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Abstract

The thesis focuses on a forced-commutated voltage source converter (V SC) connected to
agrid in awind energy application. The work consists of four parts. The first part
addresses the type of electrical system which should be used in a wind turbine. The
conclusion is to use variable-speed wind turbines, due to higher efficiency, lower noise
and lower fatigue. If high power quality is demanded, a grid-connected V SC should be
used instead of a grid-commutated thyristor inverter. By utilizing the high current control
bandwidth of the VSC in a hybrid wind farm, consisting of wind turbines having
different electrical systems, a cost-efficient solution is obtained. The VSC is used for
reactive power compensation and active filtering, in addition to converting wind power.
These additional features cause only amoderate increase in the VSC rating compared with
only converting wind power.

In part two, an electrical system in avariable-speed wind turbine, in which the VSC uses
the voltage angle control to track the reference voltage of the dc-link, isinvestigated. The
proposed control method is based on a steady-state model of the system, which resultsin
a low bandwidth but which is high enough to operate a wind turbine. To increase the
bandwidth, the linear quadratic (LQ) control method has been introduced. Due to
sensitivity to current harmonics, an extended Kalman filter has been added to the LQ-
controller. Simulations show that the controller operates as expected.

A grid-connected V SC using a discrete vector current controller isinvestigated in the third
part of the thesis. The influences of an incorrect controller tuning and grid voltage
harmonics on current frequency responses at an operating point are investigated. The
attenuation of low-frequency voltage harmonics decreases when their frequency
increases. Furthermore, it is shown that the current controller handles parameter errors
satisfactorily. It has been shown that frequency dependent losses in the grid filter affect
current frequency responses at high frequencies. A compensation function has been
introduced to compensate for non-ideal valves and non-ideal pulse width modulation. The
function improves the small-signal current frequency response around an operating point.
Also four different synchronization methods, which are adapted to digital controllers,
have been investigated. A novel transformation angle detector based on a space vector
filter has been introduced. The detector manages phase steps in the grid voltage, and the
extended version of the detector also manages frequency changes in the grid better than
the extended Kalman filtered detector, in spite of the smaller number of calculations.

The last part of the thesis deals with the current harmonics of a grid-connected VSC. By
introducing athird-order LCL-filter as an alternative to an L-filter, current harmonics are
decreased. Furthermore, reflections caused by high voltage derivatives are adressed.
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Introduction 3

1 Introduction

The utilization of wind energy is an area which is growing rapidly. In Europe, the
installed wind power has increased by 36 % each year for 5 years, now. In northern
Germany, wind turbine manufacture is the fastest growing industry. Furthermore, wind
energy covers 7 % of Danish electricity consumption. Most countries in Europe have
plans for increasing their share of energy produced by wind power. The increased share
of wind power in the electric power system makes it necessary to have grid-friendly
interfaces between the wind turbines and the grid in order to maintain power quality.

In addition, power electronics is undergoing a fast evolution, mainly due to two factors.
The first factor is the development of fast semiconductor valves, which are capable of
switching fast and handling high powers. The second factor isthe control area, where the
introduction of the computer as a real-time controller has made it possible to adapt
advanced and complex control algorithms. These factors together make it possible to have
cost-effective and grid-friendly converters connected to the grid.

The thesis focuses on a forced-commutated voltage source converter connected to agrid
in awind energy application. When the first part of the project started up, the objective
was to determine the optimal electrical system for awind turbine, in terms of efficiency,
cost and performance. Another goal was to investigate the voltage angle control method
and its suitability for controlling a grid-connected voltage source converter in a wind
turbine system. A simple, low-cost analog controller was used for the implementation. In
efforts to increase the bandwidth of the system, a linear quadratic control method was
considered.

The objectives of the second part of the project were to investigate the performance of the
vector current control method when parameter variations, delay times and grid voltage
distortion affect the vector current controller. To reduce the non-linearities from the valves
and from the blanking time, a valve compensation function was implemented in the
controller. The transformation angle detector, which synchronizes the voltage source
converter to the grid voltage is essential to the vector current controller. One aim was to
investigate different synchronization methods which could be implemented in the control-
computer. Furthermore, the presumed high current bandwidth of the vector current
controller could make it possible to implement extra applications. A higher power quality
for the whole hybrid wind park can result in alower total cost for the park.

This report consists of two parts. The first part contains a short discussion of wind
turbine concepts, electrical systems used in wind turbines, control principles of voltage
source converters and modulation techniques. Furthermore, the contributions and
comments of the included papers are presented and the conclusions are stated.

The second part of the report consists of nine papers which are divided into four sections.
The first section is an introduction to wind power, wind turbines, different electrical
systems and hybrid wind parks. The second section investigates a voltage source
converter connected to a grid using a voltage angle controller. In the third section, the
vector current controller of the grid connected voltage source converter is investigated.
Furthermore, four synchronization methods adapted for digital implementation are
presented. One of the presented methods is a novel transformation angle detector based
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on a space vector filter. In the last section, the harmonics of the voltage source converter
are investigated. Current harmonics attenuation at low and medium frequencies is
compared for two grid filter types, the L-filter and the LCL-filter. Moreover, the influence
of high voltage derivatives from fast switching valves is addressed.
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2 Wind Turbine Configurations

The use of wind energy goes back far in history. Wind power plants have, for instance,
been used as water pumps and as mills. One major difference between the earliest
windmills and the new generation of wind turbines is that the mechanical transmission of
power has been replaced by an electrical transmission. The oil crisis in the mid 1970s
resulted in a new interest in wind energy. This attention has continued to grow as the
demand for reduced polluting emissions has increased. The wind energy market today is
small but growing rapidly.

2.1 Standard Fixed-speed Wind Turbine

The standard wind turbine plants of today use conventional horizontal-axis wind turbines.
The turbine has two or three blades. In some designs, the blades can be pitched, to
change the aerodynamic torque. The nacelle is placed on a high tower, in order to benefit
from higher wind speeds high above ground. Furthermore, the low-speed turbine is
connected to the generator via a gearbox, as shown in Fig. 1. The rotational speed of the
generator is typically 1500 rpm and the turbine speed is 20 to 50 rpm. The induction
machine is the most common generator type.

low speed shaft

gearbox nacelle
/ high speed shaft

generator

turbine /

blades

tower —>

Figure 1. The parts of a wind turbine.

Thekinetic power P, of the air passing the swept turbine area A increases with the cube
of thewind speed w, as

where p isthe density of air. At low wind speeds, the generated power istoo low to be
exploited. When the wind speed exceeds the cut-in wind speed, the wind turbine starts.
The input power of the wind turbine must be reduced when the aerodynamic power
becomes higher than the rated power of the wind turbine. Two common methods are
used: Thefirst method changes the pitch-angle of the blades. The second method is based
on blades designed in such away that they stall when wind speed exceeds a certain level.
When wind speed reaches the cut-out speed, the wind turbine is shut down due to high
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mechanical loads. The cut-out speed is approximately 25 m/s. In Fig. 2 wind power and
wind turbine power are shown as a function of wind speed.

A Power
aerodynamic power

rated power

wind turbine power

. —
cut-in cut-out wind speed
Figure 2: Theideal power curve of a wind turbine.

The probability density function of wind speed is usually described by a Weibull
distribution [1]. Even if the wind turbine produces the rated power at the cut-out speed,
the achieved energy capture is small at high wind speeds because the number of strong
gale hours per year isfew.

2.2 Variable-speed Wind Turbine

A wind turbine must run at a certain speed relative to the current wind-speed, defined by
the optimal tip-speed ratio, in order to produce maximum power. For a fixed-speed
concept, the efficiency will not be maximized. Losses depend on the exact design of the
turbine and the wind variations at the site. An improvement of the single-speed turbineis
the multiple-fixed-speed turbine (usually two speeds), provided by a generator with a
changeable number of poles. An active pitch, which adjusts the pitch angle
instantaneously to the wind speed, is an option to increase the energy capture.
Unfortunately, the bandwidth of the active-pitch system is too small to utilize this
advantage. A larger problem is wind power fluctuation at high wind speeds; the low
bandwidth of the pitch control results in overloads. By introducing a variable-speed
operation, it is possible to continuously adapt the rotational speed to the current wind
speed, so that, ideally, the maximum obtainable power is continuously produced by the
plant. Typically, this optimal mode is achieved for low to medium wind-speeds. The
theoretical average efficiency of the electrical system can be increased by 5 % compared
with a fixed-speed wind turbine [2]. If the plant is stall-regulated, the optimal turbine
speed is proportional to the wind speed for wind speeds up to the rated speed. For higher
wind speeds, turbine power is kept constant by means of a stall effect.

When using a variable-speed, stall-controlled wind turbine, the electrical system must be
designed to manage a power overload. The maximum power from a stall-controlled wind
turbine changes due to changes in the performance of the stall regulation. This increases
the cost of the electrical system. When using both variable speed and pitch control, the
electrical system can be designed to manage the rated power of the wind turbine.
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3 Electrical Systemsof Wind Turbines

The standard electrical system for afixed-speed wind turbine is a squirrel-cage induction
generator directly connected to agrid. To reduce the reactive power demand, a capacitor
bank isinstalled to compensate for the no-load current of the generator. Furthermore, a
thyristor-equipped, soft-starter is used to reduce the inrush current.

For variable-speed wind turbines, many different solutions of electrical systems are
possible. In this report, only full-span, variable-speed systems are considered. The
development of semiconductor components for use in the converters of the electrical
system is progressing rapidly. The rated power of the valves increases, as a result, and
the cost decreases. Furthermore, forced-commutated valves with shorter turn-on and
turn-off times are introduced. In addition, the fast development of control computers has
facilitated more advanced control agorithms.

A variable-speed dectrical system has three main components. They are the generator, the
rectifier and the inverter, shown in Fig. 3. The system can be split into two subsystems:
inverter-grid and rectifier-generator. This helps when analysing one part of the system.
Each sub-system has at |east two different device alternatives.

gearbox

: : = /= &g g
IR A
grid inverter rectifier generator, ?
turbine
inverter-grid rectifier-generator
subsystem subsystem

Figure 3: Overview of the electrical system for variable-speed system.

Two main types of generators are used: either the synchronous or the induction generator.
The synchronous generator (SG) can use two methods of excitation: permanent magnets
or field winding. A relatively new generator concept is the switched reluctance generator,
which is cost-effective but, unfortunately, has a high torque ripple [3]. The common way
is to use a field winding, because it has the advantage of controlling the three-phase
voltage level; if the terminal voltage level is fixed, the produced reactive power can be
controlled. In recent years, the costs of high performance permanent magnets have
dropped and permanent magnet machines have become an interesting alternative
compared with traditional machine types. When using permanent magnets, the electrical
losses of the machine become smaller, which is positive. However, the voltage level is
proportional to the speed. Due to the produced reactive power, the synchronous generator
can be connected to a load-commutated rectifier, i.e., a diode rectifier or a thyristor
rectifier. The voltage source converter (VSC), however, can be used as a rectifier.
Observe that the controller of the VSC requires a minimum dc-link voltage relation to the
generator voltage in order to operate properly.

The induction generator (1G) requires reactive power to operate. Consequently, the IG
often uses the V SC, which produces reactive power. Another possibility isto use adiode
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rectifier or a thyristor rectifier together with capacitors, which produce the required
reactive power. Unfortunately, reactive power changes with speed and if the capacitance
valueis not correct, the performance of the system will be low.

The inverter of the system is connected to the grid. Here, the grid-commutated inverter,
also called the thyristor inverter, and the VSC can be used. The VSC requires a minimum
dc-link voltage in order to operate, and in some cases a step-up converter (DC/DC) must
be introduced to increase the voltage level for the VSC. The VSC can act both as a
rectifier and as an inverter: the power direction is set by the controller.

To give an overview of the different electrical system combinations, Fig. 4 has been
introduced. Observe that the combinations are primarily for systems which use a gearbox
between the generator and the turbine.

A rather new concept is to use a directly-driven permanent magnet generator, which is
directly connected to the turbine without a gearbox. Depending on the optimization of the
rectifier-generator subsystem, the rated power can be increased by 50 % when using a
VSC, instead of adiode rectifier or athyristor inverter [4].

direction of energy flow

rectifiers
generators inverters
@ 3 thyristor grid
thyristor Inverter
7] rectier 7 jC,,)
N L
N I | dode | Ipemae > o
rectifier
— —

Figure 4: Diagram of different electrical system alternatives for variable speed.
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4 L ocations and Power Quality of Wind Turbines

Wind turbines are often located on coastal shoresin rural areas, due to high wind speeds
and sparse population. The grids connecting these areas are often weak, i.e., have a non-
negligible, short-circuit impedance. This results in power quality problems when
connecting wind turbines, which are not adapted to weak grids.

The most common electrical system of commercial wind turbines is the induction
generator directly connected to the grid. A major drawback is that the reactive power flow
and, thus, the grid voltage level cannot be controlled. Another drawback associated with a
fixed-speed system is that the blade rotation causes power variations and, thereby,
voltage fluctuations of afrequency of 1to 2 Hz in the grid [5]. This fluctuation problem
is not solved by using several turbines; on the contrary, if several identical wind turbines
are installed in a wind park, the rotors can synchronize with each other and the power
fluctuations will be superimposed in phase [6]. Furthermore, induction generator
dynamics has resonance peaks around 10 Hz [7], where the sensitivity to flicker is high.

For the variable speed system, the inverter connected to the grid is athyristor inverter or a
VSC. Depending on the generator-rectifier sub-system, the thyristor inverter can be
controlled in different ways. If adiode or thyristor rectifier and a synchronous generator
are used, the dc-link voltage level will be proportional to the turbine speed, resulting in a
reactive power transfer from the grid, and the reactive power will change with the active
power delivered from the wind turbine, due to the varying firing angle of the thyristors.
Another drawback of using a thyristor inverter is low-frequency current harmonics. If a
thyristor inverter is connected to aweak grid, current harmonics will cause low-frequency
voltage distortion from about 200 Hz to 1 kHz. Current harmonics can be reduced
significantly by using tuned passive filters. Unfortunately, the filter size becomes large
when removing low-frequency harmonics.

An alternative to athyristor inverter isthe VSC. If nothing else is mentioned, the valves
of the voltage source converter are of the Insulated Gate Bipolar Transistor (IGBT) type.
A VSC connected to the grid has several advantages in comparison with a thyristor
inverter: The reactive power can be chosen freely, often set to zero to obtain the unity
power factor. Grid currents become sinusoidal with no low-frequency harmonics, at |east
if a proper controller is used [8]. By using advanced control techniques, the power
quality of the grid can be improved. Unfortunately a VSC has a few drawbacks: The
efficiency is dightly lower in comparison with athyristor inverter. Rated power has been
alimit, but the fast development of valves has improved rated power. Also the voltage
level hasincreased resulting in lower losses in other parts of the variable-speed electrical
system.

The ability to control the turn-on and the turn-off characteristics of the IGBT has made it
possible to parallel [9] and to series [10] connect several IGBT-valves, and, thus,
increase the rated power of the converter. When comparing the cost of athyristor inverter
with aV SC, the thyristor inverter has alower price, because it is a mature product and it
has lower losses resulting in less cooling material. But when all the equipment around the
invertersisincluded, the total system cost differenceislevelled out.
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In energy project plans for the future, it is understood that alternative energy is to be
increased; the best way to increase the energy production from wind energy is to build
large wind farms. To gain acceptance from the population, wind farms have been
proposed to be installed offshore. This can lead to new solutions, such as high voltage
direct current transmission of energy from the wind farm to a grid ashore.
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5 Grid-connected VSC

The main purpose of this section is to introduce the reader to different aspects of aVSC
connected to a grid. The main circuit configuration of the VSC is presented so the
variables and their symbols can be defined and will be used henceforth. Furthermore,
different types of grid filters and modulation techniques will be presented. Two control
principles will be introduced, the voltage angle control and the vector current control
principle. Finally, the modelling of the system will be described.

5.1 Main Circuit of VSC

A scheme of the main circuit of the VSC isshown in Fig. 5. The valves are of the IGBT-
type. The VSC is connected to a symmetric three-phase load, which has the impedance
R+ jwl andtheemfs e (t), e,(t) and e,(t). The neutral point of the star-connected load
has the potential v,(t), due to a floating ground. The phase potentials of the VSC are
denoted as v, (t), v,(t) and v,(t). The phase voltages of the VSC are denoted as u,(t),
u,(t) and u,(t). The current flowing from the dc-link to the converter is denoted as
I, (t), the dc-link current is denoted as i, (t) and the dc-link voltage across the dc-link
capacitor is denoted as u(t).

valve 1 valve 3 valve 5

]

v, (1) V(1) V(1) ‘|

u dc (t) —

_ /4 4|

4| ‘| IGBT-module

DC-link
capacitor R valve 4 valve 6 valve 2
0 iz(t) .¢|3<t)
+ +
-
ul ()= y,(t) 01 UI3(t)
+
0 e

Vo(t)
Figure 5: The main circuit of the VSC.

5.2Grid Filters

When connecting aV SC to a grid, an inductor must be mounted between the V SC, which
is operating as a stiff voltage source, and the grid, which also operates as a stiff voltage
source [11]. The simplest and most common grid filter is the L-filter, which has three
series connected inductors, one in each phase.

The LC-filter has the same series inductors, one in each phase, asthe L-filter. In addition,
the LC-filter has three parallel coupled capacitors. This filter type has often been
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investigated for systems which are used in autonomous grids as an uninterruptible power
supply and in most investigations, the load consists of resistors, one in each phase [12].
When connecting a system with the L C-filter to a public grid, problems can occur due to
resonances. The resonance frequency depends on the capacitor value of the filter and the
inductance value of the grid, which varies over time. It is difficult to reduce the
resonance, because resonance frequency changes with grid inductance and, in addition,
the harmonic distortion spectrum of the grid changes with time.

The resonance problem can be reduced by using an LCL-filter [13]. The main advantages
of using an LCL -filter are low grid current distortion and reactive power production. The
resonance frequency can be determined almost independently of the grid configuration.
The disadvantage is a more complicated system to control. The L-filter attenuation is a
20 dB/decade and the LCL-filter attenuation is a 60 dB/decade for frequencies over the
resonance frequency of the filter. To improve the attenuation of the system when using
the L-filter, a tuned shunt filter can be introduced which is tuned to the switching
frequency of the VSC [14].

5.3 Modulation

One of the advantages of the VSC over the grid-commutated converter is low harmonic
distortion at low frequencies, resulting in sinusoidal grid currents. Thisis due to the fact
that by switching the valves properly only high-frequency harmonics remain. The
research field of modulation techniques has been focused on reducing the number of
switching instances per cycle while still obtaining low distortion due to the current ripple
caused by the switching instances [15]. The simplest modulation technique is the six-
pulse modulation, where each phase switches twice per cycle. The fundamental voltage
amplitude becomes high but harmonics occur at low frequencies: 5th, 7th, 11th, 13th and
so on. By introducing more switching instants, the current ripple will be reduced as well
as the fundamental voltage amplitude. Depending on the rated power of the VSC, the
switching frequency is reduced when the rated power isincreased. For small adjustable-
speed drive systems, the switching frequency can be as high as 20 kHz. For converters
used in high power applications, the switching frequency is reduced down to
approximately 1 kHz.

The most common modulation methods can be divided into two groups:. either current
control or voltage control. The current control method forces the valves to switch only
when it is necessary to keep on tracking the reference of the current. This control
principle is often called the current hysteresis control principle [16]. The second
modulation type, voltage control, has as a common characteristic subcycles of constant
time duration, a subcycle being defined as the total duration during which an active
inverter leg assumes two consecutive switching states of opposite voltage polarity.
Operation at subcycles of constant duration is reflected in the harmonic spectrum of the
phase voltage by two dominating salient sidebands, centered around the switching
frequency, and by additional frequency bands around integral multiples of the carrier
[17]. The modulation type can be divided into two parts: a suboscillated pulse width
modulation (PWM) and a space vector modulation, denoted by SVM. The latter
modul ation method is often used when microcontrollers are involved in the system. The
suboscillation method is a classical modulation technique and employs individual
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modulators in each of the three phases. It is popular due to its ssimple implementation and
is preferable when an analog system is used.

The input to a space vector modulator is the voltage reference vector in the a3-frame,
explained in Appendix A. The sampled input vector is then approximated by a time
sequence of three well-defined switching state vectors. The ordinary three-phase voltage
source converter has 8 switching vectors, also displayed in Appendix A. The modulation
algorithm ensures that the time average of the switching state vectors over a sampling
interval is equal to the reference vector [18]. Compared with the sub-oscillating PWM
method, the SYM method can be modified to reduce the number of valve switchings
during each sample interval or to change the switching valve pattern. The SVM has the
following advantages: The reference voltage vector can be decomposed in a number of
ways and the selected voltage vectors can be applied to different sequences. By
controlling the SVM in a smart way, it is possible to reduce the switching frequency
while still obtaining the same sample frequency as in the sub-oscillated PWM. Thisisan
advantage when the rated power of the VSC is increased.

If the mid-point of the star-connected load is floating, a zero-sequence component can be
added to all of the three phase reference voltages to extend the output voltage range of the
converter by 15.5 % without losing the linearity from the reference voltage to the output
voltage [19]. A triplen deadband PWM can be introduced to reduce the effective
switching frequency, which reduces switching losses up to 33 % [20]. In this method,
one leg of the converter is clamped for a certain period of time in each cycle, hence
resulting in a deadband region in which no switching will occur.

5.4 Control of the VSC Connected tothe Grid

In this report, two control principles are investigated for aVV SC connected to agrid. They
are the voltage angle control and the vector current control. Both controllers use the
rotating dg-coordinate system, explained in Appendix A. Furthermore, only the L-filter is
considered for use.

The simplified circuit of agrid-connected VSC is shown in Fig. 6. The phase voltages of
the VSC are modelled as three voltage sources denoted as u,(t), u,(t) and u,(t). The
equivalent series inductance and resistance of the L-filter are denoted as L and Rg,

respectively.

Figure 6: Schematic circuit of a grid-connected VSC, where the focusis on the L-filter.
The Kirchhoff voltage law can be applied to the circuit in Fig. 6. The equation becomes

WD) =R () -L, 1)) =0 @

In the dg-coordinate system, the equation becomes
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g(dq)(t) _ Rsi_(d")(t) — sz_ti_(dq)(t) _ngLSi_(dq)(t) —g(d‘“(t) =0 3

where the grid angular frequency is denoted as w,.

5.4.1 The Voltage Angle Controller

The voltage angle controller, also called the power angle controller, isacontroller based
on a system model in steady-state. By setting the derivative term in Eq. (3) to zero, the
steady state expression becomes

U (D) - (1) = (R + jo L i (1) 4

By controlling the phase displacement angle between the voltage vector of the VSC and
the voltage vector of the grid and by controlling the magnitude of the voltage vector of the
V SC, the active and reactive power can be controlled. The phase displacement angle and
the relative voltage are denoted as 6(t) and u,(t), respectively. The relative voltage is
used to control the magnitude of the voltage vector of the VSC and is defined as

_ ‘L—J(l) (t)‘

=B 5
w =" ©

where ‘g(l)(t)‘ is the magnitude of the fundamental voltage vector of the VSC. In Fig. 7,

the grid and V SC voltage vectors are shown in the dg-coordinate system. To simplify the
scheme, the resistance of the grid filter coil is set to zero. Furthermore, the phase
displacement angle has been scaled up, to make it easier to understand the scheme. As
shown in Fig.7, the current vector is perpendicular to the difference between the
converter voltage vector and the grid voltage vector.

Tq-axis

joyLi(1)
u(t) S

~

0t e \}7
/

//i(t)
d-axis
_>

Figure 7: The principal scheme of voltage angle control.

