University

7 of Glasgow

Ohiero, Peter Obongha (2015) Development of fast multi-system
simulation models for permanent magnet synchronous motor and
generator drive systems. PhD thesis.

http://theses.gla.ac.uk/6585/

Copyright and moral rights for this thesis are retained by the author
A copy can be downloaded for personal non-commercial research or study

This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the Author

The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the Author

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given

Glasgow Theses Service
http://theses.qgla.ac.uk/
theses@gla.ac.uk



http://theses.gla.ac.uk/
http://theses.gla.ac.uk/6583/

University

of Glasgow

Development of Fast Multi-System Simulation
Models for Permanent Magnet Synchronous

Motor and Generator Drive Systems

by

Peter Obongha Ohiero
M. Tech (Electrical Engineering)

Submitted to the School of Engineering, College of Science and Engineering,
The University of Glasgow in fulfilment of the requirements for the Degree of

Doctor of Philosophy
in

Electronics and Electrical Engineering

July 2015



Abstract

Abstract

This research project investigates the development and validation of alternative
simulation models for voltage source inverter fed permanent magnet synchronous
machine drive systems which can rapidly and accurately analyse and evaluate the

performance of PM machine drives and associated control system designs.

Traditionally simulations have been conducted using switching models and state space
average value methods. The simulation of switching models is time consuming and that
of state space averaging involves complex mathematical transformation to d-q axis, with
additional circuitry and this limits their application in a time critical design process. Even
if the complex calculations of state space are overcome, the proposed model can still

achieve better results.

This thesis presents the development of fast multi system simulation models for
permanent magnet synchronous motor and generator drive systems. The fast simulation
model: Average Voltage Estimation Model (AVEM) was developed for two-level, three
phase VSI-fed PMSM drive systems and two-level three phase full-scale back-back VSI
incorporated in a PMSG wind energy conversion system. The method uses the principle
of control strategy and switching function to derive the average phase voltage in one
switching period and then uses the average voltages to drive piecewise-linear voltage
sources across the terminals of the permanent magnet synchronous machine and three
phase system. A voltage source inverter loss model was also developed and incorporated
into the AVEM to simulate the drive system power flow and its performance evaluated.
The average voltage estimation model is also used to estimate and simulate the energy
output of the variable speed PMSG wind energy conversion system. Practical
implementation of this technique is achieved using a DSP based controller and validation
made through comparison of the DSP AVEM energy estimation method with calculated

energy.

The study also presents the development of detailed VVSI switching models for a variable
speed PMSM and a PMSG wind energy conversion system which serve as benchmarks
for the proposed AVEM models. A detailed description of both models will be presented.
Since models require a control strategy: these control strategies were also developed

using the carrier-based sinusoidal (SPWM) and implemented with PI regulators. In the
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permanent magnet synchronous generator wind energy conversion system application,
the SPWM is applied to control the speed of the generator side converter to track
maximum power as wind speed varies using the developed passive MPPT control
technique and controls the AC load side converter to maintained constant DC link
voltage. The sinusoidal PWM control provides a simplified control suitable for the

variable speed PMSM drive system and the PMSG wind energy conversion system.

Lastly, this thesis presents a detailed development of an experimental test rig. The test rig
is developed to provide flexibility for the validation and comparison of the results of both
simulation models against real practical implementations for PMSM drive system and

PMSG wind energy conversions system.

Several simulation case studies were performed using the PORTUNUS simulation
package to validate and analyse the steady state accuracy of the proposed average voltage
estimation model and control system against the switching model. Experiments were also
carried out to validate the results of the simulation models. The simulation models results
are presented and compared with experimental results. Suitable steady state performance
analysis of two-level, three phase voltage source inverter fed permanent magnet
synchronous motor and two-level three phase full scale back-back voltage source inverter
with permanent magnet synchronous generator drive simulation and experimental
performance are also carried out. The results show good agreement of the proposed
average voltage estimation model with the switching model and experimental data, and
where necessary the reasons for differences are discussed. The simulation of the AVEM
is approximately 50 times faster than the switching model. The limitation of the proposed
model is also discussed; mainly it cannot be used for the study and analysis of the

internal dynamics of the voltage source inverter.

The results from the proposed modelling method utilising the average voltage estimation
confirm that this method can be used as an alternative to the detailed switching model for
fast simulation and steady state analysis of PM machine drive systems given the
advantages of speed, simplicity and ease of implementation. Note that the proposed
model is only used for steady state performance analysis; however, in future its
application can be extended to transient analysis. In addition, the model is not about
maximium power point tracking techniques but it can accommodate maximium power

point tracking techniques. It should also be highlighted that exactly the same digital
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control block is used in both the switching and AVEM models thus allowing a true

comparison of controller behaviour.

The model developed in this research project has application beyond PMSM drive
system and PMSG wind energy conversion system. It can be applied to modelling,
simulation and control of other electrical machine drives such as induction machines,

switched reluctance machines and three-phase VSI-fed systems.
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Chapter 1 Introduction

Chapter 1 Introduction

This chapter introduces permanent magnet synchronous machines drives and presents the
advantages of the permanent magnet synchronous machine over alternative AC machines
used in variable speed drives. The chapter also highlights the objectives and
contributions of the thesis as well as the thesis outline and the necessity for reducing the
simulation execution times in the design process of permanent magnet synchronous

machines and other electrical machine drives.

1.1 Background

Permanent magnet synchronous machine drives are the most widely used electrical
machine drive systems in recent times due to the attractive features of permanent magnet
synchronous machine such as high energy density, low torque ripple, higher efficiency,
higher reliability, lower cost of maintenance and operation at low rotational speed. The
permanent magnet synchronous machine is combined with power electronic converters
and the operating characteristics of the permanent magnet machine are controlled by the
power electronic converters. In many applications it has provided solutions to the
challenges such as the problems of unreliability and poor performance due to excessive
heat and losses, gearbox failures, excessive vibrations and noise, wears, high cost of
maintenance and increased in the weight of the drive system associated with the
traditional mechanical drive and other electrical machines drive systems [1][2]. The
technologies involve conversion and processing of electrical energy to mechanical
energy or vice versa. Generally, when power electronic converters are combined with
electrical machines, it enables energy efficient variable speed operation. The power
electronic converters are used with the appropriate control technique to control the
motion and operating characteristics of electrical machines such as induction machines,
DC machines, switched reluctance machines and permanent magnet synchronous
machines. Among the electrical machines used for variable speed drive, permanent
magnet synchronous machine are increasingly being used in many industries and
renewable energy conversion for variable speed drive applications due to the various
advantages and the fact that PM machine can use high performance rare-earth permanent

magnets, e.g. Samarium Cobalt (SmCo5) and Neodymium-Iron-Boron-NdFeB in the
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rotor and as a result do not require electrical excitation [3]. Another advantage is that PM
machines have a simplified structure with reduced size, reduced maintenance and
significant improvement in reliability compared to other electrical machines which use
commutation, slip rings, and field windings. They also have high torque to weight ratio
and high power density which makes them a preferred option in a large number of
industrial and power generation applications. The number of poles and diameter of
permanent magnet synchronous machines can be varied to obtain various rotational
speeds to meet the requirements of many modern applications where operation at low
speed is required to optimise energy savings and reduced cost. These advantages make
the PM machine an attractive alternative and are used for varieties of applications.
Usually, they are used for low and medium power applications such as refrigerators,
freezers, computer and office equipment, air conditioning units, robotics, pumps,
compressors, washing machines, elevators, ship propulsion, but now they are
increasingly used in advanced adjustable speed drives such as electric vehicles, electric
hybrid vehicles and variable speed renewable energy conversion applications such as

wind, wave and tidal systems.

These wide areas of applications of permanent magnet synchronous machines are due to
the development and advancement of power electronic semiconductor devices and
control techniques. Power electronic devices are combined with permanent magnet
synchronous machines and are used to enhance the performance and operating
characteristics of the machines. The PM machine is controlled by the power electronic
converters to achieve the desired performance. The role of power electronic converters
depends on the machine applications. In adjustable speed electric motor drive
applications, the power electronic converters control the operating speed and torque of
the electric machine by supplying variable current and frequency to the machine [4]-[6]
while in variable speed renewable energy conversion system the power electronic
converters control the generator speed to track maximum power and stabilise DC link
voltage and deliver a fixed voltage and frequency to the load or connection to grid [7].
Power electronic devices such as the insulated gate bipolar transistor (IGBT), MOSFET,
thyristor, bipolar junction transistor (BJT), silicon controlled rectifiers (SCR), Gate Turn-
Off thyristor (GTO) are used to control the speed and torque of electrical machines. Their
ability to control the speed of the machine is based on switch mode operation provided

by the control strategy usually from PWM control techniques [8]. Switch mode operation
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requires bidirectional power flow and in order to implement bidirectional power flow
characteristics, power electronic devices are arranged in a given topology. Several power
electronic converter and inverter topologies have been proposed and developed,
regarding the control of the speed, torque and current of permanent magnet synchronous
machines in order to obtain variable speed operation, enabling choices to be made of the
most efficient and reliable configuration for effective control. Power electronic
converters such as current source inverters, voltage source converters (inverters), matrix
converters, and cycloconverters can be used to obtain variable speed operation. In
industrial PM machine drives, the voltage source inverters are commonly used and
IGBTs are commonly used to implement the voltage source inverters. This is because
IGBTSs have the ability to handle high current, power and switching frequency compared
to other presently available power electronic devices. They are basically single phase,
three phases or multi-phase voltage source converter. Although, there is recent
development and advancement of machine drives and converter topologies towards
multiphase system [9][10], the three-phase PM machine drive and voltage source
converter topology is widely used in industries for variable speed applications. The two-
level three phase voltage source converters produce sinusoidal current and provide
bidirectional power flow enabling control of PM machine drive systems.

Over the years, there have been growing interests in permanent magnet synchronous
machine drive as a result of the numerous advantages and applications of the PM
machines has over other electrical machines such as DC machines, induction machines
and the conventional synchronous machines as mentioned above. This has led to a lot of
research interest on the behaviour and performance of the PM machine drive system and
control strategies [11]-[29]. Recently, there has been an increase in the market demand
for three-phase variable speed PM machine drives due to the increasing demand for
energy conservation, maximisation of power, improvement in efficiency, ease of
controllability and reliability. There has also been high interest in designs, control,
analysis and production of permanent magnet synchronous machine drives. Different
designs and configurations of three-phase PM machine drive systems and control
techniques are being proposed and investigated [30]-[38]. Extensive research has
recently been carried out on the variable speed motor drives and generator drives using
voltage source inverters to obtain improved efficiency, improved performance, and

improved power handling capability, high reliability and better control at reduce cost for
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permanent magnet synchronous motors and generators. Most Recently researchers,
manufacturers, and designers of the adjustable speed electric motor drives and variable
speed generator drives are focussed on developing a new generation of three phase,
multiphase permanent magnet synchronous motor and generator based on variable speed
with one inverter and dual parallel motor drive reported in [39][40], multiphase PM

machines [41] and multilevel and multilevel modular voltage source converters [42].

The design and analysis of a variable speed permanent magnet synchronous machine
drive and control e.g. EHV and wind power generation is a complicated task due to the
high number of design parameters and requirements such as low cost, high power
density, low maintenance, ruggedness, good quality of output power, torque, fast
dynamic characteristics and improvements in efficiency. Traditionally the investment
involved to achieve these is also high. It involves a lot of time, and associated cost, to
design and develop a reliable test rig which will allow adequate and accurate
investigation of the different machines, power electronic converters, load parameters,
control techniques and performance effectiveness and build confidence on the results.
Therefore, a reliable simulation model of PMSM drives and PMSG driven renewable
energy power conversion is required in order to study/test the operating interactions
between the mechanical, electrical components, control techniques and their outputs
response before actual design and implementation. Further to this, the recent trend of
variable speed permanent magnet synchronous machine designs, for example the design
of one inverter with dual parallel motor drive, multiphase PM machines and multilevel
and multilevel modular voltage source converters designs targeted at achieving higher
voltage and power levels, have created a chance, where the simulation execution time of
voltage source converters with permanent magnet synchronous motor or generator drive
system becomes an important factor to consider in adjustable speed motor drive and

variable speed generator drive design process.

Several studies to develop cost-effective designs of variable speed PMSM or PMSG
drives and control system within the shortest possible time requiring the use of modelling
and simulation tools have been explored. The most commonly used model is a detailed
VSC switching model with the PMSM [43][44] and with PMSG [45]-[48]. The detailed
VSI switching model is very useful in the design process of a PMSM or PMSG drive
system. It is used to verify the different stages of design as well as accurate evaluation,

investigation and validation of the system and control technique performance because it
4
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represents and predicts results similar to the actual circuit configuration. However, the
simulation of the switching model of power electronic converters in a drive system
presents significant challenges. Severe constraints emerge with systems involving large
number of power electronic switches, high power and high voltages, such as a multilevel
VSI or multiple inverters. This is because the switching models are characterised by very
small minimum time steps (<100ns) as determined by the required resolution of the
Pulse-Width Modulation (PWM) control (e.g.: 12bit resolution @ 20kHz), and once
incorporated into the complete PM machine drive mechanical system and under realistic
adjustable speed conditions, simulation lengths in the region of minutes if not hours are
required for accurate evaluation of the system. The simulation execution times become
frustratingly long because of the non-linear switching devices, and very short simulation
step lengths in the region of hundreds of nanoseconds are required for accurate results.
The reduction of the simulation execution time is an important goal in the design process
and analysis of any variable speed machine drives. A method of reducing the simulation
time is therefore necessary. It was found that the best approach is a method that will
eliminate the VSC or VSI switching circuit from the PMSM or PMSG drive simulation
model.

An alternative method to modelling of the VSI in variable speed PMSM and PMSG
drives is the use of the proposed Average Voltage Estimation Model (AVEM) technique.
In this approach, the voltage source inverter is totally replaced with a model which
reproduces the functionality of the VSI. The method is based on an analytical estimation
of the ‘average’ voltage across each phase of the PMSM, PMSG or electric AC load
during each PWM switching period and then using these average values as piecewise-
linear voltage sources for each phase of the motor, generator and electric load. The
advantages of the AVEM is that it simplifies the simulation model of electrical machine
drive system, its simulation is faster and it is an accurate alternative model of voltage
source inverter that will reproduce the functionality of the VSI and control of variable
speed PMSM or PMSG drives to supply and/or produce sinusoidal three-phase AC
currents based on the existing PMSM and PMSG digital controller models such that
machine and controller performance/limitations can still be evaluated and optimised. A
limitation with AVEM is that it cannot be used for the analysis of the internal dynamics
of the voltage source inverter. However, this is only one aspect compared to the

numerous studies of variable speed drives that the AVEM can be used for.
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The presented research project will benefit electric motor drive manufacturers, industries
and wind energy conversion designers and operators as well as researchers and students
to improve the efficiency and resultant time in the development of new designs of
adjustable speed motor drive and variable speed wind energy conversion system and
control techniques. The resultant simulation model keeps stable operation, controls
current and torque, tracks maximium power points and maintains constant DC link
voltage over the required speed range. Based on performance analysis, the results for
the proposed average voltage estimation model and detailed switching model are closely
similar to the experimental results for a 1kW, 16-poles small fractional horsepower PM
machine. This research has shown that this model though developed for small kilowatts
can be applied to several hundred kilowatts as an alternative to the detailed switching
model in the design process of not only wind energy conversion system but other
renewable energy conversion systems where there is need to reduce the time, cost of

design and final product.

1.2 Thesis Objectives

Modelling and simulation are very important processes that enable the efficient design
and verification of drive systems and control strategies. Due to the fast switching of the
voltage source inverter devices compared to the slow dynamics of the electrical machines
and mechanical elements the simulation of drive systems using VSI switching models is
time consuming. It will be advantageous to machine drive designers, researchers, wind
energy conversion system’s developers, and grid operators to model the drive system
with freedom of simulation time step. In addition, to designers of PM machine drive
system, the validation of new approach to modelling is necessary in order to build
confidence on the degree of application and results of the model. In view of this, the
objectives of the thesis are summarised by;

1. To develop a fast and cost-effective simulation model and control for PM AC
motor drives that will totally eliminate the use of voltage source inverter
switching, and can be used as an alternative model for further research and study
on the evaluation and analysis of PM machine drives and control algorithm

performance and optimisation.
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To develop a fast and cost effective simulation model and control for variable
speed PM generator drives in wind energy conversion systems that will totally
eliminate the full scale back-back voltage source inverter switching network, and
can be used as an alternative model for further research and study on the
evaluation and analysis in the design process of variable speed PM generator
wind energy conversion systems and control techniques performance and

optimisation given the slow dynamics of the wind turbine PMSG.

To validate the performance accuracy and results of the fast simulation model for
PMSM drive based systems and variable speed PMSG drives in wind energy
conversion system against the equivalent VSI switching model and experimental

results.

To build a flexible laboratory test rig to emulate a variable speed wind energy
conversion system and PM motor drives to validates the predictions of the
proposed fast simulation models for variable speed PMSM drives and PMSG
wind energy conversion systems. The developed platform and simulation models
will form the basis in which a wide range of existing and new PM machine drive
designs and control strategies can be implemented and evaluated at reduced time
and cost. It will further provide an important tool in which future research and
study to enhance the quality of wind energy conversion and motor drives can be

carried out.

To analyse the performance and efficiency of the PM motor drives and variable

speed PMSG wind turbine using the proposed average voltage estimation model.

To implement the average voltage estimation modelling method (AVEM) using
real time DSP controller to calculates the energy yield of the PMSG wind energy

conversion system.
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1.3 Thesis Contributions

The simulation of the PM machine drive systems and control strategies is generally based
on a detailed VSI switching model. It is the objective of this research to develop and
validate an alternative model for voltage source inverter switching circuit using a
different approach and control that can be rapidly simulated.

The main contributions of the thesis are summarised as follows;

1. An alternative model of a three-phase voltage source inverter switching model
which can be used for rapid and accurate simulation and analysis of different
electrical machine drives, or any voltage source inverter fed three-phase AC
load and control strategy has been developed using a more simplified
approach that totally eliminates the VSI switching network, L-C filters
circuits and also eliminates modelling the DC side as a current source [49]-
[52]. This is a contribution towards reducing the time and cost of the design
process and production of motor drives and three-phase power conversion
systems. The proposed model allows freedom of choice when it comes to step
time selection during simulation and reduces the computational d-q
transformation burden involves in the previously developed average value
model [53][54].

2. A Voltage Source Inverter loss model has been developed and incorporated
into the AVEM. Most of the existing average value models based on state
space averaging, transformation and linearization in literatures have not
shown evidence of incorporation of losses and analysis of the Voltage Source
Inverters. The incorporation of the VSI loss model into the proposed average
voltage estimation model has further expanded the validation, analysis and
application of averaging model to include power, power losses and efficiency

of the electric machine drive system.

3. A fast averaging model of a full back-back power converter with variable

speed PMSG WEC is difficult to find in literature. A detailed average voltage
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estimation model of full scale back-back voltage source inverter with variable
speed PMSG wind energy conversion system has been developed in this
thesis. The derivation and development of the average voltage estimation
model of two levels three-phase back-to-back VSI with WECS and control
techniques that can rapidly and accurately simulate the characteristics of the
system, in addition, the simplicity in the derivation of the average voltage
model does not involve complex computational burden and reduce time of

simulation and design process are contributions in the thesis.

The detailed analysis provided to understand the performance and validation
of the proposed average voltage estimation model against the standard
detailed switching model and experimental results.

The development of a small scale flexible test rig in the Laboratory to emulate
PMSM drive and PMSG WECS to test and validate the results of the
simulation models based on PM machine drive, and for use in future research
projects to study existing and new designs of PMSM drive and PMSG WECS.

The proposed average voltage estimation model has been implemented using
a real time DSP controller in the laboratory to calculate and display the
energy output of the PMSG wind energy conversion system over any given
length of time. Validation of the DSP controller average voltage estimation
model WECS energy estimation, calculated (measured) energy and simulation
AVEM energy prediction confirms the accuracy of the AVEM’s in
determining the energy output of WEC under varying wind speed conditions
and maximium power point tracking control scheme. This provides an
alternative method of calculating the energy yield of a typical wind energy

conversion system.
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Chapter 1 Introduction

1.5 Thesis Outline

Chapter 1 provides a general introduction of permanent magnet synchronous machines
drives and presents advantages of permanent magnet synchronous machine over other
electrical AC machines used in variable speed drives. The chapter also highlights the
objectives and contributions of the thesis as well as the thesis outline and the necessity
for reducing the simulation execution times in the design process of permanent magnet
synchronous machines and other electrical machine drives when incorporated in a

complete (mechanical/aerodynamic) simulation model.

Chapter 2 presents a brief review of the different components of permanent magnet
synchronous machine drives. The different types of power electronic converter
topologies used in variable speed PMSM drives and PMSG drive systems are outlined
and the basic principles of the proposed Average Voltage Estimation Model (AVEM)
stated. This chapter also presents brief reviews of wind energy conversion system
(WECS) from fixed speed operation to variable speed as well as discussion on carrier-
based sinusoidal PWM and proportional integral (P1) regulators. Chapter 2 also presents
the existing approaches used in modelling and simulation of permanent magnet
synchronous drive systems. These are the detailed switching model and the average value
model, stating their advantages and disadvantages in terms of simulation execution time
and the need to develop an alternative model of PM machine drive system based on a

different approach.

Chapter 3 deals with the development of the proposed average voltage estimation model
for permanent magnet synchronous motor drive system. The chapter begins with
presentation of the basic theory of the voltage source converter switching functions and
describes the principle and development methodology of the average voltage estimation
modelling of voltage source inverter utilising IGBTs as well as its application in the
modelling of variable speed motor drives. A detailed description and development of the
voltage source inverter loss model and its incorporation into the AVEM is also presented.
This is followed by the development of control strategy, simulation, performance
analysis and comparison of the AVEM with the detail switching modelling method of
permanent magnet synchronous motor drive system. Simulation results are presented to

verify the performance of the AVEM.
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Chapter 4 gives an in-depth description and development of the laboratory test rig, DSP
controller, control strategy for PMSM drive system and wind energy conversion
emulation system. It also presents experimental results used to validate the simulation
models results. Experimental results such as current, torque, power and DC link voltage

are presented in this chapter.

Chapter 5 provides a comprehensive validation and analysis of performance of the
proposed average voltage estimation against switching model and experimental results of
a VSI fed permanent magnet synchronous motor (PMSM) drive. Performance indicators
such as Torque versus speed, current versus speed, power versus speed, losses and
efficiency versus speed are compared. Simulation and experimental results show that the
proposed AVEM achieves the same performance accuracy as the switching model
compared with experimental data. The advantage being that the AVEM based model is

significantly faster compared to the switching model.

Chapter 6 provides the detailed development of average voltage estimation model and
switching model of full scale back-back voltage source inverter with variable speed
PMSG wind energy conversion system and control strategy. Simulation and experimental
results are presented to verify and validate the performance of the proposed AVEM of
WECS against the comparable switching model and laboratory test rig. The benefits of
the proposed model against the switching model are outlined. Chapter 5 also provides a
calculation, simulation and performance analysis of energy yield of WECS and MPPT
control based on AVEM. In chapter 5, it is also presented a significant contribution of the
thesis, the practical implementation of the AVEM of WECS using real time DSP
controller in which the DSP controller is used to calculate the energy output of WECS
based on an AVEM model. It investigates and presents comparison of the proposed DSP-
based AVEM energy estimation method, the standard calculation method and AVEM
simulation method for variable speed constant torque and MPPT control PMSG WECS.

Chapter 7 presents the conclusions of the thesis and suggests further development and

improvement of the proposed average voltage estimation model of voltage source

inverter.
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Chapter 2 Topologies and Modelling of Voltage Source
Inverter and PM Machine Drive System

2 Introduction

The simulation of variable speed permanent magnet synchronous machine drive systems
in this research project is based on the detailed VSI switching and the proposed average
voltage estimation modelling method. Both the VSI switching model and average voltage
estimation model are developed for a permanent magnet synchronous motor drive and
variable speed wind turbine generator. The chapter begins with a brief review of the
different components and topologies of permanent magnet synchronous machine drive
systems. This will enable an understanding of the behaviour and operating principles of
the components and of variable speed PM machine drive system. The different types of
power electronic converter topologies used in variable speed PMSM drives and PMSG
drive systems are outlined and the basic principles of the proposed Average Voltage
Estimation Model (AVEM) stated. This chapter also presents brief reviews of wind
energy conversion system (WECS) as well as discussion on carrier-based sinusoidal
PWM and proportional integral (PI) regulators. Relevant literature reviews of the
approaches used in modelling and simulation of permanent magnet synchronous drive
systems are presented. These are the detailed switching model and the average value
model, stating their advantages and disadvantages, examining the effect of each method
in terms of the simulation execution time. The chapter also presents the reasons for the
development of an alternative model of voltage source inverter with PM machine drive
system based on a different approach with freedom of choice of simulation time step to

speed simulation execution time.

2.1 Permanent Magnet Synchronous Machine Drive System

Permanent magnet synchronous machine drive refers to the energy conversion from
electrical to mechanical or vice versa involving a permanent magnet synchronous
machine and controlled by power electronic semiconductor devices to operate at various
rotating speeds. In general, permanent magnet synchronous machine drive consists of the

permanent magnet synchronous machine, the power electronic converter, electrical
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power supply (DC or AC) and the controller, feedback devices and sensors as shown in

Figure 2-1.

PM machine

Rotor
Power supply [¢ Converter
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Rotor position
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Figure 2-1: Block diagram of voltage source converter with permanent magnet synchronous
machine drive system

The stator of the PM machine is connected to or is fed from the power electronic
converter. The power electronic converter is an important components of the drive
system where individual semiconductor devices e.g. IGBTs are arranged in a suitable
topology to form the power electronic converter system. The power electronic converter
considered in this research is the voltage source converter and its details are presented in
section 2.3. In modelling and simulation of permanent magnet synchronous machine
drive systems, the individual components are adequately represented in simulation
software and the parameters or properties applied. It is important therefore to review the
different components of a permanent magnet synchronous machine drive system. This
will provide adequate knowledge and understanding of the behaviour and the operating

characteristics of the components of the drive system.

2.2 Permanent Magnet Synchronous Machine

A permanent magnet synchronous machine consists of the outer stationary stator and the
inner rotating part called the rotor made of permanent magnets. The interaction of the
stator and the rotor magnetic fields generate electromagnetic torque on the shaft of the
PM machine. PM machines can be used as an electric motor or generator. The physical
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features of the PM motor and PM generator is the same the only difference is the mode
of operation. While the rotor is always connected to the shaft of a mechanical device, the
stator can be fed with or supply electrical power depending on the application. When the
PM machine is fed with electrical power, it converts this electrical energy to mechanical
and it is called a permanent magnet synchronous motor (PMSM) but when it converts
mechanical to electrical, it is a permanent magnet synchronous generator (PMSG). In
general, PM machines are classified based on the method of excitation such as direct
current (DC) or alternating current (AC). There are two groups in this category, the
permanent magnet direct current machine (PMDC) and the permanent magnet alternating
current machine (PMAC)[55][56]. The DC excited PM machines are further divided into
the permanent magnet direct current (PMDC) and permanent magnet brushless direct
current (PMDC-brushless) machines. PMDC have a commutator and brushes as the
traditional DC commutator machines but use permanent magnets in the place of field
windings while the PMDC-brushless uses electronically controlled excitation and
permanent magnets in the rotor, the brushes are absent in these machines and they have
some of the advantages of PMAC machines. On the other hand, the PMAC machines use
AC excitation and do not require the use of a commutator, brushes and field windings to
generate the magnetic field. In the PMAC machines, the magnetic field is generated
using permanent magnets mounted in the rotor. The PM machines are also classified
based on the waveform of the excitation current and back EMF. In PMDC-brushless
machines, a square waveform phase currents excitation is required and the resulting back
EMF is trapezoidal while the PMAC machines are excited with a sinusoidal currents and
a sinusoidal back EMF.

The position of the permanent magnets in the rotor also plays a significant role through
which PM machines are classified. There are the surface permanent magnet machines,
where magnets are mounted on the surface of the rotor e.g. surface permanent magnet
synchronous motor (SPMSM) or surface permanent magnet synchronous generator
(SPMSG), and the interior permanent magnet machines where magnets are mounted
inside the rotor e.g. interior permanent magnet synchronous motor (IPMSM) or interior

permanent magnet synchronous generator (IPMSG).
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Figure 2-2: Rotor configuration of PM machines (a) surface mounted (b) interior mounted

Figure 2-2 shows a cross section of the structure of PM machine consisting of the outer
stator and the inner rotor. The stator in a conventional three phase machine has three
equally distributed windings located in the slots of the stator core and permanent magnets
mounted on the rotor. Figure 2-2 (a) shows a four pole PM machine design with the
magnets mounted on the surface of the rotor. This type of PM machine has a simplified
construction with the magnetic flux density in the permanent magnets almost similar to
the flux density of the air gap. However, the location of the magnet in the air gap
constitutes a disadvantage to the machine; the magnets are always exposed to the
activities of the stator coils hence any harmonics in the space can easily be conducted by

the magnet with resulting eddy current and losses in the magnets [57][58].

In the interior permanent magnet machine as shown in Figure 2-2 (b), the magnets are
buried inside the rotor and are protected from the activities of the stator windings in the
air gap and avoid the effect of possible harmonics in the space between the rotor and the
stator. This allows flux concentration in the air gap with the flux density of the air gap
higher than that of the magnet with resulting reluctance torque and saliency. This
property of the interior mounted permanent magnet machine enables higher speed
operation compared to surface mounted through field weakening. The drawback of this
structure is the difficulty to obtain space on the rotor to achieve concentrated flux, since

large numbers of magnet poles are required for concentrated flux. However, the proposed
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average voltage estimation model is applicable to both VSI fed interior and surface

mounted permanent magnet synchronous machines.

Figure 2-3 shows a torque versus speed curve with field weakening of the machine under
investigation. The solid line represents the normal operation of a controlled PM machine
while the dotted line represents the performance characteristics when field weakening is
applied. From Figure 2-3, higher torque and wider operating range can be achieved with
field weakening.

Torque (Nm)

4— Field weakening

«— No Field weakening

N1 N2 Speed (rprTT)

Figure 2-3: A typical torque versus speed curve with field weakening

2.3 Voltage Source Converters

Voltage source converters are an essential part of modern variable speed electric machine
drives and other power conversions systems. They are used to convert and process
electrical power using PWM control techniques. Current source converters can also be
used to process electrical power [59][60] but most industrial applications prefers voltage
source converters to current source converters because the voltage source inverter has
ease of control with open loop V/Hz control, compact size, low cost, , provide higher
power factor as well as lower power losses [61][62]. The block diagram of a VSC is
shown in Figure 2-4. It consists of input and output terminals and allows power to flow

to the load when commanded by the control block.
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Figure 2-4: Block diagram of Voltage source converter

Depending on the application, the input power source can be DC or AC. However, a stiff
or constant voltage must be applied across the terminal with the DC power source. The
basic function of the VSC is to control the characteristics of electrical power such as
voltage and frequency to obtain the desired form of power output. This requires a control
strategy for the voltage source converter. The most commonly used control strategy in
many industrial applications is the PWM control techniques such as carrier-based
sinusoidal PWM [63][64] and space vector PWM [65][66]. The control strategy requires
either feedback from the output, or feed forward from the input [67].

Voltage source converters are constructed using power electronic switches e.g. IGBTs
and sequentially controlled to allow bidirectional power flow. They may be single-phase,
three-phase or multi-phase. The single-phase VSC are applied in low power applications
while the three-phase and multi-phase are used in medium and high voltage and power
applications because of their suitability for rapid dynamic response and high
performance. Since most industrial applications and electrical loads require a three-phase

voltage supply, three-phase voltage source converters are commonly used.

