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Abstract

Low Voltage Ride-Through (LVRT) capability is considered a critical feature that should be
implemented within a Wind Energy Conversion System (WECS). The mismatch produced between
the generated active power and the power delivered to the grid during any dip incidence at the Point
of Common Coupling causes a dc link voltage rise, an increase in grid currents and generator speed-
up. Failure to ride-through grid voltage dips would lead to converter failures within the WECS.

This thesis focuses on enhancing LVRT capability of PMSG based WECS using magnetic
amplifiers. LVRT techniques vary according to the turbine and utility grid variables. A survey of
the state-of-art LVRT techniques highlighting the merits and demerits of each approach is carried
out. A 1.5 MW wind turbine system is modelled, which includes the wind turbine, PMSG, and
power converters. Also PMSG control, maximum power point extraction, and grid active and
reactive power control are investigated. System performance is studied in compliance with British
grid codes for active and reactive power sudden changes, frequency excursion, and grid voltage
phase angle jump. The model is tested for LVRT capability under symmetrical network dips.

Magnetic amplifiers have been used in various applications such as instrumentation, fault
current limiting, and battery chargers. In this thesis, magnetic amplifiers are proposed as part of a
LVRT capability enhancing technique. Two possible configurations are proposed; 3-phase and dc-
side configurations. LVRT capability enhancement is investigated for the 1.5 MW WECS using the
two magnetic amplifier configurations. The 3-phase topology is able to reduce the dc link voltage
rise; however, it causes an increase in the stored rotor inertia accompanied by an increase in
generator speed. The dc-side magnetic amplifier topology is able to limit the dc-link voltage rise
which in turn protects the power converters without affecting generator performance.

In addition to simulations, a scaled prototype with the dc side magnetic amplifier
configuration is used to verify the effectiveness and applicability of the proposed technique during

steady state and transient behaviour under various operating conditions.
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Preface

Grid disturbances such as severe voltage dips can lead to disconnection of power-generating
units from the grid, which may in turn cause instability in the power grid. To avoid this, the
grid code requires power-generating units to remain connected and continuously in operation
even with severe voltage dips. The research objective is to improve the performance of PMSG
based WECS to fulfil grid code requirements for LVRT.

The thesis is presented in nine chapters:

Chapter one outlines wind penetration growth and introduces LV WECS topologies,
configurations for the MV level, and the objective of this research. Grid integration issues are
outlined.

Chapter two commences with an overview of WECS and includes modelling of PMSG
WECS. Mathematical modelling for the PMSG, wind turbine, ac-dc-ac power converters, and
grid and interfacing filters is presented. WECS control aspects are presented which includes
MSC and GSC control.

Chapter three studies a modelled 1.5 MW WT system to meet grid interconnection
requirements for continuous operation. The system is analyzed and studied for active and
reactive power sudden changes, frequency excursion, and phase jump. The modelled system
performance is compared with UK grid code technical requirements. Also, this chapter
provides an explanation for the LVRT capability requirement in technical grid codes as well as
its impact on WECS systems. Furthermore, a study of 1.5 MW WT performance to sudden
grid voltage dips is carried out and the system is tested for LVRT capability.

Chapter four overviews state-of-art LVRT capability enhancement technologies, which
covers their main control schemes, classification, merits, and demerits. The chapter covers
solutions applicable to individual wind turbines as well as techniques suitable for wind farms.
The chapter is extended to explain the theory of operation, connection, characteristics, and
control aspects of magnetic amplifiers. The use of magnetic amplifiers as a method for
improving the ride-through capability of wind turbines is proposed using two possible

configurations, namely 3-phase and dc-side configurations.

X



Chapter five investigates the use of 3-phase and dc-side configurations when applied to the
1.5 MW WECS for LVRT capability enhancement. The performance of both configurations is
compared through simulation.

In Chapter six, practical validation of the proposed dc-side configuration is carried out.
Simulation of a scaled down system are compared with results obtained from the experimental
test rig.

Finally, Chapter seven presents the conclusions, the author’s contribution, and suggested

future research.



CHAPTER ONE

Introduction

With the growing concerns for conventional energy sources consumption, increasing
environmental concerns and interest in technology for generating electricity from
renewable energy sources, wind power has emerged as the most promising renewable
resource. With more than 35 GW of wind power capacity added in 2013 and a total above
318 GW, wind power capacity by the end of 2013 was enough to meet an estimated 2.9%
of total electricity consumption [1.1]. Accordingly, turbine designs continue to evolve to
increase yields with trends towards larger machines, and shifts in technologies to improve
the economics of wind power in wider operating conditions. This chapter overviews wind
turbine technologies. Various wind turbine trends are highlighted and grid code
fundamentals are presented to emphasis their importance in the integration of grid

connected wind energy.
1.1 Wind Penetration Growth

Installed wind power capacity has been steadily growing over the last two decades. Figure
1.1 shows the evolution of cumulative installed capacity worldwide from 2000 to 2013.
The installed capacity of global wind power has increased exponentially from a total
capacity of 48 GW in 2004 to 318 GW by the end of 2013, and capacity is expected to
achieve 760 GW in 2020 based on a moderate scenario, with an average annual growth rate
of 21.4% since 2008. This growth has been fostered by the continuous cost increase of
traditional energy sources, cost reduction of wind turbines (WT), governmental incentive
programs, and public demand for cleaner energy sources [1.2].

In addition to the rapid growth in total installed capacity, the size of individual wind

turbines is also increasing substantially to obtain a reduced price per generated kilowatt



hour. In 2013, the average turbine size delivered to the market was 1.9 MW, among which

the average offshore turbine has achieved a size of 4 MW [1.1].
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Figure 1.1 Worldwide wind power capacity growth. [1.1]

1.2 Wind Energy Conversion Systems Configurations

A variety of wind energy conversion system (WECS) configurations have been developed
in an attempt to reduce the cost, increase reliability, and improve efficiency and
performance. A classification of the most common configurations is shown in figure 1.2,
where the WT can be generally classified into the fixed and variable speed turbines. The
selection of variable speed or fixed speed wind generators for a specific site is determined
by several factors: wind speed distribution of the site, reliability and maintenance concerns,
system cost, and profit by the electricity generation [1.3].

Fixed-speed turbines incorporate a squirrel-cage induction generator (SCIG) connected
directly to the grid which is inherently a fixed-speed machine [1.4], as for the variable-
speed WT, it can be divided into direct and indirect drive turbines. In direct-drive turbines,
low-speed synchronous generators (SGs) with a large number of poles are employed. Both
wound-rotor synchronous generators (WRSGs) and permanent-magnet synchronous
generators (PMSGs) are suitable for direct-drive turbines, where a full-scale power
converter system is required [1.5]. The converter system serves as an interface between the

generator and the power grid.



Indirect-drive turbines require a gearbox to match the low turbine speed to the high
generator speed. WRSG, PMSG, and SCIG equipped with full-capacity power converters
have all been used in practical wind energy systems. In addition, doubly fed induction
generators (DFIGs) with reduced-capacity converters and wound-rotor induction

generators (WRIGs) with converter-controlled variable rotor resistance have also been

WECS
configurations

3 +

( Fixed speed WT J ( Variable speed WT J

*

(gearless)
| & 1! 1 § ] 8 1 4

[ PMSG J [ WRSG [ SCIG WRSG PMSG J[ DFIG J[ WRIG

reported [1.2].

Indirect drive WT
(gears)

Figure 1.2. Wind energy conversion systems configurations.

1.3 Fixed-Speed WECS

Fixed-speed turbines can be classified into single-speed WECS, in which the generator
operates at only one fixed speed; and two-speed WECS, in which the generator can operate
at two fixed speeds [1.6].

A typical configuration for a megawatt (MW) fixed-speed wind energy system is shown in
figure 1.3. A squirrel cage induction generator is exclusively used where it is commercially
called Type-1 WT. A practical example of this configuration is the V82-1.65 rated at
1.65MW, manufactured by Vestas. To assist turbine start-up, a soft starter is used to limit
the inrush current in the generator winding, which is undesirable particularly in the case of
weak grids and can also cause severe torque pulsation and probably damage the gearbox
[1.7]. The soft starter is essentially a three-phase AC voltage controller composed of three
pairs of thyristors. To start the system, the firing angles of thyristors are gradually adjusted
such that the voltage applied to the generator is increased gradually from zero to the grid

voltage level, thereby effectively limiting the stator currents. The soft-start operates over a



short time interval and thereafter is by-passed via a contactor in order to eliminate thyristor
losses and the WECS is then connected to the grid through a transformer [1.8].

Since the system does not need power converter interface during normal operation, it is
classified as a WECS without power converters. To compensate for the inductive reactive
power consumed by the induction generator, a capacitor-based power-factor compensator
is normally used. In practice, the compensator is composed of multiple capacitor banks,
which can be switched into or out of the system to provide optimal compensation
according to the operating conditions of the generator.

Due to the use of a cost-effective and robust squirrel-cage induction generator with an
inexpensive soft starter, the fixed-speed WECS features simple structure, low cost, and
reliable operation. However, compared to a variable-speed WECS, its major disadvantage
is that it almost never captures the wind energy at peak efficiency in terms of the power
coefficient C,. Wind energy is wasted when the wind speed is higher or lower than the
specific value selected as the optimum[1.9]. Fixed speed WECS also exist where two-
speed operation can be achieved by changing the number of poles or by using a two
generator set [1.2].

Bypass switch

Transformer Grid

O Gearbox SCIG L

Turbine

@a}z@

Softstarter — L 1

Powerfactor compensator

Figure 1.3. Fixed speed WECS using a soft starter.

1.4 Variable-Speed Induction Generator WECS

Variable-speed operation of a wind energy system can be realized by a WRIG, in which
the rotor is connected to external variable resistance, or by a DFIG with a reduced-
capacity power converter in the rotor circuit. The former is one of the earliest commercial

variable-speed WECS, and the latter is one of the most widely used WECS to date [1.2].



1.4.1 Wound-Rotor Induction Generator with External Rotor Resistance

Figure 1.4 shows the simplified configuration for a variable-speed WRIG wind energy
system with converter-controlled external rotor resistance which is regarded as the earliest
commercial variable—speed WT. The system configuration is the same as that of the fixed-
speed wind energy system except that the SCIG is replaced with a WRIG. The external
rotor resistance R, is made adjustable by a converter composed of a diode bridge and an
IGBT chopper [1.10]. The equivalent value of R,, seen by the rotor varies with the duty
cycle of the chopper. With different values of R,,, the generator can operate at different
operating points with different torque-slip characteristics. The main advantage of this
configuration compared to the variable-speed WECS is low cost and simplicity. One of the
disadvantages to this technique is the lack of control of reactive power consumption
independent of the real power. Another is the high rotor losses, which increase with slip
and limit the speed variation to approximately 10% [1.11]. Commercially, this type of
WECS is known as a Type-2 WT, such as OptiSlip from Vestas.
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Figure 1.4. Variable speed WECS using a WRIG.

1.4.2 Doubly-Fed Induction Generator Wind Turbine

The variable-speed DFIG wind energy system is one of the main WECS configurations in
today's wind power industry. As shown in figure 1.5, the stator is connected to the grid
directly, whereas the rotor is connected to the grid via reduced-capacity power converters
[1.12]. The rotor-side converter (RSC) controls the torque or active/reactive power of the

generator while the grid-side converter (GSC) controls the dc-link voltage and its ac-side



reactive power. External reactive power compensation is not needed since the system has
the capability to control reactive power. The power flow in the rotor circuit is bidirectional:
it can flow from the grid to the rotor or vice versa thus requiring a four-quadrant converter
system as shown in figure 1.5, which also enables decoupled control of generator active
and reactive powers. However, the converter system needs to process only around 30% of
the rated power while the speed range is +33% around the synchronous speed [1.12]. The
use of reduced-capacity converters results in reduced cost, weight, and compact size of the
converter as well as the inverter filters and EMI filters [1.13]. Also, the configuration
offers smoother grid connection and maximum wind power extraction. Compared with the
fixed-speed systems, the energy conversion efficiency of the DFIG wind turbine is greatly
enhanced. Examples of commercial DFIG WECS are the 2.5 MW Nordex 100, 3 MW
Vestas V90, and the 5 MW Repower 5M [1.2]. This type of configuration is commercially
known as Type-3 WT.

Turbine

Qﬁa 0 DFIG - Grid

O Gearbox RSC GSC

oL e oL
N —_— » |
T T

Filter Filter

Figure 1.5. Configuration of the DFIG.

1.4.3 Squirrel-cage Induction Generator Wind Energy Systems with Full-Capacity
Power Converters

A typical voltage source converter configuration for SCIG wind energy systems is shown
in figure 1.6, where a two-level voltage source rectifier (VSR) and voltage source inverter
(VSI) using IGBT devices are employed [1.14]. The two converters are linked by a
common dc-link capacitor. The converter power rating can be increased by parallel

connecting IGBT modules [1.2].
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Figure 1.6. VSI WECS using a SCIG.

1.4.4 Variable-Speed Synchronous Generator Wind Turbines

i- Configuration with Full-Capacity Back-to-Back Power Converters

Synchronous generator wind energy systems offer more configurations than the induction
generator WECS [1.15]. This is mainly due to the fact that the synchronous generator
provides the rotor flux by itself through permanent magnets or a rotor field winding and,
thus, diode rectifiers can be used as generator-side converters. Also, it is cost-effective for
synchronous generators to have multiple-pole (e.g., 72 poles) and multiple phase (e.g., six
phases) configurations. WTs employing full capacity back-to-back power converter
configurations are known as Type-4 WT and include examples such as the 2.5 MW geared
PMSG Clipper Liberty 2.5, the gearless 3 MW PMSG Siemens SWT 3.0-101, and the 2.5
MW direct drive PMSG Goldwind 2.5 PMDD.

A typical configuration for SG wind energy systems with full-capacity power converters
are shown in figures 1.7 and 1.8, where back-to-back two-level voltage source converters
are employed in low-voltage wind energy systems and 3-level neutral point clamped
(NPC) converters are used in medium voltage WT respectively. Similar to the SCIG
system presented previously, parallel modules or converter channels are required in the LV
systems for higher power rating, whereas in MV systems a single NPC converter can
handle powers up to a few megawatts. The 3-level NPC back-to back configuration shown
in figure 1.8 is one of the most commercialized multilevel converters on the market as it
achieves one more output voltage level and less dv/dt stress than the 2-level converter, and
has a smaller filter [1.16]. Other configurations such as a 3-Level H-bridge back-to-back
topology and a 5-Level H-bridge back-to-back topology have been reported [1.17, 1.18].



Not all SG WTs need a gearbox, as when a low-speed generator with high number of poles
is employed, the gearbox can be eliminated. The gearless wind turbine is attractive due to
reduced cost, weight, and maintenance; with a market share of 28% in 2013 compared to

12% in 2008 [1.1].

Turbine

200 T oo

G .
(optional) (LV) Filter

Filter Grid

2 level

Figure 1.7. 2-level based WECS using back-to-back converters.
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Figure 1.8. 3-level SG based WECS using NPC converters.

ii- Configuration with PWM Current Source Converters.

Figure 1.9 shows a typical configuration for a medium-voltage SG wind energy system
using current source converter technology. The current source converter has a number of
advantages over its voltage counterpart due to its simple converter topology, near
sinusoidal waveforms, and reliable short circuit protection. It is particularly suitable for
high-power applications such as megawatt variable-speed drives and wind energy
conversion systems. It is a promising converter topology for large SG WECS at the

medium-voltage level of 3-4 kV [1.19].
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Figure 1.9. WECS with PWM current source converters.

iii- Configuration with Diode Rectifier and DC/DC Converters

To reduce wind energy system costs, the two-level voltage source rectifier in figure 1.7 can
be replaced by a diode rectifier and a boost converter as shown in figure 1.10 [1.20]. This
converter configuration cannot be used for SCIG WTs since the diode rectifier cannot
provide the magnetizing current needed by the induction generator. The diode rectifier
converts variable generator voltage to a dc voltage, which is boosted to a higher dc voltage
by the boost converter. It is required that the generator voltage at low wind speeds be
boosted to a sufficiently high level for the inverters, which ensures the delivery of the
maximum captured power to the grid over the full wind speed range. Compared with the
PWM voltage source rectifier, the diode rectifier with a boost converter is simpler and
more cost-effective [1.21]. However, the stator current waveform is distorted due to the use

of the diode rectifier, which increases generator losses and causes torque ripple.
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Figure 1.10. Single channel boost converter.
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Figure 1.11. A 3-level boost converter.
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Figure 1.12. A 2-channel boost converter.

The configuration can be extended to a 3-level boost converter which is composed of two
single-boost converters in a cascaded arrangement as in figure 1.11. This alternative has
found practical application with a power rating up to 1.2 MW [1.2]. Another method of
increasing the power rating of this configuration is to use a two-channel or three-channel

interleaved boost converter as shown in figures 1.12.
1.5 Configurations with Multiple Cells Power Converters

Parallel and series connecting devices or converters to increase the WTs power level
includes matrix converters, cascaded topologies, neutral point clamp, flying capacitor as
well as hybrid configurations [1.18]. Also, it is possible to increase the power rating of
wind energy systems by using distributed converters for a generator with multiple
windings or for multiple generators. Correspondingly, the grid-side transformer can also be

designed with multiple windings. This configuration has a number of advantages, such as
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low torque ripple and harmonic distortion, use of low power converters for a MW WT and
no power de-rating of converters because of the absence of circulating currents [1.2].

The multi-winding generator approach is illustrated in figure 1.14, where a six-phase
generator is used and the power is delivered to the grid through two distributed converter

channels [1.22]. Each converter channel is composed of two-level voltage source

oo [

Converter 1

converters and filters.

Turbine

Converter 6

Figure 1.13. WECS multiple cells power converters.

1.6 Wind Generator Grid Integration Issues

Since wind power production is dependent on the wind, the output power of a wind turbine
varies over time under the influence of meteorological fluctuations. This raises challenges
for the integration of large power into electricity grids, consequently several design and
operation issues must be addressed [1.20]. To ensure power system stability, grid operators
issue technical guidelines which wind power plants have to comply with to be able to
merge the production of conventional power plants with renewable energy plants which
have different performance [1.23]. To safeguard the electrical power system under
liberalized electricity markets, grid codes were written in different countries specifying the
technical and operational characteristics of plants owned by the different parties involved
in the production, transport and consumption of electric power. This is necessary in order
to ensure a certain level of quality of supply which must be delivered to the end users

[1.24].
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The most common requirements include steady state performance ratings such as voltage,
frequency, active and reactive power; power quality parameters such as flicker, in-rush
current damping, negative phase sequence voltage, voltage and current total harmonic
distortion, and current inter-harmonics levels. The technical grid codes also include
regulations for grid dynamic performance such as low voltage ride through, frequency and

power ramps, islanding, active power control, reactive power and voltage control [1.25].
1.7 Low Voltage Ride-through

The main objective of this thesis is to focus on the low voltage ride through capability of
PMSG based WECS. Grid disturbances such as severe voltage dips caused by short-circuit
faults can lead to power-generating units disconnected from the grid. Grid faults in the
form of voltage sags or swells can typically lead to tripping of wind power plant, which
can unbalance the grid and may yield blackouts and instability in the grid. To avoid these
problems, it is required that wind power plants continue to operate even at very low
voltage dips, support the voltage recovery by injecting reactive current and restore active
power after fault clearance with limited ramp values [1.26]. All these features are defined
as fault ride-through (FRT) capability and vary from one country to another. FRT is
defined in terms of minimum and maximum voltage ride-through (low and high VRT) and
recovery slope for symmetrical and asymmetrical faults that the wind power plant must be able

to withstand without being disconnected from the utility grid.
1.8 Research Motivation and Objectives

Variable speed operation and grid interconnection through a full scale power converter are the
main trends of modern WTs. However, large wind installations are requested to behave similar
to conventional power plant due to their high impact on grid stability. Accordingly, wind
power plant control needs to be carefully designed to meet the system operator’s requirements
in terms of grid code compliance and control in both normal operation and in response to
disturbances.

In this research, low voltage ride-through capability enhancement for PMSG based WECS
is the prime factor under investigation. The research analyzes the possibility of enhancing
the ride-through capability of PMSG wind turbines in response to symmetrical voltage dips
through the use of magnetic amplifiers.

The thesis main objectives are:

12



Model and simulate a 1.5 MW PMSG wind turbine for grid interconnection.
Investigate the system’s performance for compliance with UK grid codes for active
and reactive powers, frequency and phase changes.

Outline the different methods used for LVRT capability enhancement for PMSG
WECS.

Investigate the performance of magnetic amplifiers as a method for LVRT
enhancement through simulation analysis using Matlab, for the 1.5 MW full sized
system.

Practical validation for enhancing the LVRT capability of a scaled down system
prototype using magnetic amplifiers and comparing the experimental results with

the scaled down system simulation.
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CHAPTER TWO

Modelling of a Permanent Magnet Synchronous Generator based Wind

Energy Conversion System

Wind energy is the most promising renewable energy source, with a fast growing capacity.
In addition to the growth in total installed capacity, the size of individual wind turbines is
also increasing dramatically, starting with a few tens of kilowatt of rated power in the
1980s and now reaching 8 MW. As grid penetration and power levels of the WT increase
steadily, wind power has started to have significant impact on the power grid. Moreover,
advanced generators, power electronic systems, and control solutions have been introduced
to improve the characteristics of wind power plant integration into the power grid [2.1]
Variable speed WECS employing PMSG are a popular wind energy configuration owing to
their extended speed operating range, high power density, full decoupling between
generation and the grid, and maximum energy capture at different wind speeds. Also, the
ability to be directly driven from the turbine without the use of a gearbox, gives directly
driven PMSG systems a competitive advantage in terms of high energy yield, noise
reduction, low maintenance and high efficiency. Large amounts of variable generated
power from distributed generation (DG) units create power system operation issues;
dynamic and steady state stability forcing the need for analysis and modelling of the
WECS for proper control.

In this chapter, a mathematical model of the WECS employing a multi-pole PMSG is
developed and analyzed. The model includes the wind turbine, PMSG, ac-dc —ac
converters employed, and grid coupling. The chapter further investigates WECS control

methodologies.
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2.1 Wind Energy Conversion System Overview

Variable speed WT operation requires a power electronic system that is capable of
matching the generator frequency and voltage with that of the electrical grid. By utilizing a
full-scale power converter in the PMSG WT case, to interconnect to the power grid, all the
generated power from the wind turbine can be regulated with good speed control and grid
support features. Figure 2.1 shows a basic PMSG wind turbine system configuration,
which is also known as a Type-4 WECS [2.2]. The system consists of a wind turbine
coupled to a PMSG where the stator terminals of the PMSG are connected to the constant
voltage and frequency grid through a two stage power conversion unit (ac-dc-ac), grid

coupling filter, and a step-up transformer.

Power Converters

AR A=)

Wind

PCC Filter Transformer  Grid i

Machine side Grid side 3

1\Wind Turbine || Generator Side | 1\ | ! Grid Side
/. Conveter Conveter / \
Pitch control Machine side control Grid side control

Figure 2.1. PMSG WECS.

The following sections contain full system description and modelling of the PMSG WECS
shown in figure 2.1. Mathematical modelling is carried out for the system components of
figure 2.1 which includes the mechanical wind turbine, PMSG, ac-dc-ac conversion units
as well as the grid side representation. Machine side and grid side control for WT operation

are also outlined.
2.2 Wind Turbine Model

WTs use the blades to convert kinetic energy into rotational and then electrical energy. The

kinetic power of air stream, P,,, can be represented as:

1 @.1)
Pying = EPAV3
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where p is the wind density, A4 is the blades swept area, and V is the wind speed. The swept
area of the blades, 4 is equal to TR?, where R is the wind turbine blade radius.
The power that can be extracted from the wind can be expressed as [2.3]:

1
Po = 5 pR?C, (3, BV 22

where the power coefficient, C,, varies as a function of the tip speed ratio, 4, and the pitch
blade angle . For every fixed f there is a corresponding (C, — 4 ) curve, where each has a
peak C, value corresponding to an optimum A. Maximum C, is achieved at optimized
rotational speed when f is equal to zero.

For lossless systems, the maximum C, is equal to 0.59; accordingly it is possible to only

extract 59% of the wind energy [2.3]. The value for C,, can be computed as [2.4]:

c —18.4 23
C,(M,B) =1 (/1_2_ C3f — Ccaffs — Ce)e 4 23)
1
where A; = I;Cg , and (2.4)
(A—Csﬁ - ﬁ3+1)
Rw (2.5)
A= —
%4
where [c; ..... Cg] are characteristic constants for each wind turbine.

The tip speed ratio, 4, is defined as the ratio between the blade tip speed w, wind turbine
blade radius R and the wind speed V, while £ and 4 are related in equation (2.5) to obtain
the value of 1;. Figure 2.2 shows the mathematical model of a wind turbine.

Typical wind turbine characteristic curves are shown in figure 2.2. Assuming that £ is zero
to achieve maximum C,,, figure 2.3 shows the wind turbine output power variation with its
rotary speed, w,., with respect to wind speed V. If the generator is running at rated speed at
a wind speed of 12 m/s, the maximum extracted power from the wind turbine will only be
approximately 70% of its nominal output. The effect of changing f is illustrated in figure
2.4. If p moves slightly, by an angle of 2°, the output power from the turbine will drop to a

value below 0.7 per unit of the nominal output power.
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Figure 2.2. Wind turbine model.
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Figure 2.3. Turbine output power versus generator speed at different wind speeds, at f =0°.
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2.3 Generator Model

The electrical generator is required to convert the mechanical energy from the wind turbine
prime mover to electrical energy that is transferred to the electrical grid. The PMSG is
favoured in recent turbine designs, since it is characterized by high efficiency and with no
need for any external excitation current, making it superior in offshore wind applications
since it requires minimum maintenance and has a reduced likelihood of mechanical failures
due to the absence of a gearbox [2.5].

Park transformation transforms the rotating stator variables to a fixed rotor frame [2.6]. Let
S represent any of the variables (current, voltage, and flux linkage) to be transformed from

the abc frame to the dq0 rotor frame. The transformation in matrix form is given by

[ p p 2T p 2T ]
S4 cos cos< —;) cos< +—>|

2| 3 Sa
==l , 21 , 2m\ || Sp (2:6)
S, 3|—sinf —sin <9 — ?> —sin <9 + ?> | S,
l b b b J

where the S, component is the zero sequence component and in balanced 3-phase system
this component is zero. The %constant in (2.6) is introduced to make the transformation

power variant [2.7]. Due this choice the values of the time independent variables, such as
dg axes currents will be equal to their corresponding peak values. The inverse of the
transformation is [2.6]:

[ cos6 —sinf 1] 2.7)

Ico 0 ——7T> —sin(Q —2—7T> 1I Sa

[Sb] = | 3 I Sq
| 21 . 21
lcos 9 + ) —sin (9 + ) 1J
3

The essential features of a 3-phase synchronous machine from the analytical point of view
are shown in figure 2.4, where the co-ordinate system used in modelling is presented in
part (a). On the stator are the three distributed windings a, b and ¢ and on the rotor is the
permanent magnet as indicated in figure 2.4 part (b). The PMSG model is similar to the
standard wound synchronous machine except for the absence of dc-field excitation and
instead the excitation is provided by the permanent magnet giving a constant flux ¢y.

The PMSG rotor has two axes of symmetry, direct axis and quadrature axis, d and ¢

respectively. The dg axes revolve with the rotor, while the magnetic axes of three stator
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phases are stationary and the angle 6 is the angle between phase a-axis and the d-axis. As
the rotor turns, @ varies with time, with a constant rotor angular velocity w,..