To smplify the equations, the phase-to-phase voltage fundamental amplitudes of the VSC
and the grid aredenoted as U and E, respectively. If the grid and the VSC voltages are
supposed to be distortion free and symmetric, the voltage vectors can be defined as
ejgewgg

Uy()=U (6)

(t) = Ee2 @
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The apparent power from the VSC to the grid is
S(t) = Ugy (DT(0) = (Ugey (1) + Jugy ()16 (D) = Ji (1) ®)

where the complexconjugate is denoted by a bar. By using Egs.(4),(6),(7) and (8), the
active power and the reactive power can be written as

_ UE
P= o’ ©)
WL,

where the resistance of the L-filter is neglected and the phase displacement angle is so
small that the sine of the angle is approximately equal to the angle and the cosine of the
angle is approximately equal to one. The active power is proportional to the phase
displacement angle and the reactive power is proportional to the difference between the
voltage amplitudes of the VSC and the grid. Investigated applications of converters using
the voltage angle control are, for instance, high-voltage direct current (HVDC) converters
[21,22] and static VAr compensators (SV Cs) [23].

When using the voltage angle control of the VSC in awind turbine application, the VSC
connected to the grid is set to control the voltage level of the dc-link independent of the
operating point of the generator-rectifier sub-system. The principle of the control scheme
isshown in Fig. 8. This control has been implemented in alaboratory system [24]. The
voltage vector angle 6 (t) of the grid is obtained from an analog phase-locked loop
(PLL) connected to one of the phase voltages of the grid. The amplitude of the grid
voltage is obtained by low-pass (L P) filtering the rectified grid voltages through a three-
phase diode rectifier. The goal of the dc-link voltage controller isto track the reference dc-
link voltage u_(t). The dc-link voltage is controlled by using a PI-controller, the input
of which isthe dc-link voltage error and the output is the phase displacement angle 6(t).
The relative voltage u, (t) is determined by the reactive power controller, which has the
reactive power reference Q"(t) and the grid voltage amplitude as inputs. The inputs to the
PWM-unit are: The total voltage vector angle of the VSC, which is the sum of the phase
displacement angle 6(t) and the grid voltage vector angle 6,(t); the dc-link voltage
u,.(t) and therelative voltage u, (t).
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Figure 8: The principal control scheme of the voltage angle control in a variable-speed
wind turbine application.

The voltage angle control is simple to implement in an analog controller or a micro-
controller. However, the bandwidth of the system islow, since the controller is based on
a steady-state model. The bandwidth required for controlling the wind turbine islow due
to the large inertia of the turbine, which acts as an LP-filter. Furthermore, the power
above 1 Hz in the wind power spectrum is small. However, it is important that the
control system can damp drive train resonances actively. To do that, the bandwidth of the
system must be around 10 Hz. Often the reactive power demand is set to zero to obtain a
high power factor. But, if the grid is weak, the reactive power can be used to control the
voltage level of the grid.

When using the voltage angle control principle, it is easy to implement an efficient PWM-
generator, where the pul se pattern has been calculated off-line and stored in an EPROM.
Thisis important if the rated power is high and the switching losses must be low. As
described above, the voltage angle control principle is simple and a few simple control
blocks are needed. Furthermore, grid phase currents must not to be measured to perform
the control principle. The controller implementation can be made inexpensive due to the
low bandwidth requirement. This indicates that the control system should be used in
plants where the relative controller cost is high, i.e., low-rated power plants.

5.4.2 The Vector Current Controller

The basic principle of the vector current controlled grid-connected VSC isto control the
instantaneous active and reactive grid currents independently of each other and with a
high bandwidth. In thisthesis, the vector current controller isimplemented in a computer,
the control functions are discrete and the inputs and outputs to the controller are sampled
at a constant sample frequency. In the laboratory system, the sample frequency is equal to
the switching frequency.

The currents and the voltages of the grid are transformed to the rotating dg-coordinate
system. By this operation, the fundamental current and voltage components become dc-
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guantities and PI-controllers can be used to reduce steady-state errors. The components of
the reference voltage out from the regulator are transformed back to three-phase quantities
and used as inputs to the PWM function. In Fig. 9, the principal block diagram of the
system and the controller are shown.
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Figure 9: Principal block diagram of vector current controller.

To obtain a high bandwidth, the total system must be well-known including the
influences of non-ideal components, the grid filters and the filtersin the signal paths. The
following items are important:

Correct sampling instances. If the phase currents are sampled exactly at the top and
bottom of the triangular wave used in the sub-oscillated PWM, the ripple of the current
iszero. An error in the measured current occurs if the sample instance is delayed afew
microseconds, then the error will increase if the current ripple increases.

Overmodulation. If high gains are used, the reference voltage vector from the vector
current controller will be large when trying to realize demanded current steps, and the
PWM cannot realize the demanded voltage vector and an overmodulation occurs. This
resultsin uncontrolled phase currents.

One-sample delay in the current controller. If a discrete sampled control system is
used, adelay time of one sample will occur due to the calculation time of the control-
compuiter. If ahigh bandwidth is required, for instance dead-beat, high gains must be
used in the current controller and the influence of the delay time must be compensated
in the controller to eliminate oscillations. When not compensating for the delay time,
the gain must be decreased [25].

Valve non-linearities. In areal converter, the on-state voltage drop and the resistance
of the valves of the converter influence the system negatively, such as performance of
the current control and low-frequency current harmonics. A compensation function
can be implemented if the non-linearities are known [26].
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* Non-ideal PWM. To protect from short circuits in the phase-legs, a blanking time is
introduced. The blanking time is the time between the turn-off of avalvein the phase-
leg and the turn-on of the second valve in the phase-leg. This blanking time reduces
the mean voltage under the sample period [26].

» Grid voltage distortion. Grid voltage distortion affects the current controller. Thereisa
coupling between the grid voltage harmonics and current out from the converter.

» Synchronization of the transformation angle to the grid voltage. It isimportant that the
synchronization operates effectively even if the grid has a poor power quality.

The obtained high bandwidth can be used in high-performance applications such as active
filtering [27]. A cost effective solution can be obtained by reducing the component costs
such as the dc-side capacitor and the grid filter; it is still possible to achieve a high power
quality for applications such as rectifiers in drive systems or inverters connected to the
grid in wind turbine plants.

5.5 Modelling of Control-circuit and VSC Connected to a Grid

When analysing the V SC system, amodel must be created. The model should include the
grid, the grid filter, the dc-link and the VSC and its controller. Two model objectsarein
focus: modelling the system to obtain a simulation model and creating a small-signal
model of the system.

To determine proper control gains for the control loop design of the VSC system, asmall-
signal analysis is performed around an operating point. The small-signal model is
obtained by linearizing the large-signal model of the system, which is often linear except
for the discontinuity due to the pulse width modulated valves. By assuming the pulse
width modulated voltage of the converter to be a constant voltage during the sample
period, a linear state equation can be formed, where the states are piecewise constant
under the sample period. This assumption is valid when changes in the reference voltage
are slow in comparison with the switching intervals of the converter. Two common
averaging methods are: the state-space averaging [28,29] and the average switch model
[30].

For dc-dc converters, model accuracy can be increased by using the transient behavioural
model (TBM). In thismodel, the first harmonic tone is added to the mean voltage during
the sample period, resulting in increased performance [30]. Often, the VSC system is
modelled on the rotating dg-coordinate system and the coordinate transformations and the
valves are assumed to be ideal. For this situation, the space vector averaging method
should be used, because the correct mean voltage vector is obtained during the sample
period. The average switch model averages each phase individualy, and if the voltages
are wanted in the dg-coordinate system, coordinate transformations must be performed. If
the ratio between the sample frequency and the grid frequency is small, the coordinate
transformation together with the pulse width modulated signal can introduce errors [31].

Transfer functions of the Laplace-transformed system work well for single-input single-
output (SISO) systems. But if multiple-input multiple-output (MIMO) systems are
considered, the transfer function matrices become awkward to use. Furthermore, if the
analysed system has time delays, which are modelled as exp(-sT), the system must be
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linearized by using, e.g., the Padé approximation. Unfortunately, the polynomial degree
will increase significantly. For VSC systems using discrete controllers, the discrete state
equation is preferable and an one-sample delayed variable results in only one more
variable in the state vector. To obtain the discrete closed-loop state equation, the grid
voltage and the L-filter must be discretized. A major advantage of using discrete models
in comparison with continuous models, including the switching instances, is the reduced
simulation time.
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6 Contributions, Comments, Conclusions and
Future Resear ch

The field of power electronics has been growing rapidly since the evolution of
semiconductors. Computers and semiconductor valves increase their performance at high
speed. As aresult of this development, the high-performance devices of yesterday have
become today's mediocre devices and, of course, published articles have also become
out-of-date.

The outline of this chapter is as follows. In Section 6.1, the contributions and comments
of the included papers are given. In Section 6.2, the author's conclusions are stated.
Lastly, suggestions for future research are given.

6.1 Contributions and Comments of I ncluded Papers
Paper 1A

Paper 1A acts as an introduction and aso gives an overview of different electrical systems
for variable-speed wind turbines. The proposed electrical system to be used in avariable-
speed wind turbine consists of a synchronous generator, a diode rectifier and a grid-
connected thyristor inverter, if the grid is strong. If the grid is weak, an IGBT chopper
together with aforced-commutated voltage source converter is recommended, instead of
the thyristor inverter. The background material about losses and converter prices
originates from a study made in 1993. Due to the fast development of components and
price changes for the devices, the cost results given in the paper are not valid any more.
The losses in the grid filter are roughly estimated. New types of slowly-rotating
permanent-magnet generators have been introduced after the publication of the paper; they
result in a system without a gearbox and are of great interest today. If the new type of
generator is used, aforced-commutated rectifier should be used to increase the efficiency
and the rated power of the system, and the proposed IGBT chopper can be terminated.

Paper 1B

Paper 1B investigates a hybrid wind park, which is connected to a weak grid. The
amplitude of the grid voltage at the point of common connection is focussed on. A grid-
connected voltage source converter injects reactive power into the grid and affects the
voltage level. The size of the voltage source converter for different electrical system
combinations is analysed. It turns out that the increase in the rated power of the voltage
source converter, when both delivering active power from the wind turbine and injecting
reactive power to the grid, is moderate in comparison with only delivering active power.
The results depend strongly on the short-circuit impedance ratio and the short-circuit ratio
of the grid. In the paper, al converters and their control systems are assumed to be idedl.

Paper 1C

Paper 1C is an extension of the work presented in Paper 1B. The increasein the rated size
of the voltage source converter is investigated for different combinations of electrical
systems in the hybrid wind park. Furthermore, the effect of cancelling reactive power as
well as harmonic currents from the hybrid wind park on the rated size of the voltage
source converter is presented. The grid is assumed to have an infinite short-circuit power
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and the voltage source converter together with its control system is supposed to operate
ideally. Only harmonics up to the 13th order are considered, which is partially dueto the
moderate sampling frequency of the inverter. When using the voltage source converter
simultaneously as an active power transmitter, a reactive power compensator and as a
current harmonic canceller, the switching frequency should be moderate to keep down the
losses in the converter. This results in a low current bandwidth and also restricts the
highest frequency of the harmonics which can be cancelled. It turns out that the rating of
the voltage source converter only needs to be increased moderately to fulfil the
requirement for high power quality at the point of common connection.

Paper 2A

Paper 2A introduces an electrical system in a variable-speed wind turbine, in which the
voltage source converter uses the voltage angle control principle to track the reference
voltage of the dc-link independently of the delivered power from the generator-rectifier
subsystem. An analog controller is used and, in the frequency analysis, the dc-link
voltage fluctuation is neglected when cal culating the current in the dc-link. The result of
the investigation is that a voltage angle control can be used in awind power application.
Furthermore, the bandwidth of the inverter system is around 20 to 30 Hz depending on
the parameter values of the system.

Paper 2B

Paper 2B introduces the linear quadratic (LQ) control method into the voltage angle
controlled voltage source converter in awind energy application. The LQ-control method
is used to increase the bandwidth of the voltage angle controlled converter system;
simulations show that the control method operates as expected. An analog implementation
of the LQ-controller is used, since the paper is a continuation of Paper 2A, in which an
analog controller was used. The system is non-linear and to get a high-performance
controller, gain scheduling is used. The phase displacement angle is used to determine
which gain should be used. One disadvantage of using the LQ-controller is the low
attenuation of noise at frequencies near the model excitation frequencies. Therefore, an
extended Kalman estimator was introduced to decrease the influence of current harmonics
near the switching frequency. If a discrete LQ-controller had been used instead of the
analog one, and if a proper sampling of the variables had been done, the performance of
the system would probably have been improved.

Paper 3A

In Paper 3A, a grid-connected voltage source converter using a discrete vector current
controller isinvestigated. A discrete state equation model of the grid-connected voltage
source converter and its controller is derived both for a "fast computer” and for a one-
sample delayed controller. The used controller inductance and resistance parameters of the
grid filter inductor are changed to simulate an incorrect controller tuning. The mistuned
controller is used in the model of the system for predicting responses of grid voltage
harmonics. It is assumed that the sampling of the system variables, as well as the valves
and the pulse width modulation, are ideal. The delay time of one sample in the discrete
controller, due to the calculation time of the computer, results in a higher cross-coupling
gain from the reference d- and g-currents to the g- and d-currents. Moreover the phase lag
becomes larger. The delay time resultsin a coupling between grid voltage harmonics and
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the three-phase currents of the converter, and the gain increases with frequency. The
investigated errors in the controller parameters show that the vector current controller can
handle inductance variations of + 25 % and resistance variations of + 50 %. To increase
reference current tracking capacity, a modified delay time compensator, based on the
Smith predictor, could be used instead of the one presented in the paper, which cannot
handle overmodulations properly.

Paper 3B

In Paper 3B different synchronization methods for grid-connected voltage source
converters are proposed. The methods are adapted to be used in digital controllers. A
novel synchronization method based on a space vector filter (SVF), which properly
handles phase jumps in grid voltage, is presented. In addition, an extended variant of the
SVF is presented; this variant handles both phase jumps in grid voltage and grid
frequency changes. This method has an even higher performance than the extended
Kalman filter method, in spite of the smaller number of calculations that must be
performed. In the paper, the three-phase grid voltage is assumed to be symmetric.

Paper 3C

Paper 3C extends the work of Paper 3A to involve experimental results of avector current
controlled VSC connected to the grid. The focus is on the frequency response from the
reference current to the current in the dg-frame at an operating point. The grid filter
inductor influences the current controller due to high losses when the frequency is
increased. A valve compensation function is introduced to reduce the influence of the
non-linearites of the valves and the blanking time of the pulse width modulation. In this
paper, the influence of the valve compensation function and the integration term in the
current controller are analysed in a small-signal scheme. The integration term does not
influence the small-signal performance. However, the valve compensation function
improves the performance of the current controller. The influences of the non-perfect
sampling due to delays, the accuracy in the measurements and grid voltage harmonics are
not considered when comparing the measurement results with the analytical ones.

Paper 4

One disadvantage of voltage source converters is generated voltage harmonics due to the
valve switching of the converter. When using the sub-oscillated pul se width modulation,
the harmonics occur around the switching frequency and multiples of it. The voltage
harmonics from the converter result in grid current harmonics depending on the grid
filter. Paper 4 focuses on low- and medium-frequency harmonics and in harmonic
distortion above 100 kHz. The L-filter is compared with the third-order LCL-filter; the
outcome is that the LCL-filter is proposed due to the better attenuation of low- and
medium-frequency current harmonics. The fast-switched valves result in high voltage
derivatives. This produces insulation stresses in the transformer or the grid filter
connected to the converter. If long cables are used, the insulation stresses are further
increased due to reflections. In the experiments, large reflections occurred at a cable
length of 20 meters.
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6.2 Conclusions

In the thesis, different types of electrical system configurations for variable-speed wind
turbines have been investigated. Furthermore, different control principles used on the
voltage source converter connected to a three-phase grid have been focused on.

The electrical system which is recommended consists of a voltage source converter
connected to the grid if high power quality is needed. The aternative is a thyristor
inverter. The directly-driven permanent magnet generator with a voltage source converter
used as a rectifier has become a promising alternative to the ordinary synchronous
generator and the diode rectifier. The simple and low-cost voltage angle control method
has been shown to manage a wind turbine application. The extended version of the
voltage angle control, which uses alinear quadratic controller, has a higher performance
and operates as expected.

The vector current controlled voltage source converter has a high bandwidth in
comparison with the voltage angle control method. The controller handles parameter
variations well. The valve compensation function decreases the current error in steady-
state, and frequency responses show that the small-signal performance increases. The L-
filter inductors applied, decrease the performance at high frequencies. A novel
synchronization method based on a space vector filter handles both phase jumps in the
grid and grid frequency changes.

To increase the power quality in a hybrid wind park, the voltage source inverter is
proposed to act both as a reactive power compensator and as an active filter, at the same
time delivering active power into the grid. It is shown that the rated power of the voltage
source converter increases moderately in comparison with delivering only active power.

6.3 Future Research

The performance of control computers will continue to grow. This emphasizes the need
for implementing better control functions and models, while still obtaining real-time
control. Moreover, the performance of valves will increase continuously. A large step
will be taken when transistor valves using silicon-carbide become available on the market.
The performance of converters will increase, and new applications for power electronic
devices will be introduced.

A proper continuation of thiswork isto apply an efficient control algorithm to restrain the
influence of poor power quality. In other words, it should be possible to design a
controller to suppress low-frequency voltage harmonics, swells, dips, unbalance as well
as phase jumps due to short-circuits in the surroundings.

When the rated power of the converter increases, the short-circuit power ratio between the
short-circuit power of the grid and the rated power of the converter connected to the grid
will decrease. If a high performance is to be obtained, the shrinking short circuit ratio
must be regarded. By improving the algorithms of the vector current controller and the
converter synchronization to the grid, a high bandwidth can be obtained for the VSC
connected to aweak grid.
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Appendix A

Transformationsfor Three-phase Systems

The transformations in this appendix are used when analysing three-phase machines and
three-phase converters dynamically [1]. The transformations ensure power invariance.

A.1 Transfor mations between Three-phase and af3-system

The three phase quantities x,(t), X,(t) and x,(t) can be transformed into two vectors,

positive- and negative-phase sequence vectors, in a complex reference frame, called of3-
frame

0 2" A 0
502, (0 (0= 2 000 7€ 0+ 20,0 (A1)
and
. 20 A 2T O
0 =X 0+ g (0= S0 +€ 6,0+ 1,007 (a2

where the sum of the three-phase quantities will be zero when no conductor is connected
to the mid-point of the three-phase system, i.e.,

Xy (1) + X, (1) +%4(t) =0 (A.3)

A.1.1 Positive-Phase Sequence

The normal condition of a grid is to have positive-phase sequence vectors and no

negative-phase sequence vectors. Hereby, avector in the af3-frame without the subscript

p denotes a positive sequence vector. Equation (A.1) can now be expressed as a matrix

equation

[3, (t) 0 B1(1:) B

%ﬁ (t) E: Cx3:(0p (A.4)
EX0=

and the inverse becomes
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A.2 Currentsand Voltages of Voltage Source Converter

The three-phase voltages of the voltage source converter can be represented in state-space
vectors by the phase voltages u,(t), u,(t) and u,(t). The voltage vector in the complex

op-frame becomes
u(t) = u, (1) + jug(t) (A.6)
From now on, the valves of the voltage source converter are replaced by ideal switches.

The switches sw,, sw, and sw, of the converter can have a total of eight different

combinations. For each state of the total number of combinations of switches, a state-
Space vector sw can be written as

sn() = | 2 3w )+ 5w )+ ¥ s, (0= 5w, (0 + sy 0 (A7)

In Table A.1, the eight different switch combinations and the state-space vectors of the
switch values are shown. In Fig. A.1, the different switch states are presented in the form
of state-space vectors.

TABLE Al
SWITCH COMBINATIONS
SwW, SW, SWj Sw
1 -1 -1 8%
3
1 1 -1 \Eejlg
3
-1 1 -1 8%
3
-1 1 1 8%
3
-1 -1 1 8%
3
1 -1 1 8%
3
1 1 1 0
-1 -1 -1 0
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SW12,3=[5W1,5W2’5W:] B

Wy 55=[-1,1 1] W, ,5=[1,1,-]]

S 2'3:[_1’1’1] SWy 23= [:L—l, —1]
-« G
SNL2,3:[1,1,]1/V a
W, ,5=[-1,-1,-1]
SW, 5 5=[-1,-1,1] W, ,5=[1,-11]

FigureAl: Sate-space vector representation of the voltage vectors for the voltage
Source converter.

The output voltages of the voltage source converter can now be written as a state-space
vector

u(t) = %S\_N(t) (A.8)

Inasimilar fashion, the three phase currents i,(t), i,(t) and i,(t) can be expressed as a
state-space vector

—

0= | 20,0+ € L0+ 7 1,05=1,0 + iy (9

The sum of the three-phase currents is always zero. The DC-link current i,,(t) between
the dc-link capacitor and the voltage source converter can be written as

iy (1) = sw, (1)i (1) +sw, (1)i,(£) + W, (1)i4(t) = Rei(t) conj(sw(t))] (A.10)

A.3 The Connection between the a3— and the dg-system

Let the vectors v(t) and w(t) rotate with the angular frequency w and wj in the af3-
frame, respectively. The vector v(t) becomes afixed vector in the dg-frame if the vector
w(t) formsthe d-axisin the dg-frame and the angular frequencies w and w, are equal,

asillustrated in Fig. A.2.
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Figure A.2: Therelation between the af-frame and the dg-frame.
Theangles 6(t) and A6B(t) inFig. A.2 are given by

a(t) :j'a)g(r)dr (A.12)

AB(1) :j’[w(r) - a)g(r)]dr (A.12)

The components in the dg-frame can be determined from Fig. A.2. The transformation
equation from the a3-frame to the dg-frame becomes, in matrix form

a(t Lt
g 85: R(-6(1)) ggét; E (A.13)
and the inverse becomes

a t d t
aﬂgt; Ez R(B(t))@l/ 8% (A.14)

where the projection matrix is

[0s8) —sin(B)C
RO=Bing) coxto) H (A.15)

The transformation Eqg. (A.13) can be written in vector form

V(@) (1) = e 190y (@) (1) (A.16)
and theinverse Eq. (A.14) becomes
y("ﬁ)(t) — eje(t)\_,(dQ)(t) (A.17)

Some useful projection matrix trandations are

0
RT(6) = R(-6) RT(B)R(6) = E) 1@

R(O)R(6) = R(206) (A.18)

R(-0)R(~0) = R(-26)

A.4 Voltage and Current Vectorsin af3— and dg-systems

Suppose that a symmetrical sinusoidal three-phase voltage, with the angular frequency
w,, istransformed into avector u(t) = u, (t) + ju,(t) in the af-frame. Define the g-axis
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in the dg-frame as parald to the voltage vector u(t). This definition orginates from a flux
vector paralld to the d-axis in the dg-frame. The voltage vector is proportiona to the time
derivative of the flux vector. As a consequence of the chosen reference vector, the voltage
vector u(t) will only contain a g-component in the dg-frame. The transformation equation
for a current vector from the af3-frame to the dg-frame becomes, in matrix form

040 oH O i, (1) O
HOE RETR 5 T 0 A1)
and theinverse

0. (t)0_ T, (1) O A20

]
H,(05 R 2,08

Of course the voltage vector transformations from the af3-frame to the dg-frame will be
the same as those for the current vectors,

A.5 Positive-, Negative- and Zer o-phase Sequence Har monics

Harmonics in a three-phase system transformed to the a3-frame will rotate in different
directions depending on the harmonic number. For instance, the fundamental current will
rotate counter-clockwise; the 5th harmonic currents will rotate clockwise and the 7th
harmonic current will rotate counter-clockwise. The three voltage vectorsin the af3-frame
are shown in Fig. A.3. The rotation directions of the different sequence harmonics are
marked.

AB ~=Qt)
7%(0/ U(7)(t) ‘\

Uy (Y

QY

5(,‘)9(& l_,l(5)(t)

Figure A.3: Thedirection of different harmonicsin the aB-frame.

Harmonics of the orders n=3k, k=1,2,3,... are of a zero sequence. In the ap-frame
this harmonic vector will not rotate. In a three-phase grid without a neutral conductor, no
zero-sequence harmonics will occur.

Harmonics of the order n=6k +1, k =1,2,3... are of a positive sequence. Thus, the
harmonic vector in the af-frame will rotate counter-clockwise. For the lowest-order
frequencies, the positive-sequence harmonics are the 7th, 13th and 19th.

