing section (see Section 3.2.2) for the 200 and 400rpm cases,

where it was found that the generator must operate at a minimum speed of about 500rpm

to transfer power to the SMR for a duty-cycle of 0%. The maximum turbine speed is

438rpm, which indicates that the SMR output power will be zero for a duty-cycle of 0%

for all test wind speeds. This is verified in Figure 3.22, under which condition, the turbine

will operate at its no-load speed.
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Figure 3.23: Measured turbine speed vs. duty-cycle, for the small range of low equivalent
wind speeds.

3.3.4 Comparison of Control Modes

It has been demonstrated that the turbine power, torque and speed, and SMR output

power can be controlled by adjusting the SMR duty-cycle. The results, however, are

obtained from open-loop testing and do not demonstrate the SMR’s ability to limit SMR

and turbine power beyond rated wind speed. This is due to the available low equivalent

wind speeds wind, and hence, an artificial rated wind speed of 4.80 m/s is selected to

demonstrate the desired control principle. The corresponding rated SMR output power

is 19.4W, which was shown by the dashed line in Figure 3.22.

Two control modes (CM) are examined here. The first (CM1) maximises the SMR

output power for all wind speeds, whilst the second (CM2) limits the SMR output power

to its rated value beyond rated wind speed. The corresponding SMR duty-cycle vs. wind

speed plot is shown in Figure 3.24, for both control modes. The dashed line in the figure

represents rated wind speed. The data is mainly measured, however, some points for CM 2,

are interpolated from Figures 3.20–3.23. Consider CM 1, the duty-cycle corresponding to

maximum SMR power is shown to decrease nearly linearly with wind speed. This is

expected as the turbine speed that corresponds to maximum cp and hence turbine power

increases linearly with wind speed, whilst the rectifier voltage corresponding to maximum
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DC power increases with turbine speed (recall Figure 2.25). Therefore, maximum power

is extracted from the SMR by linearly increasing the rectifier voltage (duty-cycle) with

wind (and hence turbine) speed.
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Figure 3.24: Measured duty-cycle vs. wind speed comparison of both control modes (CM).
CM 1 aims to maximise power for all wind speeds, whilst CM2 limits power beyond rated.

In contrast, the duty-cycle of CM 2 sharply increases beyond rated wind speed. This is

expected as the turbine must reduce its speed to maintain rated power. This is achieved by

increasing the duty-cycle beyond the maximum power point, which increases the generator

torque. This concept was previously shown in Figure 3.23, and is also clearly seen in

Figure 3.25, which shows the turbine and SMR performance characteristics, i.e the turbine

power, SMR output power, turbine torque and speed as a function of wind speed, for both

control modes. The vertical dashed lines represent rated wind speed (4.8m/s), whilst the

horizontal dashed lines of Figures 3.25(a) and 3.25(b) represent rated turbine and SMR

output powers, respectively. Note that the turbine torque and power graphs of Figure 3.25

are calculated, whilst the SMR output power and turbine speed graphs are measured. The

solid and dashed lines simply connect the data.

Control Mode 1 - Power Maximisation

Consider CM1 in Figure 3.25. Recall that the turbine speed corresponding to maximum

power ideally increases linearly with wind speed, whilst the turbine torque and maximum

power increases with the square and cube of wind speed, respectively. This is verified by

the CM1 plots in Figure 3.25, with the exception of the highest wind speed. The graphs

indicate the calculated equivalent wind speed of 5.4m/s is larger than expected, which

is likely caused by the non-ideal test facility and experimental errors. Despite this, the
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SMR output power is shown to continually increase with wind speed. Its shape resembles

that of the turbine power vs. wind speed plot, indicating a relatively constant generator

and SMR power loss.
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(a) Turbine power
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(b) SMR output power
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(c) Turbine torque
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Figure 3.25: Measured turbine and SMR operating characteristics for both control modes
(CM), showing (a) turbine power, (b) SMR output power, (c) turbine torque, and (d)
turbine speed vs. wind speed. CM1 maximises the SMR power for all wind speeds, whilst
CM 2 limits it (to rated power) above rated wind speed (4.80m/s). The vertical dashed
line represents rated wind speed, whilst the horizontal dashed lines represents rated power.
Note that the solid and dashed lines simply connect the data.

Control Mode 2 - Constant Power

Consider the second control mode (CM 2) in Figure 3.25. The turbine speed, torque and

power is identical to that of CM1 for wind speeds below rated, however, these differ for

wind speeds above rated. The turbine torque torque is increased to reduce the speed and
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hence limit the turbine and SMR output powers. The turbine and SMR powers are shown

to be maintained at rated values for wind speeds above 4.80 m/s (rated). Although this

control mode successfully demonstrates both the power maximisation and power limiting

modes, as required, the SMR was controlled in an open-loop fashion. A closed-loop

version of this control algorithm must be implemented, such that the SMR maximises

power, below rated wind speed, and limits power (and turbine speed) above rated wind

speed, autonomously.

SMR and Generator Efficiency

The estimated SMR and generator (total) efficiency is plotted as a function of SMR

output power in Figure 3.26, for the available low equivalent wind speeds. The peak

efficiency increases from about 50% at a wind speed of 4.0m/s to 70% at a wind speed

of 5.4m/s. This occurs as the generator and SMR power losses are most significant

at low powers (wind speeds). These losses appear fixed (deduced from Figures 3.25(a)

and 3.25(b)), and should become less significant as the SMR output power (wind speeds)

increase. Each wind speed has two efficiency vs. SMR power plots, which meet at the

peak SMR power, this occurs as the same DC power can be obtained for two different
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Figure 3.26: Estimated SMR and generator efficiency vs. SMR output power, for equiva-
lent wind speeds of 4.0–5.4m/s.
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rectifier currents / voltages. The higher of the two efficiency plots corresponds to the

higher rectifier voltage (lower current) case, as previously seen with the DC generator

and total (generator + SMR) efficiency vs. power curves, i.e. Figures 2.28 and 3.15,

respectively.
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3.4 Chapter Summary

The use of a SMR allows the rectifier output voltage to be controlled as it is proportional

to the DC link output voltage and duty-cycle. This allows power to be transferred from

the generator to the load at low speeds, which is not possible using an uncontrolled

rectifier. Output power can be generated for a given speed, providing the rectifier voltage

is set below the generator’s rectified back-EMF voltage. This was experimentally verified

using the dynamometer which saw that power was extracted for only a limited range of

duty-cycles at low generator speeds. In contrast, power was obtained at any duty-cycle

at high speed, as the rectified back-EMF voltage exceeds the DC link voltage.

The SMR output current is linearly proportional to the input current and SMR duty-

cycle, allowing simple output current control when using a constant-current input source.

The generator, however, only behaved as a near ideal constant-current source at the

higher tested generator speeds where the back-EMF voltage significantly exceeded the DC

link (SMR output) voltage. The machine’s ability to provide a constant current output

decreased with generator speed and back-EMF voltage. At a given generator speed, the

duty-cycle can be controlled to maximise the SMR output current and hence output

power. The duty-cycle corresponding to the peak output power is linearly proportional

to the generator speed. This relationship also applies to the generator torque, however,

the range of duty-cycles for which this (and the power can be maximised) applies, varies

with the DC link voltage.

For a constant generator speed, the SMR DC output power vs. duty-cycle curve is

shown to be the mirror image of the uncontrolled rectifier DC output P-V locus, as

the rectifier output voltage is proportional to the complement of the duty-cycle (1−d).

Similarly, the torque vs. duty-cycle curve, for the lowest generator speed, appears as the

mirror image of the short-circuit torque characteristic. The speed range for which the

SMR output power can be maximised corresponds to the boost rectifier region, whilst

the SMR operates as a current chopper for higher generator speeds. The range of speeds

corresponding to each mode of operation varies with DC link voltage.

The SMR’s ability to control the test wind turbine was demonstrated using a small

wind tunnel. Despite the severe limitations of the available test facility used, it was

demonstrated that the turbine power, torque and speed could be controlled by adjusting

the duty-cycle. The turbine control requirements, such as power maximisation and speed

reduction etc., were successfully demonstrated using an artificially reduced value of rated

wind speed under open-loop conditions.
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The wind turbine blade characteristics were estimated based on the wind tunnel test-

ing. The cp curves, calculated for each wind speed, did not agree in magnitude, however,

matched in shape. The estimated wind speeds were then adjusted such that each cp curve

agreed in both shape and magnitude. This resulted in a low range of equivalent wind

speeds, ranging from 4.0 to 5.4m/s, and hence a rated wind speed of 4.8m/s was used.

The turbine speed was found to vary in proportional to the duty-cycle, and to be

independent of wind speed at high duty-cycles. In contrast, the turbine speed reached a

limiting value at low duty-cycles, as the resulting rectifier voltage exceeded the generator’s

rectified back-EMF voltage, i.e. power did not flow from the generator to the load. The

generator was hence open-circuited and rotated at a speed governed by the wind speed

and the generator no-load torque (open-circuit power loss).
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Investigation of Grid-Connected

Inverter based on Switched-Mode
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Chapter 4

Simulation and Test of 150W

Grid-Connected Inverter

This chapter introduces the principles and features of a grid-connected inverter. This

is followed by the design and discussion of a novel 150W current source grid-connected

inverter topology that is based on a high-inductance PM generator and rectifier acting as

a constant current source. The inverter concept is proved by computer-based simulations

and experimental testing that considers both resistive and grid-connected loads. The

constant current assumption and effect of grid parameter variations, e.g. grid voltage and

inverter modulation index are investigated.

4.1 Introduction

The primary function of a grid-connected inverter (GCI) is to convert power from a

renewable energy source, to an AC output that is directly fed to the utility grid. A general

block diagram of a small scale grid-connected wind turbine is shown in Figure 4.1. The

figure also shows the inverter output current, Iinv, and the grid voltage, Vg, where the

grid voltage is in-phase with the inverter current. This operating condition is known as

unity power factor, which maximises the active power fed to, and minimises the reactive

power drawn from the grid. The grid is treated as an infinite bus, i.e. a fixed frequency

constant voltage source, which is unaffected by any load or fault condition.
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Figure 4.1: Simple block diagram of a small scale grid-connected wind turbine system
(left), and the inverter output current, Iinv, and grid voltage, Vg, for unity power factor
operation (right).

4.1.1 Inverter Requirements

Utility operators impose strict inverter power quality, power factor, direct current (DC)

injection, and fault detection requirements. The grid-connected inverter is tested against

the Australian Standards, using a power analyser [96]. The inverter must be shown to

meet the standards before being made commercially available.

Power Quality

Nonlinear loads, such as adjustable-speed drives, arc furnaces, arc welders and fluores-

cent lights, draw non-linear currents which contain harmonics. These harmonic currents

produce corresponding voltage harmonics and cause the supply voltage waveform to be

distorted [97]. Excessive supply voltage distortion can affect the operation of sensitive

loads, such as computers. Due to this, there are grid standards in place, e.g. the IEEE

standard 519-1992 for utility operators and end users, and the Australian Standard (AS)

4777.1–3 for grid-connected inverters. Note that the THD requirements of AS 4777.2 are

identical to those of IEEE standard 929-2000 [96].

The Australian Standard 4777.1–3 covers grid-connection of energy systems via in-

verters. According to AS 4777.2 the grid-connected inverter must meet mandatory total

harmonic distortion (THD) requirements. The current must contain less than 5% THD,

up to and including the 50th harmonic, as listed in Table 4.1. Although the grid voltage

must also meet strict harmonic limits, the majority of grid-connected inverters control

only the output current and hence are not required to monitor the output voltage har-

monic distortion.

118



4.1. INTRODUCTION

Table 4.1: Current harmonic limits of Australian Standard 4777.2 [96]

Power Factor

The power factor angle, φ, refers to the phase angle of the current waveform, with respect

to the voltage waveform. The power factor is defined as the cosine of the power factor

angle, and is leading if φ > 0° (current waveform leads the voltage waveform), and lagging

if φ < 0° (current waveform lags the voltage waveform). The AS 4777.2 specifies that the

inverter must deliver a high quality current waveform at a power factor between 0.8 leading

and 0.95 lagging, for inverter outputs between 20 to 100% of rated volt-amperes [96].

These power factors are illustrated in Figure 4.2, which shows a lagging power factor

of 0.95 in Figure 4.2(a) and a leading power factor of 0.8 in Figure 4.2(b). Note that

the power factor requirement considers the inverter as a load from the perspective of the

grid [96].

1

Grid voltage Grid voltage

Inverter current

φ φ

Inverter current

(a) Lagging current

1

Grid voltage Grid voltage

Inverter current

φ φ

Inverter current

(b) Leading current

Figure 4.2: Example of (a) 0.95 lagging and (b) 0.80 leading power factors, where
φ = − 18.2° and φ = + 36.9°, respectively.
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Direct Current Injection

Injection of DC currents into the AC utility grid is not desirable as this can cause satura-

tion and hence overheating of utility distribution transformers. The Australian Standard

4777.2 requires that a grid-connected inverter does not inject more than 0.5% of rated

current or 5mA of DC current (whichever is greater) in to the grid [96]. The use of a line

frequency a transformer between the grid and inverter avoids this problem, however, is

undesirable due to its cost, size and weight issues, as previously seen in Section 1.5.4.

Fault Detection

Aside from inverter controlled parameters such as output power quality, power factor

and DC injection, the grid-connected inverter must also be able to detect a range of grid

faults. These faults include under / over voltage, under / over frequency and islanding.

The inverter is required to disconnect itself from the utility grid within two seconds of

such a fault [98]. Fault detection is beyond the scope of this research.

4.1.2 Desirable Features

Grid-connected inverters are designed to deliver a low distortion current to the grid at

a high power factor, and in addition, be highly efficient and low cost [33, 99, 100]. The

former were discussed in Section 4.1.1, whilst the latter are discussed below.

Cost

The cost of a GCI makes up a significant portion of the total cost of a small scale grid-

connected wind turbine, and can discourage people from utilising wind power. Presently,

a 1–7kW grid-connected inverter costs about AUS$1000 more than a similar sized stand-

alone inverter, as previously shown in Figure 1.19. The excessive costs are associated with

additional components and the overall complexity of the system. This research aims to

design and develop a low-cost grid-connected inverter to encourage wind power utilisation.

It has been estimated that the small-scale wind energy market is growing at roughly

40% per year [18], and that annual sales, in the US alone, will be between US $27M

and $57M by 2010 [19]; this value depends on factors such as government rebates and

tax incentives etc. Within this market there is an increasing demand for low-cost grid-

connected wind turbines, and it is expected that by 2020 small-scale wind turbines will

provide 3% of the US electrical energy consumption.
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Performance

The grid-connected inverter is the interface between the wind turbine and the grid, it

hence has the responsibility of controlling the turbine torque and hence power. The grid-

connected inverter should be designed such that power is extracted over a wide range of

wind speeds, and that it is reliable and efficient.

1. General operation - The inverter should maximise turbine power below rated wind

speed and maintain rated power above rated wind speed, in accordance with stan-

dard turbine practise. Improving the ability to extract power from the wind at

low speeds is especially important as small-scale wind turbines suffer poor capacity

factors, as they are typically located close to the local power demand. These tur-

bines thus generally see lower average wind speeds compared to large (MW) wind

turbines, whose siting is carefully chosen to optimise output power.

2. Reliability - The inverter should operate autonomously for long periods of time,

e.g. years, without regular maintenance. Careful selection of inverter types and

hence components may reduce the need for regular maintenance, e.g. a voltage source

inverter requires the use of electrolytic (DC link) capacitors to regulate the input

voltage. These are often large and bulky, as they have a limited life expectancy; this

is mainly attributed to the electrolyte [101]. Current source inverters are generally

more reliable than voltage source types as they do not use DC link capacitors.

3. Efficiency - Internal power losses are generally larger in current source inverters

compared to voltage source types, as these inverters require a DC link inductor,

which attracts copper losses. It is generally recognised that current source inverters

are less efficient than their voltage source counterparts.

While both the current and voltage source inverters should be able to appropriately

control a wind turbine, a reliability / efficiency trade-off exists. Despite this, the majority

of purchased grid-connected inverters are the voltage source type; 81% of these are current

controlled, whilst 19% control the output voltage [62]. Current control is more popular

as high power factors can be obtained with simple control circuits, and transient current

suppression is possible when disturbances, e.g. voltage changes, occur in the utility power

system [62].
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4.2 Proposed Concept

4.2.1 Inverter Overview

The proposed grid-connected inverter is based on a current source input. This is decided

as i) a low-cost constant current source can be easily obtained using a high-inductance

generator with a rectifier, and ii) the inverter output current can be linearly controlled

using a single-switch converter, and without the need for a high-cost output current sensor

or a fast feedback controller.

An equivalent block diagram of the proposed inverter is shown in Figure 4.3, along

with the expected input and output currents of the four inverter stages, i.e. the constant

current source, current-wave shaper, unfolding circuit, and low-pass filter. The inverter

operates from an essentially constant input current, delivered by the PM generator and

rectifier. The current wave-shaper and unfolding circuit stages are used to produce a

unipolar PWM current, which is filtered and fed to the grid, via the low-pass filter. Each

inverter stage is further discussed in the following sections.

1

Unfolding
Circuit

Low-Pass
Filter

Rectifier

G
rid

Current
Wave-
Shaper

Grid-connected Inverter

t t t t t

I, I, I I I I I

I I I II

I

I

Constant Current Source Inverter

Figure 4.3: Overview of the proposed grid-connected inverter, showing the: rectifier,
current wave-shaper, unfolding circuit and output filter. The output current of each stage
is also shown. Note the input (machine) current is three-phase AC, of varying magnitude
and frequency, which is speed dependent.

The inverter exploits the use of a high-inductance generator and rectifier to form

the constant current source. The common DC link inductor (energy storage element) is

therefore avoided, which will further reduce the cost and improve the overall efficiency.
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4.2.2 Constant Current Source

The combination of the high-inductance generator and an uncontrolled rectifier, ideally

provide the inverter with constant current. This arrangement and the idealised machine

line and rectifier output currents are shown in Figure 4.4. This type of constant current

source (CCS) is not reported amongst the literature, and forms the basis of the novel

grid-connected inverter topology.

1

t

IL, IL, IL IR

t

IL

IL

IL

IR

Print this slide!!!

Figure 4.4: Constant current source, showing (left) the circuit, and (right) the ideal
machine and rectifier output currents.

The rectifier output current, IR, is expressed by Equation (4.1), where IL is the RMS

line current value. For example, a current source based on the same high-inductance

PM generator that was used in part I, would deliver a maximum line current of about

16ARMS, which corresponds to a DC (rectifier) output current of approximately 22A.

IR = 1.35 IL (4.1)

The lack of DC link inductor implies that the instantaneous inverter input and output

powers must be equal. This is easily achieved using a 3ph inverter, as the summation of the

instantaneous output powers is constant. However, this project focusses on a single-phase

inverter whose instantaneous output power fluctuates at twice the grid frequency (the

average power is constant). The inverter hence draws non-constant (pulsating) power

from the generator, which causes the generator to vibrate [91] and the inverter input

current and voltage to fluctuate at twice the grid frequency.

The fluctuating inverter input current contains harmonic distortion, which is ulti-

mately seen in the output current. Despite this, the high-inductance generator and rec-
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tifier act as a constant current source when the rectifier output voltage is much less than

its open circuit voltage; a reasonable choice is 25%. This is seen experimentally in Sec-

tion 4.4.2 and is analysed in Section 5.1. Feed-forward current compensation is examined

in Section 5.4 to overcome this limitation. Note that the remaining inverter stages assume

an ideal input current.

4.2.3 Current Wave-Shaper

The current wave-shaper (CWS) is essentially a high-speed switch and a reverse blocking

diode, that shorts the input current to create a PWM chopped output current. The

circuit, along with the ideal input and output currents, are shown in Figure 4.5. The

output current, Iout, is the inverse of the PWM duty-cycle (control signal), d, as shown

by Equation (4.2), where Iin is the input current.
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Figure 4.5: Current wave-shaper, and the input and output currents.

Iout = Iin(1− d) (4.2)

The combination of the constant current source and the current wave-shaper is the

same as the SMR circuit and high inductance PM generator, previously examined as a

DC-DC converter in part I. Both circuits make use of a reverse blocking diode, which

prevents shorting the DC link capacitor, for the DC-DC converter case, and the grid for

the inverter case. The key physical difference between the circuits is the removal of the

DC link capacitor for the inverter application, which is summarised in Figure 4.6.

The modified SMR circuit is also controlled differently i.e. a time-varying duty-cycle is

now applied to the high-frequency switch, as opposed to a constant duty-cycle for the DC-

DC converter case. A comparison of the constant and time-varying duty-cycles is shown
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1

DC-DCCCS

Switched-Mode Rectifier(a) SMR for DC-DC converter

1

CWSCCS

Modified Switched-Mode Rectifier(b) Modified SMR for inverter case

Figure 4.6: Comparison of (a) the switched-mode rectifier (SMR), and (b) modified SMR
circuit, for use as a DC-DC converter and for the inverter, respectively. The SMR circuits
are enclosed by the dashed boxes, whilst the dotted boxes of (b) show the constant current
source (CCS) and the current wave-shaper (CWS) circuits. The key difference in (b) is
the removal of the DC link capacitor.

in Figure 4.7. The combination of the new control signal and the removal of the DC link

capacitor allows the proposed inverter to produce an AC output current that resembles

that of a rectified unipolar PWM wave. This is converted into a unipolar PWM current

by the unfolding circuit, and is then fed to the grid via the low-pass filter.

Figure 4.7: Comparison of the SMR control PWM duty-cycles, showing the (top) constant,
and (bottom) time-varying signals, as used for the DC-DC converter and the inverter
applications, respectively. The zero position for each waveform is shown by the arrow on
the left; the vertical and horizontal scales are 2V and 2ms per division, respectively.
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4.2.4 Unfolding Circuit

The unfolding circuit is essentially an H-bridge inverter. Its role is to unfold the input

current at twice the grid frequency, ωg, as summarised in Equation (4.3). The combination

of this unfolding action and the CWS PWM switching, yield a unipolar PWM output

current, whose fundamental frequency matches that of the grid. The unfolding circuit is

built using low-cost thyristors and as shown in Figure 4.8, along with a demonstration

of its unfolding action. The polarity is alternated by the correct triggering of opposing

thyristors, e.g. THY 1 and THY 3 are triggered simultaneously to obtain a positive output

current, whilst triggering THY 2 and THY 4 in unison, will cause the current to flow in

the opposite direction.

Iout = Iin. sgn [sin(ωg t)] (4.3)
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Figure 4.8: Unfolding circuit converter, and the input and output currents.

Thyristors are primarily selected, based on their low-cost. However, they also eliminate

the need for series connected diodes, which are required for a current source H-bridge

inverter, to block bi-directional voltages from the load and to allow uni-directional current

flow [81, 102]. In addition, thyristors have a fixed voltage drop, and can hence reduce

power losses in high voltage applications [103]. The drawback, however, is its inability to

commutate (turn-off) when fed by a constant input current. A grid-connected current-fed

thyristor H-bridge inverter will only commutate correctly if the load has a leading power

factor [104]. To overcome these difficulties, the majority of grid-connected inverters and all

PWM inverters force switch commutation. However, this attract additional circuitry, and

increases the complexity and hence cost. The advantage of the proposed grid-connected

inverter design is that the thyristors commutate naturally due to the nature of the wave-

shaper output current, i.e. the current sufficiently falls below the thyristor holding current.
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The drawback of this design is that the thyristors must now be triggered at the PWM

switching frequency, which increases the inverter switching losses.

4.2.5 Low-Pass Filter

The low-pass filter is the final stage of the proposed gird-connected inverter. It is used to

remove the high frequency PWM current components, whilst allowing the fundamental

component to pass through to the grid. Figure 4.9 shows the low-pass filter required

for a current source grid-connected inverter, and its expected input and output currents.

Note that this capacitive-inductive (CL) filter differs from conventional second-order low-

pass, i.e. inductive-capacitive (LC) filters, as the unfolding circuit output is essentially

a current source, whilst the grid is effectively a voltage source. The filter impedance

mismatch criteria states that the filter input impedance must hence be low and that its

output impedance must be high, to correctly couple a high impedance current source and

a low impedance voltage source (grid) [105].

1

Iin

t

Iout

t

L

C

Iin Iout

Print this slide!!!

Figure 4.9: Inverter low-pass CL filter circuit, and the input and output currents.
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4.3 Test Set-up, Implementation and Simulation

This section describes the inverter test arrangements, the PM generator current source,

the power electronics and control hardware implementation, and the simulations used to

validate the inverter concept and simulate inverter operation.

4.3.1 Dynamometer Test Arrangement

The dynamometer test-rig was used to drive the PM generator, which consists of a 5kW

DC machine that is directly coupled to the PM generator. The PM generator acts as the

inverter current source, and was rotated at constant speed to simulate inverter operation

under steady-state wind conditions. Turbine speeds of 500 and 1,000rpm were selected as

they represent turbine speeds at average and high wind speeds, respectively.

Proof of Concept

The inverter was initially designed, constructed and tested using a resistive / capacitive

load. The circuit was tested first using an ideal current source, i.e. a DC voltage source in

series with an inductor, and second using the high-inductance PM generator and rectifier

acting as the current source. These test arrangements are summarised in Figure 4.10.
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(a) Ideal current source set-up
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(b) Dynamometer set-up

Figure 4.10: Preliminary resistive / capacitive load test arrangements, showing (a) the
ideal, and (b) the PM generator current source test arrangements.

Grid-Connected Testing

Due to the use of a low-voltage generator, the inverter was grid-connected to an artificial

(low-voltage) grid. This was achieved experimentally by using a 10A autotransformer,

whose secondary voltage was varied between 5 and 20VRMS. In addition, an isolation

transformer was connected between the mains and the autotransformer for safety, as
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shown in Figure 4.11. This figure shows the inverter arrangement as tested in the labo-

ratory, which includes a resistive load, RL and two switches, SW1 and SW2, which are

used to make the transition from resistive to grid-connected loading (the synchronisation

procedure is explained at the end of this section). The transformers conveniently provide

leakage reactance and resistance to assist with filtering. However, these parameters vary

with turns ratio and are hence enclosed within the dashed box of Figure 4.11.

1

C

Transformer Equivalent Inductance and resistance

Autotransformer Isolation transformer

Grid

SW 1

SW 2

R
L

Figure 4.11: Grid-connected inverter test arrangement, showing the use of an isolation
and autotransformer. The current source is not shown, however, it is achieved using the
PM generator and rectifier, using the dynamometer test-rig.

The variable transformer parameters are approximated by an equivalent inductance,

Leq, and resistance, Req, which are expressed by Equations (4.4) and (4.5), respectively.

Note that R1 n2 and L1 n2 represent the variable resistance and inductance of the au-

totransformer, where n represents the turns ratio. Similarly, R2 and L2 represent the

fixed resistance and inductance of the isolation transformer. The equivalent (combined)

transformer inductance and resistance is shown in Figure 4.12.

Leq = L1 n2 + L2 (4.4)

Req = R1 n2 + R2 (4.5)

The equivalent transformer inductance and resistance was experimentally measured,

for a number of autotransformer turns ratios. These were obtained using a second auto-

transformer to perform a short-circuit test on the first one. The results are expressed as

a function of autotransformer output voltage, and are shown in Figure 4.13. The points

represent the calculated data, whilst the lines correspond to fitted curves. Both fitted

curves are quadratic, which is expected as both Leq and Req have a variable term that is

proportional to n2.
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Figure 4.12: Equivalent circuit for test arrangement, showing the isolation and autotrans-
former leakage inductance and resistance inside the dashed box.
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(b) Inductance

Figure 4.13: Measured transformer equivalent (a) resistance, and (b) inductance vs. au-
totransformer output voltage. Each subfigure includes a fitted curve, and its quadratic
equation.

Synchronisation Procedure

The inverter was synchronised to the grid using the procedure listed below:

� Close switch 1, open switch 2 - before the inverter is powered on.

� Power the inverter - and rotate the PM machine at the desired speed.

� Synchronise the inverter to the grid - by adjusting the load resistance or the in-

verter modulation index until the voltage drop across RL and the artificial grid is

synchronised (both in phase and magnitude).
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� Close switch 2 - the resistor is effectively connected to the grid and the inverter.

� Open switch 1 - such that the inverter is now grid-connected

Note that care must be taken when loading the current source inverter, as one switch

must remain closed at all times to provide a current path. In the event that both switches

are opened, the inverter output voltage will significantly increase which may damage the

inverter components. This voltage increase is caused by both the high generator open-

circuit voltage and the voltage boosting action of the un-loaded modified SMR.

4.3.2 Constant Current Source - PM Generator

The test PM machine selected is the same as that investigated in Chapter 2. This machine

is again used because of its high inductance, which is due to the use of a concentrated

stator winding, and its torque rating, which is consistent with a several hundred watt

wind generator. The test machine is shown again in Figure 4.14, for convenience.

Figure 4.14: Photograph of an outer-rotor Fisher & Paykel PM generator.

The generator was tested over a range of speeds using the dynamometer test-rig. A

summary of the PM machines’s generating capability is shown in Figure 4.15, which shows

the measured and simulated DC output current versus DC output voltage characteristics

(DC I-V locus). This was measured at various speeds when operating into a resistive load
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through a three-phase rectifier. The simulated results are obtained using PSIMr and

are based on the machine parameters shown in Table 4.2. The calculated results show a

good correspondence with the experimental results and give confidence in the simulation

model. It is seen that the generator is a reasonable approximation to a constant-current

source at high generator speeds and low DC output voltages.
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Figure 4.15: Current-Voltage locus of PM generator. The solid lines represent PSIMr

simulations, whilst the points represent measured experimental data.

Table 4.2: Measured PM generator properties.

Parameter Value

Stator Connection Delta
Pole Pairs 24
Maximum Speed Tested 1000 rpm
SC Line Current (max. speed) 16 ARMS

Back-EMF Constant, k 0.0668 V/rpm
Phase Inductance, Lph 2.87 mH
Phase Resistance, Rph 0.519 Ω
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4.3.3 Power Electronics and Control Implementation

The proposed grid-connected inverter was constructed using a line frequency, three-phase

uncontrolled rectifier, a high-current MOSFET and high-current thyristors. Note that

the generator stator currents are continuous at high speeds, and hence the rectifier does

not need a high-frequency switching capability. In addition, the thyristors and MOSFET

are rated at 40A, despite an expected maximum rectifier output current of 22A, i.e. this

provides some safety margin. Sections of the grid-connected inverter hardware, including

the power electronic components and microcontroller are shown in Figure 4.16.