2.3.1 Applications of VVoltage Source Converters

Voltage source converters are used for different purposes such as providing electrical
power for DC loads e.g. heater coils, furnaces, DC motors, and AC loads such as UPS,
FACTS and Vars compensators. In addition, voltage source converters are used for
adjustable speed drives such as hybrid vehicles, electric hybrid vehicles, conveyors, and
renewable energy conversion systems e.g. wind energy conversion systems, ocean
energy conversion systems, tidal energy conversion system and high voltage DC

transmission systems.
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2.3.2 Classification of VVoltage Source Converters

Voltage source converters are classified based on the input and the desired output power
as

1. DC/AC voltage source inverter

2. AC/DC voltage source converter

3. AC/DC/AC converters

2.3.3 DC/AC Voltage Source Inverter

The conventional topology for a three-phase DC/AC voltage source inverter is shown in
Figure 2-5. This conversion system is commonly used to provide controlled voltage and
frequency. They have been widely used to provide constant voltage and frequency for
standard AC loads or integration to grid, and variable voltage and frequency for AC
machine drives. The input to the VSI can be from a DC voltage source such as a battery,
PV or rectified DC voltage from grid or generator and the desired output is sinusoidal

voltages of constant or varying magnitude and frequency to the AC loads.

The three-phase DC/AC VSI shown in Figure 2-5 consists of two levels, six power
electronic semiconductor switches (normally transistors) and six antiparallel diodes
allowing bidirectional current flow and unidirectional voltage blocking capability [68].
There are three phase legs of power switches and free-wheeling antiparallel diodes, two
power switches are in each phase leg of the VSI and have to be controlled to switch
alternatingly in switch mode that is when the upper power converter switch in one phase
leg is switch on the corresponding lower switch on the same phase leg should be
switched off to avoid short circuiting (shoot through) the DC link voltage supply. To
further avoid shoot through and guarantee that both switches in one phase leg of the
converter do not conduct simultaneously at the same time, dead time can be introduced
[69]-[72]. This is a short time neither the upper nor the lower power converter switch on
a phase leg conduct but allowed between switching the upper switch off and the lower
switch on and vice versa. The dead time should be as short as possible in order not to
constitute output waveform distortion. Typically, dead time of 20kHz PWM is between
100ns — 1us. The switching behaviour and the quality of VSI output are based on the

PWM control strategy. Various PWM control strategies either voltage or current are
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available and can be used in the controlling of the power switches. Generally, there is a
frequency difference between the power converters and the supply. The power switches
are switched at a frequency significantly higher than the supply frequency. Such higher
switching frequencies effectively reduce the harmonics content of the current waveform
with smoother torque but increase the switching losses. However, a number of PWM
methods have been studied in the past few decades to achieve reduced switching losses,
reduced total harmonic distortion (THD) and operation over a wider linear modulation
range [73]-[76].
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Figure 2-5: Three-phase two level 6 switches voltage source inverter

In Figure 2-5, the voltage source inverter enables the three phase AC load to be
connected to the positive or negative terminal of the DC voltage supply. The output
voltage as a result of the operation of the VSI is square-wave is shown in Figure 2-14.

2.3.4 AC/DC Voltage Source Converter

Figure 2-6 shows the power conversion system of AC/DC voltage source converter
(VSC). The configuration of the voltage source rectifiers is the same as the DC/AC VSI
but the difference lies in the mode of operation. In the case of voltage source converter
(active rectifiers), the input power to the converter is from the AC power source and the
desired output is DC power. Active rectification is necessary because the power is
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usually from variable voltage and frequency supply source and the DC load requires a
constant DC voltage or to provide DC voltage for further DC/AC conversion. However,
control objective may differ between AC/DC and DC/AC, control strategies and
modulation techniques for power converters switches of the AC/DC converter to operate
in switch mode is the same as that of DC/AC inverters discussed in section 2.3.3. In
applications where concern is given to power quality, reduction in current ripple and
THD, either an inductive or inductive-capacitive-inductive filter can be added to the
voltage source converter [77].
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Figure 2-6: AC/DC voltage source converters

2.3.5 AC/DC/AC Voltage Source Converters

The conventional voltage source inverter and voltage source converters (rectifiers) have
been discussed in section 2.3.3 and section 2.3.4. Depending on applications and the
available source of power supply, two converters can be combined in cascade for
AC/DC/AC conversion. A typical AC/DC/AC converter consists of AC power supply,
rectifiers (passive or active), DC link and capacitor, inverter and AC load. The power
supply can be from the grid or a variable speed generator driven by renewable energy

sources such as wind, ocean waves and tidal while the load could be grid, R-L load

21



Chapter 2 Topologies and Modelling of VVoltage Source Inverter and PM Machine Drive System

network or AC electric machines. The load side is separated from the power supply side
by a DC link capacitor which acts as a filter and also decouples the grid frequency from
the generator frequency. There are several advantages that can be achieve with this
configuration; the number of phases can be changed between the input and output for
example single phase changed to three-phase and vice versa. The voltage magnitude and
frequency can also be change between the input and output. The control of the supply
side voltage source converters is independent of the control of the output or AC load
voltage source inverter. AC/DC/AC converters are currently used in many industrial
applications such as adjustable speed electric motor drives, high voltage DC
transmission, renewable energy conversion systems e.g. wind, ocean and tidal. Figure 2-

7 shows the two commonly used AC/DC/AC voltage source converters.
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2.4 Types of Permanent Magnet Machine Drives

Voltage source inverter fed variable speed permanent magnet machine drives in the range
of hundredths to several kilowatts are generally divided into two groups, based on
excitation, namely brushless DC PM Machine drives and brushless AC PM synchronous

machine drives.

2.4.1 Brushless DC Permanent Magnet Machine Drives

Brushless permanent magnet DC machine (PMDC) drives use a PMDC machine with
associated power electronic inverter. For the brushless DC PM motor the three phase
windings are fed with rectangular current waveforms, 120° phase shift from one another
[78]-[80]. In contrast, the brushless DC PM generator produces rectangular current
waveforms, 120° phase shift from one another from the three phase windings [81]. In
three phase brushless DC PM Machine drives, the power electronic inverter switches are
controlled to excite two out of the three phase windings and the stator winding are
rearranged in six possible combinations over one fundamental cycle producing
rectangular current waveforms at the terminals of the PM machine which alternates from
positive to negative in one electrical cycle. In order to achieve this, the stator current
must be synchronised with the rotor position. The rotor position can be obtained by using
a position sensor mounted on the rotor shaft, hall-effect sensor or other rotor position
sensorless methods [82]-[84] aimed at reducing cost due to the sensor and improving

efficiency, stability and reliability.

2.4.2 Brushless AC Permanent Magnet Synchronous Machine Drives

The brushless AC permanent magnet synchronous machine drive otherwise known as the
PM AC synchronous machine drive is fed with sinusoidal current waveforms. Unlike the
brushless DC PM machine drive where only two out of the three phase windings are
excited, in a PM AC synchronous machine drives, all three phase windings are
sinusoidally excited and conduct current at the same time. This category of PM machines
is driven by an AC power source which is applied to the stator windings based on the
control of the VSI. The most common topology of PM AC synchronous machine drives

consists of three phase with two level three phase VSI where there are six transistors and
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six anti-parallel diodes. The brushless AC permanent magnet synchronous machine

drives is divided into permanent magnet synchronous motor and generator drive systems.

2.5 Permanent Magnet Synchronous Motor (PMSM) Drive
System

Many industrial applications of PMSM require a wide variable speed range. With the
availability of power electronic devices at improved power rating, reduced cost and
reliability, voltage source inverters can be used to supply variable voltage and frequency
to PMSM, for speed and torque control. PMSM drives are used in high performance and
high efficiency applications from watts to several hundred of kilowatts such as servo

drives, variable speed drives in electric hybrid vehicles [85].
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Figure 2-8: Three-phase VSI for speed control of PMSM (a) VSI with diode rectifiers
(b) back-back VSC
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The voltage source inverter provides variable voltage and frequency for the PMSM. The
most commonly used topology for three-phase PMSM drive system is shown in Figure 2-
8 (a). It consists of a constant frequency AC power supply, three-phase diode rectifier,
DC link and capacitor, VSI, controller, PMSM and mechanical load. The three-phase
diode rectifiers converts AC voltage to a fixed DC voltage and the VSI converts the DC
voltage to AC voltage at the required magnitude and frequency. The DC link capacitor is
a very important component of the drive topology. It is connected between the supply
side diode rectifier and the machine side voltage source inverter. The capacitor serves as
a filter to remove voltage ripple due to the pulsating DC voltage and act as a temporary
energy storage or voltage source to the three-phase VSI. The PWM control is applied to
the VSI which in turn supplies variable voltage and frequency to control the speed and
torque of the PMSM over the required speed operation. This topology is cost effective,
but has limitations when applied to variable speed drives that require regenerative
braking for deceleration such as elevators, electric vehicles or other regenerative loads.
Two modes of operation are possible with this configuration; motoring and regenerating.
During motoring, power flows from the DC link to the motor and during regenerating
power can flow from the motor to the DC link. The power flow during regenerating may
accumulate as the unidirectional diode rectifiers do not allow power flow to the supply
network and this can cause damage. In order to prevent damage, a parallel connected
braking resistor is required in the DC link to dissipate the power as the load regenerates
[86]. This configuration requires only one controller for the VSI. The controller for the
VSI consists of the outer speed controller and the inner current controller. Speed
feedback is required for the speed controller. Speed feedback can be obtained through
measurement of speed using an encoder or speed sensor mounted on the shaft of the
machine. The output of the speed controller generates the current references for the
current controllers which are then compared with the measured stator currents. The
resultant errors from the current controllers are compared with the carrier-based
triangular waveforms and the outputs provide the gating signals of the VSI and enable
the speed of the PMSM to be controlled to the desired value. If the AC power supply is
from a variable voltage and frequency source the diode rectifier is replaced by a
controlled rectifier as shown in Fig 2-8 (b). This application is commonly used when
renewable energy conversion systems provide the power supply to the variable speed
machine drives e.g. water pumping systems [87]. In this scenario, the system will need

two controllers, one for the controlled rectifiers and another for the VSI-PMSM drive.
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Control parameters at the variable speed and frequency source can be speed, torque,

voltage, current and pulse width.

2.6 Permanent Magnet Synchronous Generator (PMSG)
Drive System

Permanent magnet synchronous generator can operate over a wide speed range
generating electricity with high efficiency and reliability. They are mostly applied to
variable speed energy conversion system such as wind energy conversion systems, ocean
wave energy conversion systems and tidal wave energy conversion systems. In such a
system, the output voltage and frequency depends on the variability of the speed of the
energy source. As the speed varies, the voltage and frequency also varies yet a constant
voltage and frequency is required to be utilised by a standalone AC load or connected to
grid. An AC/DC/AC converter is used for connecting the variable speed generator to the
AC load or grid [88]-[91]. The main objective of the converters is to optimise power
extraction, control the DC link voltage and transfer active and reactive power to the AC
load/grid. There are two types of AC/DC/AC converter topologies used with variable
speed PMSG namely;

1. The front end uncontrolled diode rectifier and DC/DC converter and VSI

2. The full scale back-back voltage source converter

2.6.1 PMSG Drive with Front End Uncontrolled Diode Rectifier,
DC/DC Converter and VSI

Small energy conversion system such as wind, ocean waves, tidal waves using PMSG in
the range of a few hundred watts to kilowatts that can operate at variable speed to
increase the energy output, and can be connected to an independent AC load through a
DC/DC converter. This is the simplest and the cheapest topology, which uses one active
power electronic device (e.g. IGBT) in the DC link and controls the generator speed and
torque in such a way that maximum power can be generated as the speed changes. Two
type of DC/DC converter are the buck and the boost converters [92][93]. The boost
DC/DC converter is widely used because it steps up the typically low output voltage of

the small PMSG energy conversion systems.
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Figure 2-9: PMSG drive with front end uncontrolled diode rectifier and DC/DC converter
and VSI

Figure 2-9 shows the PMSG drive system usually used for small power. It consists of a
front end diode bridge rectifier (single or three-phase), a boost DC-DC converter and an
inverter (single or three-phase) connected to the AC load/grid. Between the front-end
diode bridge rectifier and the boost DC-DC converter is a capacitor the role of which is
to reduce the voltage ripple, provides storage and isolate the generator side from the AC
load side. In this topology the generator voltage output is converted into DC voltage
using the diode bridge rectifier, the DC/DC boost converter steps up the DC voltage, and
the AC load/grid side VSI converts the DC voltage into a constant voltage and frequency.
There are two control strategies in this configuration, the DC/DC converter controller
and the DC/AC inverter controller. The objective of the DC/DC converter controller is to
maintain a constant DC link voltage through the duty ratio based on the conversion ratio

given as:
VO_'ut - (2.1)

Where D is the duty ratio.

Controlling the duty ratio controls the DC/DC converter switching device and the DC
link voltage to the desired value and the AC load side VSI controls the operation of the
generator to transfer power to the load/grid. With the correct choice of control, the
generator speed can be controlled to obtain maximum power at different rotational
speeds as the speed of the energy source changes. The energy source can be wind, ocean
or tidal. The disadvantage of this topology is generation of current harmonics and torque
ripple as a result of the operation of the diode which results in lower efficiency.
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In addition, the limit in the power this topology can handle depends on the maximum

power of the one stage DC/DC converter device.

2.6.2 PMSG Drive with Full Scale Back-Back Voltage Source
Converter

A typical topology of a three-phase direct drive variable speed PMSG drive power
conversion system is shown in Figure 2-10. This topology can be used as an isolated
standalone unit or directly connected to the grid through the back-back voltage source
converters. In order to obtain a higher AC voltage level and tie to the grid, a step up
transformer can be used. In this concept, three-phase AC/DC and DC/AC converters are
connected back-to-back between the variable speed PMSG and the AC load or grid. It
consists of two-level three-phase converters; the generator side converter and the AC

load/grid side converters.

. Fixed
Generator Side AC load/Grid voltage and
VSC Side VSI frequency
PMSG DC link ——p Transformer
A
Variable speed 9 anrbg sfgpats Ged sfopet
df >

and frequency Controller Controller
source i

Figure 2-10: PMSG drive with full scale back-back voltage source converter

The DC Link capacitor between the generator side converter and the AC load/grid side
converter serves as a storage device, filter and a point of isolation between the generator
side converter and the AC side inverter decoupling the electrical frequency of the
generator side from the AC load /grid side. The generator side converter converts the
generated AC output voltage into DC and the AC load/grid side converter converts the
DC link voltage into a constant voltage and frequency for AC load use or connection to
the grid. The converters require control to effectively implement power conversion and
processing. This control as earlier stated can be from any of the PWM control strategies
such as carrier-based sinusoidal PWM or space vector PWM or direct torque control [94]

but the control parameters depends on what needs to be controlled e.g., power, voltage,
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current, torque, speed or frequency. In a grid connected situation, this configuration
enables smooth grid connection and faults-ride through capability but it has
disadvantages such as high cost and high power losses. Since 100% of the power
generated passes through the full-scale frequency power converters, there are usually
high power losses in the power converters due to the switching of the converters switches
which depends on PWM switching frequency. With high PWM switching frequency, the
harmonics contents at frequencies other than the fundamental frequency can be
minimised but that will result in high switching losses due to the fast switching
characteristics of the power electronic switches. However, with the advancement in
power electronic converters technology and availability of improved permanent magnet
materials, the overall efficiency of PMSG drive system is likely to improve and cost

reduced in the near future.

2.7 PMSG Drive Wind Energy Conversion System

In recent years Wind Energy Conversion Systems (WECS) have seen significant
development and growth, and it has certainly undergone huge transformation over the
years from windmills which provided mechanical power to pump water or grind grains in
the seventh century BC to producing electricity in the 19 century. The oil crises in the
1970s and the global concern over the effect on the environment and inhabitants of the
greenhouse gas emissions can be viewed as the symbolic periods in the history of wind
energy conversion. During this period, wind turbine generators were used to generate
electricity from wind energy. The early types of wind turbine generators were made for

fixed speed operation using squirrel cage induction generators (SCIG) [95]. In this
concept as shown in Figure 2-11 (a), a multi-stage gearbox is used between the wind
turbine and the squirrel cage induction generator to step up the low rotational wind speed
and operate at near constant speed. The generator is then connected directly to the AC
load/supply network (grid) through a soft starter switch and a capacitor bank to enhance
grid compatibility. The capacitor bank provides reactive power and the speed of the
generator is fixed by the frequency of the power supply network and maintained constant

in spite of changes in wind speed over time.
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Figure 2-11: PMSG drive with full scale back-back voltage source converter

The fixed speed operation is simple and low cost compared to other forms of wind
turbine. In addition, the squirrel cage induction generator is a cheap, rugged and simple
to operate machine. However the generator rotor speed can only be varied in small
amount related to the slip in the range of 1%-2% [96] as the wind speed changes. When
wind speed fluctuates beyond the slip range, it results in fluctuations of the torque in the
gearbox or drive train. This could lead to mechanical stress, gearbox failure and drive
train fatigue. Generally Induction generators consume reactive power, cannot contribute
to voltage control, and require a compensation capacitor bank to provide reactive power
consumption, improve power factor and maintain a smooth grid connection. The increase
in voltage fluctuation in the absence of a reactive power capacitor compensator can lead
to line losses, low power quality, low power yield; reduce efficiency and reduce
performance of the system. However, with the addition of a power electronic
semiconductor converter, squirrel cage induction generators can now be operated at
variable speed [97][98]. Another type of wind turbine generator configuration is the
wound rotor induction generator (WRIG) in which the WRIG stator is connected directly
to the grid as shown in Figure 2-11(b), while an external resistor bank is connected to the
rotor and the rotor current controlled with power electronic converter devices enabling a

small variable speed range operation [99][100]. In addition, the external resistor limits
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the starting current and lock rotor current which serves as a protection to the rotor during
motor starting. Compared to the doubly fed induction generator, the wound rotor
induction generator has electrical connections only to the stator windings. The fixed
speed wind turbine system with gearbox has been extended to synchronous generators as
in Figure 2-11(c). In this concept, there is no need for the power electronic converter
devices, the DC electrically excited synchronous generator is connected directly to the
grid through a switch and enables the generated voltage to be regulated. Although, losses
due to power electronic converter devices are absent, it has disadvantages such as the use
of field windings to generate magnetic fields and a gearbox which increases losses,
increases the possibilities of failure, increases cost of maintenance, and reduces

reliability and efficiency.

Over the years, the need to maximise energy production in wind turbine systems has
increased. In order to maximise the extracted energy, variable speed wind turbines using
power electronic converters was introduced. Power electronic converters are used to
process and convert varying power from the wind turbine generator to the AC load at the
desired voltage and frequency or connect to the grid at fixed voltage and frequency. The
power electronic converter controls the speed and torque of the wind turbine generator
for maximum power extractions from the wind and transfers active and reactive power to
the AC load or grid.

GRID

Full scale ®> GRID

converter

Partial scale
converter

(a) DFIG wind turbine system (b) Direct drive PMSG wind turbine system

Figure 2-12: Variable speed wind turbine systems (a) DFIG wind turbine system (b) Direct drive
PMSG wind turbine system

Variable speed operation of wind turbine offers a lot of advantages such as reduced
mechanical stress, reduced friction, reduced maintenance, reduced acoustic noise,

improved efficiency and reliably. There are two most commonly used variable speed
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wind turbine generator systems. The first wind turbine generator for variable speed is the
doubly fed induction generator (DFIG). It has been widely used in wind power
generation especially in high power applications (>500kW). This type of variable speed
wind turbine power generation system uses a multi-stage gearbox and partial-scale power
electronic converter for connection of the wind turbine generator to AC load/grid
[101][102]. Figure 2-12(a) shows a variable speed wind turbine with a gearbox in which
both the rotor and the stator of the DFIG are connected to the AC load or grid. While the
stator is connected directly to the grid, the rotor is connected via an AC/DC/AC three
phase converters, that means, the rotor power is handled by the power electronic
converter, which is a fraction of the total power, normally about 30% total generator
power [103][104]. The advantage is that, the losses in the power electronic converter as
well as the cost of the system can be reduced when compared to a system where the
converter has to handle the total generator power. But the disadvantages are that, the
system uses slip rings and as current flows through these this leads to heat generation,
electrical losses and possible failures and maintenance requirements. On the other hand,
this concept has a limited variable speed range of approximately +30% around the
synchronous speed and during high voltage dip, the high voltage and current can lead to
damage of the generator rotor converter. This requires additional protection of the
generator and the converter usually with a Crowbar circuit [105], which means extra
weight, and from an economic point of view, additional cost and maintenance is required
with resulting reduction in efficiency. The DFIG is used for large power wind turbines up
to several megawatts [106]. However the system is prone to faults as it uses a gearbox to
connect the wind turbine to the generator to enable the slow speed, high torque of the
wind turbine to be stepped up. The gearbox reduces efficiency, generates faults and

requires regular maintenance- this results in additional operational costs.

The second type is the PMSG direct drive based variable speed wind energy conversion
system as shown in Figure 2-12(b). It has a simplified drive train that is gearless (no
gearbox) with a direct-drive PMSG connected to the grid through power electronic
converters [107]. The direct-drive generator is directly connected to the wind turbine and
has the capability to operate at the same low rotational speed as the wind turbine
enabling power extraction even at low wind speeds. In order to utilise the low wind speed

and generate particular levels of power, multi-poles generators are required with the wind
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turbine. Using multi-pole generator requires larger diameter which results to large
volume, weight and high cost of the system. However, to reduce generator diameter and
volume, reduced cost, minimise losses and improve efficiency, the PMSG are produced
with a small pole-pitch and multiple poles [108]. A PMSG drive based wind energy
conversion system is an efficient and reliable concept for producing electricity from the
wind energy and it is gaining wider popularity compared to other forms of variable speed
wind turbine generators. Compared to the DFIG based wind turbine system, the use of
PMSG drive in wind energy conversion system do not require gearbox, slip rings, and
this simplifies the structure of WECs with high efficiency, reliability, reduced failures
and reduced cost of maintenance. Recently, wind turbine manufacturers are exploiting
the possibility of using permanent magnet synchronous generators for large power both
onshore and offshore wind turbines and there is high prospect of future wind turbines
employing permanent magnet synchronous generators. For example Snitchler, G. et al
[109] and Leban, K. et al [110] are focused on designing megawatts PMSG for wind
power generation applications. As a matter of fact presently, the world largest
commercially available wind turbine, Vesta VV164-8.0 with rated power of 8.0MW uses a
geared medium-speed permanent magnet synchronous generator [106]. It is believed that
in the near future the wind turbine industry will be dominated with variable speed PMSG

wind energy conversion system.

As interest in the use of variable speed PMSG wind energy conversion system continues
to grow, variable speed PMSG wind energy conversion systems have seen significant
research interest in the last few decades. Many new designs of PMSGs, wind turbines
and associated controllers are being proposed and developed. As more and more wind
turbines of varying capacities and concepts are developed and installed, there are
requirements for the next generation wind energy conversion systems. Wind energy
conversion systems should be able to maximize and efficiently extract power from wind
energy, it should be affordable at reduced cost (i.e. reduced cost of design and
production), improve on the quality and level of power generated, simple control, reliable
and stable during and after faults in order to guarantee continuous and security of power
supply and most importantly should meet the grid code requirements [111]. In addition,
new wind energy conversion systems should be quickly introduced into the marketplace.
Considering these requirements and as various wind turbines with different capabilities

are been developed, it is important to investigate the dynamic interaction and behavior of
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all the components to analyze the performance of wind energy conversion system and

control techniques.

2.8 Pulse Width Modulation

A desired output voltage, frequency and sinusoidal three-phase AC current can be
obtained from voltage source converters through PWM switching of power electronic
converter switches. The PWM allows the complementary pair of power electronic
switches (e.g. IGBTS) of one phase leg of the VSC to be controlled in alternate ON and
OFF mode. The control of the operation of the switches requires the gate drive signal for
each switch. Pulse with modulation (PWM) control is the most commonly used method
to control power switches. The type of the PWM modulation scheme used and the choice
of switching frequency determine the harmonic content of the voltage and current,
electromagnetic interference and losses. Lower switching frequency results to lower
switching losses but higher harmonic content of the voltage and current and vice versa.
Although, several modulation techniques are being proposed and developed [112]-[114],
the carrier-based sinusoidal pulse width modulation (SPWM) and the space vector PWM
are the most widely used PWM control techniques. Space vector PWM has been widely
used because of it superior performance of reduced harmonics, reduced switching losses,
better DC voltage utilisation and can be realised easily using digital processing but has
the challenge of complex mathematical derivations which is time consuming and require
large computer memory. This research is based on carrier-based sinusoidal PWM control
techniques implementation using proportional integral (PI) regulator but the techniques

developed could also be applied to Vector Control schemes.

2.8.1 Carrier-Based Sinusoidal Pulse Width Modulation

This is the simplest and the most widely used pulse width modulation. It can be applied
to single phase and three-phase voltage source converters. For the carrier-based
sinusoidal pulse width modulation (SPWM), the modulating signal is sinusoidal. In this
method, the modulating signal which is the desired AC voltage (input or output) is
compared with triangular (carrier signal) waveform to generates the ON and OFF states
for the power electronic switches of the converter. When the amplitude of the modulating
signal is greater than the triangular signal, the upper switch in one phase leg e.g. S1 turns
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on and the lower switch e.g. S4 (see Figure 2-5) turns off. In the same manner when the
amplitude of the modulating signal is less than the triangular signal upper switch S1 is
off and the lower switch S4 on. When the upper switch turns on, the output is connected
to the positive terminal of the DC link voltage and when it is off it is connected to the
negative terminal of the DC voltage.

For the three-phase inverter shown in Figure 2-5 required to supply three-phase voltages
120° apart to the AC load, three-phase modulating signals of 120° phase displacement are
used. The output of each phase of the AC load is independently controlled by the duty
cycles of the corresponding switches based on the amplitude modulation ratio also

known as modulation index, m, given by
(2.2)

Where m,, represents the switching functions of the phases, S, Sg S¢, Vp, is the peak of
the modulating waveform, V. is the peak of the carrier waveform. The modulation index
determines the fundamental frequency component of the carrier-based PWM inverter
output voltage. The output voltage varies directly with the modulation index and based
on Figure 2-5, the amplitude of the fundamental component of the carrier-based PWM

inverter AC output voltage is given as
VAN = ma% (23)

Equation 2.3 defines the relationship between the, modulation index, DC voltage and the
PWM voltage output. It shows that the maximum amplitude of the fundamental AC
phase voltage is a linear function of the modulation index provided 0 <m, <1 is
maintained. Similarly, the AC output line-line voltage in the linear modulation region is
given by

Vap = ﬁma% (2.4)

And at the fundamental frequency, the line —line rms voltage is given as

V3
Vap(rms) = Wi mqVpc (2.5)
VAB(TmS) = 0612 maVDC (26)
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Hence, the modulation index can be varied to control the voltage. However, this
relationship can become nonlinear when the amplitude of the modulating signal becomes
higher than the amplitude of the carrier signal. This occurs when there is a need to
increase the load voltage. When this happens, the relationship between the DC voltage

and the AC output voltage becomes nonlinear and leads to over modulation [115].

The modulating signal and the carrier-based signal of the three-phase VSI in Figure 2-5
Is shown in Fig. 2-13 (a) and a typical example of the switch states is shown for phase A
of the VSl in Fig 2-13 (b). Fig. 2-13 (c) shows the SPWM AC output voltage of the VSI
for phase A and Figure 2-14 shows the three-phase AC line voltage for SPWM. It can be
seen that maximum output voltage is limited by the maximum DC voltage and the
switching devices. The AC output voltage waveform of SPWM is known to contain
harmonics the details of which are not dealt with in this thesis but can be found in other
publications [116] — [119].
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Figure 2-13: Three-phase VSI waveform for SPWM (a) modulating and carrier-based signal
(b) switch states for phase A (c) ac phase (phase A) output voltage waveform
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Figure 2-14: Three-phase VSI ac line voltage waveform for SPWM

2.9 Proportional Integral (PI) Controller (Regulator)

The Proportional Integral Regulator is a fundamental building block of control systems in
electrical drives. It has been extensively employed in the control of magnetic flux and
torque in the FOC strategy [120]. Its application is not only limited to flux and torque
control but is also used to control electric motor and generator rotor speed as reported in
[121][122]. PI regulators are continuously been used in industries and renewable energy
conversion. Recently, PI regulators are used to control stator current, voltage, power
[123].
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Figure 2-15: A typical proportional integral (PI) regulator algorithms

Figure 2-15 shows the structure of a typical digital Pl regulator. The mathematical
representation of the PI regulator in Time Domain is

1
U = ky [e(t) | e(t)dt] 2.7)
And the transfer function in Laplace Domain is

u@s) _ ki _
e(s)_kp+s_kp[1+

- (28)
Tis
Where r: Reference variable

a: Actual or measured variable

e: Error signal

k,: Proportional gain

k;: Integral gain

u: Output signal

t: Instantaneous time

T;: Integral time

s: Complex number frequency

The PI regulator is characterised by the two gain terms; the proportional gain kp and

integral gain k;. With the gains, Pl regulator processes the error resulting from the
comparison of the measured and reference signals achieving a closed loop control in
which the output signal is forced to follow the reference signal. The proportional gain

regulates the output signal in direct proportion to the error signal. While the integral gain
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IS responsible to corrects the error. When used with a pulse width modulator, it achieves
advantages such as constant switching frequency, low acoustic noise with satisfactory
dynamic response and performance. In addition to these, it has a simple structure that
enables easy digital and analogue implementation. The performance of the PI controller
depends on the careful choice and tuning of the gains, a process which is difficult and is a
major challenge in the design of the PI regulators. To overcome this challenge, different
methods as presented in [124]-[126] are available through which the gains of the PI
regulators can be tuned to attain satisfactory, dynamic response and performance.

2.10 Literature Reviews of VSI-PM Machine Drive Modelling and
Simulation Methods

Over last number of decades, there have been extensive research and development into
the design and topologies of two level three phase voltage source inverter fed electric
machine drives. During this time, the market demand for electric machine drives have
also increased and the requirements for electric machine drives has become more and
more demanding. For example, there is an increasing demand for higher power, higher
current handling capabilities, faster switching frequency, and ease in controllability,
higher efficiency and reliability at reduced cost. The design, control and analysis of
electric drives system have become a major concern in recent times and extensive
research has been conducted and some are on-going in this area to obtained higher
voltage and power levels with high efficiency, high dynamic response and performance

at reduced cost.

In order to study and analyse various designs, control of electric machine drive system
and the interaction between the electrical and mechanical parts of the drive, simulation
tools are being extensively used by design engineers, researchers and manufacturers of
electrical machine drives. This trend is expected to continue in the near future due to the
continuous advancement and development in the designs and topology of power
electronic devices and permanent magnet synchronous machines. Simulation tools have
supported the efficient design and analysis process of electrical machine drive systems
and control strategies, reduce cost, time and eliminate exposure to risk and hazards.
Modern simulation programs have the capability of performing both steady state and
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dynamic simulations of electrical machine drives. There are numbers of commercially
available software packages which can be wused in simulations such as
MATLAB/Simulink, PSCAD, LABVIEW, EMTP, DigSILENT, PORTUNUS, Pspice,
Saber and PSIM. In general, there are two modelling methods of voltage source inverter
with permanent magnet synchronous machine drive; the detailed switching model and

the average value model.

2.10.1The Detailed VSI Switching Modelling and Simulation Method

The simulation of electric machine drive system requires accurate models which can be
used to analyse both small and large machine drive systems. Various techniques and
modelling methods of voltage source converters and control strategies for electric
machine drive system have been developed and studied for different purposes. Some of
these models and controller designs have been verified in the laboratory with digital
signal processor and microcomputers [127][128]. However, the purpose for developing
models differs from one author to another; the basic approach is either to use a detailed
switching model or average value model of the voltage source inverter together with
electrical machines. The most widely used approach is the detailed switching model. In
the detailed switching model, the voltage source inverter is modelled according to the
equivalent circuit topologies as described in section 2.5 and section 2.6, where the power
conversion system can be represented by using component models usually available in
the simulation library and the switching of the converter transistors and diode are

adequately represented.

Generally, the detailed switching modelling method has been developed and used to
analyse different aspects and types of electrical machine drives and control techniques.
Indeed in [129]-[133], the VVSI switching modeling approach is used to simulate analyses
of the performance of various control techniques of induction motor drive systems. In
addition the performance of DFIG wind energy conversion systems have been evaluated
using the detailed VSI switching modeling method [134]-[137], taking into consideration
the switch mode characteristics of the PWM converters. Similarly, the detailed switching
modelling method has been used to investigate the performance of squirrel cage
induction machine control techniques [138] — [145] and that of synchronous machine
drive systems [146] — [149].
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In the past two decades, the detailed VSI switching modelling method for electric
machine drives has been developed and used for modelling and simulation of permanent
magnet synchronous machine drive system. Several publications [150]-[153] have
provided guidelines for modelling and simulation of PM machine drives and controller
designs for which a PM machine can be represented in stationary reference frame (a, b,
c) or rotating reference frame (d, q) and the voltage source inverter represented by power
electronic converter switches and the control strategy providing the switching

functionality.