Harmonics of the order n=6k -1, k=123,... are of a negative sequence and the
harmonic vector rotates clockwise in the a3-frame. For the lowest-order frequencies, the
negative-sequence harmonics are the 5th, 11th and 17th.
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A.5.1 Harmonics in the dg-frame

When transforming vectors from the a3-frame to the dg-frame, a counter-clockwise
rotation of the af3-frame with fundamental angular frequency will occur. The current
vector i‘“P) jstransformed using

j(0a) = g7i(@t-72) (ap) (A.21)

The fundamental current vector in the af-frame will be transformed to a stationary vector
in the dg-frame. Positive-sequence harmonics will rotate slower in the dg-frame. For
negative-sequence harmonics, the vectors in the af3-frame will rotate faster in the dg-
frame. The harmonics transformation from the af3-frame to the dg-frame are shown in
TableA.2.

TABLE A.2
HARMONICS TRANSFORMATION FROM 0f3-FRAME TO DQ-FRAME.
Harmonic type Harmonic number n | af-frame dgframe
= . o (w2 @By =7
fundamental n=1 !Egﬁ)(t) = |(1)e'(wgt i2) Ly (1) = I
i n =6k +1, . _ % inlwgt-m2 . _ % j(n-1)|wgt-mi2
k=123,...
i n=6k-1, . _ % —infwgt-m2) | . _ % —i(n+)|wgt-m2
negative sequence !EgﬁB)(t) - |(n)e ( ¢ ) !Egt):) (t) - |(n)e ( ¢ )
k=123,...
A.6 References

[1] M. P. Kazmierkowski, H. Tunia, Automatic Control of Converter-Fed Drives,
PWN—Polish Scientific Publishers, Warszawa Polen, 1994, p. 559.
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A Comparision Between Electrical Systemsfor Variable
Speed Operation of Wind Turbines

O. Carlson, A. Grauers, J. Svensson, A. Larsson

Chalmers University of Technology
Sweden

Abstract: The aim of this paper isto compare variable speed electrical systemsfor awide
speed range. Synchronous as well as induction generators are investigated. Line-
commutated thyristor converters are compared with force-commutated transistor
converters. The system characteristics are investigated regarding power quality, capability
of damping resonance, losses and price. The rated power of the investigated systemsis
400 kW. The investigation shows clearly that the synchronous generator with a diode
rectifier isthe best choice of generator systems. The force-commutated IGBT converter is
the preferable inverter.

. INTRODUCTION

During the last decade researchers and wind turbine manufacturers have been working on
electrical systemsfor variable speed wind turbines. The well-known advantages of wind
turbines with variable speed are reduction of noise, optimal Cp—A operation, a well
controlled torque in the drive train and thereby the possibility to damp resonance and
avoid speeds causing resonance.

Several different electrical systems have been developed both for a broad and a narrow
speed range. For the narrow speed range rotor cascades of the induction generator are the
most common. The German wind turbine, Growian, and the US. Mod 5B have a
cycloconverter connected to the rotor. The Spanish AWEC-60 has a Kramer cascade.
Thistype of cascade has also been investigated by Hylander [1].

For the wide speed range the synchronous generator with a rectifier and a thyristor
inverter is the most common system. In the Netherlands, a wind farm with this system
was erected in the mid eighties. Severa German machines are also equipped with this
kind of system. Another interesting system is the induction generator with force-
commutated transistor converters. This system has been developed for wind turbine
operation, by US Windpower, and today it isin production for arated power of 300 kW.

Earlier, it has often been said that the losses in the frequency converter of a variable-speed
system are a drawback. Grauers [2] has, however, shown that the total energy losses do
not have to increase because of the frequency converter. The generator and gear |osses
can be reduced when the converter is used, and this reduction is large enough to
compensate for the lossesin an efficient converter. This means that the total energy losses
of avariable-speed generator system can be as low as those of a constant-speed system.

II. ELECTRICAL SYSTEMS

The different parts of an electrical generating system for variable speed operation are
described, evaluated and compared to select the optimal system, see also Svensson et al.
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[3]. The aim of the investigation is to find the best commercially available 400 kW
variable speed system for awide speed range. In this article only the two most interesting
generators, rectifiers and inverters are presented.

The choice of electrical system can be divided into two almost independent choices. The
generator and rectifier must be chosen as a combination and the inverter can be chosen
almost independently of the generator and rectifier used.

A. Generators

The usual generator in wind turbines is the induction generator. In a few wind turbines
the brushless synchronous generator has been used.

The advantages of the induction generator are mechanical simplicity, robustness and
closed cooling (IP54). The major disadvantage is that the stator needs reactive
magnetizing current, preferably from the rectifier.

The synchronous generator is mechanically more complicated than the induction
generator. It has more parts and it is normally cooled with ambient air internally (1P23).
The only clear advantage it has, compared with the induction generator, is that it can be
directly connected to the smple diode rectifier.

B. Rectifiers

The diode rectifier is a good rectifier alternative because of its simplicity, low cost and
low losses. But it generates non sinusoidal generator currents and can not control the
generator voltage or current. Therefore, it must be used with a generator that can control
the voltage and the inverter must control the current. The non sinusoidal generator current
increases the generator losses a little and decreases the rating of the generator by about
5 %. Also the commutation of the diodes is a cause for derating, because it leads to a
voltage drop of about 5 to 10 %. However, the stator of the synchronous generator does
not need a higher apparent power rating than the stator of an induction generator for the
same active power. With adiode rectifier the motor start of the turbine must be performed
by a separate start equipment if necessary.

A force-commutated rectifier is an other alternative. It can be made with different types of
power electronic switches, but it has been found that the insulated gate bipolar transistor,
IGBT, will be the best choice in the near future. A force-commutated rectifier can control
both the generator voltage and the generator current. The disadvantages of the force-
commutated rectifier, compared with the diode rectifier, are the high price and the high
losses. The two main alternative combinations of a generator and rectifier are shown in
Figure 1.

Exciter

DC
capacitor

Perexe
LS s

synchronous Dio_?_e generator  IGBT rectifier
generator rectifier

DC inductor
AN

Figure 1. The two main generator and rectifier alternatives.
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C. Inverter and Grid Filter

Two types of inverters are compared, line commutated inverter and force commutated
voltage stiff inverter. The two types of inverters need different line filters.

Line Commutated Inverter

Another name of the line commutated inverter isthyristor inverter and it needs connection
to the grid to operate. The thyristor inverter can be seen in Figure 2. The current on the
grid side is proportional to the current on the DC-side of the inverter but the power factor
varies with the DC-side voltage. The power factor is equal to or less than 0.9 for aline
commutated inverter. It means that the thyristor inverter consumes reactive power. The
line commutated inverter iswell known and it is a mature product. This makes the cost of
the inverter stable and it will not be dramatically reduced in the future. Thyristor valves
can be overloaded without any damages. The line commutated inverter is available up to
5MW. To protect the line commutated inverter, when the grid voltage disappears, a
special break circuit needs to be installed. The line commutated inverter control has a
maximum dead time of 3.3 ms and the bandwidth is approximately 20 Hz.

Force commutated inverter Line commutated inverter

) . : Qz vy
DC-link DC-link ] ]

. oltage ] -

voltage_| 1 1 Line A _9 Line

4 ~— Transformer ol Transformer

Line filter Line filter
IGBT valve Thyristor valve

Figure 2.Schematic figures of a line commutated inverter and a force commutated
inverter.

Grid Filter to Line Commutated Inverters

The line commutated inverter produces not only fundamental current but also harmonic
current that turns to voltage harmonics on the grid. By using grid filter the harmonic
voltage can be minimized. The line commutated inverter produces harmonic current with
low frequency content. Low frequency harmonic contains more energy than the harmonic
of high frequency. To eliminate the low frequency harmonics large grid filter must be
used. To eliminate all harmonics is not realistic because then a huge filter is required.
Often it is enough to eliminate the harmonic of the fifth and seventh orders. One side-
effect when using a grid filter isthat the filter produces reactive power. This increases the
power factor for the whole inverter system.

Force Commutated |nverter

By force commutate means that the converter freely can choose when to turn on and when
to turn off its valves. This means that the force commutated inverter can create its own
three-phase voltage system and if the inverter is connected to the grid, the inverter can
freely choose which power factor to use and in which direction the power should flow.
Often the power factor is chosen as high as possible. By the use of pulse width
modulation technique (PWM) the low frequency harmonics will be eliminated and the
first harmonics have their frequency around the switching frequency of the inverter.
Usually the switching frequency is about 5 to 10 kHz when insulated gate bipolar
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transistors (IGBT) are used. For older components, for instance gate turn off (GTO)
thyristors, the maximum switching frequency is about one kHz.

The advantage of the GTO thyristor isthat it can handle more power than the IGBT. The
disadvantages of the GTO inverter isthat the inverter needs more complicated circuits to
control its valves and that it has lower efficiency. Manufacturers choose IGBT instead of
GTO if the power is possible to handle with IGBT valves. The evolution of IGBT goes
on fast. The power rates are increasing very fast and the prices are falling. The
component ratings have been doubled every second year. Now the manufacturers offer
IGBT components which make it possible to handle 600 kVA with a single six-pulse
inverter. In a near future the development of the IGBT will make it possible to use a
single six-pulse inverter with IGBT and PWM to handle power in the MV A range. In
Figure 2 the force commutated inverter is shown.

The control capacity depends on which sort of control the inverter is equipped with. The
fastest control method is the vector control and the bandwidth is approximately 100 Hz.
Of course faster controller can be installed to eliminate current harmonics on the grid, but
the disadvantage is that the cost increases with higher inverter bandwidth.

Grid Filter to Force Commutated Inverters

The voltage stiff force commutated inverter needs an inductance between the inverter and
the grid in order to operate. The harmonics of low frequencies are cancelled by using the
PWM technique. A smaller grid filter can be used to eliminate the high order harmonics.
This makesthe grid filter smaller than the grid filters for line commutated inverters.

[11. POWER QUALITY

A. Definition

Perfect power quality means that the voltage is continuous and virtually purely sinusoidal,
with a constant amplitude and frequency. In practice, it is physically impossible to
maintain perfect "stability” of the voltage and its frequency at the user'sterminal.

The quality of the power which depends on the interaction between grid and source can
be expressed in terms of the physical characteristics and properties of the electricity. Itis
most often described by:

- Voltage stahility

- Frequency stability

- Phase balance

- Electromagnetic interference effects
- Telephone interference factors

The electromagnetic interference effects and the telephone interference factors will not be
discussed in this paper. The frequency of larger power systems is normally very stable
and it is hence no problem. When the penetration of wind power plants increases, the
fluctuating output from these may cause an unstable frequency. But, that would demand a
large amount of wind turbines and we are for the moment far from that level. Moreover,
under normal conditions when only three-phase loads are connected to the grid there
would be no phase unbalance. Consequently, the most important among the mentioned
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characteristics and properties above, especially when converters are used, is the voltage
stability.

It is obvious that bad power quality from a wind turbine will affect the grid, but it is
worth pointing out that the reversed case is al'so valid. In other words, bad power quality
on the grid will affect the wind turbine.

B. Relevant Standards of Voltage Stability

Definitions and information regarding the characteristics of the irregularities are normally
given in national or international standards. The present standards in Europe are,
however, not easy to use. For example, only the maximum allowed voltage distortion in
the network is stated. There are no specifications regarding the level of the highest
allowed harmonic current from a single source. The voltage harmonics follow Ohm's
law:

U,=1.2, (D

where U, isthe harmonic phase voltage, 1, isthe harmonic current and Z,, is the phase
impedance of the grid for harmonic number n. The harmonic current generated from a
converter is easy to predict, but to determine the exact value of the impedance of the grid
is both difficult and time-consuming, especially since the impedance has different values
for each harmonic. As a consegquence, the voltage harmonics are very hard to predict.

Voltage stability can be subdivided into dow voltage variations, rapid voltage fluctuations
(flicker), harmonic voltage distortion and voltage dips. These voltageirregularitieswill be
discussed in detail, moreover, Table 1 shows a short summary of the different voltage
irregularities together with a specification of the Swedish standard SS 421 18 11. In the
same table there are some different reasons for these irregularities listed, and the way they
will cause disturbances.

Slow Voltage Variations

Slow voltage variations can be defined as changes in the RMS value of the voltage
occurring in a time span of minutes or more. National standards often state allowable
variations in nominal voltage over an extended period, for instance 24 hours.
|EC Publication 38 recommends 230/400 V to be the standard voltage for 50 Hz
systems. Under these conditions the voltage at the user's terminal must not differ more
than £10 % from the normal voltage.

Flicker

Due to the historical association with effects on lighting, rapid voltage fluctuations have
come to be commonly termed voltage flicker. Rapid voltage fluctuations or flicker are a
series of changes with intervals shorter than approximately one minute, and they are
defined in IEC Publication 555-3. Maximum permitted voltage changes as a function of
the possible fluctuation rate are given in this standard.

Harmonic Voltage Distortions

Harmonic voltage distortions can be caused by the flow of harmonic currents in the
system. The harmonic distortion can be quantified by several different methods. One of
the most common methods is the total harmonic distortion (THD). An other method for
guantifying harmonics is individual harmonic distortion. The maximum total harmonic
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distortion allowed, according to the Swedish standard SS 421 18 11, is 6 %. Maximum
permitted value of any odd individual component is 4 %.

Voltage Dips

Voltage dips are sudden reductions of the supply voltage with a magnitude between 10 %
and 100 % of the supply voltage followed by a voltage recover after a short period. The
duration of avoltage dip is conventionally between 10 msand 1 minute.

C. Power Quality Applied on Wind Turbines

When it comes to power quality from wind turbines only some specific voltage
irregularities are of interest. A conventional wind turbine, equipped with an induction
generator connected directly to the grid, gives afluctuating active power output and has a
reactive power demand. This may lead to slow voltage variations. The design criteriafor
the local grid is based on the slow voltage variation standard. Voltage flicker may be of
interest only when wind turbines are connected to a weak grid. As mentioned earlier,
inverters do inject harmonic currents into the grid and will, due to the grid impedance,
cause harmonic voltages. As aresult, voltage harmonics are the most interesting type of
irregularity when converters are used. A simple converter may, due to current harmonic
content and reactive power demand, make the power quality worse. Using an advanced
converter makes it possible to control the reactive power. An advanced converter can also
operate as an active filter, Akagi [4]. These two characteristics make it possible to even
improve the power quality at the point of common connection.
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TABLE1
VOLTAGE IRREGULARITIESON LOW VOLTAGE SYSTEMSACCORDING TO
THE SWEDISH STANDARD SS 421 1811.
Voltage Specification | Reason Causes
Slow voltage |+6% Load
variation -10% variations
Sudden "Flicker Switching Flicker
changesin curve' loads
the rms of Computer
the voltage Utility system
switching crashes
Voltage Motor
fluctuation starting
Harmonics Odd<4 % Non-linear Additiona
loads lossesin
Even<1% generators
Motor speed | and
THD<6% controllers transformers
(n=2-40)

Inverters Increasing
current in
capacitors

Inter <3% Frequency Unstable

harmonics converters operation of
sengitive
electronic
equipment

V. COMPARISION OF SYSTEMS

In this section the aternative systems are compared regarding price, cost of losses and
performance. The comparison of generator and rectifier is summarized in Table 2 and the
comparison of invertersis summarized in Table 3. The prices and costs are all related to
the price of a400 kW induction generator, 14 000 ECU, to easily make comparisons.

A. Component Price

The prices of the different systems, presented in Tables 2 and 3, are only the component
prices and do not include mounting and enclosure. 1t must also be made clear that the
prices are uncertain. The generator prices vary alot depending on who the buyer is. Also
the price of the IGBT rectifier/inverter is uncertain because today only a few
manufacturers have yet developed large IGBT converters. Therefore, the price of the
IGBT inverter can be assumed to be reduced in the future.

B. Losses

When comparing the cost of the different systems the cost of losses must be included.
L osses can be considered as a cost because they reduce the produced energy of awind
turbine and, therefore, reduce the income.
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An easy way to estimate the minimum cost of the lossesis to say that if the output energy
of the wind turbine system is reduced by 1 % then the wind turbine will be worth 1 %
less. The price of a400 kW wind turbine is today about 350000 ECU and if the losses
reduce the output energy by 1 % that will represent a cost of 3500 ECU. This
estimation gives alower limit to the value of losses. The value can be higher if the price
of electricity ishigh.

The losses at rated load can not be used to calculate the cost of losses directly. The total
energy losses must instead be calculated. The energy losses depend on the wind
conditions at the wind turbine site and on the control of the electrical system [2].

C. Inverter Harmonics

Harmonics are an important part of the total power quality. All inverters cause harmonic
currents due to their working principles. The amount of voltage harmonics on the grid is
determined by how large the short-circuit inductance of the grid is. Grid filters are used to
eliminate harmonics on the grid. As mentioned before line commutated inverters produce
harmonics of low orders (250 and 350 Hz). Force commutated inverters using PWM and
IGBT produce harmonics of high orders (larger than 5 kHz). Harmonics of high orders
require smaller filter than harmonics of low orders and the cost of filter depends on the
physical size. This makesfilter that works with line commutated inverters larger and more
expensive than the filter which works with force commutated inverters.

D. Torgue Control

In the examined wind turbine all important resonance frequencies in the drive train are
below 5 Hz. The bandwidth of the torque control has, therefore, been required to be at
least 10 Hz. All the examined systems fulfil that requirement. A system with IGBT
inverter or rectifier allows up to 100 Hz bandwidth. The slowest system is a
synchronous generator with diode rectifier and thyristor inverter. The thyristor inverter
controls the torque by controlling the dc current. Even that system allows a torque control
bandwidth of at least 10 Hz.

E. Choice of Generator and Rectifier

The cost comparison of the two generator/rectifier alternativesis clear, see Table 2. The
synchronous generator with diode rectifier has much lower total cost than the induction
generator with force-commutated rectifier. The difference in total cost is large not only
because of the high price of the force-commutated rectifier, but also because of its high
losses. So, even if the price of the force-commutated rectifier is reduced much in the
future, the synchronous generator with diode rectifier will remain the cheapest alternative.
A disadvantage of the synchronous generator isthat there are only afew manufacturers of
enclosed synchronous generators.

There are, however, some advantages of the induction generator system. It can be used
for the motor start of the turbine. There are also several manufacturers of enclosed
induction generators.

The cost of generator losses is higher than the price of the generator. This showsthat itis
not meaningful to compare only the price of the alternative generators. It also meansthat it
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may perhaps be interesting to make a specially designed generator that is more expensive
than these standard generators if the losses can be reduced enough.

F. Choice of Inverter

The comparison of the total cost of the inverter and its losses clearly shows that the
thyristor inverter is the least expensive choice, see Table 3. Even with a substantial
reduction of the IGBT inverter cost the thyristor alternative will be cheaper because the
difference in losses is not likely to be reduced much. However, the increasing demands
on power quality may make the thyristor inverter less attractive in the long run. The
higher cost of the IGBT inverter and its higher losses may very well be accepted because
of itslower grid disturbance. The IGBT inverter can even improve the power quality of
the grid.

TABLE2
COMPARISON OF TOTAL COST AND SYSTEM PERFORMANCE OF
THE GENERATOR AND RECTIFIER ALTERNATIVES.

Synchronous gen. Induction gen.
and and
Diode rectifier IGBT rectifier
Motor start needs extra possible
equipment
Generator cooling | normal ly open normally enclosed
Generator price 1.2 1.0
Cost of
generator losses 19 13
Rectifier price 0.1 2.0
Cost of
rectifier losses 0.5 1.3
Total cost 3.6 5.6
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TABLE3
COMPARISON OF TOTAL COST AND POWER QUALITY
ASPECTSOF THE INVERTER ALTERNATIVES.

Thyristor inv. IGBT inverter
and and
ACfilter ACfilter
Harmonic large harmonicslow | small harmonics
currents frequency high frequency
t ectl
Power factor ggntrigﬂ( abl ey controllable
i large smdll
Filter tuned filters low pass filters
Inverter price 0.8 2.3
Cost of
inverter losses 0.5 11
Filter price 0.3 0.2
Cost of
filter losses 0.1 0.1
Total cost 1.7 3.6

V. CONCLUSION

The investigation shows clearly that the synchronous generator with a diode rectifier is
the best choice of generator systems. The main reason is the possibility for the
synchronous generator to use the diode rectifier with low losses and low price.

The inverter choice is the IGBT force-commutated inverter due to the low harmonic
content and the possibility to control the reactive power. These advantages are important
due to high power quality demands. For the system layout see Figure 3.
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Figure 3. The proposed system for variable speed wind turbines. Synchronous generator
and diode rectifier for low losses and low cost. IGBT inverter for high power quality.
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Possibilities by Using a Self-Commutated Voltage Sour ce
Inverter Connected toaWeak Grid in Wind Parks

Jan Svensson M. Sc.

Department of Electric Power Engineering
Chalmers University of Technology
S-412 96 Goteborg, Sweden

Abstract: In this paper the hybrid wind farm connected to a weak grid is investigated.
By combining different electrical wind power plant systems a cost-efficient solution is
obtained. The point of common connection voltage level can be controlled by injecting
reactive power from a phase-compensating capacitor battery and a voltage source inverter
(VSI). If the short-circuit impedance ratio is lower than 1, the demanded reactive power
injection to keep the voltage at nominal level is unrealistic. For short-circuit impedance
ratios of 2 or higher the demanded reactive power level is acceptable. When using both
induction generators and thyristor inverters the reactive power injector VS| size should be
about 0.2 pu. If the hybrid farm consists of THY's, IGs and V Sls and the active power is
equally shared between the systems, the VS| had to be scaled up by 5% to handle both
active and reactive power.

Keywords: Electrical systems, Reactive power, Grid, Control.

1. INTRODUCTION

To successfully install wind turbines on a weak grid, a knowledge of the wind turbine
impact on the grid is essential. The most common electrical system of commercial wind
power plants is the induction generator (IG) directly connected to the grid. A major
drawback is that the reactive power flow and thus the grid voltage level cannot be
controlled. Another drawback associated with fixed speed system is that the blade rotation
causes voltage fluctuations of afrequency of 1 to 2 Hz on the grid [1]. This fluctuation
problem is not solved by using several turbines; on the contrary, if several identical wind
turbines are installed in awind park, the rotors can synchronize with each other and the
power fluctuations are superimposed in phase[2].

With variable-speed wind turbines several advantages can be achieved compared to the
directly connected 1Gs. Such as lower noise, increased average efficiency [3], reduced
power fluctuation between the wind turbine and the grid and |ess dynamic stresses on the
mechanical structure of the plant. However, the disadvantage is a higher cost of the
electrical system [4].

Today the thyristor inverter (THY), also named grid-commutated inverters, is the
cheapest solution to transmit the power into the grid. However, the grid voltage can till
not be controlled since the power factor depends on the active power. If the grid is weak,
voltage distortion will occur [5]. Another problem is injected current harmonics into the
grid, which resultsin voltage distortion.

The self-commutated voltage source inverter (VSI) isagrid-friendly converter [6]. The
harmonics injected into the grid are now of a much higher order and can much easier be
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filtered. The reactive power can now be chosen freely. However, some drawbacks are
high cost, lower efficiency than with the THY and a limited maximum size of the
inverter [4].

A conventional wind park connected to a weak grid can give rise to voltage variations.
Today the solution is to build a stronger grid. To equip all the wind turbine electrical
systems with VS| would also be a solution, but arather expensive one.

In this paper a solution is proposed which combines the technical and economical
advantages of different systems, the hybrid wind farm. The farm consists of wind
turbines with constant speed using directly connected |G as well as variable-speed
electrical systems. One of the variable-speed electrical systemshasa VSl connected to the
grid, the others have THYs. The VSI is used to reduce harmonic distortion and voltage
variations. Important factors are the short-circuit ratio, SCR, and the ratio between the
reactance and the resistance of the grid, SCIR (Short-Circuit Impedance Ratio).

2. THE SYSTEM CONFIGURATION

The hybrid wind park consists of wind turbines that have directly connected 1Gs,
variable-speed electrical systems using THY s and one or afew VSIs. In Figure 1 the
hybrid wind park configuration is shown. The variable-speed system uses synchronous
generators (SG) and adiode rectifier to obtain high efficiency and low cost [4]. The grid
strength is governed by the grid impedance consisting of a resistance R, and an
inductance L . The no-load grid rms-phase voltage is denoted E,, The grid at the farm,
called point of common connection (PCC), has the rms-phase voltage E. The THY DC-
link voltage yields u,.. The VSI rms-phase voltageis denoted U .