1

21

4

3

5

Figure 4.16: Photograph of power electronic components of the grid-connected inverter,
showing (from top left and moving clockwise): À the current wave-shaper, Á the full-
bridge 3ph rectifier, Â the microcontroller, Ã the unfolding circuit, and Ä the necessary
MOSFET and thyristor gate drivers.

The inverter is controlled by a 16 bit Mitsubishi MSA0654A microcontroller in an

open-loop manner. The zero-crossings of the grid voltage are used to generate the current

wave-shaper PWM signal and thyristor trigger pulses. The PWM switching frequency is

set to 4 kHz, as this is a reasonable trade-off between inverter switching losses and output

quality, both of which are proportional to switching frequency. The PWM signal is based

on a duty-cycle look-up-table whose pointer is reset at positive grid zero-crossings, which

ensures that the unfolding circuit output current is in-phase with the grid voltage. The use
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of a look-up-table is recommended in [106], as this improves power quality characteristics

of the distribution network. The same reference explains that some inverters sample the

grid voltage for their current reference. The resulting output current, of such inverters,

hence contains the same distortion found in the grid voltage.

The look-up-table stores a normalised 180° conduction sinusoid, which corresponds to

a modulation index, ma, of 100%. The inverter output current magnitude and power is

controlled by reducing the modulation index, which effectively increases the current wave-

shaper PWM duty-cycle. The adjusted duty-cycle, da, is expressed by Equation (4.6),

where di represents the stored duty-cycles.

da = 100−ma +
(ma × di)

100
(4.6)

The microcontroller is programmed using the C language, and makes use of both

software and hardware interrupts. A simplified overview of the microcontroller hardware

and its software flow-chart is shown in Figure 4.17, and a copy of the code can be found

in appendix C.2. Note that the thyristors trigger signals are synchronised to the falling

edge of the CWS MOSFET control signal, and that the MOSFET is effectively shorted

for two pulse widths before the zero-crossing to ensure thyristor commutation.
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Figure 4.17: Overview of the Microcontroller hardware, and software flow chart. The
large arrows represent control signals that are used to drive the semiconductor switches,
whilst the shaded boxes represent microcontroller interrupts.
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4.3.4 Inverter Simulation

The power electronic simulation tool PSIMr, was used to simulate the grid-connected

and resistive load testing of the proposed inverter. The software is again used as it

has previously modelled the PM generator loaded by a rectifier and resistive load, and

operating with a switched-mode rectifier, with high accuracy. The PSIMr model of the

grid-connected inverter is shown in Figure 4.18. Various components of the hardware are

shown in the figure, including the PM generator, full-bridge rectifier, current wave-shaper,

unfolding circuit, low-pass filter and the artificial (low-voltage) grid. Control components,

such as the PWM duty-cycle look-up-table generator, modulation index controller and the

zero-crossing detector, are also shown. Note that the reverse-blocking diode of the CWS is

a carry-over from the SMR design and it is not strictly required due to the reverse-blocking

capability of the thyristors. Despite this, the diode is incorporated into the simulation

model and the inverter hardware, as it is used for testing purposes. In practise, the diode

should be able to be removed without affecting the inverter’s performance.

Figure 4.18: PSIMr grid-connected inverter model, showing the hardware and control
components. Hardware components include the delta-connected PM generator, the full-
bridge 3ph rectifier, current wave-shaper, unfolding circuit, low-pass filter and the artificial
grid; control components include the PWM duty-cycle look-up-table generator, modula-
tion index controller, and the zero-crossing detector.

The proposed grid-connected inverter is accurately modelled in PSIMr. The machine

is modelled by three delta-connected voltage sources, with each phase containing series

inductance and resistance equal to the values specified in Table 4.2. The back-EMF and
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machine frequency is set for each turbine / generator speed. The semiconductor devices

are also accurately modelled, i.e. the thyristor, reverse blocking diode and full-wave 3ph

bridge rectifier voltage drops are included, as is the on-resistance of the MOSFET, and

the latching and holding currents of the thyristors. This information is summarised in

Table 4.3, and together with the machine modelling should result in simulations that

closely match the experimentally measured data.