In 1989, Pragasen Pillay et al [154][155], researched the possibility of using the VSI
switching modelling method to simulate permanent magnet synchronous motor drive
systems and published one of the earliest papers on the approach to a complete modelling
and simulation of the permanent magnet synchronous motor (PMSM) drive. A state
space model of PM motor and real time inverter switches models suitable for analysis of
the PMSM drive and vector control technique was developed. This method was based on
connections of the components of the PMSM drives in simulation software, which
consists of the DC power supply, the three-phase voltage inverters power devices and the
load. The introduction of the voltage source inverter devices in the model provide an
important way of describing the switching behaviour of the voltage source inverter
devices and the role of the control system. Their study outlined the step-by-step approach
to the modelling and design of PMSM drive systems. However, the simulation software
used was not stated, but comparison of PWM and hysteresis current control was carried
out based on simulation and experimental results. In 1997, A.M Gole, et al [156]
provided detailed guidelines for modelling and simulations of power electronics devices.
They classified modelling considerations into two based on study objectives such as,
steady state evaluations, dynamic and transient performance evaluations. The steady state
evaluation enabled the power electronics converter topology to be reduced to its
equivalent circuit while for dynamic and transient evaluations; a more detailed model is
required. The frequency domain simulation and time domain simulation were compared
as well as methods to represent semiconductor devices, power electronic sub-systems and
controls were also described. Included to their study was the investigation into the effect
of the time step for PMW control strategies during simulation of power electronic
converters. The recommended time step of not greater than 1/5 to 1/20 of the period of

the highest frequency and effects of time step on the resolution for a signal sampling for
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digital control and simulation errors in time domain simulation were adequately
discussed. Their study presented very useful conclusions that power electronic sub-
system can be reduced and simplified depending on the purposes of the study and this
has become a useful consideration upon which this research is based.

Since then, a large amount of research and analysis has investigated the development and
use of the detailed VSI switching modelling method in PMSM drive design and
associated control techniques. M. Azizur Rahman et al [157] presented a modelling and
simulation approach to the analysis of intelligent controller for interior permanent
magnet synchronous motor drive. Their method is based on three phase voltage source
inverter switching model developed in MATLAB/Simulink and validated through
experiment. Simulation and experimental results were presented to verify the
effectiveness of the model and control strategy. The detailed switching modelling has
further been applied by Liye Song et al [158] to the analyses and comparison of the
stability of PI-fuzzy with PI control for permanent magnet synchronous motors. Their
model was implemented in MATLAB/Simulink and the simulation results were
presented to validate the effectiveness of the control and comparison with Pl control
strategy. However, simulation of detailed switching model is based on solution of non-
linear differential equations as results of non-linear switching devices and results to long

simulation execution time compared to average value model.

In some recent works on PM motor drives, the detailed switching modelling method of
three-phase voltage source inverter with PMSM has been developed and used to perform
analyses of PMSM drives and control strategies. Yulong Huang, et al [159], presented a
detailed VSI switching model in MATLAB/Simulink to investigate the space vector
pulse width modulation control as applied to operating mechanism a high voltage circuit
breaker (HVCB) driven by a permanent magnet synchronous motor. In addition A.N
Tiwari, et al [160], performed a simulation in MATLAB/Simulink to analyse the
performance of PMSM drive and hysteresis current control using a detailed inverter
switching model. Recently, the switching modelling method of a three phase voltage
source inverter fed PMSM drive was developed in [161]-[163] and applied to analyse the
performance of vector control and direct torque control of PMSM drive based on
SVPWM. Flux weakening is another important aspect of PMSM drive that has seen use

of the detailed switching modelling method. Matthias Preindl et al [164], applied the
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detailed switching model in the study of a flux weakening technique for PMSM based
model predictive direct torque control where the complete switching of the VSI
transistors and diodes are fully represented. Several research activities aimed at
developing improved control techniques and advance controllers for PMSM drive system
[165]-[167] are carried out using the detailed switching model. Similarly, investigations
on PMSM drive focussed on reduction of cost and number of sensors, eliminate
measurement of rotor speed, speed sensorless control of PMSM drive [168]-[172] have
been conducted using simulation switching models of voltage source inverters. The
detailed switching model have also been applied to the study of single three phase
inverter fed parallel PMSM [173]-[176], cascade two level three phase inverter fed
PMSM drive, multilevel and modular multilevel [177]-[181] as well as methods to
reduce losses of PMSM drive systems, increase and optimise efficiency [182][183].

Alternatively, Anca D. Hansen et al [184], developed a switching model of the three-
phase full-scale back-back voltage source converter and controller design for a grid
connected wind turbine with a multi-pole permanent magnet synchronous generator in
DIgSILENT. The complete model consisted of the aerodynamic rotor, a two mass drive
train model, PMSG and voltage source converter, pitch angle control and grid including
the switching of 12 PWM IGBTs and 12 diodes. The performance of the wind turbine
control technique and the effect of the variation of wind speed on the performance of the
control of active and reactive power to the grid were studied. Simulation results with
simulation set time of 206 seconds were presented to verify the effectiveness of the
control technique. Since simulation of PWM converters depends strongly on simulation
time step and the simulation time step of PWM converter is limited to a small time step,
the simulation of switching models for longer times becomes difficult and time
consuming. Many researchers have developed and applied the detailed modelling method
to analyse and investigate the different aspects of three phase full scale back-back
voltage source inverters with variable speed PMSG wind turbine systems and control
techniques. In [185], a detailed switching model of a back-back voltage source inverter
had been developed in PSCAD/EMTDC to compare and analyse a variable speed wind
energy conversion system with DFIG and synchronous generators. Research as reported
in [186][187] investigated deriving a representation that was suitable for analysis of
Hysteresis band current control (HBCC), voltage oriented control (VOC) and flux

oriented control (FOC) for a power variable speed PMSG wind turbine.
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The mathematical model of the PMSG in d-q reference frame, the voltage source inverter
model based on switching scheme for six power transistors at the generator side and six
power transistors at the AC load side as well as the design of the controllers were
developed in MATLAB/Simulink. Time-domain simulation results were presented to
validate the model and control techniques. The model enables analysis of the system and
control strategy but the drawback is the requirement for complex mathematical
transformation from three-phase to stationary reference and then to rotating reference

frame.

In [188]-[191], detailed switching model have been successfully developed in different
simulation packages and used for the analysis of maximum power point tracking control
techniques of variable speed wind energy conversion systems, speed sensorless control
techniques by [192]-[197], performance analysis of flux weakening control of variable
speed PMSG WECs [198]. In Youssef Errami, et al [199][200], a detailed switching
model of a variable speed PMSG wind farm using back-back voltage source converters is
presented. Their model consists of 5-2MW PMSG wind turbine each connected to a
common DC through a three-phase voltage source converter and the common DC bus
connected to the grid through filters. The PWM and MPPT control technique were used
to generate the switching signals for the generator side converter and the direct power
control generated switching signals for the grid side inverter. From the model, there are a
total of 5x6 = 30 power electronic converter switches and antiparallel diodes at the
generators side and 1x6 power electronic converter switches and antiparallel diodes at the
grid side with PMSG drive system simulated in MATLAB/Simulink. Simulation results
for a chosen period of 10 second were presented to validate the effectiveness of the
models and control schemes. Additionally in [201], a multi-stage three-phase AC/DC
PWM converter switching model was developed in SIMPLORER for the performance
study of a 12-phase standalone PMSG wind turbine system for maximum power
extraction. From the models, a total of 4 stages of 4x6 active power converter switches
operating in switching mode were simulated and simulation results for a chosen time of
350ms were given to verify the model and control effectiveness as unity power factor
was achieved. S.M. Muyeen et al [202] developed a simulation model for a fuzzy-logic
controlled inverter system for grid interconnected variable speed wind generator using
PSCAD/EMTDC. To analyze the dynamic and transient behavior and stability of the

system, a model of three-phase variable speed PMSG wind turbine with full scale
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frequency converter connected to an infinite bus through a transformer were described.
The model includes the wind turbine model, the generator model in d-q reference frame,
the full scale frequency converter modelled as a three-phase two-level voltage source
converter with six IGBTs and antiparallel diodes at the generator side and the same at the
grid side. The operation of the voltage source inverters was based on switching pulses
from a fuzzy logic controller. A simulation time step of 20us and simulation set time of

300s and 5s were used for the dynamic and transient stability analyses.

A significant amount of literature has been published on the development and uses of the
detailed switching model to investigate the different aspects of a voltage source inverter
fed variable speed PMSM drive and full scale back-back VSI with PMSG wind energy
conversion system. Although, the detailed switching model is an established and widely
used modelling approach which is adequate for the design and analysis of PMSM drives
and PMSG drive wind energy conversion systems and other electrical machine drive
systems and can easily be implemented, it has the drawback of long simulation execution
times. The simulation of the PWM VSI detailed switching modelling method is based on
a rigid numerical integration of nonlinear differential equations restricted by simulation
time steps to obtain good resolution as required by the PWM control techniques. This
requires a substantial length of simulation execution times and this limits its application
for a time scheduled cost effective PM machine design and control process analysis. This
situation gets even worse when the system to be simulated has large number of power
electronic converter devices. This is because modern power electronic devices operate in
switch-mode and are non-linear discontinuous system. In addition, the switching models
are characterised by very small minimum simulation step lengths (<100ns) as determined
by the required resolution of the Pulse-Width Modulation (PWM) control (e.g.: 12bit
resolution @ 20kHz), and once incorporated into the complete rotating PM machine
drive mechanical system or renewable power conversion system and under realistic
adjustable speed conditions, simulation lengths in the region of minutes if not hours are
required for accurate evaluation of the system. The simulation of detailed switching
model results to long simulation execution times because of the non-linear switching
devices involved, and very short simulation step lengths in the region of hundreds of
nanoseconds are required for accurate results. This modelling approach requires high
performance microprocessor computer with large memory and reasonably long

simulation time to obtain accurate and reliable results.
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In a time-scheduled design process, a more simplified and accurate model with the total
elimination of the switching devices which takes into consideration the dynamics of the
variable speed PMSM drive and PMSG wind turbine behaviour is required to rapidly
simulate machine and control technique performance where adequate consideration is

given to the length of the simulation execution time.

2.10.2 Average Value Model for PM Machines Drives

The simplification of modelling power conversion systems by eliminating the PWM
converter components switching using averaging techniques have been pursued and
researched on in the last few decades leading to the introduction of the modelling method
called the Average Value Model. This modelling approach which is well established for
DC/DC converters is traceable to the earliest work on average circuit models for
switching converters by Wester and Middlebrooks. In 1972, Wester and Middlebrook
[203] explored and introduced the possibility of using the duty cycles of PWM
modulators and developed average value model for DC/DC converters. They further
expanded the averaging technique to include state-space average modelling which
became a generalised modelling method for DC/DC converter in 1976 [204]. The state
space averaging technique provides very important tools to analysing switched mode
power systems and describes the functions and behaviour of the power electronic
converters and control techniques especially where detailed analysis of the switching
network is not necessary. Similarly, in 1998 [205][206], V. Vorperian developed average
PWM switch model for power converters and replaced a power converter switch and
diode with a three terminal device from which both the average and linearized three
terminals switch model was derived. Generally, there are three average modelling
approaches to power electronics converters; the state-space averaging, circuit averaging
and the PWM average switch model. The most widely used simplified method to
modelling of PWM converters is the average value model based on state-space
averaging. In 1994, Silva Hiti et al in [207][208] further developed and applied state-
space averaging technique to a three phase PMSM operating at constant speed supplied
by a PWM VSI. Silva Hiti et al presented a simplified average model of PMSM drive in
rotating coordinates where the DC side is modelled as a current source and the AC side
modelled a voltage sources in dq axis and the duty cycle as the weighting function in one
switching period thus eliminating the switching functions of the power converters.
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However, their models were not applied to variable speed electrical machine operation,
nonlinearities and switch mode behaviour of the converters were studied. These models
are viewed as outstanding contributions in the research field as it helped to eliminate the
non-linearity of inverter device switching and forms the basis for subsequent average
models. However, it takes a lot of computation time to derive state space averaging
equations based on d-q axis as it involves a significant amount of complex mathematical
transformations. Figure 2-16 shows the most widely used state-space average value
model for two level three-phase voltage source converters where the current and voltage

can be average over a switching cycles based on duty cycles and switching functions.
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Figure 2-16: State-space average value model of VSI

Since the application of the state-space averaging techniques to three-phase VSI by Silva
Hiti et al, a significant number of works on development and applications of average
value models have been undertaken. In [209][210], the average modelling approach is
applied to the modelling of STATCOM and active filters where a circuit average has
been developed to replace switch mode shunt converters. Their approach uses a fixed and
variable frequency control strategy such as PWM voltage control and hysteresis to derive
average state space equation for voltages and currents based on continuous duty ratio
average over a switching period. The continuous duty ratio is obtained from matrix
representation of switching function and uses the average inductor currents to drive
current-dependent current sources representing each converter and the average capacitor
voltage drives three voltage-dependent voltage sources. This paper made significant
contributions on the average value and average circuit model as the MATLAB/Simulink
results presented validates the effectiveness of the model and control strategies. However
the model could reduce simulation run time but it was not applied to variable speed

dynamic system where the interaction between the slow dynamics of the machine and the
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very fast switching of VSI is of major concern. In addition, deriving the state space
equation based on AC filters presents great limitations, opposing the requirement to
reduce simulation execution time. Another drawback is the requirement for additional
filter circuitry. The correct design and choice of inductance and capacitance to achieve
these objectives is difficult as the inductance chosen must ensure that the input current
flows at all times and never equals zero. In addition, this method has a drawback in its
requirement for complex mathematical computations, to produce the state equations from
which an equivalent average circuit model is obtained. Several average value models
have been proposed in which the average AC variables are related to the DC link
variables using the duty cycles from the control strategy. The approach requires
transformation of voltages and currents in dq axis and averaging over the switching
period. In [211], Ahmed, S. et al developed an average model of a DC/AC three-phase
voltage source inverter with additional parallel diode bridge for the converter phase-leg
operations. The model could be used for the study of control strategy and reduce
simulation execution time but it is not applied to a real time dynamic systems such as

variable speed drive system.

Recently, the average value modelling approach has been applied to modelling of
brushless DC motors with 180%120° voltage source inverter by Qiang Han et al [212].
Their models which take into consideration the commutation and conduction of the
brushless DC motor were developed in MATLAB/ Simulink. Although, small and large
signal analysis of brushless DC motor and associated control has been carried out the
model is not used for variable speed dynamics where the interaction of the motor, power
electronic switching, mechanical load and control requires even a more simplified model.
In [213], an average value technique similar to that developed in [212] has been
presented for trapezoidal back EMF machines. Significant contributions are made by
[212][213], but their approach requires a very laborious computational burden and is
time consuming. In addition, the accuracy of the model could have been strengthened by
comparing the results of the model to an existing standard such as detailed switching
model and experimental results. Most recently, a completely mathematical and analytical
based average value model has been proposed. The approach requires the use of
switching functions to derive the average value of voltage or current in one switching
period, form differential equations or mathematical equivalence of the system from

which a simulation can be carried out. Such models based on state-space equations have
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been used for the modelling of a DC/AC three-phase grid connected voltage source
inverters and LCL filters system by Bjarte Hoff et al. [214], where a variable DC voltage
Is connected to the grid through power electronic converters. However, the converters are
modelled as a mathematical model and there is a need for other components e.g. DC
voltage source, grid and control circuit interacts with the inverter model to demonstrate
the accuracy of the model. Similarly, Junfei Chen et al [215], recently exploited the
possibility of using mathematical equivalence to replace power electronics devices in a
model of a directly driven wind turbine with a permanent magnet synchronous generator.
The model has been successfully used in the study of grid short circuits and could reduce
simulation run time. Despite the fact that the wind turbine and converters are modelled as
a mathematical equivalence, it requires that the PMSG and additional passive
components representing the grid should be used to implement the interaction between
the mathematical model of the converters and the dynamics of the generator, control and
grid system. Moreover, the publication did not include analysis of the effectiveness and
accuracy of the approach as the results were not compared to existing standards such as

switching models and experimental verifications.

A significant amount of works based on the averaging method of simplifying power
electronic converter models has also been reviewed. Most of these averaging models are
based on state-space averaging methods derived for voltage and current over one
switching period using duty cycles developed separately for either an AC/DC converter
or a DC/AC inverter. Deriving the state space equations based on d-g transformation,
linearization, and AC filters, in which the DC side is modelled as a controlled current
source and the AC side as controlled voltage sources, presents great limitations, opposing
the requirement to reduce simulation execution time as it is tedious and time consuming.
It involves complex mathematical computations, to produce the state equations from
which an equivalent circuit model can be obtain. Note that, even if the complex
calculation problem of state space average modelling method is overcome, the proposed
average voltage estimation model can still achieve better results than previous average
value model. In addition, the correct design and choice of inductance and capacitance to
achieve these objectives is difficult as the inductance chosen must ensure that the input

current flows at all times and never equals zero. In particular, the development of average
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model of a three-phase back-back converter with a variable speed rotating generator as
obtainable in wind power generation that will reflect the slow dynamics and the
intermittence of wind speed of the variable speed system, where the supply voltage and
current as well as the DC-link voltage also varies as the speed varies and need
stabilisation is difficult and it is difficult to find in literature. In addition, most of the
published average value models do not take into consideration validation of results
against switching model and experimental results or practical implementation. A few
validations against the switching models are limited to comparison of current and torque
waveforms. There is also a need to further widen the validation of models by including a
voltage source inverters loss model to analyse output parameters such as torque, power
and energy and also validation through practical implementation. Most switching models
and average voltage models for power electronic converters in power conversion systems
so far reviewed and existing in literature are developed and implemented in
MATLAB/Simulink and other simulation software but it is harder to find such models

developed in PORTUNUS simulation package.

This research proposed an alternative Average Voltage Estimation Model (AVEM) of the
voltage source inverter (VSI) which enables a PM motor and generator drive system to
be rapidly and accurately simulated. The proposed method is based on an analytical
estimation of the ‘average’ ac voltage across each phase of the PMSM during each PWM
switching period and then using these average values as piecewise-linear voltage sources
for each phase in a three-phase machine or three-phase AC load phase. This improved
method differs from the previous methods in configuration with the total elimination of
VSI switches, DC-link capacitor and LCL filters, replacing the VSI with 3 simple
controlled voltage sources. In addition, for this method the approach to deriving the
average voltage estimation differs significantly from the previous methods which base
their averaging on a state space equation resulting in relatively complex equivalent
circuit models and mathematical computations. The advantage of this method is that it
significantly reduces simulation execution time, its simplicity in implementation, reduced
size of the simulation model and computations time, which means reduction in the

storage capacity requires of the computer and the fact that it retains the existing PM
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machine and digital controller models therefore allowing machine and actual controller

performances to be evaluated and optimised.
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Chapter 3 Development of Average Voltage Estimation
Model for PMSM Drive System

3 Introduction

The average voltage estimation model of a two level three phase voltage source inverter
fed permanent magnet synchronous motor drive is presented in this chapter. Its
development is based on the voltage source inverter control strategy and switching
functions therefore the chapter begins with the basic theory of the voltage source
converter and describes the principle, development and implementation of the average
voltage estimation model and its application in variable speed electric motor drives. A
key contribution of the three phase average voltage estimation model is shown in
Table 3-2. A detailed description and development of the voltage source inverter loss
model and its incorporation into the AVEM is also presented. This is followed by the
simulation and comparison of the AVEM with the detail switching modelling method.
The switching model is used as a benchmark from which the results of the newly
developed average voltage model are compared. This is because the easiest ways to
determine the accuracy and reliability of any new model or technique is by verification
and validation against other existing trusted models, and also if possible through
experimentation. The final section of the chapter presents and discusses the results of the
PORTUNUS package simulation of the proposed average voltage estimation model and
the detailed switching of voltage source inverter and PM machine drive systems. The
main conclusion is that the average voltage model is capable of accurately simulating the
Pl current (torque) controller over a wide operating range and produces results closely in

agreement with the standard switching model, but at significantly faster simulation times.

3.1 Theory of Voltage Source Inverter Switching Modelling

The average voltage estimation model of the voltage source inverter is based on the
control strategy and switching functions of the voltage source inverter. To fully
understand the process of developing the AVEM and its applications, a comprehensive
theory of the switching function of the VSI is first described then the AVEM and its

application in variable speed PMSM drive will be discussed. The development of an
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accurate voltage source inverter model through the understanding of the general theory of
the switching function is an important requirement for any type of machine control. The
detailed VSI switching model is a method of analysis of electrical machines, power
electronic devices, controls and loads where the power electronic semiconductor devices
for voltage source inverters are represented by discrete components models which are
usually available in the library of the simulation software in which their parameters can

be adequately defined while the control technique is being developed.
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Figure 3-1: Configuration of PMSM drive detailed VSI switching model

Figure 3-1 shows the circuit configuration for a two-level three-phase VSI switching
network connected to the balanced three-phase PMSM. Depending on the mode of
operation, the input can be DC or AC. Considering the input to the VSI is DC voltage,
Vpe and current I, and expected to supply AC output voltages, ; V,, Vg, V¢ and currents
i, ig, ic to the terminals of the PMSM or any three-phase AC load, the output variables

can be calculated based on the input and control functions.
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Figure 3-2: Block diagram of PWM voltage source inverter system

When a DC voltage is applied across the VSI, a DC current flow through the VSI and
with the action of the control unit (see Figure 3-2), the power switches conduct as
requested and the desired output voltage and current can be produced. There are three-
phase legs, each phase leg has two power electronic converter switches, the upper and the

lower switch and the operation of the two power switches of one-phase leg is given by
Si =1- Si’ (31)

S = {é ;Jpper sw.itch ON

ower switch ON
Where, the subscript i represent phase A, B, and C and S,, Sg, S, are the switching
functions when the upper power switches in phase A4, B, C are ON and S,/,Sg/, S, are
the switching functions when the lower devices in phase 4, B, C are ON. This enables the
PMSM to be connected to either the positive or the negative terminal of the DC power
supply. Using the switching functions, a comprehensive relationship between the input
and output variables can be obtained which describes the detailed function of the power

electronic VSI.

3.1.1 Phase Voltage and Line-Line Voltage based on Switching
Function

Phase and line-line voltages, and as a result phase currents, are the controlled outputs of
the voltage source inverter. How these are generated using switching functions is
important to understanding the behaviour of the control strategy. The line-line voltage
and the output phase voltage across the terminals of the three-phase PMSM as a function

of the switching function can be obtained by first understanding that the voltages,
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Va0, Vo, Voo between the phases and the negative terminal of the DC voltage source are
given by:

VAO = SAVDC (32)
Veo = SgVp¢ (3-3)
Veo = ScVbe (3.4)

And (3.5) describes the relationship between the voltage at the star point of the three-
phase PMSM and the negative terminal of the DC link voltage source as:

1
Vo = 3 (Vao + Vo + Vo)

(3.5)
From (3.2)-(3.4), Vy, can be expressed based on switching function as:
Vo = %(SAVDC + SeVpc + ScVpe) (3.6)
Vio = “25(Sa + Sp + 5¢) (3.7)

In a three phase balanced system, the three phase voltages, Vy, Vgn, Ven are expressed
as:

(3.8)
Ven = Veo — Vo (3-9)
Ven = Veo — Vo (3-10)

Therefore, from (3.2) - (3.7), the three phase voltage equations for the two-level three-
phase VSI as a factor of the switching function are described by:

1%

Van = % (ZSA —Sp— Sc) (3-11)
14

Vey = 2% (—Sa + 2Sp — S¢) (3.12)
1%

VCN - % (_SA - SB + ZSC) (313)
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The line-line voltages can be calculated based on (3.2) - (3.4) as:

Vag = Vao — Vo (3-14)
Vee = Vgo — Vo (3-15)
Vea = Veo = Vao (3.16)

Substituting (3.2 - 3.4) into (3.14 - 3.16), the line-line voltages, V,g, Vgc, Vca Can be

expressed as function of the voltage source inverter switching functions as:

Vag = Vpc(Sa — Sp) (3-17)
Vec = Vpc(Sg — Sc) (3.18)
Vea = Vpe(Sc — Sa) (3-19)

3.1.2 Phase current and DC link current based on switching functions

Figure 3-3 shows a balanced three-phase PMSM drive system. The PMSM windings are
represented by R-L which is connected to the three-phase VSI but neutral is not
connected to the VSI. From Figure 3-3, it is possible to determine the calculation of input
DC current in relation to the output AC currents using the switching functions.

‘o

Figure 3-3: Three-phase PMSM equivalent circuit with unconnected neutral
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By applying Kirchhoff voltage law in a close loop, the instantaneous phase currents
is,1g,ic can be obtained from which the switching current as well as average DC current

under the influence of the switching functions can be shown as:

dig Van—iaR—E4

R @20
dip _ Vpn—IipR—Ep

dip _ Vonish-Fy (3.21)
ﬂ — Ven—icR—Ec (3 22)
dt L '

Where, Ey4, Eg, E is the back-emfs, R is the stator resistance, L is the stator inductance.

Equation (3.20 - 3.22) can further be expressed based on the fundamental modulating

frequency as follows:

iy = Iy sinwt (3.23)
ip = I, sin(wt — 120°) (3.24)
ic = I, sin(wt — 240%) (3.25)

Applying the switching function, the switch currents, I, Is,, Is., can be calculated as:

ISA = iASA (326)
ISB = iBSB (327)
ISC = iCSC (328)

Considering only the fundamental frequency component and neglecting the harmonic
components, the instantaneous DC current, ip. in terms of the switching frequency and

the three-phase current can be determined using:
iDC = iASA + iBSB + icsc (329)

Hence, the average dc-link current over a cycle can be modelled as:

1 p2m,
_fonlDCavgdwt (330)

Ji =
DC 2
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Generally, the switching circuit uses a PWM control strategy to generate the duty cycle
which in turn generates the switching functions. Using the carrier-based sinusoidal PWM

control strategy discussed in section 2.8.1, the duty cycles can be set as follows:

d, = "’j—;“ (3.31)
dg = T—f (3.32)
de = ’s—cc (3.33)

Where, d,, dg,d. are the duty ratios and are related to the modulating signals. If the
modulating signal is sinusoidal the duty ratios are sinusoidal while V. is the peak value

of the carrier waveform and m,, mg, m. are the modulation index expressed based on the
fundamental modulating frequency as:

my =V, sin(wt) (3.34)
mg = V,, sin(wt — 120°) (3.35)
me = V,, sin(wt — 240°) (3.36)

Where, 1}, is the peak value of the sinusoidal waveform.

The switching operation and functions of the voltage source inverter in relation to the
input DC voltage and output is summarised in Table 3-1
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Table 3-1: Three phase and line-line voltages of a three-phase balanced system with inverter
switching functions

Voltage Switching state Phase Voltage Line Voltage
Vectors in terms of Vp¢ in terms of V.
SA \) B S Cc VA VB VC VAB VB C VC A

140 0 0 0 0 0 0 0 0 0
V1 1 0 0 2/3 -1/3 -1/3 1 0 -1
V2 1 1 0 1/3 1/3 -2/3 0 1 -1
V3 0 1 0 -1/3 2/3 -1/3 -1 1 0
V4 0 1 1 -2/3 1/3 1/3 -1 0 1
V5 0 0 1 -1/3 -1/3 2/3 0 -1 1
Ve 1 0 1 1/3 -2/3 1/3 1 -1 0
V7 1 1 1 0 0 0 0 0 0

Table 3-1 shows the summary of inputs and outputs of a three-phase PWM VSI
switching operation using a carrier-based PWM control strategy. It can be seen that the
determining factors in the switching model is the DC link voltage and the switching
functions. Each time a simulation exercise is conducted on switching model and with
PWM control strategy, the simulation software gives output based on Equations 3.11 -
3.13. Essentially, these switching functions are usually from a high frequency (>4 kHz)
PWM control strategy which requires small simulation time step to achieve the required

resolution and results in long simulation run times.
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3.2 Development of the Proposed Average Voltage Estimation
Model (AVEM) of a Voltage Source Inverter for PMSM
Drives

The detail switching model is an accurate and effective approach to modelling PMSM
and other electrical machine drives as has been described and validated by several
researchers [157] — [202]. However, with the increase in the complexity and
requirements in the design and simulation of PMSM drive systems, a more simplified
and faster model is required to eliminate the inverter circuit due to the switching
operations and simulation time step effect. As a result modelling of PMSM drive systems
using various average value methods have been developed for AC/DC or DC/AC
constant speed, fixed frequency PMSM drive systems, as has been listed in Chapter 2.
However, the method of derivation of the average value state space equation becomes
more complicated if three-phase back-back voltage source inverters are involved with
dynamic systems such as variable speed motors or generators. Consequently the author
has investigated a more simplified and faster approach to enhance the modelling of

PMSM drive systems.

Since the theory of detailed VSI switching model has been discussed in section 3.1, this
section presents the principles and development of the average voltage estimation model
of a three-phase voltage source inverter with an example of application to PMSM drive
system. The average voltage estimation model of voltage source inverters is based on the
control strategy and switching functions of the inverter. It is an analytical estimation of
the ‘average’ instantaneous voltage across each phase of a three-phase AC load during
each PWM switching period and then using these averages to supply a piecewise linear
voltage source for each phase of the three-phase system. This proposed average voltage
estimation modelling method reported by the author [216] overcomes the challenges of
switching model and previous average value models. The proposed model is developed
first for a PMSM drive system and is then expanded for variable speed PMSG wind
energy conversion systems and also used as a generalised model for any three-phase

system which requires control.
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Figure 3-4: Average Voltage estimation model of VVSI with three-phase balanced PMSM

Figure 3-4 shows the proposed average voltage estimation model of the VSI and control
of three-phase PMSM drive system. It consists of the three controlled voltage sources for
the PMSM driving a mechanical load, the control system and the average voltage
estimation block. The inverter switches are totally eliminated and replaced with three
voltages sources driven by a function representing the ‘average’ value of VSI output
voltage in each phase. The advantage is that, the switching and non-ideal characteristics
of the power electronic switches (IGBTSs) are now removed from the configuration.

3.2.1 Equivalent Circuit of a PMSM

The single phase equivalent circuit of a typical PMSM is shown in Figure 3-5. The
voltage V is applied to the stator and a back-emf E is developed in the PMSM. The stator

resistance and inductance are given by R and L respectively.

v 1@

Figure 3-5: Single phase equivalent circuit of PMSM
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In motoring, the applied voltage V is opposed by the back-emf E. If the voltage V is
greater than the back-emf, current i flows into the stator of the PMSM. On the other
hand, the PM machine generates when the back-emf is greater than the applied voltage
and current flows out of the stator. The relationship between the applied voltage and

back-emf is given by
— : di
V=E+IiR+L (3.37)
Where IR and LZ represent the voltage drop across the stator resistance and inductance.

In an inverter fed PMSM shown in Figure 3-6, the applied voltage V' to the PMSM is
supplied by the inverter under the action of the control technique. This voltage can be
estimated based on principle of control strategy and switching functions when the
inverter switching circuits are not needed in the simulation of PMSM drive system. In

which case the voltage V can be replaced with an average value V,,,, and equation 3.37

becomes

Vavg = E + iR+ LS (3.38)

3.2.2 Average Voltage Calculation

The average voltage estimation model of voltage source inverters analytically estimates
the ‘average’ instantaneous voltage across each phase of a three-phase AC load during
each PWM switching period and then uses these averages to supply a piecewise linear

voltage source for each phase of the three-phase system.

In order to develop the average voltage estimation model, several considerations are

made as follows;

1. The PMSM (or AC load) is a balanced three-phase star connected load with equal
phase impedance.

2. The role of the voltage source inverter is to connect the DC voltage to the three-
phase AC load based on the control strategy at each switching period. By this it
establishes the voltage across each of the phases of the three-phase PMSM (load).