J

induction
generator
rectifier

thyristor
inverter

T L J
%& udc(t) $

Point of
———@ Common
synchronous Connection
generator voltage
. source
rectifier .
inverter E N

:

_|

U
L
.

synchronous
generator

Ls Rg
VS| grid filter

Figure 1: The hybrid wind park configuration.

For the variable-speed system with the THY, two DC-link voltage control strategies are
investigated. Apart from using the conventional control strategy of constant flux (CF) in

L vRy

weak grid
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the SG a proposed strategy is investigated. The idea is how to get optimal efficiency
(OPT) for the SG [7].

3. VOLTAGE VARIATIONS DUE TO WIND VARIATION

Since the reactive power injected by 1G and THY into the grid cannot be controlled, the
voltage level of the PCC will vary. The two different control methods of the THY will
also affect the grid voltage differently. Figure 2 shows the reactive power as a function of
the active power for the IG and the THY .

0 | | |
OPT
/ :
é 0.2 =
S -0.3 -
=
2 A
o -04 1
> Va
3 05 CE -
G
-0.6 \ \ \ \
0 0.2 0.4 0.6 0.8 1

active power [pu]

Figure 2. The reactive power as a function of the active power for the IG and the THY.
The THY uses CF- and OPT-modes.

For atypical 1G the reactive power varies from approximately —0.25 pu to -0.45 pu at
rated active power. The reactive power of the THY goes from 0 to —0.38 pu when the
advance angle is 20°. The CF-mode has the largest reactive power span, 0.45 pu. The
reason for the different reactive power functions for the two types of THY controlsis that
the DC-link voltage is higher in the OPT-mode for median wind speeds. In Figure 3, the
DC-link voltage and the resulting reactive power are plotted as a function of the wind
Speed.
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Figure 3: The THY DC-link voltage and the reactive power as a function of the wind
speed and for the CF- and OPT-modes.

3.1. The Voltage Fluctuation

Here, the voltage fluctuation of the PCC with weak grid is analysed. In Figure 4 and
Figure 5 the voltage fluctuation caused by the IG and the THY is presented for the SCR
of 10. For alow short-circuit impedance angle (SCIA) the grid is mainly resistive and a
high SCIA means that the grid is mainly inductive. As can be noted SCIA strongly
governs the voltage level, especially at high active power levels. Low SCIA increasesthe
voltage at PCC and for high SCIA the voltage at PCC decreases. The voltage fluctuation
isminimized if the SCIA is about 40° to 60°.

voltage [pu]
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Figure 4: The PCC voltage level variation due to the SCIA and the active power fromthe
IG. The SCRis 10.
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Figure5: The PCC voltage level variation due to the SCIA and the active power fromthe
THY. The SCRis 10 and the minimum advance angle is 20°.

4. VOLTAGE CONTROL OF THE GRID

The voltage level of the grid is used to control the reactive power injected to the grid. This
can be done stepwise by a capacitor battery or continuously by controlling the reactive
power from a VSI, shown in Figure 6. Usually one or two capacitor stages are used at
wind turbines.

Figure 6: The method to control the voltage level of the grid.

5. REACTIVE POWER REQUIREMENTS

The reactive power, injected into the grid, needed to keep the PCC voltage at nominal
level isinvestigated in this section. The SCR is 10 for every combination and the SCIR
has the values of 0.5, 2.5, 10 and 20. The base power, 1pu of the wind farm is the total
nominal active power of the wind farm. The seven variants investigated of the hybrid
wind farm electrical system are presented in Tablel.
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TABLE|I
THE DIFFERENT ELECTRICAL SYSTEM
FORMATION IN THE HYBRID WIND FARM.

Variant Type of electrica system

A VS

B G + VSl reactive power injector
C THY(CF) + VSl reactive power injector
D THY (OPT) + VSl reactive power injector
E IG+THY (CF) + V'Sl reactive power injector
F IG+THY (OPT) + VSl reactive power injector
G | IGFTHY(OPT)+VSl

To control the voltage at PCC al variants, A to G, have a capacitor battery, in some cases
an inductor, which injects a constant value of reactive power to the grid. Furthermore, a
VSl is used in every variant to actively control the voltage level at PCC by injecting
reactive power. For the variants A and G the existing VSI is used. But, for the other
variants, B to F, a VSl that only operates as a reactive power injector is used. In the G
alternative, the VSI delivers one third of the total farm active power and also injects
reactive power to the grid.

The capacitor battery is designed to deliver the mean demanded reactive power. The
remaining part of the required reactive power is handled by the VSI. In thisway, the VSI
can be dimensioned as small as possible.

If the hybrid farm contains THY s, the capacitor battery can be designed as atuned filter to
remove harmonic currents from the grid.

The injected reactive power required for the different farm and grid configurations is
shown in Figures 7 to 10. As shown, the reactive power demands changes substantially
depending on the

0.4 | |

reactive power [pu]

-0.4 \ \

I
0 0.2 0.4 0.6 0.8 1
active power [pu]

Figure 7: Theinjected reactive power required to maintain nominal PCC voltage. SCRis
10 and SCIRis 2.5. The electric system configurations are shown in Table .
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Figure 8: Theinjected reactive power required to maintain nominal PCC voltage. SCRis

10 and IR s 10. The electric system configurations are shown in Table .
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Figure 9: Theinjected reactive power required to maintain nominal PCC voltage. SCRis

10 and SCIRis 2.5. The electric system configurations are shown in Table .
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Figure 10: The injected reactive power required to maintain nominal PCC voltage. SCRis
10 and IR s 10. The electric system configurations are shown in Table .

grid and the farm configuration. In some cases the demanded reactive power isinductive.
The results are summarized in Table |1 for the different farm and grid constellations; the
max and min reactive power; the size of reactive battery and the size of VSI are tabled.
The VSl scalefactor is aso tabled, i.e. how much larger the VSI must be to handle both
active and reactive power instead of only active power.

When the reactive power demand is aimost constant due to active power variation, the
size of the VSI can be minimized. For low values of SCIR, 0.5 and below, the required
size of VS| becomes large and thus expensive. For these low SCIRs the cost of keeping a
constant voltage will probably be unrealisticly high. However, the SCIR is usually high
enough, at least for transmission lines with a capacity of 50 MV A or higher. The reactive
power demand is approximately the same for SCIR of 10 and above. The SCIR of 10 to
infinity is the same as SCIA of 84° to 90°. In Figures 4 and 5 the voltage variations at
high SCIAs are amost the same. For the IG and VSl injector, variant B, and low SCIR,
no capacitor battery should be used to compensate the I1G reactive power if the PCC
voltage level is to be controlled. Of course the grid current will increase, leading to
increased transmission losses due to the increased reactive current.

When comparing the different modes of the THY sit is found that the CF-mode demands
alarger VSI injector. Also the capacitor battery needs to be larger than that for the OPT-
mode. But, when adding |G to the system, variants E and F, the two systems get the
same characteristics, since, the reactive characteristics of the IG and the THY are
smoothing each other.

The VSl injector size is maximum 0.21 pu when the VS| only is used as a reactive power
injector for the hybrid farm and the SCR is 10 and the SCIA is 2.5 or higher. When the
hybrid farm consists of 1G, THY, VSI and each subsystem takes one third of the active
farm power, case G, the VS| only needs to increase about 5% to eliminate the voltage
variation. The capacitor battery is approximately 0.10 pu. If SCIR islarger than 2 it will
be no problem to control the voltage at the PPC.
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reactive power needed to keep the voltage constant becomes unrealistically high.

TABLEII

THE DEMANDED REACTIVE POWER TO MAINTAIN
THE NOMINAL VOLTAGE LEVEL AT PCC.

Variants SCIR 0.5 SCIR 2.5| SCIR 10 | SCIR 20
A:MinQ [pu] | -1.98 | -042 | -0.050 | -0.0125
MaxQ [pu] | 0.66 0.12 0.035 | 0.0196
Q(CorlL)[puy] -0.66  -0.15  -0.007  0.0035
QS [pu]|1.32 0.27 0.042 | 0.016
VSl scdle 66% 3.6% | =0% =0%
B:MinQ [pu]|-1.1439 | 0.1036 | 0.2498 |0.2574
MaxQ [pu] | 0.26 0.2598 | 0.4079 | 0.4576
Q(CorlL)[pu] -044  0.1817 03289  0.3575
Q(VS) [pu]|0.70 0.0781 |0.0790 | 0.1001
C: MinQ [pu]| -1.2374 |0 0 0
MaxQ [pu] | 0.0391 | 0.2670 | 0.4206 | 0.4529
Q(CorL)[pu] -05991 |0.1335 | 0.21 0.2264
Q(VS)) [pu]|0.6382 | 0.1335 |0.21 0.2264
D: MinQ [pu] | -1.2374 | -0.0042 |0 0
MaxQ [pu] | 0.0568 | 0.1632 |0.3145 |0.3642
Q(CorL)[pu] -05903 0.0795 | 0.1572  0.1821
Q(VS)) [pu]|0.6471 | 0.0837 |0.1572 | 0.1821
E:MinQ [pu]|-1.1906 | 0.0709 |0.1299 |0.1299
MaxQ [pu] | 0.1353 | 0.2103 | 0.3698 | 0.4139
Q(CorL)[pu] | 05277 | 0.1406 |0.2498 | 0.2719
Q(VSl) [pu] 0.6630 | 0.0697 | 0.12 0.1420
F:MinQ [pu] | -1.1906 | -0.0548 |0.1299 |0.1299
MaxQ [pu] | 0.1446 | 0.1888 | 0.3612 | 0.4109
Q(CorL)[pu] | -0.5230 | 0.1218 |0.2455 | 0.2704
Q(VSl) [pu] 0.6676 | 0.067 | 0.1157 | 0.1405
G:MinQ [py] | -1.32 |-0.066 | 0.0866 |0.0866
MaxQ [pu]| 0.0932 | 0.1159 | 0.2243 | 0.2739
Q(CorL)[pu] | -0.6172 | 0.0249 |0.1554 | 0.1803
Q(VS) [pu] 07104 | 0.0910 | 0.0688  0.0937
VSl scae 138% | 3.6% | 21% |3.9%

6. CONCLUSION

In this paper a hybrid wind farm connected to a weak grid has been investigated. It is
shown that the voltage can be kept constant utilizing a VSl and properly sized capacitor
battery providing that SCIR is higher than approximately 2. If SCIR islower than 1, the

The VSl injector size is maximum 0.21 pu when the VSI only is used as a reactive power

injector for the hybrid farm and the SCR is 10 and the SCIA is 2.5 or higher.

The most advantageous configuration is the variant G, where the hybrid farm consists of
IG, THY, VSl and each subsystem takes one third of the active farm power. The VS
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only needs to increase about 5% to eliminate the voltage variation. The capacitor battery is
approximately 0.10 pu.

[1]
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[3]
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The Rating of the VVoltage Source Inverter in a Hybrid
Wind Park with High Power Quality

Jan Svensson

Department of Electric Power Engineering
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S-412 96 Goteborg, Sweden

Abstract: A hybrid wind park consists of wind turbines which have different electrical
systems: directly connected induction generators (IG) and variable-speed electrical
systems. One of the variable-speed electrical systems has a voltage source inverter (VSI)
connected to the grid, the others have grid-commutated inverters (GCI). The VSI can be
used for reactive power compensation and active filtering, in addition to converting wind
power. These additional features cause an increase of the VS rating. The degree of over-
rating depends on the wind park configuration. In a three-turbine wind park, consisting
of an IG, a GCI and a VSI of equal rated active power, the rated current of the VSI
becomes 1.33 pu for the rms-current comparison and 1.73 pu for the peak-to-peak
current comparison. When a 5th-harmonic passive shunt filter is used to cancel the 5th
harmonic current from the GCI and to produce the mean consumed reactive power of the
wind park, the rated power of the VSI becomes 1.06 pu for the rms-current comparison
and 1.2 pu for the peak-to-peak current comparison.

1. INTRODUCTION

The interest in the variable speed operation of wind turbines has increased in recent years
because of the potential to improve the total wind turbine system performance. Usually,
grid-commutated inverters (GCl), equipped with thyristors, are used on the grid side of
the electrical system. The cost for these convertersis rather low and the efficiency high.
However, there are two problems associated with GCls: low-frequency current
harmonics are injected into the grid and the GCI consumes reactive power. Wind parks
are often located in rural areas where the grid is often weak, i.e.,, the grid has arelatively
low short-circuit power. A wind park connected to a weak grid will increase the voltage
variations, and variable speed systems with GCI will also increase the voltage harmonic
distortion. Today, these problems are solved by increasing the short-circuit power of the
grid. Another solution is to equip all wind turbines with forced-commutated voltage
source inverters (VSl), but the VS| costs more and has alower efficiency than the GCI.

The benefits of all systems can be utilized by a hybrid wind park consisting of wind
turbines which have different electrical systems: directly connected induction generators
(IG) and variable-speed electrical systems. One of the variable-speed electrical systems
hasaV Sl connected to the grid, the others have GCls.

This paper deals with a hybrid configuration of a wind park, consisting of up to 3
turbines. The investigation is a continuation of [1], in which the focus was on reactive
power compensation and the voltage level at the point of common connection (PCC).
Here, the emphasisis on the rated current of the VSI when it converts active power and
simultaneously operates as an active filter and a reactive power compensator. The rated
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active powers of the VS, the IG and the GCI are assumed to be equal, and the total
reactive power to the grid is set to zero to obtain a unity power factor. The required size
of the VSl in different systems and operating modes is investigated.

2. THE SYSTEM CONFIGURATION

The hybrid wind park configuration is shown in Figure 1. The variable-speed systems
use synchronous generators (SG) together with rectifiers. A 5th-harmonic passive shunt
filter (PSF) is connected to the PCC.

%
passive shunt filter
induction grid
generator commutated
rectifier inverter
I gei i >
2& s o
point of
synchronous common
voltage .
generator
sty SOUICE connection
inverter
- Ivg +E N
_—> -
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| E L« Ry
synchronous weak grid
generator

Figure 1: The hybrid wind park configuration.

For the variable-speed system with the GCI, two DC-link voltage control strategies can
be used to control the SG. They are the constant flux mode (CF) and the optimal
efficiency (OE) mode [1,2].

3. THE POWER QUALITY OF THE TURBINES

A. Reactive Power

Since the reactive power consumed by the IG and the GCI cannot be controlled, the
voltage level of the PCC will vary if the grid isweak. The two different control methods
of the GCI will also affect the grid voltage differently. Figure 2 shows the reactive power
of the IG and the GCI as a function of the active power. The units are in the process of
consuming reactive power and delivering active power to the grid. For atypical 400 kW
|G, the reactive power varies from approximately —0.26 pu to —0.46 pu. The reactive
power of the GCI goes from 0 to —0.36 pu. The CF-mode has the largest reactive power
span, from O to —0.46 pu. The reason for the different reactive power functions for the
two types of GCI control methods is that the DC-link voltage is higher in the OE mode at



Paper 1C 69

intermediate wind speeds. The minimum advance angle of 20° is atrade-off between the
DC-link voltage and safety margins of commutation failures.

0 | | | |
\ j GCI(OE)
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Figure 2: The reactive power (generator reference) as a function of the active power for
the 1G and the GCI. The GCI uses CF and OE modes.

The PSF produces a constant reactive power and is designed to deliver the mean reactive
power consumed by the GCI and the |G, in the wind speed span from 0 to 1 pu. Dueto
the vector current controller of the VSI, the reactive power can be controlled
independently of the active power.

B. Low-frequency Harmonics

The GCI produces low-frequency current harmonics with amplitudes dependent on the
active power level. In the following analysis, the phase currents of the GCI will have a
guasi square wave form due to a smoothing dc-link inductor [3]. Harmonics up to the
31st order are taken into consideration.

The vector-controlled VSI can act as an active shunt filter and cancel the current
harmonics of the 5th, 7th 11th and 13th order. Furthermore, the VSI and its control
system are assumed to operate ideally. Of course, active filters can cancel higher-order
harmonics, but then the losses of the VS| increase.

4. METHOD OF ANALYSIS

The required rated power of the VSI isanaysed in various cases: whenthe VS actsas an
energy converter, a reactive power compensator, an active filter or as a combination of
these acting modes.

The current rating of the VS| can be determined either by the rms-value or the peak-to-
peak value of the current. For sinusoidal currents, the two methods result in the same
converter rating. If the current from the VSI is distorted, the two methods will differ.
Depending on the type of valves the VSI is equipped with, one of the two methods is
more appropriate to use. The rms current of the VS| is a degree of total losses in the
valves. Thus, the rms-current value of the VSI for non-sinusoidal currents can be
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compared with the rated sinusoidal current of a standard VSI. The peak-to-peak current
value of the VS| should be used when the maximum current of the valvesis the limiting
factor. In this case, the peak-to-peak current of the VSI must be compared with the
sinusoidal peak-to-peak current of a standard VSI. The most usual valves in medium-
sized inverters are IGBTs. The IGBT does not have a maximum current limit, as the
IGCT has [4], but the IGBT must be protected from overheating. Table 1 displays the
maximum, minimum and the mean consumed reactive powers for different wind park
configurations together with the wind speed corresponding to the mean reactive power.

TABLE1
THE MAXIMUM, THE MINIMUM AND THE MEAN REACTIVE POWER
(GENERATOR REFERENCE) FOR DIFFERENT CONFIGURATIONS.
THE WIND SPEED VARIESBETWEEN O AND 1 PU.

configuration | Qma [PU] | Quin [Pl | Qe [PU] | wind speed [pu]
corresponding
0 Q ean

1G -0.46 -0.26 -0.36 0.89

GCI(CF) —0.46 0 -0.23 0.50

GCI(OE) —0.36 0 -0.18 0.44

IG + GCI(CF) ~0.84 ~0.26 ~0.55 0.56

IG+GCI(OE) -0.82 -0.26 —-0.54 0.84

An example of the time variation of the currentsis shown in Figures 3 and 4, when the
wind park consists of aVSI, an |G and a GCI. The VSI operates as a reactive power
compensator and an active filter in addition to active power generation. In Figure 3, the
GCI current and the grid voltage for wind speeds of 0.7 pu and 1.0 are presented together
with the grid voltage. The resulting VSI current and its fundamental component are
shown in Figure 4. The peak-to-peak value of the VSI current at a wind speed of 1.0 pu
becomes 1.73 pu, and the fundamental current component becomes 1.3 pu.
Consequently, the active filter option requires a considerable increase of the rated current
of theVSl.
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Figure 3: The GCI(CF) currents and the grid voltage for wind speeds 0.7 pu and
1.0 pu.
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Figure 4. The VS current and its fundamental component, VS(1), for wind speeds
0.7 pu and 1.0 pu.

5. INVESTIGATED WIND PARK CONFIGURATION

Ten different wind park configurations were investigated as described in Table 2.
Configurations A and F correspond to the active power production combined with the
reactive effect compensation or active filtering. In configurations B to E, the VS| acts as
an active filter and as a reactive power compensator. For the other variants (G to K), the
VS| acts as an active power converter and the active filter and reactive power
compensation modes alter.
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TABLE 2
THE DIFFERENT WIND PARK CONFIGURATIONS THAT HAVE BEEN SMULATED.
THE VSl COMPENSATES FOR THE ACTIVE POWER AND/OR REACTIVE POWER AND/OR CURRENT
HARMONICS.

Variant VSI as Reactive power Orders of filtered
(and total active power | compensated by harmonics
active power) converter the VSI
A (3 pu) yes IG, GCI
B (1 pu) no GClI 5,7,11,13
C(lpu) no PSF, GCI 7,11, 13
D (2 pu) no IG, GCI 5,7,11,13
E (2 pu) no PSF, IG, GCI 7,11,13
F (1 pu) yes 5,7,11,13
G (2 pu) yes GCI 57,11, 13
H (2 pu) yes PSF, GCI 7,11, 13
J (3 pu) yes IG, GCI 57,11, 13
K (3 pu) yes PSF, IG, GCI 7,11,13

6. RESULT EVALUATION

Table 3 presents the maximum rated current of the VSI for wind speeds from 0 to 1 pu
for the wind park configurations described in Table 2.

TABLE3
THE MAXIMUM CURRENT OF THE VS| FOR THE WIND SPEED SPAN 0 TO 1 PU AND FOR DIFFERENT
SYSTEM VARIANTS.
Variants Maximum peak value [pu] Maximum RMS value [pu]
CF-mode OE-mode CF-mode OE-mode
A 1.30 1.30 1.30 1.30
B 0.74 0.73 0.52 0.47
C 0.47 0.47 0.28 0.27
D 1.13 1.12 0.88 0.87
E 0.56 0.56 0.34 0.35
F 1.10 1.10 1.04 1.04
G 1.38 1.38 1.10 1.10
H 1.17 1.18 1.03 1.04
J 1.73 1.73 1.33 1.33
K 1.20 1.20 1.06 1.06

A. The RMS-Current Comparison

In this section, the rms-current comparisons of different wind park configurations arein
focus. If the wind park consists only of a GCI and aV Sl which acts as an active filter and
reactive power compensator (B), the rated VS| size becomes 0.52 pu for the CF mode
and 0.47 pu for the OE mode. The rms-current of the VSI as a function of the wind
speed is shown in Figure 5. By introducing a PSF (C), the VSI size will be reduced to
0.28 pu and 0.27 pu for the CF-mode and the OE-mode, respectively. Furthermore, the
OE mode of the GCI decreases the current of the VSI below the rated wind speed, as
shown in Figure 5. The current reduction is important because the mean wind speed is
lower than the rated wind speed of the wind power plants, and lower rms-currents result
in agreater efficiency. If an IG is added to the wind park (D, E), the consumed reactive
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power is increased. It is obvious, according to Figure 6, that the use the PSF is an
advantage. The rated current of the VS| is 0.87 pu without the PSF, and by using the
PSF it decreases to 0.34 pu, areduction of 61%.

0.6 \ \ \
B(CF)

05- A

0.4

B(OE)— %,

0.3 % C(0E)

0.2 7

Current [pu]

0 \ \ \ !
0 0.2 0.4 0.6 0.8 1
Wind speed [pu]

Figure5: The rms-current of the VS as a function of the wind speed. Wind park variants
B and C are displayed.

Current [pu]

0 0.2 0.4 0.6 0.8 1
Wind speed [pu]

Figure 6: Therms current of the VS as a function of the wind speed. Wind park variants
D and E are displayed.

The complete wind park (variant K), consists of an 1G, a GCI(OE), a PSF and aVSl.
The VSI operates as an active power converter, an active filter and a reactive power
compensator. The rated current of the VS| becomes 1.06 pu with and 1.33 pu without
the PSF, according to Figure 7. When introducing the PSF, the VSI must consume
reactive power at low wind speeds, because the |G and the GCI consume less reactive
power than the reactive power produced by the PSF. The VSI current is thus higher at
low wind speeds when the PSF is used. The crossing point for the VSI currentsis at a
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low wind speed, approximately 0.1 pu in Figure 7. At low wind speeds the captured
wind power is low, resulting in a minor current, and the losses become low or the
turbines are shut off.

If aPSF is used, the |G does not influence the rated current of the VSI, as demonstrated
in Figures 7 and 8. The addition of an |G increases the rated current of the VS| by 21%
without the PSF but only by 3% with the PSF. Because of the almost constant reactive
power demand of the IG, the current increaseislow.

J(CF) \

1.4

1.2

J(OE)
1

0.8 7

0.6 7

Current [pu]

0.4

0.2

0 \ \ \ \
0 0.2 0.4 0.6 0.8 1
Wind speed [pu]

Figure 7: Therms current of the VS as a function of the wind speed. Wind park variants
Jand K are displayed.
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Figure 8: The rms-current of the VS as a function of the wind speed. Wind park variants
G and H are displayed.
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B. The Peak-to-peak Current Comparison

The results of the peak-to-peak current demand of the VSI in the different wind park
configurations have almost the same characteristics as the rms-current demand. The peak-
to-peak current is scaled up compared with the rms-current in the same wind park
configuration. The result of the wind park variant K is shown in Figure 9. The VSI
current increases by 13% when the peak-to-peak current method is used. The largest
increase is 74% for the wind park variant C. Asin the rms case, the OE mode of the GCI
reduces the current above 0.5 pu wind speeds, and the use of a PSF results in a lower
VSl.