The electrical dynamic voltage equations in terms of phase variables are
[vabcgen] = [Ra] [iabcgen] + p[(pabc] (2' 8)
[‘Pabc] = [Labc] [iabcgen] + [(P}] (2.9)

where Vgpeg » labeg » Pabc are the three phase stator voltages, currents and flux linkages for

phase a,b,c respectively and R, is the resistance of the three phase stator windings which is
equal in the three phases.

c-axis A3 Rotor quadrature

axis -«

c-axis }\ ~o

\, Rotor direct
axis

a-axis

b-axis
(a) (b)

Figure 2.5. The synchronous machine: (a) co-ordinate system and (b) idealized machine.

The inductance matrix [L,p.] is given by:

laa lap  lac (2.10)
[Labc] = lba lbb lbc
lca lcb lcc

where .4, lpp, lcc are the self inductances of phase abc, l,, = l,, are the mutual
inductance between phase a and b, [, = [.,= mutual inductance between phase b and c,
lae = .= mutual inductance between phase a and c.

Neglecting the change due to loading and air gap variation, the flux-linkage in the stator

winding due to the permanent magnet rotor is given by

22



@y sing (2.11)

where @y is the amplitude of the flux linkages established by the permanent magnet,
viewed from the stator phase windings.
The equivalent dg-axes stator windings are transformed to the reference frame that is
revolving at the rotor speed. The consequence is zero speed differentials between the rotor
and stator magnetic fields. Also, the stator d and g-axis windings will have a fixed phase
relationship with the rotor magnet axis, which is the d-axis in the modelling. Applying
Park’s transformation (2.6) and its inverse (2.7) to voltage equation (2. 8), and the flux
linkage equation of (2.11), the voltage-current relations of the PMSG in dq terms are
Vagen = Ralagen + PPa — Pqwe (2.12)
Vagen = Ralggen + PPq + Pawe (2.13)
where w, is the electrical angular frequency and can be related to rotor mechanical angular

frequency w, as

P 2.14
We = E Wy ( )
The flux linkage equations in dg terms are
Pg = Ldidgen + @r (2.15)
©q = Lgiggen (2.16)
Substituting (2.15) and (2.16) into (2.12) and (2.13), and since ¢y is constant, then p@y=
0, and
Vagen = (Ra + pLd)idgen - weLqiqgen (2-17)
vqgen = (Ra + qu)iqgen + weLdidgen + (pfwe (2'18)
For dynamic simulation, the PMSG model can be expressed as:
. (vdggen - Raidgen + Lqiqgenwe) (2-19)
Plagen = I
d
. (vqgen - Raiqgen + Ldidgenwe - (pfwe) (2'20)
Plggen = I
q

The instantaneous power input to the 3-phase stator will be

Pigen = vageniagen + 17bgenib‘_c;len + 17cgenic‘_qen (2-21)
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Using (2.6) for voltages and currents and neglecting the zero sequence component, the

power equation is

3 . . (2.22)
Pigen = 2 (vdgenldgen + 17qgenlqgen)
3 . . . deg . dog
Pigen = E <Ra(l§gen + lczygen) + lqgend_tq + ldgen? (2.23)

+ w, ((pdidgen - (pqidgen)>

The ohmic term represents the ohmic losses while the rate of change term represents the
magnetic energy and therefore, it can be concluded that the electromechanical power P, is
given by

3 . . (2.24)
P, = Ewr((.odlqgen - (pqldgen)

The electromechanical torque is produced by the interaction between the rotor poles P and
the poles resulting from the rotating air gap mmf established by currents flowing in the
stator windings as in (2.25). The electromechanical developed torque T, is obtained as

[2.8]

3 (P

. . (2.25
T, = E <E) ((pdlqgen - (pqldgen) )

The torque and speed may also be related using equation (2.26), where J is the moment of
inertia and T} is the load torque:

T, =] <%) % + w, <%) LT, (2.26)

Substituting (2.15) and (2.16) into (2.25), the electromagnetic torque equation of an

interior permanent magnet synchronous generator (IPMSQ) is obtained

3/P
Te = E(E) (¢riagen + (La = Lq)iggeniagen)

Figure 2.6 represents the PMSG model using equations (2.6) to (2.26).

(2.27)
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dq0

Figure 2.6. Mathematical model of a PMSG.

2.4 AC-DC Conversion Unit

The main function of the ac-dc conversion unit is to control the wind turbine generator, and
decouple the generator from the electrical grid. Since the generator output voltage and
frequency do not match those of the grid, the ac-dc conversion unit transforms the
generator voltage and current to dc-values, which become frequency independent. Several
ac-dc topologies can be used depending on the power range, and type of wind turbine
generator employed, as well as grid conditions.

A widely used scheme is to use a pulse width modulated (PWM) VSI as the grid-side
converter (GSC) [2.9], although other topologies exist. PWM-VSI configurations require
that the dc-link voltage, Vyc_jink be higher than the peak of the grid voltage, ¥yy;q for
controlled power flow operation. Figure 2.7 shows two popular configurations for the ac-
dc conversion unit, one using a PWM voltage source rectifier shown in part (a); and the
other utilizing a diode rectifier with a boost chopper circuit as indicated in part (b) [2.10].
The former topology, also known as the back-to-back configuration when connected to a
PWM VTSI, is more expensive, has higher switching losses because of the six switches and

has a more complex control system. However, it offers better generator control, such as
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torque ripple, speed and bidirectional power flow control [2.11, 2.12]. Other circuit
configurations exist, including multilevel converters and the matrix converter [2.13, 2.14].

The converter topology employing a diode bridge rectifier and a boost chopper in figure
2.7 (b) instead of a controlled PWM rectifier, offers a low cost solution with high
reliability. The main disadvantage of the diode-rectifier based system is that the generator
stator currents are uncontrolled. It can, however, be used in small scale wind power
systems. Analysis in the following sections will be carried out for the diode rectifier-boost
configuration where the ac-dc conversion stage will be referred to as the machine side

converter (MSC) as indicated in figure 2.1.
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Figure 2.7. Machine side converter: (a) voltage-source PWM rectifier and (b) diode

rectifier with boost.

In analyzing the diode rectifier part without the boost chopper of figure 2.7 (b), assume the

phase-to-neutral supply voltages in figure 2.5 are defined as
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Van = V2 Vpy sin(wst)

21
Vpn = V2 Vpy sin (wst - —)

3 (2.28)

2
Ven = V2 Vpy sin (wst + ?)

Vpy 1s the rms value of the phase voltage and wy is the supply voltage angular frequency
given by 2zf, where f is the supply frequency. The line-to-line voltage v,;, can be

calculated as:

T
Vap = Vg —Vp = \/Z—VLL sin (wst + E) (2.29)

where V;;is the rms value of the line-to-line voltage.

The full bridge diode rectifier waveforms connected to a resistive or highly inductive load
are presented in figure 2.8 (a) to (f). The waveform for the rectifier output voltage, V., is
shown in figure 2.8 (b), while the rectifier load current response, I;. is demonstrated in

part (c). The rectifier load current I, is continuous with six pulses per cycle of the supply

. 2 . .
frequency; where each diode conducts for 3T and experiences a maximum reverse voltage

of the peak line voltage 2V, [2.15]. Diode currents, ip; and ip, waveforms are

illustrated in part (d) and (e), while the supply current, i, is shown in part (f).

The mean output dc voltage V., is continuous as shown in (b) and can be calculated as:

1 (" i 32
T[_ \/E VLL Sin (wst + _) d((l)st) = _VLL =~ 135 VLL
/3 1'[/6 6 T

Having an unregulated output voltage is regarded as the main disadvantage for the

Vo=
ac (2.30)

rectifier-boost topology despite its low complexity. Moreover, since the supply current (or
generator stator currents in the case of the PMSG) contains serious harmonic content,
relatively large electromagnetic torque ripple results, caused by the low frequency
generator stator harmonic current [2.16]. The torque ripple may cause detrimental effects
on the turbine and shaft life time [2.17]. Although it is acceptable for small power rating
systems, torque ripple reduction enhances system reliability and also the applicability at
higher power. The inductance Lg found in figure 2.8 (a) and (b), represents the inductance

of a three-phase reactor that is often added to the system in practice for the reduction of
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current and torque ripple [2.18]. A reduction in the rectifier output dc-voltage, V. takes

place in the AC side filtering due to the voltage drop across L.
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Figure 2. 8. Three-phase full-wave bridge rectifier waveforms: (a) 3-phase voltage, v;, (b)
line voltage, V%, and output voltage, V., (c) load current, I;., (d) diode D, current, Ip4, (€)
diode D, current, I,, and (f) supply current, i,.

The boost chopper in figure 2.7 (b) transforms the rectifier output voltage, V., to dc-
voltage V,._jink that is greater in magnitude but has the same relative polarity as the input.
As the transistor SW; is switched off, the output capacitor C,._jinx 18 charged to the

rectifier voltage Vj.; thus the output voltage V;._jink can never be less than the input
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voltage level. When the transistor switch SW; is turned on, V. is applied across the
inductor L, and the diode D, is reverse-biased by the output voltage, V;._;ink. Energy is
transferred from the supply to L;. and when the transistor is turned off energy is
transferred to the load and dc-link capacitor Cy._;ini through D,. While L, is transferring
stored energy to Cy._;ink and the load, energy is also being drawn from the input source.
The diode current I, is always discontinuous, but the input current can be either continuous
or discontinuous.

Assuming continuous inductor current, the output voltage V;._;inx and output current
I, relation is

Vac—tink _ I _ 1 (2.31)
Vae lije 1—k
where k is the duty cycle, defined as:
ton (2.32)
k=—
T

where t,,, is the switch ON time, T is the switching period and t, is the switch OFF time.

Typical waveforms for the boost converter circuit in figure 2.7 when connected to a
resistive load R are shown in figure 2.9 (a) to (f). For the applied gating in part (a) to
switch SW;, the output voltage V;._;inx and inductor current, I;. are shown in parts (d) and
(f) respectively. Part (c) shows the inductor voltage, v; ;. while (e) shows the diode D;
current I,;. The switch SW; voltage, vgy,, is illustrated in (b).

To calculate the ripple current in the inductor, L., the inductor current ripple Aiy. can be
expressed as

_ Adec

. _ (Vdc—link - Vdc) Vdc—link T (2- 33)
Aldc = = —_—

At toff =k (1 - k) de

de de

For continuous inductor current, the constant output current /; is provided solely from the
capacitor during the period t,,, when the switch is on thus the output ripple voltage is the

capacitor ripple voltage Avg._;ink, defined by

1 1
Avge_y; =—fidt=—AQ
QeI T C e tink Cac—tink

1 Vyo_ii
— ton dc—link (2' 34)
Cac—tink R

Rearranging gives the percentage (peak-to-peak) output voltage ripple:
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Avgeiine kT (2. 35)

Vac—tink  RiCac—tink
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Figure 2. 9. Boost converter waveforms in continuous mode (a) gate signal, (b) SW; voltage
Vsw1, (¢) inductor voltage v, 4., (d) output voltage V;._;ink» (€) D; current Ipq, and ()
inductor current [} 4. .

As previously mentioned, the main purpose of the MSC employing a rectifier-boost
converter unit is to extract maximum power from the wind turbine at any given wind
speed. To show the control algorithm for the MSC, figure 2.7 (b) is modified to include the
control system block diagram as illustrated in figure 2.10. From figure 2.10, MSC
operation is based on controlling the boost chopper current I;.. A PI-controller is used to

control the chopper inductor current I;., at a given reference value I;.. The command
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signal for the inductor current I, is chosen to satisfy the maximum power extraction
criterion from the wind turbine. The on and off states of the chopper switch are determined
using the output of the Pl-controller. PWM is used to control the chopper switch duty

cycle, k, varying from 0 to 1, assuming an ideal switch, with a constant carrier frequency,

fch-
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Figure 2. 10. WECS with rectifier and boost chopper.
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2.5 DC-AC Conversion Unit

The dc-ac conversion unit is responsible for delivering the PMSG extracted power to the
grid with regulations and conditions specified by grid operators. This stage reconstructs
variable-amplitude and variable-frequency waveforms from the generator for grid
matching purposes. The dc-ac conversion unit; also known as grid side converter (GSC),
has different technologies to improve control and increase the reliability of the system.

GSCs can be divided into voltage and current source inverters [2.14]- [2.19]. Voltage
source inverters are classified as either two-level VSI or multilevel inverters. Multilevel
inverters have attracted research attention, where several topologies have been introduced
and commercially established. Among them, the neutral point clamped, cascaded H-bridge,
and flying capacitor inverters are the most common configurations [2.14]. The two-level
VSl is applicable to MV drives. Extended voltage and power capabilities can be achieved
by series connection of semiconductors. Figure 2.11(a) shows the topology of the two-level
VSI [2.20] - [2.21]. Current source inverters (CSI) illustrated in figure 2.11 (b) are
common in high-power applications and can be divided into two topologies, load
commutated inverters (LCIs) and PWM CSlIs [2.19]. The impedance source inverter (ZSI)
is a new approach to dc-ac conversion technology. The ZSI circuit diagram shown in

figure 2.11 (c) consists of an x-shaped impedance network formed by two capacitors and
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two inductors, and provides unique buck— boost characteristics. The ZSI is characterized

by robustness during bridge arm shoot-through, no need for dead time in switch

commands, and low harmonic distortion in the output voltage [2.22].

A two level PWM VSI topology has been adopted in this research due to stable open-loop

operation using constant V/Hz control, ease of control, and low cost [2.23].
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Figure 2.11. Grid-connected inverter in a WECS: (a) VSI, (b) CSI, and (c) ZSI.

The PWM VSI produces modulated ac output voltage from a constant or controlled dc-

voltage source that maps a given reference signal by properly generating the switching

functions of the semiconductor devices. Three PWM techniques are widely used, namely,
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carrier-based PWM, space-vector modulation, and selective harmonic elimination [2.20].
In this thesis, the carrier based PWM technique is used.

The on and off states of the switches in a VSI leg are defined by comparing a modulating
signal with a carrier signal. The resultant pulse width is proportional to the amplitude of
the modulating signal. The modulating signal is the inverter reference phase voltage, v,,,
while the carrier signal is a triangular waveform, v, at frequency f.. Referring to the
inverter topology shown in figure 2.11 (a), each inverter leg has two switches, the upper
switch for instance, Sy, is on when v,, > v, and the complementary switch in the same
leg, S5, is off. Similarly, when v,, < v,, switch S; is off and switch S, is on. The inverter
operates in the linear region provided the modulation index, m,, is less than 1. The
modulation index is defined as [2.24]

(2.36)

where V,, and V. are the amplitude of the modulating and carrier signals respectively.

The sinusoidal PWM (SPWM) scheme is a special case of the carrier-based PWM
technique when the modulating signal v,,is a pure sinusoidal at frequency f. and
amplitude V,,. Figure 2.12 shows the principle of operation of SPWM where
Vma» Vmb, Vme are the three phase sinusoidal modulating signals and v, is the triangular

carrier wave.
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Figure 2. 12. Sinusoidal pulse-width modulation (SPWM).
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Carrier-based PWM can be classified according to the sampling method, as natural
sampled, and symmetrical and asymmetrical regular sampled PWM. It can also be
classified as synchronous and asynchronous PWM. Synchronous PWM means that the
carrier signal frequency f, is synchronized with the modulating signal frequency f,,,, and
asynchronous PWM means that the two are not synchronized [2.15].

It can be concluded that the maximum amplitude of the line-to-line voltage, (?LLin")max in

SPWM is limited to [2.25]:

N V3 (2.37)
(VLLinv) = — Vac—tink = 0.867 Vge_jink

max 2
2.6 Grid and Interfacing Filter

A grid can be characterized by different parameters. Besides the grid voltage level and its
total power capability, the short circuit capacity (SCC) can be defined as the amount of
power flowing at a given point during a short circuit. It is mainly dependent on the rated
voltage and the absolute value of grid impedance which can be measured at this point. The
grid impedance is the sum of impedances of many grid components and typically differs
from region to region. The grid impedance Z,,;4 takes into account the distribution lines,

transformer and/or filter impedance for the reduction of line current distortion. In some
cases, part of Z,.;4 can be due to the addition of reactive power compensation devices
and/or large loads connected to this grid. The line resistance has been negligible as it has
no impact on the system performance.

Passive filters are used in DG systems employing inverters to reduce voltage harmonics
and current distortion, where each category harmonic must be sufficiently and
appropriately attenuated. The current harmonics generated, if injected into the grid, can
cause the malfunction of sensitive apparatus connected to the same bus. Passive filter
configurations used with grid connected VSI have been extensively surveyed in reference
[2.26]. A first order L- filter has been employed in this thesis for grid current smoothing.
For simulation purposes, the transformer and distribution line impedances have been
neglected and only the effect of the filter impedance is taken into account. The voltage

equation per phase can be written as:

digrid

vgrid = Rgridigrid + Lgrid T + VPCC (238)
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where Vgriq,igriq are the grid voltage and injected grid current respectively, Ryriq, Lgria
are the equivalent resistance and inductance of distribution lines, filter and/or short circuit

level grid representation. Vp. is the voltage at the point of common coupling (PCC).
2.7 PMSG WECS Control

Figure 2.13 shows the block diagram of a typical wind energy system interfaced using a
dc-dc boost converter. Four control variables need to be tightly controlled: dec-link voltage,
generator active power, and grid active and reactive powers. The dc-voltage, V,;. produced
by the diode rectifier varies with generator speed nas will be demonstrated in the
following sections. The input inverter dc-voltage V;._;ink, however, is maintained at a
constant value.

The following sections will describe two distinct control features used with PMSG WECS
for controlling the four subject control variables. The two control algorithms achieved by

the MSC and GSC include maximum power point tracking of the wind, as well as grid

interconnection
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Figure 2.13. PMSG WECS employing rectifier and dc-dc boost converter.

2.7.1 MSC Control

The wind power system design must optimize the annual energy capture at a given site.
Maximum power point tracking (MPPT) is one of the inherent characteristics of a variable
speed wind turbine generator for optimal operation of wind power systems. There are three

types of MPPT algorithms, namely, tip speed ratio (TSR) control, perturb and observe
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(P&O) control (which is also known as hill-climbing searching control), and optimum
relationship-based (ORB) control.

Tip speed ratio control is one of the oldest methods utilized in optimal power extraction.
This method directly regulates the turbine speed to keep the TSR at an optimal value, at
which the rotational speed is optimum and the power extracted maximum through
measuring wind speed and turbine speed [2.27]. This method has good performance with
fast response and high efficiency, however, the anemometer presence makes the controller
costly especially for small sized WTs and reduces overall system robustness [2.28].

With the Perturb and Observe Method, also known as the hill climbing search (HCS)
technique, the strategy for optimizing power output is to take continuous samples of the
rotor speed Aw, and observe whether at the present sample the output power is greater or
less than the previous one [2.29, 2.30]. There are three main types of HCS techniques that
differ according to the step size Aw, and can be classified as fixed step size, variable step
size, and dual step size [2.31]. HCS control does not require any prior knowledge and is
independent of the turbine, generator and the wind characteristics, and therefore is the most
the robust and generic of all the MPPT strategies. However, oscillations around the MPP
operating point at steady state give rise to the waste of some available energy [2.32].
Hence a trade-off between control efficiency and tracking speeds should be considered

[2.33]. P&O techniques are most commonly used with small-scale WECSs.[2.34] [2.35].
2.7.2 Optimum Relationship Based techniques:

Look up table techniques (also known as ORB techniques) are the most commonly used
MPPT approach where wind speed measurement is not required and the response to wind
speed change is fast. Therefore, it can be used with applications of different power ratings
using Power Signal Feedback (PSF), Optimal Torque Technique (OTT) or sensorless
techniques employing rectifier dc-voltage versus dc-current relationship. These are all
methods used for MPPT using the ORB technique.

The PSF uses a 2D look-up table where the optimal powers versus the rotating-speed
characteristics are recorded either through offline experimental tests, simulations of wind
turbine or datasheets. A block diagram of a PSF based WG control system is shown in
figure 2.14 (a). The turbine speed is measured then the optimal output power is obtained
from a turbine speed versus optimal power look-up table which is then compared with the

actual load power [2.29].
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In the OTT technique, MPPT control using the OT technique is the same as the PSF
technique but it utilizes the quadratic optimal torque curve, as shown in figure 2.17 (b),
instead of the optimal power curve [2.36]. The same performance is achieved with the
same implementation complexity as the PSF method.
As for the sensorless technique, instead of relying on mechanical sensors to measure wind
and generator speeds, parameters are calculated from available electrical parameters at the
generator output terminals. For every wind speed, there is a value of dc-voltage V. that
achieves the MPP from the turbine as seen from the maximum power curves formed in
figure 2.14 (c). A 2D lookup table with the maximum output dc-power versus dc-voltage is
constructed and the maximum power is derived from the turbine’s output voltage, current
and frequency, corresponding to the dc-voltage [2.37]. Generally, the accuracy of lookup
table techniques is affected by aging of the mechanical sensors, electrical and thermal
stresses, drifting system parameters and consequently power coefficient curve changes.
Also, OT and PSF responses to rapid wind change are slower than the TSR method which
relies on direct wind speed measurement via an anemometer. The sensorless ORB
technique in [2.28], is implemented in the WECS under investigation.
From (2. 2), it is concluded that the power extracted from the wind is proportional to the
cubic function of wind speed and is thus proportional to the cubic function of the generator
speed (2.39) where

Pw—max < V3 o w}_op (2.39)
For a PMSG with a constant flux, the phase back electromotive force E is a linear function
of generator rotor speed [2.8]

E = K.prw, (2.40)
where @ is the generator flux and K, is a coefficient depending on the number of turns per
pole per phase as well as the winding factor of the machine and is considered constant.

The phase terminal voltage function for a non-salient PMSG is
Vagen = E = ILyen(Rq + jwLy) (2.41)
w, = Pw,
where Vg gen is the phase terminal voltage, Ige, is the phase current, R,is the stator
resistance, L, is the stator inductance, w, is the electrical angular frequency, and P is the
number of pole pairs. Due to the diode bridge rectifier, the rectifier ac-side voltage

amplitude V,_4mp and the dc-side voltage V. are related as in (2.29) [2.24]
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Accordingly, when the system is at MPP
Vdc—opt X wr—opt (2-42)
where Vge_ope 1s the optimum rectified dc-voltage at a given wind speed. Then the

maximum dc-side electric power at a given wind speed can be expressed as
Pic = N Ppax = Vdc—optldc—opt (2.43)
where 7 is the conversion efficiency from the generator to the dc-side and is assumed to be

a fixed value and I¢_p; is the optimum de-side current.
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Figure 2.14. ORB techniques: (a) PSF (b) OTT and (c) sensorless.

Thus using the sensorless ORB technique, the optimum relationship between the rectifier

output voltage V., boost chopper and the dc-power P,. is recorded for different wind
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speeds. The I, values corresponding to maximum power are extracted from the V. versus
P, relationship and recorded in a 2D lookup table according to the corresponding V. as

seen in figure 2.18.
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Figure 2. 15. System control block diagram for sensorless ORB.

As mentioned previously, sensorless techniques have an advantage over the other look up
table techniques as they take into account the converter and generator efficiency while
obtaining the optimal characteristics. However, parameter variation due to aging will
reduce the efficiency of this technique in MPP extraction.

2.7.3 GSC Control

For grid interconnection, the WECS has to satisfy the grid requirements for proper
interconnection. GSC has to fulfil following major tasks [2.38]:

e Grid synchronization.

e Control of dc-link voltage;

e Control of active power generated to the grid,

e Control of reactive power transfer between the PMSG and the grid; and
e Ensure high quality of the injected power.

Different GSC control strategies have been introduced in [2.39, 2.40] and can be classified
depending on the reference frame used in the control. There are three vector control
techniques; in the synchronous reference frame, stationary frame and natural reference
frame.

dg synchronous reference frame control, also known as voltage oriented control (VOC)

uses a reference frame transformation, from abc — dq to transform the grid current and
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voltage waveforms into a reference frame that rotates synchronously with the grid voltage
using the Park’s and Clark’s transformations presented in (2.6) and (2.7). Transforming the
ac quantities into dc values leads to easier filtering and control.

In stationary frame control, the grid currents are transformed using Clark’s transformation
from abc — of transform where the control variables are sinusoidal. It is not advisable to
use PI controllers with stationary frame control due to its limited capabilities in eliminating
the steady-state error when controlling sinusoidal waveforms. Proportional resonant (PR)
control has been used with stationary frame control and has gained popularity in grid
connected system current control [2.41].

In natural frame control, components are controlled in the abc frame. Nonlinear controllers
are usually employed with natural frame control, such as hysteresis or dead beat control are
preferable due to their high dynamic capability [2.42, 2.43].

Figure 2.19 shows the block diagram for GSC using synchronous reference frame control
which is used in this thesis. GSC control is responsible for controlling the dc-link voltage
Vac—-iink and for controlling the grid currents ig,;4 in synchronism with the grid voltage
Vgrig- The control algorithm of the PWM VSI operating with GSC is explained in the

following sections.

dq0

Decoupled controller

Figure 2.16. General structure for stationary reference frame control strategy.

i- Phase Locked Loop (PLL) and Grid Synchronization:

Phase-lock loops (PLLs) have been extensively used in power system and power
electronics applications for the generation of thyristor firing angles, active filters and

distributed generation systems [2.23]. In grid connected power converters, the phase angle
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of the utility-voltage vector 8,,, is the basic information for most grid-connected power
conditioning equipment. This information may be used to synchronize the turning on/off of
power devices, to calculate and control the flow of active/reactive power or to transform
the feedback variables to a reference frame suitable for control purposes [2.44].

The conventional three-phase PLL topology is illustrated in the block diagram of figure
2.17 (a). The instantaneous grid voltage phase-angle 8,, is detected by synchronizing the
PLL rotating reference frame to the utility-voltage vector. The PLL model implemented in

the dq synchronous reference frame requires the Park transform. The transformation from

the abc - dq0 frame is applied to the PCC voltage as follows:

Vg Va (2.44)
[Uq] = qu—a’,BCabc—aﬁ 11]7b
c

Assuming three phase balanced voltages and given that the angle of the reference frame

exactly matches that of the grid voltage:

2.45
Va = |vaq| = |vag| = ’vo% + v (2.45)

where vy, V), V. are the instantaneous three, phase-to-neutral grid voltages, and vy, vg are

the af frame voltages as shown in figure 2.17.

abc
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@.dqﬂ

(2) (b)

Figure 2.17. PLL (a) block diagram and (b) coordinate system.

The magnitude of the controlled variable v, determines the phase difference between the
grid voltage and the PLL angle. Thus a PI controller sets the g-axis reference voltage to

zero to lock to the utility-voltage vector phase angle. For a balanced supply, the controller
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output is the supply voltage angular frequency w,, which, after integration, gives the supply

voltage phase 8,,. This angle is fed back as the transformation angle to perform the

abc - dq0 transformation of the PCC voltage. This conventional technique is simple but
can be affected in the presence of disturbances such as phase unbalance, harmonics, and
offset [2.45]. However, the parameters of the PI controller can be adjusted to minimize
those effects at the expense of slower dynamics. Hence, this structure is widely used and,

specifically, it is also used in the present thesis.
ii- DC- link voltage and Grid Current Control:

As shown in figure 2.16, the PWM VSI control employs two control loops; the inner loop

is for the grid current, is.;q control while the outer loop is for the dc-link voltage

Vac—1ink control. Decoupling the grid currents in the dg-axes frames provides means for
controlling the active grid current at unity power factor by setting the g-axis current to
zero. The dc-link voltage controller is designed for balancing the power flow in the system
thus usually the controller has slow dynamics.

The active power of the system delivered to the grid is calculated from:

Pgrid =3 Vgrid Igrid cos ((Pgrid) (2. 46)

where Py,iq 1s the active power injected into the grid and @4, is the grid power factor

angle, defined by:

(pgrld = Qu - ngrid (2' 47)

where HIW. is the grid current angle. The grid power factor can be unity, leading, or

d

lagging, as shown in figure 2.18
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Figure 2.18. Simplified diagram and phasor diagram and PF [2.46].