3. The switching function of VSI and control results to 23 = 8 VVSI switching output

states which give rise to PWM output voltage waveforms and voltage vectors.
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4. In each sampling period, the voltage applied to the three-phase PMSM can be
averaged.

5. At any particular time the average resultant voltage is located in any of the six
sectors of the voltage vector hexagon.

6. The value of the average voltage can be estimated from the adjacent voltage
vectors in the sector it’s located in.

7. The time the adjacent voltage vectors are applied differs from one sector to the
other.

8. In each switching cycle, the DC voltage supply forms a series circuit with the
equal impedance windings of the three-phase PMSM.

9. Therefore using the Voltage Divider Rule (VDR) the voltage drop across each

phase winding during each switching period can be estimated.

Figure 3-6 illustrates the relationship between the DC voltage supply, three phase voltage
source inverter and the equivalent circuits of the three-phase PMSM where, V,, Vg, V. are
the phase voltages, E,, Eg, E. are the back-emfs, iy, ig, i are the phase currents and
Zy,Zg,Z- are the phase impedance of the three-phase PMSM. The voltages at the
terminals of the PMSM depend on the operation and states of the inverter switches which
Is determined by the control strategy PWM waveform. During the operation of the
voltage source inverter and in a switching cycle, the control strategy generates eight
combinations of three phase PWM waveform which enable the voltage source inverter to
convert the DC link voltage to AC voltage and applied to the three phase PMSM

windings.

VSI

Figure 3-6: DC voltage and 3 phase star connected VSI fed PMSM equivalent
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From the switching function point of view, each time the upper switches are turned on, it
enables the terminals of the three-phase PMSM to be connected to either the positive
terminal of the DC voltage. In each switching cycle, there are two possible states for one
phase-leg of the inverter to connect the DC supply voltage to the three-phase PMSM.
When the upper switch is fully ON, the lower switch on that same phase leg will be fully
OFF and vice versa. When the upper switch on a phase leg is ON, the phase is connected
to the positive of the DC voltage and the state of the inverter switch is 1. On the other
hand when the switch on the same phase leg is OFF, the phase is connected to the
negative of the DC voltage and the state of the inverter switch is 0. For the three phases,
there are a total of 2° = 8 options resulting in 8 switching combinations and 8 voltage

vectors as shown in Figure 3-7 [217].

V1 (100)

Lz
.y
I
) /)

Figure 3-7: Space voltage vectors and sectors

Figure 3-7 describes the representation of the switching combinations and commanded
voltage vectors in a space hexagon. There are a total of six sectors and eight voltage
vectors. Six of the voltage vectors; V1, V2, V3, V4, V5, V6 are active voltage vectors
and two VO, V7 are zero voltage vectors. For each of the voltage vectors the states are
clearly stated. The state defines the connection of the phases of the three-phase PMSM to
the terminals of the DC voltage supply. There are eight ways the DC voltage is connected
to the three phase PMSM in one switching period and results to eight three-phase PMSM

equivalent circuits arrangement as shown in Figure 3-8.
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Each sectors has two adjacent active voltage vectors and two zero voltage vectors that are
applied for a switching period, Tsy,. In principle, there are four three phase PMSM
equivalent circuits for each sector, two for the active voltage vectors and two for the zero
voltage vectors. The adjacent voltage vectors and the zero voltage vectors are used to
calculate the resultant voltage vector. The resultant voltage vector in one sector is
different from the other sector due to the different switching states and voltage vectors.
Therefore, the average phase voltage is calculated from the resultant voltage vector using
the voltage drop across each of the phases and the time the voltage vectors are applied in
each sectors in one switching period. The voltage drop across each phase due to the DC
voltage depends on the PMSM equivalent circuits while the time the voltage vectors are
applied depends on the PWM waveform over the switching period.
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Figure 3-8: Three phase equivalent circuits of the commanded voltage vector and voltage drop
across phases
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In each of the PMSM equivalent circuits shown in Figure 3-8, the DC voltage forms a
series circuit with the three-phase PMSM winding represented by impedance network of
equal magnitude. Therefore, the voltage drops across each phase windings, Z,, Zg, Z.

can be calculated from DC voltage using the VVoltage Divider Rule given as

Z

Ve = Z;j Voe k € (A,B,0C) (3.39)

Where; 1}, is the voltage drop across the phases; A, B, C, Z is the total impedance of the
series circuit, Z, is the impedance across the phase in which the voltage drop is
calculated and V. is the DC supply voltage. Using (3.39) the voltage drop across each of

the phases due to the DC voltage in each of the sectors are calculated.

On the other hand, the time, T1, T2, T3, T4, T5, T6, T7 the voltage vectors are applied
depends on the PWM waveform. In each commanded voltage for one switching period

the PWM voltage is usually symmetrical as shown in Figure 3-9.

3]/0(000) ,(100) §V2(110)§ V7(1;“11) 31@(110) VL(IOD)§ VO(OOOJj

A KT

Figure 3-9: Symmetrical three phase PWM outputs

Figure 3-9 shows that the second half of the PWM waveform symmetry is a mirror image
of the first and the switching operation in the first half is repeated in the second half. This
made it possible to simplify the estimation of average phase voltage using half of the
symmetry in a complete switching period. In order to calculate the time of adjacent
voltage vectors, PWM waveform half symmetry is then formed for six sectors

considering only the active voltage vectors as shown in Figure 3-10.
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Figure 3-10: PWM voltage waveform and commanded voltage vectors
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Figure 3-10 shows the half waveforms of the commanded voltage vector in each of the
sectors during a switching cycle. In each of the sectors, the half PWM waveforms of the
commanded voltage vector during a switching cycle consists of four voltage vectors from
which the time the voltage vectors is applied and average phase voltage can be

calculated.

3.2.3 Sector Calculation

The average voltage estimation depends on the sectors in which the resultant voltage
vector resides during the switching cycle. Therefore, the first step is to accurately
determine the sector to estimate the average phase voltage. Using the carrier-based
sinusoidal Pl current control strategy, there are three separate Pl current controllers
which independently generate duty cycles during the switching period. From the duty
cycles, sectors can be calculated, timing variables can be determined and of course
average voltage for each phase estimated. To determine the sector, the three phase duty
cycles are compared with each other. A simplified algorithm is developed as shown in
the flowchart of Figure 3-11 which gives the required sector for each particular switching

period.

Inputs:
Duty &;
Duty B;
Duty C;

‘ is

Duty C>Duty A

¥
Output
| Sector M

Figure 3-11: Simplified flowcharts for sector calculation and selection

The flowchart above illustrates a comprehensive description of how the commanded duty

cycles are used to calculate and select a particular sector. The duty cycles per phase from
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the output of the Pl-regulators are read and compared. Phase A duty cycle is compared
with the duty cycle of phase B, phase B duty cycle is compared with that of a phase C
and that phase C compared with the duty cycle of phase A. If the condition in the
decision box is met, output is given as 1 else the output is zero. Each comparator has
multiplying factors which are carefully chosen by the author based on experience and
knowledge of the operation of PWM voltage source inverter. After comparing the duty
cycles, the results are multiplied by the appropriate factor. The output of phase A
comparator is multiplied by 1, phase B comparator multiplied of 2 and that of phase C
multiplied by 4. The resultant summation of the outputs of the multipliers indicates the

sector at the particular time in the switching cycle.

3.2.4 Average Voltage Estimation for Sector 1

An example of how to estimate average voltage in a sector is presented for sector 1. In
sector 1, there are two active voltage vector V1, V2 applied for T1 and T2 and two zero
voltage vectors VO, V7 applied for TO and T7. Therefore, the resultant voltage vector in
sector 1 (see figure 3-7) is given by

VR — T1v1 + T2V?2 + TOVO +T7V7 (340)

TS w TS w TS w TS w

Ty = T1+ T2+T0+T7 (3.41)

Where, V; is the resultant voltage vector, T, Switching period, T1and T2 are the
time of applying the active voltage vectors, T0O and T7 are the time of applying the zero
voltage vectors. The zero voltage vectors, V0 and V7 are approximated to zero, therefore

equation (3.40) becomes:

T1V1(100) + T2V2(110)

Ve = (3.42)

TS w TS w

T1 and T2 are calculated from the PWM waveform and V1 and V2 are calculated from

the voltage drop due to DC voltage.

3.2.5 Timing Calculation

The time voltage vectors are applied is known by simply identifying the length of time
each of the phases of the three-phase PMSM stay connected to the DC voltage supply.

The sequence is to identify and compare the relative lengths of the three phase PWM
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waveform in each sector such as the long, longer and longest among the three phases
PWM waveform in each sector.

70(000) |V1(100){V2(110) |¥7(111)!

« -Tdy —; >
ph. A PWM | i 3 :
i ! e Tdg——»
h. B PWM f ? :
’ | 1 | <Tde s
ph. C PWM | f f |
i To0 | T1L T2 17

Figure 3-12: PWM waveform half symmetry of in sector 1

From the PWM waveform of sector 1 shown in Figure 3-12, Td, > Tdg > Td,
therefore, the timing variables in sector 1 are given by;

T1=Td, —Tdy (3.43)

Where, Td,, Tdg, and Td are the lengths of the PWM waveform in phase A, B and C.

Then, the final step is to calculate the average voltage and this requires the three phase
PMSM equivalent circuits in sector 1. Figure 3-13 shows the three phase PMSM
equivalent circuits arrangement for voltage vectors V1, V2, VO and V7 in sector 1.
During the time TO, all the phase windings are connected to the negative terminal of the
DC voltage and during the time T7 the three phases are equally connected to the positive

terminal and does not command any voltage.
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Figure 3-13: Three phase PMSM equivalent circuits and voltage drop across phases due to DC
voltage of sector 1

However, during the time T1 and T2, the DC voltage forms a series circuit with the three
phase PMSM windings and the corresponding voltage drop across each of the phases due
to Vp is calculated and replaced the voltage vector V1, V2, VO, and V7 in equation 3.42

and the average voltage for the three phases in sector 1 are given as,

2 1
5VDCT1+ EVDCTZ

Viavg = - (3.45)
LypeT1+ivpcr2

Voaug = —20 (3.46)
“XpcT1-2vpcT2

VCavg = 22 20 (3.47)

TSW

Vaavg » VBavg» Veavg @re the average voltage in phase A, B and C and T1, T2 calculated by

equation 3.43 and 3.44.

The average voltage estimation modelling approach is sector dependent and calculates
average phase voltage in every sector in a switching period independently per phase
given a total of three sets of equation for each sector. This derivation relies strongly on

the combination of the three phase PMSM equivalent circuit diagrams of the commanded

73



Chapter 3 Development of Average Voltage Estimation Model for PMSM Drive System

voltage vectors and the PWM waveform half symmetry in each sector in a switching
period. Therefore, the average voltages in other sectors are estimated in a similar process

to that of sector 1 and the summary of the derivations shown in Table 3-2.

Table 3-2: Summary of average voltage estimation per phase for each sector

Sectors Commanded duty Timing calculation Average estimated voltage
cycles configuration
V, Vs A
Td, = Tdg
= - V % %
1 Tdg = Td, T1=Td,—Tdg DC(oT1 +T2) D (_T1 4 T2) DC (71— 272)
3 sw 3TSW 3TSW
Td, > Td, T2 =Tdy — Td,
Tdg > Td,
2 Td, = Td, T2 =Td, —Td, Voe o Vbe Voe o oy
T (T2 —T3) 3T (T2 +2T3) 3Tsw( 2T2 —T3)
Tdy = Td, T3 =Tdy —Td,
Tdg = Td,
= - V, V V
3 Td; =2Td, T3 =Tdg—Td, DC (=T3 — 2T4) DC (273 + T4) DC (~T3 +T4)
3TSW sw 3TSW
Tdg = Td, T4 =Td;—Td,
Tde = Tdg
4 Tdg = Td, T4 =Tdg —Td, Ve Vpc Ve
— (—2T4-T T4—-T T4 + 2T
3Tsw ( 5) 3Tsw ( 5) 3T, (T4 +2T5)
Td, = Td, T5 = Td, — Tdy
Tdc = Td,
= - % V, %
5 Td, = Tdg T5=Td.—Td, DC (=T5 + T6) DC (=T5 — 2T6) DC (2T5 + T6)
3TSW 3TSW sw
Tde = Tdg T6 =Td,—Tdg
Td, = Td,
6 Td, = Tdg T1=Td, —Td, Ve Ve Ve
2T1+T —T1-2T -T1+T
3Tsw ( +76) 3Tsw ( ©) 3Tsw ( +76)
Td, = Tdyg T6 =Td; —Tdg
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Table 3-2 shows the summary of the simplified average voltage estimation in each phase
in each switching period for the 6 sectors. The operation of the average voltage model is
independent determined for each phase. Therefore, the sum of the average voltages
estimated in all the sectors in one phase gives the total average voltage for that phase.
This total average voltage per phase is then use to drive each of the voltage sources
connected to the three-phase PMSM and can also be used with any three phase system
where control is required. In each switching interval, this calculation requires knowledge
of the DC voltage value V. and switching period Ty, (this depends on the switching
frequency chosen). In this research a switching frequency of 20 kHz equivalents to a

switching period of 50us is used.

Applying the average voltage, the average instantaneous current can be written as

ﬂ VANavg_iAR_EA

- T (3.48)
dip _ VBNavg—iBR—Ep (3.49)
dt L
dic — VeNavg—icR—Ec (350)
dt L

And the developed electromagnetic torque is given as function of the rotor natural flux
amplitude and the stator currents in three-phase PMSM as follows

T = pom(ia +ip+ic) (3-51)
Te = pPmim (3-52)

Equations 3.51 and 3.52 describe the electromagnetic torque, T, which drives the
mechanical load. The dynamics interaction in the mechanical system between the
electromagnetic torque, T, the load torque, T, and viscosity cause changes in the
rotational speed given by

% =T,-T, - Cyw, (3.53)

J

Where, J = Rotor inertia, w,, = Rotor mechanical speed, C,, = Viscosity coefficient

From equation 3.51 and 3.52, controlling the stator current amplitude, I,, controls the

electromagnetic torque and controlling the torque as in (equation 3.53) can cause either
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an acceleration or deceleration. Therefore regulating the torque also controls the speed of
the PMSM.

Similarly, the instantaneous average electrical power in a three phase system is given as;

P(t) = VAavgiA + VBavgiB + VCavgiC (3.54)

3.2.6 DC Link Current Estimation

An important result of the average voltage model is the ability to predict DC link current.
This is useful in battery-powered three-phase PMSM drive system to know the capacity
of the battery bank and to estimate the losses in order to fully utilise the energy of the
battery. Also in variable speed PSMG based system with the average voltage model as
will be seen in chapter 5, which is one of the main objectives pursued in this research,
accurate estimation of DC current is important in the modelling of the DC link voltage.
Due to the absent of DC link capacitor and the DC link between the generator side and
the AC load/grid side, DC link voltage is modelled based on the DC link current. The
DC link current is also estimated per sector.

An example of how DC link current is estimated using average voltage estimation model
Is again presented for sector 1. The basic idea is that in each commanded voltage vector,
the DC voltage forms a series circuit with the three-phase PMSM. Using Figure 3-12 and
Figure 3-13, during which time the zero voltage vectors is applied T0 and T7, all the
phase currents are circulating around the phases and therefore the DC link current is zero.
However, during, T1, the DC link current is equal to phase A current and during T2 the
DC link current is equal to the negative of phase C (see Figure 3-12 and Figure 3-13).
Therefore, DC link current in sector 1 is describes by

T1 . T2

Ipcgen = Tow ly — Tow ic (3.59)

Where, i, and i, are the currents measured in phase A and phase C.

This calculation have to be carried out in each switching interval in all the sectors and the

summation of the DC link current in all the sectors gives the final DC link current.
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3.3 Voltage Source Inverter Loss Modelling

Variable speed drive uses voltage source inverter to connect PM machine to the electrical
power source with the aim to conserve or maximise power from the source. The most
efficient way to utilise the energy in variable speed drive system is to know the losses in
the PM machine and the voltage source inverters. Knowing the losses helps in the right
choice of power electronic devices in the voltage source inverter, minimise losses and
efficiency analysis of the drive system. In a PM machine drive systems, the losses
include the machine and power electronic converter losses. The machine losses include
mechanical losses, windage, core and iron losses [218][219]. When detailed constituents
losses in the machine are not needed, the most simplified method to calculate losses is
the direct measurement of currents, voltage and power from which losses can be
calculated knowing the power transfer (input and output of the individual components) in
the system [220]. This of course is sufficient to calculate the total losses in the PM
machine and VSI. Since in the AVEM, the VSI is absent, loss model of voltage source
inverter is required to calculate the actual power input, power output and efficiency of

components as well as the total efficiency of the drive system.

The section presents a loss model of two level three phase voltage source inverter using
IGBTs that can be incorporated into the proposed average voltage estimation model
suitable to analyse the power and efficiency of each components and overall system
under different control strategies and operating points. A number of methods can be used
to calculate the losses in power electronic converters. One method, utilise current and
voltage to calculate the power losses in the voltage source inverter [220]. This method
only predicts accurate losses in the VVSI when the loss components are embedded in the
VSI model. In a situation where the embedded loss components are absent, the
manufacturer data sheet provides relevant information on the power electronic converters
e.g. IGBTs and diodes from which the losses are calculated. In the proposed AVEM,
where the VSI switching network is eliminated, the method utilising the manufacturer
data sheet is used to calculate the power electronic converter losses. The losses in voltage
source inverters are calculated for one phase of the inverter consisting of an IGBT and a
diode and the result multiplied by the number of combination IGBT and diode to obtain
total losses for three phases. Generally, there are two types of losses in inverter, namely

the conduction and switching losses.
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3.3.1 Conduction Losses

The conduction losses occur when the IGBTs and diodes change to on-state as current
flows through them. In the on-state, voltage drop across the IGBTs and diodes. The

voltage drop across IGBT due to current flowing and on-state resistance is given as [221]
Veg(ice) = Vego + icTec (3.56)
In the same manner, the voltage drop across the diode as current flows given as
Vp(ip) = Vpo + ipTp (3.57)

Where; Vg, and Vp, are the threshold voltage across the IGBT and diode, i- and iy, are
the current flowing through IGBT and diode, r.; and r, are the on-state resistance of
the IGBT and diode. These on-state parameters listed above can be obtained from the
output characteristics available in the manufacturer’s data sheet as a function of the
conducting current. With the on-state voltage drop across each of the device, the
instantaneous conduction losses for IGBT and diode can be calculated by the product of

the on-state voltage drop and the instantaneous current expressed as follows;
Peonaicer = Ver@®)ic(t) = Vegoic(t) + ic*(Ore (3.58)

Peonapiode = Vo(D)ip(t) = Vpoip(t) + ip(O)1p (3.59)

The instantaneous conduction power losses in (3.58) and (3.59) can be averaged over one
switching period as

1

Peonarger = T
sSw

fOTSW(VCEoiC(t) + i’ (Dre)dt (3.60)

1

Peondapiode = T
sw

fOTSW(VDoiD ) + iDZ(t)TD)dt (3.61)

It is important to take into considerations the type of control strategy. Since SPWM is

used, the instantaneous current flowing through each phase leg of the inverter is given as
ic(t) =i, sinwt (3.62)

For three phases, the instantaneous currents are at 120° phase shift from each other and at
a phase angle @. With this, (3.60) and (3.61) becomes
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1 (T . o

P.ondiGeT = afo (Vegoim Sin wt + (i, sin wt)?rg). (t)dt (3.63)
1 (Towr, . o

Peondapiode = Efo (Vpolm Sin wt + (i, sin wt)?rp). t(t)dt (3.64)

Where, i, is the peak value of the input current, 7(t) defines the pattern of the PWM
pulses, which is either 0 or 1. When the IGBT is turned ON it is 1 but it’s turned OFF it
equals to 0. The pattern of PWM pulses, t(t)which gives the duty cycle variation over

time, can be written as a function of the modulation index and phase angle as
7(t) =5 (1 + msin(wt + 9)) (3.65)

Substituting (3.65) into (3.63) and (3.64) and finding the integral, the model equations

for conduction losses of the IGBT and diode can be expressed as [221]

, 1 mcos @ . 1 mcos®

Peonaicr = Veeolm (; + T) + im1c Gt ) (3.66)
_ . 1 mcos @ .2 1 mcos®

Peonapiode = Vpolm (E T g ) +1%mp (g ~ T3 ) (3.67)

Where i, is the peak value of the input current given as, i, = V2 iyms
m is the modulation index
1) is the phase angle
cos @ is power factor (pf)

Equation 3.66 and 3.67 are then used to model the conduction losses for one IGBT and
one diode. A combination of (3.66) and (3.67) calculates the conduction losses which can
further be multiplied by the number of switches which for a three-phase VSI are 6
switches to get the total conduction losses. The threshold voltage across the IGBT,V g,
diode, Vp,, the on-state resistance of the IGBT r.; and diode r;, are obtained from the
output characteristics of the power electronic devices while the modulation index, m and
power factor, cos @ are can be obtained from the nameplate of the machine. Depending
on the choice of the operating temperature, the on-state parameters can be obtained from
the output characteristics as described in Appendix B from which the IGBT and diode

conduction losses are modelled.
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3.3.2 Switching Losses

The IGBT and diode switching losses can be described as the sum of the energies losses
due to turn-on and turn-off of the IGBT and diode. For the diode only the losses during
the reverse recovery is needed, the turn on and turn off losses are neglected. Therefore

the turn-on and turn off energy losses for the IGBTSs can be calculated using
t .
Eoniger = fol Vee(t) + ic(t)dt (3.68)

Eorpioer = I Ver (D) + ic()dt (3.69)

Where, t; is the time the collector-emitter voltage starts to rise and t, is the time the
collector current become zero. The switching losses in the IGBTs over a switching cycle

depends on the switching frequency and the turn-on and turn-off energies given as

Pswicer = (Eonigr + Eofficer) fsw (3.70)

For the diode, the reverse recovery energy from which the switching losses in the diode

is calculated is given as
t ,
Eonpiode = fol Vp(t) + ip(t)dt (3.71)

1
= ZerVDrr (3.72)
Thus the diode switching losses can be calculated as

Psypiode = (EonDiode)fsw (3-73)

Where, Q,. is the diode recovery charge, Vp,., the reverse recovery voltage across the
diode and f;, is the control strategy switching frequency. Calculating the switching
losses in IGBTs and diode is usually a difficult task. The most simplified approach is the
use of manufacture’s datasheet. The datasheet provides the turn-on and turn-off energies
as a function of IGBTs and diode current as shown in appendix B, Q,, and Vp,.,. that can

be used to calculate the switching losses.

Therefore, equations (3.66), (3.67), (3.70) and (3.73) are used to model the losses of one
IGBT and diode. The total losses is the sum of the IGBTs conduction and switching

multiply by the number of IGBTSs in the circuits and the sum of the diode conduction and
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switching losses multiply by the number of diodes in the circuits. For a three-phase VSI,

the total losses is given as

P3phVSI = 6(PcondIGBT + PcondDiode + PszGBT + Pstiode) (3-74)

3.4 Modelling of Permanent Magnet Synchronous Machine

Permanent Magnet Synchronous Machine is generally modelled based on the stator
circuit equations either in d-q reference frame or the traditional a, b, ¢ reference frame. A
number of PM machines either motor or generator models already exist in literatures
[222] - [224]. In addition, emphasis of this thesis is placed on developing an alternative
VSI model that can be accurately and rapidly simulated, therefore PM machine model
available in PORTUNUS simulation package is considered adequate for the study [225].
The PORTUNUS PM Machine model can operate with mechanical, electrical and
thermal inputs. This allows the model to operate as a PM motor or generator. As a PM
motor model, it is operated with electrical input (DC voltage source) and as a PM
generator it is driven by a mechanical source such as speed or torque source. The PM
machine model requires parameters such as stator resistance, d-g axis inductances, and
flux linkage, number of pole pairs and inertia to be accurately specified in order to
produce the expected mechanical torque. This makes it flexible therefore to model
different types of machines by changing the parameters to match that of the machine
under investigation. All that is required is to know the parameters of such machines
which in most cases are stated in the datasheet or provided by the manufacturers.
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3.5 Implementation and Simulation of Average Voltage
Estimation Model and Detailed VSI Switching Model of
Variable Speed PMSM Drive System

This section presents the implementation and simulation of the proposed average voltage
estimation and switching model of a variable speed permanent magnet synchronous

motor drive system using the commercially available PORTUNUS simulation package.
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PMSM Mechanical Load
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Rotor position
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Figure 3-14: Block diagrams of PMSM drive Systems (a) switching model (b) AVEM
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Figure 3-14 (a) and (b) shows the respective block diagram of the switching circuit and
AVEM for the PMSM drive system. The switching model takes into account the
switching states of all transistors (IGBTs) and diodes in the inverter, while the proposed
AVEM eliminates the switching states and has been developed based on the approach
described in section 3.2. Figure 3-15 shows an overview of the average voltage
estimation of three-phase VSI, PMSM and mechanical load. There are three major blocks
towards realising average voltage estimation that can be applied to the terminals of not
only a three phase PMSM but any three phase system. The first block is where decision
of the sector, the average voltage resides in is taken. This block is very important as the
accuracy of average voltage estimation depends on careful and proper selection of the
sector in each switching cycle. The second block calculates the length of time the phases
of the PMSM or AC load stay connected to the DC link terminals and the third block
does the actual calculation of the average voltage in one switching period which drives
three voltage sources connected to the terminals of the PMSM. The inputs to the average
voltage model as can be seen in Figure 3-14 and Figure 3-15 are the duty cycles usually
from the outputs of the PI current controllers, DC voltage and switching period.
Therefore the first step in the development of the average voltage model is the choice of
the control strategy that is compatible with three-phase system is important. Considering
that SPWM is an independent control technique in which each phase is controlled
independent of the other makes it a better choice for the implementation. With the
control strategy, it is possible to estimate the average voltage from the DC link voltage
and the switching functions of the three-phase voltage source inverters. The conventional
sinusoidal PWM, PI current controller is considered in this thesis and will be used for

both the switching model and the average voltage model in order to establish an accurate
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point of comparison; however it is believed that vector control can be implemented with

this model with possibly similar results and benefits.

3.5.1 Control Technique for the PMSM Drive System

To implement both models, a control strategy is required. The primary objective of the
PMSM control is to control the electromagnetic torque by controlling the 3 phase stator
currents. These phase currents are required to be sinusoidal and synchronised with the
respective motor phase back emf. The current control technique based on the sinusoidal

pulse width modulation (SPWM) control strategy is applied to the models.

SPWM is a well-established independent control technique used to control voltage
source inverter driven PMSMs in which each phase is controlled independent of the
other. It is implemented with PI regulators generating duty cycles in each switching
cycle. Figure 3-16 (b) shows the algorithm used to achieve PI regulator in this thesis and
its parameters are shown in Appendix A, Table 3. In the switching model, the inverter
uses the duty cycles to generate gating signals for the power switches and control the
stator current while the AVEM uses the duty cycles from the control strategy to estimate
the average voltage and control the stator current of the PMSM to produce mechanical
torque at various rotational speeds.

The Sinusoidal PWM current control strategy relies on accurate information about the
rotor position and phase currents of the PMSM for its implementation. The controller
receives the rotor position from either an encoder or resolver mounted on the shaft and
from this calculates the rotor electrical angular position and also speed reference if an
outer speed control loop is included. However there are possibilities of estimating the
rotor position and speed without measurement, but this is not an area of research in this
thesis, the methods relying on rotor position measurement and speed feedback is used.
The PMSM rotor angular position is measured with an encoder and the electrical rotor
position calculated using the relationship,

6, = po, (3.75)
Changing the rotor position over time is defined as the rotor mechanical speed given by

dao,

Wy = dt

(3.76)
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From equation 3.76, it is possible to establish the relationship between the mechanical

rotor speed and electrical speed as
W, = PW; (3.77)

Where, 6, is the rotor mechanical position, 8, is the rotor electrical position, p is the
pole pairs, w, is the mechanical speed of the rotor and w, is the electrical speed of the

rotor.

In the sinusoidal PWM control strategy each Pl regulator compares the sinusoidal
reference with the relevant motor phase current. Therefore to have a sinusoidal reference
current, the reference current is passed through a sine wave generator or a sine wave
lookup table synchronised with the PMSG rotor position whose electrical angle is given
by (3.75) and a phase shift of 120° is applied to obtain the three-phase reference currents

given as follows;

laref = I;m sin G, (3.78)
ipres = Im 5in 0, — = (3.79)
icres = Im SN0 — = (3.80)

Figure 3-16 shows the control structure for the three phase PMSM drive system. The
controller consists of only the current (torque) control loop. However, an outer speed
control loop can be introduced to generate the current reference when speed control is
required. When this happens, the actual speed is compared with a reference speed to
generate the current reference. Due to the independency in this control technique, each
phase has a Pl regulator and there are a total of three PI regulators.
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Figure 3-16: PMSM drive control structure (a) Control algorithm (b) PI regulator

The PMSM stator currents, isqce, ipact cace @r¢ measured per phase using current
sensors and compares with the sinusoidal reference, iarer, ipref, icres. The result of
each phase comparison is fed into the relevant Pl regulator. The PI regulator processed
error from the comparison. For the switching model, the output of the PI regulator is
compared with a triangular carrier signal and modulated at a high frequency (e.g. 20kHz
as used in the models) to generates complementary gate drive signals in the relevant
phase-leg. This means, when the upper switch in one phase leg is on, the lower switch in
that same phase leg will be off and vice versa. This process produces a PWM voltage
across the three-phase of the PMSM. Controlling the PWM voltage generates a variable
voltage and frequency for adjustable speed motor drive. Alternatively, the output of the
Pl regulator is used by the average voltage estimation model to estimate the average
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voltage that drives the three phase controlled piecewise linear voltage sources across the
terminals of the PMSM.

3.5.2 Simulation and Comparison of the results of Average Voltage
Estimation Model of PMSM Drive against Switching Model Full
Load Current Reference

In this chapter, two methods for modelling the voltage source inverter with variable
speed PMSM drive systems have been discussed and developed. The switching model,
which takes into account the switching states of the inverter, and the proposed AVEM
which eliminates the switching states. Since, the proposed average voltage estimation
model is developed based on the switching function, it is necessary first to verify its
accuracy against the detail switching model. Hence, the detailed switching model is used

as reference against which the results of the proposed AVEM are compared.

Simulations of the models were conducted using the commercially available
PORTUNUS simulation package for a small fractional horse power PM machine drive
system (= 1kW) to demonstrate the effectiveness of the AVEM model. The choice of
small fractional horse power PM machine minimises the cost of the test rig used to
validate the results of both models. However, it is also envisaged that the AVEM can
also be used for large machine drive systems design process. The PM machine model
implemented in this simulation study is found in the PORTUNUS model library. The
parameters of the PM machine model chosen for this purpose are given in Appendix A,
Table 1. Both simulation models share similar input variables such as DC voltage, Vp of
57V, PWM switching period Tg, = 50us (switching frequency = 20 kHz). The
simulation in this section is based on operating the PMSM drive at a fixed current
reference while the operating speed is varied in order to see the steady state performance
of the average voltage estimation model and compare the results with switching model
across the complete operating speed range. In the simulation, 300rpm is used for low
operating speed and 450 rpm for high operating speed.