Table 4.3: Semiconductor properties.

``````````````̀Property
Component

Bridge Rectifier MOSFET Diode Thyristors

Manufacturer SEMIKRON IR IR RS
Part Number SKD230/16 IRFP150N 70HFLR 262-602
Rating 230A, 1600V 42A, 100V 70A, 1000V 40A, 1200V
Forward Voltage Drop 1V per diode - 1.85V 1.95V
On Resistance - 0.036Ω - -
Latching Current - - - 0.6A
Holding Current - - - 0.25A

Note that IR denotes International Rectifier.

Proof of Concept

The inverter concept is initially simulated using the PM generator as a current source,

and a resistive / capacitive load. The generator is simulated at 500rpm, as this is the

expected turbine speed under average wind speed conditions, for an arbitrarily selected

load combination of 0.93Ω and 2,000µF. Various inverter current waveforms are shown

in Figure 4.19, which prove the simulated inverter concept. The waveforms include the

inverter input, and the current wave-shaper, unfolding circuit and filter output currents.

Modulation Index Variation

The effect of the inverter modulation index, ma, variation is shown in Figure 4.20, for

ma equal to 100, 50 and 25%. It is seen that the output current magnitude is directly

proportional to ma, and hence the output power is proportional to m 2
a . This applies only

to the resistive load case, as both the output current and voltage are dependent on ma,

whereas the power is only proportional to ma, for the grid-connected case, as the inverter

output (grid) voltage is fixed.
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Figure 4.19: Preliminary PSIMr simulation proving the grid-connected inverter concept.
The waveforms shown are the rectifier, current wave-shaper, unfolding circuit and filter
output currents, from top to bottom, respectively. The zero position for each waveform
is shown by the small arrow on the left. The vertical and horizontal scales are 20A and
2ms per division, respectively.

Figure 4.20: Simulated effect of modulation index, ma, variation on inverter operation
with resistive load. The resistive load currents for ma equal to 100, 50 and 25% are shown.
The vertical and horizontal scales are 5A and 2ms per division, respectively.
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4.4 Experimental Testing

4.4.1 Proof of Concept - Resistive Loading

Preliminary tests on the inverter were carried out with two power sources. Firstly, a

DC power supply and a series-connected inductor was used to simulate an ideal constant

current source. Figure 4.21 compares the computer generated (PSIMr) simulation and

measured results corresponding to an arbitrarily selected resistive / capacitive load. The

load resistance is 0.5Ω, and a filter capacitance of 1000µF is selected to obtain a low-pass

filter with cut-off frequency equal to 400Hz, i.e. 10% of the PWM switching frequency.

The displayed waveforms include the rectifier, current wave-shaper, unfolding circuit and

filter output currents, from top to bottom, respectively.

Secondly, the PM generator and rectifier was used as the inverter current source. Fig-

ure 4.22 compares the simulated and measured results, for the same resistive / capacitive

inverter load. The figure also shows the rectifier, current wave-shaper, unfolding and filter

output currents. The measured results show a good correspondence with the predicted

waveforms and give confidence in the simulation model.

The current waveforms shown in Figures 4.21 and 4.22 illustrate the key principles of

the inverter, i.e. the power source acts as a current source, and the wave-shaper acts as

a PWM current chopper which produces a waveform whose fundamental component is a

full-wave rectified sinewave. The action of the H-bridge inverter is illustrated, as is the

low-pass filter’s ability to sufficiently remove the high-frequency PWM components. The

inverter output current is sinusoidal and fluctuates at the grid (mains) frequency.

Inspection of the PM generator’s rectified output current shows that a high frequency

ripple component, due to the bridge rectifier, is present. A low frequency 100Hz ripple

component is also shown. This is caused by the inverter output voltage variation, which

causes the inverter input current to vary (see the generator I-V locus in Figure 4.15).

This 100 Hz input current variation ultimately affects the fundamental magnitude of the

inverter output current, and hence should be limited to reduce output current distortion.

The rectifier current ripple is less problematic, as it occurs at frequencies higher than

the filter cut-off, and is hence not seen in the inverter output current. Despite the input

current distortion from the rectifier ripple and power fluctuations, the simulated and

measured results indicate that the inverter output current and its THD are not greatly

affected by this, for this load condition. This is also summarised in Table 4.4, which shows

a detailed comparison of the two current source cases.
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1

(a) PSIMr simulation

1

(b) Measured results

Figure 4.21: Proof of inverter concept, showing (a) PSIMr simulation, and (b) measured
results, using an ideal current source. The waveforms shown are the power supply, current
wave-shaper, unfolding circuit and filter output currents, from top to bottom, respectively.
The zero position for each waveform is shown by the small arrow on the left. The vertical
and horizontal scales are 2A and 5ms per division, respectively.
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1

(a) PSIMr simulation

1

(b) Measured results

Figure 4.22: Proof of inverter concept, showing (a) PSIMr simulation, and (b) measured
results, using the PM generator as current source. The waveforms shown are the rectifier,
current wave-shaper, unfolding circuit and filter output currents, from top to bottom,
respectively. The vertical and horizontal scales are 20A and 5ms per division, respectively.
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Table 4.4: Simulated and measured resistive load inverter performance.

DC Power Supply PM Generator (500rpm)
Simulated Measured Simulated Measured

Input current (A) 2.05 2.03 19.9 21
Input current ripple (Apk−pk) 0.06 0.10 8.15 8.80
Output current (A) 1.43 1.26 13.0 12.8
Output voltage (V) 0.71 0.63 6.50 6.40
Output power (W) 1.02 0.79 84.5 81.9
Output current THD (%) 3.40 3.70 5.97 4.00

The inverter concept has been successfully demonstrated, using both an ideal and the

PM generator current sources. It is also tested with various resistive / capacitive loads to

investigate the constant current assumption previously made, as discussed below.

4.4.2 Constant Current Assumption

For high quality inverter output current waveforms it is necessary that the input current

be relatively constant even at the peak output voltage. This condition is satisfied when

the peak output voltage is much less than the rectified open-circuit voltage. This is inves-

tigated for three machine speed / load cases, as highlighted on the I-V locus of Figure 4.23.

The experimental data from each case is summarised in Table 4.5. Note that that the

inverter modulation index is maintained at 100% throughout the testing, and that cases

2 and 3 are bench-marked against case 1.

Case 1 (n = 500 rpm, RL = 0.5 Ω)

The calculated I-V locus indicates that a minimum peak current of about 19A occurs

under this condition, however this will be slightly less, due to the rectifier ripple. Hence

the inverter input current will fluctuate between the short-circuit current (21.6A) and

about 18A. This is verified by Figure 4.24, which shows the simulated and the measured

experimental inverter input current, as well as the resulting resistive load current. The

load current contains very little distortion as a filter capacitance of 2,000µF is used. This

value results in a filter cutoff frequency of approximately 160Hz, which corresponds to 4%

of the PWM switching frequency.
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Figure 4.23: Calculated generator I-V locus for 500 and 1,000rpm. The dashed lines
represent resistive load lines of 0.5 and 5Ω, and the circles correspond to three test cases.

1

(a) PSIMr simulation

1

(b) Measured results

Figure 4.24: Simulated (a), and measured experimental (b) inverter currents, for case 1.
The waveforms shown are the rectifier (top) and filter (bottom) output currents. The
vertical and horizontal scales are 10A and 5ms per division, respectively.

Case 2 (n = 1000 rpm, RL = 0.5 Ω)

The inverter load remains unchanged, however the generator speed has doubled. Although

the open-circuit voltage has doubled (from 45V to 90V), the I-V locus indicates that

the peak load current will only slightly increase from 18 to 20A. Hence, the inverter

input current is expected to fluctuate between the short-circuit (21.6A) current and about
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20A (allowing for the rectifier ripple). This is verified by Figure 4.25, which shows the

simulated and experimentally measured inverter input and load currents. The increased

speed clearly makes the input current more constant, by reducing the magnitude of the

100Hz ripple. This slightly increases the fundamental of the load current, and significantly

improves the measured total harmonic distortion (THD), from 4.0% to 3.0%. Note that

the increase in speed also increases the rectifier ripple frequency.

1

(a) PSIMr simulation

1

(b) Measured results

Figure 4.25: Simulation (a), and measured experimental (b) inverter currents, for case
2. The waveforms shown are the rectifier (top) and filter (bottom) output currents. The
vertical and horizontal scales are 10A and 5ms per division, respectively.

Case 3 (n = 500 rpm, RL = 5Ω)

The generator speed is reduced to 500rpm. The load resistance is increased ten-fold

(to 5Ω), whilst the filter capacitance is reduced by a factor of 10, to maintain the filter

time-constant. With an ideal constant current source input, the peak output voltage

should increase by a factor of ten to about 98V. However at 500rpm, the rectified open-

circuit voltage is 45V, and so the constant current assumption breaks down. The locus also

suggests that the inverter input current will fluctuate between the short-circuit current

and about 5.7A (allowing for the rectifier ripple). This is verified by the simulated and

measured inverter input and load currents, shown in Figure 4.26. The inverter input

current fluctuates significantly and the subsequent load current is highly distorted, i.e. its

THD is 35.8%, compared to 4.0% for case 1. Note that the open-loop control algorithm

causes the output current to appear trapezoidal, as it is the sinusoidal modulation of

the fluctuating input current. In addition, the peak input current now exceeds the SC
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current. This is because the SC current seen in the I-V locus is that under steady-state

conditions, whilst the inverter input currents seen here are transient waveforms.

1

(a) PSIMr simulation

1

(b) Measured results

Figure 4.26: Simulation (a), and measured experimental (b) inverter currents, for case 3.
The waveforms shown are the rectifier (top) and filter (bottom) output currents. The
vertical and horizontal scales are 10A and 5ms per division, respectively.

Table 4.5: Summary of simulated (SIM) and measured (MEAS) inverter performance, for
cases 1–3.

Case 1 Case 2 Case 3
SIM MEAS SIM MEAS SIM MEAS

Input current (A) 20.0 21.0 21.2 22.0 15.4 15.1
Input current ripple (Apk−pk) 8.25 8.80 4.68 5.10 24.1 22.2
Output current (A) 12.5 12.8 14.1 13.8 5.88 5.80
Output voltage (V) 6.49 7.55 7.33 8.20 29.4 31.0
Output power (W) 81.2 85.0 103 98.8 173 168
Output current THD (%) 4.10 4.00 1.90 3.00 35.8 35.8

Comparison of the above input current waveforms shows that it contains two forms

of ripple. These are referred to as the low and medium-frequency ripples (relative to the

high-frequency PWM frequency). The medium-frequency ripple is caused by the rectifier

and is proportional to the generator speed. It does not contribute much to the output

current THD, as these frequencies are beyond the filter cutoff frequency, i.e. the filter

attenuates these harmonics. In contrast, the low-frequency ripple occurs at frequencies

below the cutoff and hence are not attenuated by the low-pass filter.

The low-frequency input current ripple is caused by the low-cost inverter design, which

avoids a DC link inductor (energy storage device) to improve the overall efficiency. The
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consequence of this is that the instantaneous input and output powers must be equal,

which implies that the inverter input current and voltage must fluctuate at twice the grid

frequency (100Hz). The magnitude of the peak-to-peak inverter input current ripple is

shown to be related to the ratio of the load voltage to the open-circuit voltage (recall

Figure 4.23). It is seen that the 100Hz component of the inverter input current ripple

decreases as the voltage ratio approaches zero. This implies that the inverter output

current distortion can be reduced if the load voltage is much less than the rectifier open-

circuit voltage, i.e. the generator operates in the constant current region of its I-V locus.

The sources of input and output current harmonics are further discussed in Chapter 5.

4.4.3 Grid-Connected Testing

Proof of Concept - Grid-Connected Operation

Once the resistive load and grid voltages are synchronised, switch SW2 is closed and the

artificial grid (autotransformer output) is connected in parallel with the resistive load

(refer to the synchronisation procedure in Section 4.3.1). In this case, ideally the grid

should provide zero current and the output power of the inverter should still be absorbed

by the load resistance. The currents for this case are shown in Figure 4.27 and include

the inverter output, grid drawn and resistive load currents. Note that the resistive load

current is simply the summation of the inverter and grid drawn currents.

1

Inverter

output

Grid

drawn

Resistive

load

(a) PSIMr simulation

1

(b) Measured results

Figure 4.27: Simulated (a), and measured experimental (b) inverter currents, for the
intermediate grid-connected stage, i.e. resistive / capacitive load in parallel with the grid.
The horizontal and vertical scales are 10A and 5ms per division, respectively.
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The pure grid-connected case is obtained by removing the load resistance (opening

switch SW1 of Figure 4.12), which causes the inverter current to flow through the au-

totransformer’s leakage inductance into the mains. The simulated and experimentally

measured inverter output current and artificial grid voltage waveforms, for an autotrans-

former output voltage of 15VRMS, are shown in Figure 4.28. Note that the simulation is

based on the equivalent transformer model shown in Figure 4.12 with equivalent resistance

and inductance values taken from Figure 4.13.

1

Inverter

output

current

Artificial

grid voltage

(a) PSIMr simulation

1

(b) Measured results

Figure 4.28: Simulated (a), and measured experimental (b) : inverter output current and
artificial grid voltage waveforms, for the purely grid-connected stage. The voltage and
current vertical scales are 5V and 10A per division, respectively.

The inverter output current above is shown to lag the grid voltage by about 27°, which

equates to a power-factor of approximately 0.89. However, according to the Australian

Standards, the inverter must be considered as a load of the grid, hence the inverter current

is actually leading the grid voltage. This can also be seen from Figure 4.9, which shows

that in the absence of the inverter, the grid feeds an LC network. The high capacitive

reactance hence draws a leading current from the grid. Therefore, the inverter is shown

to comply with the power factor requirements of the Australian Standards, i.e. 0.95 lag

to 0.8 lead.

In contrast, the inverter output current of Figure 4.28 has a THD of about 12.5%,

which exceeds the grid THD requirements of 5%. The output current contains more

distortion than that for the resistive load case, this is due to i) resonance between the

filter capacitor and transformer leakage reactance, and ii) a higher cutoff frequency. The

output current THD must be reduced before the inverter can be made commercially
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available. Two possible techniques to reduce the output THD are hence investigated,

these include the reduction of i) the artificial grid voltage, and ii) the inverter modulation

index. Both techniques should push the generator closer to the constant current region

of the I-V locus, and hence reduce the input current ripple and output current distortion.

Effect of Grid Voltage Variation

The inverter current was monitored as the artificial grid voltage was varied between RMS

voltages of 5 and 20V. This test was performed twice. Initially a fixed filter capacitance

of 600µF was used, which caused high amounts of distortion. The test was repeated and

the capacitance was varied with grid voltage, in an effort to reduce the output current

THD. The filter capacitance ranged from 200 to 2,000µF, and was varied for each grid

voltage such that the output current THD was minimised. This was determined by

visual inspection of the inverter output current waveform. Examples of simulated and

experimentally measured inverter output currents for the three artificial grid voltages are

shown in Figure 4.29, for the variable capacitance case. The corresponding values of

filter capacitance is shown in Figure 4.30. It is seen in Figure 4.29 (by inspection) that

with increasing grid voltage, the output current decreases in magnitude while the THD

increases. This occurs as the generator is shifted toward the voltage source region, where

the constant current assumption begins to break-down, see Figure 4.23.

1

(a) PSIMr simulation

1

(b) Measured results

Figure 4.29: Simulated (a), and measured experimental (b) grid-connected inverter cur-
rents, for various grid voltages. The currents shown correspond to RMS grid voltages of
(top) 6.5V, (middle) 10V, and (bottom) 15V. The vertical and horizontal scales are 10A
and 5ms per division, respectively.
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Figure 4.30: Variation of filter capacitance with artificial grid voltage, for both the fixed
and varied capacitance tests.

The autotransformer turns ratio and hence its equivalent leakage inductance and resis-

tance increase with grid voltage. These parameters are important as they affect the filter

resonant frequency, fres, and its gain at the resonant frequency (quality factor, Q). There-

fore harmonics present at the resonant frequency may be potentially amplified, which will

increase the overall total harmonic distortion. A summary of the effect of grid voltage

variation on the resonant frequency and quality factor is shown in Figure 4.31. Note

that the rectifier ripple frequency is 1,200Hz in this case, and hence the rectifier ripple is

attenuated by the filter rather than amplified by the filter resonance.

Figures 4.31(a) and 4.31(b) indicate that the resonant frequency decreases, while the

quality factor remains relatively constant for the fixed capacitance case. In contrast, the

resonant frequency and quality factor both increase with grid voltage for the variable

capacitance case. Both sets of observations indicate that the THD will increase with grid

voltage, due to the effects resonance. In addition, the THD will also increase as the con-

stant current assumption breaks down (grid voltage increases), due to increased low order

harmonics. This coupled with a quality factor greater than 1 and the decreasing resonant

frequency, suggests that the THD for the fixed capacitance case should be greater than

that for the variable capacitance case. This is verified by Figure 4.32, which shows the
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Figure 4.31: Calculated (a) resonant frequency, and (b) quality factor vs. grid voltage,
for both the varied and fixed capacitance cases.

simulated and experimentally measured THD for the four different grid voltages men-

tioned above. Despite the discrepancies between the simulated and measured data, they

both verify that the inverter output current THD increases with grid voltage.
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Figure 4.32: Inverter output current THD vs. grid voltage, for both fixed and variable filter
capacitance cases. The solid lines represent simulated THD, whilst the points correspond
to experimentally measured data.
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The discrepancy between the measured and simulated THD data is likely caused by the

equivalent transformer modelling. The transformer model is an approximation only, which

ignores the magnetising reactance and core loss resistance. Note that this will have an

effect on the quality factor, i.e. the gain at the resonant frequency. This appears somewhat

valid as the simulated current waveforms show a slight increased effect of resonance on

the output current THD, compared to those captured experimentally. Despite this, the

close matching simulated and experimentally captured current waveforms of Figure 4.29

give confidence in the PSIMr model.

Effect of Modulation Index Variation

The PWM modulation index was varied for the pure grid-connected case. The artificial

grid voltage was set to 15VRMS and a filter capacitance of 400µF was selected to minimise

the output current THD, for a ma of 100%. The effect of modulation index variation on

the simulated and measured output current waveforms is shown in Figure 4.33, for mod-

ulation indices of 100%, 80% and 60%. The simulated and measured current waveforms

indicate that the inverter output current, and hence output power, is linearly proportional

to ma for a fixed grid voltage. This differs from the resistive load case, where the inverter

output power is proportional to m 2
a .

1

(a) PSIMr simulation

1

(b) Measured results

Figure 4.33: Simulated (a), and measured experimental (b) grid-connected inverter cur-
rents, for various modulation indices. The currents shown correspond to modulation
indices of (top) 100%, (middle) 80%, and (bottom) 60%. The vertical and horizontal
scales are 10A and 5ms per division, respectively.
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The inverter output current is expected to vary linearly with modulation index, if

supplied by an ideal constant current source and loaded by a resistance. However, the

inverter is loaded by the autotransformer secondary winding and is fed by the PM gener-

ator and rectifier current source. The (PSIMr) simulated and measured output currents

and voltages are shown in Figure 4.34, over a wide range of modulation indices.
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Figure 4.34: Inverter output (a) current, and (b) voltage for the grid-connected case,
showing the effect of modulation index variation. The solid lines represent PSIMr simu-
lations, whilst the points correspond to experimentally measured data.

Figure 4.34(a) shows that the inverter output current does not approach zero at low

values of ma. This is the result of the grid-connected filter, which draws a current from

the grid when ma is equal to 0%; the magnitude and power factor depend on the filter

reactance. The output current appears to increase linearly at low values of ma, and then

saturate as ma approaches 100%. This is caused by the non-ideal constant current source,

i.e. the inverter pushes the generator further from the constant current region of the I-V

locus as the ma increases. The degree of the saturation varies with grid voltage. For

example, if the generator remains in the constant current region for a ma of 100%, the

inverter output current will be linearly proportional to the modulation index over the

entire range of ma, except at low values, where the output current will approach that

drawn by the filter.

Figure 4.34(b) shows how the inverter output voltage varies with modulation index.

The inverter has a non-zero output voltage for ma equal to 0%, due to the voltage drop

across the (grid-connected) filter capacitance, and the output voltage is shown to increase

with modulation index. This is due to the autotransformer regulation, i.e. the voltage drop

151



CHAPTER 4. SIMULATION AND TEST OF 150W GC INVERTER

across the transformer equivalent inductance increases with the inverter output current

(recall Figure 4.12). Therefore, the inverter output voltage must increase with modulation

index as this action increases the inverter output current.

It was seen above that the inverter output current saturates as the modulation index

approaches 100%, as the PM generator is moved away from the constant current region of

the I-V locus. It is hence expected that as the ma increases, the input current distortion

and hence output current distortion will also increase. This is verified by the simulated

output current THD in Figure 4.35. The figure also includes experimentally measured

THD data, which does not agree with the simulations over the entire range of ma. The

measured THD does decrease with modulation index, until ma is equal to about 60%,

the THD then increases as ma approaches 0%. The harmonic analysis of the measured

current waveforms indicate that resonance causes the increased THD. The measured res-

onant frequency is 450Hz. PSIMr, however, predicts a resonant frequency of 411Hz, and

is likely due to the approximation of the transformer parameters. Despite the discrep-

ancy between the simulated and measured THD, which could be further investigated, the

simulated current waveforms closely match those measured throughout this chapter and

give confidence in the PSIMr model.
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Figure 4.35: Inverter output current THD vs. modulation index. The solid line represents
the simulated THD, whilst the points represent the measured data.
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4.5 Chapter Summary

The proposed novel grid-connected current-source inverter topology, based on the high-

inductance PM generator, uncontrolled rectifier, single-switch current wave-shaper, un-

folding circuit (H-bridge inverter) and low-pass filter, has been designed and simulated

in PSIMr. The inverter concept was successfully demonstrated using a 150W prototype

that was experimentally tested using a dynamometer, and controlled in an open-loop

manner. The current wave-shaper switch was modulated to create a rectified sinusoidal

output current, which was unfolded and filtered by the H-bridge inverter and low-pass

filter, respectively. The measured inverter output current waveforms, for both resistive

and grid-connected loads, closely matched the simulation results, which gave confidence

in the model.

The use of an open-loop control method meant that variations in the rectifier output

current appeared in the inverter output current. The rectifier output current was mod-

ulated by the rectifier ripple and the 100Hz instantaneous power fluctuations due to the

single-phase output and the lack of input DC link energy storage. The magnitude of the

rectifier ripple was fixed and its varied with generator speed. In contrast, the lack of DC

link energy storage caused the input current to fluctuate at twice the grid frequency; its

ripple magnitude varied with inverter output power. This was experimentally verified by

firstly varying the resistance and capacitance values of three RC load combinations (for a

fixed load time-constant), and secondly by increasing the effective (artificial) grid voltage

seen by the inverter during the grid-loaded testing stage.

The inverter low-pass filter, which utilised the grid transformer leakage reactance and

resistance, demonstrated its ability to attenuate the high-frequency current harmonics

caused by the unipolar PWM switching. Inspection of the output current, however,

revealed a significant ninth-order harmonic, which was caused by resonance between the

filter capacitor and transformer inductance. This prevented the inverter from meeting the

THD grid requirement.
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Chapter 5

Inverter Analysis and Control

This chapter analyses the proposed grid-connected inverter. The non-ideal input current

source, and its effect on the inverter output current is studied. The harmonic distortion of

the non-ideal current source and that of the PWM switching is examined. Four techniques

to attenuate unwanted harmonics are suggested and briefly examined. Of these, the low-

pass filter and feed-forward controller are further discussed. The low-pass filter is analysed

and design trade-offs are shown. The feed-forward controller is also designed and its ability

to significantly improve the output current THD is demonstrated.

5.1 Analysis of Non-Ideal Constant Current Source

The grid-connected inverter concept assumes that the rectifier ideally provides constant

current to the inverter, however, the previous chapter showed that the inverter input

current was non-ideal. An example of the ideal and non-ideal inverter input currents is

shown in Figure 5.1(a). The figure indicates that the harmonics in the output current

are related to the harmonics found in the input current. The large second-order input

current harmonics become large third-order output current harmonics, as a result of the

sinusoidal modulation.

The input current shows two distinct forms of ripple. The higher frequency ripple

is caused by the use of the uncontrolled three-phase rectifier, whilst the low-frequency

ripple (twice that of the mains) is caused by the power fluctuations associated with the

single-phase inverter design. The lack of an energy storage element implies that the

instantaneous inverter input and output powers must be equal. Assuming unity power

factor operation, the inverter delivers a time-varying (fluctuating) power that is the square
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Figure 5.1: Normalised inverter (a) input, and (b) output currents for ideal and non-ideal
inverter input currents.

of a sinusoid, whose average power is half that of its peak. This fluctuating input power

will cause the generator to vibrate [91] and the inverter input current to vary. Each

source of distortion is further discussed below. Note that the effect of the PWM switching

and that of the low-pass filter is ignored in this section. In addition, the inverter input

and output currents and voltages are expressed as normalised quantities throughout this

chapter, i.e. they have peak values of 1pu.

5.1.1 Fluctuating Input Current

Part I showed that the PM generator is able to provide constant current, and hence power,

to a battery or resistive load. However, the proposed single-phase inverter delivers a time-

varying output power. This, coupled with the energy storage-less inverter design, implies

the inverter input power must also vary with time (fluctuate). It follows that the inverter

input voltage varies with time. For a practical generator, this voltage variation produces

an output current variation. This variation is analysed by considering the time-varying

rectifier output (inverter input) voltage, vR(t), in terms of the current wave-shaper output

and the grid voltage, vws(t) and vg(t), respectively.

Figure 4.29 previously showed that the inverter output current THD increased with

the artificial grid voltage for a fixed modulation index. This occurred as the generator was

operated closer to the variable voltage region of the I-V locus, which reduces the machine’s

ability to provide constant current. This is further analysed in this section. Note that all

voltages hereafter are normalised relative to the rectifier open-circuit voltage.
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Consider the time-varying inverter output (grid) voltage. Its instantaneous value,

relative to that of the rectified open-circuit voltage, is defined as α0; e.g. a peak α0 of

0.5pu corresponds to a rectified open-circuit voltage of 679V. The normalised grid voltage

is hence expressed in terms of peak α0 (i.e. α̂0), as shown in Equation (5.1), where ωg

represents the grid angular frequency. The unfolding circuit input voltage can also be

expressed as a function of α̂0, as it is simply the rectified equivalent of its output voltage.

This is shown in Equation (5.2). Note that α̂0 is a scalar that ranges between 0 and 1.

vg(t) = α̂0. sin(ωgt) (pu) (5.1)

vws(t) = |vg(t)| = α̂0.| sin(ωgt)| (pu) (5.2)

The rectifier output voltage can also be expressed in terms of α̂0, and is derived from

the time-varying ideal boost equation shown in Equation (5.3). Note that the duty-cycle,

d, was previously kept constant for a battery load. However, it is now time-varying as

shown in Equation (5.4), where ma represents the inverter modulation index. The rectifier

voltage is hence expressed by Equations (5.5) and (5.6).

vR(t) = [1− d(t)] vws(t) (pu) (5.3)

d(t) = 1−ma.| sin(ωgt)| (pu) (5.4)

vR(t) = ma.| sin(ωgt)|.vws(t) (5.5)

= ma.α̂0. sin
2

(ωgt) (pu) (5.6)

A graphical summary of the normalised grid, (current) wave-shaper and rectifier out-

put voltages (Equations (5.1), 5.2 and (5.6), respectively) is shown in Figure 5.2. The

figure shows that the grid voltage and wave-shaper output voltages are sinusoids with a

peak value equal to α0. The peak rectifier voltage, however, is proportional to the inverter

modulation index, and the figure shows normalised voltages for cases where ma is equal

to 100 and 50%. Note that the grid and current wave-shaper output voltage waveforms

are independent of ma, i.e. their magnitudes are set by the grid voltage.

The inverter input current can be derived from the normalised rectifier I-V locus,

which is shown in Figure 5.3 along with the locus of an ideal current source. The figure

shows both the ideal and the measured (PM machine) loci, where α and β represent the
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Figure 5.2: Output voltage of various inverter stages, showing the grid, wave-shaper and
rectifier output voltages. The rectifier output voltage is a sinusoid squared, and is shown
for modulation indices, ma, of 100 and 50%.

normalised rectifier voltage and current, respectively. Therefore, α = 1 pu represents

an open-circuit, whilst β = 1 pu represents a short-circuit. The ideal locus neglects the

effect of the rectifier (as described in Section 2.3.1), hence the ideal current, β (id), is

given by Equation (5.7), which is based on the unit circle equation, i.e. x2 + y2 = r2. In

contrast, the dashed line, which represents a fitted curve corresponding to the measured

data, β (exp), is expressed as a quintic function of α, as shown in Equation (5.8).
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Figure 5.3: Normalised ideal and fitted experimental rectifier I-V loci, where α and β
represent the voltage and current, respectively. The points represent measured data.
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5.1. ANALYSIS OF NON-IDEAL CONSTANT CURRENT SOURCE

β (id) =
√

1− α2 (5.7)

β (exp) = 3.86α5 − 7.47α4 + 4.27α3 − 1.53α2 − 0.116α + 1 (5.8)

The normalised rectifier current is determined by tracing the time-varying normalised

rectifier voltage (from Figure 5.2) on to the rectifier I-V locus, and plotting the cor-

responding current. This process is demonstrated using the ideal rectifier I-V locus in

Figure 5.4 for a peak normalised rectifier voltage (α̂) of 0.8 and 0.6pu, which results in

a fluctuating rectifier current, iR(t), with minima of 0.6 and 0.8, respectively. The ex-

perimental inverter input current is obtained similarly and is expected to contain greater

harmonic distortion than the ideal case, as it is less effective as a constant current source.
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rectifier output voltage and the normalised rectifier I-V locus. The inverter input currents
shown correspond to the cases where α̂ = 0.6 and 0.8 pu.
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The ideal boost equation, shown in Equation (5.9), is used to determine the wave-

shaper output current, Iws. Consider the ideal I-V locus case. Using Equations (5.7)

and (5.8) and substituting the terms (1−d), IR and Iws for their time-varying equivalents,

allows the ideal wave-shaper output current, iws (id)(t), to be expressed by Equation (5.10).

The ideal inverter output current, iout (id)(t), is simply the unfolded equivalent of the wave-

shaper output current, as given below in Equation (5.11). Examples of the inverter input

and subsequent output currents, using both the ideal and experimental loci over a wide

range of α̂0 , is shown in Figure 5.5. The ma is 100% for all cases.

Iws = (1− d) IR (5.9)

iws (id)(t) = ma.| sin(ωgt)|
√

1−
(
ma.α̂0| sin

2
(ωgt)|

)2

(pu) (5.10)

iout (id)(t) = ma. sin(ωgt)

√
1−

(
ma.α̂0| sin

2
(ωgt)|

)2

(pu) (5.11)

Figure 5.5 shows the inverter input and output currents for various values of α̂0

(ma = 100%) using both the ideal and experimental I-V loci. The importance of a

constant input current source is clearly seen. The fluctuating input current is caused by

the low-cost single-phase inverter design, and could be reduced by modifying the inverter

design, e.g. introducing an energy storage element or outputting three-phase power.

5.1.2 Rectifier Ripple

The uncontrolled full-wave three-phase rectifier is used to convert the generator’s AC

output currents to a DC current. The drawback is that the rectifier output (inverter

input) current contains ripple. This time-varying rectifier ripple, rect(t), fluctuates at six

times the generator frequency and has a magnitude of 13.34% (1−
√

3/2) of the peak AC

line current. This is expressed in Equation (5.12), where ωm is the generator electrical

frequency. An example of the effect of the rectifier ripple is shown in Figure 5.6, which

shows the distorted input and subsequent inverter output current. Note that only the

effect of the rectifier ripple is shown (i.e. α̂0 is zero).

rect(t) =
| sin(ωmt)|+ | sin(ωmt + 2π

3
)|+ | sin(ωmt + 4π

3
)|

2
(5.12)
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Figure 5.5: Normalised inverter input (top) and output (bottom) currents, using the ideal
(left) and experimental (right) I-V loci. The currents are displayed for α̂0 ranging from
0 to 1pu, in 0.25 increments. The output current contains the distortion found in the
input current. There is greater distortion using the experimental I-V locus.
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Figure 5.6: Normalised inverter (a) input and (b) output currents, showing the effect of
the rectifier ripple (α̂0 = 0) for a machine frequency of 200Hz (rectifier ripple frequency
of 1.2 kHz).
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5.1.3 The Resulting Input Current

The inverter input current, iR(t), contains distortion from the rectifier ripple and the

fluctuating inverter input power, and is expressed by Equation (5.13). Substituting β

with β (id) (Equations (5.6) and (5.7)), and the term rect(t) (Equation (5.12)), allows the

ideal inverter input current, iR (id)(t), to be represented by Equation (5.14). The resulting

(simplified) ideal output current, iout (id)(t), is shown in Equation (5.15).

iR(t) = rect(t) . β (pu) (5.13)

iR (id)(t) =
| sin(ωmt)|+ | sin(ωmt+ 2π

3
)|+ | sin(ωmt+ 4π

3
)|

2

√
1−

(
ma.α̂0| sin

2
(ωgt)|

)2

(pu)

(5.14)

iout (id)(t) = ma. sin(ωgt) . iR (id)(t) (5.15)

An example of the inverter input and its subsequent output current is shown in Fig-

ure 5.7, for the ideal locus, α̂ value of 0.7pu (α̂0 =0.7, ma =100%) and a machine frequency

of 200Hz. Note that these current waveforms are identical to those in Figure 5.1. The

input current is mainly caused by the fluctuating input power, however, the rectifier ripple

also contributes. It is expected that the rectifier associated distortion will dominate at

low values of α̂. This is shown in Figure 5.8, which shows the inverter input and output

current for two cases of α̂ = 0.20pu (α =ma.α0). Case one has α̂0 = 0.20 and ma = 100%,
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Figure 5.7: Normalised ideal inverter (a) input and (b) output currents, showing the
combined effect of the rectifier ripple (fm = 200Hz) and the fluctuating input current
(α̂0 = 0.7pu).
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whilst case two has α̂0 = 0.50 and ma = 40%. Both input currents are identical. The

output currents waveforms are identical in shape, however, differ in magnitude. This

highlights that the input current depends on α̂, while the ratio of the output to the input

current depends on the ma.
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Figure 5.8: Normalised ideal inverter (a) input and (b) output current, for a generator
frequency of 200Hz and two cases of α̂ equal to 0.2pu (α̂ =0.2pu, ma = 100%, and
α̂ = 0.5pu, ma = 40%).

The inverter output current distortion is quantified in the next section.
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5.2 Total Harmonic Distortion

The amount of distortion in a waveform is quantified by the means of an index called

the total harmonic distortion (THD) [67]. The THD is a ratio of the total harmonic

components, htot, to the harmonic magnitude of the fundamental frequency, h1, as shown

in Equation (5.16), where hm specifies the harmonic magnitude found at integer multiples

of the fundamental frequency, e.g. h3 and h11 represent the third and 11th-order harmonics,

respectively.

THD (%) = 100× htot

h1

=

√∑
m6=1

h 2
m

h1

(5.16)

Note that an ideal waveform is a sinusoid, which has zero harmonic components and

hence zero distortion. The harmonic content is determined by the fast Fourier trans-

form (FFT), which is an efficient algorithm that computes the discrete Fourier transform

(DFT) [107]. The DFT is a signal processing technique that is used to identify the mag-

nitude and frequency of harmonics that are embedded within signals.

In addition to the rectifier ripple and fluctuating input current, the unipolar PWM

switching of the current wave-shaper significantly contributes to the inverter output cur-

rent THD. Each of these harmonic sources are individually discussed and analysed in the

following sections. As previously stated, Australian Standard 4777.2 requires that the

output current of a grid-connected inverter must contain less than 5% THD [96].

5.2.1 Fluctuating Input Power

It was previously discussed that the lack of energy storage causes the inverter input current

to fluctuate at twice the grid frequency for a single-phase output, recall Figure 5.5. The

figure showed the effect of the fluctuating input power on the inverter output current for

α̂0 ranging from from 0 to 1pu. These output current waveforms suggest that the third-

order harmonic, h3, increases and that the fundamental decreases, with increasing α̂0.

This is confirmed by Figure 5.9, which shows the ideal locus output currents for α̂ = 0.50

and 0.75pu (ma = 100%), and the effect of varying α̂ on the fundamental, third, fifth and

seventh-order harmonics (h1, h3, h5, h7). Although higher frequency odd-order harmonics

exist, these are ignored as their magnitudes are much less than those of h3−7, and do not

significantly affect the THD. It is expected that the THD will rise rapidly with increasing

α̂ as the harmonic content increases while the fundamental decreases.
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Figure 5.9: Normalised inverter output current for α̂ = 0.50 and 0.75 pu (left), and the
harmonic response to increasing α̂ (right), using the ideal I-V locus. Note that the output
current is shown for ma = 100%.

Similarly, Figure 5.10 shows the inverter output currents for the same values of α̂, and

the harmonic response to increasing α̂, now using the experimental I-V locus. As with

the ideal I-V locus, the magnitude of the fundamental decreases, whilst the magnitudes of

the third, fifth and seventh-order harmonics increase for increasing α̂. The key differences

are that the fundamental falls more rapidly and the third-order harmonic increases more

rapidly than that for the ideal case (locus). The fifth and seventh-order harmonics are

similar for the ideal and experimental loci. The only difference is for α̂ between 0.9 and

1pu, where the ideal locus harmonics are slightly higher than those corresponding to the

experimental locus. Note that the relatively small magnitudes in h5 and h7 have little

effect on the resulting THD.
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Figure 5.10: Normalised inverter output current for α̂ = 0.50 and 0.75 pu (left), and the
harmonic response to increasing α̂, (right) using the experimental I-V locus. The output
current is shown for ma = 100%.
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The increase in third-order harmonics, together with the decrease in fundamental

magnitude, imply that the experimental locus will have a higher value of THD for the

entire range of α̂ values. This is confirmed by Figure 5.11, which shows the calculated

THD vs. α̂ for both loci, where the dashed line represents the grid THD limit of 5%.

Note that the THD values shown here ignore the effect of the rectifier current ripple.

The figure suggests that for a DC (fluctuating) input current, the grid THD requirements

can be met providing α̂ is limited to 0.52 or 0.34 pu, using the ideal and experimental

loci, respectively. Note that the conduction losses of the uncontrolled rectifier cause

the experimental I-V locus to differ from the analytical ideal case, and hence show the

importance of reducing its losses.
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Figure 5.11: Calculated THD vs. α̂ for both the ideal and experiential rectifier I-V loci.
The dashed line represents the acceptable THD limit.

5.2.2 Rectifier Ripple

The normalised three-phase rectifier ripple has a fixed magnitude, but varying frequency.

This occurs as the turbine operates over a wide range of speeds, and the rectifier ripple

frequency is six times the machine frequency, fm. The inverter output current and the

corresponding harmonic spectrum are shown in Figure 5.12 for a grid frequency of 50Hz

and a machine frequency of 200Hz.

166



5.2. TOTAL HARMONIC DISTORTION

0 5 10 15 20

−1

0

1

Time (ms)

O
ut

pu
t C

ur
re

nt
 (

pu
)

0 1 2 3 4 5
−60

−40

−20

0 

Frequency (kHz)

M
ag

ni
tu

de
 (

dB
)

 Fundamental

 h
f

Figure 5.12: Normalised inverter output current showing the effect of the rectifier ripple
(left), and its calculated harmonic spectrum (right); hf represents harmonic frequencies.

The harmonic frequencies, hf , are given by Equation (5.17), where f1 is the funda-

mental frequency, and m is an integer. The output current THD is calculated from the

FFT spectrum and is equal to 4.20%. This THD is independent of the machine frequency

and the type of generator locus used.

hf = m 6fm ± f1 (5.17)

5.2.3 The Resulting Input Current

The inverter input current contains distortion from both the rectifier ripple and the fluc-

tuating input current, hence, these should be seen in the output current and the corre-

sponding FFT. This is shown in Figure 5.13 for α̂ = 0.7 pu (α̂0 = 0.7, ma = 100%), using

the ideal I-V locus. The harmonics are identified by their source.
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Figure 5.13: Normalised inverter output current showing the effect of the rectifier ripple
and the fluctuating input power (left), and the corresponding harmonic spectrum (right).
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The harmonic spectrum of the output current shows that the harmonics caused by the

fluctuating input current can be found at frequencies expressed by Equation (5.18). In

addition, the harmonics caused by the rectifier ripple are expressed by Equation (5.19),

where m is an integer and n is an odd integer. Although multiple sidebands now appear

centred around m 6fm, Figure 5.13 shows only two sidebands centred at 1.2kHz and 1 pair

thereafter. Sidebands do not appear in this figure for n > 3 or m > 2, as their magnitudes

are negligible, i.e. < 0.1% of the fundamental magnitude.

hf = nf1 (n > 1) (5.18)

hf = m 6fm ± nf1 (m,n ≥ 1) (5.19)

The use of a rectifier causes the inverter output current to contain a minimum of 4.19%

THD. The grid limit of 5% hence allows for a 2.71% margin (
√

52 − 4.22). Therefore, the

inverter is able to meet the grid THD requirement, if α̂ is limited to 0.39 and 0.23pu,

using the ideal and experimental I-V loci, respectively (see Figure 5.11). Recall that

α̂ = α̂0 ma. This implies that as the machine speed decreases, so too does the induced

voltage and hence α̂0. Therefore, the modulation index should be reduced with speed to

maintain a constant output current THD. This concept is shown in Figure 5.14 which

shows the output current THD as a function of ma for various values of α̂0 (pu).
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0 20 40 60 80 100
0

2

4

6

8

10

Modulation Index (%)

T
H

D
 (

%
)

Grid Limit

0 20 40 60 80 100
0

2

4

6

8

10

Modulation Index (%)

T
H

D
 (

%
) Grid

Limit

α̂
0

=0.00 α̂
0

=0.25 α̂
0

=0.50 α̂
0

=0.75 α̂
0

=1.00

(b) Experimental I-V locus

Figure 5.14: Output current THD vs. modulation index and α̂0 (pu), for the (a) ideal,
and (b) experimental I-V loci. The dashed line represents the grid THD limit of 5%.
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The THD information seen in Figure 5.14 can be rearranged and presented as a contour

plot, as shown in Figure 5.15 for THD contours of 4.2, 5 and 10%. These contours

represent just over the minimum output current THD (caused by the rectifier ripple), the

acceptable grid limit and twice the acceptable limit. The THD contours correspond to

fixed values of α̂, e.g. an output current THD of 5% corresponds to α̂ values of 0.394

and 0.231 pu using the ideal and experimental loci, respectively. The figure shows that a

constant THD can be maintained by reducing ma in proportion with the generator speed

(α̂). Note that the rectifier ripple distortion occurs for all generator speeds, hence the

THD for small values of α̂ is 4.19%, as indicated by the shaded regions.
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Figure 5.15: THD vs. α̂0 and modulation index contour plot, for the (a) ideal, and (b)
experimental I-V loci. The shaded regions represents the minimum output THD, caused
by the rectifier, while the dashed line represents the grid THD limit of 5%.

Figures 5.15 and 5.14 indicate that the inverter must reduce ma as the generator

speed decreases (α̂0 increases) to maintain a constant THD. The inverter may reduce the

modulation index automatically as the turbine speed and hence power decrease with wind

speed. This is further investigated in the following subsection.

Modulation Index and α̂0 Variation with Wind Speed

Recall that α0 represents the ratio of the peak grid to rectified open-circuit voltage, and

that the peak turbine speed occurs at rated wind speed. This implies that the minimum

α̂0 will occur at rated wind speed and that α̂0 will be larger at all other wind speeds. This

is shown in Figure 5.16, which shows the turbine speed and the resulting α̂0 as a function

of wind speed. Note that Figure 5.16(a) is the normalised equivalent of Figure 1.5(c).
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Figure 5.16: Turbine speed (a) and the resulting α̂0 (b), as a function of wind speed. Note
that α̂0 is equal to 0.23pu at rated wind speed.

Consider wind speeds below rated. The turbine and inverter output power, and hence

the required modulation index increases with the cube of wind speed. Therefore, α̂ must

increase with the square of wind speed, as α̂0 is inversely proportional to wind speed

(recall that α̂ = α̂0.ma). A summary of the modulation index and the resulting α̂

is shown in Figure 5.17, over a wide range of normalised wind speeds. Note that the

modulation index is 100% above rated wind speed as the inverter aims to deliver rated

power to grid, and the resulting α̂ is identical to α̂0 for this range of wind speeds.
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Figure 5.17: Modulation index (a) and the resulting α̂ (b), as a function of wind speed.
Note that α̂ is equal to 0.23pu at rated wind speed.
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The open-loop inverter output current THD is determined from the above α̂ curve, and

the THD vs. α̂ curve (see Figure 5.14(b)). The resulting output current THD is shown

in Figure 5.18, as a function of normalised wind speed. The THD is shown to increase

from the 4.19% at low wind speeds, which is solely caused by the rectifier ripple, up to

the grid requirement at rated wind speed. The THD then increases above the 5% grid

requirement, with wind speed, at rate proportional to α̂. The figure highlights that the

inverter is able to meet the grid THD requirements below rated wind speed, providing

a suitable generator is used (α̂0). However, the effects of resonance, i.e. input current

harmonic amplification, are not considered here. This is examined in Section 5.3.9.
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Figure 5.18: Open-loop inverter output current THD vs. wind speed. The dashed line
represents the grid THD requirement, whilst the dotted line corresponds to the THD
caused by the rectifier ripple.

5.2.4 PWM Switching Schemes

In addition to the input current distortion caused by the non-ideal current source, the

PWM switching of the current wave-shaper significantly contributes to the inverter output

current THD. Two varieties of PWM switching exist, these are the bipolar and unipolar

schemes. An example of each waveform is shown in Figure 5.19, for a modulation index

of 100%. Their corresponding harmonic spectra are shown in Figure 5.20.
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Figure 5.19: Normalised PWM switching scheme waveforms, showing the (a) Bipolar, and
(b) Unipolar varieties, for a switching frequency of 1kHz.
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Figure 5.20: Harmonic spectra of the (a) bipolar, and (b) unipolar PWM switching scheme
waveforms. Note: the harmonic magnitudes now have linear scales, which were logarith-
mic in earlier figures.

The unipolar PWM waveform has lower harmonics than the bipolar waveform, as it

changes polarity at twice the inverter frequency, as does a sinusoid, whereas the bipolar

PWM waveform changes polarity at the inverter switching frequency, fsw. The harmonic

spectra shows that the harmonics appear as sidebands that are centred at integer multiples

of the PWM switching frequency, fsw. These harmonic frequencies, hf , are expressed by

Equation (5.20), where f1 is the fundamental frequency, m is an integer, and n is an

odd integer. Comparison of the harmonic spectra indicate that the unipolar harmonics

centred at m fsw have the same amplitude as the bipolar harmonics centred at 2m fsw.

The unipolar waveform does not contain the bipolar harmonics that are centred at odd

multiples of fsw, which is verified in [67]. The reduced harmonic content implies that the
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unipolar waveform contains less THD than the bipolar equivalent. Comparison of the

calculated THDs confirms this, i.e. the bipolar PWM waveform THD is 96.2%, whilst the

unipolar waveform THD is 49.5%. Despite the significant increase in THD, the bipolar

PWM switching scheme is used more often than the unipolar alternative [108].

hf = mfsw ± nf1 (5.20)

Effect of Modulation Index Variation

The bipolar PWM waveform harmonics are further analysed in [67], where the effect of

varying the inverter modulation index is also taken into consideration. However, only half

of this information applies to the unipolar PWM case, and as such, a detailed harmonic

analysis of the unipolar PWM waveform is presented here. Note that the PWM switching

frequency is set to 4kHz, as this corresponds to that used experimentally in Chapter 4.

The unipolar PWM waveform was simulated and analysed, over a wide range of mod-

ulation indices. It was found that the total harmonic components, htot, varied somewhat

quadratically with modulation index, whilst the fundamental magnitude was directly

proportional to ma. The resulting THD is hence inversely proportional to the inverter

modulation index, as shown in Figure 5.21, where the dashed line represents the grid THD

limit of 5%. It is clearly seen that the output current fails to meet the THD requirement

over the entire range of modulation index.
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Figure 5.21: Calculated total harmonic amplitude (left), and distortion (right) vs. inverter
modulation index, for a unipolar PWM waveform. Note that the fundamental magnitude
is also shown with harmonic amplitude, as the THD is inversely proportional to it. The
dashed line represents the grid THD limit of 5%.
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The harmonic information presented in Figure 5.21 is summarised in Table 5.1. The

table identifies the harmonic frequencies, their magnitudes, and the total harmonic dis-

tortion for various modulation indices, using an ideal DC input current (α̂0 = 0).

Table 5.1: Harmonic information regarding the unipolar PWM waveform, for various
modulation indices. The harmonic frequencies are expressed as functions of the funda-
mental and inverter switching frequencies,(f1 and fsw), whilst the harmonic magnitudes
are expressed as percentages relative to the peak of the PWM waveform.

PPPPPPPPPhf

ma 100% 80% 60% 40% 20%

h1 100 80 60 40 20
fsw ± f1 18.15 31.45 37.01 32.58 18.95
fsw ± 3f1 21.19 13.92 7.06 2.34
fsw ± 5f1 3.34 1.24
2fsw ± f1 6.75 10.50 0.79 15.75 16.26
2fsw ± 3f1 1.07 11.48 13.21 6.93 1.15
2fsw ± 5f1 11.88 8.38 3.40 0.64
2fsw ± 7f1 5.08 1.73
2fsw ± 9f1 0.88
3fsw ± f1 3.77 3.04 6.98 0.60 12.33
3fsw ± 3f1 1.78 5.58 4.57 8.79 2.31
3fsw ± 5f1 3.00 5.91 7.14 2.23
3fsw ± 7f1 6.20 6.07 2.09 0.22
3fsw ± 9f1 5.34 1.93 0.29
3fsw ± 11f1 1.78 0.35
3fsw ± 13f1 0.39
4fsw ± f1 2.46 0.50 2.53 5.25 7.89
4fsw ± 3f1 1.53 1.12 4.17 5.77 3.43
4fsw ± 5f1 0.72 3.79 4.40 4.22 0.29
4fsw ± 7f1 3.55 3.35 4.57 0.87
4fsw ± 9f1 2.39 4.70 1.46
4fsw ± 11f1 4.67 2.00 0.23
4fsw ± 13f1 2.51 0.50
4fsw ± 15f1 0.78
4fsw ± 17f1 0.14

...
...

...
...

...
...

mfsw ± nf1 · · · · · · · · · · · · · · ·
htot 50.54 59.98 62.00 57.51 44.31

THD 50.54 74.97 103.34 143.78 221.53
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5.2.5 The Inverter Output Current

This section examines the combined effect of all three harmonic sources on the output cur-

rent. An example of this is shown in Figure 5.22, which shows the distorted inverter input

current and the resulting inverter output current. The input current shows the rectifier

ripple and fluctuating input current, for a generator frequency of 200Hz, and α̂0 = 0.8pu,

respectively. The unipolar PWM switching operates at 4kHz, with a modulation index of

100%. The FFT of the inverter output current reveals the harmonic spectrum shown in

Figure 5.23. The harmonics are grouped and identified by their source.
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Figure 5.22: The normalised inverter input (left), and output (right) current, showing the
effects of the rectifier ripple, fluctuating input power, and the unipolar PWM switching
for α̂ = 0.8 pu (α̂0 = 0.8, and ma = 100%).
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Figure 5.23: Harmonic spectrum of the inverter output current, identifying the harmonics
caused by the rectifier, fluctuating input power, and the unipolar PWM switching.

Figures 5.22 and 5.23 indicate that the majority of the output current distortion

is associated with the PWM switching. The harmonic spectrum also shows that the

harmonics caused by fluctuating input power, rectifier, and PWM switching, occur at low,
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medium and high frequencies, respectively. It was previously shown, in Section 5.2.3, that

the low-frequency harmonics could be reduced by reducing the modulation index. This

action could be applied again, however, it will also reduce the fundamental magnitude

and hence increase the overall THD. The effect of modulation index variation on the

inverter output current is summarised in Figure 5.24, where the calculated THD includes

the harmonic distortion caused by the rectifier, fluctuating input power and the unipolar

PWM switching. The reduction of modulation index clearly increases the output current

THD, with the exception of α̂0 greater than 0.75pu, where the output THD can be reduced

for modulation indices above about 70%.
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Figure 5.24: Calculated total harmonic distortion vs. modulation index for various values
of α̂0. The THD can be minimised, via modulation index manipulation, for α̂0 > 0.75pu,
however it greatly exceeds the acceptable limit (dashed line).

5.2.6 Reducing Harmonic Distortion

The previous section showed that the inverter output current is unable to meet the grid

THD requirement, without some form of harmonic reduction. It is anticipated that the

low-pass filter will sufficiently attenuate the PWM switching harmonics, however, the

low-frequency harmonics, caused by the fluctuating input power, will be difficult to elimi-

nate, as they occur in the vicinity of the fundamental. In addition, the medium-frequency
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harmonics may be difficult to eliminate, as the turbine operates at various speeds, which

causes the harmonic frequencies to also vary. This section briefly discusses several tech-

niques to attenuate / eliminate harmonics, these include using: low-pass and notch filters,

reducing α̂, and using a feed-froward controller.

Low-Pass Filter

The low-pass filter is extensively used in electronic and communication systems, to at-

tenuate high frequency components whilst allowing low frequencies through. For this

application, a second-order CL type low-pass filter is required as this sufficiently couples

the current source inverter to the voltage source grid, according to the impedance mis-

match criteria [105]. An example of this type of filter is shown in Figure 5.25, where Rd

is the damping resistor.
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Figure 5.25: CL type low-pass filter, as used to couple the current source inverter to the
grid. Rd represents the damping resistor used to control the filter quality factor.

The filter cutoff frequency is commonly referred to as the resonant frequency, fres, as

the filter has an infinite gain at that frequency if there is no damping resistance. The

gain at the resonant frequency is known as the quality factor, Q, and can be reduced by

using a series damping resistor, Rd (seen in the above figure). The resonant frequency and

quality factor are given by Equations (5.21) and (5.22), respectively, whilst Figure 5.26

shows the effect that varying the damping resistance has on the quality factor. Note that

the filter gain represents the ratio of output to input current, i.e. Iout / Iin, and that the

gain is presented in decibels (dB).

fres =
1

2π
√

LC
(5.21)
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Q =
1

Rd

√
L
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Figure 5.26: Normalised low-pass filter frequency response, showing the effect of varying
the filter quality factor, Q.

The CL filter is able to substantially attenuate the high-frequency PWM harmonics if

the resonant frequency is selected to be small compared to the PWM switching frequency.

Despite this, there are two drawbacks of using this type of low-pass filter. Firstly, the

harmonics will be amplified if they occur at the resonant frequency and if the quality

factor exceeds 1. The filter will have a fixed resonant frequency and may correspond to

the frequency of the rectifier ripple, as the turbine operates over a wide range of speeds.

This may amplify the harmonics and increase the output current THD. Secondly, the low-

pass filter is unable to attenuate the low-frequency harmonics caused by the fluctuating

input power, as these occur close to the fundamental frequency.

Notch Filters

Notch filters are used to eliminate specific frequencies, whilst passing all others. They

comprise of a series LC resonant network in a voltage divider configuration [109]. An

example of a notch filter and its position, relative to the proposed grid-connected inverter,
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is shown in Figure 5.27. The figure includes a series connected damping resistor, Rd, which

is used to control the filter quality factor. The effect of varying the quality factor on the

normalised filter gain is shown in Figure 5.28.
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Figure 5.27: Notch filter (left), and its position in the proposed grid-connected inverter
system (right).
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Figure 5.28: Normalised notch filter frequency response, showing the effect of increasing
the quality factor, Q.

The above figure shows that the filter shunt impedance approaches zero as the filter

input frequency approaches the resonant frequency. This provides a path to ground, which
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diverts the input current through the LC network and hence creates the notch in the filter

frequency response. The notch filter resonant frequency and quality factor are identical

to those for the above low-pass filter, see Equations (5.21) and (5.22).

Although notch filters can be used to eliminate fixed frequency harmonics, e.g. the

third and fifth-order harmonics of the fundamental, they can not be used to eliminate

the harmonics caused by the rectifier ripple, as this harmonic frequency varies with the

generator speed. The main drawback of notch filters is that they can potentially become

grid harmonic sinks. That is, if tuned to the grid frequency harmonics, notch filters

will draw large harmonic currents from the grid, which is undesirable. The Australian

Standards also state that the inverter should not significantly sink frequencies used for

ripple control (which allows remote grid load optimisation [110]) by the local electrical

distributor [96]. Notch filters also attract cost, and hence, are no longer considered.

Reduction of α̂

Section 5.2.1 showed that low frequency harmonics, i.e. h3−7, can be reduced by reducing

α̂. This is achieved by reducing either the ma or α̂0. The modulation index is easier

to adjust, as this is handled by the controller. The drawback is that the output current

magnitude is linearly proportional to the ma, i.e. the output current distortion improves at

the expense of the inverter output current magnitude. Hence a distortion / power trade-off

exists.

In contrast, the reduction of α0 does not affect the magnitude of the output current,

however, this is more difficult to achieve in practise, as this implies that the generator

open-circuit voltage must increase. This can be achieved by:

� increasing the machine speed - It was seen in part I that the turbine speed may be

controlled by adjusting the electromagnetic torque, however, to increase its speed

the turbine may not operate at its optimal cp which will reduce the turbine and

hence the inverter output power.

� modifying the machine characteristics - The back-EMF is dictated by the electrical

frequency, ωe, and the back-EMF constant, k, hence increasing either k or the

number of pole-pairs will reduce α̂0. The drawback is that the machine must be

physically altered for such changes to take effect, e.g. the permanent magnets may

be replaced those with a higher energy density.
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Although the reduction of α̂ is required to minimise the input current ripple, the

drawback of this is that the PM generator operates more in the constant current region

of its I-V locus. The higher currents (β → 1) cause higher stator copper losses, and hence

reduce the generator efficiency.

Advanced Control

The inverter is presently controlled in an open-loop manner, and hence the output current

contains the harmonics found in the input current. The use of a more sophisticated control

system, such as a feedback or feed-forward controller would improve the output current

waveform. The feedback controller would adjust the current-wave shaper duty-cycle such

that the output current would be sinusoidal. This type of controller, however, requires

an expensive isolated output current sensor. In contrast, a feed-forward controller would

adjust the wave-shaper duty-cycle, based on the sampled input current and the known

simple relationship between the duty-cycle and input and output currents. This attracts

a lower cost, as the current sensor is not required to be isolated, however, both systems

require a fast processor to rapidly sample their respective currents.

In summary, a low-pass filter and a feed-forward controller should allow the grid-

connected inverter to deliver high quality power to the grid. These are further discussed

in Sections 5.3 and 5.4, respectively.
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5.3 Low-Pass Filter Analysis

The low-pass filter is situated between the unfolding circuit and the grid. Its primary role

is to attenuate the high-frequency PWM current harmonics, such that the output current

THD meets the grid requirements, i.e. THD< 5%. In addition, the choice of filter com-

ponent can also affect the inverter power factor. This is examined in Section 5.3.6, which

emphasises that the inverter power factor must lie between 0.8 leading and 0.95 lagging,

for inverter outputs between 20% and 100% of rated volt-amperes.

It was previously mentioned in Section 4.2.5 that the low-pass filter configuration

is determined by applying the filter impedance mismatch criteria to the inverter input

type, i.e. current or voltage source. Voltage source inverters (VSI) make up the majority

of commercially available inverters, and use either a single inductive (L) or inductive-

capacitive-inductive (LCL) type low-pass filter. The L filter is the simplest and most

common filter type amongst VSI [61], and is well suited to high-frequency PWM con-

verters [111]. The drawback, however, is that L type filters attenuate high-frequencies at

only 20dB/decade, and so its use is restricted in high-powered low-frequency converter

applications [111, 112]. The LCL filter addresses these problems, as it attenuates fre-

quencies at 60dB/decade [61], beyond its resonant frequency, and it so achieves reduced

levels of harmonic distortion at lower switching frequencies and with less total induc-

tance [111, 112] and hence less losses. In contrast, a capacitive-inductive (CL) type filter

is used with current source inverters (CSI), and attenuates frequencies at 40dB/decade,

beyond its resonant frequency. A summary of these low-pass filter configurations is shown

in Figure 5.29.
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Figure 5.29: Typical grid-connected inverter low-pass filter varieties, showing the (a) L,
(b) LCL and (c) CL types used. The L and LCL filters are used to couple voltage source
inverters to the grid, whilst the CL type couples a current source inverter to the grid.

The main drawback of the LCL and CL type filters is resonance, which can potentially

increase harmonics if the filter gain at the resonant frequency is greater than 1 and the
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resonant frequency, fres, coincides with any low or medium-frequency harmonics. This

was seen in the experimental testing stage (Section 4.4.3) where the filter resonated at

450Hz, i.e. the ninth-order harmonic. The effect of resonance can be reduced by limiting

the filter gain at the resonant frequency. This, however, requires an understanding of the

filter and how it responds to various input frequencies.

5.3.1 Filter Response

The filter response is determined by its transfer function, H(s), which represents the

complex ratio of the frequency dependent output to input, where s = jω. Note that H(s)

represents the ratio of the output to input voltage, for an L or LCL filter, and the ratio of

output to input current, for a CL type filter. An example of an undamped CL low-pass

filter transfer function is shown in Equation (5.23).

H(s) =
1

s2LC + 1
(5.23)

The filter gain, A, is the absolute value of the transfer function, and the phase delay,

φ, is given by the argument of the transfer function, as summarised by Equations (5.24),

and (5.25), respectively.

A = |H(s)| (5.24)

φ = arg (H(s)) (5.25)

The gain at the resonant frequency determines the extent of resonance and is commonly

referred to as the quality factor, Q. Consider the undamped CL filter. The filter has an

infinite quality factor, when the denominator of Equation (5.23) is zero. The frequency

corresponding to this case, is known as the resonant frequency, fres, and is given by

Equation (5.26). The infinite gain would amplify harmonics if found at the resonant

frequency, and hence increase the filter output THD. The need to limit the filter quality

factor is clearly seen. In practise, this is achieved by adding damping to the filter, and is

discussed in the following section. Note that fres is also referred to as the cutoff frequency,

fc, and that both terms are used throughout this chapter.

fres =
1

2π
√

LC
(5.26)
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5.3.2 Filter Damping

The CL low-pass filter can be damped by introducing a damping resistor, Rd, to the

circuit. The damping resistor can be connected in one of four ways, as listed below and

summarised in Figure 5.30. Note that configuration 4 was previously seen in Section 5.2.6.

1) connected in series with the capacitor,

2) connected in parallel to the capacitor,

3) connected in parallel to the inductor, or

4) connected in series with the inductor.

1

L

C
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Figure 5.30: Damped CL low-pass filter, showing four configurations.

The quality factor is a function of the filter characteristic impedance, Z0, the damping

resistance and the filter configuration; Z0 is expressed by Equation (5.27). The filter is

said to be over, critically and under -damped if Q is less than, equal to and greater than

0.71 (1/
√

2), respectively. Although a quality factor of less than 1 prevents harmonic

amplification, it is generally acceptable for a switched-mode power supply filter to be

designed with a Q between 2 and 4 [105].

Z0 =

√
L

C
(5.27)

5.3.3 Damped Filter Response and Configuration Comparison

Examples of damped low-pass filter responses are shown in Figure 5.31, for each of the four

damped filter configurations (FC) 1–4. Figures 5.31(a) and 5.31(b), show the gain and

phase delay as a function of input filter frequency, for damping resistances equal to Z0 Ω

and 2 Z0 Ω, respectively. Note that the filter input frequency is shown on a logarithmic

scale, ranges from 0.01 to 100pu and is normalised relative to the resonant frequency.
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The gain and phase delay plots of FC1 and FC3 are identical for a damping resistance

equal to the characteristic impedance, as are those of FC2 and FC 4 (Figure 5.31(a)). As

the damping resistance increases, the gain and phase delay plots become unique (see Fig-

ure 5.31(b)). In general, FC 1 and FC3 behave similarly, as do FC2 and FC4. Generally,

the gain of an nth-order low-pass filter rolls-off at −20 n dB/decade and the phase delay

approaches −90 n° at high frequencies. This indicates that FC1 and FC3 behave as first-

order low-pass filters, whilst FC 2 and FC 4 act like second-order low-pass filters. This

implies that FC2 and FC 4 will yield a cleaner (lower THD) output current than FC1

and FC3.
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Figure 5.31: Normalised CL low-pass filter gain and phase margin comparison, for
(a) Rd = Z0 Ω and (b) Rd = 2 Z0 Ω. Filter configurations (FC) 1 and 3, behave as
first-order filters, whilst FC 2 and 4 behave like second-order filters. Note that the fre-
quency is normalised relative to the resonant frequency, fres.
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The above figure showed that the filter quality factor and phase delay at the resonant

frequency, varies with damping resistance and the selected filter configuration. This is

further examined and verified in Figure 5.32, for various values of damping resistance,

however, the phase delay of FC 2 and FC 4 is independent of the ratio of Rd to Z0. This

information and other key filter features is summarised in Table 5.2. Note that the damp-

ing resistance is normalised, i.e. it is expressed relative to the characteristic impedance.
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Figure 5.32: Filter gain (a) and phase delay (b), at the resonant frequency, fres, of each
filter configuration, as a function of damping resistance, Rd. Note that the damping
resistance is normalised, i.e. it is expressed relative to the characteristic impedance, Z0.

Filter Induced Phase Delay

Although the above figures and table shows that the low-pass filter introduces a phase

delay, it is only the phase delay at the fundamental frequency (φ at f1) that is of signifi-

cance, as this can affect the inverter power factor. Providing the filter Q is greater than 1

and the resonant frequency is significantly greater than the fundamental frequency, the φ

at f1 is small and hence negligible. This is shown in Figure 5.33, where the filter delay (at

the fundamental frequency) is plotted as a function of Q, for resonant frequencies equal

to 3 f1, 5 f1 and 10 f1. It is seen that the filter delay decreases as Q increases, and as the

fres increases.

Recall that FC1 and FC 3 have quality factors greater than one, for all values of Rd.

This information, together with the knowledge of low-frequency harmonics, h3−7 (from

Section 5.2.1), implies that the fres should be designed to be at least 9 times the f1, to
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Table 5.2: Comparison of the key low-pass filter properties, for each of the four damped
filter configurations (FC).

FC Circuit Transfer Quality Phase delay Roll-off rate
function, H(s) Factor, Q at fres (°) beyond fres
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Figure 5.33: Filter delay at the fundamental frequency (φ at f1) vs. quality factor for
filter configurations (a) 1 and 3, and (b) 2 and 4. The curves represent cutoff frequencies
(fc) equal to 3, 5 and 10 times that of the fundamental.
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avoid low-frequency harmonic amplification (as Q> 1). Therefore, as a general guideline,

the filter resonant frequency should be selected to be at least one decade above the

fundamental, when using the PM generator current source. Using this recommendation,

the phase delay at f1 for FC1 and FC 3 will be very small, i.e. < 0.25°, and is hence

negligible. In contrast, the φ at f1 caused by FC 2 and FC 4 will be between 3° and 1° for

a Q between 2 and 4, respectively. Despite this, the phase delay of FC 2 and FC 4 is also

considered insignificant, i.e. from this point on, it is assumed that the fundamental of the

filtered unipolar PWM waveform is in phase with the grid voltage.

5.3.4 Design Considerations

It is well known that a GCI is required to provide high quality (low THD) power to the

grid, whilst meeting the necessary power factor. Despite this, the importance of the low-

pass filter design is often overlooked. The low-pass filter design influences the harmonic

attenuation and affects the inverter power factor. In addition, the filter will have copper

losses and hence reduce the overall inverter efficiency. To maintain a high efficiency, a

maximum damping resistor power loss, Pd, of 5% rated power is arbitrarily selected. This

should also be taken into account when designing a GCI low-pass filter.

Filter Variables

The filter itself has four variables, three of which are circuit parameters, i.e. the capac-

itance, the inductance and the damping resistance; the remaining variable is the filter

configuration. A summary of these filter variables, and the key filter parameters they

affect, is summarised in Table 5.3.

Table 5.3: Low-Pass filter variables, and the key parameters they affect.

XXXXXXXXXXXXVariable
Parameter Resonant Quality Harmonic Damping Resistor

Frequency, fres Factor, Q Attenuation Power Loss, Pd

Inductance, L 3 3 3 3

Capacitance, C 3 3 3 3

Damping
5 3 3 3

Resistance, Rd

Filter
5 3 3 3

Configuration (FC)
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Frequency and Filter Component Normalisation

The filter cutoff (or resonant) frequency and filter components are normalised, as this

greatly simplifies the analysis and allows the designer to easily select component values

for any sized (rated) system. The normalised cutoff frequency, ωcn is expressed relative to

the base frequency, ωB, these are expressed by Equations (5.28) and (5.29), respectively,

where f1 represents the grid (inverter fundamental) frequency.

ωcn ≡
ω

ωB

(5.28)

ωB = 2 π f1 (5.29)

Consider an inverter designed to deliver rated power, PB, in to a grid of rated voltage

VB. The resulting base impedance, ZB, is expressed by Equation (5.30), and is later

used to normalise the filter components. Note that the base impedance is defined as the

quotient of the base voltage and base current, IB.

ZB ≡
VB

IB

=
V 2

B

PB

(5.30)

The normalised filter capacitance, Cn, is shown in Equation (5.31), where CB repre-

sents the base capacitance, which itself is expressed in Equation (5.32).

Cn =
C

CB

(5.31)

CB =
1

ωBZB

(5.32)

Similarly, the normalised filter inductance, Ln, is expressed relative to the base induc-

tance, LB; these are summarised in Equations (5.33) and (5.34), respectively.

Ln =
L

LB

(5.33)

LB =
ZB

ωB

(5.34)
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The filter resonant frequency, which was previously shown in Equation (5.21), is also

normalised and simplified. Substitution of Cn and Ln, in to this expression, shows that

the product is inversely proportional to the square of filter resonant frequency; this is

summarised by Equation (5.35) and Figure 5.34(a), which shows ωcn contours of 1, 5,

10 and 20pu. Similarly, Figure 5.34(b) shows normalised characteristic impedance, Z0n,

contours of 0.5, 1, 1.5, 2 and 2.5pu; Z0n is expressed by Equation (5.36).

LnCn =
1

ω 2

cn

(5.35)

Z0n =

√
Ln

Cn

=
Z0

ZB

(5.36)
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Figure 5.34: Normalised capacitance, Cn, vs. inductance, Ln, plots, showing (a) cutoff
frequency, ωcn, and (b) characteristic impedance, , contours. The ωcn contours are equal
to 2, 5, 10 and 20pu, whilst those for Z0n are equal to 0.5, 1, 1.5 and 2pu.

Practical Limitations

Although Figure 5.34 suggests that a low-pass filter can be easily designed, based on a

desired cutoff frequency or characteristic impedance, it should be noted that components

may face practical limitations, such as size, cost, weight etc. For example, consider a 1kW

GCI: an inductance of 0.6pu corresponds to approximately 110mH. An inductor this size

for this application would be heavy, bulky and costly, due to the inverter current rating

(4.2A). Hence, the size, cost and weight of the filter (and hence inverter) can be reduced
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by selecting a smaller value of Ln; conversely, this would require a larger capacitance for

a given cutoff frequency.

A small capacitance and small inductance can be selected, however, this produces a

high cutoff frequency, which requires the inverter to operate at an even higher switching

frequency, fsw, to allow the filter to remove the PWM harmonics. This leads to higher

inverter switching losses, PSW , as PSW is proportional to the fsw. Hence upper switching

and cutoff frequency limits are required. For a 50Hz GCI, a maximum switching frequency

of 10kHz is selected (200pu). The upper cutoff frequency depends on the filter configura-

tion, required harmonic attenuation, and the inverter switching frequency. This further

investigated in Section 5.3.5, whilst Sections 5.3.6 and 5.3.7 examine the power factor re-

quirements and damping resistor power loss, respectively. Section 5.3.8 summarises with

a power factor, power loss and output current THD trade-off.

5.3.5 Harmonic Attenuation and Distortion

This section examines the filter’s ability to attenuate harmonic components and hence

reduce the THD of an unipolar PWM current. Consider Figure 5.35, it shows the harmonic

spectrum of a 4kHz unipolar PWM waveform, and filter gain of FC1 - 4. The cutoff

frequency, fc, and quality factor are arbitrarily selected as 1kHz and 2, respectively. Note

that the filter gain of FC1 and 3 are indistinguishable, as such, the resulting THD of these

filters will be identical. Similarly, the gain and hence THD of FC 2 and 4 are identical.
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Figure 5.35: Harmonic spectrum of a unipolar PWM waveform, and the gain of filter
configurations 1 and 3, and 2 and 4, which represent first and second-order filter responses,
respectively. Each filter gain is shown for a quality factor of 2 and a cutoff frequency of
1kHz. Note that the harmonic spectrum is shown for a switching frequency of 4kHz.
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Figure 5.35 indicates that filter configurations 2 and 4 offer a greater rate of attenuation

than FC1 and 3. This is expected as FC 1 and 3 behave as first-order filters, i.e. their

gains roll-off at −20 dB/decade, whilst the gains of FC 2 and 4 roll-off at −40 dB/decade,

as they are second-order low-pass filters. In addition to order, other aspects such as

quality factor and cutoff frequency also affect the filter gain and hence output current

THD. The effect of varying the normalised cutoff frequency, fc, on the filter gain is shown

in Figure 5.36 for a Q of 2, whilst Figure 5.37 shows the effect of varying the quality

factor, for a fixed fc of 800Hz. Note that the PWM switching frequency is maintained at

4kHz.
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Figure 5.36: Filter gain on a 4kHz unipolar PWM harmonic spectrum, showing the effect
of varying the filter cutoff frequency, for filter configurations (a) 1 and 3, and (b) 2 and 4.
The cutoff frequencies are normalised relative to the switching frequency and are shown
equal to 0.1, 0.2, 0.5 and 1pu. Note that the PWM harmonics are now only shown for
only two multiples of the switching frequency.

Note that the normalised cutoff frequency, ωcn, seen in Figure 5.34(a), is expressed

relative to the fundamental frequency, f1, whilst the normalised cutoff frequency, fcn,

shown in Figures 5.36 and 5.37 are expressed relative to the inverter switching frequency,

fsw.

Figure 5.36 implies that the low-pass filters becomes less effective as fc approaches fsw,

as higher magnitude high-frequency components pass through the filter, which ultimately

increases the output current THD. In addition, Figure 5.37 suggests the quality factor

of FC1 and 3 also affect the harmonic attenuation and hence the resulting THD. For

192



5.3. LOW-PASS FILTER ANALYSIS

0 2 4 6 8 10
−60

−40

−20

0  

20 

Frequency (kHz)

M
ag

ni
tu

de
 (

dB
)

0 2 4 6 8 10
−60

−40

−20

0  

20 

Frequency (kHz)

M
ag

ni
tu

de
 (

dB
)Q ≈ 1 Q = 5 Q = 2

 Q = 5
 Q = 2
 Q = 1

 Q = 0.71
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Figure 5.37: Filter gain on a 4kHz unipolar PWM harmonic spectrum, showing the effect
of varying the filter quality factor, for filter configurations (a) 1 and 3, and (b) 2 and
4. Quality factors, of 1, 2 and 5 are shown for each filter configuration; in addition the
critically damped case, Q = 0.71 ( 1√

2
), is shown in (b). Note that the cutoff frequency is

800Hz (0.2pu, relative to the switching frequency).

example a low Q (≈1) provides little attenuation at high frequencies, whilst a higher

value Q (e.g. 5) significantly improves the high-frequency attenuation. In contrast, the Q

does not affect the output current THD for FC 2 and 4, at low cutoff frequencies, however,

it becomes significant as fc approaches fsw.

The above statements are verified in Figure 5.38, which shows the calculated output

current THD for each filter, as a function of both cutoff frequency and quality factor; the

dashed line represents the grid THD limit of 5%. The figure indicates that FC1 and 3

are effective if the Q is above 2 and the fc is between less than about 0.2 to 0.3pu; this

may explain why Nave suggests a Q between 2 and 4 [105]. In addition, the figure shows

that the THD of FC 2 and 4 is independent of Q, for fcn less than about 0.3pu, and that

each filter configuration is able to meet the grid THD requirement for a Q of 5, and a fcn

less than about 0.3pu. Hence, the cutoff frequency is limited to about 0.3pu, such that

the filtered current meets the grid THD requirement.

In summary, filter configurations 2 and 4 are able to meet the grid THD specifications

over a wider range of Q and fc, than FC1 and 3. This knowledge makes the design of

the second-order low-pass filters more flexible in terms of cutoff frequency and quality

factor, however, the power factor and damping resistor loss should also be considered

before selecting a filter configuration.
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Figure 5.38: Output current THD vs. filter cutoff frequency and quality factor, for filter
configurations (a) 1 and 3, and (b) 2 and 4. The curves represent quality factors, Q, of 1,
2 and 5, for filter configurations 1–4. Note that filter configurations 2 and 4 also include
the critically damped case, i.e. a Q of 0.71 ( 1√

2
).

5.3.6 Power Factor Requirements

This section shows that the inverter power factor is affected by the choice of filter com-

ponents, and provides a guideline to selecting the filter inductance and capacitance, such

that the power factor requirements are met. The Australian Standards consider the in-

verter as a load from the grid, and requires the inverter to operate between 0.8 lead

and 0.95 lag for all output apparent powers between 20 and 100% rated (0.2 to 1 pu)

power [96]. A summary of the normalised apparent, real and reactive powers (S, P , and

Q, respectively), under these conditions is shown in Table 5.4 and Figure 5.39. Note that

it is assumed that the fundamental of the inverter output current is in-phase with the

grid voltage.

Table 5.4: Summary of normalised apparent, real and reactive power, and power factor
angle (φ) under grid power factor requirement extremes.