Using the VOC transformations, the instantaneous power in a three phase system is:

Pgrid = vagridiagrid + vbgridibgrid + vcgridicgrid (2-48)

Using the dg transformations, the d-axis of the synchronous frame is aligned with the grid

voltage vector, therefore the d-axis grid voltage, v, is equal to its magnitude, where:

Vg = vgrid (249)

and the resultant g-axis voltage, v, is then equal to zero:

2.50
”q=,/172rid_ vi =0 (250

from which the active and reactive powers of the system can be calculated by:

3, . 3 . (2.51)
Pgn-d = > (vdld + vqlq) = > Vylg

. . 3 . (2.52)
Qgrid = 2 (vqld — Vglg ) = 3 Valg

where Q grq4 is the reactive power injected into the grid.

The g-axis current reference, iy can then be obtained from:

o Qgria (2.53)
7 —15v,

where Qg4 is the reference for the reactive power, which can be set to zero for unity

power factor operation, a negative value for leading power factor operation, or a positive

value for lagging power factor operation.

The d-axis current reference iy, which represents the system active power, is generated by

the PI controller for dc-voltage control as shown in figure 2.19. When the inverter operates

in steady state, the inverter dc-voltage Vj._;ink 1S kept constant at a value set by its

reference voltage Vj._;;,,- The PI controller generates the reference current, i according

to the operating conditions. Neglecting inverter losses, the active power on the ac-side of

the inverter is equal to the dc-side power, that is,

3 (2.54)
Pyria = 5 Vala = Vdc-iink Ip

When the active power is delivered from the grid to the dc-circuit, the inverter operates in

a rectifying mode (P 4r;¢> 0), whereas when the power is transferred from the de-circuit to

the grid (P 4riq < 0), the inverter is in an inverting mode.
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Figure 2.19. Control diagram of GSC.

Cross-coupling terms and voltage feed-forward are added to improve system response:
Vgi = Vg — Vg + wylLgrialg (2.55)
Vgi = Vg + Vg + Wylgriaia (2.56)
where vg; and vg; are the output of the decoupled controller in the dg-axes respectively.
Assuming PI controllers are used, the terms v; and v, can be expressed as:

k 2.57
vy = (I + 2) G — i) 237

k 2.58
v =l + 2) G5 - i) (€8

where (k1 + %) is the transfer function of the PI controller.

2.8 Summary

Modelling of PMSG based WECS is essential to predict the system behaviour and
response for grid interconnection during normal and abnormal conditions. In this chapter, a
model for a PMSG based WECS has been presented which included the wind turbine
model, PMSG dynamic equations as well as state-of-art power converters. The chapter also
highlighted the important control aspects for WT which include wind maximum power
extraction as well as grid active and reactive power control and dc-link voltage control.
Special focus on an ORB technique for MP tracking and GSC control using synchronous
frame control have been explained as they will be incorporated in the following chapters.

The next chapter will investigate system behaviour and compliance with utility
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interconnection requirements to meet national grid codes for normal operation as well as

with the presence of grid voltage disturbance.
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CHAPTER THREE

Performance Investigation of a 1.5 MW PMSG based WECS

The penetration of wind power into the power system continues to increase, which implies
large wind farms are changing from being simple energy sources to having power plant
status with grid support characteristics. One major challenge is the connection and
optimized integration of large wind farms into electrical grids. With increased wind power
capacity, transmission system operators (TSOs) have become concerned about the impact
of high levels of wind power generation on power systems. To handle large-scale
integration of wind power, TSOs have issued grid codes and grid requirements for wind
turbine connection and operation [3.1].

This chapter studies the performance of a 1.5 MW PMSG WECS and its behaviour for
proper grid interconnection using simulation analysis. The study includes tests for
continuous grid operation such as active and reactive power step changes, frequency
excursion and grid phase jumps; as well as abnormal grid operation for severe symmetrical

grid voltage dips.
3.1 System description

Modelling for a PMSG based WECS has been reported in the previous chapter which
included the mathematical representation of the wind turbine, PMSG, power converters,
and the electrical grid. The control methodologies for the power converters, responsible for
optimal power extraction from the wind as well as grid interconnection, were presented for
PWM-VSI topologies. Finally, a block diagram of a case study for a 1.5 MW PMSG
WECS was introduced, as shown in figure 3.1 and a MATLAB model has been

constructed to investigate system performance.
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For the system presented in figure 3.1, the parameters used for simulation purposes are
defined in table 3.1. A 1.5 MW wind turbine is selected with parameters listed in Appendix
(A). The turbine curves are shown in figures 2.2 and 2.3. For simulation purposes, the wind
turbine is driven at a constant wind speed, V, of 12 m/s, at a fixed blade pitch angle, § =
0 where the output power corresponds to approximately 800 kW. The turbine drives a 1.5
MVA, 80 pole, 690 V, 11.5 Hz gearless PMSG with parameters listed in Appendix (B-1)
[3.2]. The mechanical wind turbine drives the PMSG at its fixed rated speed, w,, of 1.8

rad/s, and produces a balanced 3-phase, line-to-line voltage, vgpcgen Of 690 V at a

frequency, fgen of 11.5 Hz at no load.

Table 3.1. Rated WECS parameters.

Parameter Variable name Value
Turbine mechanical output power (MVA) B, 1.5
Rated wind speed (m/s) V 13
Generator power (MW) Byen 1.5
Generator voltage (V) Vgen 690
Generator frequency (Hz) fgen 11.5
Pole pairs of PMSG P 40
Rectifier output capacitor (uF) Cac 5000
Boost chopper switching frequency (Hz) fe 5000
Boost chopper inductor (mH) Lyc 10
Boost chopper reference current (A) Igc 800
DC-link capacitor (1F) Cac—tink 6000
DC-link voltage (V) Vac—tink 5500
PWM-VSI switching frequency (Hz) fe 5000
Grid voltage (V) Vgrid 480
Grid frequency (Hz) foria 50
Grid resistance () Ryria 0.05
Grid inductance (mH) Lgria 10

For a given wind speed of 12 m/s and generator speed of 1.8 rad/s, the PMSG peak line
current, Lgpegen 1S 800 A and the peak generator line-to-line voltage, Uz, becomes 600 V,
thus the output generator power, Py, corresponds to approximately 877 kW. The
operating conditions of the WECS were selected as to establish a stable operating
condition where the system is successfully grid connected for further LVRT study.

The generator terminals are connected to a three phase diode rectifier unit then a boost

converter circuit. The diode rectifier converts the variable generator ac-voltage, vgep to a
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dc-voltage which is then increased to V;._;inx by the boost converter with a switching
frequency, f. of 5 kHz. It is important that the generator voltage at low wind speeds is
boosted to a sufficiently high level for the proper operation of the grid tied inverter, which
ensures delivery of the maximum captured power to the grid over the full wind speed
range. For the extraction of iy, the boost inductor current reference, I, is set to 800A.

The two-level PWM inverter operates at a carrier frequency of 5 kHz and controls Vy._jink
and the grid-side active and reactive powers Fy., and Qge, respectively. The GSC is
required to export the generator power, to the utility grid whose line-to-line voltage, Vgriq
is 480 V at a frequency fg,iq of 50 Hz. Due to the large value of selected grid impedance,
which is a very common practice in low voltage distribution systems, the dc-link voltage
Vc—1ink 18 regulated at a high reference value of 5500 V to ensure proper operation of the
GSC, as well as the injection of 800A peak grid current iz., at unity power factor.
Accordingly, taking into account the grid and power converters losses, the power delivered

to the grid is approximately 765 kW.
3.2 Performance of PMSG WECS and Grid Interconnection

Technical regulations for wind farms (WFs) connected to a power system vary
considerably from country to country. The differences in requirements depend on the wind
power penetration level, on the robustness of the power network, and local traditional
practices [3.3]. Grid code technical requirements can be divided into regulations for
continuous operation and special requirements under network disturbances [3.4]. The most
significant factors that need to be set for continuous operation are voltage and frequency
operating ranges, active and reactive power regulation, and power-frequency response. As
for operation during network disturbances, fault ride through capability and reactive power
response are regarded as the most important aspects. In the following sections, the 1.5 MW
WECS performance is investigated to meet continuous operation requirements as specified
by UK grid codes. Subsequent chapters will focus more on system capability for fault ride

through.
3.2.1 Active Power Step

The purpose of this section is to examine the PMSG WECS capabilities for extracting
different power when the wind speed changes. First the WT MPPT algorithm using the

ORB technique described in Chapter 2 has been utilized for optimal extraction of wind
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power at any given wind speed. The WT performance has been determined offline where
the data for optimal dc-power, P,;. versus dc-voltage, V;. is recorded at different wind
speeds, V, where P;. corresponds to the output power from the diode rectifier unit and V..
is the rectified PMSG voltage. Figure 3.2 shows the P;. versus V. relation from which a
Ve versus I, relation is determined, where [, is the boost chopper inductor reference
current for power extraction. Since MPPT extraction is not the main focus of this thesis,
the data for V;. and I, might lack some degree of accuracy as the main objective of the
work is studying the LVRT behaviour on the simulated wind turbine system. For

simulation purpose the generator speed is assumed to be 1 pu.
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Figure 3.2. Power versus dc voltage curves for different wind speeds.

As explained earlier, since Tge, is 600 V, the voltage behind the rectifier V. will be
approximately 500 V. As shown in figure 2.3 in Chapter 2, if the wind speed is 12 m/s and
the generator speed is at 1 per-unit of the base generator speed, the estimated turbine
output power equals 0.65 pu of its nominal output power. At this power level and
accounting for PMSG efficiency the output electrical power from the PMSG, P, will be
approximately 877 kW. Thus the output dc power, P, after the rectifier stage will become
790 kW while the grid injected power Py,;q will be 765 kW. The same assumption can be
made when the wind turbine is driven at a wind speed of 10.8 m/s where the generator

speed is maintained at 1 pu, the estimated output turbine power will be 0.5 pu of the
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turbine nominal mechanical power.

approximately 500 kW.
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The simulation has been carried out on different wind speed step changes as shown in
figure 3.3 (a) to (f), with the reactive power reference set to zero. The wind speed, V, has
been changed from 12 m/s to 10.8 m/s between 0.2 and 0.8 s, then to 12 m/s as illustrated
in figure 3.3(a). When the wind speed changes suddenly, the rectifier output voltage, V.
changes accordingly, as explained in Chapter 2 and consequently, the boost converter
current command, /;. is obtained via the lookup table constructed for all wind speeds to
extract the available power from the wind. Due to decreased wind speed from 0.2 to 0.8 s,
the grid active current command, /; decreases in an attempt to balance the generated and
grid injected power to the grid as shown in figure 3.3 (c). Since the power extracted from
the wind decreases, the power exported to the grid, Py,;q will be reduced from 790 kW to
675 kW as shown in part (d). DC-link voltage, V;._;ink 1s maintained constant even during
sudden reduction of wind speed with slight transients exhibited as shown in part (b). The g-
axis grid current, I; and reactive power transferred to grid, Qgyiq remain unaffected as
indicated in parts (d) and (f) respectively. The fast action of the grid current controllers
simulated in part (c) is quite fast as the wind turbine inertia has been neglected and the

mechanical transient is still not over.
3.2.2 Reactive Power Step

Like conventional power plant, wind turbines are required to provide reactive power to the
grid. Reactive power command changes either due to sudden load changes or due to
special requirements by grid operators. Also, reactive power regulation capability may be
exploited for voltage control at the wind farm connection point to the system, or at a more
distant node [3.5]. According to the UK grid code, the following conditions apply with all
plant in operation as defined in figure 3.4.
e The reactive power limits defined at rated MW at lagging power factor are valid
at all active power output levels above 20% of the rated MW output.
e The reactive power limits defined at rated MW with leading power factor are
valid at all active power output levels above 50% of the rated MW output.
e The reactive power limits reduce linearly below 50% of active power output
unless the requirement to maintain the reactive power limits defined at rated
MW at leading power factor down to 20% active power output is specified in

the bilateral agreement [3.6].
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Figure 3.4. Typical power factor variation range requirements in relation to voltage. [3.7]

The performance of the 1.5 MW PMSG WECS is demonstrated in figure 3.5 (a) to (h) for
a sudden change of +20% in the grid reactive power command, Qg;q based on the
electrical active power. The grid reactive current controller, which is responsible for
controlling the reactive power injected into the grid, has been altered for unity power
factor, lagging and leading operation. As indicated in figure 3.5 (b), the grid reactive power
command is set to unity during the first 0.2 s and from 0.4 to 0.8 s. Lagging power factor is
required during the period 0.2 s until 0.4 s, while leading power factor is maintained from
0.8 to 1 s. Accordingly, the grid reactive current control loop acts to inject the required

Qgriq and at the same time keeps the active power constant as defined by the grid code in

figure 3.4. The d and g-axis grid currents are shown in parts (c) and (d) respectively, as
well as the dc-link voltage, V,._;ink response in part (e). The effect of changing the

reactive power command on the PCC voltage is illustrated in part (f).
3.2.3 Frequency Excursion

System frequency is a continuously changing variable that is determined and controlled by
real time balance between system demand and total generation. If demand is greater than
generation, the frequency falls while if generation is greater than demand, the frequency
rises. Generating equipment in an electric system is designed to operate within strict
frequency margins in abnormal or exceptional circumstances where the developed control
loop within the wind turbine is like the conventional generators’ speed governor which
automatically adjusts power output in response to a frequency drop [3.8]. However, due to
wind variability, speed-droop control has its own limitation and the effectiveness of the
proposed control scheme is dependent on the operating stability and available generating

margin [3.9].
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Py, ia,(b) reactive grid power, Qyig, (¢) d-axis current reference and actual, Id* and 1, (d) ¢-
axis current reference and actual, Iq* and /,, (e) DC-link voltage Vcsint, and (f) PCC
voltage in pu.

58



Grid codes currently impose requirements on the regulation capabilities of the active power
of wind farms. High-frequency response must be provided from full output to a reduced
output when the frequency exceeds the nominal frequency and the new grid codes require
that when the frequency increases above the rated value, generating plants should decrease
their output at a given rate. According to the frequency guidelines in the UK grid code
wind farms are required to [3.11].:

e Operate continuously with constant active power output for a system frequency

within 49.5Hz and 50.5 Hz [3.10].

e The wind farm active power output should not be reduced by more than 5% for

system frequency changes within the range 49.5 to 47 Hz.

e The wind farm must be capable of operation continuously between 47-52 Hz
Frequency and active power control are achieved through several modes of control which
are illustrated in figure 3.6 (a) to (c) [3.5]. In the absolute power constraint strategy, active
power can be regulated to a specific value even if more power can be extracted from the
wind in the frequency decrease case. On the other hand, when the demand is low and with
high wind power, the operator must export the excess wind power to neighbouring grids.
This type of control is usually used to protect the network against overloading as shown in
figure 3.6 (a). With the delta production constraint method shown in part (b), the output
power can be regulated to bear a fixed relationship to the available power, such as
maintaining a specified reserve. As for the power gradient constraint in figure 3.6 (¢), this
approach limits the maximum speed by which the active power can be changed in the
event of changes in wind speed or the set points for the power plant. This function is
typically used to prevent changes in active power from impacting the stability of the

network. [3.5, 3.12, 3.13].

/\ Max set power

Power
Power
Power

Delta MW",

— Available power — Available power Teearees —— Available power
"""" Delivered power = Delivered power - Delivered power

Time Time Time

(a) (b) (©)

Figure 3.6. Power regulation strategies (a) absolute power constraint, (b) delta production
constraint, and (c) power gradient control

59



The simulated system has been investigated for a £2% change in grid frequency as shown

in figure 3.7.
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Figure 3.7. Effect of +2% change in grid frequency: (a) Grid frequency, f, (b) d-axis
current /; and I, (¢) g-axis current /, and /,, (d) active grid power, Pg,.q, (€) reactive grid
power, Qgiq, and (f) PCC voltage, vpcc.
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The grid utility frequency, f, has changed from 50 Hz to 51 Hz between 0.4 and 0.6 s, and
to 49 Hz between 1 and 1.2 s as indicated by the control signal applied for frequency step
changes shown in part (a). The simulation has been carried out to show the effect of
frequency changes on the performance of the PMSG WECS with an active power
constraint strategy. Part (b) shows the response of the d-axis grid current, I;, which affects
the grid active power, Py, response in part (d). In the absence of an active power
constraint strategy, the change in grid frequency will be accompanied by a rise in I
accompanied by a rise in Py,;q. The responses in figure 3.7 show that the grid current and
active powers are controlled. The g-axis current, I, in part (c) exhibits some transients
which affect the grid reactive power response, Qgriq shown in part (¢) due to the g-axis
current controller response towards the frequency deviation which tends to affect the PCC

voltage response shown in part (f).
3.2.4 Phase Jump

Synchronization is one of the most important issues in the control of power converters
connected to the grid. The phase angle of the fundamental vector of the ac-mains voltage
should be measured in real time in order to set the energy transfer between the grid and the
power converter. Typical power-system phenomena related with transients in the input of
the PLL are voltage variation (sag and swells), phase-angle shifts or phase jumps, and
frequency deviations [3.14].The grid phase angle, 6, is used to transform the grid currents
and grid voltages needed in the vector current controller, into the dg-coordinate system for
grid connection purposes as explained in Chapter 2. The d-axis of the rotating dg-
coordinate system is synchronized with the grid voltage vector and the reference voltages
from the current controller are transformed back to three-phase values. A phase shift in
synchronization will result in steady-state errors, and the cross-coupling current gain will
increase. In addition, poor performance or instability can occur if the synchronization is
sensitive to noise or reacts too distinctly to phase steps [3.15].

The PMSG WECS has been further investigated for a change in grid voltage angle, 6,, by
+30° as seen in figure 3.8 (a). The angle is changed to +30° between 0.2 and 0.4 s, and to -
30° during 0.8 to 1 s. As seen in (b) and (c), I and I; current controllers try to inject the
same amount of active power while keeping the reactive power set to zero even with a grid

phase step change, with almost negligible effect on the active power shown in part (d). The
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g-axis current exhibits more transients which are reflected onto the reactive power

response in (e) as well as the voltage at the PCC as shown in (f).
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3.3 LVRT Capability and Grid Compliance

Voltage dip (sag) is defined as a short reduction in voltage magnitude for a duration of
time, and is the most important and commonly occurring power quality issue. The
definitions to characterize voltage dip in terms of duration and magnitude vary according
to the authority. According to the IEEE standard (IEEE Std. 1159, 1995), voltage dip is
defined as a decrease of rms voltage from 0.1 to 0.9 per unit (pu), for a duration of 0.5
cycle to 1 minute. Voltage dips are caused by faults on the system, transformer energizing,
large currents drawn by arc furnaces or heavy load switching [3.16].

The interest in voltage dips is mainly due to the problems they cause on several types of
equipment: adjustable-speed drives, process control equipment, and computers are
notorious for their sensitivity. Some equipment trips when the root mean square (rms)
voltage drops below 90% for longer than one or two cycles [3.17]. This tripping could
extend to cause failure to power converters employed with WECS and might lead to total
wind farm disconnection.

The increasing penetration level of wind energy can have a significant impact on the grid,
especially under abnormal grid voltage conditions. When a fully rated converter wind
turbine is connected to an ac-network and a network fault occurs, the dc-link voltage of the
wind turbine will rapidly rise since the GSC of the wind turbine is prevented from
transmitting all the generator active power while the MSC is still extracting maximum
power and unaware of the voltage dip incidence. The power imbalance between the
generator mechanical input power and its electrical output power could accelerate the
generator, particularly in DFIG systems. Since the DFIGs rotor voltage will experience
overvoltage during voltage dips, if this situation is allowed to continue, the generator is
damaged by over-current and the power converters will be damage as well. Consequently,
total cut-out of the wind farm occurs. If the wind farm is connected to a weak grid, loss of
this large megawatt power might threaten network stability. To maintain a wind turbine’s
dc-link voltage below its upper limit, the excess power must be dissipated or the generator
power has to be reduced. Consequently, wind farms should provide operational ability
similar to that of conventional power plants. A demanding requirement for wind farms is
fault ride-through (FRT) capability. According to this demand, the WT is required to

survive during grid faults. The ability of a wind turbine to survive for a short voltage dip
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duration without tripping is often referred to as the Low-Voltage Ride through (LVRT)
capability of a turbine.
The UK’s LVRT requirements apply to networks with a voltage level extending to above
200 kV. The grid code divides voltage dips in two categories:
e Those lasting less than or equal to 140 ms (seven cycles based on 50 Hz), caused
by symmetrical or unsymmetrical network faults. In this case, the wind farm must
stay connected for voltage drops down to 0%.
e Those lasting more than 140 ms (seven cycles), caused by symmetrical faults. In
this case, disconnection is not allowed above the curve shown in figure 3.10 [3.5].
After restoration of the grid voltage, the active power must be restored to at least 90% of
the level available before the dip, within 1 s. The UK grid code, unlike other codes, defines
that the profile of figure 3.9 is not an RMS voltage—time response envelope that would be
obtained by plotting the transient voltage response at a point on the transmission system
against time. Rather, it is clarified that each point on the characteristic represents a
combination of voltage level and associated time duration, which the connected wind
power station must ride through [3.10]. LVRT requirements of various grid codes can be

found in Appendix (E) [3.5].

1004

Super grid voltage level (% of nominal)

0.14 sec 1.2 sec 2.5 sec 3 min
Super grid voltage duration

Figure 3.9. LVRT requirements of the British grid code.

3.4 System Energy Model

The energy balance equation for a grid connected PWM inverter system can be

summarized as follows [3.18]
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Egria = Erg + AEL g + AEcac—tink + Egen (3. 1)
where Eg,;q denotes the energy injected into the grid, Epg is energy consumed by an
equivalent grid resistor, AE; ; means energy exchanged in the ac inductor connected to the
grid, AE¢qc_jink refers to energy exchanged in the dc-link capacitor, and Eg,, represents

generator output power. The energy flow chart of this system is presented in figure 3.10.

Energy exchanged Energy exchanged in
in grid inductor dc-link capacitor
Energy from AELg AL cdetm Energy to grid
Generator

Eg(’ n E grid
Egg

Energy consumed by
equivalent resistance

Figure 3.10. Energy flow chart in a rectifier-inverter.

Representing (3.1) in differential form

dAE; dAEcqc—tink (3.2)
Poria = Prg + — -+ = Rgen
where
3 _ (3.3)
Pyria = 2 (vgrid -lgrid)
3 0 - (3.4)
PRQ = E (Rg' lgrid- lgrid)
dAE,, _ 3 _ digg (3.95)
dt - E Lgridlgrid T
dAECdc—link _ lc . dVdC_linkz (3. 6)
dt 2 dc-link - dt

Vgria and Ig.;4 denote the voltage and current vectors of the grid, respectively.

The grid voltage vector can be replaced by the d-axis component v; in synchronous
rotating coordinates. Additionally, if the reactive power from the grid is controlled to be
zero, the g-axis component of the grid current vector must be zero, and there will be only a
d-axis current component ;. Thus, the instantaneous energy balance equation is:

3 3 3 dl:l 1 dde—lilez p (3 7)

5 (Va-Tgria) = 5 Ryriata® + 5 Lgriata gr b 5 Cac-unk -7~ Fgen
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Thus it can be concluded from (3.7) that the dc-link stored energy is

1 dVac_iine® 3, _ 3 _ 3 _diy (3.8)
2 Cac-tink % ) (Vg-Tq) — 2 gridlol2 -3 Lgriata “dt + fyen

If the system is at steady state, the instantaneous energy balance equation is

3 B 3 _ 3.9
E (vg.Tq) = E Rgridld2 - Rgen

From (3.9), it can be concluded that at steady state operation, the energy generated from
the PMSG will be transformed into active power injected into the grid as well as losses in
the grid resistance.

At a given wind speed, the power generated from the PMSG can be considered constant.
Thus for any sudden change in grid voltage occurring due to a voltage dip, the
corresponding grid voltage falls to a low value and consequently the grid current rises till
reaching the thermal limits of the converter, which makes the controller limit the exported
power. Consequently, there will be an energy imbalance between the generated and the

grid injected powers leading to a rise in dc-link voltage as concluded from (3.8) [3.19].
3.5 WECS Response to Grid Voltage Dip

The proposed 1.5 MW system presented in figure 3.1 has been examined for grid voltage
dips and assessed for ride-through capability. Before studying the impact of voltage dips
on WECS behaviour, it is assumed that the WECS is connected to a 480V, 50Hz grid
where the main objective of the GSC control is to deliver all the power extracted from the
wind to the electrical grid at unity power factor whilst maintaining the dc-link voltage,
Vac—1ink at 5500V. The boost converter is controlled for power point tracking [3.20]. Also,
the wind turbine is driven at a fixed wind speed of 12 m/s at f=0, where the MSC extracts
almost 800 kW power from the wind turbine at this wind speed. Only 765 kW is exported
to the grid due to the PMSG, converter and cables losses.

Figures 3.11 and 3.12 show MSC performance, while figures 3.13 and 3.14 show GSC
performance prior, during and after the fault is cleared, where the system has been
subjected to a 90% symmetrical grid voltage dip at 0.2 s for a fault duration of 140 ms. As
shown in figures 3.11 and 3.12, the MSC and PMSG are unaffected by the voltage dip due
to the decoupling effect between MSC and GSC operation provided by the dc-link
capacitor Cyc_jink [3.21]. The PMSG is driven by the wind turbine at a constant speed of

1.8 rad/s as shown in figure 3.11 (c) where the boost converter extracts generator current,
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igen Of 1000 A peak from its terminals, as shown in figure 3.11 (b), at a PMSG terminal

voltage, vy of approximately 600 V peak as shown in part (a). The addition of a six pulse

rectifier unit with smoothing output capacitor Cy. affects the PMSG line currents and

produces a current waveform with two pulses every half cycle of supply frequency [3.22].
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Figure 3.11. PMSG and MSC response to voltage dip: (a) PMSG voltage, vy, (b) PMSG
current, igen, (¢) PMSG rotational speed, w;., and (d) PMSG electromagnetic torque, 7.

To smooth the generator output current is., waveform, series line filter inductance

between the diode rectifier and the PMSG terminals, Ly, is added. However, the series

line inductance distorts the PMSG line voltage v, waveform shown in figure 3.11 (a).

The PMSG electromagnetic torque, T, is approximately 340 kN.m as presented in figure

3.11 (d). The boost chopper current, I;. flowing in the boost chopper inductor L, is

shown in figure 3.12 (a) along with a magnified view. The chopper inductor current, I;. is
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set to 1000A, representing the maximum power that could be extracted from the wind
turbine and the PMSG at a wind speed of 12 m/s, which in turn corresponds to 820 kW
active power, F., and 600 kVar reactive power, Qge, €xtracted from the generator as
indicated in figure 3.12 (d).

Due to the decoupling effect, the generator side (including the converters) does not
experience any PMSG effects during the voltage dip event which started at 0.2 seconds and
remains for 140 ms. Consequently, no voltage or current stresses are experienced by the 6
pulse rectifier diodes as indicated in parts (b) and (c) of figure 3.12 which represents the

voltage applied on the diode switch, v, and the current ip; in diode D;.
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Figure 3.12 PMSG and MSC response to voltage dip (a) boost inductor current, i, and
magnified view, (b) diode voltage, vp,, (c) diode current, ip;, and (d) generator active and
reactive power, Fyen, and Q4. respectively.
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As for the grid and GSI response to the sudden voltage dip, at 0.2 s the rms value of the
grid voltage vg..;q dropped suddenly from 480V to 48V for 140 ms duration as shown in
figure 3.13 (a) where the grid current ig,;4 starts rising reaching almost 1000A in 0.05 s.
Consequently, the power injected into the grid, P4, decreases from 765 kW prior to the
fault instance to 100 kW during the fault as indicated in figure 3.14 (d). The energy
imbalance between the maximum energy extracted from the PMSG and the energy being
delivered to the grid will cause a dc-link voltage Vj._;ink rise, as explained previously

[3.23].
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Figure 3.13. Grid and GSC response to voltage dip (a) grid voltage, Vg4, (b) grid current,
igria> and (c) per unit vg,.;q and igpiq.
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The dc-link voltage V;._jini response is shown in figure 3.14 (a), rising from 5500V,

reaching 6500 V in the 140 ms duration. A longer fault duration will cause the dc-link

voltage to reach higher values, depending on the dc-link capacitance Cgy._jink-
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In response to the dc-link voltage rise, the d-axis current I; controller command rises,
tending to deliver all the energy stored in the dc-link capacitor to the grid in an attempt to
maintain the energy balance as shown in figure 3.14 (b), thus rises from 900A to 960 A,
hitting the grid current thermal limit [3.24]. The dc-link voltage rise will in-turn cause
voltage and current stresses in the inverter power module IGBT switches as in parts (e) and
(f) of figure 3.14.