In order to check if the proposed AVEM can potentially estimate average phase voltages
in each sector, simulation were carried out to verify the accurate calculation of the

sectors from the outputs of the three phase P1 controller.
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Figure 3-17: PORTUNUS results of three-phase PI controller output and sectors calculation

Figure 3-17 shows the PORTUNUS simulation results of the duty cycles and sector
calculation. In the Figure 3-17, it can be seen that as the control strategy is sinusoidal, the
duty cycles are sinusoidal. In addition it can be seen that the sectors are accurately
calculated as described in section 3.2.3. For example, in sector 1 only one condition of
d, > dg is met and gives a 1 while others, dg > d, and d. > d, are not met and the
results equals to a 0. This automatically indicates the sector is 1. Similarly, the results of
other sector verify the accuracy of the AVEM in calculating the sector from the three
phase duty cycles. After this, simulations were carried out using the detailed switching

model and the AVEM of the PMSM drive and the results presented.
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Figure 3-18: PWM line voltage at the terminals of the PMSM @ 15A current reference and 300 rpm
using switching model

Voltage (V)
o
A
P
L
P
—
B
P——
P

03 0.32 0.34 0.36 0.38 04 0.42 0.44 0.46 0.48 0.5
Time (s)

Figure 3-19: Line voltage at the terminals of the PMSM @ 15A current reference and 300 rpm using
AVEM
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Figure 3-20: Three phase voltage at the terminals of the PMSM @ 15A current reference and 300
rpm using AVEM

Figure 3-18 shows the PORTUNUS simulation time domain output line voltage supplied
by the voltage source inverter switching model to the terminals of the PMSM while
Figure 3-19 illustrates line voltage supplied by the average voltage estimation model
when the current reference is 15A at an operating speed of 300 rpm. In addition, Figure
3-20 shows the three phase average phase voltages using the AVEM. It can be seen that
while the conventional switching model produces PWM output voltages @ +/-57V, the
proposed AVEM produces sinusoidal controlled voltage at the terminals of the PMSM.
Despite this difference in the waveform of the voltage at the terminals of the PMSM,
there no loss of accuracy in the control of the PMSM stator current to achieve the desired

torque output as will be seen in the following results.
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Figure 3-21: Simulation of three-phase PMSM stator current control @ 15A current reference and
300 rpm using switching model
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Figure 3-22: Simulation of three-phase PMSM stator current control @ 15A current reference and
300 rpm using AVEM
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Figure 3-23: Simulation of PMSM drive generated torque @15A current reference and 300 rpm
using Switching model
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Figure 3-24: Simulation of PMSM drive generated torque @15A current reference and 300 rpm
using AVEM
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Figure 3-25: Simulated DC link current @15A current reference and 300 rpm using Switching
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Figure 3-26: Simulated DC link current @15A current reference and 300 rpm using AVEM
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Figure 3-27: Simulation of PMSM drive power @ 15A current reference and 300rpm using
switching model with VSI loss model
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Figure 3-28: Simulation of PMSM drive power @ 15A current reference and 300rpm using AVEM
with VSI loss model

The simulation results of the proposed AVEM of PMSM drive system are compared to
the switching model in order to validate the performance accuracy of the proposed
AVEM. Figure 3-21 — Figure 3-30 show the simulated results of the proposed AVEM
and switching model at the lower operating speed while Figure 3-31 — Figure 3-37 show
the simulated results at higher operating speed. Figure 3-21 and Figure 3-22 show the
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time domain simulation stator current comparison between the switching model and
AVEM at 15A current reference and 300 rpm using the carrier-based sinusoidal PWM PI
current control strategy. It can be seen that the results of the AVEM agrees very well
with the switching model in tracking the waveform of the reference current, with the
same phase sequence and magnitude. Note that the AVEM model results do not include
the current ripple due to the PWM switching, for the purposes of this model this is not
considered a major drawback. This effectiveness and quality of the current control is
reflected on the torque output of the electrical machine drive. Figure 3-23 shows the
simulated torque versus time of the switching model and Figure 3-24 shows the torque
versus time of the proposed average voltage estimation model. The torque predicted by
the AVEM as shown in Figure 3-24 is compared with the prediction of the switching
models shown in Figure 3-23 and the results shows that the switching model and AVEM
predicted the same output torque and profile showing negative torque profile which is
what is expected during motoring (given the Portunus sign convention). Comparing the
results, the AVEM simulation torque curves are smoother than that of the switching
model because of the absent of the switching actions in the AVEM. In addition, the DC
link current predicted by the AVEM as described in section 3.2.6 is shown in Figure 3-26
while that of the switching model is shown in Figure 3-25. It can be seen that the DC link
current predicted by the AVEM is in good agreement with that of switching model.
Similarly, Figure 3-27 shows the PMSM drive power predicted using the switching
model and Figure 3-28 shows the drive power predicted using AVEM where the DC
input power, the AC power input to the PMSM and the mechanical output power are
adequately simulated and predicted. The power flow from the DC power supply to the
mechanical output simulated by the proposed AVEM agrees well with the power flow

using the switching model.

In variable speed drive systems, power electronic converters control the frequency of the
applied voltage. The voltage and current applied to the stator of the PMSM are obtained
from the output of the three phases VSI, the frequency of which depends on the PMSM
rotor speed. It is important to verify and analyse the relationship between the stator
current frequency and the rotor operating speed. Theoretically, the PM machine
synchronous speed is related to the frequency by

N, = % (3.81)
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Where, N; is the synchronous speed (rpm), f is the frequency and p is the number of
poles of the machine. With the 16 poles PMSM as shown in Appendix A, Table 1, two

operating speed of 200 rpm and 300 rpm were considered for this verification.
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Figure 3-29: Simulation of three-phase PMSM stator current control @ 15A current reference and
200 rpm using Switching model
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Figure 3-30: Simulation of three-phase PMSM stator current control @ 15A current reference and
200 rpm using AVEM

When the PMSM rotor shaft is rotating at a speed of 200 rpm, a low frequency stator
current is supplied to the terminals of the PMSM. Figure 3-29 and Figure 3-30 show the
stator current waveform when the PMSM operates at 200 rpm predicted by the switching
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and AVEM and the frequency of the current is 26.67Hz. When the rotor speed is 300
rpm, the frequency of the stator current waveform is 40Hz shown in Figure 3-21 and
Figure 3-22. It can be seen that when electrical machine operates at low speed, low
frequency current from the voltage source inverter is applied to stator of the machine,
whereas when the rotor speed is high, a high frequency stator current is applied, which is
what is theoretically expected. Again, both the switching model and the proposed AVEM
predicted the same frequency at each operating speeds. The good match of the results of
the AVEM with the switching models validates its accuracy and can be used for further

analysis.

The proposed average voltage estimation of VSI with PMSM drive system performance
is further verified and compared with the detailed switching model at higher rotor speed
where the current regulators can no longer produce sinusoidal currents due to high motor
back emf. Simulations were also conducted at the same current reference of 15A demand
from the PMSM stator driving a mechanical load but at 450 rpm to compare the
simulation results of the AVEM with the switching model.
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Figure 3-31: Simulation of three-phase PMSM stator current control @ 15A current
reference and 450 rpm using Switching model
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Figure 3-32: Simulation of three-phase PMSM stator current control @ 15A
current reference and 450 rpm using AVEM
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Figure 3-33: Simulation of PMSM generated torque @15A current reference and 450 rpm using
switching model
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Figure 3-34: Simulation of PMSM generated torque @15A current reference and 450 rpm using
AVEM
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Figure 3-36: Simulation of PMSM drive power @ 15A current reference and 450rpm using AVEM

with VSI losses

Figure 3-31 — Figure 3-36 show the simulated results using the AVEM and the switching

model at high operating speed of the PMSM drive system. Figure 3-31 and 3-32 shows

the

operation of the PMSM under the PI current control at higher operating speed i.e. a

speed above the constant torque region, in this particular case 450 rpm. It can be seen

from the results that both the AVEM and the switching model predict the same non

sinusoidal waveform of the actual motor currents. However, control of stator current is

lost at this speed (higher speed). This is because, the speed of the PMSM determines the
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induced voltage at the terminals of the PMSM and as the speed increases the induced
voltage increased beyond the stiff DC link voltage and the DC voltage is unable to
overcome the higher motor back emf and limits the current that flows into the PMSM
which is characterised with diminishing and non-sinusoidal stator phase current away
from the reference current. The effect of the loss of current control is shown on the
predicted torque and power. Again comparing the results for torque (Figure 3-33 and
Figure 3-34) and power (Figure 3-35 and Figure 3-36), the AVEM model predicts the
same performance as the switching model. These results validate the performance of the
AVEM against the switching model in simulating and implementing the current/torque
controller and the performance of the PI current controller to control the stator current
and the PMSM torque under variable speed conditions. It is important to highlight that
the exact same digital current control block is used in both simulation models therefore
the AVEM is very useful in analysing and optimising the performance of the chosen
control strategy. It is also worth highlighting that there is no reason why a vector control
strategy could not be used in both models, other than the time and effort required to
implement this in Portunus. The results also show that the proposed AVEM can be used

to simulate and analyse power flow in electrical machine drive systems.

3.6 Conclusion

The detailed average voltage estimation modelling (AVEM) and control of a PMSM
drive has been developed and simulated. The model has been found capable of
implementing the control of a PMSM drive system and it controls the operating
characteristics of the PMSM both in low and high operating speed, (constant torque and
field weakening region,) which has been shown in the simulation results. Since the
proposed average voltage estimation model is based on PWM control and switching
functions of VSI, a brief introduction of the theory of the VSI switching modelling
method was first outlined. The switching modelling method takes into considerations the
switching states of all the transistors and diodes during simulations and is restricted by
the small minimum simulation step time. This is followed by the procedures for
developing the AVEM using a different approach to the average value model which
totally eliminates the switching states and gives the AVEM a far higher minimum step
time which makes it significantly faster in analysing wider PMSM output parameters

without a subsequent loss in accuracy.
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The chapter has also included the introduction of the voltage source inverter loss model
into the average value model and describes the procedures involved in modelling the
conduction and switching losses of the VSI IGBTSs transistors and diode using the
manufacturer’s datasheet approach. The VSI model is then incorporated into the AVEM,
which has further expanded the scope of the average value model which enabled the
analysis of powers and efficiency of the drive system. The chapter also presents the
development and implementation of sinusoidal PI current control for the PMSM drive
and concluded with simulation results to show the steady state performance of the
AVEM model and the PI current control at low and high operating speed regions
(constant torque region and the constant power region) of the PMSM drive system. The
results shows the accuracy of the proposed AVEM model against the switching model in
implementing a control strategy for the PMSM drive system predicting the waveforms of
the motor currents and controlling the torque of the PMSM drive system at fixed

reference current/torque demand and speed.
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Chapter 4: A Practical Implementation of PMSM Drive
and PMSG Wind Energy Conversion System

4 Introduction

A flexible laboratory test rig has been developed in order to validate the simulation
results for the proposed average voltage estimation model and the detailed switching
model of a three phase VSI with variable speed PMSM and PMSG drive systems.
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Figure 4-1: Configuration of the laboratory Test platform
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Figure 4-2: Laboratory setup of the Test platform
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Figures 4-1 and 4-2 respectively show the configuration and the laboratory setup of the
test platform used for the experiments in this thesis. It consists of two 1 kW permanent
magnet synchronous machines whose parameters are shown in Appendix A, Table 1,
with one designated as the PMSM and the other as the PMSG directly connected to each
other as shown in Figure 4-3. The set-up also contains power electronic converters,
sensors, feedback devices, a Digital signal control system, a three phase AC load and
measuring devices. A DC voltage source is fed into the drive side converter, which
converts the DC voltage to AC voltage and fed to the PMSM. The PMSM is directly
connected to the shaft of the PMSG and the output of the PMSG connected to a three

phase AC load through a full scale three phase back-to-back voltage source inverter.

Torque

Encoder | PMSM
Transducer
R e :

Figure 4-3: Test platform Machine setup

The test platform is constructed to serve two purposes; as a PMSM drive system and also
as a PMSG wind energy conversion systems’ emulator, enabling operation in two modes.
This means experiments are carried out either in motoring mode or in generating mode.
In motoring mode, the PMSM operates as a drive and the PMSG is controlled and used
to load the PMSM. When operating as a PMSM drive system, the Load side inverter and
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its control is isolated and the DC link capacitor replaced with a constant DC voltage
source. In generating mode, the PMSM acts as a drive and its torque is controlled to
emulate a wind turbine, which serves as a variable speed source for the PMSG. The
output of the variable speed PMSG is fed into the generator side converter which
connects the AC load through the DC-AC load side converter. Clearly, the drive side
converter controls the current (torque) of the PMSM, while the generator side and the AC
load side converter controls speed and DC link voltage respectively. PMSM and PMSG

are of surface mounted rotor permanent magnet design.

4.1 Voltage Source Converters

The voltage source converters in this test rig are made up of insulated gate bipolar
transistors (IGBTs). There are 3 three-phase converters; one each for the drive motor,
generator and AC load. The converter at the left hand PMSM drive side (see Figure 4-1)
connects DC voltage supply to a three-phase PMSM. This converter converts DC to AC
on application of appropriate control signals to the gates. The second converter from the
left connected to the front end of the PMSG plays a dual role, in motor mode it converts
DC to AC supply to the PMSG, which then acts as load to the PMSM. In the other case,
it converts AC generated from the PMSG to DC voltage when receiving suitable control
signals from the DSP (FCIV 2), while the third converter changes DC to AC for the three
phase AC load or connection to grid. All the converters have provisions for optical fibre
cables through which the control signals supplied by the DSP controller can be applied to
the gates of the IGBTSs.

4.2 Digital Signal Control System

The DSP is a key component in the Test rig that provides real time calculation capability
and allows the validation and testing of the existing and new control strategies
associated with variable speed PM motor drives and renewable energy conversion
system. The DSP used in this research is part of the Flexible Controller 4™ edition
(FCIV) platform. It is able to control the voltage source inverter connected to each
machine. Each controller has a dedicated computer. This computer has the capability to
establish connections and create software for the FCIV. This PC communicates with the

FCIV for effective implementation of the control. Presently the computer used has a
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development board optimized with the Texas Instruments (T1) c28 series DSP processor
which can be programmed using TI’s code composer software suite. The control
techniques are developed using C-programing language within Code Composer and
compiled on the PC before being run on the DSP. The typical control technique based on
PWM using a PI control loop with a switching frequency of 20 kHz is developed. This
can be downloaded and processed by FCIV to generate the required control signals to the
gates of each converter when control is needed. The control signals which are developed
in a way similar to those of the simulation models are supplied from FCIV to the
converters through optical cables as shown in Figure 4-4.

=i ey S0

/| Frontview >

Figure 4-4: Screenshot of Digital Signal Processor

Measured quantities such as speed, phase currents, and DC link voltage are necessary for
the development of the control scheme for the FCIV. Speed and rotor position are
measured using a 1024 line incremental encoder, and torque with a torque transducer.
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The rotor position encoder and torque transducer are mounted on the shaft between the
PMSM and PMSG (see Figure 4-3). Other sensors are current and voltage sensors used
to measure current and voltage respectively. A position encoder, current and voltage
sensors provide established connections through which their outputs are fed into the
controller. All the measured quantities are in analogue form and are required to be
converted into its digital equivalent. The DSP has a built in multi-channel Analogue to
Digital (A/D) converter, used in converting measured analogue signals to digital values.
At each command (interrupt) for control, the digitalised values are interpreted by the
FCIV to generate control signals applied to the gates of the converter. This is in
consideration that in one phase leg only one converter switch will be on at a time giving

rise to on/off states per phase to avoid short circuiting the DC link.

In practice, it can be seen that all the converter controllers in the test platform have an
inner current control loop. Independently, current control is developed for each phase of
the converter. The actual currents are independently measured and compared with their
predefined reference currents to generate current errors. The predefined reference
currents are synchronised with the rotor position angle and with a phase shift of 120°
degrees from each other. The resulting current error becomes the input to the PI
regulator. The PI regulator processes the current error and outputs it to the PWM
modulator. The PWM modulator compares the output of the PI regulator with triangular
carrier signals and modulates it at a frequency of 20 kHz to generate switching signals
driving the converter gates. For the PMSM drive side, the motor electromagnetic torque
is controlled through the stator current to emulate the characteristics of the wind turbine
during WECS experiments. On the generator side, the current reference is produced by
the outer speed control loop with a set speed reference, while for the AC load side
controller; the current reference is generated by the outer DC link control loop with a set
DC link voltage reference. Both the speed and DC link voltage control loop are
implemented with a Pl regulator.

4.3 Experimental Results

Experimental results to be used to for validating the simulation results are recorded by
the measuring devices and captured with a digital sampling oscilloscope (DSO). The

results are categorised based on the tests carried out, such as results for a PMSM drive
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system and variable speed PMSG WECS. One important aspect of the test is the

similarity in the current controller of the motor and the generator.
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Figure 4-5: PMSM three phase stator current at 300 rpm and current reference of 15A on a current
probe of 100mV/A
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Figure 4-6: PMSM three phase stator current at 450 rpm and current reference of 15A on a current
probe of 100mV/A
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Figure 4-7: PMSM drive system Torque speed characteristics at different torque and current
reference

Figure 4-5 and Figure 4-6 show the PI current control reference compared with the
measured stator current, where the aim is to control the current of the PMSM drive
system to obtain a desired mechanical torque. The results represent the operation of the
drive at the two ends of the operating speed of the drive; the low speed region and the
higher speed region. From Figure 4-5, it can be seen that at the lower speed region (e.g.
< 300 rpm), the stator current is controlled to its reference value (silver coloured
waveform under the red coloured waveform) in waveform, magnitude, sequence and
frequency. With the current probe of 100mV/A in each of the phases, the peak of the
reference current of 15A is supplied by the inverter to the terminals of the PMSM and
produces a mechanical load torque of 13.85Nm. On the other hand, Figure 4-6 shows the
waveform of the stator three phase current at 450 rpm representing operation of the drive
at a higher operating speed. It can be seen the control of stator current is lost shown by
the large difference between the phase current and the reference current. The current
reference demanded is still 15A peak yet a non-sinusoidal current of value less than the
reference current is supplied to the stator resulting to a lower value, 10.44Nm of

generated mechanical torque. This experiment is repeated at different current references
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and the torque is then recorded and plotted as shown in Figure 4-7. Figure 4-7 shows the

recorded torque versus speed curves of the PMSM at various current references.

4.4 Wind Energy Conversion Emulation System

A 1 kW wind energy conversion system emulator was developed to validate the
predictions of simulation models and control strategy for the WECS. With the emulator,
the performance of different PMSGs, converters and control strategies can be tested and
analysed. In addition, it will provide a future test platform in which a wide range of
variable speed wind energy conversion systems can be tested and evaluated. It consists of
a permanent magnet synchronous generator (PMSG) coupled to a permanent magnet
synchronous Motor (PMSM). The PMSM torque is controlled by the DSP to emulate the
wind turbine. The mechanical energy of the PMSM (wind turbine emulator) is directly
connected to the PMSG and the generator is connected to the AC load through a back-to-
back voltage source inverter and delivers power from the wind turbine emulator-PMSG
to the AC load.

This section presents results of both steady state and dynamic performance of the WECS
emulator and control strategy. At first, the steady state tests are carried out for different
wind speeds and different values of generator rotational speed. This involves varying the
generator speed at a certain wind speed and observing the turbine power, torque, power
coefficient, tip speed ratio, generator power, current, torque, DC link voltage, DC link
current, AC load power, current and frequency. The second test involves applying a
variable speed data and calculating the energy yield of the WECS over a period of time.
The torque of the drive side PMSM is controlled to emulate a 1 kW variable speed wind
turbine in a PMSG wind energy conversion system. In this concept, the rotor rotational
speed is measured and with the wind speed calculates the turbine torque which generates
the current references for the three phases which are compared with the actual measured
phase current and generates the gating signals for the drive side inverter. Since the
emulator depends on the rotational speed feedback and the PMSM drive and the
generator are directly coupled, to reproduce the power versus speed of a typical wind
energy conversion system, the PMSG rotational speed needs to be controlled. With a
certain wind speed selected, the generator speed is indirectly controlled by controlling

the generator torque. The emulator is developed using the controller to accept wind speed
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as a constant value or wind speed profile. The initial challenge is how to provide the
initial rotor speed the emulator requires to calculate the reference current. This problem
was solved by developing two modes of operation for the emulator; the current control
and the emulator mode. The emulator first starts with current control to build up
rotational speed and then changes to the emulator mode. Once this is achieved, current
control is applied at the generator side and DC link voltage applied to the AC load side.
The steady state tests were conducted for different wind speed such as 8m/s, 10m/s and
12m/s and at each wind speed, the current; voltage and power at different points were
recorded and plotted against the rotational speed. Some of the experimental results are

hereby presented.
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Figure 4-8: Variable speed WECS Emulator PMSG three phase stator current at 12m/s and current
reference (silver colour) of 20A on a current probe of 100mV/A
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Figure 4-9: Variable speed WECS Emulator PMSG three phase stator current at 12m/s and current
reference (silver colour) of 16A on a current probe of 100mV/A
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Figure 4-10: AC load three phase stator current at 12m/s and DC Link voltage reference of 57V on a
current probe of 100mV/A
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Figure 4-11: Variable speed PMSG WECS Emulator turbine power at different wind speed
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Figure 4-12: Variable speed PMSG WECS Emulator Turbine torque (for turbine only and for Lab.)
at 12m/s
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Figure 4-13: Variable speed PMSG WECS Emulator Power transfer from the wind turbine to the
AC load at 12m/s

Figure 4-8 shows a screen shot of the three phase experimental current demand to control
the rotational speed of the PMSG to 300 rpm for the wind turbine emulator to produce
maximum turbine mechanical power of 1kW at 12m/s while Figure 4-9 shows the three
phase current demand on the generator at the same 12m/s for the AC load power to have
a maximum value of 299W at a rotational speed of 337 rpm. Figure 4-10 shows the three
phase current supply to the AC load at which AC load power is maximum during the DC
link voltage control at 12m/s. It can be seen that the AC load current is controlled to the
reference value generated by the DC link voltage control. The results show that the
control technique can generate a fixed frequency AC current at 50Hz to the AC load. In
all cases, the actual stator current follows the profile of the current reference in
magnitude, in correct sequence and frequency with all the current waveform sinusoidal
except when control is lost at higher rotor speed. This validates the performance of the
PMSG WECS emulator and control strategy. However, it can be seen that when 20A
peak was demanded from the generator and using a current probe of 100mV/A, about
21A peak was actually produced by the generator leading to an error of 1A peak (see
figure 4-8). Generally, the performance of the wind turbine emulator and control strategy
depends on the accuracy of the feedback signals such as rotor speed and stator currents
which also depends on the accuracy of the encoder and current sensors. This difference is

consistent in all the recorded parameters and has been noted to be negligible.
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The PMSG stator current reference is then varied for the generator torque to track the
(Cpltip speed ratio) curve of the wind turbine emulator and turbine torque, input power,
and output power are measured by the torque transducer and 3-phase power analyser,
recorded and then plotted against rotor speed. Figure 4-11 shows the turbine power
versus speed at different wind speeds over the operating speed range of the generator and
Figure 4-12 shows the torque versus speed curve. In Figure 4-11 and Figure 4-12, it is
shown that the torque versus speed and power versus speed of the wind turbine have
been reproduced by the PM machine emulator. In Figure 4-13, the power transfer
characteristics of the PMSG wind energy conversion at 12m/s is shown by the power
output at different points measured during the experiments. The results shown validate
the correct direction of power flow and transfer from the wind turbine to the AC load by
the emulator. From the results, it is observed that the turbine torque reaches a maximum
point at a lower speed than the turbine power and the AC load power which is what is
expected of a typical WECS. These results confirm the effectiveness of the wind energy
conversion emulator and the control techniques. These performance tests are repeated for
8m/s and 10m/s and the results were used to validate the results of the simulation models
as shown in chapter 6, section 6.5.4. For the dynamic performance tests of the WECS
emulator and control strategy, a variable wind speed as shown in Figure 6.30 (a) was
then applied to the WECS emulator and a passive maximum power point tracking control
implemented. Maximum power points were recorded at each wind speed as shown in
Table 6-2 and Table 6-3. In all the steady state and dynamic performance tests, the stator
current, DC link voltage and powers at different points of the PMSG WECS are

maintained at the desired values.

The next chapter will present a more detail validation of the steady state performance of
the AVEM across the complete operating range of a small fractional horsepower PM

motor against both the switching model and an actual PMSM drive laboratory test rig.
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Chapter 5 Performance Validation and Analysis of the
Average Voltage Estimation Model for a PMSM Drive
System

5 Introduction

Two different modelling approaches for a PMSM drive have been outlined in Chapter 3
and the simulation results presented based on operation at full load current over a range
of speeds. The results shown in Chapter 3 demonstrate that the proposed AVEM s
suitable for the simulation and implementation of a complete PMSM drive system with
faster simulation times. This chapter validates the ability of the proposed model to work
under dynamic conditions with results being close to alternative methods such as the

switching model and laboratory tests.

In a variable speed PMSM drive, the current load demand and the torque produced over a
certain speed range is a very important operating performance characteristic. It is
important that the newly developed model accuracy be validated against existing
standards such as the detailed switching model and experimental results in predicting the
very important characteristic; torque versus speed envelope of the PMSM drive system.
There are a number of benefits to validate a model, namely to determine; the accuracy,
the limit of application, any deficiencies, and any modification that need to be applied.
This chapter compares the predictions for the torque/speed characteristics of the PMSM
drive system using the proposed average voltage estimation modelling method with the
switching modelling method and experimental results over the constant torque and field
weakening regions. The details of the experimental setup based on the switching model
are discussed in Chapter 4. The chapter also demonstrates the significance of the
inclusion of the VSI loss model into the AVEM by the ability of the AVEM to predict
power and efficiencies that are comparable with the experimental results over the
complete operating range. The scope of the validation of the AVEM is further widened to
include analysis of the PMSM drive system power, power losses and efficiencies and
compares the simulation results with the experimental results to show its ability to

predict power and efficiencies over the constant torque and field weakening regions.
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The simulation setup is the same as in section 3.5.2 but the results presented in this
chapter are based on different torque/current demands over a speed range of 100 rpm to
550 rpm using the switching model, the proposed AVEM and laboratory test. The PMSM
parameters used in the simulation are shown in Appendix A, Table 1. The chapter also
presents the benefit that can be derived using the AVEM model by comparing the
simulation execution time to the switching modelling method. In the simulation in this
chapter, the time step is selected to reflect the requirements of the modelling method. A

minimum time step of 100ns was used for the switching model and 30us for the AVEM.

5.1 Validation and Analysis of Current versus Speed of the
PMSM Drive System

In Chapter 3, the performance comparison of the AVEM with the switching modelling in
predicting the instantaneous motor phase currents was presented. The simulations at this
stage were expanded to include varying operating speed and torque demand from which
the steady state performance characteristics of the PMSM using the AVEM could be
validated. Generally, in variable speed drives the performance characteristics depend on
the applied control technique and the machine performance. Hence it is crucial to
validate and analyse the prediction of the PI current control of the PMSM drive system
motor currents by the proposed AVEM against the switching model and laboratory
testing. In addition, DC link voltage source or battery performance is very important in
knowing how to effectively utilise or conserve energy from the battery. While the DC
voltage is maintained constant, it is worthwhile to validate the performance of the DC
current prediction over the operating range considering the method of calculating DC

link current using AVEM model as described by equation 3.55.
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Figure 5-1: Comparison of the PMSM stator current (RMS) for AVEM, switching model and
experiments
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Figure 5-2: Comparison of DC link current for AVEM, switching model and experiments
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Figure 5-1 shows the PMSM motor phase currents under PI current control and Figure
5-2 shows the DC current prediction over the operating speed range using the AVEM,
switching model and experiment. Comparing the results of the simulation AVEM and
switching models and experiment, it can be seen that the results of the AVEM and
switching model agree with each other in low and high speed region and are reasonably
close to the experimental results especially in the constant torque region in controlling
the stator current to its reference value and predicting the DC current. It can also be seen
that with the switching model and AVEM, the motor phase currents track the reference
over a wider speed range than the test machine. While there is no loss of accuracy
between the results of the simulation models, there is some difference in the current
prediction between the simulation models and experimental results. The difference is
observed to increase as the current reference increases and more significantly in high
speed region. The author proposes that this difference is due to the different approach to
the loss consideration and calculation between the laboratory test rig and the simulation
models and also the Portunus PM machine model. In the experimental test rig, all the loss
components are parts of real life equipment while the simulation models, losses are
calculated. In addition, the experimental VSI module have all the components of VSI
losses embedded in the modules while in the switching model and AVEM, the VSI losses
are calculated using loss models developed from manufacture’s datasheets and this it is
suggested accounts for the difference. In general, it can be seen that in the low speed
region the results validate the effectiveness and accuracy of the model, and it is proposed
that future work, particularly in the Portunus PM machine model and adequate
consideration by the simulation models of losses present in the laboratory test rig system,
can further improve the performance in the high speed region. From an engineering
perspective the AVEM are acceptable and can be used for predicting the PMSM stator

current and DC link current.

5.2 Validation of Torque versus Speed Curves for the PMSM
Drive System

In variable speed electric motor drives the torque versus speed curves are important
output performance parameters used to evaluate the operating characteristics and

applications of the electric motor. It is important to state that each electric motor has its
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own particular torque versus speed profile which needs to be investigated before
application and operation. This has been the focus in variable speed drive system
analysis. Knowing the torque versus speed performance characteristics of any motor is
the first step in any successful application and operation of such a motor. It is useful in
determining the operating speed and limit of the motor, the type and the limit of the
applied load torque, for example the maximum load torque that can be applied to the
motor beyond which the motor will either stall or overheat. It is therefore important for
simulation model to accurately predict the torque versus speed characteristics of any
machine under investigation. For this particular PMSM under investigation, the torque
versus speed profile predicted by the proposed AVEM, the switching model and

experiment is shown in Figure 5-3.
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Figure 5-3: Torque-speed characteristics of the PMSM-VSI drive system

Figure 5-3 shows the comparison of the analysis of the torque produced by the AVEM,
switching model and experimental test rig at different current reference demand across
the complete speed range. It can be seen that the characteristics of the current control is
reflected in the PMSM torque output. The torque-speed profile result of the AVEM

agrees with that of the switching model over the complete operating speed range and is
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very close to the experimental results in constant torque region. It is observed that at
higher speed, there is a difference between the results of the simulation models and the
experimental results. Generally, the torque speed characteristics of VSI fed PMSM drive
systems experiences reduction in torque at speeds above the rated speed. This is because,
the speed of the PMSM determines the induced voltage at the terminals of the PMSM
and as the speed increases the induced voltage increased beyond the stiff DC link voltage
and limits the current that flows into the PMSM which is characterised with diminishing
and non-sinusoidal stator phase current away from the reference current as shown in
Figure 3-31 and 3-32. However the results shows a sharp decline of the experimental
results at higher speed which when compared to the simulation model, makes the
prediction of the simulation models seems to overestimate torque at higher operating
speed. This of course is largely due to the different approach to the loss consideration and
calculation between the simulation models and experimental setup as stated in section
5.1. Another significant factor is the accuracy of the Portunus PM motor model, the
improvement of which was outwith the scope of this study but the results have been fed
back to the Portunus developers to assist in their future model developments. On general
assessment, the results validate the performance and accuracy of the AVEM in predicting
the torque versus speed profile of the PMSM drive system. However, the accuracy of the
model can further be enhanced especially at higher speed region by giving some more
consideration to losses which are embedded in the test rig components, and also

improvements to the machine model.

5.3 Field Weakening Analysis

Field weakening is a very important technique in variable speed drive applications and is
applied when there is a need to extend the operating speed range of the motor drive. It is
important that the AVEM can accurately implement field weakening and is validated
against experimental results. There are approaches that can be used to field weaken at
higher speed in order to obtain higher torque and expand the operating speed range. One
such approach is to use the d-axis current [226][227] and another is to advance the phase
angle [228] between the reference current and the relevant motor back emf ( note: both
these techniques are essentially one and the same thing). In both these techniques the
idea is to produce d axis flux which opposes the rotor flux and therefore reduces the
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resultant back emf seen at the motor terminals. This in turn reduces the voltage
requirements on the inverter to force the motor currents to track the reference and as a
result sinusoidal current control is maintained at higher speeds. This section provides
results which demonstrate the ability of the proposed AVEM to implement field
weakening of PMSM drives at higher operating speeds.
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Figure 5-4: Torque-speed characteristics of average voltage estimation model and experiment of
VSI- fed PMSM drive system under field weakening at 15A current reference
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Figure 5-5: Comparison of Torque- speed characteristics with field weakening using AVEM
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Figure 5-4 shows how higher torque is achieved and the operating speed of this particular
machine under investigation extended using phase angle advance when the PMSM drive
system operated at 15A current reference. From the point where current control is lost
represented by 400 rpm, shown by the diminishing stator phase current, phase angle
advance have been used to achieve higher torque (indicated by dotted lines). Figure 5-5
shows a zoomed section of Figure 5-4 showing field weakening using the average
voltage estimation model. It can be seen that the AVEM predicted 13.59Nm at 400 rpm,
11.11Nm at 450 rpm and 4.25Nm at 500 rpm. However, when the phase angle is
advanced higher torque up to 12.59Nm was predicted by the AVEM at 450 rpm and
8.6Nm at 500 rpm. The results validate the ability of the AVEM to implement field
weakening of the PMSM drive system.