``````````````̀Grid Extremes
Power

Apparent (S) Real (P ) Reactive (Q) φ

Power Factor = 0.80 lead 0.20 pu 0.16 pu −0.12 pu 36.9°
Power Factor = 0.95 lag 1.00 pu 0.95 pu 0.31 pu −18.2°
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Figure 5.39: Real, P , reactive, Q, and apparent power, S, triangle, corresponding to the
grid power factor limits, showing (a) 0.8 lead and (b) 0.95 lag.

The reactive power, Q, in the above figure represents the net reactive power that is

either delivered to or absorbed by the grid. It is the difference between that which is

supplied by the capacitor, QC , and that which is absorbed by the inductor, QL, and is

hence expressed as QL−QC . This reactive power flow, is summarised for an undamped CL

low-pass filter in Figure 5.40, which also shows the real power flow, i.e. from the inverter

to the grid. Note that the inverter does not produce reactive power as the fundamental

output current is assumed to operate at unity power factor, i.e. it is supplied by the

capacitor and is absorbed by the inductor and grid.
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Figure 5.40: Real, P , and reactive, Q, power flow diagram for an undamped CL low-pass
filter. Note that the grid supplies / absorbs reactive power that is equal to QL −QC , and
that real power is not absorbed in the filter.

The introduction of a damping resistor would simply imply that the net real power,

that is fed to the grid, is equal to P −Pd, where Pd is the damping resistor power loss. As

Pd is set to 0.05pu (5% rated power) at rated current, it is foreseen that a small reduction

in real power will not greatly affect the resulting power factor. For example, consider the

0.95 lagging case: if P is reduced from 0.95 to 0.9pu, whilst Q is maintained at 0.31 pu,

the power factor changes from 0.95 lag to 0.945 lag.
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Reactive Power

The reactive power that is absorbed by the inductor, and generated by the capacitor is

determined analytically here. Both QL and QC are expressed as a normalised quantities.

The normalised inverter output current is assumed be equal to 1pu and 0.2pu, for rated

and 20% rated volt-amperes operation, respectively.

The inductor absorbs reactive power, QL, which is proportional to the square of the

normalised current (In) and its reactance, XL. This is summarised by Equation (5.37),

and is simplified to Equation (5.38). Hence, at rated current, QL is equal to Ln pu, whilst

at 20% rated power, it is equal to 0.04Ln pu.

QL = I 2
n XL (5.37)

= I 2
n Ln (pu) (5.38)

The capacitor generates reactive power, QC , which is proportional to the square of the

capacitor voltage, VC , and inversely proportional to the capacitive reactance, XC . This

is summarised and simplified in Equations (5.39) and (5.40), respectively. Note: 1/XC

simplifies to Cn, due to the grid frequency.

QC =
V 2

C

XC

(5.39)

= V 2
Cn Cn (pu) (5.40)

The capacitor voltage is the phasor summation of the grid voltage, Vg, and the voltage

drop across the inductor, VL, as summarised by Equation (5.41). This simplifies to Equa-

tion (5.42), as Vg is assumed to be equal to 1 pu, and VL is equal to j In Ln (ωn = 1pu).

VC = Vg − VL (5.41)

= 1− j In Ln (pu) (5.42)
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Filter Component Limitations

The maximum value of Cn and Ln can be determined, such that the power factor require-

ments are met. Consider the leading power factor case, which allows the maximum value

of Cn to be determined. This power factor is most difficult to meet when the inverter

operates at 20% rated volt-amperes. Under this condition, the inverter output current

is 0.2pu and Q is equal to −0.12pu. As Q is equal to QL − QC , the maximum value

of Cn can be calculated as a function of Ln. Hence, for zero inductance, a normalised

capacitance of less than 0.12pu is required to meet the power factor standard. This max-

imum capacitance value is expected to increase with increasing Ln, however, only slightly

as QL is equal to 0.04Ln pu (for 20% rated operation). For example, the leading power

factor requirement will be met for an inductance of 0.5pu, providing Cn does not exceed

0.124 pu.

This process is repeated for the lagging power factor case, however, the power factor is

set to 0.95 (lag) and the inverter output current is set to 1pu. The normalised capacitance

is again determined as a function of Ln, such that the power factor is met. In the absence of

a capacitor, the maximum inductance is equal to 0.31pu. The introduction of capacitance

will supply reactive power to the inductor and effectively allow Ln to increase. Compared

to the effect of Ln on Cn in the light-load leading power factor case, the effect of Cn on

Ln under full-load conditions is more significant as the VC is greater than 1pu.

A summary of the inductance and capacitance limits, that allow the filter to meet

the lagging and leading grid power factor requirements, respectively, is shown by the

dashed lines in Figure 5.41. The figure also shows ωcn contours of 10, 26, and 65pu,

which together with the dashed lines, form the boundary of two design regions; these are

shaded for convenience. The smaller region, area A, corresponds to a switching frequency

of 4kHz, whilst the larger region, areas A and B, represents the design region for a fsw of

10kHz. Hence, filter components selected within a specified design region (based on the

fsw) should yield a sinusoidal output current whose fundamental is within the required

power factor range. Note that a minimum ωcn of 10pu is selected as this produces a small

and insignificant filter phase delay (recall Figure 5.33). Maximum ωcn of 26 and 65pu are

selected as these correspond to fcn of about 0.33pu, i.e. the output current waveform will

contain less than 5% THD, for switching frequencies of 4 and 10kHz, respectively.

Although the inverter power factor requirements are met by selecting values of Cn and

Ln within the design region, other aspects such as the filter characteristic impedance, must

also be considered. The Z0n is governed by Cn and Ln (recall Equation (5.36)), and also
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Figure 5.41: Normalised capacitance vs. inductance, showing various cutoff frequencies
and characteristic impedances. The shaded area represents the design region, which limits
the inverter switching losses, and meets the required power factor standards.

affects the choice of Rd and hence the quality factor. The filter power loss, caused by Rd,

is discussed in the following section, whilst the effect of reducing Cn on both the output

current THD and power loss is examined in Section 5.3.8, for all filter configurations.

5.3.7 Power Loss

Section 5.3.5 showed that each filter is able to meet the grid THD requirement providing

the quality factor is greater than 2 and the cutoff frequency was less than about 0.2pu.

The issue is that as Q increases, so too does Rd for a fixed Z0. Intuitively, the power loss

associated with the damping resistance, Pd, should increase with Rd for FC 1 and 4, as

these are series connected resistive-inductive-capacitive (RLC) circuits. In contrast, Pd

should decrease for FC2 and 3, as these are parallel damped RLC circuits.

Analytically, the damping resistance power loss is proportional to Rd and the square

of the current that flows through it, Id, as shown in Equation (5.43). The total current

that flows through Rd is determined by the theory of superposition, i.e. the summation

of the currents caused by each source, whilst ignoring the other. The damping resistor

current from the inverter, If , is determined by shorting the grid, as it is a voltage source.
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5.3. LOW-PASS FILTER ANALYSIS

In contrast, the grid drawn current, Ig, is calculated by removing the inverter, as it is a

current source. This process is depicted in Figure 5.42, for FC3, and is summarised by

Equation (5.44).

Pd = I 2
d Rd (5.43)

|Id| = |If + Ig| (5.44)

1

C
If

L

RdH-bridge

Inverter

Print this slide!!!

Iin

(a) Current from inverter, If

1

Print this slide!!!

C
Ig

L

Rd GridVg

(b) Current from grid, Ig

Figure 5.42: Damping resistor current determined by the theory of superposition, showing
damping resistor current from (a) the inverter, If , and (b) the grid, Ig. The theory
considers the current from each source, whilst ignoring the other. Note that current and
voltage sources are replaced with open and short-circuits, respectively.

The current divider rule is used to determine the inverter associated current, If . A

summary of these currents, along with those caused from the grid, Ig, are shown in Ta-

ble 5.5, as a function of input frequency (s = j ω). The table shows that If of FC2 and

3 are identical, as are Ig of FC1 and 4. Note that the power loss calculation (see Equa-

tion (5.43)) uses the RMS value of If , which includes the filtered high-frequency PWM

harmonic components up to 7 fsw, which contains 118 harmonic sidebands. In contrast,

the grid drawn current considers only the fundamental (grid) frequency, i.e. ω = ωB.