After the voltage dip is cleared, the V._;in, restoration time is longer and is governed by
the control action of the dc-link voltage control loop and the capacitance of the dc-link
capacitor Cyc_jink- As seen from the responses of Vj._;ink and I, in figure 3.14 (a) and (b)
respectively, it takes approximately 0.7 s for Vy._;inrand I; to be restored to their
corresponding post fault values. Since the dc-link control loop sets the d-axis current
command /g, the grid current ig;q Will also take longer to recover. The g-axis control loop
action satisfies unity power factor operation during the fault by keeping the g-axis current
I, close to zero as indicated by in figure 3.14 (c). Since the VSI IGBT switches are
affected by the rate of rise of Vyc—jinx and g4 as pointed out in figure 3.15 (e) and (f), the
converter could mal-function if the switches were not designed to handle such voltage and
current stresses, and the protection systems did not take appropriate action.

System failure to ride-through grid voltage dips needs to be properly addressed through the
use of LVRT capability enhancing features. The following chapter will review the state-of-
art techniques for fault ride-through, as well as briefly introduces a fault ride-through

technique suggested by this author.
3.6 Summary

As more renewable energy sources are installed in the power system, grid codes for wind
power integration are being created to sustain stable power system operation with non-
synchronous generation. A 1.5 MW WECS based on PMSG technology was investigated
for proper grid interconnection through the use of MATLAB simulation. The simulated
system has been validated during sudden changes in active and reactive power, as well as
frequency excursion and grid voltage phase angle jump. The results obtained are in
compliance with UK grid requirements. Next, the 1.5 MW system was further explored
for ride-through capability during a symmetrical grid voltage dip of 90% for a 140 ms
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duration. The simulation results showed that the basic system failed to comply the UK grid
requirements for successful ride-through, due to the lack of any LVRT capability
enhancement technique. Consequently, dc-link voltage and grid current rises were
experienced which might cause damage to the power converters employed, leading to wind

farm total disconnection from the utility grid.
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CHAPTER FOUR

Low Voltage Ride Through of a PMSG WECS

As the scale of wind farms increases, the grid connection condition of the wind turbine
becomes more important. Recently, some countries have issued dedicated grid codes for
wind turbine system interconnection to the utility grid [4.1]. However, loss of a
considerable part of WECS cannot be accepted in case of network faults [4.2]. Therefore,
ride-through control of the wind power generation system is needed for abnormal grid
conditions. Several solutions have been proposed for LVRT in variable-speed wind turbine
systems which vary based on grid and turbine variables such as voltage during a fault,
voltage overshoot and response time during recovery, rotor speed, rotor current, and dc-bus
voltage. In this chapter, a survey study is undertaken of low voltage ride-through capability
enhancement techniques. Merits and demerits of each approach are explained with special
focus on PMSG WECS.

The use of magnetic amplifiers as a technique for fault ride-through capability
enhancement is suggested in this research. The theory of operation and available
configurations are highlighted with focus on use as a series voltage compensator in the
case of grid voltage dips. Two configurations are tested and validated in subsequent

chapters.
4.1 LVRT Capability Enhancement Technique Classification

Methods for LVRT capability enhancement can be divided into those requiring additional
hardware to the WECS and those requiring change in the control system as to satisfy grid
code requirements for successful ride through operation. Figure 4.2 lists the most
commonly used techniques that can be applied to each individual wind turbine or for a

group of wind turbines if extended to the wind farm level.
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Figure 4.1. Techniques for LVRT Capability Enhancement for PMSG Wind Turbines.

4.1.1 Blade Pitch Angle Control

When the wind velocity is invariant, the power extracted from the wind P, is directly
proportional to the power co-efficient C, which in turn varies with both the TSR and the
blade pitch angle (BPA) as explained in Chapter 2. Maximum C, is achieved at optimized
rotational speed w,,: when the BPA, B, is equal to zero at point (A) in figure 4.2 [4.3].
During a grid voltage dip event, kinetic energy is stored in the rotor inertia causing the
wind turbine generator to exhibit a change (increase) in its rotational speed, shifting the
operating point from point (A) to point (B). This occurs since the MSC cannot control the
extracted wind power as quickly as the GSC power causing a mismatch between the
extracted and exported power to the grid [4.4]. To avoid the over speeding effect, a BPA
controller is needed where the pitch controller pitches the BPA to reduce the performance
coefficient of the turbine above rated rotational speed and rated power of the generator.
The BPA is adjusted to reduce the wind power to keep the rotational speed from
increasing, shifting operation away from its maximum value (f =0) to along the vertical

line, thus shifting the operating point from point (B) to point (C). When the voltage
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recovers, the BPA is adjusted to bring the wind turbine back to where f§ = 0 i.e. back to
point (A). Pitch control is primarily employed to limit the active power generation or the

rotor speed when the wind speed is high.
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Figure 4.2. Blade pitch angle control.

There are significant response limitations when a BPA technique is employed with weak
power grids as the dynamic forces resulting from restoring power at a high rate during a
fault are high, even though the blade pitch actuators are powerful enough to fully pitch the

blades in a short time (many seconds) [4.5].
4.1.2 Crowbar Approach

The initial solution implemented by manufacturers to protect the generator and the
converter was to use a bypass resistor, configured to short-circuit the generator windings
with the braking resistors or crowbar and to disconnect the turbine from the grid [4.6]. By
providing an alternative path for the PMSG stator currents through a set of resistors, excess
energy is dissipated in the crowbar resistors. Two crowbar topologies are common, namely
passive and active as shown in figure 4.3 (a) and (b) respectively. A passive crowbar is
implemented with a diode rectifier or two thyristors in anti-parallel to be activated during
fault. The second option is an active crowbar using IGBT switches; this allows crowbar
deactivation and, consequently, faster recovery of PMSG control [4.7]. The crowbar
resistance magnitude and deactivation time affect the current behaviour; large crowbars
result in better damping of stator over-currents and torque overshoot reducing also the

reactive power consumption. Also, delay time for crowbar removal can completely remove
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the current and torque spikes, however, it can delay the active power restoration. Also,
large crowbars can cause current spikes upon deactivation resulting in voltage stress on the
stator winding. The dc-link chopper shown in figure 4.3 is another crowbar circuit which
keeps the dc-link voltage within acceptable limits [4.6, 4.8]. Although the crowbar
technique is considered the simplest technique among LVRT methods, it can minimize
power and voltage fluctuations, and for that reason it can be used along with other methods
for LVRT capability improvement, such as energy storage for superior and better
performance [4.9].
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Figure 4.3. Crow bar approach with chopper: (a) grid side crowbar and (b) dc-link
crowbar.
4.1.3 Energy Storage Systems

An energy storage system (ESS) can be used to manage the energy during a voltage
disturbance. The energy is stored and subsequently exported to the grid once the voltage

returns to its nominal value.
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i- Stored Energy in Rotor Inertia

The flywheel is a mechanical device that stores kinetic energy in a rotating mass, where the
energy stored varies linearly with the moment of inertia of the flywheel and the square of
its angular velocity [4.10]:

Ere = Y] 02 @.1)

where Ej, is stored kinetic energy, J is the moment of inertia, and w, is the rotor angular
velocity.

An electric motor is employed to ‘flywheel’ during off-peak periods to store electric
energy in the form of kinetic energy, and then the kinetic energy is released during peak
demand. Flywheel energy storage (FES) systems have been used in off-grid applications to
regulate frequency and to mitigate power fluctuations, offering fast transitional response
and a long life cycle. A flywheel can provide ride-through of deep voltage sags and full

power outages, however, maintenance and safety are the main concerns [4.11, 4.12]
ii- Battery Based Energy Storage Systems

Batteries such as Lead-Acid Batteries (LAB) are popular since they can be charged and
discharged frequently, and are readily availability at low cost. However, they have a
limited life time which depends mainly on how deeply they are discharged, require high
maintenance, and are heavy [4.13]. Other batteries such as sodium sulphur (NaS) are
available with higher power density, good efficiency, and long life cycles. NaS needs high
temperatures to operate thus the battery construction requires a special arrangement to
prevent heat loss. This is considered to be a major disadvantage. The Vanadium Redox
flow Battery (VRB) is well suited for ESS in large-scale power energy storage because of
its high scalability, long life, low materials price, maintenance requirements, and fast
response. In practice, the LAB is more dominant in the market but VRB have superior
characteristics such as higher energy and power density, lower maintenance cost and
longer life time in stand-alone systems [4.14-17]. By adding a VRB-based ESS on the dc-
link bus, energy can be stored or released to smooth the grid-injected power as well as to
absorb excess energy from the dc-link bus to improve LVRT capability, as shown in figure
4.4[4.18]. The ESS method is more sensitive to fault severity than fault type, and requires

an additional dc converter and appropriate sizing of the power converters [4.19, 4.20].
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Figure 4.4. Energy storage system with Vanadium Redox Flow Battery [4.21].

iii- Super Conducting Coil

A Super Magnetic Energy Storage (SMES) system stores energy in the magnetic field
created by direct current in a Super Conductor Coil (SCC). With liquid helium or nitrogen,
the conducting coil is cooled cryogenically below its superconductive critical temperature,

at which it exhibits zero resistance [4.22]. The energy Egygs stored in the SMES is:
Esugs = Y2iéupsLsus (4.2)

where igyps 1S the SMES current and Lgyps 1s the SMES coil inductance [4.23, 4.24].
SMESs are known for their high efficiency, quick response and lack of deterioration; for
this reason they have been applied in load fluctuation compensation [4.25]. Despite cooling
losses, the most distinct SMES feature is a high power density that can reach
approximately 10 times higher than that of the LAB, the NaS battery, and the double-layer
capacitor [43]. Although SMES capital cost is higher than other energy storage devices, the
annual cost (defined as the life cycle cost divided by the lifetime) is much lower (better)
than other energy storage devices due to its higher efficiency, enabling its use in high
power applications [4.26]. SMES are extended to the wind farm level by their connection
at the point of common coupling, as shown in figure 4.5 [4.24, 4.27].

Superconducting fault current limiters (SFCL) can suppress short circuit currents by using

unique quench characteristics of superconductors, where at the fault, the superconductor
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undergoes a transition into its normal state (i.e., quenching). After quenching, the current is
commutated to a shunt resistance and is then limited rapidly [4.28]. SFCL exist in many
configurations and are an efficient means for improving power system stability [4.29]. The
resistive type SFCL has been investigated due to its compact size and simple operating
principle. With state-of-art conductors, a high current density SFCL with fast transition and
recovery has been realised [4.30]. The simple resistive SFCL structure is shown in figure
4.6. The total SFCL resistance during a fault depends on the total number of units in figure
4.6. Studies show that the higher the SFCL resistance, the better the FRT capability.
Nevertheless, high resistance results in high energy loss during the fault current limitation

period [4.31].
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Figure 4.5. Grid connected wind turbine with SMES.
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Figure 4.6. SFCL at the farm scale level.

Combining the features of both the SMES and SFCL will result in superior characteristics.
The key idea of Short Circuit Fault Current Limiter-Magnetic Energy Storage (SFCL-
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MES) is to utilize the SCC as the energy storage device and fault-current limiting inductor

simultaneously and to thus help enhance LVRT capability [4.32].
iv- Super Capacitor
Instead of dissipating energy in a dump resistor, energy can be stored in a larger capacitor,

as indicated by:

4.3
fpcdt = Y2Cac_tink (dec—link - dec—link(O)) (43

where P.is the power transfer in the capacitor, Cy._;inx 1S the capacitance in Farad,
Vac—1ink 1s the capacitor voltage at the voltage dip event, and Vg._jink(o) 15 the capacitor
voltage during normal operation. From (4.3) the required capacitor power P. is directly
proportional to the dip voltage [4.5]. Also, the required capacitance increases if the
voltage-dip duration increases, requiring a larger area for the plates and permittivity of
dielectric as well as smaller distance between the two plates. Hence, the resultant capacitor
size may make it an impractical solution.

The super capacitor/ultra capacitor or boost-capacitor, significantly increases electrode
surface area. Such capacitors use two layers of metal filaments or porous carbons made
from foils to form anode and cathode that are perfuse in dielectric material of
electrochemical liquid unlike conventional capacitors which uses metal for the anode or
cathode [4.22, 4.33]. Super capacitors (SC) exist with high power density storage, long
cycle life and good environmental performance, which make them viable for coping with
transient grid failure [4.34, 4.35]. When using SCs as energy storage elements during a
transient voltage dip, a dc-dc converter is employed to charge and discharge the SC, as
seen in figure 4.7. When the link voltage is less than the referenced power requirement, the
SCs deliver energy to grid to compensate the voltage sag through series inductance, Lg.
When the link voltage is higher than the referenced power requirement, which is the case
during grid voltage dips, the SCs charges up [4.34]. The SC has low heat dissipation and
does not produce any hazardous substances. Although SCs are known for high efficiency,
charging and discharging unlimited number of times lasting up to 10 years [4.36], their
energy density is low and has a high self-discharge so they are good for short time
compensation for stabilization and fluctuation and are not oriented for long-term
applications [4.37]. Their typical 1s RC time constant implies inefficient energy transfer

during a 140ms fault ride through period.
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Figure 4.7. Energy storage using super capacitors.

4.1.4 Converter Control

The dc-link voltage can be reduced by ‘de-loading’ the wind turbine. Fully rated converter
wind turbines can be de-loaded in many ways for fault ride through. This can be achieved
by reducing the generator torque via MSC control, blocking the output powers via the wind
turbines” GSC control or via a boost converter if employed on the dc-link. For PMSG
WECS employing a diode rectifier and dc-dc chopper, enhanced LVRT capability can be
achieved through control of the boost chopper [4.38].

i- Control of Machine Side Converter (MSC):

In this type of control, the generator power is rapidly reduced (de-loaded) by reducing the
generator’s torque as soon as the dc-link voltage rises to a certain threshold. The reduction
in generator torque follows a de-loading droop characteristics which must be fast enough
to de-load a large megawatt wind turbine in a few milliseconds. As the wind turbine’s dc-
link voltage drops, the grid side controller reduces the wind farm grid side active power
current, thus reducing the active power from the wind farm. This approach is illustrated in
figure 4.8. Electromagnetic torque is managed through controlling the armature current,
and thus the generator speed is controlled. Decoupling the dg-axes armature current
components is employed to independently manage the PMSG active and reactive powers.

For this reason, two control loops are utilized with MSC control. In the inner control loop,
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the generator d-axis reference current lg g,y i set to zero to obtain maximum torque at
minimum current to minimize the resistive losses in the generator. Equation (2.24) is

rewritten as:

3
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Figure 4.8. MSC Control for LVRT capability enhancement.

The mechanical rotational speed w, is determined by the torque electromagnetic torque T,
and the load torque T, using (2.25).

dw, _ (T, — T, — w,By,) (4.5)
dt ]

where By, is the damping co-efficient.

The g-axis reference current lgge, is obtained from the outer power loop. Since the
maximum power at different wind velocities is proportional to the cubic function of
generator speed as explained by (2.2), the generator speed is controlled to follow the
power-speed characteristic. For this purpose, the power at the dc-link is used to obtain the
reference speed by using the power-speed curve. The error signal is then used to obtain the

generator reference torque.
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ii- Control of Grid Side Converter (GSC):

De-loading via the GSC means that the wind turbine’s grid side active power current, I; is
reduced to block wind turbine output power. The GSC is responsible for dec-link voltage
regulation so that the power balance can be maintained under fluctuating wind and grid
disturbances. A block diagram of the GSC control system is presented in figure 4.9. The
inner control loop is used in reactive power or harmonic compensation while the outer loop
is a voltage loop that sets the current reference for active power control [4.3]. The
controllers in figure 4.9 function well in normal operation, however in the case of a grid
fault, the dc-link voltage increases rapidly because the generator active power is prevented
from being transferred to the grid and instead feeds into the dc-link capacitor. Using the
de-loading droop approach shown in figure 4.10, it is possible to suppress any dc-link over
voltage. The dc-link capacitor should absorb the energy until the inverter side power
reference is reduced, hence the dc-link capacitance should be properly sized to handle this
energy and prevent an over-voltage problem [4.3, 4.39]. Controllers are often designed to
operate in a specific range so when the terminal voltage drops below the nominal level, the
operating point may stray outside the designed range, resulting in an unexpected response

which could cause converter transient currents to exceed their limits.
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Figure 4.9. GSC Control for LVRT capability enhancement.
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4.1.5 FACTS and Compensation Techniques:

All previously reviewed solutions tend to overcome problems associated with voltage dips
for individual WTs through implementation before the point of common coupling, thus
tackle the LVRT problem from the wind turbine perspective. This section is aimed to
review other techniques applied at point of common coupling applied for individual WTs
or at the wind farm level. The proposed solutions aim for reactive power and voltage
recovery at the point of common coupling (PCC) using FACT compensation techniques
from the grid stability perspective [4.40]. Generally, FACTS devices can be divided into
three major categories: series, shunt and combined (series and shunt) devices. With shunt
compensation, a large reactive current is injected where the reactive current size is decided
by the difference between the wind farm consumption requirement and the amount of
reactive power that can be transferred from the grid with the given voltage conditions.
Series compensation is based on increasing the reactive power transfer from the grid by
injecting capacitive voltage.

i- Shunt Compensation:

Shunt FACTS are connected in parallel with the power system. A shunt controller can be a
variable source, variable impedance or a combination of both. Their principle of the
operation is to inject current into the power system. There are two types of shunt
compensation: static Var compensators and STATCOM.

e Static VAR Compensator (SVC)
A Static Var Compensator (SVC) consists of a thyristor controlled reactor, and thyristor or

mechanically switched capacitors. By means of phase angle modulation control of the
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thyristors, the reactor is variably switched into the circuit providing a variable VAr
injection (or absorption) to the electrical network as shown in figure 4.11 [4.41]. SVCs can
significantly enhance the LVRT capability without significant cost increase and can

maintain the transient stability of the wind farm [4.42].

PCC
Transformer
SVC
Wind farm

Figure 4.11. Grid connected wind farm with static Var compensator.

e STATCOM
The STATCOM shown in figure 4.12 is a self-commutating voltage source inverter which

converts dc-voltage into a three-phase set of output voltages with desired amplitude,

frequency, and phase.
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Figure 4.12. STATCOM Connection for grid connected wind farm.
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A STATCOM is faster, smaller and has higher control bandwidth than a SVC and with
additional capability of injecting high currents at low voltage levels. As for LVRT, the
most relevant feature of the STATCOM is its inherent ability to increase the transient
stability margin by injecting a controllable reactive current independent of the grid voltage
[4.43]. shows a basic STATCOM used for LVRT capability with wind turbines [4.44].
STATCOMs are often used to improve power factor and voltage stability at network
nodes. Because of the switching devices employed, it can react faster than an SVC and can
vary its response continuously. Battery storage may also be incorporated onto the DC bus

to allow for active power regulation as well.
ii- Series Voltage Compensation:

e Thyristor Controlled Series Capacitor (TCSC):
The basic structure of a TCSC is shown in Figure 4.13 [4.45]. It is constituted by three
parts: series compensating capacitor C, bypass inductance L, and bi-directional thyristors
Tiand T, [4.46]. When a grid fault occurs, the effective impedance of the TCSC can be
increased almost immediately by controlling the firing angle of T; and T,, thus increasing
the power transfer capability of the line. Using a TCSC, the voltage is compensated and the
short circuit current is limited. In spite of having good over-current capability, TCSCs

suffers from a limited operating range. [4.47]

Wind farm PCC e .

Transformer Crese Grid

PMSG @~ : T, ﬂ

m—« T2 o

. TI-Z
Line

+
Cow - Linearization
l/,,,L)»(} block » GATE

Figure 4.13 Configuration for thyristor controlled series capacitor for wind farm.

e Static Synchronous Series Compensator (SSSC)
As SSSC consists of a VSI connected in series through a coupling transformer to a

compensated line as shown in figure 4.14 [4.48]. The SSSC creates an equal and opposite
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voltage to the dc-link voltage rise experienced during the voltage dip. A source of energy is
required for providing and maintaining the dc-link voltage, compensating the SSSC losses.
An SSSC has a larger operating range than a TCSC, but has a complex configuration and

requires additional protection arrangements to handle over-currents [4.49].
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Figure 4.14. Control strategy for a static synchronous series compensator.

e Dynamic Voltage Restorer (DVR):
A Dynamic Voltage Restorer (DVR) is a power electronics based controller that provides
flexible voltage control at the PCC with the utility distribution line for voltage quality
improvement. If a dc-voltage source is connected to the DVR dc-bus, the compensator can
inject both active and reactive power into the distribution system [4.50]. The DVR consists
on a three-phase converter, connected via a transformer and with a load element (or
source) in the dc-side of the converter, as shown in figure 4.15. When a voltage dip occurs,
the DVR injects synchronized voltage which is the difference between the voltage prior to
fault occurrence and the fault voltage. The injected voltage can vary in amplitude and
phase allowing active and reactive power exchange between lines. The energy storage
device compensates network voltage sags and improves LVRT capability [4.51-53].

e Magnetic Energy Recovery Switch (MERS)
A MERS is a series FACTS controller which has a simpler configuration and lower cost
over-current protection with the same capacitive operating range as the SSSC [4.54]. With

new low on-state voltage IGBT, MERS are attractive as the initial on state losses are low
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[4.55]. One MERS is needed in each phase for a three-phase configuration, where in
single-phase operation the configuration is similar to a single-phase full bridge using four
switches but the control differs and the size of the capacitor is significantly smaller. The
approach is shown in figure 4.16. The MERS is connected between the grid and the main
wind farm transformer arm where it injects a series capacitive voltage for grid support.
There is a mechanical by-pass switch that can be used during normal operation to reduce
losses or for protection. The MERS could be used during steady state operation to improve

the wind farm voltage profile [4.56, 4.57].

iii- Combined Series and Shunt Compensation:

A unified power flow controller (UPFC) as shown in figure 4.17 is a back-to-back
combination of a shunt converter (STATCOM) and a series converter (SSSC), which are
coupled by a common dc-link, to allow bi-directional flow of active power between the
series and shunt terminals of the converters. The series converter injects a voltage which
has two orthogonal components where the d-axis component contributes to magnitude
variation and the g-axis component contributes to the phase angle. The shunt converter
functionality can be a reactive source compensation (providing inductive or capacitive
VAr) or a voltage regulator [4.59]. For these reasons, the UPFC can be used to enhance the
LVRT capability, with energy storage [4.60].
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Figure 4.15. Dynamic voltage restorer in wind energy conversion systems.
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Figure 4.17. Schematic Diagram for a UPFC.

4.2 Magnetic Amplifier

Magnetic amplifiers, also known as transductors, have been used for many years in many
applications such as in instrumentation, relays, position servo mechanisms, voltage and
frequency control, and automatic battery chargers [4.61]. The magnetic amplifier offers
high efficiency, reliability, ruggedness and high overload capability. Research has been

conducted into its non-linear characteristics [4.62], steady-state and transient behaviour
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[4.63], possible circuit configurations for single and three phase operation [4.64, 4.65], and
designs for many applications [4.66, 4.67].

To the author’s knowledge, the magnetic amplifier has not been used as a method for
improving WT ride-through capability. For this reason, the following sections will explain
the theory of operation, possible configurations, control aspects, and parameter

determination procedures for using magnetic amplifiers as LVRT capability enhancers.

4.2.1 Theory of Operation and Possible Configurations

The simplest magnetic amplifier consists of a single ferromagnetic core having two
windings, namely, a main or ac-coil winding N; and a dc or control winding N,. The
reactor is shown in figure 4.18. The control winding is connected to a dc- controlled source
and the main winding is connected in series with the ac load. When the control current is
varied, the impedance of the main winding changes, thereby affecting and determining the
output voltage appearing across the load. However, an interaction between the control and
main circuit exists due to the mutual induction between the dc and ac windings. For this
reason, modification to figure 4.18 (a) is made and gives the new configuration shown in
figure 4.18 (b). Having two separate core elements with series control and series main
windings causes the induced voltage to cancel, thereby reducing the mutual effect [4.62].
N{, and Nj, represent the two main winding coils, while N,, and N, represent the two

control winding coils as indicated in figure 4.19.
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Figure 4.18. Magnetic amplifier configuration: (a) simplest configuration and (b)
configuration having two cores.
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Figure 4.19. Two sections magnetic amplifier with series opposing control winding.

Assume the current flowing in control winding is I,,, and that in the main winding is .
The dc-control circuit is energized from a dc-source, E;. and the load resistance connected
to the main winding is R; and is excited from the main winding alternating source, E,.. If
the switch SW is opened, the current i,,,; is determined by the circuit’s inductive reactance,
X, and the applied voltage E,.. The total flux in this case is produced by the ac-winding
only and the inductance of the coil is determined according to:

_Ng (4.6)
]

where N is the number of turns in the coil and ¢ is the magnetic flux linkage due to the

L

current /.

Assume that the dc-control winding creates a magnetizing force in the core at H. of figure
4.20 (a), if the magnetizing force of the main (ac) winding is represented by a sine-wave
ABCDE, the resulting flux density will swing between B, and B;. This small variation in
flux density AB indicates that the flux linkage is small and thus the inductive reactance of
the ac coil is low. Now assume that the dc-winding control current has decreased to point
H_ of figure 4.20 (b), having the same magnetizing force as that of part (a) and operating in
the linear part of the BH curve. Figure 4.20 (b) shows that even with the same variation in
magnetizing force AH, large variation in the magnetizing flux density AB are experienced
swinging between B, and B;. With large flux density operating in part (b) of figure 4.20,
the inductance seen by the ac winding is large thus blocking the flow of current in the main
ac winding. Thus, the dc-current applied to the control winding with SW closed will create
a magnetic flux and in effect will determine the magnetization of the core as shown in
figure 4.21. The total flux will be the sum of the fluxes contributed by both N; and N,

[4.64]. Moreover, the ac winding inductance depends on the saturation or non-saturation
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condition of the core; having a high value in a non-saturated condition and a low value in

the saturated region.
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Figure 4. 20. Flux and MMF of transductor during steady-state operation (a) saturation and
(b) un-saturation.
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Figure 4.21. Flux control and output waveform characteristics of a simple half-wave
magnetic amplifier: (a) large output, (b) small output, and (c) cut-off.

The exact method of effecting control of the reactor flux level, which in turn will
determine the time at which saturation occurs, can vary. Also the exact manner of inter-
connections between the magnetic amplifier, main ac supply, and load can assume
different configurations. The basic principles of operation, however, remain unchanged
[4.61]. Another modification can be made to the circuit which includes a diode in series
with each of the two main winding coils as shown in figure 4.22. In this case, full
utilization of the alternating current would give higher efficiency and better waveforms and

reduce the time delay that can be up to half a cycle of the supply frequency [4.68].
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NZa”
Figure 4.22. Self-saturable magnetic amplifier.

Figure 4.23 shows the basic configuration for a three phase arrangement which consists of

six magnetic amplifier elements and six diodes.

Edc

Figure 4.23. Three-phase 3-element full-wave magnetic amplifier circuit.