2
J(CF)
1.5 \ =
J(OE)
E . K(CF) /
T K(OE)
3
0.5 -
0 \ \ \ \
0 0.2 0.4 0.6 0.8 1
Wind speed [pu]

Figure 9: The peak-to-peak current of the VS as a function of the wind speed. Wind park
variants J and K are displayed.

6. CONCLUSION

In ahybrid wind park, the VSI can be used for reactive power compensation and active
filtering in addition to converting wind power. These additional features cause an increase
of the VSl rating. The degree of over-rating depends on the wind park configuration.

In athree-turbine wind park, consisting of an 1G, a GCl and aV Sl of equal rated active
power, the rated current of the VSl becomes 1.33 pu for the rms-current comparison and
1.73 pu for the peak-to-peak current comparison. When a 5th-harmonic passive shunt
filter is used to cancel the 5th harmonic current from the GCI and to produce the mean
consumed reactive power of the wind park, the rated power of the VSI becomes 1.06 pu
for the rms-current comparison and 1.2 pu for the peak-to-peak current comparison.
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Voltage Angle Control of a Voltage Source Inverter
— Application to a Grid-Connected Wind Turbine

J. Svensson
Chalmers University of Technology, Sweden

Abstract: The voltage angle control of an inverter connected to the grid in awind turbine
application is presented. To analyse the system and find out the proper parameters of the
controller the system is linearized at an operating point. The inverter is modelled by using
only fundamental voltages. By using a Pl-controller for the DC-link voltage and
feedforward of the generator/rectifier current the voltage angle control can be used. The
bandwidth of the inverter system is approximately 20 to 30 Hz. The parameters and the
bandwidth of the system are determined by the allowed DC-link voltage fluctuation. The
system can be analysed using a linearized model unless the series inductance is very
large. The controller using feedforward is insensitive to series inductance variations, and
the fluctuations depend on the size of the DC-link capacitor and the frequency and
amplitude of the generator/rectifier current.

KQ{!\_/OI’dSZ PWM, GRID, INVERTER, VOLTAGE ANGLE, WIND, ENERGY

. INTRODUCTION

Wind turbines using variable speed have many advantages in comparision with constant
speed wind turbines for alternative electrical energy production. For instance, the use of
variable speed improves the dynamic behaviour of the turbine and, thereby, alleviates
stresses and prolongs the lifetime of the system. By decreasing the stresses on the
mechanical construction of the wind turbine, it can be made lighter and, therefore,
cheaper. The power production of the wind turbine can be increased by about 5 %,
Grauers (1) and Leithead (2), and the noise from the wind turbines is reduced at low
wind speeds, Lowson (3). The disadvantage is a more complex electrical wind turbine
system which often results in a more expensive system than the electrical one for a
constant speed system. There is also a risk for excitating of structural resonances, for
example in the tower.

Till now, the most commonly used electrical system for a variable speed wind turbine has
consisted of a synchronous generator connected to the grid over athyristor/diode rectifier
and athyristor inverter. Due to the fast development of rapid switching valves with high
power ratings, the use of forced-commutated converters is increasing in wind power
application. By using forced-commutated inverters connected to the grid, current
harmonics from the inverter are decreased, when compared with the grid-commutated
inverter, which resultsin a smaller grid filter. Moreover, by using a forced-commutated
inverter, any desired power factor can be obtained and the energy can flow in both
directions. This can be useful when starting up the wind turbine and use the generator as
amotor.

There are different methods for controlling the forced-commutated inverter connected to
the grid. The most common methods for controlling the voltage source inverter use afast
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current closed-loop, see Malesani and Tomasin (4) for a survey. Another method
described in Pierik et a (5) shows an electrical system for awind turbine using current
hysteres control of the inverter.

Here, the possibility of using a cheap and simple controller isinvestigated. The method
for controlling the inverter is based on controlling the voltage angle of the inverter where
the active power is proportional to the phase displacement angle, Verdelho and Marques
(6). This control method is investigated for HVDC application, Ekstrom (7) and Ooi and
Wang (8), and for aVVAR compensator, Joos € a (9). Further on, suitable models for the
inverter system are examined and the system performance in awind turbine application is
determined. In addition the performance sensitivity to system parameter variations is
investigated.

[I. THE SYSTEM CONFIGURATION

The electrical system of the wind turbine can be divided into two subsystems, the
generator/rectifier system and the inverter system. The best alternative for the
generator/rectifier system isto choose a synchronous generator and a diode rectifier, see
Carlson et al (10). Such achoiceis based on low cost and high efficiency compared with
an induction generator connected to a forced-commutated rectifier. When the speed of the
synchronous generator alternates, the voltage value at the DC-side of the diode rectifier
will change. A voltage-stiff forced-commutated inverter utilizes a stiff DC-link voltage. A
step-up chopper is used to adapt the rectifier voltage to the DC-link voltage of the
inverter, see Figure 1. When the inverter system is analysed, the generator/rectifier
system can be modelled as an ideal current source. The step-up chopper or the forced-
commutated rectifier utilize a high switching frequency so the bandwidth of these
components is much higher than the bandwidth of the generator.

The generator/rectifier current isdenoted as i, (t) and is independent of the value of the
DC-link voltage. The capacitor of the DC-link has the value C,. . The inductors at the AC-
sde of the inverter have the inductance L . and the resistance R.. The three-phase voltage
system of the grid has phase voltages e (t), e,(t) and e,(t) and the phase currents are
denoted as i,(t), i,(t) and i,(t). The DC-link voltage valueis denoted as u,(t) and the
current in the DC-link to the inverter iscalled i, (t).

ie(t) i, ()
synchronous ﬂ ) LS ) inverter
generator 220 Bt
Uge |+ ]
G =
_ﬁ Cdc_l
2 |-
rectifier  step-up ul(t) |
: converter .
turbine Il(t)
& (1)

Figure 1. The system configuration.



Paper 2A 8l

II1l. THE BASIC IDEA OF VOLTAGE ANGLE CONTROL

The basic idea of voltage angle control isto vary the phase displacement angle 6 between
the three-phase voltage of the inverter and the three-phase voltage of the grid. The
difference in voltage between the three-phase voltage of the inverter and the three-phase
voltage of the grid will be placed over an inductance in each phase. The active power
from the inverter to the grid is, if the inductance resistance is negligible,

EU sin(6) = EU

N™=s wNS

P=

(D

where E and U are the main rms-voltages of the inverter and the grid. The grid angular
frequency is denoted as w,, . If the phase displacement angle is small the reactive power

to the grid will be

E
Q~wNL

(U-E) 2

S

V. A NON-LINEAR MODEL OF THE SYSTEM

The space vector voltage of the grid is

e(t) = Ee ©)
and the space vector voltage of the inverter is
u(t) =ue (4)

where w isthe angular frequency of the inverter. The phase currentsin space vector form
can be obtained from, see Figure 1,

dift)

u(t) — iR, - o -e(t)=0 )
Here, the phase displacement angle 6(t) isequal to

t
o(t) = J’(w(r) —w,)dr (6)

0
Equation 5 can be rewritten in component form in the dg-coordinate system as

d. 1. ..
d—ld(t):——Usm( (1)) - Sl o (1) + @iy (1) (7
t L, L,
1 R, . :
_. (= Ucos(e(t))—L—eq(t)—L—lq(t)—led(t) (8)
When the valves are idedl, the DC-link current i, (t) can be written as
)i, (1) +u_ (i, (t
Iv(t):ud( )Id() uq( )Iq() (9)
udc (t)
The voltage across the DC-link capacitor can be expressed as
1 t

U (1) = [ (i(D) =1 (D)dT (10)

dc 0
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The DC-link voltage u,(t) is controlled by using the amplitude of the three-phase voltage
and the phase displacement angle 6(t) of theinverter.

V. THE REDUCED NON-LINEAR M ODEL

In Figure 2 a reduced non-linear model, i. e. a non-harmonic model, is shown. The "*"
means reference value. The control of the inverter has two input signals. They are the
phase displacement angle 6(t) and the relative voltage u,(t). The grid is supposed to be
constant, in other words the frequency and voltage amplitude of the grid are constant. The
main rms-voltage of the inverter can be written as

U(t) = u (H)E (12)
positive power flow
genfe_rator- inverter > L rid
rectifier idc(t) iv (t) s R g
—> —> [ ES 6 \ IIIS

—>

OEO OO

em(t)T Tuf(t)

Figure 2: A reduced non-linear model of the system.

V1. THE LINEARIZATION OF THE SYSTEM
AT AN OPERATING POINT

Let the operating points be denoted with the index "0" and the variables perturbation
around the variable operating points be denoted with the index "A." The linearized
currents of the inverter can be solved by means of the state equation

d Aiy(0 Aig(to _DAet) O
o i 0 ARy 0F Bhu,f 12
and the linearized DC-link current is written as
A4 (t o(t
Al (t) = c%: E&Eﬁ Dgﬁu ((t))ﬁ (13)

where
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G-, ——20 9y, sing, —2cosh, U
B L. g H L, L J
Wgo O
- Hool _ Dy, U, o0 4o
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By putting the state equations 12 and 13 representing the inverter and the DC-link voltage
Equation 10 together, a new state equation with three states and three inputs and one
output will be achieved. The state equation becomes

e DA (1) D i) O DA6(Y) O
5 20 57 Av I (0 By (07 (14)
@ dc(t)a @udc(t)a @Idc(t)a

where A,,, and B,,,, denote state equation matrices.

The Step Response of the DC-link Current

The performance of the DC-link current Ai,, (t) is essential in order to control the whole

inverter system. Here, the step responses and Bode-diagram of the DC-link current
Ai,, (t) will be analysed. The parameters of the inverter system which alternate are shown

in Table 1. The constant parameters are U =E =1 p.u. and u,, =15E=210 p.u. and
8,=5°. The AC and DC sides have separate voltage bases.

TABLE1
DIFFERENT PARAMETERS OF THE INVERTER SYSTEM.
No A B C D
L.[pu] [0044 [0044 [0305 [0.305
R.[pu] |00028 |0.0083 | 0.0028 |0.0083
L./R,[ms] |50 169 347 117

In Figure 3, the different step responses are shown. Here, the step of the DC-link current
Ai,, (t) isnormalized by Ai,, (e0) so the step sizeis one. An explanation for this response

is that when the value of the series inductance changes, the size of the step response will
also change. The step response of the DC-link value Ai,, (t), when the relative voltage

Au, (t) makes astep, isnormalized by Ai,, (c0) which comesfromthe AB(t) step.
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Figure 3: Sep responses of Ai,, (t) when phase displacement angle AB(t) and therelative
voltage Au, (t) make steps. The different Figures (A) to (D) uses parameters from
Table 1.

The Bode diagram 1,,(s) / 8(s) of the Equation 13 is shown in Figure 4. The parameters
used come from Table 1. The Bode diagram is normalized so that the transfer functions
have the same gain at low frequencies. A large resonance peak can be found at a
frequency of 50 Hz. Depending on the value of the parameters of the inverter system, the
resonance peak will have different amplitudes. The gain decreases by 40 dB per decade
for frequencies over 50 Hz.

40 Lo Ll Lo
m 20— =
=,
= 0 -
&L
S .20 =
@)
> -40 c
el (D) .
'60 \\\\\H‘ \\\\\H‘ !\\“\\!H
10 10 10° 10°
f [Hz]

Figure 4: The Bode diagram of Equation 13. The parameters come from Table 1.

The transfer function has the damping factor of R,/ L. Here, R,/ wyL,<<1 so the
resonance frequency becomes approximately w,, = w,. The larger inductor resistance
R, and smaller inductor inductance L, the smaller will the resonance peak for the Bode-
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diagram in Figure 4 be and the faster will the system transients be damped out, see
Figure 3. When using alarge resistance R, the losses of the system will increase and, of

course, efficiency will decrease. The bandwidth of the system will be limited due to the
large resonance at the resonance frequency of 50 Hz, see Figure 4. To achieve a safe
system the bandwidth of the system must always be less than 50 Hz.

VIlI. THE REGULATORS

The regulator should control the phase angle 6(t) . The relative voltage u, (t) will aways
have a value that will enable the amplitude of the three-phase voltage system of the
inverter to be equal to the amplitude of the three-phase grid voltage, see Equation 11.

Here, two regulators are analysed. The first one is a Pl-regulator that feedbacks the DC-
link voltage u,.(t). The second regulator is the same PI-regulator with a feedforward,

PIFF, of the generator/rectifier current i, (t). The feedforward constant is denoted as
K . The only parameter that can be changed by the user is the reference voltage val ue of
the DC-link ug.(t) The PI-regulator reduces steady-state errors. £(t) is defined as the
error signal, i.e. the difference between the reference value of the DC-link voltage ug.(t)
and the value of the DC-link voltage u,.(t). The Pl-regulator is defined as

O
@ = kp % + i (15)
&(t) ST, E
where Kk, isthe proportiona gain and T, istheintegral time constant. To make it easy to

implement the Pl-regulator into an analogue control system, the Pl-regulator will be
modified to

o(t) _ K,
—==Kk; +

(1) 1+sT,
where k, and T, are constantsto the integral time constant in the modified PI-regulator.
Here T, >>1 and

Ke K
T Ty

(16)

(17)

VIIlI. THE TOTAL LINEARIZED SYSTEM WITH A REGULATOR

When the regulator parameters are determined, the system can be analysed by using the
state equation for the closed loop. State equation 18 represents atotal linearized system
with a PIFF-regulator. The state equation has three inputs; the relative voltage Au, (t), the

generator/rectifier current Ai . (t) and the reference value of the DC-link voltage Aug,(t).

DAi4(t) O DAI4(t) O
. . (Au, (t) O
dEN O, NOF Oy Et;D (18)

= IGO0l
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where A e and B = denote state equation matrices. The state equation for the PI-
controlled system becomes the same as Equation 18 when the feedforward term Kk is set
to zero.

| X. THE BODE-DIAGRAMS OF THE LINEARIZED SYSTEM

Based on the open loop state equation of the linearized system with the regulator the PI-
regulator was tuned using gain margin criterion G, = 3 and the phase margin criterion
P, > 40° Ollila(11) and Schmidtbauer (12). The feedforward constant is determined so
that the DC-link current Ai,, (t) has the same value as the generator/rectifier current
Ai (1) in steady state.

Suppose that the inverter system has the parameters that are shown in Table 2, determined
by an iterative approach. By using the closed loop state Equation 18, it is possible to
create step responses and Bode diagrams.

TABLE2

PARAMETERS OF THE INVERTER SYSTEM.
U=E 1.0 p.u. R, 18.9 104 p.u.
Uyeo=15E | 1.0 p.u. Kp 1.39 104
0, 5°,10° K, 8.16 103
L, 0.175 p.u. T, 13.9
R, 5.6 10-3 p.u. Kee 2.4 103
Cq 0.10 p.u.

Two transfer functions will be analysed here. These are the DC-link voltage as a function
of the reference value of the DC-link voltage Aug,(t) and the generator/rectifier current
Ai .. (t). The Bode-diagram for the relative voltage and the reference value of the DC-link

voltage are the same for PI- and PIFF-regulators, see Figure 5. The Bode diagrams are
the same for both the PI- and the PIFF-regulators.
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Figure 5: The Bode diagram of the DC-link voltage Au,(t) as a function of the reference
value of the DC-link voltage Aug (t). The operating pointsare 6, =5°and 6, =10°.

The step responses of the DC-link voltage Au,.(t), when the reference value of the DC-
link voltage Auj,(t) makes a unity step, shows that the steady state value of Au,(t) is
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the same as the reference value of the DC-link voltage Aug (t). The DC-link voltage
Au, (t) responds with an overshoot of 38 % when the relative voltage makes a unity
step, and the DC-link voltage step response returnsto 0 V. The reason for thisis that the
active power in the system does not change.

When the generator/rectifier current Ai(t) varies, the DC-link voltage Au, (t) will

behave differently when the regulator is a PlI- or PIFF-controller. Figure 6 shows the
Bode diagram for the DC-link voltage Au,(t) asafunction of Ai,(t), when the PI- and

PIFF-controllers are used.
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Figure 6: The Bode diagram of the DC-link voltage Au, (t) as a function of the
generator/rectifier current Ai (t). The controllers are Pl and PIFF. The operating points
are 6, =5°and 6, =10°.

When comparing the step responses Au, (t) when Ai, (t) makes a unity step, the over-
shoot is reduced by approximately a factor of 20 and the settling time is reduced by
approximately afactor of 2 if a PIFF-regulator is used.

The use of feedforward in the generator/rectifier current resultsin lower step responces of
the DC-link voltage when the generator/rectifier current makes steps. The disadvantages
are an increase in the cost of the controller and that the system becomes more sensitive to
noise.

X. SIMULATION OF THE NON-LINEAR SYSTEM

When the regulator has been determined for the linearized system at an operating point,
the total non-linear system can be smulated. By only simulating the fundamental voltage
of the inverter, the smulating time is heavily decreased, by approximately afactor of 300.
Here simulations both with and without harmonics are carried out. The input to the
system is the generator/rectifier current i, (t) and one of the most important output
sgnalsisthe DC-link voltage u,(t). The systemis simulated in Simulink which is based

on Matlab.

The total inverter system step response is here simulated when the generator/rectifier
current makes steps. At the beginning of the simulation the generator/rectifier current
makes a step from 0 to 0.8 p.u., at the time of 2.0 sthe generator/rectifier current makes a
step from 0.8 to 1.0 p.u. and at the time of 3.5 s the generator/rectifier current makes a
step from 1.0 to 0.8 p.u.
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Due to the different bandwidths of the two systems PI- and PIFF-regulator, the
parameters of the systems must be different so the performances match each other, i. e. in
the DC-link voltage fluctuation. Table 4.3 shows the parameters of the inverter systems,
using two different regulators.

TABLE 3
PARAMETERS OF THE INVERTER SYSTEM.

System parameters when| | System parameters when
using the Pl-controller using the PIFF-controller
U=E |1lpu. U=E |1lpu.
U, 1 p.u. U, 1p.u.
L, 0.175 p.u. L. 0.175 p.u.
R, 1.39 102 p.u. R, 1.67 10-2 p.u.
C, 3.33102 p.u. C, 0.10 p.u.
R, 13.9 103 p.u. Ry 13.9 103 p.u.
Kp 1.0 10-3 Kp 41104
K, 10 K, 4.1
T, 3.39 102 T, 2.88 102
Ker 0 Kee 2.4103

The PWM-inverter system has the same parameters as in Table 3, with the exception of
the switching frequency which is 5 kHz. The DC-link capacitor of the inverter system
with a Pl-regulator is three times larger than that of the capacitor of the inverter system
with a PIFF-controller. The other parameters are the same except for the values of the
regulator parameter.

Step Responses to the Generator/Rectifier Current

The system has been simulated with and without harmonics. The input to the system is
the generator/rectifier current. Figures 7A and 7B show the step response of the DC-link
voltage with and without harmonics, using a Pl-regulator. The first step response of the
DC-link voltage has a high peak, but the DC-link voltage fluctuates by approximately
2.5% with step responses at 2.0 and 3.5 s. There is no difference between the phase
displacement angles in the smulations with and without harmonics.

Here the inverter system, using a PIFF-regulator, is simulated with and without
harmonics. Figures 7C and 7D show the DC-link voltage both for the non-harmonics
inverter and the PWM-inverter. The step responses are approximately the same. When the
generator/rectifier current is 1 p.u. the phase displacement angle is 1.0 p.u. and this
results in a higher fluctuation of the DC-link voltage, because the regulator parameters
have been designed at the phase displacement angle of 0.5 p.u.
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Figure 7: Step responses of the DC-link voltage when the generator/rectifier current
makes steps; (A): Pl-reg. and no harmonics; (B): PI-reg. and PWM; (C): PIFF-reg. and
no harmonics; (D): PIFF-reg. and PWM.

The DC-link capacitor of the inverter system with a Pl-regulator is three times larger than
the capacitor of the inverter system with a PIFF-controller. The other parameters are the
same for the two regulators with the exception of for the value of the regulator
parameters. This difference clearly shows that the PIFF-controller has a better
performance than the PI-controller. There are no differences between the complete
inverter model which uses the PWM and harmonics and the reduced inverter model which
use PWM and harmonics and the reduced inverter model which only uses the
fundamental voltage of the three-phase voltage system of the inverter. The simulation time
is greatly decreased if the model without harmonics is used instead of the complete
harmonic model, because the simulation of the PWM-pattern in the complete model
requires a small time step in the simulation program in order to maintain accuracy.
Observe that the non-harmonic model is used in an application which has a low
bandwidth in comparison to the switching frequency of the inverter.

XI. PARAMETER VARIATION

Due to the high inertia of the wind turbine rotor, the time constant of the wind turbineis
about 1 second. The highest frequency, where essential power effects influence the wind
turbine, is the drive train resonance, about 5 Hz, see Novak et al (13). This makes it
possible to control the wind turbine with voltage angle control, although of cource, the
system should be as cheap as possible. By minimizing the DC-link capacitor and the
series inductance, the cost can be low. The value of the series inductance cannot be
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chosen freely, because the inductance value partially determines the total harmonic
distorsion on the grid.

The generator/rectifier current amplitude and frequency are important when determining
how the parameters should be used, assuming that the DC-link voltage can fluctuate
15 % before it affects the performance of the wind turbine. The generator/rectifier current
I 4 (t) issupposed to vary sinusoidally from zero to 1 p.u. in the simulations, i.e. with an

amplitude of 0.5 p.u. and a DC-level of 0.5 p.u, at the frequency f(iy).

The fluctuation of the DC-link voltage can be determined by simulating the inverter
system in simulink. The DC-link voltage fluctuation is calculated as a function of the
frequency of the generator/rectifier current i, (t) and the parameters of the inverter
system. The harmonics are cancelled and the transients are damped out. Because the
fluctuations of the DC-link voltage are small, the input DC-link voltage isto be set to its
reference valuein the inverter model.

Two methods have been used called "non-linear” and "linear." The "non-linear" method
isthe Simulink simulation described above and the "linear" method is used to calculate the
fluctuation by means of the Linear state equation 18 and to set the operating point 6,/ 6,
to 0.5. By stipulating the maximum DC-link voltage fluctuation to 5 %, the necessary
value of the DC-link capacitor can be expressed as a function of the series inductance and
the frequency of the generator/rectifier current.

DC-link Voltage Fluctuation

When comparing the simulated fluctuations "non-linear" with calculated fluctuations
"linear" from the state equation 18 and by using Pl-regulator, it can be seen that the
fluctuations are the same for the two methods, see Figures 8A and 8B. The parameters of
the system are listed in Table 4 and it is the value of the series inductance which varies, of
course, along with the regulator parameters. When switching only the regulator of the
system to the PIFF-type, the fluctuations become asin Figure 8C and 8D. The parameters
arelistedin Table 4.

TABLE4
PARAMETERS OF THE INVERTER SYSTEMS.
PIFF PI
U=E [p.ul] 1 1
U, [p.u.] 1 1
L. (Fig. 8A, 8C) [p.u] |0.087 0.087
L. (Fig. 8B,8D) [p.u] |0.175 0.175
R, [pul] 139102 [1.39102
C. I[pul 0.10 3.3310°2
R, [p.ul] 13.9 103 13.9 103
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Figure 8: The DC-link voltage fluctuation in percent as a function of the frequency of the
generator/rectifier current. (A): Pl-reg.and L is 0.087 p.u.; (B): Pl-reg. and L. is
0.175 p.u,; (C): PIFF-reg. and L, is0.087 p.u.; (D): PIFF-reg. and L , is 0.175 p.u.

When the value of the series inductance and the phase displacement angle is kept small
then the non-linearities will also become insignificant. This resultsin that the linear and
non-linear models agree well for small values of series inductances. When the frequency
of the generator/rectifier current is around the resonance frequency of 50 Hz the
difference between the linear and non-linear model is small. At approximately one Hz the
non-linear model has a resonance.