Power Loss Comparison

The power loss of each filter configuration can be determined by examining each circuit

of Table 5.5. Consider FC1. The high-frequency PWM harmonics will pass through

the capacitor and Rd as the capacitor is essentially a short-circuit at high-frequencies.

Hence, the high-frequency current harmonics and the subsequent high power loss will be
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Table 5.5: Comparison of damping resistor current, for various low-pass filter configura-
tions. The total current is determined from the principle of superposition, i.e it is the
summation of the inverter and grid drawn currents, Iinv and Ig, respectively.

FC Circuit If (ω ≥ ωB) Ig (ω = ωB)

1
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Vg sC

s2CL+sCRd+1

2
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L

Rd
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Iin
sL

s2CLRd+sL+Rd

Vg

s2CLRd+sC+Rd

3

1

C

L

Rd

Print this slide!!!

Iin
sL

s2CLRd+sL+Rd

Vg s2CL

s2CLRd+sL+Rd

4
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Print this slide!!!
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Vg sC
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dissipated in Rd. In contrast, the grid-drawn current will be small due to the capacitance

limitation, and the resulting power loss will hence be negligible.

Consider FC 2. The high-frequency PWM harmonics currents are assumed to pass

through the capacitor. This implies the fundamental current caused by the inverter will

pass through Rd, if it is smaller than the inductive reactance. The grid-drawn current

will also be large for small Rd, as there is a small and insignificant voltage drop across

the inductor, i.e. the voltage drop across the resistor is essentially that of the grid. The

resistance must hence must be large to limit Pd. The drawback, however, is that Q is

directly proportional to Rd, i.e. a power loss vs. quality factor trade-off exists.

Consider FC 4. The capacitor again shorts the high-frequency components, implying

that the fundamental inverter output current passes through Rd. The resulting inverter

associated power loss is hence proportional to Rd. The grid-drawn current is once again

limited by the capacitance and the resulting power loss is considered negligible.

Consider FC3. The series-connected capacitor again limits the grid-drawn current to

a small amount and hence a negligible power loss. The inverter associated current does
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not contain high-frequency harmonics and is small predividing Rd is comparable to (or

smaller than) the inductive reactance. Such a case would result in a small Q and hence

a large output current THD (recall Figure 5.38(a)). In contrast, a large Rd will increase

Q, which will sufficiently attenuate the high-frequency PWM harmonics, whilst reducing

the damping resistor power loss.

The above information suggests that FC 2 is the least favoured filter configuration,

due to high power losses. Nave verifies this by stating that power dissipation problems

may render this filter impractical [105]. A similar study by Ahmed et al. compares the

simulated damping resistor power loss of several LCL filter configurations for a GCI [112].

Although his work compares seven filter topologies, many of which are fourth-order filters,

Ahmed does consider LCL versions of FC 1 and 2 for a 10kVA system. Despite the third-

order nature, the simulations show that the parallel damped arrangement (similar to

FC2) produces copper losses of 1.5kW (0.15pu), compared to 6.5W (0.0065pu) for the

series damped capacitor (similar to FC1). Hence, FC2 produces a power loss of about

230 times than that of FC1.

Filter configuration 3 is not considered in Ahmed’s study, however, it appears to

produce the least power loss. The drawback, however, is that FC3 is only able to attenuate

the high-frequency PWM harmonics as a first-order filter, and hence an output current

THD vs. power loss trade-off exists. This is further examined in the following section.

5.3.8 Design Trade-Offs - Unipolar PWM Waveform

It is well known that the inverter must meet strict grid power factor and THD requirements

in order to operate as a grid-connected inverter. The effect of filter parameter variation,

such as cutoff frequency and quality factor, on the both the output current THD and

power factor has been examined in Sections 5.3.5 and 5.3.6, respectively. In addition, the

damping resistor power loss has also been discussed, albeit separately. The power loss

and THD are now considered simultaneously, for a fsw of 4kHz, and Cn of 0.12pu.

Figure 5.43 shows the damping resistor power loss vs. filter output current THD for

FC1–4 and fc equal to 0.2 and 0.3pu. Simulations over a wider range of fc can be found

in the appendix (Section A.2.1). The shaded area represents the design region, which

is bound by power loss and THD limits of 5%. The power loss is determined using the

inverter associated current, If , which includes the filtered harmonic components up to

7 fsw, and the grid drawn current, Ig. The figure shows that each filter is able to limit

power loss to 5%, whilst meeting the THD specification, for some value of Rd and hence Q.
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Figure 5.43: Filter power loss, Pd, vs. output current THD for cutoff frequencies, fc, of
(a) 0.2, and (b) 0.3 pu (relative to the inverter switching frequency, fsw). The shaded
region indicates the design region, where both the THD and power loss is less than 5%.

Although the output current THD, power factor and filter power loss are of prime

importance, the filter quality factor should also be known as this has the potential to

amplify harmonics, which ultimately influences the output current THD for a non-ideal

input current. Figure 5.44 hence shows the quality factor as a function of normalised

cutoff frequency, for each filter configuration (FC). Four shaded regions are shown, these

correspond to areas where: A) the THD is less than 5%, B) the THD and power loss are

both less than 5%, C) the power loss is less than 5%, and D) both the THD and power loss

are greater than 5%; the solid lines represent contours of THD and or power loss equal

to 5%. Note that the switching frequency is set to 4kHz and that the filter capacitance is

maintained at 0.12pu for each FC, such that the power factor standards are met.
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Figure 5.44: Power loss and THD contours of 5%, for filter configurations (a) 1, (b) 2,
(c) 3 and (d) 4, for a switching frequency of 4kHz. The solid lines represent contours of
THD and damping resistor power loss, Pd, equal to 5%. The resulting shaded regions
represent the area where the A) THD, B) THD and damping resistor power loss, and
C) power loss, are less than 5%, whilst area D) corresponds to the region where both the
THD and power loss exceed 5%. Note that area B is referred to as the design region.

The design region allows the inductor to be easily selected, based on a desired cutoff

frequency, filter configuration and filter capacitance. Similarly, the damping resistor can

also be determined knowing the quality factor and filter configuration. Note that the

inverter performance can be improved, i.e. the output current THD and damping resistor

power loss can be reduced by increasing the filter quality factor. This is seen in Figure 5.45,

which shows THD and power loss contours of 2, 3, 4 and 5% for each filter configuration.

Note that the fsw and Cn are maintained at 4kHz and 0.12pu, respectively.
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(d) Filter Configuration 4

Figure 5.45: Power loss and THD contours of 2, 3, 4 and 5%, for filter configuration
(FC) (a) 1, (b) 2, (c) 3 and (d) 4, for a switching frequency of 4kHz and a capacitance
of 0.12pu. The THD and power loss, Pd, of each filter can be reduced by increasing the
quality factor, Q, with FC3 showing the least Q and Pd variance.

Despite being first-order filters, Figures 5.44 and 5.45 show that FC 1 and 3 are the only

configurations that meet Nave’s recommendation of a Q between 2 and 4. In addition,

FC3 is able to meet this over a wider range of cutoff frequencies, and its Pd is less

susceptible to quality factor variations. In contrast, both second-order filters can not

meet Nave’s suggested Q range; the minimum Q which allows FC4 to lie within the

design region, is 6.5, whilst that of FC 2 is about 20 (for a fc of 0.1pu). Recall that ωcn

should be greater than one decade above ωB, to prevent a filter phase delay. Hence fcn

should exceed 0.125pu for the above 4kHz fsw case.
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Effect of Varying Cn

The design regions of Figure 5.44 are shown for a capacitance of 0.12pu, as this value allows

the filter to meet the 0.8 leading power factor whilst operating at 20% rated power. In

addition, it also restricts Ln to a small range of values (see Figure 5.41), which is desired

as larger capacitors are generally cheaper and easier to obtain than large inductances. If

desired, the range of Ln can be increased by reducing Cn, however this increases Z0n.

The drawback of increasing Z0n is that Rd must also be increased to maintain a given

Q. This action will increase Pd for the series connected RLC filters (FC 1 and 4), and

reduce losses for parallel connected RLC filters (FC2 and 3). Consider FC1 and 4.

Assuming the presence of Rd does not affect the RMS current in the filter, the power loss

in both filters is proportional to Rd. In practise, however, the presence of Rd will reduce

the current in the part of the circuit where Rd is located and hence the power loss would

increase more slowly than Rd.

A summary of the effect of reducing Cn on the filter design region is shown in Table 5.6

for each FC and Cn equal to 0.12, 0.06 and 0.03pu. The table shows that the THD contour

of 5% is unaffected by varying Z0n, whilst the power loss contour of 5% is affected (as

explained above). Consider the Pd contour equal to 5% for each filter configuration, for a

fixed fsw, e.g. 0.2pu. The minimum Q of FC 1 and 4, is shown to be inversely proportional

to Cn, whilst it is directly proportional to Cn for FC2, and is unchanged for FC3.

Assuming that a variation of Cn and Ln does not affect the filter currents (for a fixed

THD), Rd does not change for a fixed Pd. The Z0n, however, is inversely proportional

to Cn for a fixed ωcn. Since Q is directly proportional to Z0 for FC 1 and 4 (series RLC

circuits), the minimum Q corresponding to a fixed Pd must also be inversely proportional

to Cn. Similarly, the Q of FC 2 is inversely proportional to Z0n, and hence the minimum

Q corresponding to a Pd of 5% is directly proportional to Cn.

Effect of Varying fsw

The effect of increasing the fsw on each filter’s design region is summarised in Table 5.7,

for fsw equal to 4, 7 and 10kHz, and for a fixed Cn of 0.12pu. The table shows that

the design region increases with fsw for FC 1, 3 and 4, whilst it decreases for FC2. This

occurs as ωcn increases with fsw, which results in an increase in Ln and hence Z0n. The

minimum Q corresponding to a fixed Pd is hence inversely proportional to the fsw for

FC1 and 4. In contrast, the minimum Q for FC2 is inversely proportional to fsw, whilst

that for FC 3 is not affected (for fc equal to 0.2pu).
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Table 5.6: Effect of varying filter capacitance on filter design region, for filter configura-
tions (FC) 1, 2, 3 and 4. The Cn is equal to 0.12 (leading power factor limit), 0.06 and
0.03pu. Note that the design region for FC4 is not displayed for Cn = 0.03pu due to the
high quality factor, Q, required.
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Table 5.7: Effect of varying switching frequency, fsw, on filter design region, for filter
configurations (FC) 1, 2, 3 and 4. The fsw is equal to 4, 7 and 10kHz, for a filter
capacitance of 0.12pu.

FC fsw = 4kHz fsw = 7kHz fsw = 10kHz

1

0.1 0.2 0.3
0

5

10

15

20

f
c
 / f

sw
 (pu)

Q
ua

lit
y 

F
ac

to
r

Design Region

P
d
 = 5%

THD = 5%

0.1 0.2 0.3
0

5

10

15

20

f
c
 / f

sw
 (pu)

Q
ua

lit
y 

F
ac

to
r

Design Region

P
d
 = 5%

THD = 5%

0.1 0.2 0.3
0

5

10

15

20

f
c
 / f

sw
 (pu)

Q
ua

lit
y 

F
ac

to
r

Design Region

THD = 5%

P
d
 = 5%

2

0.1 0.2 0.3
0

5

10

15

20

f
c
 / f

sw
 (pu)

Q
ua

lit
y 

F
ac

to
r

Design Region

P
d
 = 5%

THD = 5%

0.1 0.2 0.3
0

5

10

15

20

f
c
 / f

sw
 (pu)

Q
ua

lit
y 

F
ac

to
r

THD = 5%

Design Region

P
d
 = 5%

0.1 0.2 0.3
0

5

10

15

20

f
c
 / f

sw
 (pu)

Q
ua

lit
y 

F
ac

to
r

THD = 5%

3

0.1 0.2 0.3
0

5

10

15

20

f
c
 / f

sw
 (pu)

Q
ua

lit
y 

F
ac

to
r

Design Region

P
d
 = 5%

THD = 5%

0.1 0.2 0.3
0

5

10

15

20

f
c
 / f

sw
 (pu)

Q
ua

lit
y 

F
ac

to
r

THD = 5%

P
d
 = 5%

Design Region

0.1 0.2 0.3
0

5

10

15

20

f
c
 / f

sw
 (pu)

Q
ua

lit
y 

F
ac

to
r

THD = 5%

P
d
 = 5%

Design Region

4

0.1 0.2 0.3
0

5

10

15

20

f
c
 / f

sw
 (pu)

Q
ua

lit
y 

F
ac

to
r

Design
Region

THD = 5%

P
d
 = 5%

0.1 0.2 0.3
0

5

10

15

20

f
c
 / f

sw
 (pu)

Q
ua

lit
y 

F
ac

to
r

Design Region

THD = 5%

P
d
 = 5%

0.1 0.2 0.3
0

5

10

15

20

f
c
 / f

sw
 (pu)

Q
ua

lit
y 

F
ac

to
r

Design Region

P
d
 = 5%

THD = 5%

207



CHAPTER 5. INVERTER ANALYSIS AND CONTROL

In summary, the design region of FC 1 and 4, is maximised by increasing either Cn

(within the leading power factor limit) or the fsw. Conversely,the design region of FC2

can be maximised by reducing either Cn or the fsw. Filter configuration 3 is shown to

be least affected by either Cn or fsw variation, and offers the lowest value of Q. These

attributes make FC3 the filter of choice.

5.3.9 Effect of Non-Ideal Current Source

Thus far, it is assumed that the filter is supplied with a unipolar PWM current that

is created using an ideal constant current source, however, the proposed GCI uses a

PM generator and uncontrolled rectifier. Therefore, the effects of this non-ideal current

source (NICS), are examined here. Unlike the ideal PWM current case, the quality factor

becomes important as low and medium-frequency harmonics exist; these are caused by

the fluctuating output power (α0) and the rectifier ripple (frect), respectively. These

harmonics will be amplified if the fres is equal (or close) to the harmonic frequencies, and

if Q exceeds 1. This is highly likely, as Figure 5.44 indicates that the Q for FC1, 2 and

4, must be greater than 4 to meet the THD and power loss design region. In addition,

the resonant frequency will be fixed (due to fixed filter components), whilst the rectifier

ripple frequency will vary with turbine (wind) speed.

The THD vs. cutoff frequency is shown in Figure 5.46, using the NICS and for cases

i) α̂0 and frect = 0.2pu, and ii) α̂0 and frect = 0.4pu. The plot appears similar to that of

the ideal PWM input current case (Figure 5.38), however, the THD is shown to increase

at low and medium cutoff frequencies. This is caused by resonance; the extent of which

depends on the quality factor, and value of α̂0. The figure also identifies the source of

harmonics, e.g. those caused by the fluctuating input power (α̂0), the rectifier ripple (frect)

or the PWM switching (PWM).

The key conclusion from Figure 5.46 is that the NICS significantly reduces the range of

fc, for which the inverter is able to meet the grid THD requirement. The inverter is shown

to exceed this 5% requirement if α̂0 exceeds 0.4pu; α0 can be reduced by over-sizing the

machine (as mentioned in Section 5.2.6), however, this does not remove the rectifier ripple

harmonics. The ideal solution is to remove the low and medium-frequency harmonics

caused by the NICS, such that the filter must only attenuate the high-frequency (PWM)

harmonics, and the effects of resonance can be hence be ignored. The low and medium-

frequency harmonics can be effectively removed by incorporating a more sophisticated,
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e.g. feedback or feed-forward, controller. A feed-forward control algorithm is investigated

in Section 5.4.
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Figure 5.46: THD vs. cutoff frequency and quality factor (Q), showing the effects of fluc-
tuating output power (α̂0) and the rectifier ripple frequency (frect), for filter configurations
(a) 1 and 3, and (b) 2 and 4. The THD is shown for (top) α̂0 and frect = 0.2pu, and
(bottom) α̂0 and frect = 0.4pu. The harmonics sources are identified in the latter.

5.3.10 Alternative (Third-Order) Filter Configurations

Third-order low pass filters that meet the impedance mismatch criteria are shown in

Figure 5.47, these include the parallel and series-damped third-order filters. Note the term

series or parallel-damped refers to the connection of the damping resistor with respect to

the reactive elements (either Cd or Ld). Both filters have a roll-off rate of −40dB/decade,
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however the parallel-damped filter has lower power losses [105]. These filters are beyond

the scope of this work and are further discussed in [105,113]. Given that FC3 is promising

it is not necessary to further investigate third-order filters.
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Figure 5.47: Third-order variations of the damped LC low-pass filters, including the (a)
parallel and (b) series damped configurations.
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5.4 Feed-Forward Control

5.4.1 Introduction

A system which shows feed-forward behaviour responds to a measured input disturbance

in a pre-defined way; this differs to feedback systems that deal with any deviation from

the desired system output behaviour. Feed-forward systems require a system model and

are hence sensitive to model inaccuracies. The controlled variable will deviate from the

desired output unless all input disturbances are anticipated [114] and are accurately cal-

culable [115]. Feed-forward controllers hence use sophisticated calculations to accurately

model input disturbances [114]. Despite this, feed-forward systems are stable and re-

spond quickly [116]. In contrast, feedback systems do not require a system model, as they

are based on closed-loop control. They are hence slower to respond, and may become

unstable, however, they are able to deal with unique disturbances.

Conventional voltage-source, current-controlled inverters use feedback control based

on sampling the output current. The difference between the instantaneous output and

reference currents is known as the error. The controller adjusts the inverter switching

signals to minimise the error. In contrast, a feed-forward controller would sample an input

parameter, e.g. the machine speed or inverter input current, and apply a predetermined

control pattern to the inverter. Both controllers require a fast processor for rapid sampling,

however, the feed-forward system generally has lower costs, as the required sensors are

generally cheaper. The machine speed can be easily measured using a low-cost Hall-effect

sensor or the inverter input current can be measured using a low-cost shunt resistor, whilst

the equivalent feedback control system requires a more expensive isolated current sensor.

5.4.2 Aim of Proposed Feed-Forward Control

Feed-forward control is investigated here to remove the low and medium-frequency har-

monics, due to the fluctuating input power (α̂) and the rectifier ripple, respectively. Sec-

tion 5.2.3 showed that the low-frequency harmonics, and hence the THD, could be reduced

by decreasing the modulation index. However, this also reduced the fundamental compo-

nent and was unable to reduce the rectifier ripple harmonics. The proposed feed-forward

(compensation) scheme aims to remove the low and medium-frequency harmonics, by ad-

justing the modulation index (and hence duty-cycle) in real-time, such that a sinusoidal

output current with zero distortion is obtained. Note that the inverter output current

obtained using the feed-forward controller is referred to as the compensated current.
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An example of the open-loop inverter input and compensated inverter output currents

is shown in Figure 5.48, for a rectifier ripple frequency of 1.8kHz, and a α̂0 of 0.25pu. The

compensated output current, ic(t), has a peak equal to β
√

3/2 pu, as this corresponds

to the minimum rectifier ripple. Hence a compensated current whose peak is less than

or equal to the minimum open-loop inverter input current will not contain harmonic

distortion caused by the rectifier ripple or the fluctuating input power (α̂0).
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Figure 5.48: Feed-forward current compensation concept, showing the normalised open-
loop inverter input current and the rectified compensated inverter output current. The
rectifier ripple frequency is shown for 1.8kHz, whilst α̂0 is equal to 0.25pu. Note that the
terms peak, DC (mean) and minimum refer to the open-loop inverter input current.

The ideal compensated output current, ic (id)(t), is expressed by Equation (5.45), which

substitutes β (from above) by Equation (5.7), for the ideal case. The experimental com-

pensated current, ic exp(t), is derived in a similar manner and is shown in Equation (5.46);

this is derived by substituting β by Equation (5.8).

ic (id)(t) =

√
3

2

√
1− α̂ 2

0 . sin(ωgt) (pu) (5.45)

ic (exp)(t) =

√
3

2

(
3.86 α̂ 5

0 − 7.47 α̂ 4
0 + 4.27 α̂ 3

0 − 1.53 α̂ 2
0 − 0.116 α̂0 + 1

)
. sin(ωgt) (pu)

(5.46)
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Two types of feed-forward control are proposed to obtain a distortion-free output cur-

rent. The first samples the generator frequency, fm, whilst the second technique samples

the inverter input current, iin(t). Both techniques instantaneously manipulate the inverter

modulation index, ma, (and hence the duty-cycle) such that a sinusoidal inverter output

current is obtained.

5.4.3 Controller 1 (FFC1): Sample Machine Frequency

Consider the ideal I-V locus. The resulting ideal inverter output current, which contains

input current harmonic distortion, is expressed by Equation (5.15). The feed-forward

controller is able to effectively remove the input current distortion if the ideal output

current is equal to the ideal compensated current, i.e. Equation (5.45). This is sum-

marised in Equation (5.47), which simplifies the ideal output current (right-hand side of

the expression). This equality is rearranged and solved for in terms of ma; the resulting

required time-varying modulation index, ma(t), is expressed in Equation (5.48), and is

shown in Figure 5.49(b). The solution is expressed in terms of rect(t), α̂0 and sin(ωgt).

The sinusoid can be stored in a look-up-table, however both rect(t) and α̂0 must be calcu-

lated in real-time; these parameters can be calculated from the machine frequency, using

a Hall-effect sensor.

√
3

2

√
1− α̂

2

0 .sin(ωgt) = rect(t).ma(t).sin(ωgt)

√
1− V

2

in (t) (5.47)

ma(t) =

√
2

2.rect(t).sin(ωgt).α̂0

√
rect2(t)−

√
rect4(t)− 3.rect2(t).sin(ωgt).α̂

2

0

(
1− α̂

2

0

)
(5.48)

A comparison of the inverter performance using both open-loop (uncompensated) and

feed-forward compensated control, for the ideal rectifier I-V locus, is shown in Figure 5.49.

The figure shows the modulation index and the subsequent inverter input and output

currents for α̂0 = 0.7pu. The benefit of feed-forward inverter control is clearly seen, i.e. the

harmonic components are completely removed and the output current THD is ideally zero.

Although the feed-forward controller significantly improves the inverter output current

THD, its magnitude is now lower than its open-loop equivalent. This is further discussed

for the experimental locus case in Section 5.4.5.
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Figure 5.49: Comparison of the (a) open-loop and (b) feed-forward control schemes using
the ideal I-V locus for α̂0 = 0.7pu. Each control mode shows the modulation index and
the resulting inverter input and output currents, from top to bottom, respectively.

Now consider the experimental locus. The time-varying modulation index is deter-

mined by a similar approach, however the experimental compensated current (Equa-

tion (5.46)) is equated to the experimental inverter output current and rearranged, as

summarised by Equation (5.49). Unlike the ideal locus case, a closed form solution does

not exist; this is verified by Abel’s impossibility theorem that states that “polynomial

equations higher than fourth degree are incapable of algebraic solution in terms of a finite

number of additions, subtractions, multiplications, divisions, and root extractions” [117].
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3.86 α̂ 5
0 . sin10(ωgt).m

6
a (t)− 7.47 α̂ 4

0 . sin8(ωgt).m
4

a (t) + 4.27 α̂ 3
0 . sin6(ωgt).m

3
a (t)

−1.53 α̂ 2
0 . sin4(ωgt).m

2
a (t)− 0.116 α̂0. sin

2(ωgt).ma(t) + 1

−
√

3

2

√
3.86 α̂

5

0 − 7.47 α̂
4

0 + 4.27 α̂
3

0 − 1.53 α̂
2

0 − 0.116.α̂0 + 1 = 0 (5.49)

The experimental I-V locus must be simplified if a closed-form solution is to be found.

It is hence approximated, as shown in Equation (5.50). The resulting I-V locus for

α̂0 = 0.7pu is shown in Figure 5.50; the ideal and experimental loci are shown for reference.

βapp ≈
√

1− (2− α
2

0 ) α
2

0 (5.50)
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Figure 5.50: Approximated, experimental and ideal rectifier I-V loci.

The small discrepancies between the approximated and measured loci imply that the

compensated inverter output current will contain some distortion. This is seen in Fig-

ure 5.51, which shows the time-varying modulation index and the resulting inverter in-

put and output currents; the output current contains 1.9% THD. The time-varying ma

is found using the same approach shown for the ideal case, i.e. by using βapp (Equa-

tion (5.50)) and hence solving Equation (5.51) in terms of ma(t); the solution is expressed

in Equation (5.52).
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Figure 5.51: Comparison of the (a) open-loop and (b) feed-forward control schemes using
the approximated experimental I-V locus for α̂0 = 0.7pu. Each control mode shows the
modulation index, inverter input and output currents, from top to bottom, respectively.
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Although this feed-forward control algorithm significantly improves the quality of the

inverter output current, it is difficult to implement due to the complexity of the required

time-varying ma solution, which must be calculated in real-time. In addition, the peak

compensated inverter output current is less than the peak open-loop current. This is due

to the control algorithm that delivers a (compensated) sinusoidal inverter output current

whose peak is equal to the minimum inverter input current.

Comparison of Figures 5.49(b) and 5.51(b) show that the peak compensated output

current, using the (approximated) experimental I-V locus, is less than that using the ideal

locus. This is due to the shape of the approximated experiential locus, which significantly

reduces the minimum inverter input current, using open-loop control. Note that the

peak experimental compensated output current is also less than the minimum inverter

input current (see Figure 5.51(b)). This implies that the fundamental magnitude of

the compensated output current can increase without containing distortion providing the

peak compensated current is less than the minimum inverter input current. This is further

examined in Section 6.3.3.

Rectifier Ripple Phase Angle Errors

Although the feed-forward control concept has been successfully demonstrated, it should

be noted that the phase of the rectifier ripple current waveform is assumed to be known.

This, however, will require rotor position information which increases the cost of imple-

mentation. The effect of the rectifier ripple phase angle error is analysed below.

The rectifier ripple (RR) phase angle error will affect the feed-forward controller’s

ability to remove the rectifier ripple harmonics, however, it will not affect the controller’s

ability to remove the low-frequency harmonics. The maximum phase error is 60°, and as

such, the most RR distortion and hence compensated current THD is expected to occur for

a phase error of 30°. In contrast the least rectifier ripple distortion and hence compensated

output current THD is expected to occur when the rectifier ripple phase angle error is 0

or 60°. This is verified in Figure 5.52, which shows the compensated current THD as a

function of rectifier phase angle error, using both the ideal and approximated experimental

I-V loci. There is little difference between the ideal and experimental THD curves, except

at phase angle errors of between 0 and 10°, and 50 and 60°, where the ideal locus produces

a lower THD. Note that the peak compensated current THD is 8.2%, which is about twice

that caused by the RR (4.19%), and that the THD curves are symmetrical and centred

at 30°.
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Figure 5.52: Compensated inverter output current THD vs. rectifier ripple (RR) phase
angle error, for the (a) ideal, and (b) approximated experimental I-V loci. The THD is
shown for α̂0 equal to 0.2, 0.4, 0.6 and 0.8pu. The dashed line represents the grid THD
limit of 5%.

The above figure indicates that the feed-forward algorithm will only meet the grid THD

requirement over a small range of phase angle errors, i.e. less than ± 11°. This, coupled

with the fact that low-cost microcontrollers may be unable to perform such complex ma

calculations in real-time, justifies the need for a simpler and faster feed-forward control

algorithm.

5.4.4 Controller 2 (FFC2): Sample Inverter Input Current

The second feed-forward controller samples the inverter input current, hence it is not

required to be calculated in real-time. This allows the controller to quickly calculate

the required duty-cycle and hence modulation, based on the ideal boost equation, as

shown in Equation (5.53), which relates the inverter input and output currents, iin(t) and

iout(t), respectively. Note that this was previously expressed in terms of the rectifier and

wave-shaper output currents (Equation (5.9)).

iout(t) = [1− d(t)] .iin(t) (5.53)

The term [1 − d(t)], from the above expression, is given by ma(t). sin(ωgt), as shown

in Equation (5.54). The term iout(t) is now replaced by the appropriate expression for

the desired (compensated) output current, and hence the time-varying modulation index
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can be found. The solution, however, is dependent on the I-V locus used, i.e. Equa-

tions (5.55) and (5.56) represent the time-varying modulation indices using the ideal and

the experimental I-V loci, respectively.

iout(t) = ma(t). sin(ωt).iin(t) (5.54)

ma(t) =

√
3

2

√
1− α̂

2

0

iin(t)
(5.55)

ma(t) =

√
3

2
(3.86 α̂ 5

0 − 7.47 α̂ 4
0 + 4.27 α̂ 3

0 − 1.53 α̂ 2
0 − 0.116 α̂0 + 1)

iin(t)
(5.56)

The second feed-forward controller is able to calculate the required time-varying mod-

ulation index much faster than the first feed-forward scheme, due to the simpler expression

for ma(t). Despite this, α0 must also be calculated, which hence requires a generator speed

sensor and knowledge of the generator (I-V locus) and a gird voltage sensor. Note that

the calculation time can be reduced by using look-up-tables to store i) the normalised

rectifier I-V locus, i.e. β0 vs. α0, and the generator speed vs. α0 information. The sec-

ond feed-froward controller is selected over the first type, as it is simpler and does not

require rotor position information. A summary of the feed-forward controller is shown in

Figure 5.53, it replaces the Modulation Index box (on the left-hand side) of Figure 4.17.