From the circuit arrangements, it is useful to highlight some important aspects to be
considered in designing magnetic amplifiers:

1. The magnetizing curve should be steep, so that a slight change in I, produces a

large change in the output power, i.e. the amplification is large. The magnetizing

curve should also be as straight as possible. To achieve that, it is evident that the

material should be homogeneous, and that air-gaps should be avoided [4.69]
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2. Time lag: The magnetic amplifier is a resistive-inductive electrical component, so
that a time lag exists between the application of the control voltage and the
attainment of the full output current. Any closed circuit linking the two cores is
inductively coupled to the control circuit, and increases the time lag. The time-
constant and power amplification are directly related. Also, the time constant is
inversely related to the effective number of turns and the control winding frequency
[4.70].

3. Efficiency: Large magnetic amplifiers at low frequencies tend to have higher
efficiency than smaller units. In practice, magnetic amplifiers are known for their
high efficiency, as with transformers [4.71].

Other factors that might be taken into consideration when designing magnetic amplifiers

are power gains and size as detailed in [4.72, 4.73].
4.2.2. Magnetic Amplifier for LVRT Capability Enhancement

This section provides an explanation as to how a magnetic amplifier within a PMSG will
provide blocking capabilities during grid voltage dips to limit any dc-link voltage rise.
Each of the magnetic amplifier units will be treated as a single phase transformer, whose

turns ratio is Ny: N,. The main winding of N; turns is designed according to

d
Eoe = Ny d_gto 4.7

The control winding composed of N, turns is connected to an auxiliary controlled dc-
current source which delivers the control winding current, [,,,, required to shift the

magnetic amplifier operation from saturation to unsaturation:

Nyl,, = — Ny Iy (4.8)
The interaction between the load current flowing in the main winding, [,,,; and the control
winding current 5, tends to saturate the core material, where no further magnetization is
induced by increasing the field intensity (H). However, the control winding current,
I, action may cancel the load current effect and demagnetize the core, thus forcing the
operating point away from the saturation region to the linear region. Shifting magnetic
amplifier operation from the saturation to the linear zone allows the effective impedance of
the magnetic amplifier to change from a low to high value. Figure 4.24 shows the

suggested magnetic topology in a 3-phase configuration where it is employed between the
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generator terminals and the diode rectifier unit, while figure 4.25 is another suggested
magnetic amplifier connection, inserted in the chopper circuit.

During normal operation of the electrical grid and in the absence of any grid faults, the
magnetic amplifier operates in the saturation zone and effectively has low impedance (with
relative permeability equal to that of air). At this point the amplifier can be treated as a
filter for the generator current ig4p in the 3-phase topology, or as a filter in the dc-side
topology for the boost current ;. if inserted in the boost chopper, with minimum voltage
drop across its main winding terminals. However, with a sudden voltage dip, the amplifier
will sense the fault occurrence and subsequent control action will shift its operation to the
linear zone where it exhibits a large impedance value (with relative permeability of the
core). It is suggested that the magnetic amplifier can either be inserted between the PMSG
and rectifier terminal, or in the boost chopper circuit, thus limiting the dec-link voltage rise

and protecting the power converters from damage.
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Figure 4.24. WECS with configuration #1 3-phase topology magnetic amplifier.
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Figure 4.25. WECS with configuration #2 dc-side magnetic amplifier topology.
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4.2.3. Control Circuit of Magnetic Amplifier

To shift the amplifier operation from the saturated region to the un-saturated region of the
BH curve, a dc-chopper circuit is required. From (4.8), if the effective number of turns for
the primary and secondary windings N; and N, were equal, a large control winding current
I,,, would be required to demagnetize the magnetic amplifier core. Consequently, the
converter required to source the large current would be highly rated in terms of voltage and
current. Thus in order to control the magnetization process of the magnetic amplifier, the
effective number of secondary turns N, is set higher than the primary number of turns Ny
so that a small signal I,,,, can in fact control large current I,; flowing in the main winding.
Also, since the rate of change of flux dg/dt is inversely proportional to the effective
number of turns N, choosing N, will affect the rate of change of the magnetic flux in the
magnetic amplifier core thus affects the value of the associated inductance. The power
converter responsible for controlling the magnetic amplifier current I,,, is a continuous
current source. Different controlled current sources can be used to generate the control
winding current, however a converter producing continuous output current is needed for
controlling the magnetic amplifier in both configurations. Discontinuity of ,,, will tend to
magnetize and demagnetize the core at a frequency equal to the chopper frequency, thus
disrupting amplifier action. A simple class ‘A’ buck chopper is used as shown in figure
4.26 where V,, is the input supply voltage for the chopper, I is the input chopper current
and I,,, is the output chopper current which is the current supplied to the control winding

of the magnetic amplifier [4.74].
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Figure 4.26. Buck chopper current source circuit.
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The buck chopper switch S, operates by comparing the reference signal v, with a constant
carrier triangular signal v, whose carrier frequency is f,; as shown in figure 4.27. The duty

cycle D is defined by

5 = to—n = tonfch (49)

This chopper topology results in discontinuous input current, /sy as shown in figure 4.27
(c) but, as desired, continuous output current I,,,. The chopper input power can be

calculated using (4.10):
Pep = Vchm =6 Veplen (4.10)

The freewheel diode D,, conducts due to energy stored in the inductor, L., and the
inductor current, which is the chopper output current, continues to flow through the control

winding. The chopper output current, I,,,, is shown in figure 4.27 (d).

7011

Figure 4.27. Buck chopper waveforms: (a) PWM generation, (b) gate voltage, (c) chopper
input current, I.5), and (d) chopper output current, /,,,.

The chopper current ripple, Al.j, depends inversely on the chopping frequency. Increasing
the chopping frequency decreases the load current ripple and decreases the inductance of

the smoothing series inductor, L., . To ensure continuous current, the system parameters
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should be designed to satisfy the condition L., T., > R.p, Where Ry, and L., represent
the total equivalent output impedance of the magnetic amplifier.

For the 1.5SMW system, the chopper is used with the magnetic amplifier as it circulates the
chopper output current in the control winding which has low resistance. This low load
resistance determines the maximum steady-state chopper current when D=I. During
normal operation, D is set close to 1 where maximum steady state chopper current is
injected in the control winding ensuring saturation of the magnetic amplifier. During the
voltage dip event, D changes depending on the de-link voltage, Vgc_jink(r) during the fault,
which sets the control winding current reference I,,,. A dc-voltage source of 500 V is used
to generate the control winding current, /., of S00A when the duty cycle approaches 1
with chopping frequency, f.,, of 5 kHz. A smoothing inductance, L.p, of 10 mH is used to
ensure continuous output current operation with a maximum ripple current of less than 1
A. The reason for the high current and voltage ratings of the control circuitry is due to the
fact that the parameters chosen are for simulation purposes since no detailed design for the
magnetic amplifier has been carried out and the design is based on silicon steel cores. With
higher permeability materials along with an optimised design for the core and control
circuit, it is believed that the power rating of both the magnetic amplifier and control

circuitry will be reduced accordingly.

4.3 Discussion

Magnetic amplifiers are characterized by electrical isolation, high efficiency and high short
circuit capability, and thus can be utilized as a series compensation technique for LVRT
capability enhancement of PMSG WECS. Changing the magnetic amplifier control
winding current alters the main winding effective impedance, thus the magnetic amplifier
acts as a variable inductance if inserted between an emf source and a load. Two
configurations are suggested and will be tested for LVRT capability enhancement namely a
3-phase topology (configuration #1) and a dc-side topology (configuration #2). In both
configurations magnetic amplifier elements are driven into saturation by the control
winding current during normal operation, while if a fault occurs, the dc-control current
changes the operation of the magnetic amplifier from the saturated to the unsaturated state
thus supporting a larger voltage drop across its terminals whilst presenting high

inductance. It is expected that both magnetic amplifier topologies will perform the function
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of blocking any dc-link voltage rise associated with a grid voltage dip incident, hence, the
amplifier will limit such rise, thereby guarantying successful ride-through operation. While
in the 3-phase configuration the magnetic amplifier acts as a switch between the PMSG
terminals and the diode rectifier unit and maintains the energy balance during voltage dips
through storing energy in the rotor inertia, the dc- side topology stores energy in the
magnetic field of the magnetic amplifier which is proportional to the value of inductance
and the square of the ac winding current. Both configurations are modelled and tested for
ride-through capability in Chapter 5 and WECS performance is studied. Practical

validation is presented in Chapter 6.
4.5 Summary

Grid disturbances such as severe voltage dips caused by short-circuit faults can lead to
power-generating units being disconnected from the grid, which may cause grid instability.
To avoid this, the grid code requires power-generating units to remain connected and
continuously operated even if the voltage dips reaches low values. This chapter reviewed
the methods for LVRT capability enhancement applied to individual turbines and at a wind
farms level. Among the techniques reviewed are: blade pitch angle control, active crow bar
techniques, energy storage systems using flywheels, super capacitors, batteries and super
conducting coils. Other methods for LVRT improvement can be through de-loading of the
WT by MSC and GSC control. At the wind farm scale, FACTS have been utilized which
are divided into series, shunt and combined configurations.

Historically, magnetic amplifiers have been used in many applications owing to their high
efficiency, reliability, simplicity, and ruggedness. They have the ability to control a large
current signal (either ac or dc) flowing in the main winding using a small dc-signal in the
control winding to control the magnetization characteristics of the magnetic core. The
magnetic theory of operation and available configurations were explained in this chapter,
with a recommendation for use as a technique for LVRT capability enhancement. Two
configurations were suggested for PMSG WECS. Configuration #1 is a three-phase
magnetic amplifier topology based on using six magnetic elements and six diodes inserted
between the generator terminals and the diode rectifier unit. Configuration #2 uses only
one magnetic element inserted in a boost chopper. Both configurations will be tested for

successful ride through operation in the following chapter.
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CHAPTER FIVE

LVRT Capability Enhancement with a Magnetic Amplifier

According to the UK grid code reviewed in Chapter 3, a wind farm must stay connected for
voltage drops down to 0% for up to 140 ms (seven cycles), caused by symmetrical or
asymmetrical network faults. However, for those lasting more than 140 ms (seven cycles)
caused by symmetrical faults, disconnection is not allowed above the curve shown in figure
3.10 [5.1]. Generating stations may encounter stability problems, depending on the type,
magnitude and duration of the dip, as well as on the type and technology of the power station
[5.2]. An abrupt drop of the grid voltage will cause a rise in the grid current and over-voltage
on the dc-bus of the power converters, as demonstrated in the previous chapter. Without any
protection, this will lead to the destruction of the converters. In addition, it may cause over-
speeding of the wind turbine, which will threaten the safe operation of the turbine [5.3].

Use of magnetic amplifiers as a method for LVRT capability enhancement has been suggested
in Chapter 4, with two possible topologies. This chapter analyzes the performance of a 1.5
MW WECS using MATLAB simulation for improving its LVRT ability when using the 3-

phase and dc-side magnetic amplifier topologies.
5.1 Enhancement of LVRT Capability using Magnetic Amplifier

As demonstrated in Chapter 4, grid voltage dips can cause severe damage to the power
converters due to the energy imbalance between Fy,,, and Pg,;q which must be transferred to
the dc-link capacitor accompanied by a rapid rise in the capacitor’s voltage [5.4]. Two
proposed configurations will be introduced and investigated for ride-through capability in this
research, based on a magnetic amplifier as a series voltage compensator to compensate the dc-

link voltage rise.

110



Configuration #1; WECS using a 3-phase magnetic amplifier

Configuration #2; WECS using a dc-side magnetic amplifier
Both configurations are investigated using MATLAB simulation and tested for LVRT
capability enhancement for the 1.5 MW WECS. The simulation analysis will expose any

disadvantages and limitations of each approach.
5.2 Configuration #1: 3-phase Magnetic Amplifier Topology

As considered in Chapter 4, the magnetic amplifier element consists of two windings; the
main winding and a control winding. They are connected so that the fluxes produced by both
windings oppose each other [5.5]. The block diagram for the 1.5 MW WECS employing a
magnetic amplifier with Configuration #1 is shown in figure 5.1. The main winding is inserted
where the amplifier action is required and carries the normal line current, while the control
winding carries dc-bias current from an isolated source (although the dc link could serve as the
source). In normal operation, by feeding high dc-bias current in the control winding, the
reactor operates in a saturated condition. The inductance depends on the saturated or non-
saturated condition of the core, having a higher value in non-saturated condition and a lower
value in saturated condition [5.6]. Thus by acting as variable impedance inserted during a
fault, the magnetic amplifier blocks the excess energy stored by the dc-link capacitor during a
fault and helps maintain the energy balance between the generation and grid side. Changing its
control winding current I,,, changes the main winding effective impedance [5.7]. In this
configuration, each of the three phases of the PMSG is split into two windings so as to avoid
demagnetization of the magnetic amplifier during the negative half cycle of the supply voltage
[5.8]. Also, each winding is connected in series with a rectifying diode which enables the
amplifier cores to reach the saturation zone faster. The use of six magnetic elements and six
power diodes adds extra cost and size to the WECS, and this is considered o be one of the
disadvantage of this approach and any hardware approach [5.9].

The 1.5 MW system with Configuration #1 has been tested for enhancing WECS ride through
capability. The same system parameters used in Chapter 4 have been used in the simulations.
The results obtained are divided into machine and MSC side results found in figures 5.2 and

5.3, and grid side and GSC responses found in figures 5.4 and 5.5. The system has been
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subjected to a 90% drop in the grid voltage for a 140 ms duration, starting at 0.3 s and ending
at 0.44 s.

Filter
dagria | Lgria Reria

ingria | Lgria Reria
VP Sl (A

aLeria Reria

Zgria

Vegrid, l

Magnetic amplifier V|  PWM /Vd.i
abe d-q

I = abc

Figure 5.1. WECS with Configuration #1.

It is noticed that using magnetic amplifier Configuration #1 during the grid voltage dip event
affects the performance of the generator. Figure 5.2 (a) and (b) present waveforms for the
PMSG terminal line-to-line voltage Ve, and current ig,, respectively, and show changes in
both the magnitude and shape of Ve, and ige,. This is due to the high reflected magnetic
amplifier impedance accompanied by the magnetic amplifier action in response to the network
grid fault. A high impedance inserted between the generator terminals and the diode rectifier
unit limits the generator current iy, and at the same time alters the generator output voltage
Vgen- With the change of vg,,, the associated generator rotational speed w, will increase while
the electromagnetic torque T, will decrease due to the increase in stored the rotor inertia
during the fault as shown in figure 5.2 (c¢) and (d) [5.10]. Due to the large inertia of the wind
turbine, this results in a slow change of the rotor speed as observed in figure 5.2 (¢) [5.11].
This could be considered as another drawback for Configuration #1, since pitch control cannot
respond sufficiently within 140ms to limit the increased speed effect. The active power, Py, ,
and reactive power Qgep curves shown in figure 5.2 (¢) and (f) also support this, where Fyep

and Q geen are both calculated at the generator terminals.
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As for the MSC power converter responses for Configuration #1, since igep has fallen to a low
value as shown in figure 5.2, the capacitor current, i.4. contributes to the majority of the boost
chopper current I ;. shown in figure 5.3 (a) which could be considered as another disadvantage
for Configuration #1.

To demonstrate whether the rectifier unit will exhibit any voltage or current stresses on their
semiconductors, the rectifier diode voltage, vp; and current, ip; are shown in figure 5.3 (b)
and (c). The current and voltage responses imply that power is prevented from being

transmitted to the rectifier unit due to the energy stored in the rotor inertia.
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Figure 5.3. Simulation results for Configuration #1: (a) boost inductor current, I;. , (b) diode
voltage, vp;, and (c) diode current, ip;.

114



The grid side response for Configuration #1 is shown in figures 5.4 and 5.5. The grid voltage
Vgrigq in figure 5.4 (a), shows at 0.3 s, the RMS value of v4,;4 suddenly falls to 0.1 per unit for
the fault duration of 140 ms, as specified by grid operators. Consequently, the three-phase grid
current igr;q Will experience an increase in its rms value as shown in figure 5.4 (b). Using
Configuration #1, the grid current ig,;q4 still exhibits increase during the voltage dip incident,
reaching 1 per unit of the nominal grid current, which corresponds to 1000 A . The grid
current ig,.;q remains high for the whole dip duration, post dip, and after grid voltage recovery,
for a total period of 0.34 s. The reason for the delayed grid current recovery is related to the

dc-link voltage response vVg¢_jink-
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Figure 5.4. Simulation results for Configuration #1: (a) grid voltage, vg,i4, (b) grid current,
igria » (d) grid active power, P4, and (g) grid reactive power Qgyrig-
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The grid active power Py,;4 and reactive power Qgr;q are shown in figure 5.4 (c) to (d).
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For Configuration #1, the GSC controller for g-axis current, which will in turn control reactive
power Qgriq, tends to hold the grid power factor at unity by keeping Qg4 close to zero, as
shown in figure 5.4 (d). However, the grid injected active power Py,;q experience a rise after
grid voltage recovery in response to the high grid current and high dc-link voltage.
Configuration #1 is able to limit the dc-link voltage rise during the dip duration to below 1.1
per unit as shown in figure 5.5 (a), taking 0.26 s after grid voltage recovery to restore Vi._jink
to 1 per unit. This corresponds to a blocking capability of 725 V from the total of 1000 V
increase in the Vj._;in during fault as shown in Chapter 3, figure 3.15 (a). Since the grid
current will not change rapidly when the grid voltage recovers, the d-axis current will take
longer to be restored to its prior fault value, as shown in figure 5.5 (b). As mentioned, g-axis
current /, is maintained at zero for unity power factor operation as demonstrated in figure 5.5
(c).

Finally, the VSI-IGBT S;voltage, Vs, and current, I;, waveforms are shown in figure 5.5 (d)
and (e) respectively. These show that minimum voltage and current transients are experienced
by the IGBT switches due to the application of the magnetic amplifier, with minor effects

generally exhibited with the use of magnetic amplifier of Configuration #1.
5.3 Configuration #2: DC-side Magnetic Amplifier

Modifications have been made to the 3-phase magnetic amplifier topology so as to minimize
the number of magnetic elements yet still serve the same purpose of dc-link voltage limiting.
The six magnetic amplifiers and six diodes are replaced by a single magnetic amplifier circuit
inserted in the boost converter (Configuration #2), as shown in figure 5.6. Also, the boost
inductor L, has been eliminated from the boost chopper, thus the magnetic amplifier serves
as a boost chopper filter inductor for current smoothing and filtering, as well as a component
for LVRT capability enhancement. Although magnetic amplifiers have been used in high
frequency dc-dc converters [5.12, 5.13], they have not have been reported for LVRT
capability enhancement use. Since magnetic amplifiers are characterized by high efficiency
and ruggedness compared to semi-conductors operating at high switching frequency [5.14],

proving their ability for enhancing the LVRT would make them a preferred choice.
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With the magnetic amplifier inserted in the boost chopper, its main function is to store energy
during fault duration thus maintaining the required energy balance between the generated and

grid injected power.
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Figure 5.6. WECS with Configuration #2.

The magnetic amplifier response in Configuration #2 is shown in figures 5.7 to 5.10. For the
generation side, no change is exhibited in the PMSG line voltage, V4., or in the PMSG
current, ig., even during the grid voltage sag, as shown in figure 5.7 (a) and (b) respectively.
Also, no changes are seen in the generator rotational speed n, electromagnetic torque T,,
active power Pye, or reactive power Qgep curves shown in figure 5.7 (c)-(f) indicating the
absence of any stored energy in the PMSG during the fault duration.

As for the MSC response using Configuration #2, the boost chopper continues to extract the
same power from the PMSG during fault. The actual chopper current I;. tracks the reference
boost converter current ;. which has been determined based on a maximum power extraction
criteria, as shown in figure 5.8 (a). The diode rectifier stresses are demonstrated in figure 5.8
(b) and (c) where the rectifier unit does not experience any voltage or current transients that

might cause damage to the power converter unit, as indicated in the waveforms for vp; and

lDl.
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The grid and GSC performance can be studied from figure 5.9 and figure 5.10 respectively.

The grid current, ig,;4 experiences a current rise to 960 A during the fault reaching its thermal
limits as defined by the current controller. Figure 5.9 (b) shows that iy,.;q recovery after the

fault is more rapid than grid current recovery using Configuration #1. Since the magnetic
amplifier is Configuration #2 relies on storing energy in the magnetic amplifier’s magnetic
field, it is also observed that after grid voltage recovery the amplifier releases power to the

grid with a transient behavior which can be observed in the grid active power Pg,.;y response

of figure 5.9 (c). Reactive powers Q4 response is demonstrated in figure 5.9 (d).
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The GSC response in figure 5.10 (a) indicates that the magnetic amplifier is able to limit the

Vac—iink tise. Configuration #2 response for V;._jinx shows better performance than that of

Configuration #1, where Vy._;ink 1s better limited. Since the V;,._;;,x response affects d-axis

grid current control action, it can be noticed from figure 5.10 (b) and (c) that the d-axis grid

current I; rises due to the sudden drop in grid voltage to 0.1 per unit, while the g-axis current,

I, is maintained close to zero. Limiting Vyc_jinx reduces the power converters voltage and

current stresses on the IGBT switches as shown in figure 5.10 (d) and (e) respectively.
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5.4 Discussion

The use of magnetic amplifiers has been suggested in this research to overcome the problem
of dc-link voltage rise which in turn may cause damage to the power converters. The first
approach was to use a 3-phase amplifier topology (Configuration #1), where six magnetic
elements along with six diodes are placed between the PMSG terminals and the six-pulse
diode rectifier unit, to compensate for the dc-link voltage rise. System performance was
investigated and results showed that the amplifier was able to limit the dc-link voltage rise to
1.05 pu of its nominal value, compared to 1.2 pu without the amplifier addition. Also, dc-link
voltage recovery was more rapid, taking 0.26 s with the magnetic amplifier and 0.56 s without
amplifier action. However, the topology affects PMSG performance by storing energy in the
rotor inertia, causing an over speeding effect as well as improper operation of the boost
chopper. Possibly the overall size and cost of the topology makes it the less interesting
approach.

The modification is to replace the 6 units with one single magnetic element placed in the dc-
side, which simultaneously replaces the dc chopper filtering inductance (Configuration #2).
The system performance improves, with the dc-link voltage limited to 1.0 per unit, which in
turn improves the system’s ride-through capability during significant voltage dips. System
recovery time after the fault is reduced and amplifier operation do not interfere with the action
of the generator side and the MSC. However, the amplifier is unable to limit the grid current
rise due to the sudden grid voltage drop. The configuration has almost negligible effect on the
power converters. The potential of Configuration #2 topology will be further investigated

through experimental validation on a scaled prototype.
5.5 Summary

Being unable to compensate for the energy imbalance during voltage dips can lead to
destruction of power converters which would lead to wind farm disconnection. This chapter
investigated the use of two magnetic amplifier topologies to improve ride through capability.
Configuration #1 uses a three-phase configuration of magnetic amplifiers inserted between the
PMSG and the diode rectifier unit where its impact has been demonstrated on system

elements. Configuration #1 improves the dc-link voltage response, but affects the generator’s
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performance. The large size and cost of the approach decreases its appeal. Configuration #2,
which only uses one magnetic amplifier element inserted in the boost chopper, has proven to
be superior to Configuration #1 due to its improved dc-link voltage response, reduced size and
cost, whilst also exhibiting no detrimental effects on the generation side. Furthermore, the
voltage and current stresses on the power conversion units are minimized. Configuration #2 is

further explored for practical validation in the next chapter.
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CHAPTER SIX

Practical Implementation and Results Verification

Utilisation of a magnetic amplifier for LVRT capability enhancement of a 1.5 MW WECS
was investigated in the previous chapter. The suggested magnetic amplifier can have two
topologies; 3-phase and dc-side topologies. Both configurations limit the dc-link voltage rise
associated with sudden grid voltage sags. The line side magnetic amplifier topology’s main
disadvantage is the use of large number of magnetic elements and semiconductors, as well as
its adverse effect on the PMSG performance and operation. The DC-side topology is thus
recommended as it reduces the overall size and cost yet serves the same function in limiting
the dc-link voltage rise, consequently reducing the stresses on the power converters. LVRT
using the dc-side topology, on a scaled down system prototype emulating a MW WECS, is
investigated in this chapter. Simulation results of the scaled system performance, with and

without the amplifier, are experimentally verified.
6.1 The Proposed System Prototype

A scaled down system of the proposed WECS is modelled and simulated using MATLAB and
the performance is verified experimentally. Figure 6.1 represents the block diagram of a low-
voltage, low-power system used to emulate the 1.5 MW system. Operation of the prototype is

described in the following sections.
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Figure 6.1. Block diagram of scaled down system with dc-side magnetic amplifier.
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6.2 Generator and MSC

The scaled down system parameters are shown in Table 6.1 where the simulation and

experimental parameters will be the same.

Table 6.1 Scaled down system parameters

Parameter Variable name Value
Generator power (kW) Pyen 0.31
Rated voltage at 1500 rpm (V) Vgen(nom) 200
Rated frequency at 1500 rpm(Hz) fgen(nom) 50
Pole pairs P 2
Rated generator torque (Nm) T 2
Operating Generator speed (rpm) n 900
Generator frequency at operating speed (Hz) fgen 30
Operating generator line voltage (V) Vgen 50
PWM switching frequency (Hz) fe 5000
Boost converter inductance (mH) Lgc 10
Boost chopper reference current (A) 1. 2
Input boost converter capacitor (uF) Cac 1200
DC-link capacitor (uF) Cac—tink 2200
DC-link reference capacitor voltage (V) Vic—tink 100
Grid voltage (V) Vgria 40
Grid filter and coupling transformer inductance (mH) Lgria 2
Grid filter and coupling transformer resistance (£2) Rgria 1.5
PWM-VSI switching frequency (Hz) fe 5000
Grid frequency (Hz) foria 50
Voltage dip magnitude (% full voltage) p-u 0.25
Voltage dip duration (s) 5

An 0.3 kW, 4 pole, 200 V, 50 Hz, 1500 rpm, Y-connected PMSG is used for the experimental
test rig, whose parameters are presented in Appendix (B-2). The PMSG is to be driven with a
constant wind speed from a wind turbine to study the impact of voltage dips on WECS
performance. A separately excited DC motor is used as a prime mover (wind turbine) whose
parameters are listed in Appendix (B-3). The armature controlled dc motor ensures that the
PMSG is driven at a constant speed thus simulating a constant driven wind speed instead of

using a mechanical wind turbine. The PMSG is driven at a fixed speed, n of 900 rpm, and

129



produces a balanced 3-phase, line-to-line voltage, vye, of 50 V at a frequency, fy., of 30 Hz.
The difference between the prototype and full sized system generator frequency is the reduced
number of poles available in the scaled down system’s generator.

The PMSG terminals are connected to a six pulse diode rectifier with an 1100uF smoothing
capacitor followed by a boost chopper serving as the machine side converter. A 10 mH boost
chopper inductor, L, is selected for minimum inductor current ripple and an output filtering
electrolytic capacitor, Cy._;inke of 2200 uF, 400V is the dc-link capacitor. Cy._;inx provides
the required dc-bus voltage for the GSC as well as a path to accept energy recovery from the
VSI during operation of its freewheel diodes. It also decouples the MSC and GSC control
action. The boost chopper extracts generator current iz, of 2 A at 5 kHz switching frequency,
which is the same frequency as the full sized system modelled in chapters 3 and 5. This is
achieved by sensing the boost chopper inductor current, /5., and comparing it with a preset
reference, I, so that the boost chopper extracts constant current from the PMSG, even at
different loading conditions. The reference boost chopper current, 1., is determined from the
MPPT algorithm. Due to the constant speed operation of the PMSG, I}, is set to 2 A, thus
emulating MPPT when the generator speed is 900 rpm. Also, the choice of I, is based on the
required power level to be injected into the grid through the GSC. With a constant speed
driven PMSG and a current controlled boost chopper, the MSC acts extracting maximum

power from the PMSG which will then be exported to the grid through the GSC.
6.3 Grid Representation and GSC

The GSC is a 3-phase VSI module which consists of an insulated gate bipolar transistor
(IGBT) module, (IRAMX 16UP60S), which is a 16 A, 600 V inverter from International
Rectifier. The PWM carrier frequency, f. is 5 kHz, identical to the full sized system GSC
carrier frequency. The inverter is an integrated power hybrid IC with internal shunt resistor for

appliance motor drives applications as well as for light industrial application.