The main reason for using the "linear" calculated fluctuationsis that they do not require a
powerful computer, which is necessary to keep down the calculation time of the
calculation of the "non-linear” fluctuations. The disadvantageis that the "linear” method is
not accurrate when the series inductance becomes large, see Figures 8C and 8D.

Allowed Parameter Values Variations, to Maintain the Fluctuation
Below 5%

Figure 9 shows what value the DC-link capacitor must have for a specific value of series
inductance and for a specific frequency of the generator/rectifier current. Both Pl-and
PIFF-controllers are used. The fluctuation has been calculated by using the "linear"
model. A finite number of values of the DC-link capacitor, from 1 p.u. to 0.0154 p.u.,
has been used to calculate the fluctuation. Due to this fact, the curves in Figure 9 are
discontinuous. For the same value of the DC-link capacitor and series inductance the
allowed maximum frequency, until the fluctuation increases by 5 %, is increased
significantly when the regulator is of a PIFF-type instead of a Pl-type. The curves using
PIFF-regulators have approximately the same form as those using a Pl-regulator. The
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maximum frequency for the PIFF-regulated system is about 20 to 30 Hz independent of
the size of the series inductance and of the size of the DC-link capacitor. For the system
that uses a Pl-regulator the maximum frequency of generator/rectifier current is dependent
on which series inductance is used and what value of the DC-link capacitor isused. The
lower value of the series inductance, the higher the frequency of the generator/rectifier
current can be allowed. For example, the inverter system, using Pl-regulator, has a
maximum DC-link voltage fluctuation of 5 % when the generator/rectifier current has a
maximum frequency of 1 Hz, and when the value of the DC-link capcitor is less than
0.04 p.u. and the series inductance is 0.087 p.u.

17 | \\\\H‘ | | I\\\H‘ 1 \\I\\I7
; p|  Ls=0.087p.u. pirr ;
';‘ - -
= 1 L,=0175p.u. PIFF i
0.14 4 S
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Figure 9: Therelation between the values of the DC-link capacitor, series inductance and
the frequency of the generator/rectifier current so the fluctuation of the DC-link voltage
will be below 5 %.

XIl. CONCLUSION

The control of a voltage source inverter used in a wind turbine application has been
shown to operate well. By using a Pl-controller for the DC-link voltage and a
feedforward of the generator/rectifier current the voltage angle control can be used. The
bandwidth of the inverter system is around 20 to 30 Hz if normal values of the system
parameters are chosen. The wind turbine time constant is around one second and small
power fluctuations can occur at 5 Hz due to the drive train resonance.

The method used to analyse the system is a non-harmonic non-linear model which was
linearized at an operating point. To verify the results, amodel using PWM voltages and a
model using fundamental voltages are compared and no significant differences are found.

The limit of the DC-link voltage fluctuation bound the parameters of the system. At the
normal size of the series inductance, due to current harmonics on the grid, the linearized
model of the system can be used to determined the fluctuation. The controller using
feedforward is insensitive to series inductance variation and the fluctuations depend on
the size of the DC-link capacitor and the frequency and amplitude of the generator/rectifier
current.
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Energy Application

Jan Svensson

Department of Electric Power Engineering
Chalmers University of Technology
S-412 96 Goteborg, Sweden

Abstract: The design, analysis and simulation of a power angle controlled voltage
source inverter in awind energy application are addressed. By controlling both the phase
displacement angle and voltage amplitude, the performance of the system is improved
compared with the traditional power angle control. The system becomes a multiple-input
and multiple-output system preferably controlled by the linear quadratic method. To
reduce harmonics and noise, a Kalman estimator is applied to the input signals of the
controller. When state equations are used, the inverter system as well as the feedback and
feedforward parameters are easy to handle by using the Matlab/Simulink program. The
simulation results show that the proposed control method and its implementation function
adequately.

. INTRODUCTION

Several advantages can be achieved by replacing a constant-speed wind turbine by a
variable-speed system consisting of a generator and power electronics [1, 2, 3]. If the
inverter connected to the grid is based on forced commutation instead of on more usual
grid commutation, current harmonics will be decreased, any desired power factor can be
obtained and energy can flow in both directions. The inverter is often controlled by means
of vector control or power angle control. The power angle control is based on the control
of the voltage angle of the inverter so that the phase displacement angle is proportional to
the active power [4]. This control method has been investigated in HVDC applications
[5, 6] and reactive power compensators [7].

In this paper, the possibility of using a robust and easy-to-tune controller is investigated
analytically and by simulations. The performance of the system is improved by
controlling both the phase displacement angle and the voltage amplitude of the inverter.
The system then becomes a non-linear multiple-input and multiple-output (MIMO)
system. Because every output is coupled to the inputs, it is difficult or impossible to use
classical control methods to analyse and design a MIMO system. Here, the linear
quadratic (LQ) method will be used to control the inverter system.

Il. THE SYSTEM CONFIGURATION

The electrical system of the wind turbine, see Fig. 1, can be divided into two subsystems:
the generator-rectifier system and the inverter system. Concerning the generator-rectifier
system, the best aternative isto choose a synchronous generator and a diode rectifier [8].
Such a choice is based on low cost and high efficiency compared with an induction
generator connected to a forced-commutated rectifier. A voltage-stiff forced-commutated
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inverter utilizes a stiff DC-link voltage. A step-up chopper can be used to adapt the
rectifier voltage to the DC-link voltage of the inverter. The step-up chopper or the forced-
commutated rectifier, if an induction generator is used, utilizes a high switching
frequency so the bandwidth of these components is much higher than the bandwidth of
the generator. Therefore, the generator-rectifier system can be modelled as an ideal
current source when the inverter system is analysed.

The generator/rectifier current is denoted i, (t) and is independent of the value of the
DC-link voltage. The capacitor of the DC-link hasthe value of C,.. The inductors at the
AC-side of the inverter have the inductance L  and the resistance R,. The three-phase
voltage system of the grid has phase voltages g (t), e,(t) and e,(t) and the phase
currents are denoted i,(t), i,(t) and i,(t). Further on, the three-phase voltage system of
the inverter has phase voltages u,(t), u,(t) and u,(t). The DC-link voltage value is
denoted u, (t) and the DC-link current to the inverter iscalled i, (t).

synchronous

—
N
generator W

rectifier step-up
converter

turbine

Figure 1. The system configuration.

[11. A NON-LINEAR M ODEL OF THE SYSTEM

The space vector voltage of the inverter and the grid is denoted u(t) and e(t),

respectively. The angular frequency of the inverter is denoted w and the grid angular
frequency is called w, . The phase currents in component form in the dg-coordinate

system become, see Fig. 1,

e == Usin(60) = 41,00 + @iy ) @
d. .._1 1 R
g a® = U eoslOD) = e (0 = () (B 2

Here, the phase displacement angle 6(t) isequal to
t

o(t) = J’(w(r)—wN)dr (3)
0

When the valves are ideal and no harmonics are produced, the DC-link current i, (t) can
be written
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Ui (1) + u (Dig (1)

MOE D @
The voltage across the DC-link capacitor can be expressed as

Uge (1) =Cij(idc(r)—iv(r))dr (5)

dc 0

The DC-link voltage u,(t) is controlled by using the amplitude of the three-phase voltage
and the phase displacement angle 6(t) of theinverter.

V. THE REDUCED NON-LINEAR MODEL

A reduced non-linear model of the system, a non-harmonic model, is shown in Fig. 2.
The reference values are denoted by an asterisk (*). The control of the inverter has two
input signals: the phase displacement angle 6(t) and the relative voltage u, (t). The grid
is supposed to be tiff, i.e. the frequency and voltage amplitude of the grid are constant.
The phase-to-phase rms voltage of the inverter can be written

U(t) = u,(DE (6)
positive power flow
gen_e_rator- inverter > L rid
rectifier idc(t) iv (t) s R 9
— —> [ ES 6 L

—_—>

OO oo

em(t)T T u, ()

Figure 2: A reduced non-linear model of the system.

V. THE LINEARIZATION OF THE SYSTEM
IN AN OPERATING POINT

Let the operating points be denoted index "0" and the variable perturbation around the
variable operating points be denoted index " A." The linearized currents and the DC-link
voltage of the inverter can be obtained by means of the state equation with three states and
threeinputs
d DAi,(t) O DA, (t) O OAB(t) O
P O_ On: O O
o D20 (0) 5= Avy I (1) 5 Buy b, (07 ™
@udc(t) E @udc (t)a @I dc (t)a

where A, and B,,, are state equation matrices.
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V1. THE LINEAR QUADRATIC CONTROLLER

Using linear quadratic control always results in a stable system. Unfortunately, thisis
only correct when the system islinear. If the system to be controlled is non-linear, it must
be linearized in an operating point before the control parameters can be decided. If the
system islocated in one operating point but the control parameters have been designed for
an other operating point, the system can become unstable. If the system becomes unstable
or not, depends on how robust the system is. Every control parameter in this chapter has
been designed with linearized state equations where the harmonics, which come from the
pulse width modulation of the inverter, have been neglected.

In linear quadratic control [9], the control is sought that minimizes the value of a
performance index J, which isof the standard form

3= %E(XTQX +uRu)dt ®)

The matrices Q and R are diagonal weighting matrices and x'Qx and u'Ru are scalar
guadratic forms which measure the performance and the cost of the control, respectively.
The optimal control is aconstant-gain state feedback

Uy, =—LXx=—-R™'B"Px 9)

op
where P isasymmetric matrix obtained by the solution of the algebraic matrix Riccati
equation

PA+A"P+Q-PBR'B'P=0 (10)

The method used here can be found in [10]. The state equation of the inverter systemis
rewritten so the generator/rectifier current Ai,(t) can be seen as a known process

disturbance, denoted &(t), which is separated from the other inputs of the system. The

matrices of the new state equation are denoted A, B, C, D, E and F. In Fig. 3
below, the system in open loop is shown.

4 ‘Aidc(t)

% = Ax+ Bu+ EE | AUk (D)
—>
AG(1) y=Cx+Du+Fé | vy

Au, (1) A (1)
X W Ai ()
AUdc(t)

Figure 3: The linearized state equation.

u

By using the integral control, a stable design with no steady-state errors can be provided.
With integral control anew state in the state equation of the system is created and yields
p(t). Thereference value y"(t) of the output y(t) is here defined as the reference value
of the DC-link voltage Aug, . The state equation is written
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DAL () O DAt D
e O P O -
i, (t i (t o(t (1

AP0 [, (Pla®) 5, g RO, | D) )
ct 2w, (07 B0 B, 0 Buaof

op®) 0o oOpe® O
The weighting matrix Q , which weights the states of the state equation will be afour by
four diagonal finite matrix, so the states can be weighted independent of each other. The
weighting matrix R, used to weight the inputs of the state equation, is a two by two
symmetric finite matrix, so the two inputs can be weighted independently. The matrices
yield

m, 0 O 0n

Y0 g, 0 oF m, 0Q
Q=U 0 R =
0 0 g 0L 0 A

W
00 0 0 quQO
When the Riccati equation is solved by using the matrices A,, B,, Q and R, the
feedback gain matrix becomes L which can be split into two pieces,(2x3) and (2x1)
L=[L, L, (12)
When the generator/rectifier current Ai . (t) is known, a feedforward can be used. The

same is valid for the reference value of the DC-link voltage Au,,(t) . With feedforward
the input vector u can be written

(MO
u(t) = —-Lx(t) + H 3o (13)
where
H=[H, H,]=-L, I]G"E (14)
and
B
G= A BO (15)
£ Df
A picture of the linearized system with LQ-, integrate- and feedforward controlsis shown
in Fig. 4.
———P 5 ’ AI dc(t)
Aug (1) X = Ax+ Bu+E¢& AUdCS)
yo o+ y=Cx+Du+F& || y

Figure 4: Thelinearized systemwith LQ-, integrate- and feedforward controls.
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The linearized state equation for the closed loop system can be written
EIAid(t) B BAid(t) B
i (t i (t i (t
& Do 0T Ao (0B ﬁu((t))ﬁ (9
ey 5 Hew H
and the output vector becomes
[Aug(t) O DAi4(t) O
6 . O, ) DD
Ao )0 @m0 "0
Ji,08  Haew B
where A, ., Bprr, Cpier @nd Dy, denote state equation matrices.

(17)

A. The Controller

To simulate the inverter system aregulator is needed. The outputs of the regulator are the
phase displacement angle 8(t) and therelative voltage u,(t) . The inputs of the regulator
are the active and reactive current components of the phase current i(t) , the DC-link
voltage u,(t) , the generator/rectifier current i, (t) , and the reference value of the DC-
link voltage ug (t). The parameter values of the regulator are decided for the phase
displacement operating point angle 6, or the DC-link current i, (t). The state equation of

the regulator iswritten

X(t) = A geeX(t) + BgegU(t) (18)
and the output vector becomes

0e(t) O

H’lx (t) H: CREGX(t) + DREGu(t) (19)
where

D) =[14® Tg() Ue® ie® ULO] Apes=0
BREGZ[O 010 _1] Crec = L. DREG:[_Ll H]

VIlI. THE KALMAN ESTIMATOR

A. The Linear Kalman Estimator

One of the disadvantages of a continuous time LQ-control is that process noise with high
frequencies disturbs the regulator. For the inverter system the grid current contains
harmonics due to the PWM technique. These current harmonics affect the LQ-controller.
One way to eiminate the current harmonics influence isto use lowpassfilter at the inputs
of the regulator but then the input signals become phase-shifted and the stability of the
system becomes weaker. By using an estimator, the current harmonics level is reduced
without any phase shifts. Suppose that the inverter system is linearized around an
operating point 6,(t). A state equation with the matrices A, B, C and D describes the
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dynamics of the inverter system. When process noise and measuring noise are added to
the inverter system, the state equation becomes

X =Ax+Bu+ Gw

y=Cx+Du+v (20)
where the process and measurement noise, means and covariances are

E[w] =E[v] =0 Ew'|=R, o
Elww’] =R, Elw]=0

The estimated state vector X can be obtained using the state equation

X = AX +Bu + k(y — CX — Du) (22)
Thefilter gain matrix k comesfrom

k =PC'R;! (23)
and by solving the static Riccati equation (24) the matrix P will be found [11].
P=AP+PA" —-PC'R;!CP+R, =0 (24)

For the linearized inverter system the process and measurement noise covariance matrices
become

_ U [] _ 0 H
E O O r133 Q Q O O r233 E

When the operating point of the inverter 6,(t) is changing, the gain matrix of the
estimator k(8,(t)) must also be changed.

B. The Non-linear Kalman Estimator

When the inverter system is non-linear, the estimator should also be non-linear. The
fundamental voltage of the inverter, in dg-components, can be written

0y =-sin(6(t))u,(t)e,(t)

N (25)
0, = cos(6(t))u,(t)e,(t)
and the non-linear estimator can now be
EDiq D:S —Wy -R, /L, 0 miq T
@dc% E_ad / Cdcadc _aq / Cdcadc -1/ Rdccdc %‘dc%
. (26)

A

- .- -~ 0O
+%ud—eq)/LSB+ k(@O)DIq—Iq 0
E idc / Cdc E %Jdc - l,:Idc%
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To determine the operating point of the system, the DC-link current i, (t) can be used. In
steady-state the phase displacement angle 6(t) is proportiona to the DC-link current
i, (t).

VIII. STABILITY OF THE SYSTEM WHEN USING L Q-
CONTROLLER AND KALMAN ESTIMATOR

When the Kalman estimator estimates the states of the system for the LQ-controller, the
system can become unstable. By adding fictitious noise to the plant input model,
representing in a perhaps loose way plant variations, uncertainty, or unmodelled
dynamics, there is an adjustment to the estimator design. In coping with the fictitious
noise, the LQ-Kalman controller becomes more robust to gain and phase changes at the
plant input. The analysed system is a MIMO-system and it is difficult to determine the
stability by using analytic methods. Here two practical methods are used. By changing
the parameters of the process and looking at the eigenvalues of the transfer function, the
robustness of the parameter variations becomes known. The second method isto simulate
by an iterative approach, the total non-linear system and to choose the parameters,
weighting matrices and process and measurement noise covariances, so the system
becomes stable. The weighting matrices, process and measurement noise have been
determined by the last method. To verify the stability of the system, the poles of the
closed system have been analysed, when the parameters have been altered. The result
shows that no poles are near the imaginary axis. Thus, the system is robust due to small
parameter variations.

| X. ANALYTIC FREQUENCY RESPONSE AND SIMULATION
OF THE INVERTER SYSTEM

A. The Parameters of the System

The parameters of the total system used in the smulations are listed in Table 1 below. The
weighting matrices and the process and measuring covariance matrices have been
determined using an iterative method.

TABLE1

PARAMETERS OF THE INVERTER SYSTEM.
E 1 p.u. Qu 3107/
U, 1 p.u. My 400
L, 0.175 p.u. F 50
R, 56103 pu. |y 10
X cdc 0.1 p.u. (P 30
R 139103 p.u. | hss 100
fou 5000 Hz F 5106
i 1 M2 5106
Uy 1 s 110-10
Uss 100
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B. The Frequency Response of the Linearized System

Fig. 5 shows the Bode-diagram of the DC-link voltage Au, (t) as a function of the
generator/rectifier current Ai, (t). The regulators are both of the Pl and the PIFF (PI and

FeedForward) types. When the PIFF-controller is used, the system becomes a mixed
phase system. Comparing the PI to the PIFF controller, the main difference is the settling
time. Feedforward makes the system faster compared with using the Pl-controller only,
approximately 6 times, because the integration term L, slows down the system. For both
PI- and PIFF-controlled linearized systems the step responses have no overshoots and no
ripple. Compared with the traditional power angle control [12], where only the phase
displacement angle is controlled, the resonance peak at 50 Hz has disappeared. The
reason is that the amplitude of the three-phase voltage inverter is now actively controlled.
When feedforward is used, the DC-link voltage fluctuations are decreased, within a
frequency range up to 700 Hz, and the DC-link voltage fluctuation from the system with a
Pl-controller becomes larger.

| Lol Lo Lol Lo
mag(5°,Pl)

<

N

mag(5°, PIFF)

-60

phase(5°,Pl) |-120

phase(5°, PIFF)

‘U dc(s)/ldc(s)‘ [dB]

UadS) /148 []

-180
150]
-240
— R — N
-1 0 1 2 3 4
10 10 10 10 10 10
f [HZ]

Figure 5: The Bode diagram of the DC-link voltage Au,(t) as a function of the
generator/rectifier current Ai (t).

C. The Simulation Model

The inverter model consists of aPWM inverter, which has no losses and which switches
ideally. Fig. 6 shows the Simulink model of the total inverter system with the estimator,
the controller and the inverter system. To locate the operating point of the system, in the
controller and in the estimator, the low-pass filtered DC-link current is used.

Figure 7 shows the sub-block "InvSys." From the inputs, the phase displacement angle
6 and the relative voltage u,, the reference voltages to the pul se width modulation block
are determined in the sub-block "U_ref." The third harmonic injection in the block "opt"
results in an increased inverter output voltage range. The inverter phase voltages, out
from the sub-block "U_PWM," are used in sub-block "grid." Here, the phase currents
are calculated. The momentary DC-link current i, sub-block "iv" needs the phase
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currents and the switching states of the PWM. The DC-link voltage is calculated in the
sub-block "DC-link_voltage."

—>7 theta‘i
b L
>\ id scope
I L w1
udc | |4 O ig scope
Est H
EEEE— iv
ide | | B ]
E > udc scope
dcref udcb udc
i B —» >
G V' Rec I iv scope
— Reg InvSys P
idc input
(D——»{_time |
Clock1 timevector

Figure 6: The Smulink model of the LQ-controlled inverter system using an estimator.
Est =Kalman estimator; Reg=LQ-regulator; InvSys=inverter systemusing ideal PWM.

inverter_system

1
@1» .

—\LZ> % HL} >
O :

@* id out

1
i >
thetamn> YRS > u1>
SN w
S = RN
- u3>

U_ref  opt [P >

ux in PWM U_PWM
El

idc in

4 1]

udc in Unit Delay

DC-link_voltage Udc out
Figure 7: The sub-block "InvSys' from Fig 6.

Before the ssimulation can start, an m-file named "L Q _init.m" must be executed. Here, the
system parameters such as the grid voltage amplitude, series inductance, series resistance,
and DC-link capacitance are settled. The LQ-regulator parameters are calculated for
different operating points and the gains are collected in a matrix called Lgain. The same
method is used for the Kalman estimator, but here the gain matrix is called Kgain.



Paper 2B 107

The LQ-regulator and the estimator are implemented in Simulink, as s-functions, due to
non-linearities. The two s-functions have the same structure, see Tables 2 and 3. The gain
values come from atable where the operating point angle is the table index.

TABLE 2
THE S-FUNCTION OF THE LQ-REGULATOR.

function [sys,x0]=Regulator(t,x,u,flag,thetaidc,Lgain)
% s-function LQ-regulator

% Inputs u(1) = id Outputs y(1) = theta
% u(2) = iq y(2) = ux
% u(3) = udc

% u(4) = idc

% u(5) = udcref

% u(6) = iv

% operating point angle: theta = thetaidc * iv
% Lgain = matrix containing feedback and feedforward coefficients
if abs(flag)==1 % derivatives

A=0; B=[0 0 1 O -1]; sys=A*x+B*u(1:5);

elseif flag==3 % outputs
theta=u(6)*thetaidc; % operating point angle

if theta>=30 % max operating point
thetanr=30;

elseif theta<=-30 % min operating point
thetanr=-30;

else
thetanr=theta; % operating point number

end

thetanr=rem(thetanr,2); %matrix index

if thetanr==0; thetanr=1; end %exclude theta=0°
if thetanr<0; nr=thetanr+16; else;nr=thetanr+15; end

ups=Lgain(nr,:); % unstuff LL1, LL2 and FF
LL1=[ups(1),ups(2),ups(3);ups(5),ups(6),ups(7)];
LL2=[ups(4);ups(8)];
FF=[ups(9),ups(10);ups(11),ups(12)];
sys=-LL2*x+[-LL1 FF]*u(1:5);

elseif flag==0; sys=[1 0 2 6 0 1]; x0=0;else; sys=[]; end

TABLE3
THE S-FUNCTION HEAD OF THE ESTIMATOR.

function [sys,x0]=Estimator(t,x,u,flag,thetaidc,R,L,wN,Cdc,Rdc,eq,udcb,Kgain)
%

% s-function non-linear Kalman estimator

%

% Inputs u(l) = theta  Outputs y(1) = id estimated
% u(2) = ux y(2) = iq estimated
% u(3) = idc y(3) = udc estimated
% u4) =id y(4) = iv estimated
% u(d) = iq

% u(6) = udc

% u(7) = iv

% u(8) = udcwant

%

% thetaidc = constant iv => theta

% Kgain= table of gain values for different theta

D. Step Response of Load Steps

When the inverter system isin steady-state and the generator/rectifier current is0.8 p.u. a
positive current step of the generator/rectifier current i,.(t) of 0.2 p.u. is made at the
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simulation time of 0.01 s. At the simulation time of 0.025 s the generator/rectifier current
makes a negative step of 0.2 p.u., see Fig. 8. The step response of the DC-link voltageis
small, see Fig. 9. The direct current, Fig. 10, is approximately zero except at the
generator/rectifier current flanks. The current has aripple of approximately 0.05 p.u. The
quadrature current is shown in Fig. 11. The output signals of the controller, 6(t) and
u, (t) , make momentary spikes at the flanks of the load steps. At steady-state the phase
displacement angle is proportional to the generator/rectifier current i, (t) and therelative
voltageisone. The DC-link current i (t) and generator/rectifier current are plotted at the

positive step of the generator/rectifier current, see Fig. 12. Because the reactance value of
the DC-link capacitance is small, the ripple voltage over the DC-link capacitance is
rippling. The LQ-regulator feels the voltage ripple and tries to compensate it. That iswhy
the variables of the system have a small ripple. The phase currents of the inverter,
expressed in af-coordinates, are shown in Fig. 13. The current ripple caused by the

PWM is small and can be neglected.
1.1 J 1.001
. I i L
0.9 - 1 w \ L
0.8 i
0.7 ! 0.999 ‘ !
0 0.01 0.02  0.03 0 0.01 0.02 0.03

iee(t) [p-u.]