1
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Voltage
(vg)

Input
Current
(iin(t))

Gen.
Speed

(ωm)
ma(t) = f(ββββ0, iin(t) )

α0 vs. 
ω

m

LUT

β0 vs. α0

LUT

α0

β0

Feed-forward controller

ma(t)

Figure 5.53: Feed-forward controller summary, showing the input and output stages, and
the look-up-tables (LUT). The diamonds represent input stages and include the sampled
grid voltage, vg, input current, iin(t), and generator speed, ωm, whilst the time-varying
modulation index, ma(t), is the controller output.
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Figure 5.54 compares the inverter performance using both the open-loop and the

second feed-forward controller, for the experimental rectifier I-V locus. The figure shows

the calculated modulation index and the subsequent inverter input and output currents

for α̂0 = 0.7pu. The benefit of the feed-forward controller is clearly demonstrated, i.e. the

low and medium-frequency harmonics are eliminated. The output current now contains

zero THD, irrespective of which I-V locus is used. Note that both feed-forward controllers

behave alike when using the ideal I-V locus (see Figure 5.49), hence it is not examined.
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Figure 5.54: Comparison of the (a) open-loop and (b) feed-forward compensated control
schemes using the experimental I-V locus for α̂0 = 0.7pu. Each control mode shows the
modulation index, inverter input and output currents, from top to bottom, respectively.
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5.4.5 Comparison of Feed-Forward and Open-Loop Control

This section compares the inverter’s performance using both open-loop and the two feed-

forward controllers. The inverter output current THD and fundamental magnitudes are

compared, over a wide range of wind speeds. The THD and fundamental magnitude is

first examined as a function of α̂0, as α̂0 varies with wind and hence turbine speed.

Inverter Performance vs. α̂0

This section examines the THD and fundamental magnitude of the inverter output cur-

rent waveform, when comparing open-loop and both feed-forward controllers, for the

experimental locus, over a wide range of α̂0. Figure 5.55(a) shows that both of the feed-

forward control algorithms significantly reduce the inverter output current THD, and

allow the inverter to meet the grid THD requirement over a much wider range of α̂0,

compared to that of the open-loop controller. Note that the open-loop case corresponds

to a modulation index of 100%, and the phase angle of the rectifier ripple is assumed to

be known for FFC 1.
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Figure 5.55: Inverter output current (a) THD, and (b) fundamental magnitude vs. α̂0

using open-loop and both feed-forward control algorithms. The dashed line in (a) repre-
sents the grid THD requirement, whilst in (b) it corresponds to the calculated minimum
inverter input current for the experimental locus,

√
3/2 βexp. Note that the open-loop

curve corresponds to a modulation index of 100%.

Comparison of the above THD plots, shows that FFC1 contains some residual distor-

tion (< 2%), whilst FFC2 is ideally able to eliminate all of the harmonics. The small level

of output current distortion, using FFC 1, is caused by the difference in the approximated
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and experimental inverter input currents, which itself is a result of the slight discrepancies

between the approximated and the experimental I-V loci (recall Figure 5.50). In contrast,

the output current THD of FFC2 is zero, as the inverter input current is measured and

not approximated.

Despite the reduction in output current THD, Figure 5.55 shows that the fundamen-

tal magnitude of the compensated output current is lower than its open-loop equivalent.

Recall that the compensated current should have a fundamental magnitude less than or

equal to βexp

√
3/2, in order to effectively eliminate the rectifier ripple associated harmon-

ics; this is shown in Figure 5.55(b) by the dashed line. The figure shows that FFC 1 is

able to deliver an output current whose magnitude closely matches that of the expected

curve, however, small discrepancies exist at higher values of α̂0, due to the approximated

experimental I-V locus. In contrast, FFC 2 is able to yield a sinusoidal output current

whose fundamental is exactly equal to βexp

√
3/2, as the inverter input current is measured

and not approximated.

Although both feed-forward controllers were demonstrated to effectively reduce the

inverter output current THD, the second controller performs better as it yields a purely

sinusoidal output current with zero distortion. In addition, this controller uses a much

simpler calculation of the time-varying modulation index than FFC 1. As such, only

FFC2 is considered in the following section.

Inverter Performance vs. Wind Speed

The inverter output current THD and normalised output power is examined as a function

of normalised wind speed. This is shown in Figure 5.56 for both open-loop and feed-

forward controllers. Note that only FFC 2 is examined. The open-loop inverter output

power and current THD is obtained from Figures 5.17(a) and 5.18, respectively, whilst

those using FFC 2, are determined from α̂ (Figure 5.17) and Figure 5.55.

The feed-forward controller delivers a sinusoidal output current, with zero distortion,

to the grid over the entire range of wind speeds. The open-loop controller, however, can

only meet the grid THD requirement below rated wind speed, providing the low-pass

filter resonant frequency does not coincide with any harmonics. Despite this, the inverter

is able to deliver more power to the grid using open-loop control, as the FFC 2 reduces

the fundamental magnitude of the output current in order to remove the rectifier ripple

harmonics. Hence, a power quality (THD) vs. quantity (power) trade-off exists below

rated wind speed, for a given generator, providing the effects of resonance are ignored.
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Figure 5.56: Inverter output (a) current THD, and (b) power, vs. wind speed, for both
open-loop and feed-froward (FFC 2) controllers. The dashed line in (a) represents the
grid THD requirement, which applies at rated output power.

Despite the trade-off, the benefits of the feed-forward controller significantly outweigh

its open-loop alternative, i.e. the feed-forward controller delivers high quality current at

all wind speeds, and allows the low-pass filter to be designed for any resonant frequency.

Note that the open-loop controller only obtains slightly more power than FFC2 for a

given generator. Hence, the inverter can easily deliver rated power to the grid by simply

over-sizing the generator.
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5.5 Chapter Summary

Open-loop sinusoidal modulation of the current wave-shaper (SMR) switch means that

the input current harmonics appear in the output current. The rectifier ripple current by

itself causes an output current THD of 4.19%, which is independent of generator speed,

whilst that caused by the low-frequency (100Hz power) ripple is proportional to the ratio

of the rectifier output voltage under load to its open-circuit voltage and hence inverter

output power. This was shown graphically using the I-V locus, as the generator is pushed

in to the variable-voltage region, where it is unable to provide constant current.

The grid requires an output current with less than 5% THD, which assuming only

low-frequency rectifier ripple are present in the inverter output current, implies the peak

inverter output voltage must be less than 23% of the rectified open-circuit voltage. The

low-frequency ripple is shown to decrease with modulation index, as this effectively reduces

the effective rectifier output voltage and hence output power. Despite the reduced input

current ripple, the output current fundamental is also reduced with decreasing modulation

index, due to its linear relationship with input current. This causes the output current

THD to increase due to the presence of the PWM harmonic components.

A feed-forward controller produces the desired output current waveform despite a

varying input current. This is done by either sampling the or accurately calculating

the instantaneous inverter input current and adjusting the modulation index (and hence

duty-cycle) in real-time.

The high-frequency PWM harmonics of a current-source grid-connected inverter are

removed by a capacitive-inductive low-pass grid filter, according to the impedance mis-

match criteria. This type of filter is analysed, and it is shown that damping is required to

limit the effect of resonance. Four damping resistor locations, and their respective power

loss vs. harmonic attenuation (output current THD) trade-offs are discussed. The config-

uration with the damping resistor connected in parallel to the filter inductor, offers the

least power loss, whilst sufficiently attenuating the high-frequency PWM harmonics. In

addition, the choice of filter capacitance and inductance is shown to be a trade-off between

the cut-off frequency and grid power factor. The analysis shows that a cut-off frequency

of at least ten times the fundamental is required to prevent significant filter delay, and

that a filter capacitance of less than 0.12pu is required to meet the light-load Australian

Standard power factor requirement. A detailed filter design approach is produced, that

determines the filter parameters based on the desired cut-off frequency, power loss and

ideal output current THD.
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Chapter 6

Design and Simulation of 1kW

Grid-Connected Inverter System

This chapter uses the principles of wind power and the inverter analysis from Chapter 5

to design a 1kW grid-connected wind turbine that delivers high quality power to the grid

over a wide range of wind speeds. The chapter begins with a turbine design that allows

the inverter to provide rated power at rated wind speed. This is followed by a low-pass

filter design that ensures the inverter complies with the grid specifications, at rated wind

speed using an open-loop control mode. Finally, the inverter and turbine are shown to

meet the grid requirements over a wide range of wind speeds, by employing a simple and

low-cost feed-forward controller.

6.1 Turbine Sizing and Machine Parameter Selection

The wind turbine needs to be designed such that the inverter is able to deliver rated

power, 1kW, to the grid at the chosen rated wind speed, 12m/s. The Fisher & Paykelr

machine tested in Chapters 2 and 4 is unable to provide the required 1kW+ of power

and hence a new generator is required for the proposed 1kW grid-connected inverter.

Although electrical machine and turbine blade design is beyond the scope of this work, a

suitable turbine and generator can be determined based on a series of assumptions.

6.1.1 System Assumptions

This section lists the assumptions made to calculate the size (power rating) of a suitable

generator and wind turbine that delivers 1kW of electrical power to the grid at rated wind

speed. Note that the assumptions listed regard the inverter, turbine and generator.
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Inverter Assumptions

� the inverter switching frequency is limited to 10kHz, as this limits switching losses,

� the inverter is 95% efficient, based on calculated power loss caused by thyristor and

diode voltage drops,

� the maximum damping resistance power loss, Pd, is limited to 50W (0.05pu),

Turbine Assumptions

� the peak cp is equal to 0.30, for a turbine whose blade radius is about 1m [1],

� a 5 bladed turbine is used, which is identical in shape as that tested in Chapter 3,

however, the blade length is changed,

� the blade power coefficient characteristic (cp vs. λ) is based on that determined

experimentally, however, its peak cp is increased from 0.20 to 0.30, which occurs for

a tip-speed ratio, λ, of 7.5; the cp curve is shown in Section 6.1.2.

Generator Assumptions

� the machine has 24 pole-pairs (the same as a Fisher & Paykelr type outer rotor

surface permanent magnet machine),

� the stator is star (wye) connected,

� the machine is 85% efficient at rated wind speed,

� the stator impedance is mainly inductive, such that the high-inductance character-

istic is achieved,

� the back-EMF constant selected such that the ratio of the peak grid voltage to the

peak generator rectified output voltage under open-circuit conditions, α̂0, is equal

to 0.25pu at rated wind speed.

6.1.2 Turbine Power and Size Calculations

The wind turbine blade radius, r, is calculated based on the wind power required at

rated wind speed. The wind power, PW , is calculated knowing the maximum coeffi-
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cient of performance, cp, and the required wind turbine power, PWT , as summarised in

Equation (6.1); where ρ and v represent the air density and wind velocity, respectively.

PW =
PWT

cp

=
1

2
π r2ρ v3 (6.1)

The wind turbine power is calculated from the total inverter input power, Pin and

the inverter and generator efficiencies, ηinv and ηgen, respectively. This is summarised by

Equation (6.2), which simplifies the total inverter input power, Pinvin, as the summation

of inverter output power, Pinv, and the maximum damping resistance power loss, Pd.

Substitution of PWT in to the above equation allows the turbine radius to be simplified,

as summarised by Equation (6.3).

PWT =
Pinv in

ηinv . ηgen

=
Pinv + Pd

ηinv . ηgen

(6.2)

r =

√
2 (Pinv + Pd)

ηinv.ηgen.cp.π.ρ.v3
(6.3)

The turbine speed can be determined once the turbine radius is calculated. The

mechanical speed, ωm, is determined from Equation (6.4), where λ represents the tip-

speed ratio. Note that ωm has units of rad/s, which is converted to a rotational speed

with units rpm, n, using Equation (6.5); the turbine cp curve used here is shown in

Figure 6.1.

ωm =
λ v

r
(6.4)

n = ωm
60

2π
(6.5)

The above equations allow a turbine radius and operating speed to be calculated at

rated wind speed, knowing a desired inverter power rating and a turbine blade character-

istic (coefficient of performance). A summary of the turbine parameters required for use

with the proposed 1kW grid-connected inverter, is summarised in Table 6.1.
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Figure 6.1: Turbine coefficient of performance, cp, vs. tip-speed ratio, λ, characteristic
used to calculate turbine operating speed at rated wind speed. The peak cp is equal
to 0.30 and occurs for a λ of 7.5. Note that the curve is based on the experimentally
measured curve, however, it is scaled to achieve a higher peak cp.

Table 6.1: Summary of calculated turbine properties that allows the proposed grid-
connected inverter to deliver 1kW to the grid, at rated wind speed.

Property Value
Rated Inverter power, Pinv 1000 W
Damping resistor power loss, Pd 50 W
Inverter efficiency, ηinv 95 %
Generator efficiency, ηgen 85 %
Wind turbine power, PWT 1300 W
Peak cp 0.30
Air density, ρ 1.225 kg/m3

Blade length (radius), r 1.146 m
Tip-speed ratio, λ, for peak cp 7.50
Rated Wind Speed, vr 12m/s
Rated Turbine mechanical speed, ωm 78.54 rad/s
Rated Turbine mechanical speed, n 750 rpm

6.1.3 Generator Equivalent Circuit Parameter Selection

The generator can be designed, as the turbine size and operating speed, at rated wind

speed, has been determined. The design process is listed below:

1. calculate the required back-EMF constant to give α̂0 = 0.25pu,

2. find the generator short-circuit current that allows the inverter to deliver rated

power, using the feed-forward current compensation scheme, to the grid,
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3. determine the stator resistance from the assumed generator efficiency and losses,

and

4. use the short-circuit current and back-EMF constant to calculate the stator im-

pedance, and hence reactance (knowing the resistance).

Step 1 – Calculate the Back-EMF Constant

The back-EMF constant, k, is determined such that α̂0 is equal to 0.25pu at rated wind

speed. This allows the peak generator rectified output voltage under open-circuit condi-

tions, VR pk, to be calculated knowing the peak grid voltage, Vg pk; recall that α̂0 is the

ratio of these peaks, as summarised by Equation (6.6). Note that the peak rectifier output

voltage is greater than the average DC output voltage, VDC , as shown in Equation (6.7);

VDC itself is expressed relative to the peak phase voltage, Vph pk, in Equation (6.8) [56].

α̂0 =
Vg pk

VR pk OC

(6.6)

VDC = 0.9557 VR pk (6.7)

VDC =
π

2
Vph pk (6.8)

The nominal Australian grid voltage, at the point of supply, is 230VRMS, as set by

Australian Standard 60038 [118]. Although a tolerance of + 10% and - 6% exists, the

proposed grid-connected inverter will be designed for a rated voltage of 230V. This,

along with Equations (6.6) – (6.8), implies that the generator peak back-EMF voltage

must be equal to 866.7V, at rated wind speed. This allows the back-EMF constant, to

be calculated as summarised by Equation (6.9).

k =
E

ωm

(6.9)

Step 2 – Calculate the Short-Circuit Current

The generator short-circuit (SC) current is calculated knowing the peak compensated

inverter output rated current, which is determined using the experimental I-V locus. The

peak compensated current must be less than the minimum inverter input current in order
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to remove both the rectifier ripple and fluctuating output power harmonics. The minimum

rectifier (inverter input) current, IR, is calculated as the product of β and the minimum

rectifier ripple, as summarised in Equation (6.10).

min (IR) = β

√
3

2
(6.10)

This concept is illustrated in Figure 5.48 and is again shown in Figure 6.2 for conve-

nience. The open-loop inverter input current is shown for α̂0 = 0.25pu, which corresponds

to a β
∨

of 0.898pu, and a compensated inverter output current with a peak of 0.778pu.

The generator peak short-circuit current, ISC pk, can hence be calculated, as shown by

Equation (6.11), where IB is the inverter base (rated) current. Therefore, the proposed

GCI requires a generator peak SC current of 7.91A to deliver rated power to the grid.
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Figure 6.2: Normalised inverter input and peak compensated output current, for
α̂0 0.25pu. The rectifier ripple frequency is shown for 1.8kHz, as this corresponds to
rated turbine speed (750rpm). Note that the terms peak, DC (mean) and minimum refer
to the inverter input current waveform.

ISC pk =

√
2 IB

min (IR)
(6.11)

230



6.1. TURBINE SIZING AND MACHINE PARAMETER SELECTION

Step 3 – Calculate the Stator Resistance

The stator resistance can be determined from the generator copper losses, which is the dif-

ference between the assumed generator losses, PL, and the assumed iron and friction and

windage losses under rated operating conditions. This is summarised by Equation (6.12),

where PIFW and PCU represent the iron, friction and windage, and copper losses, respec-

tively. Note that PL is equivalent to the difference in wind turbine and generator output

power.

PL = PIFW + PCU (6.12)

The assumed total power loss is obtained from Table 6.1, whilst the iron and fric-

tion and windage losses are a function of machine speed. These speed dependent losses

are assumed identical to those discussed in Chapter 2, as the generator types are as-

sumed similar. The measured iron and friction and windage losses are shown again in

Equation (6.13) for convenience, where nk represents the machine speed in k rpm. Once

determined, the copper loss and hence stator resistance, Rs, can be calculated from Equa-

tion (6.14), where Iph is the stator phase current. Note that the mean stator phase current

is equal to 0.9538 pu, relative to the generator short-circuit current for α̂0 = 0.25pu.

PIFW = 42.88 n 2
k + 32.54 nk (6.13)

Rs =
PCU

3 . mean (Iph)
2 (6.14)

Step 4 – Calculate the Stator Inductance

The stator inductance, Ls, is calculated from the stator reactance, Xs, which itself is

determined from the stator impedance, Zs, and the stator resistance. The later is sum-

marised by Equation (6.15), where Zs is calculated as the quotient of the phase induced

back-EMF voltage and phase short-circuit current, as shown in Equation (6.16).

Xs =
√

Z 2
s −R 2

s (6.15)

|Zs| =
E

ISC

(6.16)
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The stator inductance is calculated from Equation (6.17), where ωe is the electrical

frequency; this is proportional to the machine mechanical speed (in rad/s) and the number

of pole-pairs, p, as shown in Equation (6.18).

Ls =
Xs

ωe

(6.17)

ωe = n
2π

60
p (6.18)

Generator Summary

The above procedure is used to design a PM generator that is suitable for use with the

proposed grid-connected inverter. Hence, the machine must provide the inverter with

sufficient current, at rated wind speed, such that high quality rated power is delivered

to the grid. A summary of the calculated generator properties, at rated wind speed, is

shown in Table 6.2.

Table 6.2: Calculated generator parameters for the proposed 1kW grid-connected inverter
system. Note that all stator parameters are listed as phase quantities at rated wind speed.

Property Value
Generator speed, n 750 rpm
Mechanical speed, ωm 78.54 rad/s
Pole-pairs, p 24
Mechanical frequency, fm 300 Hz
Rectifier ripple frequency, frect 1.80 kHz
Electrical frequency, ωe 1885 rad/s
Back-EMF constant, k 7.127 V/(rad/s)
Induced phase voltage, E 559.7 V
Short-circuit current, ISC 5.60 A
Phase resistance, Rs 1.708 Ω
Phase impedance, Zs 99.94 Ω
Phase reactance, Xs 1.708 Ω
Phase inductance, Ls 53.0 mH

The resulting rectifier I-V locus is shown in Figure 6.3, which shows the rectifier

output current vs. rectifier output voltage. The locus shows current and voltage as peak,

DC (average), and minimum quantities; recall the inverter input current of Figure 6.2.
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The dashed lines represent the peak grid voltage and the minimum peak current for

compensation to be achieved. The figure indicates that the feed-forward compensation

scheme will effectively remove the input current harmonic distortion, as the minimum

peak current, at the grid peak voltage, exceeds that required.
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Figure 6.3: Designed generator rectifier output I-V locus, showing the peak, DC (aver-
age), and the minimum peak current vs. voltage. The vertical dashed lines represents the
peak grid voltage, whilst the horizontal dashed line represents the minimum peak cur-
rent required to compensate (remove the input current harmonic distortion) the output
current. The compensation scheme is shown to be effective at the peak grid voltage.
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6.2 Low-Pass Filter Design

6.2.1 Design Criteria

The filter is designed according to the selection criteria discussed in Chapter 5; these are

listed below:

� power factor between 0.8 lead and 0.95 lag between 20% and rated operation,

� output current THD less than 5% at rated operation,

� peak damping resistance power loss of 0.05pu or less (relative to rated power),

� inverter switching frequency less than 10kHz, and

� filter cutoff frequency between 10 and 65pu (relative to the fundamental frequency).

6.2.2 Component Selection

The filter components are selected using the normalised low-pass filter analysis of Chap-

ter 5. The procedure is listed below, and yields normalised filter component values. These

are used in conjunction with the filter base quantities, to determine actual component val-

ues. A list of filter component base quantities is summarised in Table 6.3, for the proposed

(1kW) grid-connected inverter.

Output Filter Design Procedure

1. select the inverter switching frequency,

2. select the low-pass filter configuration,

3. select the value of normalised capacitance, Cn, that meets the leading power factor

requirement, i.e. Cn ≤ 0.12pu,

4. use the Pd and THD vs. quality factor and cutoff frequency contour plot to determine

a desired power loss and THD, i.e. THD and Pd ≤ 5%,

5. determine the inductance to match the desired cutoff frequency, and

6. calculate the damping resistance that allow the desired quality factor to be achieved.
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Table 6.3: Low-pass filter base quantities.

Property Value
Base power, PB 1000 W
Base grid voltage, VB 230 VRMS

Base impedance, ZB 52.9 Ω
Base current, IB 4.348 ARMS

Fundamental frequency, f1 50 Hz
Base frequency, ωB 314.2 rad/s
Base capacitance, CB 60.17 µF
Base inductance, LB 168.4 mH

The above design procedure is used to design two CL low-pass filters, to show the

effect of varying the switching frequency, fsw, on the filter performance. The first filter

is designed for a fsw of 4 kHz, as this corresponds to that of the concept demonstration

inverter tested in Chapter 4. The second filter is designed for 10kHz operation, as this

corresponds to the maximum allowable fsw (see Section 5.3.4).

Filter configuration 3 was selected for the proposed inverter; the damping resistor

of this filter arrangement is connected in parallel to the filter inductor. Though this

configuration offers only a first-order attenuation rate beyond the resonant frequency, it

can still meet the grid THD requirement and offers the lowest damping resistor power

loss, Pd, as seen in Section 5.3.8.

The normalised filter capacitance is the next parameter to be determined. The inverter

is designed to meet the leading power factor requirement of 0.8 at 20% rated volt-amperes.

This condition is met for an undamped CL filter when the normalised capacitance is

equal to 0.12pu. The introduction of a damping resistor will affect the power factor as

some real power will be dissipated in Rd, however, the power loss is limited to 0.05pu at

rated operation. The small power loss only slightly adjusts the inverter power factor, as

mentioned in Section 5.3.6, and is hence ignored.

The required filter cutoff frequency is determined using the quality factor, Q, vs. power

loss, Pd, vs. THD tradeoff curves of Section 5.3.8. For convenience these are shown in

Figure 6.4 for a normalised filter capacitance of 0.12pu. Figure 6.4(a) shows the tradeoff

curve for a switching frequency of 4 kHz, whilst Figure 6.4(b) shows that for fsw equal

to 10 kHz. Each trade-off curve show the chosen filter design point (shaded circle) which

corresponds to a Q of 4, based on Nave’s recommendation, and an output current THD of

2%, which implies a normalised cutoff frequency of 0.155pu. The resulting filter power loss,
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under rated conditions, is 0.2% and 0.38% of the rated power, for switching frequencies

of 4 and 10kHz, respectively. Note that the THD curves shown assume an ideal current

source input and a modulation index, ma, of 100% is used with the inverter. It is hence

expected that either using the PM generator (non-ideal) current source, or reducing the

ma, will increase the output current THD.
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Figure 6.4: Quality factor, THD, power loss and cutoff frequency tradeoff curves, used to
design the 1kW grid-connected inverter, for switching frequencies of (a) 4 kHz, and (b)
10 kHz. The shaded circle represent the chosen filter parameters, i.e. a cutoff frequency
of 0.155pu, a quality factor of 4, an output current THD of 2%, a filter power loss of less
than 2%.

The above trade-off curves allow the normalised filter components to be evaluated,

from which, the filter inductance and damping resistance is calculated using the appro-

priate equations from Chapter 5. A summary of the filter components, for both switching

frequencies, is seen in Table 6.4.

Table 6.4: Output filter component values and corresponding filter parameters for the
proposed 1kW grid-connected inverter, for both 4 and 10kHz inverter operation.

Component /Parameter
Switching Frequency
4 kHz 10 kHz

Capacitance, C 7.22 µF 7.22 µF
Inductance, L 9.1 mH 1.5 mH
Damping Resistance, Rd 137.7 Ω 55.08 Ω
Resonant Frequency, fres 620 Hz 1.55 kHz
Quality Factor, Q 4 4
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6.2.3 Filter Simulation - Ideal Current Source

Each low-pass filter is simulated, using PSIMr, in an open-loop manner using an ideal

current source. The resulting inverter output current and voltage, at rated and 20% rated

operation, is shown in Figure 6.5, for each switching frequency. Note that the power levels

are set by adjusted the ma. A summary of the inverter performance is shown in Table 6.5.

The output current THD and damping resistor power loss is equal to that predicted by

Figure 6.4, at rated operation. Note that the THD considers only the PWM harmonics

due to the ideal current source input.

(a) fsw = 4 kHz (b) fsw = 10 kHz

Figure 6.5: Simulated ideal inverter output current and voltage at rated and 20% rated
volt-amperes, for switching frequencies of (a) 4, and (b) 10kHz. The waveforms shown
are the rated current, the 20% rated current, and the inverter output voltage, from top to
bottom, respectively. The zero position for each waveform is shown by the arrow on the
left. The vertical current and voltage scales are 5A and 200V per division, respectively,
whilst the horizontal scale is 5ms/div.

Table 6.5: Simulated inverter performance using an ideal current source.

Switching Apparent Power Current Power Loss Modulation
Frequency Power (pu) Factor (lead) THD (%) in Rd (W) Index (%)

4 kHz
0.201 0.800 6.36 0.323 W 16.0
1.013 0.993 1.97 1.909 W 100

10 kHz
0.199 0.796 8.65 0.120 W 16.0
1.006 0.993 2.11 0.383 W 100

The table indicates that the power factor, THD, and the (self imposed) power loss

requirements are met at rated current. In contrast, the inverter output current falls
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marginally short of the 0.8 leading power factor requirement, for the 10 kHz case. In

addition, the output current THD at 20% rated operation is slightly higher than 5%, for

each case. This is not an issue as the 5% requirement only applies at rated power. The

THD appears to be inversely proportional to the fundamental magnitude, which implies

the harmonic components are relatively constant.

Although the current of Figure 6.5 appears to be lagging the grid voltage (more clearly

seen for the 20% rated current), it is leading, according to Standards Australia, who

specify the power factor must consider the inverter as a load with respect to the grid.

Hence, an inverter that supplies a lagging current is equivalent to one drawing a leading

current. This convention is used throughout the remainder of the thesis. In addition, the

inverter output voltage is simply the grid voltage, which remains unchanged irrespective

of the inverter output current. It is hence not seen in the subsequent simulations.

6.2.4 Filter Simulation - PM Generator Current Source

The output current of each filter has been shown to meet the grid requirements using

an ideal current source. Each filter is hence simulated using the PM generator current

source in an open-loop manner; the generator properties are listed in Table 6.2. The filter

output current hence contains distortion caused by the rectifier ripple and the fluctuating

input current. These aspects, together with the effects of resonance, i.e. harmonic ampli-

fication, are taken into consideration when calculating the filter output current THD (see

Section 5.3.9).

Figure 6.6 shows the calculated output current THD of each filter, as a function

of cutoff frequency, for a modulation index of 100%. The shaded circles represent the

calculated THD for each filter. The 4kHz case produces an output current THD of 3.65%,

whilst that for the 10kHz case is 10.1%. The THD of the latter is significantly higher than

the required 5%. This is due to the effects of resonance, i.e. the rectifier ripple harmonics

are amplified, as these lie in close proximity to the cutoff (resonant) frequency.

The simulated inverter output currents, for switching frequencies of 4 and 10kHz,

are shown in Figure 6.7. Each subfigure shows three currents, these correspond to the

maximum, rated and 20% rated cases, from top to bottom respectively. Recall that the

generator is designed to provide a compensated rated current of magnitude 1pu, i.e. it is

oversized. Hence, operating the inverter in open-loop control mode, with a modulation

index of 100% yields an output current greater than 1pu; in this case the peak current is

equal to 1.207pu. Note that the effect of resonance is clearly seen for the 10kHz case.
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Figure 6.6: Output current THD prediction using the PM generator current source, for
switching frequencies of (a) 4, and (b) 10 kHz. The points represent the calculated THD
for a modulation index of 100%.

(a) fsw = 4 kHz (b) fsw = 10 kHz

Figure 6.7: Various simulated inverter output currents, using the PM generator current
source and open-loop control, for switching frequencies of (a) 4kHz, and (b) 10kHz. The
currents shown are the maximum, rated and 20% rated currents, from top to bottom,
respectively. The zero position for each waveform is shown by the arrow on the left. The
vertical scales are 5A/div, and the horizontal scale is 5ms per division.

The oversized generator implies that the inverter modulation index must be reduced

to obtain rated current. In this case, rated current is delivered to the grid for a ma of

81.8%. Similarly, the 20% rated current is obtained when the modulation index is set to

12.9%. This is summarised in Table 6.6, along with power factor and THD information of
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each current waveform. The power factor is shown to fall marginally short at 20% rated

power, whilst meeting the requirement at rated and maximum powers. The THD is again

shown to be high for the 20% rated current case, which decreases with increasing power

for the 4 kHz switching case. In contrast, the THD is shown to be relatively constant with

power for the 10 kHz case. This is expected as the filter cutoff frequency is close to the

rectifier ripple frequency (0.155 vs. 0.18pu, respectively). Hence, the harmonics found in

the rectifier ripple are amplified, due to resonance (Q = 4), and so the major distortion

component of the output current is the rectifier ripple. The rectifier ripple is a constant

fraction of the fundamental, due to the action of the current wave-shaper, and hence the

THD is expected to be relatively constant.

Note that the rectifier ripple and resonant frequencies were deliberately selected to

show the effects of resonance. In addition, the calculated and simulated THD values

match closely, i.e. only a small error of 0.6 and 0.2% exist for the 4 kHz and 10 kHz cases,

respectively.

Table 6.6: Simulated inverter performance, using the (non-ideal) PM generator current
source with open-loop control. Data is provided for switching frequencies of 4 and 10 kHz,
and for 20, 100 and 121% rated power conditions.