Laboratory emulation of the voltage dips can be performed by several methods, such as the
starting of a large induction motor, a voltage dip generator, or through the use of different
transformer outputs for normal operation and dip [6.1, 6.2]. In the proposed research, a voltage

dip is emulated using a transformer by connecting the GSC to the grid through the primary
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side of a multi-turn step-up transformer, where different circuit breakers are controlled to
suddenly connect the GSC to the required voltage level. The GSC connection to the grid for
voltage dip emulation is shown in figure 6.1. The grid coupling transformer, Ty, is a 3-phase, 2
kVA, 50 Hz, 220 V: (2x 63.5) V autotransformer; whose low voltage side terminals are
connected to the GSC. The high side terminals of T; represent the grid, where the rms line-to-
line grid voltage, Vs are adjusted to 40 V.

The turns ratio, a, for the grid coupling transformer, T;, between the primary number of turns,
N;r and the secondary number of turns N,7 is selected for the dip emulation. Two tap settings
are used, the turns ratio, a, is either 1 or 0.25. Tap setting a =1 is selected if the system is
required to connect at the 40 V grid, while a = 0.25 setting is chosen in case the system is
tested for a sudden voltage dip of 75% of the nominal grid voltage. The transition from the full
grid voltage to 75% is achieved with a set of 3-phase contactors operated by a timer labelled
kaper and kgpep. Prior to the fault, the VSI terminals are connected to T; through k,pqy, While
during the fault the VSI terminals are connected via kgpc;. The system is designed to switch
between contactors k,y and k,; to simulate a grid voltage dip event when desired through an
external push button. The voltage dip duration can be varied. Transformer T; is connected to
the 3-phase VSI module through 2 mH grid filter inductance, L4 for grid current smoothing
and filtering.

Both the scaled-down and full-scale systems simulated have similar control algorithms for
their GSC. The PWM VSI controls both the frequency and magnitude of the voltage and
current injected into the grid. Synchronous reference frame control is selected for PWM VSI
operation, which transforms the 3-phase supply grid currents iypcgriq into a reference frame
that rotates synchronously with the 3-phase grid voltages vgpcgrig- The control in this case
requires two loops; an inner loop for grid current control and an outer loop for dc-link voltage
control, as shown in figure 6.1.

For proper operation of the PWM-VSI, the dc-link capacitor voltage, V;._;inx must be
controlled to comply with the necessary output power needed to be injected into the grid.
Also, this slow acting control loop balances the amount of energy extracted from the PMSG

and the energy being exported to the grid. Failure to balance the energy will be accompanied
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by a rise/fall in the energy stored in the link capacitor. A 100 V V;._;ink has been selected in
accordance with the dc-link voltage equation (2.36), to ensure safe rig operation since the dc-
link voltage increases above this threshold during voltage dip, reaching over 200V.

For grid current control, the three-phase grid currents igpcgriq are transformed into
instantaneous active I; and reactive I, components using a rotating frame synchronous with
the positive sequence of the system voltage. The system under study is a three-wire system
where the zero sequence component are neglected, so only I and I are considered. The dg-
axes grid currents, I; and I, are decoupled to independently control the active and reactive
power components injected to the grid. For decoupled control, the fundamental phase angle 6,,
of grid voltage, v,4riq used by the abc — dq transformation has to be locked with the PLL
technique described in Chapter 2. In the inner active current control loop, I is set in relation
to the dc-link voltage, Vi._jinx Which is controlled via the outer control loop. Controlling I,
controls the active power injected in the grid Py, in relation to Vge_jink. Iq is compared to a
zero reference for unity power factor operation. Using PI controllers, the output of both grid
current loops vg4; and vg;, are transformed back to synchronous rotating quantities to issue the
gating signals for the GSC. For a three-phase SPWM inverter, the maximum amplitude of the
fundamental phase voltage in the linear region (mg< 1) is Y2V;._jink, and the maximum
amplitude of the fundamental ac output line voltage is given by (2.37) [6.3]. The modulation
index for the fundamental voltage, m,, should be specified prior to setting the inverter dc-side
reference voltage, Vj._jink» SO as to avoid over-modulation which occurs when the peak of the
overall modulating signal exceeds 1. The magnitude of the fundamental modulating signal,
mg, is set to 1 to avoid over-modulation under the accepted dc-bus voltage, Vyc_iink-
Decreasing m, helps avoiding over-modulation but requires an increase of the dc-side voltage

for improved grid current shaping.
6.4 Parameter Determination of the PMSG

Determining the PMSG parameters is essential to estimate the performance of the whole
WECS. Four parameters are determined which include the stator winding resistance R, dg

axis inductances Ly and L, respectively, and the permanent magnet (PM) flux linkage ¢;.
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The armature resistance has been measured by a dc test with subsequent correction to obtain
the ac value. Since R, is the line-to-neutral resistance, R, is a half of the measured line-to-line
resistance [6.4]. Therefore

|
R, = 1/21_S (6.1)

N

where I} is the dc-voltage applied to the PMSG terminals and I is the dc-current flowing in
the windings. The results obtained from the test are shown in figure 6.2 and R is 12.5Q.

To compute the PM flux linkage, ¢¢, the PMSG no-load line-to-line r.m.s voltage Vy; is
recorded when driven at a constant speed, n, as indicated in figure 6.3. While running the
PMSG on no load, the no-load voltage V,,; versus rotational speed, n relationship is obtained
[6.5]. The relationship is modified to include the maximum no-load phase voltage, V,,; versus
the angular speed of rotation w, as illustrated in figure 6.4. The slope of the curve equals

@5 where @r=0.36 Wb.
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Figure 6.2. Relationship between voltage and current resulting from the dc test.
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Figure 6.3. Connection diagram of the no-load test used to measure PMSM flux linkage.
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Figure 6.4. Relationship between electrical speed and maximum phase voltage for PMSG no-
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The dq axis inductances, Ly and L, are determined from the load angle J of the machine by
coupling the PMSG with a dc motor from one side and with an externally excited synchronous
machine (EESG) from the other side, as shown in figure 6.5. Thus, the dc motor drives two
synchronous generators, where the no-load voltage, V,,; of the two machines is recorded and
synchronized on a dual beam scope. The no-load EMF’s, E' of the PMSG and EESG operating
as generators should be in phase. Thus, the same positions for the PMSG and EESG rotors,
with regard to the same phase windings, can be found. When the PMSG is loaded with a
resistive load, and in the absence of a wattmeter, the load angle (which indicates rotor
position) will be the difference between the output load voltage of the PMSG machine, V,,; and
the no load voltage of the EESG, E.

3-phase
] R-load
‘ @7 M meter
AN N |
(o -1 ¢
I PMSG Im

Figure 6.5. Connection diagram of the proposed method to measure the load angle o.

134



Referring to the PMSG model in Chapter 2, the PMSG dg stator voltage equations at steady

state are:

Vagen = — Ralagen + WeLgliggen (6.2)
Vggen = — Ralggen + We®r — WeLalggen (6.3)
The relationship between load angle 6 and dg axis stator voltages, Vggen and vggen; and
currents Lggen lggen are:
[Vagen Vagen]" = Vgenlsing coss]” (6.4)
[lagen Iqgen]” = igenlsiné coss1" (6.5)

Thus, the dg axes inductances can be calculated as follows:

L= Pebr T Vggen — Rsiggen (6.6)
d = .
weldgen
L = Vagen + Rsidgen (6.7)
a Welgg

Using these results, the relationship between the d-axis flux linkage ¢, and the d-axis current

lggen at speeds of 1500 rpm and 1000 rpm are shown in figure 6.6.
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Figure 6.6. Relationship between measured d-axis flux linkage ¢4 and d-axis current iggep,.
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Taking the best fit of the two curves in figure 6.6, at both speeds, the relation between ¢, and

lggen can be described by:

Therefore, the measured value of the d-axis inductance Ly is 0.134 H.

Similarly, the relationship between the g-axis flux linkage ¢, and the g-axis stator current
iqgen 18 plotted, as shown in figure 6.7. The measured PMSG g-axis inductance is shown in
figure 6.8. L, depends on the g-axis current, thus before magnetic saturation (iggen< 0.4 A),

L, is almost constant. Since

®q = Lq iqgen (6.9)
Therefore, the average value of the measured g-axis inductance L, is 0.379 H. Whereas,
before magnetic saturation (iggen < 0.4 A), L, can be simply modelled by (6.9) as a function
of iggen. Hence (6.10) describes the relation between measured g-axis inductance and g-axis

current after magnetic saturation.

Ly = 0.466 — 0.186 iggen
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Figure 6.7. Relationship between measured g-axis flux linkage ¢, and g-axis stator current
[
qgen

At the full-load operating condition, the g-axis current iggep is equal to 1.23 A and iggey is

1.248 A. Thus, from figure 6.8 the corresponding value of L, is 0.239 H.
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6.5 Parameters Selection for Magnetic Amplifier Prototype

A multi-tap, silicon steel core magnetic amplifier has been fabricated for system experimental
verification [6.6, 6.7]. The magnetic amplifier adopted is rated as a 500 VA, 200 V and is
designed from silicon steel laminations with data listed in Appendix (C-1).The magnetic
amplifier is designed with a primary winding with two taps and a secondary with 4 taps.
Figure 6.9 shows the main connection diagram as well as the notation used in the magnetic

amplifier design. Silicon steel laminations have been selected for their low cost and relatively

high permeability.
777777777777777 Lo
¢ +
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T . B
W — A
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C o DC or control AC o; load
’ winding winding
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Figure 6.9. Magnetic amplifier: (a) winding arrangement and (b) core structure.
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The turns ratio, a,,, between magnetic amplifier primary winding turns, N;, and the secondary
number of turns, N, is 1. The primary winding is tapped at 100 turns while the secondary
winding has four taps.
Assume the primary winding current, [,,4, carries 2 A, and is of stranded copper wire with
cross sectional area, A;,of 3mm’ from El Seweedy Cables chart number CPD-S001-U07
found in Appendix (F).
Assume secondary winding current, I,,,, to be 8 A, and that the winding is constructed of solid
copper wire with cross sectional area, A,, of 3mm” from El Seweedy Cables chart number
CPD-T001-U07 Appendix (F).
Therefore, the total copper wire area in the window, W, can be calculated using

W, = N;A; + N,A, 6.11)
Choosing a window utilization factor, k,,, according to the apparent power, S, of the magnetic
amplifier which is 500 VA, k,, = 0.28 which is the smallest possible k,,.
The emf per turn, E¢, is calculated using

E, = KVS (6.12)

where K = 1 and S is in VA for a single phase shell type transformer.
Also

E, = 444f By A,. 6.13)
For silicon steel, B, = 1.8 T, then according to (6.13) the core area can be calculated.
Using this design criteria, silicon steel EI laminations with available cross sectional area
closest to the designed core cross section, as shown in figure 6.10 (a), is used; with the BH
characteristics for silicon steel found in figure 6.10 (b) [6.8]. The magnetic amplifier

magnetizing current, I,,versus flux ¢,, characteristics are also shown in figure 6.10 (c) [6.9].
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Figure 6.10. Silicon steel EI core: (a) construction, (b) BH characteristics, and (c) magnetizing
current-flux linkage characteristics.

6.6 Control Circuit of Magnetic Amplifier Prototype

The method of controlling the magnetic amplifier flux level, which in turn determines the time
at which saturation occurs, can vary [6.10]. One of the main aims is to minimize the number of
passive elements, controllers and power electronic switches, to reduce the overall cost when
using the magnetic amplifier dc-side approach. For this reason, one diode element D, is
connected to the control winding circuitry as shown in figure 6.11. Before testing the

performance of the proposed magnetic amplifier within the scaled down WECS, simulation
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analysis of the magnetic amplifier when embedded in the boost chopper is tested separately

and explained in the following section.
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Figure 6.11. Magnetic amplifier in a boost chopper.

The simulation results for figure 6.11 are found in figures 6.12 to 6.14, where the ability of the
designed amplifier to change the output dc-link voltage, Vj._;ink i tested in response to a
change in the secondary winding current, [,,,. Being able to change V,;._;inx according to I,,,
implies that the designed magnetic amplifier can compensate for the Vj._;inr rise during
voltage sag. For the simulated system in figure 6.11, the boost chopper operates in a current
control mode, where the reference chopper inductor current, I, is compared with the actual
chopper inductor current, I;. and the dc-link voltage, V;._jink 1s set at 100 V. Amplifier
operation has been studied and is divided into two main regions:

Region #1: where the secondary winding control current signal, [, is present and contactor
k. is closed.

Region #2: where the secondary winding control current signal, I,,, is absent and contactor k.
is opened.

Figure 6.12 shows the magnetic amplifier voltage waveforms for the primary and secondary
windings, v,,; and V,,, respectively; while figure 6.13 shows the amplifier current waveforms,

I, and [,,.
Region 1: Operation with contactor k. closed

For the first 2 s of operation, the magnetic amplifier secondary winding, W, is connected to an

ac -SOUrce Vmagamp through diode D.. With a normally closed contactor k. and a low voltage
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ac-supply Vmagamp, the half wave rectified secondary winding current I, is set to 5 A. For
the first part of every half cycle, the magnetic amplifier core is driven into saturation, where
the corresponding flux linkage level reaches 0.27 V.s, which is marked as point ‘A’ on the BH
curve in figure 6.14 part (c). The core is driven away from saturation in the second half cycle,
moving from point ‘A’ to ‘B’, where the flux linkage level is reset to 0.14 V.s. As long as k,
remains closed, the core flux moves back and forth between points ‘A’ and ‘B’, where the
change of flux linkage, A¢,, is determined by the difference between that at points ‘A’ and
‘B’ [6.11]. If Ag,, is small, the magnetic amplifier quickly saturates and most of the supply
voltage appears across the load [6.12], where at this stage the amplifier transmits power to the

load, and the dc-link voltage V;._;inx remains unchanged, as observed in figure 6.14 (d).
Region 2: Operation with contactor k. opened

Between 2 s and 7 s, the contactor k. is opened and the secondary control winding current [,
falls to zero. The core flux level moves from point ‘A’ to point ‘C’ and the flux level holds at
0.12 V.s, where Ag,, is near zero. Consequently, the magnetic amplifier blocks portion of the
power delivered by the source to the dc-link due to the large reflected impedance on its

primary side, as shown in figure 6.14 (d). If contactor k. is closed after 7 s, operation is

repeated.
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Figure 6.12. Magnetic amplifier voltage waveforms: (a) primary winding voltage, v,,1, (b)
secondary winding voltage v,,,, (¢) magnified view v,,;, and (d) magnified view of v,,,.
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Figure 6.13. Magnetic amplifier current waveforms: (a) primary winding current, I,,,1, (b)
secondary winding current I,,,,, (¢) magnified view I,,1, and (d) magnified view of I,,,.

The difference between the control circuit used with the full scale and scaled down systems is
due to the lower power level of the experimental prototype. A slight change in the control
winding current [,,,, causes a change in the flux linkage level Ag,, of the magnetic amplifier

which effectively changes the reflected impedance created by the main winding.
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Figure 6.14. Magnetic amplifier effect when added to the boost chopper: (a) chopper inductor

actual current, I, (b) flux linkage in magnetic amplifier, ¢,,, (c) magnetizing current — flux
linkage characteristics, and (d) dc-link voltage, Vic_jink -

6.7 System Performance to Grid Voltage Dips

The scaled-down system in figure 6.1 is investigated by simulation and experimentation. The
performance has been investigated for a sudden 75% voltage dip occurring on the grid for 5 s.
The dip incidence takes place at 2 s, until 7 s after which the system is restored with the dip
absent. The system waveforms for both simulation and experimental verification studies three
cases: prior to a grid voltage dip, during the dip, and after the dip is cleared.

Due to the limited power level of the experimental test rig, the simulated scaled down system
was investigated for a 75% voltage dip for a duration of 5 s. For smaller durations, the dc-link
rise was not noticeable due to the use of large dc-link capacitance Cy._jink - Also, the energy
imbalance caused by the difference between the generated and injected grid power during the

voltage sag, is not high.

6.7.1. Simulation Results without the DC-Side Magnetic Amplifier

The PMSG is driven at 900 rpm using the dc motor as a prime mover coupled to its
mechanical shaft. The PMSG outputs 3-phase, balanced voltages and currents are at a

frequency of 30Hz. Figure 6.15 (a) to (d) show the PMSG response to grid interconnection as
well as the application of symmetrical 75% voltage dips. Figure 6.15 (a) and (b) show the 3-
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phase generator outputs, Uge, and ig., respectively while figure 6.15 (c) and (d) show
magnified views of vy, and igep. Figure 6.16 (a) and (b) show the generator speed, n and the

PMSG electromagnetic torque, T,, respectively.
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Figure 6.15. Simulation results of the scaled down system without dc-side magnetic amplifier:
(a) generator voltage, Vge, (b) generator current, iy, (¢) magnified view of generator voltage,
Vgen» and (d) magnified view of generator current, igep.

As shown in figures 6.15 and 6.16, even with the occurrence of the voltage dip incidence, the

generator exhibits no change in its performance due to the total decoupling between the

machine and grid side action.
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Figure 6.16. Simulation results of the scaled down system without dc-side magnetic amplifier:
(a) generator speed, n, and (b) generator electromagnetic torque, T,.

The active and reactive powers supplied by the PMSG need to be measured to ensure that the
same power and reactive power are extracted from the PMSG during the fault. Figure 6.17 (a)
shows the active power supplied by the PMSG, Fy.,,; while part (b) shows the reactive power,
Qgen- Figure 6.17 (a) and (b) both indicate that even with the presence of a three-phase
symmetrical dip, the same active and reactive powers are delivered by the PMSG. The value

for Pyep is 100 W and Qgep, is 70 VAr.
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Figure 6.17. Simulation results of the scaled system without dc-side magnetic amplifier: (a)

active power, P 4., and (b) reactive power, Q gen'
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As for the MSC, figures 6.18 and 6.19 show the power converter response. The MSC consists
of a 6 pulse diode rectifier and a boost chopper circuit; where the main MSC objective is to
extract maximum wind power at a given wind speed. With a constant speed driven PMSG, the
diode rectifier output voltage, V;., remains constant provided the PMSG speed does not
change. The 6 pulse diode rectifier waveforms presented in figure 6.18 (a) and (b) show the
diode rectifier output voltage and current, V. and I, respectively. A magnified view of I, is

shown in figure 6.18 (b). The V,;. waveform is smooth and I, is continuous with a peak value

of 2 A.
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Figure 6.18. Simulation results of the scaled system without a dc-side magnetic amplifier: (a)
rectifier output voltage, V;. and (b) rectifier output current, I,..

As for the boost chopper, the current controlled chopper extracts constant current, I;., from
the PMSG, where the reference chopper current, 1. is 2 A. The chopper will not only extract
maximum power at the given generator speed, but will also boost the output dc-link voltage,
Vac—iink for proper grid connection. Figure 6.19 (a) and (b) show the chopper inductor current
reference, I;., actual chopper current, I;., and a magnified view of I;.. Chopper inductor

current, I, is continuous with a current ripple of £0.2 A, and tracks the reference current,

.5, 2 A.
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Figure 6.19. Simulation results of the scaled system without a dc-side magnetic amplifier: (a)
boost inductor current reference, I, and (b) boost chopper actual inductor current, I, .

For the GSC, the carrier based sinusoidal PWM VSI is connected to a 3-phase, balanced, 50
Hz, 40 V ac grid through resistance and a filter inductance, Ryiq and Lgy.iq respectively for
grid coupling and grid current smoothing. The two-level PWM-VSI supplied from the
electrolytic capacitor, Cy._;ink » Which acts as an energy storage element, needs a constant and
ripple free voltage for proper grid interconnection and operation. Thus it is necessary to
control the dc-link capacitor voltage, V;._;inx to maintain energy balance between the
extracted energy from the generator side and the energy exported to the grid side. The
regulated V;._;ine must be higher than the peak line-to-line grid voltage for grid current
controllability with minimum grid current distortion. For these reasons, Vj._;inx is set to 100
V for both the simulation and experimental prototype. Accordingly, the maximum line-to-line
inverter voltage v, will approximately be 78 V given m, is close to 1. The maximum line-to-
line inverter voltage v, is sufficient to inject 2 A active current, I;, at unity power factor, into
the grid. The dc-voltage level is controlled with a proportional controller and Cyc_jink 18
2200pF.

Figure 6.20 shows the grid side response to a sudden voltage dip, reflected in the grid
voltage, Vgriq, and grid currents, igyiq. Figure 6.20 (a) show vg,;4 prior, during, and after a

75% symmetrical voltage sag: a magnified view is shown in figure 6.20 (c). Due to the
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sudden grid voltage decrease, grid currents, ig,;4, Will rise as presented in figure 6.20 (b).
From figure 6.20 (b) and (d), the SPWM VSI inverter injects three phase sinusoidal current,
igriqa- According to IEEE Standard 519 which defines harmonic current limits for individual
customers at a PCC, large customers are capable of causing higher voltage distortion than
smaller ones. Thus, the standard allows a higher current total harmonic distortion (THD) for
smaller customer loads. For customers whose short circuit current [, to full load current If;
ratio falls between 20-50, the current THD level must not exceed 8% [6.13]. The grid current
igria THD is 5% and is within the IEEE regulation limits.
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Figure 6.20. Simulation results of the scaled system without dc-side magnetic amplifier: (a)
grid voltage, vgriq, (b) grid current, ig,.;4, (¢) magnified view of V4,4, and (d) magnified view
of grid current igy.;q.
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The PLL outputs are shown in figure 6.21 where the grid phase angle 6,, and sin,,, are
shown in (a), and (b), respectively. The angle changes linearly and the output is a pure
sinusoid and is unaffected by the voltage dip. The PLL output locks at the fundamental
frequency of the PCC voltage. The PLL output frequency is 50 Hz, as shown in figure 6.21
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Figure 6.21. Simulation results of the scaled system without dc-side magnetic amplifier: (a)
PCC voltage and sin 6, and (b) the PLL outputs, 6, and frequency, 1.

The amount of active power, Pg,.;q, and reactive power, Qgriq transferred to the grid are
demonstrated in figure 6.22 (a) and (b) respectively. Normally, 80 W are injected into the grid
at unity power factor, but during the fault, Py.;q drops to S0W while Qg;q remains
unchanged. The difference between Py, in figure 6.17 (a) and Py,q in figure 6.22 (a) leads to
energy imbalance that will cause serious problems for the GSC.

The GSC response is presented in figure 6.23. The dc link voltage V;._jink rises from 100V to
150V as shown in figure 6.23 (a). Initially it is observed that the V,._j;nx experiences
transient which is due to the dc-link voltage controller action. Such response is not noticed in
the simulated full scale system due to difference in terms of switching and controller action.
The dc-link over-voltage and oscillation caused by grid disturbances cause stress on the VSI
IGBTs and may cause semiconductor switch breakdown and failure of the GSC converter.
Since the outer dc-link voltage loop sets the current reference for the inner current control

loop, the direct axis current, /; rises in response to the Vy._jin surplus as shown in figure
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6.23 (b), where it rises from 1.2 A to 2.8 A. Due to system decoupling of d and ¢ axis current

components, the g-axis current, I, is kept constant, with unity power factor.
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Figure 6.22. Simulation results of the scaled system without a dc-side magnetic amplifier: (a)
active power, Py,;q and (b) reactive power, Qgrig-
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Figure 6.23. Simulation results of the scaled system without a dc-side magnetic amplifier: (a)
dc-link voltage, Vijc_jink and (b) grid current components, I and I;.

The simulation results for both the full size and scaled down systems correlate, indicating that

the scaled system response is similar to the responses obtained for large MW WECS.
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6.7.2 System Response to Grid Voltage Dips using a DC-Side Magnetic Amplifier

For the scaled down system prototype, the dc-link voltage V;._jinx Will rise when the utility
grid experiences a voltage dip event as indicated in figure 6.23. The longer the sag duration,
the more the energy is stored in the dc-link and the higher the dc-link voltage excess. The
active current component, I; will also rise.

The pre-designed magnetic amplifier has been simulated using MATLAB for enhancing the
ride through capability when added to the investigated scaled down system in response to
voltage dips prior to practical validation.

Referring to figure 6.1, the boost chopper inductor L;. has been removed and is replaced by
the magnetic amplifier. Normally, contactor k. is closed allowing 5 A to flow in the secondary
windings of the magnetic amplifier, driving it into saturation as explained previously. In this
case, the function of the magnetic amplifier is to replace Ly, by acting as a filtering inductor
for smoothing the chopper current ;.. In the event of a sudden voltage dip, the continuously
sensed dc-link voltage V;._;inkx 1S compared to a certain threshold which detects if Vy._jink
exceeds a preset value. In this case V;._;i, €xceeds this limit, whence contactor k. is opened
forcing the magnetic amplifier to act as larger inductance inserted in the dc-link and limiting
the V._jink rise. When the fault is cleared, contactor k. is closed.

The simulation results for the scaled system prototype with the magnetic amplifier are found
in figures 6.24 to 6.28. Figures 6.24 to 6.26 show the PMSG and MSC responses, while
figures 6.27 and 6.28 show the grid side and GSC responses. Figure 6.24 (a) and (b) show that
the generator behaves similarly even with the addition of the magnetic amplifier, where the
PMSG will continue to rotate at the speed, n, of 900 rpm and the electromagnetic torque, T,,
will correspond to 1.5 N.m even in the presence of the grid voltage dip. Also, the generator
balanced line-to-line voltage, vyep, and current igep, are 50 V and 2 A peak, respectively, at a
frequency of 30 Hz as found in figure 6.25 (a) and (b): and their magnified views are shown in
figure 6.25 (c) and (d). The generator line-to-line voltage is rectified through the 3-phase diode
bridge rectifier whose output voltage is shown in figure 6.26 (a). Before 2 s and with the
absence of any voltage sag, the magnetic amplifier operates in the saturation zone, where the

secondary winding current [,,,, is adjusted to 5 A.
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Figure 6.24. Simulation results of the scaled system with dc-side magnetic amplifier: (a)
speed, n and (b) electromagnetic torque, T,.
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Figure 6.25. Simulation results of the scaled system with dc-side magnetic amplifier: (a)
generator voltage, vp, (b) generator current, ig.,, () magnified view of vy, and (d)
magnified view of igep.
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The magnetic amplifier effectively replaces the chopper inductor L;. whose action is to
smooth and filter the inductor current ;.. At this given PMSG speed, the MSC is selected to
extract ;. of 2 A from the amplifier, corresponding to the maximum extracted power at that
given speed as shown in figure 6.26 (b). Before 2 s, the generator and MSC extract 100 W of
active power Py, as well as approximately 70 VAr of reactive power Q ¢, as shown in figure
6.26 (c) and (d) respectively. The MSC continues to extract the same active and reactive

powers even with the occurrence of the voltage dip until 7 s, after which the dip is cleared.
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Figure 6.26. Simulation results of the scaled system with dc-side magnetic amplifier: (a) diode
rectifier output voltage, V., (b) boost chopper inductor current, 1., (¢) generator extracted active
power, Fyey, and (d) generator extracted reactive power, Qgen-
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The grid side and GSC responses in figures 6.27 and 6.28 show that when the voltage dip
occurs at 2 s, when the grid voltage, vg,q suddenly falls to 75% of its nominal value, as
indicated in figure 6.27 (a), the dc-link voltage, V,._;ink, starts rising and reaches the preset
threshold margin, which indicates the presence of a fault as shown in figure 6.28 (a). The grid
current, igriq, starts rising due to the Vge_jin tise as well as the change in the grid voltage, as

indicated in part (b).
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Figure 6.27. Simulation results of the scaled system with dc-side magnetic amplifier: (a) grid
voltage, vgriq, (b) grid current, ig,;q, (¢) magnified view of vy, and (d) magnified view of iyy.;4.