Uge(t)  [p-u]

t [9 E
Figure 8: The generator/rectifier current. Figure 9: The DC-link voltage.
0.1 - | ‘ 1.1 | |
0.05 1- -
= | 3
= o 2 09| -
= ‘H S
= .0.05 i = 08—
-0.1 ‘ i 0.7 — ‘ T
0 0.01 0.02 0.03 0 0.01 0.02 0.03

t [s] t [d

Figure 10: The direct current. Figure 11: The quadrature current.
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I, (0,1 6(t) [p-u]
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Figure 12: The DC-link current and the Figure 13: The phase currents in af-

generator/rectifier current. Positive current coordinates.

step.

-1.1 -0.55 O 0.55 1.1

X. CONCLUSIONS

The inverter system as well as the feedback and feedforward parameters are easy to
handle when state equations are used. The inputs of the MIMO system are the phase
displacement angle and the relative voltage. It is easy to control the inputs by using the
LQ-control. A disadvantage of the LQ-control of the power angle controlled inverter
system is that the current harmonics disturb the controller. The disturbances are depressed
by using a non-linear Kalman estimator to estimate the state of the non-linear inverter
system. The simulation results show that the proposed methods of simulation and control
function well.
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Inclusion of Dead-time and Parameter Variationsin VSC
Modelling for Predicting Responses of Grid Voltage
Har monics

J. Svensson
Chalmers University of Technology, Sweden

Abstract: A discrete regulator-controlled VSC connected to the grid is analysed by
discrete state equations and by the use of the average switch model method. The
controller takes into account the dead-time, caused by the calculation time of the
controller, as well as parameter variations. All transfer functions from one voltage
component (d or ) to one current component (d or g) have the same gain characteristics.
The gain of the grid voltages increases when the frequency increases. The gain has a
maximum at approximately 20 % of the sample frequency and decreases rapidly at higher
frequencies. The maximum gain is higher for the direct coupling of d- and g-voltage to d-
and g-current than for the cross coupling. The gain becomes higher when the estimated
inductance is smaller than the correct inductance value. Both the d- and g-components of
the voltage will fluctuate when the phase voltage harmonic components have the same
amplitude in al three phases. The gain of the transfer function from the phase voltage to
the grid current becomes higher than those of the d- and g-component transfer functions.
Thegainistill low at low frequencies resulting in anearly sinusoidal current waveform.

Keywords: PWM, Grid, Converter, Harmonic, Dead-beat, State Equation, Dead-Time,
Average Switch Model

|. INTRODUCTION

Today, Voltage Source Converters (VSC) are used in a variety of applications. The
increase in the power ratings of the valves (IGBTS) results in new applications such as
grid-friendly rectifiers [1] and active filters [2]. In these new applications, the dynamic
performance depends on the performance of the control system.

The common procedure to analyse a suboscillated PWM V SC-system [3] is to replace the
PWM -pattern during one sample period of the switching frequency with the average
values of the reference value signals. The method is often called the Average Switch
Model (ASM) [4]. The ASM is appropriate when the switching frequency of the PWM is
much higher than the requested frequency. In addition, the PWM is not allowed to be
saturated. Continuous time simulations are often used, and transfer functions in the s-
domain are used to analyse the system in the frequency domain [5,6]. Today, the control
system is implemented in a computer. The computer samples the input signals and
introduces a dead-time of at least one sample period due to the calculation time. The
sample frequency is constant and depends on the switching frequency of the
suboscillating PWM. The sample frequency can be at most twice the switching
frequency. The dead-time can be modelled by using the Padé approximation [7]. The
disadvantage is the increased polynom order in the transfer function.
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In this paper, a discrete regulator-controlled VSC connected to the grid is analysed by
discrete state equations and by the use of the ASM. The controller takes into account the
dead-time as well as parameter variations. The currents are controlled by a dead-beat
controller [8], which is possible due to the switching principle of the VSC. Closed-loop
models of the total system can be achieved by assembling the different current regulators
and the grid model. The simplest current regulators analysed are the P-regulator and the
Pl-regulator which have an infinitely fast control computer. The P and PI controllers
which introduce a dead-time of one sample, due to the calculation time, are called delayed
controllers and denote ZP and ZPI. The performance of the closed-loop models of the
different systemsis analysed. The focusis on the sensitivity to grid voltage harmonics. In
addition, the system responses of the active and reactive phase current components to the
reference currents are of interest.

Il. THE SYSTEM CONFIGURATION

The system configuration is shown in Figure 1. The scheme contains aVSC, an L-filter
and a regulator. The regulator tracks the reference active current ig(t) and reference

reactive current i ;(t). The grid currents and grid voltages are sampled and transformed

into the two-axis af3-coordinate system and then into the rotating dg-coordinate system.
The d-axis of the dg-frame is synchronized with the grid flux vector. The reference
voltage vector from the regulator, in the dg-coordinate system, is transformed into the
three-phase system. To take full advantage of the DC-link voltage level, denoted by
U, (t), third harmonics are added to the reference voltage values in the block OPT. The
last step to control the VSC is to transform the reference voltages into a pulse width
pattern in the block PWM. The resistance and the inductance of the series filter are
denoted R, and L, respectively. The three-phase voltages and currents of the grid are
denoted e,(t), e,(t) and e,(t) and i,(t), i,(t) and i,(t), respectively. The three-phase
voltages of the VSC are denoted u,(t), u,(t) and u,(t). The current from the DC-link to
the converter is denoted i, (t).
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Figure 1: Overview of the system, which contains the VSC, L-filter and the regulator.

In the analysis, the VSC model is assumed to be ideal. This means that the valves switch
momentaneously and have no losses, and the dead-time to prevent phase-leg short-circuit
iszero. The grid filter consists of three series inductors, one in each phase. The inductors
have a constant inductance and resistance. The VSC is modelled as a three-phase voltage
source with sampled voltages when using the ASM method. For all models, the voltage
reference values from the regulator are not allowed to be saturated and small-signal
analysisis used when a state equation becomes non-linear.

1. THE GRID M ODEL

The VSC and the grid are modelled as two three-phase voltage sources. The grid filter is
placed between the two voltage sources. The continuous-time state space equation for the
systemin the dg-frameis

d dg(t)o_ md(t)m Dud(t)D Eed(t)m

1
dt e OF A (05" B (05" Befe,(OF @
where the matrices are given by

0 R O Ol O 01 O
TT “v [ T %0 o, 0
A= s r O B, = * 4,0 B.=0O 1 U
B, —= 0o —0 0o ——D
B L.§ g L8 u L8

The current and voltage regulators operate in discrete time. To combine the grid model
with the other models, the grid model is transformed from the continuous time into a
zero-order held sampled system with the sample time T,. The state equation becomes

Oq(k+1)0_ md(k)DGwd(k)D (k)0 @
A, (k+DE TH,(0F" S, (0E" e, (WE
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The matrices are

F=ehls

]
: 3

G, =-G, = [e"drB, (3)
0

|V. REGULATOR AND CLOSED-LOOP SYSTEM EQUATIONS

A. The P-Regulator

The P-regulator presented here has partialy been taken from [9]. The application of the
Kirchhoff voltage law to the grid model yields

Uy(t) = €,(t) + Ri, (1) —ay L] (t)+|- d(t) (4)

Uq(t)=eq(t)+Rriq(t)+wN|—rid(t)+Lr%iq(t) ©)

where the inductance and the resistance of the series coil are denoted by subscript r to
emphasize that the parameters of the regulator can differ from the real values. The mean
voltages over the sample period k to k+1 are derived by integrating Egs. (4) and (5) from
KT to (k +1)Tg and dividing by Tg. By assuming the dead-beat control aswell aslinear
current variations over the interval and no changes in the grid voltage components over
one sample period, the control equations can be written as

Ug(k) = &,(K) +R,i SNEC(K) + K (i (K) —i4(K)) (6)

U5 (k) = e, (k) + Ryi (k) + Dbej )+ wNTLfiE(k) +ko(i2(k) =14(K) (7)

where the gain for the dead-beat control is
L, R

k,=—+ ¢ 8
T, 2 ®)

Equations (6) and (7) can be written in matrix form

Wy (k)0
qu(k)H Dpu reg 9)

where the input vector u,, to the regulator is

U, (K) = [i50K) 15K T4 (K) (k) €,(K) &, (k)]

and thematrix is

Tk, -Sbe R —k, —“)NZLf 107
O DL, WL,

|
Kk —— R -k, 01
Ho ™ 2 TT%T
The closed-loop system can be determined by inserting Eq. (9) into Eq. (2). The state
equation becomes
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Og(k+D)_ - Og(K)O [g(k)O
3,k + D" e (" Cerr i i) 10
where
FCLP =F+ GuAP,reg GCLP = GuBP,reg
and
% k. el O O, _@l.O
A 2O 0 g O 5> O
Pfeg_Da)NL, R kD Pfeg_Eb)NL, K ]
H 2 T Y H 2 P H

B. The PI-Regulator
The Pl-regulator is introduced to remove static errors. The errors come from non-
linearities, noisy measurements and non-ideal components. The regulator equations are

‘*’_Lr 120k) + Kp(i5(K) = 14(K)) + Au,(K)

us(k) = ed(k)+erd(k)—— (k) -
(11)

U(K) = € (K) + Rig (K) + =iy (k) + 2= 2 130k) + ko (i (K) =i (k) + Au ()
(12)
where the integration constants come from the state equation

A (k+1)0_ @Um(k)m K [y o(k=0 Ud(k)D (13)
Bu(k +DE Bug(F" H(k 1)8_ 'Hq (K

The state equation of the closed loop system using Pl-regulator is

Oigk+1) O Oig(k) O
Dl(k+1)D Dl(k)D
OS(k)O

D dZ(k+1) D I:CLPIE| dZ(k) DFGCLPIH%(k)H (14)

Oig(k+1) g Dig(K)
Du,,(k +1)0 mu,d(k)D

Hw,, (k +DH Hu, (KH

C. The Delayed P-Regulator

The delayed P-regulator contains one term more than the previous P-regulator. The
regulator equations, including the time delay, are

ul(k +1) = e, (k) + R,i4(K) —“’NTLf(ig(k) +i(K)
+Kp(i5(k) —i4(K)) - Bugy(K)

(15

Uk +1) = (k) + Ry (k) + 4 = (i(k) +i(kT)

(16)
+ k(i) =i4(K)) = Buy (K)
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In the present sample, the last voltage component has not affected the grid currents due to
the delay time of one sample [10]. The delay time compensation must remove the voltage
component due to the current error. The compensation terms become

Auy(K) = K, (ig(k =) —iy(k = 1)) - Auy(k = 1) (17)

Bu, (k) = K, (i5(k = 1) =iy(k = 1)) = Auy (k 1) (18)
The closed-loop system with the delayed P-controller becomes

Dig(k+1) O Dig(k) O
Dl o(k+1) D Dl (K) D e (k)D
uy(k +1) = uy(k) B D(k)
DUD(k +1) E_ FCLZPD D(k) D"'GCLZP d(k) (19)
[Auy(k +1)0 mud(k)D @q(k)g

Buk+DH  Hu(H

D. The Delayed PI-Regulator

For a delayed regulator using dead-beat control, it takes two samples before the grid
currents are equal to the reference values of the current. The equations of the delayed PI-
regulator become

Uy(k +1) = g,(k) + R/ ( (k) +iq(K))+ 20)
Ke(i5(K) —i4(K)) +Au.d(k) — Auy (k)
us(k +12) = e, (k) + Ry, (k)+°"“ = (i5(K) +i4(KT)) + -

Ko (i5(K) —i4(K)) + Auy (K) — Aug (k)

The compensation terms are the same as for the P-regulator. The integration term of the
Pl-regulator isasum of the current errorsfor all the old samples and can be written as

[Auyg(k +D0_ [u(k)o, K, [y(k—2)0 K, [, (k)0 (22)
gk + DE Bu (05" k-2 008

The closed-loop system with the PI-regulator and the delayed controller becomes

. . T
X(k +1) = Py X(K) + Gy nia(K) 15(K) €,(K) €,(K)] (23)
where the state vector x(k) has 12 states.

V. THE INTERACTION BETWEEN THE AC-
AND DC-SIDES OF THE VSC

The DC-link current can be written as
(1) = (Ua(©)ig () + Uy (D4 (1)) / ug (1) (24)

if the output voltage of the VSC is modelled as a smooth voltage vector u(t), the
converter losses are negligible and the converter output voltages are not saturated. Due to
the fact that the system is non-linear and the analysis method only works in linear
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systems, the non-linear system is linearized in an operating point and the analysis only
describes how the system behaves in a small region around the operating point.

A. Operating Points

The operating point of the system is determined by the reference values of the grid
currents, the grid voltages and the DC-link voltage. Let the operating points be denoted
by the subscript 0. Here the regulator parameters are correctly tuned, due to the real
system parameters. When using a Pl-regulator, the grid currents are equal to their
reference values in steady state. The regulator output becomes
ucDiO =€y tRigp—w Lrl 0

; | ; (25)
l"lqO = er + RrIqO + wNLrIdO
and the output voltage of the converter is equal to the reference voltage of the converter.
The steady-state grid current is

[lgo 0 -t~ Wyl @dO%

| -F +G 26
HooH (- HlooB o (26)
The operating point of the DC-link current is
ivO = (udOidO + uqO qO)/ uch (27)

B. The System Linearization

Here, the linearized system will be analysed around an operating point. Let the
perturbation around the operating point be denoted by A. The small-signal DC-link
current to the VSC becomes

g0 0 [ (D)0, Do AU, (DD |
Ai (1) = HlqoH @' (t)ﬁ @qoﬁ HAu, (I)E lvo Aug (1) (28)

uch dcO

The other equations are linear, so the small signal equations become the same.

C. The Linearized Model of the System

In the linearized model, in contrast with the closed-loop ZPI model (23), the DC-link
current is determined. The state space equation for the system with a stiff DC-link voltage
can bewritten as

X(k+1) = A yx(K) + By Ai5(K) 2i5(K) Ae, (K) A, (k)] (29)
iy (k)O i

oA (K) O m?g(i)g

AU (K) -CL.Nx(k)+DL.N%' (Mg (30)
85“ (k)5 es(K)

i, (k) 0 the,(k)g

where the state vector x(k) has 12 states.
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VI. THE FREQUENCY ANALYSIS

A number of transfer functions can be obtained from the different state equations of the
closed loop systems. Here, a small number of the transfer functions will be presented.
The parameters of the VSC, the grid and the regulators are given in Table 1. To make the
notation of the different system and control configurations simple, the configurations are
denoted by lettersfrom A to E, asshown in Table 2.

TABLE1
THE PARAMETERS OF THE SY STEM INCLUDING THE REGULATORS.
E 1.0 p.u. Eqo 0 p.u.
UL =1.5E 1.0 p.u. Eqo 1.0 p.u.
L 0.15 p.u. 40 0.5 p.u.
Rs 0.015 p.u. 40 0.5 p.u.
Tg 100 ps Wy 1007t rad/s
TABLE2
THE SYSTEM AND CONTROL CONFIGURATIONS.
# current regul ator State equation
A P, without time delay CLP
B PI, without time delay CLPI
C P, with time delay CLZP
D PI, with time delay CLZPI
E PI, with time delay LIN

A. The Coupling from the Reference Current to the Grid Current

The main reason for using the vector control is to control the active and the reactive
current independently. In Figure 2, the Bode diagram of the transfer function from the
reference of the d-current to the d-current is shown. The gain is approximately one for the
transfer functions for the different systems. The phase shifts are larger for the regulators
which have a time delay of one sample. The same characteristic is obtained for the
transfer function from the reference of the g-current to the g-current. The Bode diagram
of the transfer function from the reference of the d-current to the g-current is shown in
Figure 3. The gainis small and can be neglected in practice. The gain for the time-delayed
regulator is higher than for the regulators which do not have atime delay. The frequency
response from the reference of the g-current to the d-current is identical to the previous
one.
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Figure2: The Bode diagram from the reference value of the d-
current Aij to the d-current Ai,. The systems A, B,

C, D and E are displayed.
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Figure3: The Bode diagram from the reference value of the d-
current Aig totheg-current Ai . The systems A, B,
C, D and E are displayed.

B. The Grid Voltage Coupling to VSC Currents

The low-frequency voltage harmonics of the grid affect the output currents of the VSC.
Figures 4 to 6 show the Bode diagrams of the transfer functions from the d- and g-grid
voltagesto the d- and g-grid current. The transfer functionsfrom Ae, to Ai, and Ae, to

Ai, have the same characteristics. For all transfer functions, the gain of the grid voltages
increases when the frequency increases. The gain has a maximum at 2.2 kHz (i. e,,
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approximately 20 % of the sample frequency) and then decreases rapidly. There is no
difference between the characteristics of the time-delayed P-regulator and the time-delayed
Pl-regulator. But the gain differs for the different transfer functions. The gain of the
transfer functions Ae, to Ai, and Ae, to Ai, are the same but the phase shifts are

different. The maximum gain islarger for the direct coupling, -25 dB, than for the cross
couplings, which have the maximum gain of -50 dB.
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Figure4: TheBode diagramfromthe d-grid voltage Ae, to the
d-current Ai,. The systems C and D are displayed.
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Figure5: TheBodediagramfromthe g-grid voltage Ae, to the
d-current Ai,. The systems C and D are displayed.
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Figure6: TheBode diagramfromthe d-grid voltage Ae, to the
g-current Ai,. The systems C and D are displayed.

C. The Grid Voltage Coupling to the DC-link Current

The transfer function characteristics from the grid voltage components to the DC-link
current are shown in Figure 7. The DC-link current characteristics as a function of the
grid voltages increase with the frequency and have a maximum at 2.2 kHz. Then the gain
decreases rapidly. The gain is higher for the transfer function from Ae, to Ai,, than for
Ae, to Ai,.
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Figure7: The Bode diagram from the d- and g-grid voltages,
Ae, (marked by 1) and Ae, (marked by 2) to the

DC-link current Ai,, . The system E is displayed.
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D. Influence of Parameter Value Variations

In this section, the system response is determined when the controller parameters are
misfitted due to an inaccurate determination of the inductance and resistance. The
estimated series inductance has an error of £25 % and the estimated resistance has an
error of +50 %. In Figures 8 to 10, the transfer functions from Aij to Ai, and from Ae,
to Ai and Ai, are shown. The gain changes +6 dB at 300 Hz and +4.5 dB at 600 Hz
for the transfer functionsfrom Ae, to Ai,. Further, the gain changes +2 dB at 300 Hz
and +1.6 dB at 600 Hz for the transfer functions from Ae, to Ai,. In both cases, the
resistance variations do not influence the results. The gain becomes higher when the

estimated inductance is smaller than the correct inductance value. For the transfer
functions from Ai; to Ai, the gain fluctuation becomes +4 dB.

5 . |1 L 0
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gain (0,0) . -300
gain (--)
-5 T T '360
2 3
10 10
Frequency [HZ]

Figure8: The Bode diagram from the reference value of the d-
current Aij to the d-current Ai,. The system D is
displayed. The (+,+) means higher estimated
inductance and higher estimated resistance than the
correct value of the series coail.
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The Bode diagram from the d-grid voltage Ae, to the

d-current Ai . The system D isdisplayed. The (+,+)

means higher estimated inductance and higher
estimated resistance than the correct value of the
series coil.
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The Bode diagram from the d-grid voltage Ae, to the
g-current Ai,. The system D is displayed. The (+,+)
means larger estimated inductance and larger

estimated resistance than the correct value of the
series coil.
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VIlI. SYSTEM SIMULATION

The complete non-linear model was simulated by using the Matlalb/Simulink program in
order to verify the linearized frequency responses of the different transfer functions. The
simulation model isequal to the system in Figure 1 exept for the PWM-block, which was
removed in order to accelerate the simulation. The parameters and operating points of the
reference currents are the same asin Table 1.

A. Grid Voltage Harmonics

The phase voltage harmonic components have the same amplitude in al three phases.
When the harmonic components are transformed to the dg-coordinate system, the
frequencies of the components are changed, depending on positive or negative phase
sequences. Both the d- and g-components of the voltage will fluctuate. The voltage
fluctuations of the d- and g-component will be of the same magnitude.

The gain is determined from the phase voltage and the resulting phase current at each
harmonic frequency. The voltage harmonic components are listed in Table 3. In
Figure 11, the phase voltage and the phase current are shown. The result in Table 3
shows that the gain becomes higher than for the transfer functions from grid voltage
harmonic components in d- and g-direction to the grid current componentsin d- and g-
direction, for instance Fig. 5. Thisis because the gain is here composed of both the direct
coupling and cross coupling from both d and g.

1 L 1 ‘ 1 L 1 Il L 1 Il L 1 1
1
voltage
05| / current — 0.5
= Ta =
Q =
a) )
P 0 —0 §
3 5
3 ®
-0.5 —-0.5
_1*
; -1
1 1.01 1.02 1.03 1.04

Time[s]

Figure 11: The distorted phase voltage and the resulting phase current.
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TABLE 3
THE GAIN OF TRANSFER FUNCTION FROM PHASE VOLTAGE
TO PHASE CURRENT HARMONICS,
i Harmonic level in percent of i
Harmonic # p € ‘Il(n) / €y

n=5 7.0 -38dB
n=7 5.0 -38dB
n=11 3.2 -32dB
n=13 2.7 -32dB

B. Harmonic Fluctuation in d- and g-Components of the Grid Voltage

Simulations were performed to verify the analytical frequency responses from |low-
frequency disturbances in the d- and g-components of the grid voltage to the d- and g-
components of grid current. The simulation model was adjusted to inject voltage
harmonicsin d- or g-axis of the grid three-phase voltage. The disturbance frequency were
altered from 200 to 600 Hz in steps of 100 Hz. The different frequency responses were
then determined by frequency analysis. The obtained frequency responses correspond
well to the analytical transfer function.

VIlIl. CONCLUSION

A discrete regulator-controlled VSC connected to the grid is analysed by discrete state
eguations and by the use of the average switch model method. The controller takes into
account the dead-time caused by the calculation time, as well as parameter variations. A
linearization at an operating point is performed if the analysed model becomes non-linear.

All transfer functions from the d- and g- grid voltage components to the d- and g-current
components have the same gain characteristics. The gain of the grid voltages increases
when the frequency increases. The gain has a maximum (at 2.2 kHz for the investigated
system) and decreases rapidly at higher frequencies. The minimum attenuation is higher
for the direct coupling of d- and g-voltage to d- and g-current than for the cross coupling.
In addition, the influence of parameter variation is analyzed. The attenuation becomes
lower when the estimated inductance is smaller than the correct inductance value.

When the phase voltage harmonic components have the same amplitude in al three
phases. Both the d- and g-components of the voltage will fluctuate. The gain becomes
higher than for the transfer functions from the grid voltage harmonic components in d-
and g-direction to the grid current components in d- and g-direction. Thisis because the
gain is composed of both the direct coupling and cross coupling from both d- and g-
components. The gain is still low at low frequencies, resulting in good current control
perfomance.
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Synchronisation M ethods for Grid-Connected Voltage
Sour ce Converters

J. Svensson

Indexing terms. Phase locked loop, Electric power system, Synchronisation, Voltage source converter

Abstract: Four different synchronisation methods for a V SC connected to a three-phase
grid are investigated. The methods are adapted for use in a digital controller. The
performance of the synchronisation methods is studied by response characteristics of
phase-shift steps, frequency steps and low-frequency grid voltage harmonics. The low-
pass filtering method can be used only if the frequency of the grid is constant and phase
jumps do not occur. If phase jumps occur, the novel space vector filtering method is
recommended. The extended space vector filtering method is adapted to handle frequency
variations and is also preferred if fast frequency variations occur. This method even has a
higher performance than the extended Kaman filter method, in spite of the large number
of calculations that must be performed.

LIST OF PRINCIPAL SYMBOLS
€y1r €g0r €43 = grid phase voltages

e, &, & = phase voltages in point of common connection (PCC)
€ € = grid voltage in a3-coordinatesin PCC

€y, € = grid voltage in dg-coordinatesin PCC

e=e, *+je, = grid voltage vector in PCC

[ = grid currents in dg-coordinates

Q.
o)

m_ .