5.4 Power Validation and Analysis of the PMSM Drive System

The key outcome to any simulation model of a variable speed machine drive system is to
correctly predict the input power, the losses and output power from which efficiency can
be determined. The performance of the system with the AVEM and switching model in
predicting power input and output is simulated and analysed and the results validated
against experimental results. At constant DC link supply voltage of 57V, the DC power
input, the three-phase VSI output power and the mechanical power output are recorded
for different rotational speeds. The powers obtained from the AVEM were then

compared with the switching model and experimental results.

In a real time PMSM drive test rig, with high performance measuring equipment such as
a power analyser, ammeter, voltmeter, torque transducers and position encoder, power
can be measured or calculated at different points in the drive system. Generally, the
power relation in a variable speed drive utilising input DC power is given by

Pm = PDC - Pinverter electrical — Plosses (5-1)

Where B, is the mechanical power output, Py is the DC input power, Pipyerter electrical
is the voltage source inverter output power or power supplied by the voltage source
inverter to the terminals of the PMSM and P, iS the VSI losses and machine losses

I.e. stator copper loss, iron loss, magnet loss and friction and windage loss. However in
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the simulation model, the situation is different especially in the proposed AVEM where
the VSI is eliminated. In such a situation, the losses have to be modelled and
incorporated into the model. A detailed discussion on the VSI loss model is presented in
section 3.3. Since the losses are modelled in the simulation models, a classical approach
is used to calculate the DC link power input. The measured electrical power at the
terminals of the PMSM drive is added to the VSI inverter losses from the loss model to
calculate the DC input power. The resultant powers predicted at different points in the
PMSM drive system from the AVEM, the switching model and experimental test rig are
plotted as a function of speed.
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Figure 5-6: Comparison of DC input power using AVEM, switching model and experiments at
different current reference
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Figure 5-7: Comparison of PMSM input power using AVEM, switching model and experiments at
different current reference
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Figure 5-8: Comparison of mechanical output power using AVEM, switching model and experiments
at different current reference
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Figure 5-6, Figure 5-7 and Figure 5-8 show the validation of the power prediction of the
PMSM drive system by the AVEM model, the switching model and experimental results.
Figure 5-6 shows the DC input power to the drive system, while Figure 5-7 shows the
electrical power at the terminals of the three phases PMSM and Figure 5-8 shows
mechanical power output of the PMSM drive system. From the results, the same level of
accuracy as demonstrated with current control and torque versus speed is shown between
the predicted power of the simulation models and experimental results in the low speed
region. It can be seen that the power predicted by the AVEM, the switching model and
experiment follow the same profile and increase with an increase in current reference and
speed. However, there are some differences between the simulation model and
experimental results. The difference again increases as the current reference and speed
increases. The simulation models results as shown in Figure 5-6, at low speed region,
underestimates the DC link power compared to the experiment results which becomes
obvious at high current reference. Contrary to this, at the higher speed region, the
simulation model results can be seen to be overestimating the power compared to the
experimental results. This difference is largely due to differences in the loss
consideration between the experimental setup and simulation models. The results
indicates that the simulation models make insufficient consideration of VSI losses and
the Portunus PM machine model does not make appropriate consideration to power
losses in the higher speed regions. On general assessment, from the design point of view,
the results validate the accuracy of the AVEM to predict the powers versus rotor speed
profile of the PMSM drive system under investigation similar to that of the experiment
results and can be used for the analyses of electrical machine drive power, losses and
efficiencies. However, appropriate consideration of the VSI and motor losses should be

made in the simulation models to further enhance their performance.

5.5 Efficiency Validation and Analysis of the PMSM Drives
System

The efficiency analysis is a significant aspect of the drive design process which
determines effective utilisation of input power from the source and the power available to
the mechanical load at various speeds. It is therefore necessary to validate any new

simulation model’s ability to be used to study and analyse the efficiency and losses of the
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electric motor drive system. It is clear that not all the power supplied to the drive system
gets to the mechanical load, some of the power is lost in the system. The power losses are
dominant in the inverter and the motor, hence accurate prediction of losses is an
important tool to efficiency analysis. Power losses can be analysed by computing the
difference between the input power and the output power while efficiency is the ratio of
the power output to the power input. This computation can be made for the inverter,
motor and the overall system. This section presents validation of efficiencies and losses
between the AVEM and the experimental results considering that the results shown from
section 5.1 to 5.4 already confirms that the AVEM predict results similar to the switching
modelling method.

5.5.1 Validation and Analysis of the VVoltage Source Inverter Losses
and Efficiency

The VSI efficiency is calculated at each current reference by comparing the inverter
output power to the DC link input power and the losses determined by the difference
between the inverter output power and the DC link power. With the proposed AVEM
model where the VSI is eliminated, the loss model described in section 3.3 is
incorporated into the model to effectively analyse power and efficiency using AVEM.
Since the losses in the simulation models are modelled, a classical approach is used to
analysis the efficiency. The measured electrical power at the terminals of the PMSM
drive is added to the VSI inverter losses from the loss model to calculate the DC input
power and the inverter efficiency is analysed. The VSI efficiency at various current
references predicted by the AVEM and experiment were plotted as shown in Figure 5-9 —
Figure 5-11.
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Figure 5-9: Comparison of VSI Losses and Efficiency of by AVEM and experiment at 5A current

reference
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Figure 5-10: Comparison of VSI Losses and Efficiency by AVEM and experiment at 10A current
reference
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Figure 5-11: Comparison of VSI Losses and Efficiency by AVEM and experiment at 15A current
reference

Figure 5-9 — Figure 5-11 show the voltage source inverter efficiency and by extension the
VSI losses predicted by the AVEM and experimental results at different reference
currents over the speed range. It can be seen that the efficiency and losses predicted by
the AVEM follow the same distribution against speed as that of the experiment both at
low current reference and higher current reference especially in the low speed region.
From these results the same trend is exhibited by both the AVEM and the experimental
results on VSI losses with regards to changes in the current reference. The VSI losses
increases with increase in current reference, for example, at 5A current reference, the
maximum VSI losses predicted by the AVEM is 18W and that of the test data is 17W
while at 15A current reference, the maximum VSI losses using AVEM is 118W and that
of the experiment is 103W. It can be seen that the accuracy of the efficiency prediction
by AVEM improves as the current reference increase. Comparing the prediction of the
AVEM and experimental results in terms of loss consideration, the AVEM needs to give

more consideration to VSI losses to further enhance its accuracy.
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5.5.2 Validation and Analysis of the PMSM Losses and Efficiency

Variable speed drives convert electrical power into mechanical power which is a function
of the generated torque and the operating speed. The efficiency on how the electrical
power is utilised to obtain mechanical power output depends on the losses present in the
electric motor. This section validates and compares the PMSM losses and efficiency

predicted by the AVEM with the experimental results.
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Figure 5-12: Comparison of PMSM Losses and Efficiency by AVEM and experiment at 5A current
reference
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Figure 5-13: Comparison of PMSM Losses and Efficiency by AVEM and experiment at 10A current

reference
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Figure 5-14: Comparison of PMSM Losses and Efficiency by AVEM and experiment at 15A current
reference
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Figure 5-12 — Figure 5-14 show the comparison of the PMSM losses and efficiency
predicted by using the AVEM and experimental results at different reference currents
over the speed range. It can be seen that the efficiency and losses predicted by the
AVEM follow the same trend as that obtained with the VSI losses and efficiency seen by
the same distribution of the losses and efficiency curve of the AVEM and experimental
results in the low speed (constant torque) region. Again the PMSM losses increase with
increase in current reference with better predicted accuracy at higher current reference.
The poor prediction of the PMSM efficiency at low current reference compared to
experimental results is due to the underestimation of the mechanical output through the
underestimation of the torque as shown in Figure 5-3. However comparing the prediction
of the AVEM and experimental results, the results validate the accuracy of the AVEM in

predicting the profile of the efficiencies and losses of the PMSM drive system.

5.5.3 The PMSM Drive System Efficiency

The PMSM drive systems overall efficiency and losses based on DC link input power
and mechanical output power predicted by the AVEM and experiment are potted against
the operating speed as shown in Figure 5-15 — Figure 5-17.
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Figure 5-15: Comparison of the PMSM drive Losses and Efficiency by AVEM and experiment at 5A
current reference
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Figure 5-16: Comparison of the PMSM drive Losses and Efficiency by AVEM and experiment at 10A
current reference
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Figure 5-17: Comparison of the PMSM drive Losses and Efficiency by AVEM and experiment at
15A current reference

133



Chapter 5 Performance Validation and Analysis of the Average Voltage Estimation Model for a PMSM
Drive System

Figure 5-15 — Figure 5-17 shows the losses and efficiency of the PMSM drive system
predicted using the AVEM and the experimental results. The curve of the efficiency and
the losses predicted over the speed range by the AVEM is similar in shape to the
experimental results. The losses are also seen to increase with the current reference. The
differences in the numerical value of the losses and efficiency predicted between the
AVEM and experiment is due to the differences in the power predicted at each level of
operation. However, from the engineering point of view, the AVEM have shown promise
in predicting the performance characteristics and quantities of a typical electric motor

drive system.

5.6 Comparison of Simulation Execution Time

In all the simulations in this chapter, the simulation step sizes were chosen to reflect the
requirements of each method. The limiting factor of the Average Voltage Estimation
method is the minimum step size, which is restricted here to less than the Pl loop run
time of 50us on a typical real-life DSP. For the PWM switching model, the limiting
factor is minimum step size, which is set to the resolution of the PWM duty cycle,
typically <1000™ of the PWM switching period.

Table 5-1: Comparison of simulation completion time between switching model and AVEM

Models Minimium Maximium Simulation Time taken to
time step time step set time complete
(s) (s) (s) simulation
Switching | 100e™ 1e” 0.5 2.5 hours
model
AVEM 30e® 1e” 0.5 3 minutes
AVEM 40e® 1e” 0.5 2 minutes

Table 5-1 shows the comparison of the simulation completion time between the
switching model and AVEM model. It can be seen that with the simulation set time of
0.5s, completion time for the switching model with a time step of 100ns is 2.5 hours
while the simulation completion time for the AVEM with freedom of time step 30us is

3 minutes and 40us is 2 minutes which is 50 to 70 times faster than the switching model.
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5.7 Conclusion

A comprehensive validation of the AVEM model has been presented in this chapter
including all aspects of steady state performance analysis of PMSM drive systems
ranging from current control prediction to efficiencies. The chapter begins with the
validation of both the stator current and DC current reemphasising the ability of the
AVEM to implement PI current control. Further to this the chapter also presented the
very important characteristic of adjustable speed drive; the torque versus speed curve.
The torque versus speed profile of the PMSM under investigation was adequately
validated against the corresponding switching model and experimental results and the

AVEM shows a reasonable degree of accuracy.

The chapter also considered the implementation of field weakening of the PMSM drive
using the proposed average voltage estimation model. In addition to this the chapter also
demonstrates the benefits that can be derived with the inclusion of the VSI model into the
AVEM, which enables the actual power flow to be accurately determined and compared
with existing standard models such as the switching model and experimental results. The
chapter extended the scope of validation to include input power, VSI output power,
mechanical output power and efficiency. Adequate analysis of the simulation results and
experimental results are presented stating the level of accuracies and differences which
are predominantly occurring at higher speed with reasons given where there is difference
and methods to enhance the performance of the simulation models suggested. The last
part of the chapter which deals with the most significant benefit of the AVEM is the
comparison of the simulation execution time. The models were simulated based on the
time step requirements of simulation models and the AVEM is found to be 50 to 70 times
faster than the switching model. The results show a good agreement between the AVEM,
the switching model and experimental results and the AVEM demonstrates itself to be
capable of significantly reducing the simulation time. It is hoped that this average voltage
model will be adopted as an alternative model in the PM motor drive design process.

The next chapter will present an expansion and development of the proposed average
voltage estimation model for a full scale back-back VSI in variable speed PMSG wind

turbine systems applications.
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Chapter 6 Development of an Average Voltage
Estimation Model for a Full Power Electronic
Converter based Permanent Magnet Synchronous
Generator in a Wind Power Application

6 Introduction

Wind energy conversion systems utilising PMSG with back-back VSI are an attractive
addition to renewable energy conversion systems in recent times. They are used for small
power systems providing off-grid electricity for rural remote areas, as well as connection
to the grid. Recently, development of PMSG WECS have advanced with increasing
complexity and power capability leading to extensive research in novel wind power
generation systems. Current research and development is focussed on cost effective
methods of harnessing wind energy in several locations such as onshore, offshore and
remote locations. In addition, the whole concept of wind energy conversion systems is
also changing; generators are now designed with multiple phases, multilevel voltage
source converters and in a more advance form, the emergence of modular multilevel
voltage source inverter are attracting serious research interests. These modifications are
geared towards achieving higher voltage level, higher power level and high efficiency.
As the topologies become more and more complex with increasing numbers of power
electronic devices (e.g. IGBTS), it become more important to simulate the behaviour of
the WECS and control strategy under various conditions in order to develop an efficient
WECS and control strategy. The simulation execution times under this circumstance will
become significantly longer due to the large number of power electronic devices
involved and the effect of the simulation small step time requirement of the PWM
resolution for accuracy. One of the key models among the simulation models needed for
the WECS is the back-back voltage source converter model. From the simulation point of
view, this model can be simplified without necessarily having to include the VSCs.
Hence for small, large and complex WECS, it requires a more simplified model which
can enhance rapid and fast development of cost effective and efficient WECS and control
strategies. The most important factor to consider is to incorporate the dynamics of the
PMSG, control strategy and load into the model and it should be used to analyse within a

short time scale different design changes.
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The average voltage estimation modelling of voltage source inverters has been
investigated and validated for PMSM drive systems in the previous chapter. It has been
shown that the AVEM model is a faster method of simulating VSI in variable speed
PMSM drive systems. This modelling approach which was further developed by the
author for a generalised variable speed PMSG drive system [229] is expanded and its
application can be extended to the simulation and analysis of variable speed PMSG wind
energy conversion systems with three phase full scale back-back voltage source
converters. This chapter presents one of the major contributions of this research, the
development and implementation of average voltage estimation model of a three-phase
back-to-back VSI fed variable speed wind turbine permanent magnet generator. It is
indeed unique because average voltage estimation model of this kind is harder to find in
literature. Most of the previous efforts of average value models are developed for either
AC/DC or DC/AC based on fixed value DC voltage or DC link rectified voltage
dedicated to motor drive or DC/AC grid connected systems. However, this can be
extended to back-back VSI but can be computationally intensive and time consuming to
do that. Dealing again with variable speed voltage sources e.g. wind, ocean etc., which
implies variable rectified DC link voltage becomes challenging and requires a lots of
knowledge to arrive at a final model that will be feasible for the study of the behaviour
and characteristics of the conversion system. Therefore, a simple model of WECS based
on average voltage estimation in one switching period is much faster than the switching
model and requires less to model. Initially, the detailed switching model of back-back
VSI with variable speed PMSG wind energy conversion system will be developed to
show the switching functions and then the development of the AVEM with PMSG wind
energy conversion system to compare the simplifications and the benefit in terms of

simulation execution times.

6.1 Detailed Switching Model of Full Scale Back-Back Voltage
Source Inverter with PMSG Wind Energy Conversion
System

The block diagram shown in Figure 6-1 describes a detailed back-back voltage source
inverter switching model of the variable speed PMSG wind turbine. As a configuration

suitable for small scale standalone wind energy conversion systems, the variable speed
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multiple pole PMSG is directly driven by a fixed pitch low power wind turbine and
connected to an AC load through a two level three-phase back-back voltage source
converter (VSC). The back-back VSC consists of the three-phase AC/DC voltage source
converter (VSC) at the generator side and the same configuration of three phase DC/AC
voltage source inverter (VSI) at the AC load side. The generator side converters is
connected to the AC load side inverters through a capacitor which serves as a storage
device, filters voltage ripple and a point of isolation between the generator frequency and
the load side frequency. This configuration can be modified to include a transformer at

the AC load side when higher voltage is needed to integrate to grid.
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Figure 6-1: Block diagram of two level back-to-back PWM voltage source converters switching with
variable speed PMSG wind energy conversion system

Compared with the configuration shown in Figure 3-1, the number of power electronic
devices is now increased to a total of 12 power electronic PWM converter switches and
12 antiparallel diodes (6 at the generator side and 6 at the load side) as shown in Figure
6-2, where both the generator side VSC and the AC load side use PWM controlled IGBT
switches. With the increased number of power switches and diodes, the simulation
execution times due to switching behaviour of the power electronic PWM converters will
become even longer due to the multiplier effect of the small step time of the PWM
resolution requirement for accuracy. However, under the action of the control strategy,
the generator side converts and processes variable frequency AC voltage to DC voltage

while the AC load side converts and processes DC voltage to fixed frequency AC
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voltage. The controller at the generator side and the AC load side depends on the choice
of control parameters. In a wind energy conversion system, the aim of the control is to
track as much power from the wind and delivered a constant frequency power to the
load/grid. In order to achieve MPPT and DC link voltage regulation as the wind speed
changes, the generator side converter is designed to control the wind turbine and
generator speed to track maximum power at low speed and limit over power at high
speed, while the AC load side converter matches the output power from the generator to
the load by maintaining a constant DC link voltage. This enables a fixed frequency and
fixed voltage to be supplied to the AC load.
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Figure 6-2: Circuit configuration of two level full scale back-back voltage source converters

From Figure 6-2, it can be seen that the generator side AC/DC converter has three phase
input voltages defined as V,, Vg, Ve which are converted to a DC voltage V5. which
serves as the input voltage to the AC load side DC/AC voltage source inverters. The AC
load side inverter produces three phase output voltages given as V,, V,, V. at the terminals
of the three phase AC load. For the conversion to take place, the two complementary
power electronic switches in each phase leg operate in switch mode i.e. when the upper
switch on one phase leg is ON, the lower switch on the same phase leg is OFF and vice

versa given by

g — {1 upper switch ON
' 10 lower switch ON

Where, the subscript i represent phase A, B, and C.

139



Chapter 6 Development of an Average Voltage Estimation Model for a Full Power Electronic  Converter
based PMSG Wind Power Application

For the switches to operate this way, a suitable control strategy is required. The
sinusoidal Pulse Width Modulation (SPWM) control is applied to generate the switching
signals for each leg of the converters as described in section 3.1, therefore the three phase

voltages at the generator terminals are given as a factor of DC link voltage and switching

function as
Va =2€(255 — Sg — S¢) (6.1)
Vg = "2 (=S, + 2S5 — S¢) (6.2)
Ve = 226 (=S, — S + 25¢) (6.3)

Where Vpc is the DC link voltage, Sa,Sgand Sc are the switching function when the

upper switch in each phase leg of the generator side converters is on.

In a similar way, the three phase output voltages from the AC load side inverter can be
expressed as a function of the DC link voltage and switching signals. From Figure 6-2,
the circuit configuration of the load side inverters is the same as the generator side
converters; the different is the mode of conversion. During the switching of the power
converter switches as a result of the load side controller, the three phase voltages

established at the terminals the three phase AC load given can be given by

Va = "2€(25, — Sp — So) (6.4)
Vy = “25(=Sq + 28, — S.) (6.5)
V, = 225 (=S, — Sy + 25.) (6.6)

Where S,, S, and S, are switching functions when the upper switch in each phase leg of
the AC load side inverters is ON.
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6.2 Average Voltage Estimation Modelling of Back-Back VSI
with Variable Speed PMSG Wind Energy Conversion
System

In a cost-effective design process and analysis of variable speed PMSG and control
system, the requirement is to deliver to the customer or market within the shortest
possible time, and therefore the long simulation time is unacceptable. In view of this, an
alternative average voltage estimation model of voltage source inverter that can be
rapidly and accurately simulated and used in place of the detailed VSI switching model
with variable speed PMSG is proposed. Figure 6-3 shows the configuration of the
developed average voltage estimation model of VSI for a variable speed PMSG wind
energy conversion system. It consists of the wind turbine, the PMSG, the generator side
and AC load side controllers identical to the VSI switching model but compared with the
detailed switching model shown in Figure 6-2, the three-phase back-back converters
(VSI) and DC link capacitor are totally replaced with two-three-phase average voltage
estimation functions and voltage sources, one at the generator side and another at the AC
load side. In between the generator side and the load side average voltage models is a
“Virtual’ DC link the voltage of which is estimated by the model.

3-phase

WT AC Load

Rotor Position

Phase currents

Phase currents

Figure 6-3: Average Voltage Estimation Model of back-back voltage source inverters with PMSG
wind energy conversion system

In general, the average voltage estimation model of a full scale VVSI with variable speed
PMSG is developed based on the control strategy and the switching function of the VSI.
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The average voltage estimation model (AVEM) of a full scale back-back VSI with
variable speed PMSG wind energy conversion system similar to the detailed switching
model, consists of two models, the generator side AVEM and the AC side AVEM. The
generator side AVEM controls the speed of the generator and wind turbine to track
maximum power below rated wind speed and limit power above rated speed while the
AC load side AVEM ensures that the DC link voltage is constant in order to generate a
fixed voltage and frequency to the AC load/grid. The generator side model depends on
the duty cycles from the generator side controller while the AC load side model uses duty
cycles from the AC load side controller. The control strategy is based on the principles of
the SPWM, however instead of using PWM as in the case with the switching model, the
reference sinusoidal waveform is compared with the measured sinusoidal value to
generate the duty cycles and the AVEM uses the duty cycles to estimate the average

phase voltage in each switching period.

6.2.1 Generator Side Average Voltage Estimation Model (AVEM) of
AC/DC Voltage Source Converters

The AVEM for the PMSM drive has been described and developed in Chapter 3 and is
the same as the AVEM for the PMSG side converter. As can be seen Figure 6-3, the
configuration of the generator side AVEM same as the AVEM of PMSM drive shown in
Figure 3-14 (b), the only difference is the mode of operation and the control parameters
used to generate the duty cycles and the addition of the wind turbine. While the PMSM
drive converts electrical power to mechanical power, the PMSG drive converts
mechanical power (in this case from a wind turbine) to electrical power. In order to
realise generating mode, the simple approach to this is to ensure that the reference
current is at 180° out of phase with the back EMF and in the simulation model, this can
be achieved by changing the polarity of the reference current. For the duty cycles, they
are generated from the generator side control strategy which can be from current control,

voltage control and MPPT control techniques.
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6.2.2 AC load Side Average Voltage Estimation Model of DC/AC
Voltage Source Inverters

Since in most cases the objective of the AC load/grid side is to maintain a constant DC
link voltage, the AC load/grid side AVEM is developed to perform the same function of
maintaining a constant DC link voltage. Therefore, the inputs to the AC load side AVEM
are the duty cycles from the DC link voltage controller. It is important to state that
though the AVEM was first developed for three phase PMSM drive system as described
in section 3.2, it can be applied to any three phase system. With this being the case, the
AVEM is applied to replace the three phase VSI at the AC load/grid side. However,
modifications are made to apply the model to the AC load/grid side inverter. The duty
cycles for the estimation of the AC load side is generated based on the control of the DC
link voltage and this requires measurement of the AC load side currents which is
different from that of the generator side. For the purpose of clarity, it is important to state
that the designation used for the terminals of the AC load phases are: a, b, ¢ and the

three-phase AC load current as i,, ipand i..

6.3 Modelling of the DC Link Voltage

In section 3.2, the developed average voltage estimation model considers a constant DC
link voltage which can be achieved from a battery source or a constant frequency
rectified DC voltage and a value can be used for DC voltage in simulation. In the case of
variable speed PMSG, as the speed varies the DC link voltage varies as speed varies and
the control is required to ensure its maintained constant even when the wind speed varies.
Therefore, modelling the DC link voltage is important in order to implement the
generator and AC load side AVEM. The DC link model provides the required value of
the DC link voltage and also establishes a ‘Virtual’ connection between the variable
speed generator output and AC load/grid. The DC link voltage model is built based on
the generator side DC link current and the AC load side DC link current as well as the
DC link capacitance value. Whereas the generator side and the AC load side DC link
current in the detailed switching model can be measured by simply using an ammeter, the
DC Link current from the generator side and to the AC load side of the average voltage

estimation model are calculated by the model.
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Figure 6-4: Commanded PWM output and equivalent circuit of three-phase AC load in sector 1

Figure 6-4 shows an example of a commanded PWM output and equivalent circuit of a
three-phase load in sector 1. The PWM switching pattern, equivalent circuits and
associated switch states shown in Figure 6-4 are used and an example of how the
generator side DC link current is estimated is given. The sector is divided into four
periods each having times TO, T1, T2 and T7 respectively. During the states TO and T7
all the phase currents are circulating around the phases and therefore the DC Link current
is zero during these times. During state T1 the DC Link current is equal to the phase A
current and during state T2 the DC Link current is equal to the negative of phase C
current, therefore the average DC Link current during this switching period in sector 1 is

given as follows:

iy — o= ic (6.7)

IDCgen = Tsw

Tsw

The AC load side is modelled as a balanced three phase AC load consisting of a series
combination of resistance and inductance. PWM outputs and equivalent circuits in sector
1 are similar to the one shown in Figure 6-4 and is used to derive the AC load side DC
Link current. For ease in identification of the parameters used for the estimation, the
three-phase designations used for the AC load side are a, b, c. Once again a similar
approach is adopted on the load side to determine ‘instantaneous’ DC Link current

supplied to the load given by

144



Chapter 6 Development of an Average Voltage Estimation Model for a Full Power Electronic  Converter
based PMSG Wind Power Application

T1 . T2 .

IDCload = Tsw lg — Tsw le (68)

The DC link currents in (6.7) and (6.8) are calculated in all the sectors in a switching
period with consideration to the PM Machine equivalent circuits and commanded PWM
output in each of the sectors and averaged over a period of time to obtain the actual DC
link current. The final step is to determine the ‘instantaneous’ DC link voltage which is

achieved through the relationship:

1
Vpe = gf(22=1 Incye, — Yo=1Ipcip0q) (6.9)
Where n is the number of sector, C is the capacitance value

Two approaches are possible, either to model the DC link voltage as a parallel current
sources separated by a DC link capacitor where the average DC current estimations are
then input to a piecewise linear current source which then represents the ‘instantaneous’

DC Link current supplied by the generator, Incy, and that supplied to the AC load

inverter, Ip¢,, .4+ Or by online estimation of the DC link voltage knowing the equivalent

value of the DC link capacitor.

6.4 Implementation of Average Voltage Estimation Modelling
of Back-Back VSI with Variable Speed PMSG Wind
Energy Conversion System

The simulation of variable speed PMSG wind energy conversion system (WECS)
requires models and modelling a wind energy conversion system in its completeness
including all the dynamics and interactions of the components of the system such as the
variable speed wind turbine, the mechanical drive, the PMSG, the power electronic
converters, the AC load/grid and control technique. A good understanding of the
functions of all the components of the wind energy conversion system is also important
in order to achieve an accurate model. While the wind turbine extracts as much power as
it can from the wind and converts it into mechanical power, the generator converts the
mechanical power from the wind turbine into electrical power and the AC/DC/AC power
electronic converters process and converts power for the AC load/grid. Hence, a
complete model includes the wind turbine model, the PMSG model, the full scale back-
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back VSC model or its equivalent (full scale average voltage estimation model) and the
AC load or grid model.

6.4.1 Modelling of Wind Turbine

The model of the wind turbine is based on a fixed pitch five blade 1kW horizontal-axis
wind turbine with a rotor diameter of 2m with the detailed parameters shown in
Appendix A, Table 2. In order to model a Wind turbine the dynamics of the mechanical
drive train must be adequately represented. The dynamics of the mechanical drive train
can be represented either as a single rotating, two rotating mass or three-mass drive train.
This is in consideration of the various mechanical effects acting on the wind turbine and
generator such as the moment of inertia of the blade, hub and generator, the resistant
torque in the wind turbine and generator bearing, the resistant torque in the hub, blades
and generator due to the viscosity of the airflow, and the torque of torsional stiffness.
When the mechanical drive train is represented by two rotating bodies, the inertias and
resistant torques of the wind turbine and generator are separated [230][231]. For its
implementation, detailed information of the resistant torques in wind turbine and
generator bearing, resistant torques in the viscosity of the airflow on wind turbine and
generator are required. This information is not easily available. In a more advanced case,
a three mass model of the mechanical drive train is used for the study of the transient
stability associated with the effect and bending of long flexible blade normally associated
with large wind turbines [232][233].

In a small scale wind turbine of the range of 1kW -10kW considered in this thesis, where
the turbine rotor is directly connected to the generator without a gearbox, a single-mass
lumped model is adequate for the study of any characteristics and control strategies. The
proposed model of the WEC is based on a single mass drive train where the wind turbine
and the generator inertia are lumped together arriving at an equation which describes the

wind turbine rotor dynamics.
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Figure 6-5: Block diagram of wind turbine and generator torque model

Figure 6-5 shows a block diagram of the wind turbine and generator torque model. The
torque model represents the mechanical and electrical characteristics of the WECS whose
rate of change of rotor angular speed can be calculated from the relationship between
turbine mechanical torque, T, and generator torque, T, as follows;
L = 2 (T — T, + Cpwy ) (6.10)
dt J
Where J is the combined wind turbine rotor and generator inertia, w, is the turbine
rotational speed (rad/sec), C, is the viscous friction coefficient, and T, and T, are the

turbine mechanical and generator electrical torque respectively.

The individual blocks in Figure 6-5 play important roles in wind energy conversion
system and will be described in detail. The wind turbine extracts energy from the wind
and converts it to mechanical power needed to produce the required mechanical torque to
interact with the electrical torque from the generator to produce electrical power.

The mechanical power output of the wind turbine is calculated using the generic equation

given as;
B = 0.5pAC, (A, BV, (6.11)

Where: p is the air density (1.225kg/m”2), A is the swept area (4 = mR?) of the rotor
blade, C, is the power (performance) coefficient of the wind turbine, A is the tip-speed

ratio, 3 is the rotor blade pitch angle and V;, is the wind speed (m/s).
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It can be seen that mechanical power of the wind turbine, P, depends on the
aerodynamic characteristics of the wind turbine defined by the efficiency of the wind
turbine called the power coefficient, C,,. The power coefficient C, is a nonlinear function
of the tip speed ratio and the pitch angle with the maximum possible value set by Betz
limitas C,, = % = 0.593 [231]. For fixed-pitch angle blade the actual mechanical power
extracted from the wind by the fixed-pitch angle blade of the wind turbine can be
calculated by

P, = 0.5pmR?C,(M)V,° (6.12)

In this case, the power coefficient, C,, depends only on the tip-speed ratio and is given as

R
Vw

A=

(6.13)

Where: w, is the wind turbine rotor angular speed, R is the wind turbine blade radius

In order to generate electrical power, the mechanical power extracted from the wind
turbine described (6.12) must generate mechanical torque and apply it on the generator.
The mechanical torque is depicted by

T, = (6.14)

Wy

Combining (6.12) and (6.13) and substituting into (6.14), the mechanical torque can be

calculated using the expression

T,, = 0.5pTR3V,,*C, (6.15)
¢ =22 (6.16)

Where: T, is the mechanical torque (Nm) and C; is the torque coefficient.

In order to implement the wind turbine model and emulator, the unique aerodynamic
characteristics defined by the relationship between the power coefficient and tip speed
ratio is required. Therefore, accurate representation of the C,/A curve is very
important in the development of wind turbine model and emulator. There are methods
available to develop the C,/A characteristics. Some of these methods are based on
numerical approximations and polynomial expressions of C,vsA as reported in

[234][235]. The advantage of the polynomial approach is that the model and emulator
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can emulate different turbines by simply changing the coefficients of the expression, the
drawback being that the computation is complex and reduces performance. In fact much
effort and computing time will be spent with considerable errors. An alternative approach
to model C,/A curve is the look-up table approach. This approach requires a complete
replacement of the table each time the turbine parameter is changed, but this is preferable
and is used in the thesis because it represents a true C,,/A as it’s obtained directly from
the wind turbine manufacturers or data sheet. Each C,/A curve has a maximium C,, and
an optimium tip speed ratio at which maximium power can be extracted. The optimium
tip speed ratio is based on the number of wind turbine blades and its value decreases as

the number of blade increases given by [236]
Aopt = 47” (6.17)
Where n is the number of wind turbine blades.