The grid active power, Pg,;q falls from 80 W to 50 W as shown in part (c) of figure 6.28,
while the grid injected reactive power, Qgiq, Temains zero as indicated in figure 6.28 (d). In

response to the V;._;inx rise, magnetic amplifier control action takes place by changing the
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secondary winding current, [,,,,, from 5 A to almost zero for the fault duration, thus changing
the effective impedance seen by the boost chopper and limiting the V;._;;, voltage excess.
Using the magnetic amplifier at the fault instance decreased the dc-link capacitor, Cyc_jink,
voltage rise by 30 V as well as slightly reducing the grid current active power component, I,
seen in figure 6.28 (b). g-axis control action is maintained even with the incorporation of the
amplifier, as concluded from figure 6.28 (b) ensuring successful unity power factor operation

by keeping the g-axis grid current I, close to zero.
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Figure 6.28. Simulation results of the scaled system with dc-side magnetic amplifier: (a) dc-
link voltage, Vgc—jink, (b) grid current components, I; and Iy, (¢) grid injected active power,
Pyria, and (d) grid injected reactive power, Qgriq-
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6.8 Experimental Verification

An experimental prototype is used to investigate the ability of the proposed system to mitigate
voltage dip associated problems and ensure that the WECS can ride through the grid fault,
having validated the approach using simulation analysis. The following section describes the
system performance with and without the amplifier as demonstrated in figures 6.29 to 6.36.
The system parameters are chosen to be the same as those used in the simulations.

Active and reactive powers (at generator and grid sides) are plotted offline as well as generator
speed. For grid side active and reactive power measurements, three phase grid voltage vgy.iq
and current ig;q Where stored in 2D tables for a 10 s period corresponding to the pre, during
and post fault periods. The stored data is then put into MATLAB for active power, Py,;q and
reactive power, Qgriq, Off-line calculation. The same technique is used to calculate Py, and
Qgen for active and reactive generator powers respectively through recording the generator
line-to-line voltage, Vge, and the generator current, igen. As for the PMSG driven speed, a
tacho-generator is used in which the induced voltage, Epysq is proportional to its driven
speed.

Experimental results show that the generator speed in figure 6.29 (a) and (b), generator line to
line voltage and current in figure 6.30 (a) to (c), and generator active and reactive powers in

figure 6.32 (a) to (d) behave similar to the cases with or without the amplifier.

1 s/div, chl: 300 rpm/div 1 s/div, chl: 300 rpm/div
(a) (b)

Figure 6.29. Experimental results with and without the magnetic amplifier: (a) PMSG speed,
n, without amplifier and (b) n with amplifier.
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Figure 6.30. Experimental results with and without the magnetic amplifier: (a) PMSG voltage
and current, Vyep and ige, respectively without amplifier, (b) ye, and ige, with amplifier, and
(c) magnified view of vge, and igey,for both conditions.

As for the boost inductor current, the waveform shapes are different as shown in figure 6.31
(a) without the magnetic amplifier and figure 6.31 (b) with the magnetic amplifier, due to the
influence and interaction between the boost inductor current in the primary winding I,,; of the
magnetic amplifier with the rectified secondary winding current ,,, which will allow second
low order harmonic current content to circulate in the magnetic amplifier. The chopper current
14, tracks the reference current 1, for maximum power extraction, as shown in figure 6.31 (a).
The grid and GSC responses are shown in figures 6.33 to 6.36. Figure 6.33 (a) through (c)
demonstrate the effect of adding the magnetic amplifier onto dc-link voltage Vj._jinx at

different power levels.
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Figure 6.31. Experimental results with and without the magnetic amplifier: (a) boost chopper
reference I, and actual inductor current without amplifier /;. and (b) I;. with amplifier.

oot
Pem “‘WWWWWWWWW

P gen

Qgen | Qgen

1 s/div, chl: 20 VAr/div, ch2: 20 VAr/div 1 s/div, chl: 20 VAr/div, ch2: 20 VAr/div
() (d)

Figure 6.32. Experimental results with and without the magnetic amplifier: (a) generator active
power without amplifier, Fyep, (b) Fyen with amplifier, (c) generator extracted reactive power
without amplifier, Q g¢r, and (d) Qgen With amplifier.
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Without the magnetic amplifier, V;._;in, increases to 1.6 times its nominal value and upon
restoration of the grid voltage, Vj._j;ink recovers in 5 s. With the magnetic amplifier
incorporated, the increase in Vy._;ini 1s reduced to 1.2 times its nominal value, and recovery is
in 2.5 s, for the given power level. If the power level of the PMSG is reduced, Vy._jink
response is limited as in figure 6.33 (c). The dg axes grid current components, I; and I,
responses are shown in figure 6.34, showing a slight reduction in the d-axis current in (b)

when compared to (a), while the g-axis is maintained at zero for unity power factor operation
in both (a) and (b).
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Vdc-link M \\W‘"ﬂ—_"‘» Vdc-link ﬁﬂol-ll Y,
4 ) q
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(@) (b)
TP T
Vic-tink 1~ s

2 S/div, chl: 100 V/div
(c)
Figure 6.33. Experimental results with and without the magnetic amplifier: (a) dc-link voltage,

Vac—i1ink, Without magnetic amplifier, (b) V;._iink, With magnetic amplifier, and (c)
Vac—iink,Wwith magnetic amplifier at reduced power level.
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Figure 6.34. Experimental results with and without the magnetic amplifier: (a) grid current
components, ig and i,, without magnetic amplifier and (b) i; and i, with magnetic amplifier.
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Figure 6. 35. Experimental results with and without magnetic amplifier: (a) grid current, ig,q,

and de-link voltage, Vyc_jini Without magnetic amplifier, (b) igriq, and Vyc_jini with magnetic
amplifier, and (c) magnified view of ig4.
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Grid active current components could be altered to satisfy certain power requirements during
fault by forcing the d-axis current controller to inject a specific amount and the g-axis is

calculated accordingly. Three phase grid currents, igy;q, are demonstrated in figure 6.35 (a)

and (b), as well as their magnified view in figure 6.35 (c).
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Figure 6.36. PLL practical results: (a) PCC voltage, (b) the PLL outputs, 8,,, (c) sin 6,, (d)
output frequency, fy,iq, and (e) synchronizing grid voltage and grid current, v4g.;q and

Iagrid-
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Figure 6.36 (a) to (d) show the practical results recorded using the DSP interfacing program.
The voltage measured at the PCC, v4g4yiq is shown in figure 6.36 (a). The PLL outputs, 6,,,
and sin 6,,, are shown in figure 6.36 (b) and (c) respectively. The angle changes linearly and
the output is a pure sinusoid, and locked at the fundamental frequency of the PCC voltage. The
frequency of the PLL output, f;,;q is 50 Hz, as shown in figure 6.36 (d). The synchronizing
voltage, Vggrig and current igg,;4 are in phase and satisfy unity power factor operation. Active
power and reactive powers injected to the grid, Py,;q and Qgiq are outlined in figure 6.37 (a)

and (b) respectively.

Poria fuarigi ' W Pyid T\J«J‘wauu

1 s/div, chl: 50 W/div, ch2: 50 W/div 1 s/div, chl: 50 W/div, ch2: 50 W/div
(a) (b)
Qgrid W Wv"www ‘ﬂ\ﬂ___,____,/— Qgrid L
4
1 s/div, chl: 20 VAr/div, ch2: 20 VAr/div 1 s/div, chl: 20 VAr/div, ch2: 20 VAr/div

(c) (d)

Figure 6.37. Experimental results with and without the magnetic amplifier: (a) grid injected
active power, Py, without magnetic amplifier (b) Py,;q, With magnetic amplifier, (c) grid
injected reactive power, @ 4,4, Without the magnetic amplifier, and (d) grid injected
reactive power, Qgriq, With the magnetic amplifier.

162



6.9 Discussion

Using magnetic amplifiers for LVRT capability improvement has been investigated for
application with a high power of 1.5 MW PMSG wind turbine system in Chapter 5.
Employing a single magnetic amplifier element embedded in the boost chopper, replacing the
chopper inductor, L;. has successfully enhanced the LVRT capability of the simulated 1.5
MW WT. The magnetic amplifier was able to limit the dc-link voltage Vj._jini rise to
approximately 1000 V during the voltage dip incidence, with improved grid recovery

characteristic after fault clearance.

For experimental verification, a scaled down system prototype was implemented and a
magnetic amplifier tested for ride-through capability. Comparing the results for the dc-link
voltage V;._jink Without the magnetic amplifier in figure 6.33 (a) and with the magnetic
amplifier in figure 6.33 (b), it is concluded that the amplifier successfully block almost 30 V,
reducing the dc-link voltage rise to 60%. Under reduced loading conditions, the magnetic
amplifier was able to totally block any rise in the dc-bus voltage as indicated by figure 6.33
(c). Also, with the resultant better regulation of Vj;._;ink, the d-axis grid current, I; is slightly
enhanced and reduced as shown in figure 6.34 which in turn reflects on the 3—phase grid
current ig.;4 being exported to the grid as in figure 6.35. Enhancing the pre-designed amplifier
parameters as well as the control system’s ability to induce a rapid change in the magnetic
amplifier flux ensures improved dc-link voltage blocking capability and could totally limit the
dc-link rise.

Figure 6.38 (a) to (c) compares the full size system, simulated scaled down system, and
experimental prototype. The results show improvement in the dc-link voltage magnitude
reduction during the fault, reduction in the injected grid current during the fault as well as
improved recovery time for all three systems. Results shown for the simulated scaled down

system and the corresponding experimental prototype correlate.

163



o 200
S
X 150
% = 100 - Hnormal operation
= g .
° g 50 - H without mag amp
== .
= 0 - = with mag amp
&) Full sized system Simulationof  Experimental
= scaled down prototype
system
(a)
600
E 500
- 400 :
% = 300 B normal operation
.8 .
£ 2 200 B without mag amp
>3 100 .
g 0 - B with mag amp
§ Full sized system  Simulation of Experimental
2 scaled down prototype
system
(b)
—_ 200
<
g
= 150
S .
\i - 100 ® normal operation
S ;
2 E 50 H without mag amp
o
i::; 0 ¥ with mag amp
fg Full sized system  Simualtionof  Experimental
G scaled down prototype
system
()

Figure 6.38. Comparison between full sized systems, scaled down system simulation and
experimental prototype response: (a) DC-link voltage, Vi._;ink, (b) recovery time, and (c)
grid current, igriq.

6.10 Summary

WECS experience dc-link voltage rise in response to grid voltage dip which may reflect
serious stresses on the power converters and which may eventually lead to disconnection of
the wind farm. Compensating the dc-link voltage rise through the use of a magnetic amplifier
inserted in the boost chopper has been investigated on a scaled down system prototype.

System performance has been studied through simulating the scaled down system as well as
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through practical validation. The magnetic amplifier design had been carried out and tested for
validity, which has proven its ability for enhancing the low voltage ride through capability for
PMSG based WECS. Using the magnetic amplifier as a solution for enhancing the LVRT
capability of wind turbines shows promise due to its reduced size and overall costs, as well as
its ability to block the dc-link voltage rise and help maintain the power balance between the
generation and grid sides. The proposed design was unable to fully compensate the dc voltage
surplus as the blocking capability is parameter dependant and is affected by the control
circuitry of the magnetic amplifier. Further modifications to the design criterion of the
amplifier are needed to ensure total compensation capability. This would involve using
nanocrystalline core material (as opposed to steel), which offers permeabilities 30 times higher

than steel.
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CHAPTER SEVEN

CONCLUSION

7.1 General Conclusion

Grid stability and supply security are the most important aspects of energy supplies to
prevent power outages. Thus it is necessary that power generating plants have control
capabilities and protection mechanisms to overcome these problems. In the past, these
requirements were mainly fulfilled by conventional power plants. However, with the
increased contribution made by renewable energy sources to the total amount of electricity
generated, these sources too must contribute to grid stability. An important part of these
requirements is LVRT capability of generating plants which requires that wind farms
continue to operate through short periods of low grid voltage and to not disconnect from
the grid. Short-term voltage dips may occur when large loads are connected to the grid or
as a result of grid faults and transformers energizing. Power converter loss, generator over-
speeding and failure, dc-bus voltage rise, and high grid inrush currents are the most
common phenomena associated with voltage dips. For these reasons LVRT requirements
have been introduced to guarantee that generating plants stay connected to the grid to avoid
blackouts which might occur due to the consecutive disconnection of generating plants.
LVRT capability enhancement technologies offer a range of solutions for successful ride-
through of generating plants which not only are suitable for individual turbines, but also
are applicable at the wind farm level.

The thesis outcomes can be described as follows:

e WECS modelling is important to examine system behaviour during normal and
fault conditions. For this reason, a 1.5 MW PMSG based WECS has been simulated
and mathematically modelled. The model includes the mechanical wind turbine,
PMSG, and ac-dc-ac conversion units, as well as grid coupling and grid
representation. The control algorithms used for controlling the power converters
satisfy the maximum power extraction criterion, dc-bus voltage regulation, and

active and reactive grid power control.
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Grid codes developed by grid operators involve rules and regulations for operation
of wind plants. The modelled WECS has been tested in compliance to UK grid
codes in terms of active and reactive power sudden changes, frequency excursion
and phase jumps. The modelled system complies with UK grid requirements for
interconnection in terms of the mentioned criteria.

LVRT capability reflects the WECS behaviour to short duration grid voltage
disturbances. Methods of LVRT capability enhancement were reviewed, outlining
their limitations and advantages. The technologies being reviewed are suitable for
individual wind turbines as well as for whole wind farms, with attention to
techniques applicable to PMSG based WECS.

The effect of symmetrical voltage dips on the 1.5 MW have been investigated. The
study showed that a 90% voltage dip magnitude for 140 ms significantly affects
system performance. The dc-link voltage rise accompanied by an abrupt grid
current increase leads to abnormal system behaviour as well as severe current and
voltage stresses on the power converters. Also system recovery after fault clearance

is affected.

Magnetic amplifiers are devices used in a variety of applications such as
instrumentation, servo mechanisms, and battery chargers. They offer flexible
configurations in terms of connection and control and are characterised by their
reliability, high current capacity, inherent control isolation, and long life time.
Magnetic amplifiers are proposed in this research as a method for LVRT capability
enhancement using two suggested configurations. The rectifier line-side
configuration is a 3-phase topology based on magnetic amplifiers inserted between
the PMSG winding terminals and the diode rectifier unit, while the dc-side

configuration is a single topology inserted into the boost chopper circuitry.

Both configurations were studied and examined within the 1.5 MW system for ride-
through grid voltage disturbances. In spite of limiting the dc-link voltage rise, the
3-phase topology negatively affects the generator’s performance during the fault by
storing energy in the rotor inertia, which in turn (depending on the turbine’s
mechanical inertia) may cause unacceptable over speeding of the PMSG as well as

disruption of boost chopper operation. The grid currents show no change due to the
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addition of the amplifier, and the system overall size, cost and weight make the

rectifier line-side solution a less attractive approach.

e The dc-side configuration however, has the ability to limit the dc-link voltage rise
which in turn slightly improves the grid current’s response. The topology has no
effect on the generator and MSC performance, and with improved dc-link response,
the current and voltage stresses on power converters are limited. System recovery
after fault clearance are also improved. The reduced size feature, reliability and
dual action of serving as a boost chopper inductor during normal grid operation as
well as an LVRT solution during short term faults, establish that the dc-side
magnetic amplifier topology is viable for enhancing LVRT capability of a PMSG
WECS.

7.2 Author’s Contribution

e Two configurations are suggested based on magnetic amplifiers: a 3-phase and dc-
side topologies for LVRT capability enhancement of PMSG wind turbines. Both
configurations have been tested and their performance has been investigated using

simulation, when applied to a 1.5 MW PMSG WECS.

e The dc-side topology limits the dc-link voltage rise associated with severe grid
voltage dip without affecting the generator or MSC performance. The configuration
also features a more rapid recovery after fault clearance for grid currents and dc-
link voltage stabilization with a minimum number of magnetic elements and
semiconductors. The 3-phase topology affects the generator performance by storing
energy in the rotor inertia, even though dc-link voltage rise blocking capability has

been improved.

e The use of dc-side topology for improving LVRT of a scaled-down PMSG WECS
prototype has been practically validated. Practical results have been verified and

correlate with the associated simulations.
7.3 Suggestions for Future Research

e Investigate the performance of the dc-side magnetic amplifier for LVRT capability

enhancement during asymmetrical voltage dips on PMSG wind turbines.
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Optimize the design of the magnetic amplifier with the aid of finite element
analysis and investigate its ability to supply reactive power to the power system

during a fault as a grid supporting feature.

Investigate the reduction of magnetic amplifier size and co-ordinated control for

fault current limitation in wind turbines with back-to-back converters.

Investigate the use of nanocrystalline core materials (replacing the steel core),

which have relative permeabilities of up to 80,000.

171



Appendix A: Wind Turbine

1.5 MW Wind turbine parameters

Parameter value
Rated Power 1.5 MW
Rated wind speed 13 m/s
Rotor diameter 54.4 m
Swept area 2324.27 m’
Number of blades 3
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Appendix B-1

Appendix B: Generators parameters

1.5 MW Permanent magnet synchronous generators parameters

Appendix B-2

Parameter value
Rated kVA 1.5 MVA
Voltage 690 \Y
Frequency 11.5 Hz
Pole pairs 40
Mechanical angular frequency 1.8 rad/s
Inertia constant 0.92 M kg.m’
Generator torque 0.83 M N.m
Permanent magnet flux linkage 8 V/rad/s
d- axis inductance 3.075 mH
g- axis inductance 2.3 mH
Stator resistance 0.000317 Q

0.31 kW Permanent magnet synchronous generators parameters

Appendix B-3

Parameter value
Rated power 0.31 kW
Stator Resistance 12.5 Q
Field Flux linkage 0.36 V/rad/s
Rated Speed 1500 rpm
Load Torque 2 N.m
Moment of Inertia 0.68*107 kg.m’
Nominal Voltage 200 \Y
Frequency 50 Hz
Number of poles 4
1.5 kW Direct current motor
Parameter value
Rated power 1.5 kW
Armature Resistance 2.5 Q
Armature inductance 3 mH
Field Resistance 220 Q
Rated Speed 1500 rpm
Moment of Inertia 0.68x107 kg.m’
Field Voltage 220 \Y
Armature Voltage 220 \Y
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Appendix C-1

Appendix C: Transformers parameters

Grid coupling Transformer parameters

Parameter value
Rated kVA 2 kVA
Frequency 50-60 Hz
Primary 0-133-230 \Y
Secondary 2x 66.5V windings per phase,
Available tap settings for \Y
0-38.4-44-66.5 (£ 5 %)

No load losses 35 \%
Impedance voltage 8 pu
Resistance voltage 3 pu

Appendix C-2
Magnetic amplifier Prototype
Parameter value
Rated kVA 500 VA
Primary 2 x 100 \Y
secondary Voltage 4x45 \Y
Equivalent winding resistance 4 Q
Leakage inductance 3.9 mH
Core losses 14 \\%
J
< B i
G H
4 -
CP CP A A
| |
| |
| |
| |
CI | Lol ]a
| |
iz |
o} 9 Loy
-+ -+
F K
Dimension A B C D E F G H I
Length (cm) | 5.7 2.9 2.8 5.7 8.5 2.8 14.2 8.5 1.4
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Appendix. D: Current Harmonic Limits in [EEE Std. 519-1992

Table I: Current Harmonic Limits

Maximum Harmonic Current Distortion in % of I}

Individual Harmonic Order (Odd Harmonics)

Isc/ 1 <11 11<h<17 17<h<23 23<h<35 35<h TDD
<20* 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 3.5 25 1.0 0.5 8.0
50<100  10.0 4.5 4.0 1.5 0.7 12.0
100<1000 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

Even harmonics are limited to 25% of the harmonic limits, TDD refers to Total Demand

Distortion and is based the average maximum demand current at the fundamental

frequency, taken at PCC.

*All power generation equipment is limited to these values of current distortion

regardless of Isc, I;.

Isc = Maximum short current at the PCC

I; = Maximum demand load current (fundamental) at the PCC

h = Harmonic number
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Appendix E: Low voltage ride-through Regulations

100 ¥

90 ¥
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e
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—+— New Zealand —%— Hydro-Quebec
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Germany

L5 time (5) 2 25

3 35
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Belgium (large voltage dips)
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LVRT requirements of various grid codes

Characteristics of fault ride-through in various grid codes

Grid code Fault duration Fault duration Min Voltage. level r;;g;:ﬁzn
(ms) (cycles) (% of nominal) (s)
Germany (Eon) 150 7.5 0 1.5
UK 140 7 0 1.2
Ireland 625 31.25 15 3
Nordel 250 12.5 0 0.75
Denmark (<100kV) 140 7 25 0.75
Denmark (>100kV) 100 5 0 10
Belgium (large voltage dips) 200 10 0 0.7
Belgium (small voltage dips) 1500 75 70 1.5
Canada (AESO) 625 37.5 15 3
Canada (Hydro-Quebec) 150 9 0 1
USA 625 37.5 15 3
Spain 500 25 20 1
Italy 500 25 20 0.8
Sweden (<100 MW) 250 12.5 25 0.25
Sweden (>100 MW) 250 12.5 0 0.8
New Zealand 200 10 0 1
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Appendix F: Cables Datasheets

300/500 V & 450/750 V

Single Core Cables with Solid or Stranded Copper
Conductors and PVC Insulated

o Soft annealed solid or stranded Copper conductors
insulated with PVC compound rated 70 °c or 85 °c

Application ) *:

e For indoor fixed installations in dry locations, laid in !
conduits, as well as in steel support brackets.

Nominal Max. Conductor resistance Current rating in air Approx. Approx.

cross DCat e overall weight [

Egytech - code sectional area 20°C 70°C Free % diameter ;

mm? Q/km A A mm kg/km ?

a-300 / 500 V cables |

CPC-5001-U01 0.50 re 36.0 45.00 2 2 2.0 g 8 ]

CPC-5001-U02 0.75 re 24.5 30.77 10 7 py 1 !
CPC-S001-U03 1.00 re 18.1 22.73 13 10 25 1159

b - 450 / 750 V cables

CPD-S001-U04 Jusiire 12.1000 14.600 17 13 2.8 20
CPD-T001-U04 1.5 mm 12.1000 14.600 17 . 13 3.0 21
CPD-S001-U05 2 re 9.1500 10.900 19 15! 32 27
CPD-T001-U05 2 rm 9.1500 10.900 19 15 3.4 28
CPD-S001-U06 2.5 re 7.4100 8.890 24 19 34 31
CPD-T001-U06 25 m 7.4100 8.890 24 19 3.6 33
CPD-5001-U07 3 re 6.1000 7.410 27 21 3.6 37
CPD-T001-U07 3 rm 6.1000 7.410 27 21 3.8 39

CPD-S001-U08 4 re 4.6100 5.510 32 23 329, 47 |

CPD-T001-U08 4 rm 4.6100 5.510 32 23 4.2 50 |
CPD-5001-U09 6 re 3.0800 3.680 40 29 4.4 68
CPD-T001-U09 6 m 3.0800 3.680 40 29 4.7 71

CPD-T001-U10 10 rm 1.8300 2.170 57 41 6.1 117 Q

CPD-T001-UT1 16 rm 1.1500 1.370 76 54 7.1 177 :,

CPD-T001-U12 25 rm 0.7270 0.860 103 70 8.8 278 ;
CPD-T001-U13 35 rm 0.5240 0.630 128 87 9.9 371
CPD-T001-U14 50 rm 0.3870 0.460 156 106 11.8 514
CPD-T001-U15 70 rm 0.2680 0.320 200 131 13.5 71
CPD-T001-U16 95 rm 0.1930 0.230 251 166 15374 967
CPD-T001-U17 120 rm 0.1530 0.190 293 190 17.4 1240
CPD-T001-U18 150 rm 0.1240 0.150 335 219 19.4 1500
CPD-T001-U19 185 rm 0.0991 0.120 390 250 21.5 1852
CPD-T001-U20 240 m 0.0754 0.092 471 300 24.7 2457
CPD-T001-U30 300 rm 0.0601 0.075 540 340 272 2977

The above data is approximate and subjected to manufacturing tolerance. re : round, Solid
Delivery length tolerance is + 5% rm : round, Stranded

Low voltage cables datasheet
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Appendix G: Hardware and Software Environment Introduction

G.1 Hardware Structure
The practical test-rig is implemented to emulate the MATLAB simulated 1.5 MW system and
to verify the simulation results. In this appendix, hardware elements, photographs, and the
software are introduced. The test-rig structure is illustrated by the block diagram shown in
figure G-1. The structure can be divided into six main parts;
1. Generation system:
e DC- motor
e PMSG
2. ac-dc conversion system:
e Three-phase diode bridge rectifier
e DC-DC converter (boost chopper)
3. dc-ac conversion system:
e DC-link filter
e DC voltage bias (Power Supply) module
¢ Three phase inverter module
e Three phase grid coupling inductor
4. Grid:
e Grid coupling transformer and grid variac
¢ Three phase timer operated contactors
5. Grid:
e Magnetic amplifier for LVRT testing
¢ Single phase diode bridge rectifier
6. Control and measurements components. The practical system include the following
components.
e Host PC
e DSP: 32-bit TriCore microcontroller TC1796 from Infineon
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e Interface circuit

e Gate drive circuit for boost chopper
e Gate drive circuit for inverter module
e Current and voltage measuring

¢ Analogue output display
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Figure G-1. Test-rig block diagram
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G.2 Hardware Overview

Photographs of the test rig hardware system are shown in parts (a) to (d) of figure G.2. An

overview of each component is introduced in the following subsections.

DC-motor and
PMSG

(a)

£5V&+I5V % Power

‘ converters

Magnetic
amplifier

DC-motor
power supply

Grid coupling
transformer for
testing LVRT

Current and
voltage
measurement

(b)

(©)

3-phase power
supply

Chopper and
rectifier

DC-link
capacitor

Gate drive
circuit

+5V&£I5V
Power supplies

3-phase
voltage
source

inverter

Power supply
transformers

Relays and
timers

Grid coupling
transformer

Three-phase
timer operated
contactors
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Figure G-2. Test rig photographs.

G.2.1 Permanent Magnet Synchronous Generator

The PMSG is the generating element for the wind energy system under study. A laboratory
low voltage scaled motor is selected and the motor parameters are listed in Appendix B. The
motor photo is shown in figure G.3. The motor is a three-phase, 4-pole, 200V, 50Hz, 1.27A,
2Nm, 0.31 kW, Y-connected motor, with an aluminium housing. The rotor is made of rare
earth / ferrite magnetic material. The stator is made of iron with copper windings, as shown in

figure G-3. The maximum speed is 1500 to 6000 rpm.

(a) (b)
Figure G-3. PMSM SIEMOSYN (a) overall picture, (b) internal picture of stator and PM rotor.
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G.2.2 Separately Excited DC-Motor
A separately excited de-motor is used as the prime mover for the PMSG. The dc-motor’s

parameters associated with figure G-4 of are found in appendix B-3.

(a)
Figure G-4. TERCO DC-motor picture

G.2.3 Three-phase Diode Bridge Rectifier

For ac-dc conversion, a three-phase diode bridge rectifier is employed as shown in figure G-5.
The full wave rectifying unit Powersem- PSD 55/12 is available in a small sized and light
module and is suitable for battery DC power supplies and as input rectifiers for PWM inverter.

Table G-1 shows some important parameters of the module.