Switching Apparent Power Current Power Loss Modulation
Frequency Power (pu) Factor THD in Rd Index (%)

4 kHz
0.201 0.793 lead 6.78 % 0.334 W 12.9 %
1.001 0.990 lead 4.52 % 2.831 W 81.8 %
1.207 0.992 lead 4.24 % 2.877 W 100 %

10 kHz
0.200 0.796 lead 9.17 % 0.134 W 12.9 %
1.000 0.990 lead 10.2 % 1.498 W 81.8 %
1.207 0.992 lead 10.3 % 1.721 W 100 %

In addition, the above table also shows the filter power loss, due to the damping

resistance. The power loss is shown to decrease as the switching frequency increases.

This is expected as the filters have a fixed normalised cutoff frequency, and by increasing

the fsw, the inductance must decrease. To maintain a constant Q, the damping resistance

must also decrease; the power loss is proportional to the damping resistance, and hence

must also decrease.
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Suitability of Open-Loop Controller

The current waveforms of Figure 6.7 and the THD information of Table 6.6 suggest that

operating the proposed grid-connected inverter in open-loop control mode is suitable only

for the 4 kHz switching case at rated wind speed. Recall Figure 5.18, which shows that

the open-loop THD will decrease with wind speed (due to α̂0 decreasing with wind speed).

Note that this is valid if the rectifier ripple frequency does not approach the low-pass filter

resonant frequency. This can not be guaranteed as the rectifier ripple frequency varies

with turbine and hence wind speed.

Consider the 10kHz case. The output current THD is significantly higher than the

5% requirement, at rated wind speed. It is foreseen that the inverter THD will initially

increase and then decrease with wind speed. This occurs as the rectifier ripple frequency

varies with speed, and that the rectifier ripple at rated wind speed is greater than the

resonant frequency, i.e. the rectifier ripple harmonics will be further amplified below rated

wind speed. The effects of resonance, however, should be less evident at low wind speeds.

Open-loop operation of the proposed grid-connected inverter is hence deemed unsuit-

able for both switching frequencies, due to the effects of resonance. The inverter must

incorporate a feedback or feed-forward controller to eliminate the open-loop inverter input

current (and hence output current) harmonic distortion.
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6.3 Demonstration of Feed-Forward Control

Two feed-forward control algorithms that effectively removed the open-loop inverter in-

put current harmonics (fluctuating output power and rectifier ripple), were examined in

Section 5.4. The first controller (FFC 1) sampled the generator speed, and calculated the

distorted input current and hence the required modulation index to remove the harmonics.

This was deemed unsuitable as the controller was required to calculated several complex

functions in real time. Hence, a second controller (FFC2) that sampled the inverter input

current was investigated. This algorithm also adjusts the modulation index in real-time,

however, it is much simpler and faster and hence appropriate for real-time calculations.

6.3.1 Control Implementation

The feed-forward controller was implemented in PSIMr using a current sensor and current

reference command, as summarised by Figure 6.8. Note that the current wave-shaper

diode (seen in Figure 4.18) has been removed due to the reverse-blocking capability of the

thyristors. The time-varying normalised modulation index is simply the reference current

divided by the time-varying inverter input current. The current command, I∗, must be

expressed as a peak quantity, e.g. to obtain a sinusoidal RMS current of 3A, the current

reference must be 4.24Apk. Note that the ma will exceed 1pu, if I∗ exceeds the peak

inverter input current; this is further discussed in Section 6.3.3.

Figure 6.8: Partial PSIMr inverter circuit showing the relevant feed-forward controller
implementation. The time-varying normalised modulation index is the quotient of the
current command (reference) and sampled rectifier output current.
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6.3.2 Proof of Concept at Rated Wind Speed

The feed-forward concept is demonstrated for both the 4 and 10 kHz switching cases, in

Figure 6.9, which shows the compensated output currents for both the rated and 20%

rated cases. This illustrates that the feed-forward control algorithm effectively removes

the inverter input current harmonic distortion, this is more clearly seen for the 10 kHz

case, where the rectifier ripple component is no longer visible. A summary of the current

waveforms, including the THD, power factor and filter power loss is seen in Table 6.7.

(a) fsw = 4 kHz (b) fsw = 10 kHz

Figure 6.9: Simulated compensated inverter output current for (top) rated, and (bottom)
20% rated current, for switching frequencies of (left) 4kHz and (right) 10kHz. The zero
position for each waveform is shown by the arrow on the left. The vertical and horizontal
scales are 5A and 5ms per division, respectively.

Table 6.7: Current compensated inverter performance summary, using the (non-ideal)
PM generator current source and feed-forward controller.

Switching Apparent Power Current Power Loss
Frequency Power (pu) Factor THD in Rd

4 kHz
0.201 0.798 lead 5.93 % 0.330 W
1.000 0.993 lead 3.69 % 2.777 W

10 kHz
0.200 0.800 lead 5.93 % 0.118 W
1.008 0.993 lead 2.81 % 0.697 W

The above table indicates that the use of the feed-forward controller allows both

inverters to meet the THD and power factor requirements at rated power, whilst both

inverters meet the applicable power factor requirements for the 20% rated case (assume
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that 0.798 ∼ 0.8). Although both rated current cases produce a THD less than 5%, it is

the 10 kHz case that has the lower THD; this is despite it having a cutoff frequency close

to the rectifier ripple frequency. This result hence verifies that the feed-forward controller

is able to effectively remove the rectifier ripple harmonics.

In addition, the rated compensated output current THD, of both cases, is larger than

the designed 2% of Figure 6.4. This occurs as the desired 2% THD is calculated assuming

an ideal current source and for a modulation index of 100%, whereas the somewhat

oversized generator delivers rated current for an average modulation index of about 80%

(see Table 6.6). The resulting compensated current THD is expected to be larger than

the desired 2%, as a reduction in ma increases the PWM harmonic components whilst

decreasing the fundamental magnitude (see Section 5.2.4).

Comparison to Open-Loop Control Mode

The improvement made by the feed-forward controller is best seen when comparing the

compensated and open-loop equivalent currents. This is seen for both the 4 and 10 kHz

inverter cases, in Figures 6.10 and 6.11, respectively. The most significant improvement

is seen for the rated current, using the 10 kHz case, as the effect of resonance (amplified

rectifier ripple harmonics) is removed. A summary of the open-loop and feed-forward

compensated currents is also shown in Table 6.8; the compensated cases are highlighted.

(a) Iinv = 1.00 pu (b) Iinv = 0.20 pu

Figure 6.10: Simulated inverter output currents for (a) rated, and (b) 20% rated operation,
for a switching frequency of 4 kHz. The waveforms represent currents using (top) open-
loop, and (bottom) feed-forward controllers. The vertical and horizontal scales are 5A
and 5ms per division, respectively.
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6.3. DEMONSTRATION OF FEED-FORWARD CONTROL

(a) Iinv = 1.00 pu (b) Iinv = 0.20 pu

Figure 6.11: Simulated inverter output currents for (a) rated, and (b) 20% rated operation,
for a switching frequency of 10 kHz. The waveforms represent currents using (top) open-
loop, and (bottom) feed-forward controllers. The vertical and horizontal scales are 5A
and 5ms per division, respectively.

Table 6.8: Comparison of open-loop (OL) and feed-forward (FF) compensated inverter
performance. Current information is provided for rated and 20% rated power, for switch-
ing frequencies of 4 and 10 kHz; the compensated cases are highlighted.

Switching Apparent Control Power Current Power Loss
Frequency Power (pu) Mode Factor (lead) THD (%) in Rd (W)

4 kHz
0.200

OL 0.793 6.78 0.334
FF 0.798 5.93 0.330

1.000
OL 0.990 4.52 2.831
FF 0.993 3.69 2.777

10 kHz
0.200

OL 0.796 9.17 0.134
FF 0.800 5.93 0.118

1.000
OL 0.990 10.2 1.498
FF 0.993 2.81 0.697

6.3.3 Current Command Variation at Rated Wind Speed

Although the benefit of the feed-forward controller has been clearly demonstrated at rated

power, it is also important to investigate the inverter performance over a wide range of

powers, as the inverter will operate at sub-rated power levels during periods of low wind

speeds. The current command, I∗, is used to adjust the real and hence apparent output
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power. Recall that the apparent power is the complex summation of the real and reactive

powers, and that the filter capacitor will draw a current of 0.12pu from the grid (for

Cn = 0.12pu). Hence, a current command of 0.16pu is required for the inverter to operate

at 20% (0.2pu) rated apparent power.

The current command is varied in two stages, the first investigates the inverter per-

formance for current and hence output powers less than rated, whilst the second stage

attempts to extract more than rated power from the generator.

Linear Modulation Region (ma ≤ 100%)

The inverter performance is first examined for apparent power ratings between 0.2 and

1pu, as the inverter is required to meet strict power factor standards over this operating

range. As mentioned above, the apparent power is set by adjusting the current command

and hence real power. This is highlighted in Figure 6.12, which shows the ideal analytical

(using the equations from Section 5.3.6) and (PSIMr) simulated apparent power as a

function of normalised current command, for switching frequencies of 4 and 10 kHz.
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Figure 6.12: Apparent power, S, vs. normalised current command, I∗, for switching
frequencies of (a) 4, and (b) 10 kHz. The solid lines represent the ideal analytical power,
whilst the points correspond to simulated data.

The inverter power factor is displayed in Figure 6.13, as a function of normalised

apparent power, for both switching frequencies. The figure shows the ideal analytical and

simulated data, as well as the grid requirements; the latter is represented by the dashed

lines. The inverter is shown to meet the grid power factor requirements between 20% and

rated apparent power, and has a leading power factor over the entire range of S.
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Figure 6.13: Inverter power factor vs. normalised apparent power, S, for switching fre-
quencies of (a) 4, and (b) 10 kHz. The solid lines and points represent analytical and
simulated data, respectively, whilst the dashed lines correspond to the grid requirements.

The current THD is now examined, as the power factor requirements are met. Fig-

ure 6.14 shows the simulated inverter output current THD as a function of normalised

apparent power. Note that the predicted THD is not shown due to the complexity of the

calculation. The grid THD requirement is shown at rated power. power. The inverter is

shown to meet the 5% THD requirement for both 4 and 10 kHz switching frequencies; the

10 kHz case has the lowest THD.
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Figure 6.14: Simulated inverter output current THD vs. normalised apparent power, S,
for switching frequencies of (a) 4, and (b) 10 kHz. The points represent the simulated
data, whilst the triangle correspond to the grid requirement at rated power.
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Over-Modulation Region (ma > 100%)

Increasing the current command beyond 1pu is likely to cause output current distortion,

as the peak output current will be greater than the minimum value of the rectifier current

ripple. This is illustrated in Figure 6.15, for current commands of 1.1 and 1.3pu for

α̂0 = 0.25pu. Note that that the current scale is normalised, i.e. it is expressed relative

to rated inverter current. The figure shows that the maximum compensated current of

about 1.15pu should be achievable, however, the input current will contain some of the

rectifier ripple harmonics and hence the output current THD will increase. In practise,

the output current THD increases, if the I∗ is greater than about 1.1pu (for α̂0 = 0.25 pu).
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Figure 6.15: Normalised inverter input and commanded output currents for current com-
mand, I∗, equal to (a) 1.1 and (b) 1.3pu.

Consider Figure 6.15(b). The peak current command is shown to exceed the peak

rectifier ripple current. The feed-forward control algorithm will attempt to extract the

desired power, under this condition, however, it will fail at the peaks of the sinusoid.

This is best understood by revisiting the PWM derivation. Recall that the current wave-

shaper PWM duty-cycle command (DCC) is determined by comparing the product of

a normalised rectified grid-frequency sinusoid and the time-varying modulation index

(sinewave reference), with a normalised switching frequency triangular wave. Hence, a

modulation index greater than 1pu, implies that the duty-cycle command (actually 1−d)

will also exceed 1pu. This occurs around the peaks of the compensated current, and

implies that the current wave-shaper (CWS) switch will remain continuously open until

the duty-cycle command falls below 1pu. The inverter behaves similar to open-loop mode

in this situation, i.e. the effects of resonance are seen in the output current.
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6.3. DEMONSTRATION OF FEED-FORWARD CONTROL

An example of the compensation failure, caused by over-modulation, is seen in Fig-

ure 6.16, for a I∗ of 1.3pu. The figure shows the time-varying ma, and the resulting:

DCC, CWS gate signal and the filtered output current, for fsw of 4 and 10 kHz. The

figure illustrates that the CWS switch remains continuously open if the DCC exceeds

1pu, during which time the input current harmonics pass directly to the output where

they can be amplified by the output filter resonance. This is clearly seen in the output

currents, particularly for the 10 kHz case. In addition, the output current also shows a

some oscillations once the DDC falls below 1pu; this is caused by the filter step response.

(a) fsw = 4kHz (b) fsw = 10kHz

Figure 6.16: Inverter control signals and filter output current for a current command
of 1.3pu, for switching frequencies of (a) 4kHz, and (b) 10kHz. The waveforms shown
are the time-varying modulation index, duty-cycle command, current wave-shaper gate
signal, and filter output current, from top to bottom, respectively. The output current
shows the effect of resonance when the duty-cycle command exceeds 1 pu. The vertical
scales are 0.5pu per division for the top three waveforms, and 5A per division for the
output current (bottom waveform); the horizontal scale is 2ms per division.
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The feed-forward current compensation control algorithm has been shown to fail for

current commands that exceed approximately 1.1pu. It is hence expected that as the I∗

increases beyond this value, the compensated current (and hence apparent power) will

begin to saturate. This is seen in Figure 6.17, which shows the apparent power as a

function of current command up to 1.5pu.
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Figure 6.17: Apparent power, S, vs. normalised current command, I∗, over a wide range
of values, for switching frequencies of (a) 4, and (b) 10 kHz. The solid lines represent
analytical data, whilst the points correspond to simulated data. The apparent power
begins to saturate beyond current current commands of approximately 1.1pu.

The resulting (displacement) power factor is expected to approach unity for increasing

S, as the unity power factor inverter output current dominates the 0.12pu leading current

drawn by the capacitor. This is seen in Figure 6.18, which shows the analytical and

simulated power factor as a function of normalised apparent power. This is shown for both

switching frequencies, and for current commands up to 1.5pu. The power factor is shown

to remain within the grid specifications, i.e. between 0.8 lead and 0.95 lag for inverter

power ratings between 20% rated and rated, despite the output current distortion. Note

that the displacement power factor considers only the phase angle of the fundamental,

whilst the true RMS power factor also considers the output current THD, hence, output

current distortion will slightly reduce the true RMS power factor.

In contrast, the output current THD is expected to sharply increase with increasing

apparent power; beyond about 1.1pu. The rise in THD is caused by two factors, firstly the

clipping of the peaks of the output current, due to the limited input current, causes third-

order harmonic distortion. Secondly, the saturation of the feed-forward control algorithm

allows the rectifier current ripple to appear on the output which can be amplified by the

250



6.3. DEMONSTRATION OF FEED-FORWARD CONTROL0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

5

10

15

S (pu)

C
ur

re
nt

 T
H

D
 (

%
)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

5

10

15

S (pu)

C
ur

re
nt

 T
H

D
 (

%
)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0.75

0.8

0.85

0.9

0.95

1

S (pu)

P
ow

er
 F

ac
to

r 
(le

ad
)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0.75

0.8

0.85

0.9

0.95

1

S (pu)

P
ow

er
 F

ac
to

r 
(le

ad
)

Grid
requirement

Grid
requirement

Grid
requirement

Grid
requirement

(a) fsw = 4kHz

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

5

10

15

S (pu)

C
ur

re
nt

 T
H

D
 (

%
)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

5

10

15

S (pu)

C
ur

re
nt

 T
H

D
 (

%
)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0.75

0.8

0.85

0.9

0.95

1

S (pu)

P
ow

er
 F

ac
to

r 
(le

ad
)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0.75

0.8

0.85

0.9

0.95

1

S (pu)

P
ow

er
 F

ac
to

r 
(le

ad
)

Grid
requirement

Grid
requirement

Grid
requirement

Grid
requirement

(b) fsw = 10kHz

Figure 6.18: Inverter power factor vs. normalised apparent power, S, over a wide range
S, for switching frequencies of (a) 4, and (b) 10 kHz. The solid lines represent calculated
data, whilst the points correspond to simulated data. The power factor is shown to
approach unity as the apparent power increases.

output filter. This was previously seen in Figure 6.16. The output current THD is plotted

in Figure 6.19, as a function of S, for both inverter switching frequencies. The THD of

the 10 kHz case is shown to increase at a faster rate than that for the 4 kHz case, as the

rectifier ripple frequency and output filter resonant frequency are close to each other.
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Figure 6.19: Simulated inverter output current THD vs. apparent power, S, for switching
frequencies of (a) 4, and (b) 10 kHz, over a wide range of S. The THD sharply increases
for S ≥ 1.1pu, and at a faster rate for the 10 kHz switching case.

The above results suggest that in order to comply with the grid THD requirement,

the rated current command should be defined as less than 1.1pu.
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6.4 Inverter Simulation for Wide Wind Speed Range

The inverter has been shown to meet the grid power factor requirements at 20% rated

and rated apparent powers, and the THD requirement at rated power. However, this is

valid only for rated wind speed, and hence the inverter is examined over a wide range of

wind speeds, to determine its suitability for grid-connected applications.

6.4.1 Turbine Characteristics

The wind turbine, whose properties are listed in Table 6.1, is simulated over a wide range

of wind speeds, as seen in Figure 6.20. The figure shows inverter, generator and turbine

output and wind power, as a function of wind speed, v, and assumes a constant inverter

efficiency of 95%, a constant generator efficiency of 85%, and a peak cp of 0.30. The

desired inverter power increases with the cube of v until rated wind speed, after which,

the power is maintained at rated power. Note that an S of 0.2pu occurs at v = 6.5m/s,

where the real power is 0.16pu; recall the capacitor draws 0.12pu reactive power for all v.
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Figure 6.20: Calculated inverter, generator and turbine output power, and total wind
power vs. wind speed characteristic, based on assumed efficiencies. The dashed lines
represent rated inverter power and wind speed, whilst the dashed-dotted lines correspond
to 20% rated power (v = 6.5m/s, P = 160W).
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The inverter, and hence turbine, operate such that the output power is maximised

below rated wind speed and maintained at its rated value above rated wind speed. The

turbine coefficient of performance, cp, and tip-speed ratio, λ, should be kept constant at

their optimal values below rated wind speed, and must decrease as v increases beyond

rated. This implies the generator speed increases linearly with v up to rated, and must

also decrease beyond rated wind speed. This action results in an a high α̂0 for low wind

speeds, as the peak grid voltage is fixed. The value of α̂0 decreases to the desired 0.25pu

at rated wind speed, and increases with v beyond rated. This information is summarised

in Figure 6.21; the dashed lines represent rated wind speed.
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Figure 6.21: Turbine and generator operating characteristics vs. wind speed characteristic.
The curves shown include the turbine (a) coefficient of performance, cp, and (b) tip-speed
ratio, λ, and the generator (c) speed, and (d) value of α̂0. The dashed lines represent
rated wind speed.
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Figure 6.22 shows the resulting α̂ and the normalised minimum inverter input current,

β
∨
, as a function of wind speed. Recall that the modulation index increases with the cube

of wind speed (see Figure 5.17(a)). As such, α̂ increases with the square of wind speed,

until rated; it then increases beyond rated, as the turbine and hence generator speed

decreases (see Figure 6.21(c)). Note that Figure 6.22(b) also shows
√

3/2 β
∨
, as this

corresponds to the peak compensated inverter output current that contains zero low and

medium-frequency harmonics. The compensated output current has a peak of 0.778pu at

rated wind speed (as seen in Figure 6.2), which corresponds to rated inverter current.
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Figure 6.22: Generator (a) α̂, and (b) β
∨

vs. wind speed. Note that
√

3/2 β
∨

is also shown

in (b) as this corresponds to the peak compensated output current; β
∨

is equal to 0.778pu
at rated wind speed, which corresponds to rated inverter output current. The dashed line
represents rated wind speed.

6.4.2 Power Control Modes

Although Figure 6.22(b) shows that the inverter can obtain rated current (and hence

power) at rated wind speed, the figure suggests that the magnitude of the compensated

output current must decrease above rated wind speed, in order to obtain distortion free

output current. The modulation index and hence inverter output power, however, are

ideally maintained at 1pu above rated wind speed to obtain rated inverter output power.

It is hence foreseen that the compensated output current will contain some harmonic

distortion above rated wind speed, unless the current command, I∗, is reduced above

rated wind speed. This concept is illustrated in Figure 6.23, which shows the current

commands for two control modes. Both control modes increase power, with the cube of
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wind speed, below rated wind speed, however, differ above rated wind speed. The first

control mode (CM) attempts to maintain rated power, whilst the second mode reduces

power above rated wind speed, by matching it to β
∨
, shown as the dashed line, such that

the compensated current contains zero distortion. Note the I∗ is only shown beyond a

wind speed of 6.5m/s as this corresponds to the 20% rated apparent power wind speed.
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Figure 6.23: Current command, I∗, vs. wind speed for control modes (a) 1, and (b) 2.
The control modes differ beyond rated wind speed, where control mode 1 maintains rated
output power, whilst mode 2 reduces the output power. The dashed and vertical dashed
lines represent the maximum current command, and rated wind speed, respectively.

The inverter is simulated using both control modes in Section 6.4.4, where the effects

of each control mode on the output current THD and magnitude, are examined above

rated wind speed.

6.4.3 Optimised Component Selection

The components for the high power grid-connected inverter are carefully selected to op-

timise the overall inverter efficiency. Hence, components with low forward voltage drops

and on resistance are selected to reduce conduction losses, whilst components with short

on and off times are selected to reduce switching losses. A summary of the key inverter

components is shown in Table 6.9. Note that the thyristors selected are designed for phase

control applications and as such have a turn-off time, tq, of 100µs, which effectively limits

the inverter switching frequency to 10 kHz. Commutation at the zero-crossings is ensured,

for the 10 kHz case, as discussed in Section 4.3.3.
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Table 6.9: Optimised inverter semiconductor properties.
XXXXXXXXXXXXProperty

Component
Bridge Rectifier MOSFET Thyristors

Manufacturer SEMIKRON ST IR
Part Number DBI 25-14 STP25NM60N 12TTS08PbF
Rating 25A, 1400V 12.8A, 600V 12.5A, 800V
Voltage Drop 1V (per diode) - 1.2V
On Resistance - 0.17Ω -
Latching Current - - 50mA
Holding Current - - 30mA

Note: IR and ST denote International Rectifier, and STMicroelectronics NV, respectively.

An equivalent IGBT (STP25NM60N) was also considered for the current wave-shaper

switch, however, the turn on and turn off times were significantly longer than those of the

MOSFET and it hence had a higher switching loss. Though the IGBT has slightly lower

conduction losses compared with the MOSFET, the IGBT produces the higher overall

power (switching + conduction) loss. This, along with each device turn on and off times,

is summarised in Table 6.10, for a switching frequency of 10kHz.

Table 6.10: MOSFET vs. IGBT turn on and off times, and maximum calculated losses,
for a switching frequency of 10kHz.

Property MOSFET IGBT

On Time 18ns 70ns
Off Time 24ns 790ns
Switching Loss 0.21W 4.3W
Conduction Loss 8.6W 7.4W
Total Loss 8.8W 11.7W

6.4.4 Inverter Simulations

The inverter using feed-forward compensation is now simulated using both control modes,

at four wind speeds of interest: 6.5, 12, 15 and 17m/s. The former corresponds to 20%

rated power, whilst the remaining wind speeds correspond to rated power (at and beyond

rated v). The inverter input and output currents are shown for these cases in Figure 6.24,

using power control mode 1 (CM1). The output current is shown to have low distortion

for 20% and rated powers, however, the cases beyond rated wind speed show increas-

ing current distortion as at times the command current exceeds the input current (as
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expected); this is more clearly seen at the wind speed of 17m/s.

(a) v = 6.5 m/s, P = 160W (b) v = 12 m/s, P = 1kW

(c) v = 15 m/s, P = 1kW (d) v = 17 m/s, P = 1kW

Figure 6.24: Simulated inverter input and filtered output currents, using power
control mode 1, for wind speeds of (a) 6.5, (b) 12, (c) 15, and (d) 17m/s. The zero
position for each waveform is shown by the arrow on the left. The vertical and horizontal
scales are 5A and 5ms per division, respectively.

The inverter is next simulated using power control mode 2 (CM2), which for wind

speeds that exceed rated, reduces the inverter output power to the maximum value while

maintaining a low output current THD. The simulated inverter input and output currents

are shown in Figure 6.25, for wind speeds of 15 and 17m/s only; this is due to identical

current commands, and hence output currents, below rated wind speed.
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(a) v = 15 m/s, P = 941W (b) v = 17 m/s, P = 924W

Figure 6.25: Simulated inverter input and filtered output currents, using power
control mode 2, for wind speeds of (a) 15, and (b) 17m/s. The zero position for each
waveform is shown by the arrow on the left. The vertical and horizontal scales are 5A
and 5ms per division, respectively.

The compensated output currents, of the above figure, show a greatly reduced amount

of output current distortion compared to those obtained using CM 1. This is due to the

reduced current command, which is equal to the minimum inverter input (rectifier output)

current; this action slightly reduces the turbine power and hence speed. Therefore, the

output current THD is reduced at the expense of the output current (and hence output

power), i.e. a power vs. current THD trade-off exists beyond rated wind speed. This is

summarised in Figure 6.26, which shows the apparent power and output current THD as

a function of wind speed, for both control modes. Note that the apparent power curve of

Figure 6.26(a) also shows the ideal power vs. wind speed relationship, i.e. maximum power

below and rated power above rated wind speed. In contrast, Figure 6.26(b) compares the

inverter output apparent power and current THD of CM1, for comparison.

The output current THD of CM 1 and 2 is identical to that previously seen in Fig-

ure 6.14, which also varies the current command between 0.16 to 1pu. Beyond rated wind

speed, the current THD rapidly increases for CM1 in a similar fashion to that previously

shown in Figure 6.19, where the current command increased beyond 1pu. This is similar

to control mode 1, however, the current command remains at 1pu, whilst the minimum

rectifier current falls below 1pu. Despite the difference in current commands, the effects

of increasing the I∗ or reducing the turbine and hence generator speed, are identical. In

contrast, the output current THD, using CM 2 only marginally increases beyond rated

wind speed, and is hence selected for use with the proposed grid-connected inverter.
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Figure 6.26: Inverter (top) apparent power, S, and (bottom) output current THD,
vs. wind speed, for control modes (a) 1, and (b) 2. The vertical and horizontal dashed
lines represent rated wind speed, and the grid THD requirement at rated power; the latter
is hence only shown at and beyond rated wind speed. Subfigure (a) also compares the
ideal inverter power, with that obtained using control mode 1 (points). Similarly, sub-
figure (b) compares the inverter power and output current THD obtained using control
modes 1 for reference; this is shown as a solid line.

6.4.5 Efficiency Analysis

The inverter is shown to meet the grid requirements, over a wide range of wind speeds,

using control mode 2. The inverter efficiency, using this control mode, is hence examined.

The inverter power-loss breakdown is shown in Figure 6.27, which shows the simulated

power loss of various stages of the grid-connected inverter, including the three-phase un-

controlled rectifier, the current wave-shaper (CWS), the unfolding circuit and the output

low-pass filter.
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Figure 6.27: Break-down of inverter power loss vs. inverter output power, showing the
rectifier, current wave-shaper,unfolding circuit, filter and hence total power loss.

The rectifier power loss of the above figure is shown to be relatively constant. This

occurs as the PM generator operates in the constant current region of the I-V locus, over

the wide range of inverter output power, which essentially maintains a constant inverter

input current. The resulting rectifier power loss is proportional to the current and fixed

diode voltage drops. The CWS power loss, which is proportional to the square of the

RMS MOSFET current, is shown to decrease with increasing inverter output power.

This occurs as the average MOSFET duty-cycle decreases as the current command (and

hence inverter output current and power) increase. In contrast, the power loss of the

unfolding circuit and low-pass filter increases with inverter output power. This occurs as

the unfolding circuit and filter power loss is proportional to the inverter output current and

hence power. Note that the filter power loss appears constant, as it is small in magnitude

compared to the inverter output power, however, it slightly increases with inverter output

power.

The constant and decreasing power loss of the rectifier and CWS imply that their

respective efficiencies will increase with inverter output power. In contrast, the increasing

output filter and unfolding circuit power losses imply that their respective efficiencies are

approximately constant. This is seen in Figure 6.28, which shows the simulated efficiency
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of the rectifier, CWS, unfolding circuit and the low-pass filter. In addition, the figure

also shows the overall inverter efficiency, which is simply the product of the efficiency of

each stage of the inverter. As such, the inverter efficiency increases with inverter output

power.
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Figure 6.28: Inverter efficiency analysis, showing the rectifier, current wave-shaper, un-
folding circuit, filter and overall inverter efficiency vs. output power.

The overall efficiency increases from about 86%, at 20% rated apparent power (real

output power of 160W), to about 97.1% at rated power. This peak efficiency of 97.1%

is slightly higher than other transformerless grid-connected inverter topologies (recall

Table 1.5), and is mainly due to its lack of a DC link inductor and output transformer,

which avoid copper and iron losses associated with each.
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6.5 Chapter Summary

A 1kW grid-connected inverter based on the proposed topology was designed and simu-

lated. The low-pass filter was designed based on the detailed analysis procedure described

in Chapter 5. It was designed to ideally deliver a current with 2% THD to the grid, whilst

meeting the light-load leading power factor requirements. Simulations were used to show

that the inverter could meet the grid THD and power factor requirements with an ideal

current source. However, it was unable to meet the grid THD requirement using the

proposed generator. This was due to the use of open-loop sinusoidal modulation, which

caused low-frequency and rectifier ripple input current harmonics to appear in the output

current.

The introduction of feed-forward input current compensation, based on sampling the

inverter input current, eliminated the effect of the low-frequency and rectifier ripple har-

monics. The inverter demonstrated its ability to reduce output power, at rated wind

speed, by reducing the reference current, whilst meeting the required power factor and

THD standards. The inverter also showed it could increase its power, beyond its rated

value, by increasing the current reference, i.e. by over-modulating the inverter. This, how-

ever, increased the output current distortion, as the current wave-shaper switch remained

open for a certain time, which allowed the effects of resonance to manifest itself around

the peaks of the compensated current.