To operate at an optimium tip speed ratio higher than that defined by equation 6.17, most
modern wind turbine blades are designed with highly efficient aerofoils which enable the
wind turbine to operate at higher rotor rotational speeds and produce higher power.

Figure 6-6 shows a typical C,/A used in modelling wind turbine in the thesis.

0.35

Cemax

\
\

~,

0.15 /

N\

Power Coefficient [/]

o
i

0.05

0 1 2 H’G'Ptﬂ 4 5 6 7 B
Lamda [/]

Figure 6-6: Power Coefficient versus tip speed ratio curve for the PMSG WECS
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Figure 6-7 shows the block diagram of the model of wind turbine developed and
implemented in PORTUNUS. The model is developed to calculate the mechanical power
and torque that is applied to the rotor of the PMSG. This is achieved with wind speed and
feedback rotational speed of the generator as inputs to the model. In a practical situation,
this method involves the measurement of wind speed and rotational speed. Wind speed is
measured using an anemometer and the rotational speed is measured with a speed sensor
or an encoder mounted on the shaft of the generator. In addition in the simulation model,

a wind speed profile can be developed and applied to the model.
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Figure 6-7: Block diagram of PORTUNUS wind turbine model

The next component model to consider is the permanent magnet synchronous generator
model. As stated during the PMSM drive system modelling, the existing PM machine
model in PORTUNUS simulation model is used, this is because much emphases on this
thesis is placed on developing an alternative model for back-back voltage source inverter

rather than improving the PM machine model.

6.5 Control Strategy

In order to implement the detailed switching and the average voltage estimation model of
a voltage source inverter with variable speed PMSG wind turbine, a control strategy must
be selected, developed and applied. It is obviously very important for any control
strategy to take into account the variability of wind speed. The control techniques
considered in this work is based on sinusoidal pulse width modulation (SPWM). SPWM
is a well-established independent control technique in which each phase is controlled

independent of the other. It is implemented with PI regulators. There are two controllers,
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the generator side controller (GSC) and the AC load side controller (LSC). The generator
side controller is designed to control the speed and the torque of the PMSG to track
maximum power from the wind by controlling the stator current, and the AC load side
controller controls the DC link voltage to the reference value, in order to control the
power flow to the AC load. It is worth noting that future plans are to apply the proposed
averaging technique to other control strategies such as vector control with the actual
implementation of the AVEC block being essentially identical to the one for SPWM.

6.5.1 Generator Side Controller

The generator side control technique shown in Figure 6-8 consists of two main parts
which are the outer speed control loop and the inner current (torque) control loop. The
outer speed control loop controls the PMSG speed by controlling the generator stator
current in a manner to track maximium power of the wind turbine at wind speeds below
rated speed and limit power extraction to the rated power at higher wind speeds. The
basic principle is that the generator side controller indirectly controls the electromagnetic
torque by controlling the generator rotational speed to its optimum rotational speed at
various wind speeds and in so doing maintains the tip speed ratio at the optimum value at

all wind speeds.

For every wind speed there is an optimum rotational speed, w,,, which corresponds to
optimum tip speed ratio, A,,, Where the power of the turbine is maximum. In order to
extract maximum power as wind speed varies, the turbine rotational speed is controlled
to operate at the optimum tip speed ratio. This can be achieved by controlling the turbine
rotational speed using a MPPT control technique given as

AontVw
(A)opt = l;: (618)

Where: w,,, is the optimum rotational speed (rad/sec), A,,, is the optimum tip speed
ratio. From Figure 6-6, the optimum tip speed ratio at which maximum power can be

extracted is 2.62 while the maximium coefficient of power, Cp,,4, = 0.3.

The generator side uses the MPPT control to generate the optimum rotational speed
(speed reference) which the outer speed control loop compares with the measured speed

to generate a speed error signal. The speed error is fed into and processed by the Pl
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regulator to generate the reference current for the inner current control loop. However,
for steady state performance tests of wind turbine emulator a variety of rotor rotational
speed references are used to control the speed of PMSG to reproduce the power versus

speed and torque versus speed of the wind energy conversion system.

Rotor Position = 0,

DS

Switching
Signals

PWM Three-phase
VsC

HH

Figure 6-8: Generator side control technique structure

The current control loop compares the current reference with the measured current and
ensures that the profile of the reference current is tracked by the actual current. Current
sensors are used to measure the PMSG stator phase current per phase, isqctr ipact> icact
and compares with the sinusoidal reference, iaref, ipref, icres. The result of each phase
comparison is fed into the relevant Pl regulator. For the switching model, the outputs of
the PI regulators are compared with a triangular carrier signal and modulated at a high
frequency (e.g. 20kHz as used in the models) to generates complementary gate drive
signals in the relevant phase-leg while for the AVEM, the outputs of the PI regulators are
used to estimate the average voltages per phase and applies the average voltages to

voltage sources connected to the terminals of the PMSG.

6.5.2 AC Load Side Controller

The AC load side controller ensures that the DC Link voltage stabilizes at the desired
reference value as the wind speed (and therefore power onto the DC Link) varies. Unlike
the generator side controller, the AC load side outer control loop is the DC voltage
control loop. The DC link voltage is measured and compared with the desired reference
value, processed by the PI regulator. The output of the DC link voltage PI regulator as
shown in Figure 6-9 is also passed through a sine wave generator to obtain the sinusoidal
reference currents.
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Figure 6-9: AC Load side control technique structure

Similarly the inner current control loop is responsible for the control of the currents.
Current sensors are used to measure the AC load phase current per phase,
Laacts Ibacts tcace anNd compared with the sinusoidal reference, igrer, iprefs icref- ThE
result of each phase comparison is fed into its Pl regulator. How the control strategy is
applied differs in the models. In the detailed VSI switching modelling method, the output
of the PI regulator (duty cycles) is compared with a triangular carrier signal and
modulated at a high frequency (e.g. 20kHz as used in the models) to generates
complementary gate drive signals in the relevant phase-leg. While, in the average voltage
estimation model, the output of the PI regulator (duty cycles) serves as the input to
estimate the average voltage in each switching period defined by the switching

frequency.

6.5.3 Simulation and Validation of Average Voltage Estimation Model
of Variable Speed PMSG Wind Energy Conversion System

The simulation studies were carried out using PORTUNUS system simulation software.
The complete AVEM, switching simulation models and experimental setup of a fixed
pitch small horse power (1kW) variable speed PMSG wind energy conversion system
have been developed. The VSI loss model developed in section 3.3 was incorporated into
the simulation models of PMSG WECS, one VSI loss model at the generator side and the
other at the AC load side to account for the losses in the VSI. The control strategy is also
implemented in the model and experimental setup. The PMSG model implemented in
this simulation study is found in the PORTUNUS model library. The PMSG and wind

turbine parameters are shown in Appendix A, Table 1 and Table 2. The step sizes were
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chosen to reflect the requirements of each method. The limiting factor of the Average
Voltage Estimation method is the minimum step size, which is restricted here to less than
the PI loop run time of 50 microseconds on a typical DSP. For the PWM switching
model, the limiting factor is minimum step size, which is set to the resolution of the
PWM duty cycle, typically <1000™ of PWM switching period.

The initial simulation was to determine the simulation steady state performance of the
AVEM against the switching model of the WECS and then the steady state performance
of the AVEM in comparison to the switching model and the laboratory wind energy
conversion emulator in predicting the power versus speed characteristics of the WECS. It
is important to state that the model is only used for steady state and the transient section
of the simulation results is not considered in the analysis. A steady state test for the
simulation models and laboratory WECS emulator over a range of wind speeds has been
conducted. This is performed with only the inner current control loop at the generator
side and the DC link voltage control at the AC load side. With the wind speed set to a
fixed value each time, the reference current is varied to control the rotor rotational speed
and the stator current, electromagnetic torque, voltage and power recorded and results are
presented for 8m/s, 10m/s and 12m/s as follows. Currents and power flow from the Wind

turbine to the AC load was investigated and compared.
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Figure 6-10: Simulation of PMSG stators current at variable current reference at 12m/s (a) AVEM
(b) Switching model
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Figure 6-12: Simulation of WECS DC link Voltage at variable current reference at 12m/s (a) AVEM
(b) Switching model
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Figure 6-13: Simulation of WECS Load side phase current at PMSG stator variable current
reference at 12m/s (a) AVEM (b) Switching model
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Figure 6-14: Simulation of WECS three-phase power with variable current reference at 12m/s
(@) AVEM (b) Switching model

Figure 6-10 — Figure 6-14 show the PORTUNUS simulation of the AVEM and switching
model of a complete PMSG WECS. This simulation result is necessary in order to
validate the prediction of the AVEM against switching model before validation against
experimental results. Note that analysis in this thesis is only based on steady state
performance. At a fixed wind speed, the drive current reference is varied as the
simulation is conducted. Figure 6-10 (a) shows the PMSG stator three phase current
predictions using the AVEM and Figure 6-10 (b) shows the current prediction of the
switching model. The result of the switching model validates the prediction of the
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AVEM in waveform, tracking of the reference current magnitude, phase sequence and
the frequency. The simulation results of the different torques such as turbine torque, the
mechanical torque as well as the electromagnetic torque are simulated using the AVEM
and the switching model of the WECS. It can be seen from Figure 6-11 that again the
AVEM predict torque response results that are very close to the switching model in
magnitude and distribution over time. However, differences can be seen between the
electromagnetic torque predicted by the AVEM and the switching model. The switching
model electromagnetic torque has ripples while that of the AVEM has not. This is due to
the switching actions of the VSI switches and diodes which are totally eliminated in the
AVEM. Similarly, the distribution and prediction of the DC link voltage, AC load current
and power transfer of the AVEM have been shown in Figure 6-12- Figure 6-14. Apart
from the reflection of ripples in the current on the power output of the switching model,
the accuracy of the AVEM compares well with the switching model and validates the
AVEM in simulating the input and output parameters and control technique of a typical
WECS.

6.5.4 Performance Analysis and Validation of Average Voltage
Estimation Model of Full Scale Back-Back Voltage Source
Converter with Variable Speed PMSG Wind Energy Conversion
System

The average voltage estimation model is validated against the switching model and
experimental results of the wind turbine emulator to predict the power versus rotational
speed and the torque versus rotor speed at different wind speeds. This consideration is
necessary to determine how accurately the important characteristics such as the power
versus speed and the torque versus speed of a wind energy conversion system can be
reproduced using the AVEM. It is also based upon the ability of the AVEM to transfer
power in the right direction and amount from the turbine to the AC load from which

losses and efficiency can be evaluated.
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Figure 6-15: PMSG stator current and electromagnetic torque at 12m/s

Figure 6-15 shows the relationship between the generator current and electromagnetic
torque control at 12m/s. It can be seen that, the stator current and electromagnetic torque
have a linear relationship and an inverse relationship with speed and controlling the
stator current, controls the electromagnetic torque. And by controlling the torque, the
speed of the generator and turbine is controlled to track the C,/A curve to produce the

characteristics of the WECS.
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Figure 6-16: Comparison of wind turbine power versus rotor speed using AVEM, switching model
and experiment
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Figure 6-17: Comparison of wind turbine torque versus rotor speed using AVEM, switching model
and experiment

Figure 6-16 and Figure 6-17 show the steady state performance comparison of the wind
turbine power versus speed and torque versus speed curve predicted by AVEM against
the switching model and experimental results at 8m/s, 10m/s and 12m/s. It can be seen
that both the simulation models and the experiment reproduce the power versus speed
and torque versus speed characteristics of the wind turbine at the lower and higher rotor
rotational speed. As can be seen the AVEM results agrees closely with both the
switching model and experimental results. The peak at each wind speed for the
simulation models and experiment occurs at the same point and rotational speed which is
very important in WECS. For example, at the rated wind speed of 12m/s with a rotor
rotational speed of 300 rpm, both models and the experimental turbine predicted 1kW.
The same trend can be seen at 8m/s and 10m/s. However, it is observed at higher rotor
speed region that while the accuracy of both simulation models is maintained, there is
some difference between the simulation models result and that of the experiment.
Although, the difference is insignificant, this is due the difference in drive machine
parameters between the simulation models and experiment such as the characteristics of
the drive train materials which cannot be accurately established in the simulation models.
On the whole this is an excellent performance by the AVEM considering that emphasis is
on the lower speed region up to the rated speed of the wind turbine which in this case is
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between Orpm to 300rpm. This result verifies the performance of the AVEM in

predicting the turbine power versus speed and torque versus speed characteristics of the

wind turbine.
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Figure 6-18: Comparison of PM machine mechanical power versus rotor speed using AVEM,
switching model and experiment

Figure 6-18, shows the comparison of the mechanical power derived from the shaft of the
developed PM machine wind turbine emulator at 8m/s, 10m/s and 12m/s with the AVEM
and switching model. Comparing the results, the AVEM agrees well with the switching
model and the experimental results in terms of variation with speed and current
exhibiting the same profile. In addition the simulation results are reasonably close to
experimental results, there are some differences between the results of the simulation
models and the experimental results especially at higher rotor speed shown by the
decrease in the predicted mechanical power by the experiment. This is more evident at
the lower wind speed e.g. 8m/s and reduces as the wind speed increases towards 12m/s.
This is due to under estimation of the shaft torque and the method of calculating the
losses in the mechanical drive train. The test rig calculates the losses in the mechanical
drive train based on machine parameters such as the friction in ball bearings, rotor and
air, resistant torque in the drive which are all part of the test machine drive train but it
difficult to be accurately calculated in the model. However, from the engineering
simulation point of view, the AVEM has demonstrated good accuracy and performance
in predicting the mechanical power versus rotor speed of a typical WECS. Further
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considerations of losses available in the test rig will put the AVEM mechanical power
closer to the experimental results.
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Figure 6-19: Comparison of the generated power using AVEM, switching model and experiment

Figure 6-19 shows the generated power/speed curve at 8m/s, 10m/s and 12m/s. it can be
seen that the power generated using AVEM follows the power versus rotor rotational
speed profile of the WECS and is in close agreement with the switching model and
experimental results. At lower rotor rotational speed, a high level of accuracy is obtained
with AVEM in tracking the prediction of the switching model and experiment. However,
there is some difference between the simulation models and experimental results
especially at higher rotor speed. Without doubt the impact of the difference in the
prediction of the mechanical power by AVEM compared to the experiment will reflect in
the generated power. This is due to difference in the method of calculation of the losses
between simulation model and the experimental test rig. The experimental test rig has the
entire losses components such as the resistant torque in the drive and generator bearing,
the resistant torque in the generator due to the viscosity of the airflow, the torque of
torsional stiffness and are difficult to be accurately calculated by the simulation models

as such information are not readily available in manufacturer’s datasheet. Again the
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difference between the results is due to the difference in PM machine parameters such as
the stator resistance value used in the simulation models and experimental test rig. The
experimental test rig calculates resistance based on stator windings and material
resistivity which varies with temperature while the simulation models uses the stator
resistance measured from the machine. From the results, the power predicted by the
simulation models at higher rotor speed is higher than the experimental results which
suggest an under estimation of the stator resistance at higher rotor speed compared to
experimental test rig. In addition, it can be seen that not all the mechanical power is
converted by the generator. This is largely because the generator power output depends
on the current demand and load on the generator and we were constrained by the limit of
the measuring devices and applied load to operate at a maximum current of 15A rms. All
analysis on WEC in this thesis is based on the 15A maximum current limit. Generally,
the results validate the performance of the AVEM in predicting generated power versus
speed profile and show that the numerical performance accuracy of the AVEM in
predicting the generator power can further be enhanced by making much consideration to

losses that are present in the actual test generator and drive train.
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Figure 6-20: Comparison of DC link voltage control using AVEM, switching model and experiment
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Figure 6-20 shows the DC link voltage predicted by the AVEM, switching model and
experiment under the DC link voltage controller. This validation is a very important
aspect of AVEM especially when the DC link and DC link capacitor were eliminated in
the AVEM. In the switching model and experiment, the DC voltage can be measured at
varying wind speeds, but in the AVEM the model calculates DC link voltage as
described in section 6.3, it is important therefore to see how accurately the AVEM can
predict the DC link voltage. Figure 6-20 shows how the AVEM DC voltage compares
with the switching model and experimental results. It can be seen that at varying wind
speed, the AVEM agrees well with the switching model and experiment results without
loss of accuracy in controlling the DC voltage to the reference value of 57V. Having seen
how the DC link voltage is effectively controlled the comparison of the DC power
predicted different wind speed by AVEM against the switching model and experimental
results are presented.
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Figure 6-21: Comparison of DC link power using AVEM, switching model and experiment
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Figure 6-22: Comparison of AC load power using AVEM, switching model and experiment

Figure 6-21 and Figure 6-22 show the DC link power and the AC load power comparison
between AVEM, switching model and experimental results. It can be seen that the
AVEM and the switching model results are the same and are reasonably close to the
experimental results. In both the DC link power and AC load power prediction
comparison, it can be observed that there is noticeable difference at lower rotor rotational
speed as well as higher rotor speed. The difference between the simulation models and
experiments is due to the method of calculating the VSI losses. In the experimental test
rig, the loss components of the VSI are part of the actual VSI while in the simulation
models, the VSI losses are modelled using the information on the output characteristics
of the IGBTs and diode supplied by the manufacturer’s datasheet where the VSI
conduction and switching losses are calculated. Generally, it is difficult to accurately
calculate VSI conduction and switching losses. In addition, the difference at the higher
rotor speed is a reflection of the difference in the prediction mechanical power by AVEM
against the experiment. However, the error is insignificant; it can be improved on if much
consideration is given to such losses in the simulation models. These results validate the
performance of the AVEM in predicting the power versus speed profiles of the wind
turbine as well as the right power flow direction from the turbine to the AC load.
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6.5.5 Validation and Analysis of Losses and Efficiency of PMSG Wind
Energy Conversion System

The challenge facing wind energy conversion systems designers and manufacturers is to
effectively and efficiently utilise the energy extracted from the wind. For a given amount
of power extracted from the wind, power electronic converters are design and controlled
in a manner to utilise the energy in an efficient way. The most efficient way to utilise the
energy from the generator is to know the losses in the generator and the power electronic
converters. Knowing the losses helps in the right choice of power electronic converters,
minimise losses and analysis of efficiency of WECS. To fully achieve the benefits of
losses stated above, accurate and adequate VSI loss models are necessary. In order to
accurately predict the losses, models must take into considerations the effect of varying
wind speed, control strategies, the operating points as well as the complete interaction of
the mechanical and electrical components of WECSs. This is because to accurately predict
the VSI losses, it requires the voltages, currents, phase angles and the PMSG factor and
these depend on the variation of wind speed, control strategy and operating points. For
the simulation analysis of the efficiency of the WECS, an expanded dynamic model of
the WECS is applied which takes into consideration the VSI losses. The voltage source
inverter loss models had been incorporated into the AVEM, it is important to validate the

prediction of the losses and efficiency against experimental results.

This section presents a validation of the losses and efficiency predicted by the AVEM
against experimental results and analyses of the efficiency of each component and overall
system under PI current control at the generator side and the DC link voltage control at
the AC load side and operating points. Although, the efficiency of wind energy
conversion system is best calculated under MPPT control, it is presented here to

demonstrate variation of efficiency and losses over the rotor operating speed.
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Figure 6-23: PMSG Losses and Efficiency at 8m/s
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Figure 6-24: PMSG Losses and Efficiency at 12m/s
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Figure 6-25: Generator Side Converter Losses and Efficiency at 8m/s
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Figure 6-26: Generator Side Converter Losses and Efficiency at 12m/s
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Figure 6-27: Load Side Converter Losses and Efficiency at 8m/s
—X— 12m/s Experiment DC link Power B— 12m/s AVEM DC link Power
—— 12m/s Experiment AC Load Power = —&— 12m/s AVEM AC Load Power
—@— 12m/s Experiment LSC Losses ——+— 12m/s AVEM LSC Losses
- - == 12m/s Experiment LSC Efficiency - === 12m/s AVEM LSC Efficiency
400 - - 100
= 350 - - 90
= 200 - 80
w -
0
2 250 - 60 =
o z
3 200 - - 50 ¢
8
T 150 - - 40 ¢
< w
5 100 F 30
[ -
E - 20
50 T | 10
O T T T T T O
50 150 250 350 450 550 650
Speed (rpm)

Figure 6-28: Load Side Converter Losses and Efficiency at 12m/s

Figure 6-23 — Figure 6-28 validate the losses and efficiency predicted using the AVEM

against the experiments at 8m/s and 12m/s. Figure 6-23 and Figure 6-24 shows the

PMSG losses and efficiency in which the Generator output power is compared with the
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shaft mechanical power over the complete operating range. The results show that both
the AVEM and experiment have the same profile versus the operating speed. At low
rotor rotational speed region, the losses and efficiency predicted by the AVEM agree
with the experimental results without loss of accuracy. However, at the higher rotor
speed region when the wind speed is 8m/s, the losses predicted by the experimental test
rig is observed to be higher which of course is due to differences in response of the
PMSG parameters to changes in rotational speed and stator current between AVEM and
experiment test rig. Comparing Figure 6-23 and Figure 6-24, it can be seen that the losses
increase with increase in wind speed which is what is expected, as the wind speed
changes, all the output quantities also changes. Also the accuracy of the prediction of
losses and efficiency compared to experiment increases as the wind speed increases
towards the rated wind speed of 12m/s. Generally, WECS performed well close to the
rated wind speed, this again explains why the prediction of the AVEM and experiment
follows the same profile. It can be seen from Figure 6-24 that both the AVEM and
experiment traces the operating speed accurately, as the losses reduce, the efficiency
increases. However, there is a difference in the prediction of the losses and efficiency at
higher speed when operating at 8m/s as shown in Figure 6-23, the results of the AVEM
at the rated wind speed validates the performance accuracy the AVEM in predicting the

losses and efficiency of the PMSG.

Figure 6-25 and Figure 6-26 shows the generator side converter (GSC) losses and
efficiency predicted by the AVEM compared with the experimental results at 8m/ and
12m/s. To calculate the GSC losses, the DC link power is compared with the generated
power taking into consideration the wind speed and the control strategy and the
efficiency determined by the ratio of the DC link power to the generated power. It can be
seen from the results that the same trend as that obtained in Figure 6-23 and Figure 6-24
is obtained when considering the profile versus speed and variation of losses as the wind
speed increases. At a wind speed of 8m/s, the lower rotor rotational speed region shows
the same level of prediction accuracy by both the AVEM and experiment while at higher
rotor rotational speed, a poorer prediction accuracy is shown at 8m/s. However, at the
wind speed of 12m/s, a good level of accuracy is shown in the predicted GSC losses and

efficiency by AVEM against the experimental results.
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Figure 6-27 and Figure 6-28 show the comparison of the AC load side converter losses
predicted by the AVEM and the experiment test rig. The results show the same profile
over the rotor operating speed as the PMSG torque is controlled by varying the stator
current. However, it is interesting to observe that, at low rotor rotational speed when the
WECS operated at 8m/s, there is good accuracy in prediction of the load side converter
losses and efficiency by AVEM against experimental results compared to that of the
generator side converter. This is because the load side AVEM (load side converter) is
decoupled from the generator and depends on the AC load supply frequency. In addition,
it can be seen that, the LSC losses increases as the wind speed increases. For example,
the maximum LSC losses predicted at 8m/s is 24W and that of 12m/s is 56W.

6.5.6 Comparison of Simulation Execution Time

In all the simulations in this chapter, the step sizes were chosen to reflect the
requirements of each method. The limiting factor of the Average Voltage Estimation
method is the minimum step size, which is restricted here to less than the Pl loop run
time of 50 microseconds on a typical DSP. For the PWM switching model, the limiting
factor is minimum step size, which is set to the resolution of the PWM duty cycle,

typically <1000™ of PWM switching period.

Table 6-1: Comparison of simulation completion time between switching model and AVEM of

PMSG WECS
Models Time step | Simulation set Time taken to
time complete
simulation
Switching model | 100e™ 0.5 4.5 hours
AVEM 30e” 0.5 5 minutes

Table 6-1 shows the comparison of the simulation completion time between switching
model and AVEM. It can be seen that with the simulation set time of 0.5s, completion
time for the switching model with a time step of 100e™ is 4.5 hours while the simulation
completion time for the AVEM with freedom of time step 30e® is 5 minutes which is 54

times faster than the switching model.
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6.5.7 Wind Energy Conversion System Energy Output Estimation
using AVEM Simulation and DSP-based AVEM Method

The amount of energy yield and methods to increase annual energy yield are important
aspects of a wind energy conversion system. Most wind energy conversion system
developers and customers are interested in knowing the amount of energy a particular
WECS can generate annually and to know the savings they can make compared to the
use of other forms of energy. Considering the importance attach to energy yield, it is

important in WECS design process to analyse the potential quantity of energy yield.

This section introduces a wind energy conversion system energy estimation based on
AVEM using simulation package and also implemented in the DSP controller. The DSP-
based AVEM method of estimating energy of WECS is hard to find in literature. The
proposed method provides an alternative through which energy of a three phase system
can be estimated using the real time DSP controller which allows for a direct
performance validation of the AVEM of full scale back-back VSI with variable speed
PMSG WECS against measured energy. Generally, to estimate the output energy, the
power output is taken over a certain period of time usually on an hourly basis over a day,
a month or a year. In WECS, variable wind speed is applied to the wind energy
conversion system and the energy from the generator and consumed by the load is
determined by averaging the power generated and delivered to the AC load over a certain
period of time taking wind speed data input into consideration. The power depends on
the phase voltage and current. With the average phase voltage V,,,, obtained as described
in section 3.2 and measured instantaneous phase current, i three phase power output in
one fundamental cycle is average over a period of time T to arrive at the three phase

energy output as
1 0T .
E =32 Vagidt (6.19)

Where, 1,4 is a phase average voltage calculated using the AVEM described in section
3.2, i is the instantaneous current and T is the period defined in this case by the

simulation set time.

In the experimental test rig, DSP controller uses the duty cycles obtained from the

control strategy to estimate the average phase voltage and with the measured
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instantaneous phase current fed into the DSP controller calculates the average power. To
estimate the energy output, the average power is accumulated over a period of time.

v

S

Figure 6-29: One cycle of a sinusoidal waveform

Figure 6-29 shows a sinusoidal waveform of output variables e.g. voltage and current
over one fundamental cycle. In one fundamental cycle, there are series of samples which
depend on control strategy switching cycle period, Ts,, and the period of the fundamental
waveform, T. This relationship between the switching period, the fundamental period and
the number of samples allows a special technique for the DSP controller implementation
of the AVEM-based energy estimation to use the number of samples, N instead of time.
Hence the DSP controller calculates energy output from the accumulation of average
power based on number of samples given by

Epsp = 3 % %26\, Vavg * 1 (6.20)

Where, Vg, is the average phase voltage estimated based on the AVEM, i is the
measured phase instantaneous current, N is the number of samples and Ejgp is the three
phase energy estimation using the DSP controller based on AVEM. The DSP first
calculates the number of samples, N from the switching frequency and the period of the
control strategy interrupt period and then uses equation 6.20 to calculate the three phase
energy in one fundamental cycle and accumulate the energy as long as the test rig
operates. Thus, the DSP uses equation 6.20 to calculate the energy produced by the
PMSG and the energy available for use by the AC load which depends on wind speed,
generator rotor speed and control strategy. The generator energy output estimation
depends on duty cycles from the generator side controller while the load energy output
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depends on duty cycles from the load side controller. Generally, as the wind speed varies,
the wind turbine power, generator power, losses, AC load power and energy output also
varies and the actual power and energy output from a wind energy conversion system
depends on the ability of the control strategy to track maximum power points (MPPT) at
each wind speed. Various MPPT control strategies have been reported in literature [237]-
[245]. They are classified based on the use of sensors to measure wind speed and
generator speed such as tip speed ratio (TSR) [246] and sensorless methods such as
power signal feedback (PSF) [247] and the hill-climb searching (HCS) [248][249]. The
sensorless methods reduce cost, improve the stability of the drive train but have the
drawback of poor dynamic response to variation in wind speed. The optimum tip speed
ratio method involves rotor speed and wind speed measurement and responds faster to
variation in wind speed and reflects the dynamics of wind speed compared to other
methods. However, this method has cost implications as it involved wind speed
measurement but there is always a trade-off between accuracy and cost. This method is
based on the fact that for a certain wind speed, power is maximum at a certain rotational
speed known as optimum rotational speed and each optimum rotational speed has a
matching optimum tip speed ratio. Thus maximum power can be obtained by controlling
the wind turbine and generator speed to operate at the optimum rotational speed.

On the other hand, from Equations 6.10, 6.15 and 6.17, maximum power can be

generated when the generator produces torque opposite to the mechanical torque given as

T, = —(Krw,? — C,w,) (6.21)

R

Kr = 0.5pnCymax(-—)3 (6.22)

Aopt

Using (6.21), the current reference for the generator side AVEM is obtained by

Te
I ==
m K¢

(6.23)

Where i,, is the peak value of the sinusoidal current reference, K; is the torque constant
of the PMSG given by K, = §P¢m and p is the number of pole pairs, ¢,, is the

magnetic flux.

To maximise the WECS energy output, the generator side controller controls the PMSG

speed and torque by controlling the stator current to track maximum power point below
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rated speed and above rated speed limit power to the rated value and the load side
controller ensures that the DC link voltage is maintained constant as wind speed varies.
For the generator side controller to control the PMSG stator current, a current reference
is required. This is usually obtained by processing the error from the comparison of the
actual rotor speed and reference rotor speed which is based on the fact that for every
wind speed, there is an optimum (reference) rotor speed and stator current (torque)
demand at which power generated is maximium. Therefore to simplify the control and
energy output calculation, a passive maximium power point tracking control technique is
developed in which the reference rotor speed can be set as a function of current reference
for different wind speeds to track maximum power using a look-up table. As wind speed
varies, the actual rotor speed is input into the look-up table and a matching current
reference is selected and compared with the actual stator current to generate the three

phase duty cycles.

6.5.8 DSP-based Implementation of AVEM WECS Energy Output
Estimation

The DSP controller implementation of the proposed AVEM is an additional significant
contribution of this thesis. The implementation of a DSP-based energy estimator using
AVEM is based on SPWM control implemented with PI regulators. Since it is possible
for software implementation of SPWM using a DSP controller, code was developed to
use the three phase duty cycles from the control strategy to calculate the energy output.
First the number of samples is calculated by the DSP controller from the switching
period which depends on the choice of the switching frequency (which in this case is
50us) and the one cycle fundamental period of 20ms. After this, considering the PWM
pulse pattern for each phase changes over the switching cycle and calculation of average
voltage is sector dependent, the DSP programing code is developed to identify the sector
and calculate the timing variables, average voltage, power and energy. The details of the
codes required to calculate the energy output by the DSP controller using AVEM is
shown in Appendix E. The code for the energy estimator using AVEM runs in an
interrupt routine and controls the accumulation of average power in one fundamental
cycle over a given length of time (as long as the test rig operates). In the interrupt, the
new average power is estimated and added to the previous average power. Therefore for

the given length of time the total energy is calculated. This also allows energy to be
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recorded at intervals of time depending on the choice of the user. Once, the PMSG
operates, the energy estimated is held on and should be reset to zero before the next
experiment (operation of the generator). Therefore, at the beginning of every experiment,

a reset has to be made to clear the energy value from the previous experiment.

In order to verify the accuracy of the method, simulation and experiments were carried
out. The simulation used the developed AVEM of wind energy conversion system with
parameters of the PMSG and wind turbine stated in Appendix A, Table 1 and Table 2. A
variable wind speed profile was applied to the WECS model and the experimental wind

energy conversion emulation system.
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Figure 6-30: Wind speed profile (a) Actual for 5 minutes (300 seconds) (b) Scaled to 0.5 minutes (30
seconds)

A variable wind speed profile for a duration of 5 minutes shown in Figure 6-30 (a) was
applied to both the AVEM and experimental wind turbine emulator. However,
considering the difficulties of simulating a model for a long period, the time of the
AVEM simulation wind speed profile is accelerated by a factor 10 as shown in Figure
6-30 (b). With this being the case, the AVEM is expected to predict energy output, when
multiplied by 10, equivalent to the experimental results. In this performance test, the
PMSG control is designed to ensure that each time the wind speed varies; a proportionate
amount of current is demanded on the PMSG stator to ensure the torque and rotor speed

are controlled to passively track maximum power points.