PSD 56/12

; .
Figure G-5. Three-phase bridge rectifier picture.
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Table G-1. Thee-phase bridge rectifier
Maximum input current rating 58 A
Maximum input voltage rating 1200 V

G.2.4 DC-DC Converter (Boost Chopper)
A boost chopper is employed as the dc-dc conversion unit. The chopper is composed of a
current filtering inductor, an IGBT, a fast recovery diode, a group of heat sinks and a filtering

capacitor. The parameters of the boost chopper items are listed in Table G-2.

Table G-2. The boost chopper specifications

Input boost capacitor 1500 pF, 400 V
Boost chopper inductor 6.13mH, 1.7 Q
Ultrafast IGBT (IRG4PHS50KDPbF) 1200V, 24 A
Fast recovery diode (BY229-400) 400V, 8A

(b)
Figure G-6. Boost chopper circuit: (a) chopper inductor and (b) chopper circuit

G.2.5 DC-link Filter and Grid Filtering Inductance
For the VSI operation, a 2200 pF, 450 V capacitor is utilized to maintain the DC-link voltage
constant, as shown in figure G-7. A three-phase, 2mH filtering inductor is used for grid current

smoothing.
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(a) (b)
Figure G-7. DC-Link and grid filtering: (a) DC-link capacitor and (b) grid coupling inductance

G.2.6 Three-phase Inverter Module (IRAMX 16U P60B-2)
The IRAMX 16U P60B-2, shown in figure G-8, consists of switching insulated gate bipolar

transistor (IGBT) modules, used at a PWM carrier frequency of 20 kHz. The module is a 16A,

600V integrated power hybrid IC. The inverter module features:

Internal Shunt Resistor

Integrated Gate Drivers and Bootstrap Diodes
Temperature Monitor

Under voltage lockout for all channels
Matched propagation delay for all channels

Lower di/ 4t &ate driver for better noise immunity

Motor Power range 0.75~2.2kW / 85~253 Vac

Table G-3 highlights some of the electrical characteristics of the inverter module

Table G-3. Three-phase inverter module specifications

IGBT/Diode Blocking Voltage 600 V
Positive Bus Input Voltage 450 V
RMS Phase Current (@ 25°C) 16 A

PWM Carrier Frequency 20 kHz
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Figure G-8. Six pulse three phase inverter

G.2.7 DC voltage bias (Power Supply) module
The three-phase inverter circuit contains discrete components that need to be biased from a
fixed dc-source. A dc-power supply is designed to provide these circuits with £5V and +15V

as shown in figure G-9.

(b)
Figure G-9. DC-voltage bias (Power supply) module
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G.2.8 Grid Coupling Transformer and Grid Variac

For grid representation and voltage dip emulation, an MV1300 Power Pack by TERCO is used
along with transformer MV1915 whose parameters are shown in Appendix C-1. The grid
coupling transformer and grid Variac are shown in figure G-10 (a) and (b).

(a) (b)

Figure G-10. Grid coupling transformer and grid variac: (a) coupling transformer (b) variac

G.2.9 Magnetic Amplifier and Control
The magnetic amplifier shown in figure G-11 along with the control circuits was fabricated

and the parameters can be found in Appendix C-2.

(b)

Figure G-11. Magnetic amplifier: (a) core, and(b) control
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G.2.10 DSP Unit with Interfacing Boards

The DSP unit with the input and output interfacing boards are shown in figure G-12.

e =l g
& B e N Ny

Figure G-12. DSP with interfacing boards.

i. DSP unit

The DSP unit is considered as the brain of the control system. It is an embedded controller

used in changing the control strategy during the practical evaluation. It should have some

features as flexibility, processor speed, available storage memory, easy for programming and

interface ability. The control scheme in the test rig is implemented using DSP type TriCore ™

TC1796 from Infineon. The DSP generates the switching pattern driving the switches of the

inverter according to the software algorithm of the proposed system. The Infineon TriCore ™

TC1796 has 32-Bit floating point microcontroller which can operate with a maximum CPU

clock frequency of 150MHz. The main features of this DSP are [1]:

32-Bit CPU with floating point unit and 4 Gbyte unified data, program, and I/O
address space

16/32-bit high-efficiency instruction set

Programmable external bus interface

Integrated on-chip memories (programs in this work are run in the 48Kbyte Scratch-
Pad RAM, which provides high accessibility.)

Interrupt system with 181 service request node and 256 interrupt priority levels

Peripheral control processor
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e DMA controller with 16 independent DMA channels

e Parallel I/O ports with 127 digital General-Purpose I/O port lines

e On-chip peripheral units such as two General Purpose Timer Arrays (GPTA) to
accomplish input/output management, two A/D Converter (ADC) units , etc

¢ Maximum system clock frequency: 75 MHz

Two on-chip peripheral units are essential for implementing the control: GPTA and ADC.

A. General Purpose Timer Arrays (GBTA) |2]

This is the unit for generating PWM signals. TC1796 contains two General Purpose Timer
Arrays (GPTAO and GPTA1) with identical functionality, plus an additional Local Timer Cell
Array. The GPTA provides a set of timer, compare, and capture functionalities that can be
flexibly combined to form signal measurement and signal generation units. Each of the GPTA
is slit into a Clock Generation Unit (CGU) and a Signal Generation Unit (SGU). The system
clock set by the CGU in this work is 40MHz, which relates to 0.1us for one count of the
involved timers for generating the PWM signals. Local Timer Cells (LTC) within SGU are
configured to execute the PWM counting.

There are 63 LTCs can be used in each GPTA unit: LTCO is set to be a free-running timer, and
LTCI is filled with the switch period. When the LTCO reaches the value in LTCI, it will be
reset and its count starts from 0 again. At the same time, the value match with LTCO causes
LTCI1 to trigger an interrupt request, which leads the CPU to service the interrupt routine for
the application control. The mechanisms for the PWM generation for the three phase inverter
are shown in figure G-11. There are two switches in each leg and two timers are required for
each switch to determine the required pulse width and the deadband time between the two
switches. For the switching frequency of the three phase grid tied inverter is taken 5 kHz. For
protection, the LTCs mode can be changed to push the output to be zero in case of short circuit

and over loading conditions.
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Figure G-13. Inverter PWM generation (one leg).

B. Analogue-to-Digital Converter (ADC) [3]
The TC1796 contains two medium-speed ADCs (ADCO and ADCI1) with identical
functionality and a third fast ADC. ADCO and ADC1 provide 2-3 ps conversion time at 10-bit
resolution. The main features are:
® 8-bit, 10-bit, 12-bit A/D conversion
conversion time below 2.5 ps at 10-bit resolution
total unadjusted error of = 2LSB at 10-bit resolution
integrated sample and hold functionality

direct control of up to 32 analogue input channels per ADC

flexible ADC module service request control unit

ii. Interfacing Boards
The main task of the interfacing circuits is to completely isolate the TriCore ground from the

test rig ground. For each DSP unit, two interfacing boards are connected as shown in figure G-

14, the interfacing boards are:

1. Interfacing board between the transducer board and the ADC unit of DSP, which
implements an analogue-to-analogue voltage transformation (0-10 V to 0-3.3 V). Please

see Appendix for its principle diagram. The circuit layout is shown in figure G-12.
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2. Interfacing board between the DSP I/O and the IGBT gate drive, which implements a
Digital-to-Digital signal transformation (logic ‘1’ from 3.3V to 5V). The circuit layout is

shown in figure G-15.
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Figure G-14. Input interface circuit.
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Figure G-15. Output interface board.

G.2.11 Transducer Boards
Currents and voltage sensing is required to provide the feedback signals to the controller.

These are achieved using current and voltage transducer boards.

i. Current Sensing

The current sensing circuits are implemented to measure the three-phase grid currents, three-
phase generator currents as well as the boost chopper inductor current. The current transducer
board is shown in figure G-16. The Hall-effect current sensing devices LEM (LA-55P) were
used. Table G-4 shows the parameters of the transducer used. This type of sensors has the
advantage of isolation from the sensed signal and ease of implementation. This current sensor
has a sensing range of each from 0 A to 50 A adjustable and a frequency range of 0 Hz to 100
kHz [4]. For proper operation, the output of the transducer is amplified through a signal
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conditioning circuit and fed to the control circuit. The current transducer circuit diagram is

shown in figure G-17.

Figure G-16. Current transducer board.

e

Table G-4. The current transducer nominal parameter values

Nominal current 100 (rms) A
Current output 1 mA/Amp
Measuring range 0Otot 160 A
Frequency range DC to 100 (-1dB) kHz
di/dt > 50 A/us
+1
Ry
-~ AN c
T Vortset ‘:?2
) A .
P I 3 +5V
L A -
+
— Ry Vi -15V v

Figure G-17. Current transducer circuit diagram.

ii. Voltage measuring

The voltage sensing circuits are implemented to measure the three-phase grid voltages, three-

phase generator voltages and the dc-link capacitor voltage. The voltage transducer board is

shown in figure G-18. The LEM voltage transducer LV25-P uses the Hall-effect to measure ac

193



and dc signals with a galvanic isolation between the primary circuit (high voltage) and the
secondary circuit (electronic circuit) [5]. Table G-5 shows the nominal parameters of the
transducer used. This sensor can sense a range up to 500 V and a high frequency bandwidth,
but dependent on the series connected external resistor in the primary circuit of the transducer.
The transducer output is amplified through a signal conditioning circuit and fed to the control

circuit. The voltage transducer circuit diagram is shown in figure G-19.

=

Flgure G-18. Voltage transducer board.

Table G-5. The voltage transducer nominal values

Primary nominal current 10 (rms) mA
Primary current (measuring range) 0...+ 14 mA
Primary nominal voltage 10... 500 V
Bandwidth Drop resistor dependent
Accuracy +0.8 %
c
R
R AN
—\M— + I R 415V
= AAA -
Vo N T
- % R -15V v

Figure G-19. Voltage transducer circuit diagram.
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iii- Analogue output

This DSP evaluation board does not provide separate digital to analogue converters for
analogue output measuring. Alternatively, an analogue output can be obtained by pulse width
modulating the required signal with a carrier frequency of 10 kHz via PWM-module
(GPTA2). Then the modulated digital output signal is passed through a third order Salen-Key
low pass filter with a 1 kHz cut off frequency. Table G-6 shows the parameters of the
components used in designing the analogue output module. Figure G-20 shows the schematic
diagram while figure G-21 shows the analogue output board. The Bode diagrams for the filter

response is shown in figure G-22.

Analogue
signal from
DSP

Figure G.21. Analogue low pass filter.
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Table G-6. The analogue output board values
Input signal +5V
Cut-off frequency 1 kHZ

EodeDiagram
Hagnitude[4dE]
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ot o Lo [T IR L Lo
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[N EETT R Lo IR 1 |||||||\4\|\:\:\|:|| [IEREIT]
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—140 I AT Liiin L EEETET L 1Ty ERERET
[N EETT R Lo IR Lornnm Lol IEREN]
[N EETT R Lo IR Lornnm Lo i
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210 oo v I REAT] L Liatnn L IR
10E0 100ED 1E3 10E3 100E3 1EG 10EG
Frequency[Hz]
Phazeldeal
[N RETTT! l Lo IR Lornnm Lo [IEREIT]
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271 oo v I REAT] L Liatnn LT IR
10E0 100ED 1E3 10E3 100E3 1EG 10EG
Frequency[Hz]
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Figure G.22. Bode diagrams for analogue low pass filter.

G.2.12 Gate drive circuit

The gate drive circuit used in the test rig is shown in figure G-23. It provides isolation between
the control signal and the IGBT gate by means of two transformers. One transformer is for
transmitting power from the low side circuit and the other is for transmitting the gate drive
signal. The maximum current that can be sunk by the control circuit is in the range of milli-
amperes, while the gate terminal of the IGBT may require a large instantaneous spike of
current to enable the fast charging of the gate capacitance and hence the turn on of the switch.
A separate power supply is used to supply the gate drive for the boost chopper circuit. Table

G-7 shows the gate drive circuit parameters.
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Figure G-23. Gate drive circuit

Table G-7. Gate drive circuit parameters

Supply voltage (max) 525V
tion (typ.) 60 ns
o (typ.) 60 ns
Drive signal frequency (max) | 75 kHz
Output voltages 0,15V
Output current +3A

G-3 Program Development Part (Software Overview)

After collecting the measurement data inside the TriCore microcontroller, the program starts
execution according to the specific written algorithm. To exploit the speed of the DSP, heavy
calculations should be avoided which affects the process performance. The DSP used with the
proposed system requires a PC. The PC is used to write, debug, compile and download the
code to the TriCore microcontroller through the parallel port. The final code is then stored in
the EPROM.

Software environment to implement the DSP control consists of two development tools;
Digital Application Virtual Engineer (DAVE) and TASKING Embedded Development
Environment (TASKING EDE). The operation systems can be either Windows NT, XP or
2000.

G.3.1 DAVE [6].

DAVE is the application to initially configure the TC1796 system and to generate optimized C
code for the modulator. Figure G-23 shows the general configuration interface of DAVE V2.1.
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The system clock is set in the GPTA Clock module, and the PWM generation timers are
configured in the GPTAO. ADCO is configured for the ADC conversion.

After configuration, the compilation of the project generates D-level template files with the
resulted initial configuration parameters, such as main.h, main.c, GPTAO.h, GPTAl.c, etc.
These files contain the basic program structure for the applications in TASKING EDE.

Tei1se

Tt
MMMM%@M

Figure G-24. Interface for DAVE V2.1.

G.3.2 TASKING EDE [6]

TASKING EDE V2.1 is a package of program building, editing, code generation and
debugging tools. Options such as the format of the final built program and the used DSP on-
chip memory can be further configured with TASKING EDE. Files imported from DAVE are
loaded with basic program structure and the proposed user C codes are added in the specified
positions. CrossView Pro Debugger is an embedded debug toll within TASKING EDE but
without real time monitoring ability. Sample of C-codes for practical implementation of

control operations are in Appendix H.
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Appendix H: C-codes for the implemented practical control operation

//************************************************************************

// Grid Connected Wind Energy Conversion System

[ sk sk ks sk sk sk sk ok sk kR kR ok sk sk ok ok ok ok sk ok ok ok ok ok ko ok sk ok ok ok ok ok
USER CODE BEGIN (GPTAO_General,7)

int R=0;

khkkkkkkkkkkkkkkkkkkkkkkk* VVarjables Setting khkkkhkhkkkhkkkkhkkkhkhkkhkkhkhkkkhkkkkkkkx
//store and define data from A/D for three phase voltages and currents

int Result12, Sourcel2; //ib

int Result14, Sourcel4; /lia

int Result8, SourceS; /[vbn
int Result9, Source9; /Iven
int Result13, Sourcel3; // vde
int Result10, SourcelO; /Ivan
int Resultl5, Sourcel5; // idc

float Vz,Vh,er,Vxa pu,Vxb pu,Vxc pu,vdc ref,Va m, Vb m, V¢ m, Ia m,Ib m, [af m, V_dc m,vdc m,
idc_m,idc reference, id_ref, iq_reference,id old, iq_old,;

float xy=0.0, I _act max = 0.0;

float Vdc_ref=110.0; // for per-unit and modulation index

kkkkkkkkkkkkkkkkkkkkkkk** SUM Reference Vector**k kxkxkxkkkkkkkkkkkkhkkkdkkhkhkkk
//Defining Timers, switching period and balnking time

float wt1 = 0.0, pi = 3.141592654, wt2=0.0;

int BL =10; // The blanking time

int Tpwm = 999; // Tpwm is half the switching period
int Tdta= 1999;

int Taps , Tapr, Tans , Tanr; // Timers_ T1 & T4 inverter

int Tbps , Tbpr, Tbns , Tbnr; // Timers_ T3 & T6 inverter

int Teps , Tepr , Tens , Tenr; // Timers_ T5 & T2 inverter

int Tdcs, Tdcr; // Timers boost chopper

int Tdals, Tdalr,Tda2s, Tda2r;

khkkhkkkkhkhkkhkkhkkkhkkhkkhkhkkkkxk Display & Plot ***kkkkkkkkkhkkhkhkkhkkkhkkhkkhkkhkkhkkkk

float vdc_p[1000], idc_p[1000], id_act[1000], iq_act[1000];

float ma[1000], mb[1000], mc[1000], mdc[1000];

float MMA, MMB, MMC, MMDC;

float Tar[1000], Taf[1000];

float Vdca_pu[1000], Vab[1000];

float Ta_mx[1000];// ixa_pu[1000], ixb_pu[1000], ixc_pu[1000];

float Vd[1000],Vq[1000],w[1000],duty_cycle[1000], id_act unf[1000],
iq_act_unf[1000],vdg[1000],vqg[1000],vdg1[1000],vqg1[1000], id_act disp[1000];
float ma[1000], mb[1000], mc[1000], k[1000], z[1000];

float Va_act[1000], Vb_act[1000], Vc_act[1000];

float Ia_act[1000], Ib_act[1000], Ic_act[1000];

float vde_act[1000], idc_act[1000];

float Vxa[1000], Vxb[1000], Vxc[1000], VLa[1000], VLb[1000], VLc[1000], Vx[1000], Vy[1000], thetaa[1000],
Vxaaa[1000];
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float Vxal[1000],Vxb1[1000],Vxc1[100], si[ 1000], co[1000], a_pu[1000], b_pu[1000], ¢ pu[1000],
id_matlab[1000];
float Vxa_ 1[1000],Vxb_1[1000], Vxc 1[1000], Icx act[33], Ibx_act[66];

khkkhkkhkkhkhkkhkkhkkkhkkhkkhkhkkkkxk Loading timer values ***kkkkkkkkkkkhkkkkkkkkkkkkkk

P3 OUT _P12=1; // Start of program
// Phase a pins 3.9 and 2.10
GPTAO _LTCXR16 = Taps;
GPTAO LTCXRI17 = Tapr;
GPTAO LTCXRO04 = Tanr;
GPTAO LTCXRO0S5 = Tans;
// Phase b pins 3.3 and 2.9
GPTAO_LTCXRI10 = Tbps;
GPTAO _LTCXRI11 = Tbpr;
GPTAO_LTCXRO06 = Tbnr;
GPTAO _LTCXRO07 = Tbns;
// Phase ¢ pins 3.0 and 3.2
GPTAO _LTCXRI12 = Tcps;
GPTAO _LTCXRI13 = Tepr;
GPTAO LTCXR14 = Tcnr;
GPTAO _LTCXRI15 = Tcns;
// Dc Boost control pin 3.1
GPTAO_LTCXROS8 = Tdcs;
GPTAO LTCXRO09 = Tdcr;
// Display Digital to Analogue pin 4.0
GPTA1 LTCXR22 =Tdals;
GPTA1 _LTCXR23 =Tdalr;
GPTA1 LTCXR26 =Tdals;
GPTA1 LTCXR27 =Tdalr;
// Display Digital to Analogue pin 4.2
GPTA1_LTCXR24 =Tda2s;
GPTA1_LTCXR25 = TdaZ2r;

kkkkkkkkkkkkkkkkkkkkkkk** Reading and Scaling A/D *rkkkkkkkkskkkkdkhkkhhkdhhk

wtl = wtl+ 2*pi*50%200e-6; /I 5 kHz switching frequency
if (wtl >=2%pi) wtl = 0;
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// Read voltages

ADCO_vGetConversionResult(10, Result10, Source10); //Van
ADCO_vGetConversionResult(8, Result8, Source); //Vbn
ADCO_vGetConversionResult(9, Result9, Source9); //Ven

// Read dc- link
ADCO_vGetConversionResult(13, Result13, Sourcel3); /IVdc
ADCO_vGetConversionResult(15, Resultl5, Sourcel5); /fidc

// Read currents
ADCO_vGetConversionResult(12, Resultl12, Sourcel2); //ib
ADCO_vGetConversionResult(14, Result14, Sourcel4); /lic

// Store measured values
Va_m= (float)(Result10);
Vb_m = (float)(Result8);
Vc_m = (float)(Result9);
Ib_m = (float)(Result12);
Ia_m = (float)(Result14);
vde_m = (float)(Result13);
idc_m = (float)(Result15);

//Get Actual values for voltages
Va act[R] = (Va_m*0.00247- 5.0)*37.4 ;
Va_act[R] = ((Va_m*0.00244)-4.56)*41.6;
Vb_act[R] = ((Vb_m*0.00244)-4.5)*41.6;
Ve _act[R] = ((Vc_m*0.00244)-4.65)*40.4;

//Get Actual values for AC currents, read two and conclude the third
Ia_act[R] = (Ia_m*10/4096)*(1/1.057)-5.0)*(6/4.46)
Ib_act[R] =(((Ia_m*0.00244)-4.21)*4.375);
Ia_act[R] = (-1.0)*(Ib_act[R]+Ic_act[R]);

/I Get Actual values for DC voltages and currents idc_act [R] and vdc_act[R] scaling

vde_act[R] = (vdec_m*0.054);
idc_act[R] = (idc_m*0.004);
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khkkhkkhkkhkhkkhkkhkkkhkhkkhkkhkhkkkkxk Setting reference Control wvariables ***kxkxkkkkkkk*k

//Set Reference values for DC quantities

idc_reference=1.5; // reference value for boost converter current

/I Set Reference values for DQ axis current control
vdc_ref=100.0;

iq_reference= 0.0;

kkkkkkkkkkkkkkkkkkkkkkk** Export data to Matlab **rkkkkkskkkkskhkksdkhkkhhkdhhk

// Send values to MATLAB (Inputs FOR PLL ALL INPUT VOLTAGES HAVE TO BE IN PER-UNIT)
dq _rania U.Va=(Va_act[R])/184.0; //
dq rania U.Vb =(Vb_act[R])/184.0 ;
dq rania U.Vc = (Vc_act[R])/184.0;
dq rania U.id _ref=id ref;
dq rania U.iq reference =iq reference;
dq rania U.id_act =id_act[R];
dq rania U.iq _act =iq_act[R];
dq rania U.vdc act = vdc_act[R];
dq rania U.vdc_ref=vdc ref;
dq rania U.idc ref=idc reference;
dq rania U.idc_act=1idc_act[R];
dq rania_step( );

*kkkkkkkkkkkkkkkkkkkkk*x Import data from Matlab **kxkkkkkkkkkkkkkkhkhhkkhhk

// Ouputs
thetaa[R] =dq rania_Y.thetaa;
si[R]=dq_rania Y.si;
co[R]=dq_rania_Y.co;
duty cycle[R] =dq rania_Y.duty cycle;
vdg[R] = dq_rania_Y.vdg;
vqg[R] = dq _rania_Y.vqg;
id_matlab[R]=dq _rania_Y.id matlab;

kkkkkkkkkkkkkkkkkkkkkk* Calculate dq components **xkkkkksk ks hkkdkdhkkhkkkhhk

id_act_unf[R]=(2.0/3.0)*(((Ia_act[R])*sin(thetaa[R]))+((Ib_act[R])*sin(thetaa[R]
(2*pi/3)))+((Ic_act[R])*sin(thetaa[R]+(2*pi/3))));
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iq_act_unf[R]=(2.0/3.0)*(((Ia_act[R])*cos(thetaa[R]))+((Ib_act[R])*cos(thetaa[R]-
(2*pi/3)))+((Ic_act[R])*cos(thetaa| R]+(2*pi/3))));

khkkkkkkkkkkkkkkkkkkkkkk Fjlter **kkkkkkhkkhkhkhkhkhhkhkhkhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkhkhkkhkkkk

// filter for dq current
id_act[R]=(0.3*id_old)+(0.7*id_act_unf[R]);
iq_act[R]=(0.3*iq_old)+(0.7*iq_act_unf[R]);
id old=id_act[R];
iq_old=iq_act[R];

hhkkhkkkkkhkkhkkkhkkhkkkkkkkk dq to abc **kkkkkkkkkhkhkhkkhkhkhkhkhkhkhkhhkhkhkhkhkhkhhkhkhhkhhhhkk

Vxa_1[R]= (vdg[R]*sin(thetaa[R]))+(vqg[R]*cos(thetaa[R])); //inverter voltage a
Vxb_1[R]= (vdg[R]*sin(thetaa[R]-(2*pi/3)))+(vqg[R]*cos(thetaa[R]-(2*pi/3)));
Vxc_1[R]= (vdg[R]*sin(thetaa] R]+(2*pi/3)))+(vqg[R]*cos(thetaa| R]+(2*pi/3)));

kkkkkkkkkkkkkkkkkkkkkkk modulating signals *rkkkkkkkkkhkkdkhkokhkkdhhkhhkdhhk

Vxa pu=(Vxa_ I[R])*(2/Vdc_ref);,
Vxb_pu=(Vxb_1[R])*(2/Vdc_ref);
Vxc_pu=(Vxc_I[R]D*(2/Vdc_ref);

*kkkkkkkkkkkkkkk** modulation index and limits signals ***kkkkkkkkkkkkkkkh*

// Reference vector for boost control
Vdca pu[R] = duty cycle[R];
MMA=0.5*((Vxa_pu)+1);
MMB=0.5*((Vxb_pu)+1);
MMC=0.5*((Vxc_pu)tl);
MMDC= Vdca pu[R];//duty cycle[R];

if (MMA > 0.92) MMA= 0.92;
if (MMA < 0.08) MMA= 0.08;
if (MMB >0.92) MMB= 0.92;
if (MMB < 0.08) MMB= 0.08;

if (MMC >0.92) MMC= 0.92;

if (MMC < 0.08) MMC= 0.08;
if (MMDC > 0.95) MMDC= 0.95;
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if MMDC < 0.05) MMDC=0.05;
ma[R] = MMA;
mb[R] = MMB;
mc[R] = MMC;

P3 _OUT _P6=0; /! End of conversion

*kkkkkkkkkkkkkkk**x Overcurrent Protection ***xxkkkkkkkkkkkkkkkhkhkkhkhkhkkhkkk

// overcurrent protection
if (Ib_act[R] > 50.0) /
{

xy =100 ;

GPTAO_vOutputMode(GPTAO LTC,17 ,2,1);
GPTAO_vOutputMode(GPTAO LTC,05 ,2,1);
GPTAO_vOutputMode(GPTAO_LTC,07 ,2,1);
GPTAO_vOutputMode(GPTAO_LTC,11,2,1);
GPTAO_vOutputMode(GPTAO LTC,13 ,2,1);
GPTAO_vOutputMode(GPTAO LTC,15 ,2,1);

else

Taps = ((I-MMA)*Tpwm)+BL;
Tapr = (1+MMA)*Tpwm)-BL;
Tanr = ((1-MMA)*Tpwm)-BL;
Tans = ((1+MMA)*Tpwm)+BL;
Tbps = ((1-MMB)*Tpwm)-+BL;
Tbpr = ((1+MMB)*Tpwm)-BL;
Tbnr = ((1-MMB)*Tpwm)-BL;
Tbns = (1+MMB)*Tpwm)+BL;
Teps = ((1-MMC)*Tpwm)+BL;
Tcpr = ((1+MMC)*Tpwm)-BL;
Tenr = ((1-MMC)*Tpwm)-BL;
Tcens = ((1+MMC)*Tpwm)+BL;

Tdes = ((1-MMDC)*Tpwm)-BL;
Tder = ((1+MMDC)*Tpwm)+BL;
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*kkkkkkkkkkkkkkk** D/A analogue output *xkkkkkkkkkkkkkhkhkkhkkhkkkkhkkk

// measurment AC Quantities
Vx[R]= 0.5*%(((Va_act[R])/190.0)+1);
Vy[R]= 0.5*%(((Va_act[R])/190.0)+1);
Tda2s = ((1-VX[R])*(Tpwm))-BL;
Tda2r = ((1+Vx[R])*(Tpwm))+BL;
Tdals = ((1-Vx[R])*(Tpwm))-BL,;
Tdalr = ((1+Vx[R])*(Tpwm))+BL;
H
P3 _OUT _P12=0; //End of program 3.12
R++;
if (R >=1000) R =0;
// USER CODE END
}
// USER CODE BEGIN (SRN22,8)
// USER CODE END

} // End of function GPTAO viSRN22
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