The turbine was simulated over a wide range of wind speeds from 6.5–12m/s, corre-

sponding to 20% to 100% of rated output power. The inverter showed it can maximise

the turbine and hence inverter power below rated wind speed. The turbine was also sim-

ulated up to wind speeds of 20m/s and the inverter was shown to be able to control the

generator to keep the turbine speed below its rated value. Under these conditions with

the standard control algorithm, the inverter can still produce useful output power but is

not able to maintain rated output power without exceeding the THD limit, due to the

reduced turbine speed.

The output current distortion, at high wind speeds, occurred as a result of over-

modulation. This was resolved by introducing a new control concept that maximised the

current reference and hence power whilst meeting grid THD standards. This resulted in a

small reduction of current reference, i.e. an output current of 0.93pu was delivered to the

grid whilst meeting the grid requirements for a wind speed of 17m/s. Despite the slight

power reduction, the turbine was operated in this mode to meet the grid THD standards.
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Chapter 7

Conclusions and Future Work

7.1 Summary and Conclusions

This thesis examined and validated the use of a low-cost power converter topology to con-

trol a small-scale wind turbine, for both standalone and grid-connected applications. The

proposed system used a switched-mode rectifier (SMR) together with a high-inductance

permanent magnet (PM) generator to produce a controlled output current. The high-

inductance characteristic allows the PM generator to operate as a speed-dependent

constant-current source, unlike traditional low-inductance generators that act as speed-

dependent constant-voltage sources.

The proposed topology has the following advantages: i) it offers simple output current

control, ii) avoids the size, cost, loss and reliability issues associated with energy storage

elements, such as DC link inductors or capacitors, and iii) is able to extract power at

low speeds. The low-speed generator output power capability with the SMR, however,

was shown to be only half of that attainable using an inverter, which thus may require

over-sizing the generator for a particular wind turbine. Despite this limitation, the SMR

was shown to obtain the same output power at high speeds, and is significantly cheaper

and simpler than the inverter.

The turbine speed was controlled by adjusting the SMR duty-cycle, which controlled

the generator output current, and hence torque and speed. This method was shown to

provide adequate control flexibility for a small-scale wind turbine, based on simulation

and experimental testing. The turbine could be controlled such that i) the turbine output

power is maximised below rated wind speed, ii) the turbine output power is maintained

at its rated value above rated wind speed, and iii) the turbine speed is reduced at high
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wind speeds to prevent turbine damage.

The thesis is divided into two main parts. The first part examines the use of the

SMR as a DC-DC converter to charge a battery, where the duty-cycle is kept constant

under steady-state conditions, and is only adjusted to maximise or reduce power as the

wind speed changes. The converter’s ability to control the generator power and speed

are simulated and experimentally verified using a dynamometer and a small wind tunnel.

It was also shown that the SMR can deliver a controllable output current into a fixed

voltage-source load making it suitable for a standalone system, such as a battery charger.

The second part of the thesis examined the design, construction, and testing of a

novel grid-connected inverter (GCI) topology based on a sinusoidally modulated SMR and

line-frequency commutated unfolding circuit. The topology was simulated and a 150W

prototype was tested using a dynamometer. The output power was controlled by adjusting

the modulation index in an open-loop manner. It was found that the topology was initially

unable to meet the grid THD requirement, due to low-order current harmonics caused by

resonance in the output CL filter. Each of the key parts of the inverter, including the

generator acting as a non-ideal current source, the PWM switching scheme, and the low-

pass filter were analysed in detail. A feed-forward control algorithm was also investigated

and was shown to be able to remove the effect of the input current harmonics caused by

the PM generator and rectifier current source.

The inverter analysis results were used to design a high-powered (1kW) grid-connected

inverter to meet the Australian Standards. This involved selecting a suitable turbine di-

ameter, equivalent-circuit parameters for the generator, and configuration and component

values for the low-pass filter. The 1kW inverter was simulated over a wide range of wind

speeds, and was shown to adequately control the small-scale wind turbine, whilst meeting

the appropriate grid requirements.
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7.2 Original Contributions

This work contains significant original contributions, all of which result from the inves-

tigation of controlling a small-scale wind turbine using the SMR topology together with

a non-salient high-inductance PM generator. The SMR topology is simulated and tested

for the DC-DC power converter case, whilst a novel GCI topology is designed, simulated,

analysed and experimentally tested for the grid-connected inverter. A summary of the

key original contributions is shown below; these are separated into their respective parts.

Part I: Investigation of Switched-Mode Rectifier for Standalone

Power Converter

� The high-inductance PM test machine was characterised, via open-circuit, short-

circuit and DC stator resistance tests. Its open and short-circuit iron, friction and

windage losses were also analysed.

� The generator’s ability to operate in the constant-current region for prolonged pe-

riods of time, without the stator temperature significantly increasing, was demon-

strated.

� The generator was modelled and its I-V and P-V loci were simulated and experimen-

tally verified for a wide range of generator speeds. The fixed ratio of the rectifier’s

AC input current to DC current output was experimentally verified, whilst the ratio

of AC input voltage to the DC output voltage was investigated and shown to vary

with rectifier input voltage.

� The SMR’s ability to control the high-inductance PM generator using a dynamome-

ter and fixed voltage-source load, was simulated and experimentally demonstrated,

i.e. the SMR output current and hence output power and torque were controlled by

adjusting the duty-cycle.

� The coefficient of performance curve for a small-scale wind turbine was estimated

using tests in a wind tunnel.

� The SMR’s ability to control a small-scale wind turbine, using a small wind tunnel

and a fixed voltage-source load, was simulated and experimentally verified, i.e. the
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SMR output current and hence turbine power and torque were controlled by adjust-

ing the duty-cycle. The principles of maximum power point tracking and over-speed

protection was demonstrated.

Part II: Investigation of Grid-Connected Inverter based on

Switched-Mode Rectifier Topology

� A novel low-cost grid-connected inverter topology was designed and simulated.

� A 150W prototype inverter was constructed and tested, for both resistive and grid-

connected loads, using a dynamometer test rig.

� The non-ideal inverter input current was analysed, which identified and quantified

the harmonic distortion caused by the rectifier ripple and the 100Hz grid power

fluctuation.

� The required CL output low-pass filter and its various damped configurations were

thoroughly analysed.

� A normalised filter design approach based on the power loss vs. harmonic attenuation

vs. power factor trade-off, was developed, and it was shown that the parallel-damped

inductor configuration offered the best performance.

� Two feed-forward control algorithms were analysed and shown to effectively remove

the output current harmonic distortion caused by the non-ideal current source.

� A high-powered (1kW) grid-connected inverter was designed. This was based on

the Australian Standard grid requirements, and the non-ideal PM generator current

source, low-pass filter, and feed-forward controller analyses.

� The final 1kW grid-connected inverter design, which contains an optimised low-

pass filter and a feed-forward controller, was simulated and its performance was

characterised. Its ability to adequately control a small-scale wind turbine over a

wide range of wind speeds was demonstrated.
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7.3 Recommendations for Future Work

Despite the successful demonstration of small-scale wind turbine control, using a low-

cost high-inductance PM generator and a low-cost SMR power converter topology, for

both standalone and grid-connected applications, some areas of this work require further

investigation. These are discussed in the paragraphs below.

The DC analytical model requires refinement, as it is currently unable to accurately

predict the rectifier output current vs. voltage locus. This is due to simplifying assump-

tions, such as the use of a loss less rectifier, and the presence of sinusoidal machine phase

currents and voltages. It is recommended that the ratio of DC to AC rectifier voltages

be further examined, and that the machine voltage and current waveforms are compared

for various generator speeds and load conditions.

It is recommended that the small-scale wind turbine, high-inductance PM generator

and the SMR be tested at higher wind speeds, using a larger wind tunnel. This is required

to further validate the SMR’s ability to adequately control a small-scale wind turbine over

a wide range of wind speeds.

The experimentally measured and simulated open-loop inverter output current THD

should be further examined for the artificially grid-connected case, as these values do

not agree, despite the close matching output current waveforms. The series-connected

isolation and autotransformers can be modelled more accurately, such that the simulated

harmonics, caused by resonance, better match those measured experimentally.

The high-powered (1kW) grid-connected inverter, including the optimised low-pass CL

filter and feed-forward controller should be constructed and tested to verify operation. The

inverter, combined with a suitable wind turbine and high-inductance generator, should be

tested over a wide range of wind speeds using a wind tunnel, to confirm its performance.

Finally, a closed-loop controller should be designed such that the inverter operates in

both power maximisation and constant power modes autonomously.
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Appendix A

PWM Control Strategies and

Low-Pass Filter Design Trade-Offs

A.1 PWM Switching Schemes

PWM control signals are applied to semiconductor switches at high-frequencies to con-

verter DC voltages / currents to AC voltages / currents. Many PWM schemes exist, these

include both bipolar and unipolar sinusoidal, selective harmonic elimination, and current

hysteresis PWM schemes.

A.1.1 Bipolar and Unipolar Pulse-Width Modulation

Bipolar and Unipolar schemes are used to generate a pulse-width modulated signal, whose

fundamentals resembles low-frequency sinusoids. The PWM signals are derived by com-

paring a sinusoidal reference with a triangular wave of at least seven times the fundamental

frequency. Examples of the derivation, actual control signal and fundamental waveforms

are shown in Figure A.1. The fundamental is obtained by using a low-pass filter filtering.

A.1.2 Selective Harmonic Elimination

This scheme uses a simple hardware and software structure to delivers a PWM control

signal, as seen in Figure A.2. The signal has five notches and five triggering angles,

α1... α5. By careful selection of five angles, a desired fundamental component can be

determined which eliminates four harmonics, based on fourier analysis. Typically the 5th,

7th, 11th and 13th order harmonics are removed, which increases the magnitude of higher
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Figure A.1: Principle of sinusoidal pulse-width modulation, showing (a) bipolar, and (b)
unipolar inverter output voltages. Each subfigure also shows the sinusoidal reference, the
triangular, and the fundamental output sinusoidal waveforms.

order harmonics. This scheme is based on a feed-forward control, where the values of αi

are stored in a look-up-table.

1

π/2 π

α1 α2 α3 α4 α5

π−α5 π−α3 π−α1

π−α4 π−α2

Figure A.2: Harmonic elimination PWM control signal.

A.1.3 Current Hysteresis

This control scheme confines the inverter output current within a hysteresis band, as seen

in Figure A.3, for a large and small hysteresis band. The output current is detected and

compared to a reference current waveform. If the output current exceeds the hysteresis

band, the switch control is changed to reduce the output current. Similarly, when the

output current reaches the lower hysteresis band, the control signal is adjusted to increase
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output current. The result is a zig-zag type output current, with the deviation from

the reference controlled by the height of the hysteresis band. Note that the switching

frequency increases as the hysteresis band decreases.

The grid voltage is used as a current reference, however, harmonics found in the grid

voltage are hence found in the output current. The cost of a hysteresis current controller

is high due to the use of a closed-loop feedback controller, which requires current sensors

and a fast analogue-to-digital (AD) converter.

1

Upper Hysteresis Band

Lower 
Hysteresis 

Band

Reference Current

Output Current

(a) Large hysteresis band

1

Upper Hysteresis Band

Lower 
Hysteresis 

Band

Reference Current

Output Current

(b) Small hysteresis band

Figure A.3: Principle of current hysteresis control scheme, showing output current of (a)
large, and (b) small hysteresis band width.

A.1.4 Space Vector Modulation

This feedback control scheme is based on the current hysteresis scheme. Each phase

current error is considered simultaneously, and the controller produces the switch signal

that delivers the smallest change in current with respect to time.
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A.2 Low-Pass Filter Design

A.2.1 Power Loss vs. THD Trade-Off - Unipolar PWM Case

The filter design power loss vs. output current THD trade-off, for filter configurations

(FC) 1–4, was discussed in Section 5.3.8. It is desired to design a filter in the design

region, in which the power loss and current THD are less than 5% each. Examples of the

operating points, and the design region, is represented by the shaded box, were earlier

seen in Figure 5.43, for FCs 1–4 and cutoff frequencies of 0.2 and 0.3pu (relative to the

PWM switching frequency). The cutoff frequency, and design region is again shown in

Figure A.4, however, the cutoff frequencies now range from 0.10 to 0.45pu. The figure

indicates that the filter can be designed with greater flexibility for lower cutoff frequencies.

The figure also shows that the design region is only met providing the cutoff frequency is

less than 0.3pu.
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Figure A.4: Filter output current THD vs. damping resistor power loss, Pd, vs. filter
cut-off frequency, fc. The shaded region indicates the design region, where both the THD
and the power loss is limited to 5%. Note that the cut-off frequency is expressed relative
to the PWM switching frequency, fsw, and ranges from 0.1 to 0.45pu, at increments of
0.05pu.
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Relevant Publications

This appendix contains reprints of the two conference papers which summarise the main

points of this thesis.
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B.1 Wind Turbine Control using SMR Paper

This paper entitled “Investigation of Switched-Mode Rectifier for Control of Small-Scale

Wind Turbines” was presented at the IEEE Industry Applications Conference in Hong

Kong, October 2005, and appears in pages 2849 – 2856 of the conference proceedings.
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B.2 Novel Low-Cost Grid-Connected Inverter Paper

This paper entitled “Investigation of a Low-Cost Grid-Connected Inverter for Small-Scale

Wind Turbines Based on a Constant-Current Source PM Generator” was presented at

the IEEE Industry Electronics Conference in Paris, November 2006, and appears in

pages 4297 – 4302 of the conference proceedings.
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Appendix C

Microcontroller Code

C.1 Switched-Mode Rectifier

The C code listed below is that used by the microcontroller to output a fixed duty-cycle

PWM signal, for a switching frequency of 4 kHz. The code makes use of both software

and hardware, the latter is used to adjust the duty-cycle in increments of 1%.

/********************************************************/

/* SAMPLE PROGRAM 1 FOR MSA0654−MEAUST BOARD */

/* FILENAME: PWM−pe r c en t a g e . c */

/* WRITTEN BY: David M Whaley 04−05−2004 */

/* DESCRIPTION: */

/* −− Demonstrates t h e use i f INT0 and INT1 to */

/* i n c r e a s e or d e c r ea s e a pe r c en t a g e */

/* −− Exe r c i s e s po r t P0 and P1 to turn d i s p l a y */

/* t h i s p e r c en t a g e on LED1 and LED2 . */

/* −− use s t imer A2 to r e f r e s h LED ' s a t 100Hz */

/* −− use s t imer s A1 and A2 to make a PWM s i g n a l */

/* t h e duty c y c l e i s t h e d i s p l a y e d percen tage , */

/* t h e same as on the LED ' s */

/* */

/* *** NOTE: t h e r e i s a 14mV o f f s e t w i th t h e */

/* PWM s i g n a l ( ou tpu t p in ) */

/* */

/* Copyr i gh t 2004 by DM WHALEY */

/* A l l r i g h t s r e s e r v e d . See Terms and Cond i t i ons */

/* document r e g a r d i n g t h e use o f t h i s sample */

/* program . */

/********************************************************/

#include ” s f r 6 2 . h”

#include ” leddata . h”

void main (void ) ;

void in i t imerA0 (void ) ;

void i n i t p o r t (void ) ;

void INT0int (void ) ;

void INT1int (void ) ;

void t imerA2int (void ) ;

#pragma INTERRUPT INT0int

#pragma INTERRUPT INT1int

#pragma INTERRUPT timerA2int
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unsigned char counter = 0 ;

unsigned int sw f r eq = 4 ; // s e t sw i t c h i n g f r e quency ( in kHz )

unsigned int sw cyc l e s ;

void main (void )

{
sw cyc l e s = 16000 / sw f r eq ; // s e t s t imer us ing f00

in i t imerA0 ( ) ;

i n i t p o r t ( ) ;

i n t 0 i c = 0x02 ; // s e t i n t 0 to l e v e l 2

i n t 1 i c = 0x02 ; // s e t i n t 1 to l e v e l 1

ta2mr = 0x80 ; // s e t up timerA0 f o r

ta2 = 0x1388 ; // f o r 100Hz LED r e f r e s h r a t e

t a 2 i c =0x01 ; // s e t i n t e r r u p t l e v e l f o r update (=1)

tabsr |= 0x04 ; // s t a r t s timerA2 coun t ing

while ( 1 ) ;

}

void in i t imerA0 (void )

{
ta0mr = 0x00 ; // s e t t imer A0 f o r f 1 use

ta0 = sw cyc l e s ; // s e t r e l o a d r e g i s t e r f o r a p p r o p r i a t e p e r i od / f r e quency

ta1mr = 0x16 ; // s e t t imer A1 f o r f 1 use and one−s ho t t imer mode

t r g s r = 0x02 ; // t imer A1 even t / t r i g g e r s e l e c t b i t − TA0 ov e r f l ow s e l e c t e d

tabsr |= 0x01 ; // s t a r t s timerA0

ta1 = 0 ; // s e t t imer A1 r e g i s t e r f o r 0 c y c l e s => 0 .0ms i e 0% duty

tabsr |= 0x02 ; // timerA1 s t a r t s coun t ing

}

void i n i t p o r t (void )

{
pd0 = 0xFF ; // ou tpu t mode

pd1 = 0xFF ; // ou tpu t mode

pu00 = 0 ; // no p u l l up f o r P0 0 to P0 3

pu01 = 0 ; // no p u l l up f o r P0 4 to P0 7

pu02 = 0 ; // no p u l l up f o r P1 0 to P1 3

p0 = 0x00 ; // i n i t i a l da ta to Port 0

p1 = 0xFF ; // i n i t i a l da ta to Port 1

p0 = 0x00 ;

}

void INT0int (void )

{
unsigned int newtimervalue ;

i f ( counter < 100)

{
counter++;

} // i n c r e a s e PWM duty−c y c l e by 1%

else // or make duty−c y c l e 0% i f a l r e a d y 100%

{
counter = 0 ;

}

newtimervalue = ( sw cyc l e s /100)* counter ;

ta1 = newtimervalue ; // s e t t imer A1 r e g i s t e r f o r coun te r % duty

tabsr |= 0x02 ; // timerA1 s t a r t s coun t ing

}
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void INT1int (void )

{
unsigned int newtimervalue ;

i f ( counter > 0)

{
counter−−;

} // dec r ea s e PWM duty−c y c l e by 1%

else // or make duty−c y c l e 100% i f a l r e a d y 0%

{
counter = 100 ;

}

newtimervalue =( sw cyc l e s /100)* counter ;

ta1 = newtimervalue ; // s e t t imer A1 r e g i s t e r f o r coun te r % duty

tabsr |= 0x02 ; // timerA1 s t a r t s coun t ing

}

void t imerA2int (void )

{
stat ic unsigned char led number = 0 ;

unsigned char o f f s e t ;

asm( ” f s e t I ” ) ; // enab l e i n t e r r u p t s

i f ( led number == 0)

{
led number = 1 ;

p0 = 0xFF ;

p1 = 0xFD; // d i s a b l e LED 1 and enab l e LED2

i f ( counter == 100)

{ // d i s p l a y s '1H ' f o r 100% duty c y c l e

p0 = 0x89 ; // d i s p l a y s 'H ' on LED 2

} // d i s p l a y s '1 ' on LED 1

else

{
o f f s e t = counter % 10 ;

p0 = l e d d i g i t [ o f f s e t ] ; // d i s p l a y remainder (1 ' s f i g u r e ) on LED 2

}
}
else

{
led number = 0 ;

p0 = 0xFF ;

p1 = 0xFE ; // d i s a b l e LED 2 and enab l e LED1

i f ( counter == 100)

{ // d i s p l a y s '1H ' f o r 100% duty c y c l e

p0 = l e d d i g i t [ 1 ] ; // d i s p l a y s '1 ' on LED 1

} // d i s p l a y s 'H ' on LED 2

else

{
o f f s e t = counter / 10 ;

p0 = l e d d i g i t [ o f f s e t ] ; // d i s p l a y q u o t i e n t (10 ' s f i g u r e ) on LED 1

}
}

}
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C.2 Grid-Connected Inverter

The C code listed below is that used by the microcontroller to control the grid-connected

inverter in open-loop mode. It makes use of both software and hardware interrupts to

synchronise the inverter output current to the grid, whilst allowing the user to control

the magnitude by adjusting the modulation index.

/********************************************************/

/* FILENAME: PWM−c s i−unf . c */

/* WRITTEN BY: David M. Whaley 08−03−2006 */

/* DESCRIPTION: */

/* −− Demonstrates t h e use i f t imer B0 to */

/* i n t e r r u p t and i n c r e a s e a PWM duty−cyc l e , */

/* −− Exe r c i s e s po r t P0 and P1 to turn d i s p l a y */

/* t h i s p e r c en t a g e on LED1 and LED2 . */

/* −− use s t imer B1 to r e f r e s h LED ' s a t 100Hz */

/* −− use s t imer s A1 and B2 to make a PWM s i g n a l */

/* −− use s t imer s A4 & A3 to f i r e t h y r i s t o r s on */

/* −− use s INT0 abd INT1 to i n c r e a s e and dec r ea s e */

/* t h e modu la t ion index , r e s p e c t i v e l y */

/* −− t h e modu la t ion index i s t h e d i s p l a y e d */

/* on the LED ' s */

/* */

/* *** NOTE: t h e r e i s a 14mV o f f s e t w i th t h e */

/* PWM s i g n a l ( ou tpu t p in ) */

/* */

/* Copyr i gh t 2006 by David M. WHALEY */

/* A l l r i g h t s r e s e r v e d . See Terms and Cond i t i ons */

/* document r e g a r d i n g t h e use o f t h i s sample */

/* program . */

/********************************************************/

#include ” s f r 6 2 . h”

#include ” leddata . h”

void main (void ) ;

void i n i t ime r s (void ) ;

void i n i t p o r t (void ) ;

void INT0int (void ) ;

void INT1int (void ) ;

void INT3int (void ) ;

void t imerB1int (void ) ;

void t imerB0int (void ) ;

#pragma INTERRUPT INT0int

#pragma INTERRUPT INT1int

#pragma INTERRUPT INT3int

#pragma INTERRUPT timerB1int

#pragma INTERRUPT timerB0int

unsigned char d = 100 ;

unsigned int sw f r eq = 4 ; // s e t sw i t c h i n g f r e quency ( in kHz )

unsigned int sw cyc l e s ;

unsigned int t h y r i s t o r f i r i n g = 2 ;

unsigned int hundredduty = 2 ;

unsigned int ma = 100;

unsigned int da = 100 ;

unsigned int anothercounter = 0 ;
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void main (void )

{
sw cyc l e s = 16000 / sw f r eq ; // s e t s t imer us ing f00

i n i t ime r s ( ) ;

i n i t p o r t ( ) ;

i n t 0 i c = 0x02 ; // s e t i n t 0 to l e v e l 2

i n t 1 i c = 0x02 ; // s e t i n t 1 to l e v e l 2

i n t 3 i c = 0x13 ; // s e t i n t 3 to l e v e l 3 ( i . e . h i g h e s t ) r i s i n g edge

while ( 1 ) ;

}

void i n i t ime r s (void )

{
tb2mr = 0x00 ; // s e t t imer B2 f o r f 1 use

tb2 = sw cyc l e s ; // s e t r e l o a d r e g i s t e r f o r apprproa t e p e r i od / f r e quency

tb1mr = 0x80 ; // s e t up timerB1 f o r

tb1 = 0x1388 ; // f o r 100Hz LED r e f r e s h r a t e

tb1 i c =0x02 ; // s e t i n t e r r u p t l e v e l f o r update (=1)

tb0mr = 0x80 ; // s e t up timerB0 f o r

tb0 = 0xFA; // f o r 2kHz i n t e r r u p t r a t e

tb0 i c =0x01 ; // s e t i n t e r r u p t l e v e l f o r update (=1)

ta1mr = 0x16 ; // s e t up timerA0 to use o v e r f l ow t r i g g e r , and pu l s e TA1 ou tpu t p in

ta4mr = 0x16 ; // s e t up timerA0 to use o v e r f l ow t r i g g e r , and pu l s e TA2 ou tpu t p in

// used to c o n t r o l t h y r i s t o r ga t e f r i n g p u l s e s f o r o p p o s i t e d e v i c e s

ta3mr = 0x16 ; // s e t up timerA0 to use o v e r f l ow t r i g g e r , and pu l s e TA3 ou tpu t p in

// used to c o n t r o l THY ga t e f r i n g p u l s e s f o r o p p o s i t e d e v i c e s to TA2

t r g s r = 0x01 ; // s e t timerA1 TB2 ove r f l ow , TA3 & TA4 use f a l l i n g edge o f TA1

tabsr = 0xFA; // s t a r t timersA1−3 & timerB0−2

ta1 = 0 ; // s e t timerA1 r e g i s t e r f o r 0 c y c l e s => 0 .0ms i e 0% duty

ta4 = 0 ; // s e t a l l t h y r i s t o r s o f f

ta3 = 0 ; // s e t a l l t h y r i s t o r s o f f

}

void i n i t p o r t (void )

{
pd0 = 0xFF ; // ou tpu t mode

pd1 = 0xFF ; // ou tpu t mode

pu00 = 0 ; // no p u l l up f o r P0 0 to P0 3

pu01 = 0 ; // no p u l l up f o r P0 4 to P0 7

pu02 = 0 ; // no p u l l up f o r P1 0 to P1 3

p0 = 0x00 ; // i n i t i a l da ta to Port 0

p1 = 0xFF ; // i n i t i a l da ta to Port 1

p0 = 0x00 ;

}

void INT0int (void )

{
asm( ” f s e t I ” ) ; // enab l e i n t e r r u p t s

i f (ma < 100)

{
ma++; // i n c r e a s e modu la t ion

} // index by 1% ( i f < 100%)

else

{
ma = 0 ; // o t h e rw i s e s e t i t t o 0%

}
}
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void INT1int (void )

{
asm( ” f s e t I ” ) ; // enab l e i n t e r r u p t s

i f (ma > 0)

{
ma−−; // dec r ea s e modu la t ion

} // index by 1% ( i f > 0%)

else

{
ma = 100; // o t h e rw i s e s e t i t t o 100%

}
}

void INT3int (void )

{
i n t 3 i c = 0x00 ; // d i s b a l e i n t 3 i n t e r r u p t as zero−c r o s i n g

// d e t e c t i o n c i r c u i t ou tpu t c on t a i n s no i s e

// and can i n t e r r u p t a c c i d e n t a l l y

d = 100 ; // r e s e t s LUT v l au e

t h y r i s t o r f i r i n g = 1 ; // *** USED TO SET +VE OR −VE OUPUT

// CURRENT POLARITY ***

// *** s e t t o 1 or 2 ***

// when s e t to 1 , wh i t e p u l s e s a t z e ro v o l t s

// when s e t to 2 , wh i t e p u l s e s a t r i s i n g edge t r i g g e r

anothercounter =0;

}

void t imerB1int (void )

{
stat ic unsigned char led number = 0 ;

unsigned char o f f s e t ;

asm( ” f s e t I ” ) ; // enab l e i n t e r r u p t s

i f ( led number == 0)

{
led number = 1 ;

p0 = 0xFF ;

p1 = 0xFD; // d i s a b l e LED 1 and enab l e LED2

i f (ma == 100)

{ // d i s p l a y s '1H ' f o r 100% duty c y c l e

p0 = 0x89 ; // d i s p l a y s 'H ' on LED 2

} // d i s p l a y s '1 ' on LED 1

else

{
o f f s e t = ma % 10 ;

p0 = l e d d i g i t [ o f f s e t ] ; // d i s p l a y remainder (1 ' s f i g u r e ) on LED 2

}
}
else

{
led number = 0 ;

p0 = 0xFF ;

p1 = 0xFE ; // d i s a b l e LED 2 and enab l e LED1

i f (ma == 100)

{ // d i s p l a y s '1H ' f o r 100% duty c y c l e

p0 = l e d d i g i t [ 1 ] ; // d i s p l a y s '1 ' on LED 1

} // d i s p l a y s 'H ' on LED 2

else

{
o f f s e t = ma / 10 ;

p0 = l e d d i g i t [ o f f s e t ] ; // d i s p l a y q u o t i e n t (10 ' s f i g u r e ) on LED 1

}
}

}
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void t imerB0int (void )

{
unsigned int newtimervalue ;

unsigned int newtimervalue2 ;

asm( ” f s e t I ” ) ; // enab l e i n t e r r u p t s

anothercounter++;

switch (d)

{
case 100 : d = 84 ;

i f ( t h y r i s t o r f i r i n g == 2)

{
t h y r i s t o r f i r i n g = 1 ; // i d e n t i f y which t h y r i s t o r s

// are conduc t ing

ta3 = 0 ; // turn t h y r i s t o r 1 & 3 pa i r o f f

ta4 = ( sw cyc l e s /100)*15 ; // turn t h y r i s t o r 2 & 4 on

}
else

{
t h y r i s t o r f i r i n g = 2 ;

ta4 = 0 ; // turn t h y r i s t o r 2 & 4 o f f

ta3 = ( sw cyc l e s /100)*15 ; // turn t h y r i s t o r 1 & 3 pa i r on

}
break ;

case 84 : d = 69 ; break ;

case 69 : d = 55 ; break ;

case 55 : d = 41 ; break ;

case 41 : d = 29 ; break ;

case 29 : d = 19 ; break ;

case 19 : d = 11 ; break ;

case 11 : d = 5 ; break ;

case 5 : d = 1 ; break ;

case 1 : d = 0 ; break ;

case 0 : d = 2 ; break ;

case 2 : d = 6 ; break ;

case 6 : d = 12 ; break ;

case 12 : d = 20 ; break ;

case 20 : d = 30 ; break ;

case 30 : d = 42 ; break ;

case 42 : d = 56 ; break ;

case 56 : d = 70 ; break ;

case 70 : d = 85 ; break ;

case 85 : d = 100 ;

ta3 = 0 ;

ta4 = 0 ; break ;

}

i f ( anothercounter > 38)

{
i n t 3 i c = 0x13 ; // s e t i n t 3 to l e v e l 3 ( i . e . h i g h e s t ) r i s i n g edge

} // as t h i s i s c l o s e to 1 pe r i od o f g r i d f r e qu ency

da = 100 − ma + (ma*d )/100 ; // a d j u s t e d duty−c y c l e

newtimervalue = ( sw cyc l e s /100)*da ;

ta1 = newtimervalue ; // s e t t imer A1 r e g i s t e r f o r da % duty

}
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