Figure 6-30 shows the wind speed profile applied to the AVEM during the simulation
and experiment. It is a variable wind speed profile with a minimum value of about 7m/s
and a maximum of 12m/s and serves as input to the wind turbine model. While Figure
6-30 (a) is applied to the experimental test rig, Figure 6-30 (b) is applied to the
simulation model. The dynamic performance of the AVEM to track maximum power and

estimate energy output was investigated.
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Figure 6-31: Simulation of PMSG stator current under the passive MPPT control using AVEM
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Figure 6-32: Simulation of mechanical and electromagnetic torque under the passive MPPT control

using AVEM
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Figure 6-33: Simulation of DC link voltage under the passive MPPT using AVEM
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Figure 6-34: Simulation of AC Load side current under the passive MPPT using AVEM
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Figure 6-35: Simulation of the wind energy conversion system power under the passive MPPT

Figure 6-31 — Figure 6-35 show the simulation performance of the AVEM and the ability
of the passive MPPT control technique to track maximum power as the wind speed
varies. Figure 6-31 shows the prediction of the AVEM and the dynamic performance of
the control technique in which the PMSG stator current is controlled to track the
waveform and amplitude of the reference current in order to generate negative
electromagnetic torque which balances the mechanical torque and generates maximum
power. It can be seen that, the current demand of the generator varies as wind speed
varies, for example, between the periods of 1-5s (1-50 seconds for experiment), when the
wind speed is 7m/s, for maximum power to be extracted, the current demand on the
generator was 5A peak. As soon as the wind speed changes from 7m/s to 12m/s between
55 and 9.1s (50-91seconds for experiments), the control technique responded and
demanded a current of 19A peak from the generator track the maximum power as shown
in Figure 6-31. The dynamic performance of the control technique in controlling the
PMSG stator current to track the waveform of the reference current is shown in the
electromagnetic torque as shown in Figure 6-32. The PMSG generates a negative
electromagnetic torque equal in magnitude to the mechanical torque based on equation
6.21 due to current control establishing a point of equilibrium between the torques where
maximum power is extracted. However, the electromagnetic torque so produced is

negative; it is represented on the positive axis of Figure 6-32 for the purpose of clarity.
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Figure 6-33 shows the DC link voltage as the wind speed varies. Irrespective of the
variation in wind speed, for example from 7m/s to 12m/s between 1s to 5s, the DC
voltage remains constant at the reference value of 57V generating a fixed frequency of
50Hz phase current to the AC load shown by the zoomed section of Figure 6-34. This is
one important requirements of any wind energy conversion system which generated
power is required to be utilise by conventional AC loads or connected to the grid (in

addition it needs to be synchronised to the connecting grid as well).

Figure 6-35 shows the wind energy conversion system simulated amount of power that
has been extracted from the turbine, generated by the generator and delivered to the AC
load as the wind speed varies. The primary aim of the PMSG control technique of is to
extract as much power as possible from the wind. It can be seen that the when the wind
speed was 7m/s between 1s to 5s, the generator is controlled to track maximum turbine
power of 190W, generated power of 91W, DC link power of 73W and the power
delivered to the AC load of 54W while between the time interval of 5s to 9.1s when the
wind speed changes to 12m/s the controller tracks the electromagnetic torque and
produce maximum turbine power of 989W, generated power of 411W, DC link power of
345W and the power delivered to the AC load of 291W.
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Figure 6-36: The wind energy conversion system power at different wind speeds under the passive
MPPT control technique
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Figure 6-36, shows the maximum power points obtained from the simulation of the
AVEM under the MPPT control technique at various wind speeds. It can be seen that up
to the rated wind speed of 12m/s, the maximum power points are tracked at each wind
speed. From Figure 6-36, analysis of losses and efficiency of the wind energy
conversions system under investigation can be obtained as shown in Figure 6-37. As the
maximum power point is tracked so are the losses as the wind speed varies. It can be seen
that for this particular WECS, the PMSG contributed the larger portion of the losses with
a maximum value of 92W at 12m/s while the GSC generated maximum losses of 66W
and the LSC generated 54W losses. It is also observed that the efficiency of each of the
components and the total system vary as wind speed varies with the system’s total

efficiency at maximum value of 71% at 12m/s typical of small machines.
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Figure 6-37: The wind energy conversion system power losses and efficiency at different wind speeds
under the passive MPPT control technique

These results validate the performance accuracy of the control technique in tracking
maximum power points and the ability of the proposed AVEM of WECS to implement
the control technique. The conclusion being that it can be used in the simulation and
analysis of a maximum power point tracking control technique, power, losses and

efficiency of variable speed WECS.
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6.5.9 Performance Comparison between WECS Energy Output
Estimation using AVEM Simulation and DSP-based AVEM
Method against Standard Calculation

In the performance analysis of WECS, accumulation of power over time (energy) is
considered as the wind speed varies. Two case studies were investigated to validate the
proposed DSP-based energy estimation method, the first one is when a constant torque is
demanded from the PMSG as wind speed varies and the second is when different torque
(current reference) under MPPT control technique is demanded from the PMSG as the
wind speed varies. Figure 6-38, shows the simulation of the WECS energy output
showing the amount of energy generated by the PMSG and fed to the AC load at various
wind speeds and under the control technique capable of tracking maximum power. As
stated earlier, the energy at each wind speed when multiplied by a factor of 10 equals the
prediction of the calculated energy of the WECS. Such results obtained from the
simulation are compared with the calculated and the DSP-based AVEM approach energy
in Table 6-2 and Table 6-3.
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Figure 6-38: Simulation of PMSG wind energy conversion system Energy output using AVEM under
the passive maximum power point tracking control technique
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Table 6-2: Comparison between WECS Energy estimation using standard calculation, DSP-based
AVEM method and AVEM simulation under variable wind speed and constant PMSG torque

demand
Wind Time Generator AC Load
Speed | Duration | Measured | Calculated DSP- AVEM Measured | Calculated DSP- AVEM
(m/s) (s} Power Energy based Energy Power Energy based Energy
(W) )] AVEM Estimation (W) 0] AVEM Estimation
Energy Simulation Energy Simulation
Estimation )] Estimation )]
)] Q)
0 0 0 0 0 0 0 0 0 0
7 50 77 3850 3700 4047 48 2400 2600 2642
12 41 207 8487 9000 9105 153 6273 6400 6332
10 54 164 8856 8500 8823 115 6210 6320 6063
11 44 189 8316 8500 8330 135 5840 6300 5858
8 55 107 5885 5600 6210 71 3905 4200 3952
9 56 134 7504 7500 7581 93 5208 5400 5046
Total 300 42898 43200 44096 29936 31220 30093

Table 6-3: Comparison between WECS Energy estimation using standard calculation, DSP-based
AVEM method and AVEM simulation under variable wind speed and the passive MPPT control

Wind Time Generator AC Load
Speed | Duration | Measured | Calculated DSP- AVEM Measured | Calculated DSP- AVEM
(m/s) (s) Power Energy based Energy Power Energy based Energy
(W) )] AVEM | Estimation (W) I AVEM Estimation
Energy Simulation Energy Simulation
Estimation )] Estimation )]
4] 0]
1] 0 0 0 0 0 0 0 1] 0
7 50 78 3500 3500 4109 48 2400 2700 2642
12 41 425 17425 16100 16398 281 11521 12000 10608
10 54 244 13176 12100 12896 167 9018 9600 8333
11 44 332 14608 13300 14155 223 9812 10000 9771
8 55 121 6655 6200 7213 76 4180 4700 4539
9 56 181 10136 9200 10391 118 6608 7200 6750
Total 300 65900 60800 65162 43539 46200 42843

Table 6-2 and Table 6-3 show comparisons between the energy output of the WECS by

the standard calculation method, the proposed DSP-based AVEM method and the energy

output obtained by the simulation of the AVEM with variable wind speed from 7m/s to

12m/s for a) constant PMSG torque demand and b) the passive maximum power point

tracking.

In the standard calculation method, energy output is simply obtained by the

product of the measured power and the length of time, while for the DSP-based AVEM

method it is calculated based on the approach described in section 6.5.7 and section

6.5.8. Thus, energy output is compared at the same wind speed. From the tables, it can be
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seen that the energy output variation with variable wind speed from 7m/s to 12m/s are
similar to each other for the standard calculation method, DSP-based AVEM method and
simulation with a maximum error of 8% which is within acceptable limits. From Table 6-
2 and Table 6-3, a comparison is shown that variable speed with different PMSG torque
demand during the passive MPPT control results in an increase in energy yield of about
45-50% in this case study compared to operating at constant PMSG torque demand. The
results show that the AVEM can be implemented in practical situations using real time
DSP controller and can be used as an alternative approach to estimating energy output of

a WECS and any other three-phase system.

6.6 Conclusion

The average voltage estimation modelling of full scale back-back voltage source
converter for variable speed PMSG wind energy conversion system has been developed
as well as the detailed switching model. The average voltage estimation model eliminates
the use of the back-back VSC and the switching actions of the transistors and diodes
while the switching model considers the switching characteristics of the transistor and
diodes. The detailed description of the generator side AVEM and the AC Load side
AVEM have been presented along with the modelling of the DC link voltage considering
that the DC link and capacitor have also been eliminated. The voltage source inverter
losses were also modelled and incorporated into the AVEM to enable accurate prediction
of power at each point of the WECS. In addition, methods to estimate the DC current at
the generator side and AC load side from the control strategy duty cycles and
instantaneous phase currents were described. This allows the DC link voltage to be
accurately modelled. The chapter further presented a complete simulation of AVEM and
switching model for a small scale wind turbine (1kW). The generator side and the AC
load side control based on sinusoidal PWM PI current control strategy were also
developed. The generator side controller controls the generator speed and torque while
the AC load side controls the DC link voltage. Simulation of the models was carried out
using the PORTUNUS package based on the requirements of each simulation modelling
method and the results validated. The switching model and the experimental results were
used as benchmarks against which the results of the AVEM were validated. The
validation is first aimed at the steady state performance and ability of the model to
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control the torque of the generator to reproduce the power and torque speed
characteristics of the wind turbine at different wind speed. The turbine power predicted
by simulation of AVEM was compared with the prediction of the switching model and
results from the experimental test rig at different wind speeds such as 8m/s, 10m/s and
12m/s. The results validated the accuracy of the AVEM in reproducing the same
power/speed and torque/speed curve of the wind turbine. However differences were
observed at higher rotor rotational speed, where the experimental power speed curve
shows an overestimated power which is due to the difference in the parameters and losses

of the PM machine used in the simulation models and the experimental test rig.

The chapter also presented a detailed validation of the AVEM, where mechanical power,
the generated power, DC link power and the power delivered to the AC load versus
rotational speed at different wind speed were validated against the switching model and
experiment. The aim is to verify the ability of the AVEM to accurately reproduce the
power speed curve and ensure the correct direction of power flow. Again the results of
the comparison validate the performance of AVEM reproducing the power versus speed
curve and the right direction of power flow from the generator to the AC load. A
consistent trend of overestimation of experimental power at high rotational speed is
found with all the powers at each wind speed. Further to this, the validation of the losses
in the PMSG, GSC and LSC predicted by the AVEM against the experimental are
presented for 8m/s, 10m/s and 12m/s. the analysis of the results validates the AVEM in
predicting the same profile of losses versus rotor speed against the experimental results
with a very good level of accuracy at 12m/s. The chapter also presented the comparison
of the simulation execution time between the AVEM and switching model where with
the same simulation set time the AVEM completed a simulation approximately 50 times

faster compared to the switching model.

In addition to the analysis and validation of powers, losses and efficiency versus rotor
rotational speed of the WECS at different wind speed of the proposed AVEM, a passive
MPPT control strategy to track maximum power was developed. The control technique
based on controlling the electromagnetic torque of the PMSG to generate maximum
power at various wind speeds is presented. Based on the variable wind profile input to
the AVEM model, the performance of the control as well as complete analysis of the

power, losses and efficiency was presented and results investigated. Also presented in
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this Chapter is the practical implementation of AVEM, where the AVEM was applied to
the estimation of energy yield of the complete WECS. A practical real time DSP
controller based AVEM for a WECS energy estimator was also presented. A variable
wind speed profile was applied to the model and simulation conducted on the AVEM.
Simulation energy estimation results were presented and compared with experimental
measured energy and DSP controller estimated energy. The results of the energy
estimation using AVEM simulation agrees with the DSP controller AVEM energy
estimation and the calculated energy, this again validates the effectiveness of the AVEM
performance accuracy under dynamic conditions and its practical implementation using
DSP controller providing an alternative approach to estimate energy output, hence it can
be used to analyse different performance aspects of variable speed PMSG WECS and

control strategy design process.
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Chapter 7

7 Conclusion and Future Work

In this thesis alternative, faster simulation models for the analysis of voltage source
inverter—fed PMSM drive systems, and variable speed PMSG wind energy conversion
systems were developed and validated against the standard switching models using
identical control strategies. The motivation for developing these models was to optimise,
I.e. accelerate, the design process when incorporating PM machines into complete
electromechanical system simulation models. The existing switching model and average
value models were analysed in order to apply a different approach to modelling the VSI
in PMSM drive where the slow dynamics of the mechanical system were taken into

consideration.

A detailed description of all the components of a permanent magnet synchronous
machine drive and the analysis of existing modelling methods of variable speed PMSM
drive systems and PMSG wind energy conversion systems were presented in chapter 2.
These are the detailed switching model and the average value model. The switching
model is an established standard and accurate modelling approach which has been widely
used, but its simulation is time consuming due to the restricted minimum time step
requirement to achieve the necessary resolution of the PWM control. On the other hand,
the existing average value model based on state space averaging guarantees fast
simulation of VSI fed-PM machine drive systems. However, it is complicated and
requires complex computation and transformation from three phase reference to rotating
reference frame which in most cases requires additional circuitry such as filters,
inductors and capacitors. In addition it requires transformation from rotating reference
frame back to three phase reference if it must be applied to a three phase system.
Another modelling approach, the mathematical equivalent also guarantees fast simulation
but it is purely mathematical and does not consider the slow dynamic interaction of the
machine and the voltage source inverter. Considering these drawbacks a new approach to
modelling of the voltage source inverter that will totally eliminate the voltage source
inverter switching actions and modulation was developed and integrated into the PMSM
drive system. The modelling method is called the Average Voltage Estimation Model

(AVEM). The model estimates the average voltage per phase based on the switching
190



Chapter 7 Conclusion and Future Work

function of three phase VSI, control strategy and DC link voltage over the switching
period and uses the estimated voltage as a piece-wise linear function to drive voltage
sources connected to the phases of the PMSM. The advantages are its simplicity, no
complex computational transformation, no additional circuitry, it is fast and retains all
the characteristics of the existing control strategy and it produces three phase sinusoidal

current waveforms and accurate non sinusoidal waveforms at high speed.

The development of average voltage estimation model of PMSM drive system is
presented in Chapter 3. The derivation of the switching modelling voltage and current
equations based on switching functions and the proposed AVEM were given. This
derivation contributes to the understanding of the principles of the switching model and
exposes the simplicity in the derivation of the proposed AVEM. Another important part
of the AVEM is the three phase voltage source inverter IGBT loss model. The VSI loss
model was developed and incorporated in the AVEM enabling the AVEM to have
additional advantages such as power input, power output and efficiency analysis as well
as analysis of losses and characterisation of the voltage source inverter. The interesting
part of the AVEM is the implementation of the PI current control and speed control
strategy without the PWM modulators. The performance of the model was verified by

comparison of the time domain simulation results with the switching model.

The AVEM of a PMSM drive, and a PMSG wind energy conversion system were
verified against the associated switching models and experimental test. The complete
experimental set up of a PMSM drive system and PMSG wind energy conversion system
is achieved with one test rig described in chapter 4. The test platform was implemented
with a small fractional horse power 1kW multi pole permanent magnet synchronous
machine. The experimental results confirm the correct operation and emulation of wind
energy conversion system and the results were used to validate the prediction of the
AVEM through the switching model. A very important aspect of the experimental tests is
the practical application of the AVEM to the estimation of the WECS energy yield which
allows for direct validation of the AVEM with experimental results.

In Chapter 5 an expanded performance validation of the AVEM is presented against the
switching model and experimental results over the operating speed range for the PM
machine under investigation. This is based on the view that the best approach to

determine the accuracy of a new model is to validate against existing standards such as
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the detailed switching model and experimentation. Validation of performance
characteristics include reproducing the torque versus speed curve, power, efficiency and
losses associated with a typical drive system. The AVEM simulation model results were
compared with the switching model and experimental results in constant torque and field
weakening regions using Pl current and speed control strategies. The results validate the
performance accuracy of the AVEM in predicting the performance characteristics of the
drive system. However, where there is loss of accuracy at higher speed, methods to
enhance the accuracy of the models were outlined. Finally, chapter 5 presents a
comparison of the simulation execution time of the AVEM against the switching model
and the AVEM is found to be faster than the switching model by a factor of 50 to 70.

Chapter 6 presents an extension and modification of the AVEM of single three phase
voltage source inverter to a full scale back to back three-phase VSC incorporated in a
variable speed PMSG wind energy conversion system. The details of the development of
the average voltage estimation model and switching model with a variable speed PMSG
wind energy conversion system have been presented. The complete model consists of the
wind turbine model, the generator model, and the full scale back-back AVEM, the DC
link model and the AC load model, the generator side control and the AC load side
control. The generator side controller controls the speed and torque of the generator and
the AC load side maintained a constant DC voltage and supplies a fixed frequency AC
current to the AC load. The realisation of the AVEM in a complete WECS without the
DC link capacitor but with the inclusion of a VSI loss model which guarantees accurate
power prediction and power flow direction from the wind turbine to the AC load is a
significant achievement. The inclusion of the loss model enables simulation, validation
and analysis of the performance characteristics at different points of the WECS. The
chapter presents a detailed comparison of the power versus speed curve, torque versus
speed, efficiencies and losses predicted by the simulation models and the experimental
wind turbine emulator. In addition, the simulation execution time of the AVEM was
compared with the switching model. The results presented validate the steady state
performance accuracy of the AVEM of variable speed WECS with simulation execution
times in the region of 50 times faster than the switching model. The analysis of the
results had shown where accuracies are less and outlined methods to further enhanced the
accuracy of the AVEM. Chapter 6 also presents the development of a passive MPPT

control technique to track maximum power at various wind speeds and the practical
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implementation of the AVEM in a WECS using a DSP controller and its application to
calculate energy output of the wind energy conversion system. The DSP based AVEM
and simulation of WECS energy yield prediction were compared with calculated energy
at constant torque and different torque demand (MPPT) on the PMSG. The results of the
DSP based AVEM and simulation of WECS energy output estimation is quiet close to
the calculated energy with the energy yield of different torque demand higher than that of
constant torque demand which is what is expected. This verifies the ability of the AVEM
to implement MPPT control technique and provides an alternative method of calculating

energy output of a three phase system using control strategy duty cycles.

Thus the thesis shows the process and development of the faster simulation model for
voltage source inverter-fed permanent magnet synchronous motor and generator drive
system where the VSI switching transistors and diodes and PWM modulators are totally
eliminated. The AVEM has shown promise and can be used to rapidly simulate, analyse
and investigate steady state performance of any electrical drive system and control
strategies in the complete system design process. However, its application can be

extended to transient analysis.

7.1 Future Work

The average voltage estimation model is a different approach to modelling and
simulation of voltage source inverter-fed machine drive systems. Based on this, there is
need to further develop and enhance the accuracy of the model. In addition, in the course
of the research it is observed that there are some differences between the simulation
models and the experimental tests where there is over estimation of torque, and power at
higher operating speeds which suggest differences in loss considerations. In order to fully
investigate these differences, future plans are to expand the scope of the validation of the
AVEM to include different motors, generators and VSI devices in the model and
experimental set up. Presently, the model is implemented with sinusoidal Pl current
controllers. There is a need to widen the application of the AVEM to analyse other
control strategies such as space vector and direct torque control. Vector control provides
independent control of permanent magnet synchronous machine torque and magnetic
field. This is achieved with the popularly known field oriented control (FOC).
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In FOC, the stator current is transforms into two components; the torque and magnetic
flux producing components. By controlling the torque producing component of the stator
current, the torque can be controlled to the desired value. The advantage of vector control
is the elimination of the time and position dependencies associated with other types of
controls and effective real time control of torque, generator speed and stator current with
reduced torque ripple and better performance, especially in the region between constant

torque and constant power.

PMSM
d
dq Space [—=| Average Load
V. P Voltage
T |vector | d Estimation
V) 1 g, | model
abc (AVEM)

Figure 7-1: Block diagram of a typical Field Oriented (Vector) Control with proposed AVEM of
PMSM drive system

Figure 7-1 shows a typical FOC of PMSM which can also be applied to the control of
PMSG current and torque. The basic idea is to transform a non-rotating three-phase
current into a two coordinate rotating system dq in order to eliminate the dependency of
the torque on the position of the rotor flux using Park and Clark transformations. To
achieve this, the dq coordinate rotate with the rotor flux electrical speed and the d-axis is
aligned with the rotor flux electrical position. The torque is then controlled by the
quadrature current, i,. Since the permanent magnet continuously provides the excitation
flux which is the role of the i, it is not necessary to control iz and in most cases it
equated to zero except when there is need for field weakening. In field weakening, where
higher speed/power operation is required, allocating a value that is not zero to iz will
result in a magnet flux which opposes the flux generated by the permanent magnets
thereby increasing the speed range of the PMSM. One of the disadvantages of field
weakening using i, is that it could result in demagnetisation of the rotor magnets (high
heat generation). The implication therefore is that the torque producing capability and
efficiency of the magnets will be reduced. As seen in Figure 7-1, the Clark and Park co-
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ordinate transformation of the three-phase current realises the dq current in rotating
frame. The dq currents are compared with the dq reference currents and regulated by Pl
current controllers. The torque is indirectly controlled by i, with the outer speed control
loop providing the i, reference. The Inverse Park transforms the output of the current
controllers and results to voltage vectors which are usually used to generate switching
sequences and duty cycles by SVPWM which could then be used by a average voltage
estimation model to estimate the average phase voltage in the three phases in each
switching cycle in much the same manner as that implemented for the PI current

controllers.

As a substitute for switching model, the application of the AVEM model requires to be
widely tested. The AVEM will further be expanded and applied to different variable
speed configurations such as one three phase VSI, dual parallel PMSM, two parallel
three phase VSI, one PMSM and parallel back-back VSC with a single PMSG wind

energy conversion system.

Finally, future plans are to apply the AVEM to other variable speed drive systems such
as the induction motor, the doubly fed induction generator (DFIG), the switched

reluctance motor, and other electrical machine variable speed drive systems.
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Appendices

Appendix A: Permanent Magnet Synchronous Machine and
Wind Turbine Specifications

Table Al Parameters of PM machine

Rated power 1kW

No. of poles 16

Stator resistance 0.2 Ohms
D-axis Inductance 4mH
Q-axis Inductance 4mH
Flux linkage 0.075 Vs
Moment of inertia 0.1

Table A2 Parameters of wind turbine

Rated power 1kW
No. of rotor blade 5
Rotor diameter 2m
Rated wind speed 12m/s
Cut- in wind speed 2m/s

Table A3 Parameters of the thesis Pl regulator Algorithm

Parameters Motor control Generator AC load
control control
K1 21 21 21
K2 17 17 17
Delay 3ms 30us 1ms
Current scaling 200 200 200
Saturation limit 1875 1875 1875
(upper threshold) of
current PI controller
Saturation limit -1875 -1875 -1875
(lower threshold) of
current PI controller
Offset of PI control | 1875+> 1875+> 10% | 1875+= 10%
output 10%
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Appendix B: Voltage Source Inverter Component Output Characteristics
and Switching Energies

This appendix will show how the on-state parameters of the IGBTs and the diode are
obtained for the VSI loss model. The power electronic devices used in this thesis are of
the type BSM 100 GB 120 DN2K module [250].

-V Veeo  » v
(@) L = FVer)@ (d): 1. = f)@ ©): L=rua
t, = 80ps and T; = 25°C t, = 8B0psand T, = 125°C T; =25°CandT; = 125°C

Figure 7-2: Output characteristics power electronic devices (a) IGBT at 25°C (b) IGBT at 125°C (c)
Diode forward characteristics

Figure 7-2 (a) and (b) shows the output characteristics of the IGBTs and Figure 7-2 (c)
shows the output characteristics of diodes. The on-state zero-current collector-emitter
voltage, Vg is obtained when the tangent of the output characteristics of the IGBTSs is
extrapolated to the V,p axis and the on-state collector-emitter voltage at zero collectors
current is obtained. The same procedure applies to the on-state zero diode forward

voltage, Vpo.

Collector on state resistance, r. and on-state diode resistance, 1, are given as

AV
e = TCCE (B1)
AV
p = Fg (B2)
VCEO = 12V
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Vego = 1.1V
re = 0.02
rp = 0.0071
0=>2m,=>1
0=>cos@®=>1
fo = 20kHz
Qrr = 14

Vpr = 57V (DC link voltage, this depends on the design requirement and the user)

60 40
Eon mWs

30

25

0 0
1] 50 100 150 A 250 0 10 20 30 40 Q 60
- - RL’
E = f(I;). inductive load,V.; = 600V, E = f(R;).inductive load, V. = 600V,
Vs = +15V, R, = 680 andT, = 125°€ Voz = +15V,1, = 1004 and T, = 125°C

Figure 7-3: Switching energies of the IGBTs
Figure 7-3 shows the turn-on and turn-off energy for the IGBTs and diode. Once the

turn-on collector current and the turn-off diode forward current are known, the turn-on
and turn-off energies of the IGBTs and diode can be determined from the curve and the

switching losses calculated.
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Appendix C: Measurements and Performance Calculations of PMSM
Drive System

When the test rig operates on PMSM drive system, the DC power input is calculated
from the DC voltage and DC current. The DC link voltage V. and DC current I is

recorded from display on the DC power supply hence DC power is calculated using
Ppc = IpcVpe (C1)

AC current, voltage and power are measured using power Analyser. Power analyser
receives instantaneous voltage and current and computes the RMS value of voltage and
current from which power in single phase is measured and the three phase power
calculated by multiplying the measured single phase power by a factor of 3 assuming a

balanced three phase based on

Pac = Vrmslrus (C2)
For three phase power
Pycz—py) = 3 * Pyc (C3)
ka = ﬁIRMs (C4)
Vpk = \/?VRMS (C5)

Vyr and Ly, are the amplitude of the sinusoidal voltage and current waveform captured

on the oscilloscope.

Mechanical power from the drive system is calculated by

Pn="xT (C6)

Where N is the speed in rpm and T is the torque in Nm measured using torque transducer

and encoder.

The calculation for inverter losses in the simulation model is shown in section 3.3 and the
method to obtain the parameters for the VSI simulation loss model is shown in Appendix
B. For the experiment, the inverter, motor and overall drive losses and efficiency are

obtained by calculation using the following
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Inverter losses = Ppc — Pac(s—g) (C7)

%Inverter Efficiency = % *100% (C8)

PMSM Losses = Pyc — By, (C9)

%PMSM Efficiency = :ﬁ * 100% (C10)

Overall drive system losses %lnverter Efficiency = Py — By, (C11)
%Drive system Efficiency = :Tmc * 100% (C12)

Appendix D: Measurements and Performance Calculations of PMSG
Wind Energy Conversion Emulation System

When the test rig operates on variable PMSG wind energy conversion emulation system,
the PMSG receives power from the PMSM drive emulating the wind turbine and the
output of the generator is fed to the GSC and through the DC link and LSC connects the
three phase AC load.

The calculation of the mechanical power on the shaft due to the operation of the wind
turbine emulator is calculated using equation (C6) and the single phase generator power

IS given by

PgAC = IgRMSVgRMS (D1)

Where, Py, is the single power measured at the terminal of the PMSG using power

analyser and then calculates the three phase power using
Pyac-0) = 3 * Pyac (D2)
DC power is calculated using
Ppc = IpcVpc (D3)
Where, Vp and I, are the voltage and current measured at the DC link of the wind

energy conversion emulation system.
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The single phase AC Load Power is measured using power analyser based on

Prac = ILrmsVirms (D4)

Where, P, is the single power measured at the terminal of the three-phase AC load

using power analyser and then calculates the three phase power using.

Pracz-9) = 3 * Pgac (D5)

To calculate the losses and efficiency of the generator, inverters and the overall system
taking into consideration the wind speed input, operating characteristics and control

strategy the following equations were used.

Generator losses = By, — Pyac(3-g) (D6)

%Generator Efficiency = P“’%’S‘@) *100% (D7)
Generator side converter (GSC) losses = Py4c3-¢) — Ppc (D8)
%GSC Efficiency = pg::(f_@) * 100% (D9)

AC Load side converter (LSC) losses = Pp¢c — Prac(s-o) (D10)
9%LSC Efficiency = “%i‘m % 100% (D11)

Total back-back VSI losses = Py 4c(3—g) — Prac(z-9) (D12)
%Total VSI Efficiency = % «100% (D13)

The calculation of the overall drive system losses and efficiency is obtained based on

power from the rotor shaft mechanical power, B,, as

Overall WECS system losses = By, — Ppac3-g) (D14)
% Overall WECS Efficiency = @ + 100% (D15)
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Calculation of Error of Comparison between Simulation Model and Experiment

In all performance validation the experimental results is used as the benchmark to which
the results of the simulation model are compared with. The error in the results predicted
by the simulation model are calculated using

%error = Qe”gﬂ * 100% (D16)

ept

Where Q. is the quantity measured or calculated from experimental results such as
current, torque, power, losses, and efficiency. While Qg;,, is the quantity of the same

parameters predicted by the simulation models.

Appendix E: Programming Codes to Calculate Energy Output of
WECS based on AVEM using DSP-Controller

The programming codes for the estimation of energy output of wind energy conversion
system based on AVEM using DSP controller is shown below. The duty cycles are
calculated based on the control strategy and this section of the programming codes utilise
the duty cycles and with the DC link voltage and measured phase current to calculate the

energy yield thus;

Il calculating the average voltage, power for one phase, three-phase and energy output of //WECS

if (DutyC1>=DutyC2) & (DutyC2>=DutyC3))
{

DutyT1 = DutyC1 - DutyC2;

DutyT2 = DutyC2 - DutyC3;

Vavg = K*(2*DutyT1 + DutyT2);

else if ((DutyC2>=DutyC1) & (DutyC1>=DutyC3))

{

DutyT2 = DutyC2 - DutyC1,
DutyT3 = DutyC1 - DutyC3;
Vavg = K*(DutyT2 — DutyT3);

}
else if ((DutyC2>=DutyC3) & (DutyC3>=DutyC1))
{

DutyT3 = DutyC2 - DutyC3;
DutyT4 = DutyC3 - DutyC1,;
Vavg = -K*(DutyT3 + 2*DutyT4);

}

else if (DutyC3>=DutyC2) & (DutyC2>=DutyC1))
{

DutyT4 = DutyC3 - DutyC2;

DutyT5 = DutyC2 - DutyC1,

Vavg = -K*(2*DutyT4 + DutyT5);

}

else if ((DutyC3>=DutyC1) & (DutyC1>=DutyC2))
{

DutyT5 = DutyC3 - DutyC1,;
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DutyT6 = DutyC1 - DutyC2;
Vavg = - K*(DutyT5 + DutyT6);

}

else if ((DutyC1>=DutyC3) & (DutyC3>=DutyC2))
{

DutyT1 = DutyC1 - DutyC3;

DutyT6 = DutyC3 - DutyC2;

Vavg = K(2*DutyT1 + DutyT6);

}

Pavg = Vavg * Iphl_L2;

Ptotal = 3*Pavg;

Ptotal = Ptotal + Pavg;

if (Pcount > 1000)
EnergyT = Ptotal;

Ptotal = 0;
Pcount = 0;

}

Pcount = Pcount + 1;

}

Where, K is factor representing the measured DC voltage and switching period and
Iphl_ L2 represents the phase current fed into the DSP controller.
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