Q

= grid currents in af3-coordinates
= sampleindex
=integral gain
= proportional gain
= short-circuit inductance of the grid
= seriesinductance of the grid filter
= short-circuit resistance of the grid
= series resistance of the grid filter
= sampletime
= date vector
= process noise
= sensor noise

Bor Cor Doy = discrete state equation matrices
= rotation matrix
= Process noise covariance matrix

= Sensor Noise covariance matrix
= forgetting factor

=~ =
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e = transformation angle
ABO = transformation angle deviation
w, = grid angular frequency
Aw, = grid angular frequency deviation
A = estimated value

1 INTRODUCTION

In almost all power electronic equipment connected to the grid, a phase-locked loop
(PLL) is used to obtain an accurate synchronisation to the grid. The synchronisation
algorithm must cope with the existing electrical environment [1], e.g., with harmonics,
voltage sags and commutation notches. Another problem is grid frequency variations. In
strong grids, the frequency variations are usually small, but larger frequency variations
occur in autonomous grids. Furthermore, the synchronisation must handle measurement
noise. An accurate zero voltage crossing detection is essential for the control of grid-
commutated converters. Otherwise, the converter system can suffer from poor
performance or even instability.

The firing angle unit for thyristor valves uses the zero voltage crossing as areference; the
zero voltage crossing must be accurately detected each half period of the grid [2]. A more
demanding application is the grid connection of a forced-commutated voltage source
converter (VSC) when vector current control is used [3]. The synchronisation must be
updated not just at zero voltage crossings but continuously under the whole period. In
this case, a flux-based transformation angle detector (TAD) is used to obtain the rotating
dg-coordinate system [3].

The classical synchronisator is an analogue PLL [4], designed around the IC chip 4046.
Today, control systems of converters are often implemented in a computer. By using a
software solution to the PLL, a flexible and cost effective solution is obtained. The
analogue PLL function can be translated into a software PLL function [5], but the low
update frequency from zero voltage detection is a disadvantage. Digital filters and
controllers can, however, increase performance and make new methods feasible. If the
input signal is noisy, a predictive digital filter can be used to find the zero voltage
crossings for the PLL [6]. The calculation timeis critical for areal time control system,
which resultsin ademand for fast algorithms.

In this paper, four synchronisation methods will be analysed. The complexity of the
methods varies from a simple method adapted for stiff-grid applications to the extended
Kaman filter (EKF) and anovel space vector filter (SVF), which can handle both phase
angle steps and frequency steps. The performance of the synchronisation methods will be
analysed based on three criteria: phase shift response, frequency step response and
sensitivity to grid voltage harmonics. The maximum allowed frequency changeis 1 Hz/s
in accordance with the IEC 1800-3. However, a good understanding of the performance
is obtained by using frequency step responses.

2 VSC SYSTEM CONNECTED TO WEAK GRID

When aVVSC is connected to aweak grid, the voltage at the point of common connection
(PCC) will vary and become a function of several variables: the grid voltage behind the
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impedance describing the grid, the grid current and the short-circuit parameters of the
grid. A step in the power from the VSC (or another user of the grid at the PCC) resultsin
a step change of the voltage vector at the PCC.

The VSC connected to aweak grid and the vector current controller are shown in Fig. 1.
Thetransformation angle 6(t) is used to transform grid currents and grid voltages at the
PCC to the dg-coordinate system needed in the vector current controller. The reference
voltages from the current controller are transformed back to three-phase values. The
synchronisation must have a high performance due to the structure of the vector current
controller. A phase shift in the synchronisation will result in steady-state errors, and the
cross-coupling current gain will increase. In addition, poor performance or instability can
occur if the synchronisation is sensitive to noise or reactstoo distinctly to phase steps.

weak grid PCC . VSC

e FOEMNEO__§ < | -

e, (1) = + eZ(t)_ Q.‘Iif.(\t) W 4@ ge— Uy (1)
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ﬁ € (k) REA
0(K) ap/dq}—Joprdq] E/gs 2/3
_e(dQ)(k) l(dq)(k) Ug(k) Us(k)
’I current controller |

i1 Tigk)
Figure 1: VSC system diagram consisting of the VSC, the grid filter, the weak grid and
the vector current controller.

3 TAD BASED ON LOW-PASS FILTERING OF GRID VOLTAGE

A simple method is obtained by low-pass filtering (L P-filtering) the grid voltage vector
and the method is denoted by LP-TAD. A first-order Butterworth filter is utilized. The
cut-off frequency is tuned to between 0.1 and 25 Hz. The phase lag of afirst-order filter
depends on the grid frequency and the cut-off frequency. The desired phase lag of 90°
occurs at an infinte frequency. The phase lag will, thus, be less than 90° due to the grid
frequency of 50 or 60 Hz. The phase |ag increases when the cut-off frequency decreases.
By using a coordinate transformator, the L P-filtered grid voltage vector can be rotated by
an angle A@ so that the phase lag becomes 90°. Fig. 2 shows a diagram of the LP-TAD.

e, k) &K e (K
e,(t) B P ¥ >€a(K)
Zleto e el L ——)
e,(t) S > 3/2 >\Ea(K) 4 &5(k) H R(A6) :
2les(k) TP NCACH e in( O(K
€,(t) 3 ~ ﬁ(k) eLPBFB(k) > le(k)| n(6(k))

Figure 2: Diagramof the LP-TAD.
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Two calculated step responses to a 10° phase-shift in the grid voltage vector are presented
in Figs. 3 and 4. The grid frequency is 50 Hz and the cut-off frequency is 0.5 Hz or 5.0
Hz. Coordinate transformation is not used to correct the phase-shift. Different steady-
state angle errors, due to different cut-off frequencies, can be observed in Figs. 3 and 4.
The phase-shift errors are approximately 1° and 6° for cut-off frequencies 0.5 and 5 Hz,
respectively. Unfortunately, the detector characteristics are undamped and oscillate. The
damping is increased by a higher cut-off frequency. This behaviour makes the detector
unsuitable for applications where phase jumps can occur. In practice, every grid-
connected VSC is exposed to grid phase jumps due to short circuits in other nodes of the
grid [7]. The LP-TAD is aso sensitive to grid frequency deviations.

grid phase shift LP-TAD phase shift

LP-TAD phase shift \
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0 0.2 0.4 0.6 0 0.2 0.4 0.6
Time|[s] Time(s]

Figure 3: LP-TAD phase shift responseto Figure 4: LP-TAD phase shift response to
a grid phase shift step. The cut-off a grid phase shift step. The cut-off
frequency is 0.5 Hz frequency is 5 Hz

4 TAD BASED ON SPACE VECTOR FILTERING FOR
CONSTANT GRID FREQUENCY

The novel space vector filter (SVF) isan LP-filter for space vectors; it is based on the fact
that the fundamental of3-components of the grid voltage depend on each other. These
voltages can be expressed as a rotating voltage vector with a constant amplitude and
constant frequency. The filter hastwo inputs, e, (t) and e,(t). Thefilter usesamodel of
the grid voltage vector eg, + j€q, 5, Which is updated with every sample. By assuming
a constant sample time and a constant grid frequency, the grid voltage vector of the model
can be estimated for the next sample. The value of the forgetting factor y determines how

much influence the grid voltage vector has on the model of the grid voltage. The outputs
are e, (t) and e;,,(t). Thefilter equationsin state variable form become

Bovrq (K+1)0O_ A @S/Fa(k)m e, (ko 1
oy (k+ D Asre e (0 5 Bove e (0]
@fllta (k)D |EES/FH (k) D @0’ (k) D (2)

Feip (K) 5_ o (E" Dse e (KH
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where the matrices are given by

d-y 0Q d-y 0@
Asvr = YR(wyTs); Bgye = E 0 1- VH Covr = YR(wyTs); Dgye = H 0 1 VH

If the forgetting factor y = 1, the model has no connection to the inputs of the filter and if
the forgetting factor is 0, the output of the filter will be the grid voltage. A scheme of the
SVF-TAD is shown in Fig. 5. To determine TAD performance, two tests have been
made. The first one is a step-response to a phase-shift of the grid voltage vector. The
second test evaluates the influence of grid voltage harmonics on the filter.

ek) _ Sa(K) g (k) cos(6(K) + 77/ 2)

ey(t) E >8a(k) >1h
2ok S 1R
e,(t)¢ 0 0n| lsve| 3 VEa (k) +e;(k) / C'Oj(:(ik))))
J( % es(k; > eﬁ& > > il >
ey(t) s €arp(K) > le(k)|| .
& (k) sin(a(k)+ 1/ 2)

Figure 5: Diagram of the SYF-TAD.

4.1 Phase Shift Step Response

The step response to a 10° phase shift of the grid voltage vector is shown in Fig. 6. The
forgetting factor has values between 0.9 and 0.9995. The sample time is 200 ps and the
grid frequency is 50 Hz. The SVF-TAD does not introduce any phase shift, and the step
response is well damped. A high value of the forgetting factor resultsin along settling
time, which is preferable because the time constant should be larger than the other time
constants in the system.

15 | ‘ |
grid phase shift

o | L/ ¥=0.9

o
= ——
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0 ‘ T
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Figure 6: SVF-TAD phase shift responses to a grid phase shift step for different
forgetting factors y.

4.2 ThelInfluence of Grid Voltage Harmonics

The gain of the SVF-TAD for grid voltage harmonics is determined by two simulations
performed by injecting a 10 % voltage harmonic component of the 5th or 11th order. The
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grid frequency is 50 Hz and the sample time is 200 ps. The gain from the input to the
output of the SVF for the harmonic voltage components is displayed in Fig. 7. The
forgetting factor varies between 0.9 and 0.999. The gain of the voltage harmonics
decreases as the forgetting factor is reduced.

The variance of the grid angle deviation displays how much voltage harmonics affect the
SVF. Fig. 8 shows this variance when the forgetting factor varies between 0.9 and
0.999. The variance of the SVF output angle deviation is lower than 0.01°2 when the
forgetting factor is higher than 0.99. The SVF handles the distorted grid successfully.
The 5th and 7th voltage harmonics have the same gain factor (and the sameisvalid for the
11th and 13th harmonics) due to the use of the rotating coordinate system.
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Figure 7: The gain from the harmonic Figure 8: Variances of the grid phase shift
grid voltage component to the harmonic and the SVF-TAD phase shift.
voltage component after SVF.

5 TAD BASED ON SPACE VECTOR FILTERING FOR VARYING
GRID FREQUENCY

The SVF-TAD can be adapted to a varying grid frequency and is then called extended
SVF-TAD. A phase shift occurs when the grid frequency varies and the forgetting factor
of the SVF ishigh. It is complicated to determine the phase shift directly. However, the
phase shift will be proportional to the vector product of the grid voltage vector and the
output voltage vector of the SVF for small deviations [8]. If the frequency of the SVF is
higher than the grid frequency, the vector product becomes negative. The vector product
is called the " Q-vector" referring to the reactive power. To reduce the amplitude-
dependence of the Q-vector, the involved voltage vectors are normalized. The Q-vector is
fed to adiscrete PI-regulator, which is connected to the SVF, as shown in Fig. 9. The PI-
regulator output is the estimated frequency deviation. The estimated frequency is the sum
of the rated frequency and the estimated frequency deviation.
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Figure 9: Diagram of the extended SVF-TAD.

Compared with the basic SVF-TAD, the proposed non-linear filter for fluctuating
frequency is difficult to analyse. Several parameters must be determined to get a good
filter performance: the forgetting factor y as well as the proportional gain kg, and the
integrating gain K, Of the discrete Pl-regulator. To minimise the influence of the
voltage harmonics on the grid, a 150 Hz first-order LP-filter is placed between the Q-
vector block and the discrete Pl-regulator.

The problem of tuning the discrete PI-regulator is the conflict between frequency tracking
and sensitivity to voltage harmonics. Another problem is the parallel operation of the
frequency regulator and the SVF. If the phase displacement is large, the frequency
regulator responds to a frequency error. To reduce this problem, the frequency regulator
istuned to respond slowly. The time constant of the Pl-regulator is set to one grid period.

Two simulations are presented in the following: the phase-shift step response and the
frequency step response. The simulation parameters, which have been selected by an
iterative process to decouple the SVF and the frequency regulator, are listed in Table 1.

TABLE1
PARAMETERS OF EXTENDED SVFTAD.
T, = 200 s Kpas = —40
y =0.99 Ko =-0.04

5.1 Phase Shift Step Response

At the simulation time 0.2 s, the grid voltage vector makes a positive phase shift step of
10°. Fig. 10 shows the phase shift of the extended SVF-TAD. The estimated grid
frequency deviation is shown in Fig. 11. The phase shift out from the extended SVF-
TAD has an overshoot when the estimated grid frequency deviation increases. This
overshoot is caused by the integrating part of the Pl-regulator; the integrated part cannot
decrease to zero immediately. The estimated grid frequency deviation responds by a step
of 0.11 Hz, after which it decreases monotonously to zero.
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Figure 10: Extended SVF-TAD phase shift Figure 11: Extended SVF-TAD frequency
response to a grid phase shift step. The deviation response to a grid phase shift
phase shift stepis10°at 0.2 s. step. The phase shift stepis10°at 0.2 s.

5.2 Frequency Step Response

The simulation results of a frequency step from 50.0 Hz to 52.5 Hz at 0.2 s are
examined. The step and the estimated grid frequency deviation are shown in Fig. 12, and
the phase shift of the extended SVF-TAD due to the frequency step is shown in Fig. 13.
Due to the slow frequency regulator, the phase shift becomes —14° before it is decreased
by the frequency regulator. The phase shift of the extended SVF-TAD trackstherea grid
phase shift smoothly without any overshoots. By choosing a faster frequency regulator,
the maximum phase shift will decrease, however, the frequency regulator will be more
sensitive to the harmonics of the grid voltage, as well.
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Figure 12: Extended SVF-TAD frequency Figure 13: Extended SVF-TAD phase
deviation response to a grid frequency shift response to a grid frequency step.
deviation step. The grid frequency steps The grid frequency steps from 50.0 Hz to
from50.0 Hzto 525 Hzat 0.2 s. 525Hz at 0.2s.
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5.3 ThelInfluence of Grid Voltage Harmonics

The influence of grid voltage harmonics on the extended SVF-TAD is minor when the
frequency regulator parameters are chosen so that the regulator responds slowly. The
variance of the grid voltage angle fluctuation is 16.46°2, when a 10 % 5th voltage
harmonic component is injected to the grid. The filtered variance is 0.012°2, i.e., the
influence of voltage harmonics has been practically eiminated.

6 TAD BASED ON EXTENDED KALMAN FILTER

The extended Kalman filter (EKF) used as a TAD (EKF-TAD) tracks the amplitude,
frequency, and the grid voltage angle instantaneously. The EKF is extensively used in
power electronic applications to estimate parameters and variables in drive systems. In
grid applications, the EKF has been used, for instance, to detect grid voltage harmonics
[9,10] and to fault relaying [11]. The use of the EKF as a grid synchroniser is not a
common application.

6.1 State Equation Model of the Grid Voltage

The state vector contains three e ements: the amplitude, the angle and the frequency of the
grid voltage vector, i.e., X(k) =[e,(k) 6(k) wg(k)]T. The voltage model of the grid in

o3-coordinate system becomes

1000

x(k +1) = [0 1 T (k) + v(K) €)
Mo 1§

re, (K)O_ (k) cos(x, (k)0

(K E He (k)sin(x,(k)) H’W(k) 4

where v and w are the process noise and sensor noise, respectively. The state equation is
non-linear. The EKF [12] is used to estimate the states of the grid in the model above. To
change the performance of the filter, the sample time as well as the process and sensor
noise covariance matrices are atered.

6.2 Simulations of the EKF-TAD

In the following, the results of two simulations will be presented: the phase shift step
response and the frequency step response. The grid voltage amplitude e, (t) has a
constant value of 400 V and the grid frequency w,(t) is 100mt rad/s. The sample time is

100 ps. The process and measure covariance matrices are set to

00400 0 0 [
V=g 0 00006 0 [ W:[4%OO

0o 0 0.0314
by using thetrial and error method. The initial state vector is

0
4000]
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6.3 Freguency Step Response

The frequency deviation and the phase-shift responses of the EKF-TAD to a grid
frequency step are analysed by means of a frequency step from 50 Hz to 52.5 Hz at
0.2 s. The grid frequency step and the estimated frequency deviation are shown in Fig.
14. The estimated frequency deviation response has an overshoot of 0.2 Hz but is well
damped. The phase shift of the EKF-TAD due to the frequency step is shown in Fig. 15.
The phase shift decreasesto —22° before it starts to increase. The phase shift settlesto 0°
after asmall overshoot of 1°.
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Figure 14: EKF-TAD frequency deviation Figure 15: EKF-TAD phase shift response
response to a grid frequency deviation to a grid frequency step. The grid
step. The grid frequency steps from 50.0 frequency steps from 50.0 Hz to 52.5 Hz
Hzto 525 Hzat 0.2 s, at 0.2s.

6.4 Phase Shift Step Response

The phase shift step response of the estimated grid frequency and of the phase shift of the
EKF-TAD are analysed by means of a positive phase shift of 10° at 0.2 seconds. The
EKF-TAD phase shift response to a grid phase shift step, and the step, are shown in Fig.
16. The EKF-TAD frequency deviation is shown in Fig. 17. The phase shift step
response of the EKF-TAD has an overshoot of 20 % but is well damped. The frequency
deviation increases to a maximum of 0.23 Hz before it decreasesto O Hz.
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Figure 16: EKF-TAD phase shift response Figure 17: EKF-TAD freguency deviation
to a grid phase shift step. The phase shift response to a grid phase shift step. The
stepis10°at0.2s. phase shift stepis10°at 0.2 s.

6.5 Influence of Grid Voltage Harmonics

The influence of grid voltage harmonics on the EKF-TAD is small when the frequency
regulator parameters are chosen so that the regulator responds slowly to variations. For a
10 % 5th voltage harmonic component injected into the grid voltage, the variance of the
grid voltage angle fluctuation is 16.46°2. The variance of the phase shift of the EKF-TAD
is0.013°2, which is negligible.

6.6 Simulation Experience from the EKF-TAD

The EKF estimates the frequency, the angle and the amplitude successfully. Depending
on what kind of disturbances occur in the grid, the weighting matrices must be changed
so that the EKF operates adequately. The bandwidth of the estimated states decreases if
the grid voltage vector is noisy. Low-frequency harmonics have frequencies near or in the
active frequency band of the system, which requires larger weighting matrice elements to
reduce the noise. The EKF-TAD tracks the amplitude and frequency steps with an
overshoot response. One problem of using the EKF is finding the optimal weighting
matrices V and W. The method used was based on trial and error; other weighting
matrices V and W might have resulted in a slightly better performance of the system.
Another drawback is the calculation time of the EKF algorithm. If a high sample
frequency is required, problems will be encountered due to the extensive time
consumption of the EKF-algorithm.

7 IMPLEMENTATION

The TAD algorithms have been implemented in an experimental system. The system
consists of a control system, a VSC connected to the grid and interface circuits for
measurements and control signals. The controller isimplemented in a TM S320C30 DSP
using 40 MHz clock frequency. The algorithms are written in C. At every sample, the
main interrupt function calls the synchronisation function. In Table 2, the execution time
is shown for the 4 synchronisation functions. Three of them were implemented in the
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DSP. A three-phase system was created to simulate the phase jJumps and frequency steps.
The implemented TADs operate as expected from the foregoing analysis. The calculation
time of the EKF-TAD algorithm was estimated due to extensive calculation time.

TABLE?2
EXECUTION TIME OF TAD ALGORITHMS.
TAD type Time
LP-TAD 10.0 us
SVFTAD 9.6 ps
extended SVF-TAD 25 us
EKF-TAD 75 us

8 CONCLUSION

Four synchronisation methods with different complexities have been analysed. The
synchronisation methods for a VVSC connected to a weak grid are compared with using
phase and frequency steps and fluctuations. Furthermore, the immunity to low-frequency
voltage harmonicsin the grid is addressed.

The TAD based on low-pass Butterworth filtering of grid voltage works adequately in a
distorted grid; problems occur when phase shifts and frequency variations are introduced.
The agorithm is highly time-efficient.

The basic SVF-TAD for afixed and known grid frequency can deal with phase-shift steps
and works adequately in distorted grids. The method has a short execution time and is
well suited to the synchronisation of VSCs to distorted grids where phase jumps can
occur.

The extended SVF-TAD also handles frequency variations and frequency steps. The
performance of the method is almost equal to that of the basic SVF-TAD. The voltage
distortion attenuation is slightly lower than that of the basic SVF-TAD, and the phase-
shift step response has an overshoot of approximately 5 %. The method is suited to weak
grids with phase jumps and voltage distortion. Furthermore, the method can be used in
autonomous grids, where frequency variations occur. The execution time is longer in
comparison to the basic SVF-TAD, but is still acceptably low.

The EKF-TAD can operate in aweak grid where the frequency and the phase shift step
and fluctuate. Grid voltage distortion is well attenuated. Compared with the extended
SVF-TAD, the EKF-TAD has a lower performance, even if the sample time is shorter.
The EKF-algorithm results in a long execution time and, thus, is not suited to high
sample frequencies.
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| nfluence of Non-linearities on the Frequency Response of
a Grid-Connected Vector-Controlled VSC

Jan Svensson Michael Lindgren

Abstract- In this paper, the small-signal performance of different vector controllers for
grid connected voltage source convertersisinvestigated. In the VSC literature, lossesin
the grid filter as well as nonlinearities due to blanking time and non-ideal valves are
usually not modelled in the evaluation of the performance of control principles. A method
is implemented for compensating for nonlinearities due to blanking-time and non-ideal
valves. Furthermore, the influence of the compensation principle on the performance of
traditional dead-beat controllers is shown in measured frequency responses. Vave
compensation reduces the cross-coupling gain. In addition, the direct-coupling gain is
improved. To show the influence of non-linearities, measured frequency responses are
compared with responses from analytical models. At high frequencies, the frequency-
dependent losses in the line filter must be taken into account to predict the dynamic
performance correctly.

. INTRODUCTION

The discrete-time vector current controller with a sub-oscillating PWM uses a constant
switching frequency and harmonics appear at distinct frequencies [1]. This type of
controller is sensitive to parameter variations and the non-linearities of semiconductor
valves. In steady state and for slowly varying reference values, an integration term in the
controller allows some parameter variations and errors due to non-ideal valves. By using
feed-forward compensation for parameter variations and errors due to valve non-
linearities, the system is able to track the reference values with a higher accuracy. This
has been investigated for adjustable-speed drives [2]. Furthermore, cross-coupling and
non-linear gain may occur due to the uniform sampling and non-ideal PWM [3]. In vector
current control systems, the cross-coupling should be low. If the current reference value
changes dynamically, atracking error will occur. In converters connected to the AC grid,
it isimportant to take the total system non-linearities into consideration. In addition to the
static characteristics, the dynamics of the system and its control should be studied.

In this paper, the performance of a discrete-time current controller using a sub-oscillating
PWM for a grid-connected VSC is investigated. Small-signal frequency responses from
grid current references to grid currents are determined at an operating point. The systemis
modelled on an analytical discrete state-space equation and on the use of the average
switch model (ASM) technique [4]. The uniform sampling phenomenon is avoided by
choosing a sufficiently high sampling frequency. The controller model takes into account
the delay-time of one sample due to computational calculation time. A compensation
function has been introduced to reduce the influence of the valves both in steady state and
dynamically. Comparisons of two analytically obtained frequency responses and
measured frequency responses are presented. In the first analytical model, the grid filter
has constant parameters. In the latter model, frequency-dependent losses of the filter,
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obtained from measurements, are taken into account. Experimental results are presented
for P and PI controllers with and without compensation.

1. SYSTEM CONFIGURATION

The system configuration is shown in Figure 1. The diagram containsaVSC, agrid filter
and a controller. The controller tracks reference active current ig(t) and reference reactive

current i (t). Grid currents and grid voltages are sampled and transformed into the two-

axis af-coordinate system and then into the rotating dg-coordinate system. The d-axis of
the dg-frame is synchronized with the grid flux vector. The reference voltage vector from
the controller istransformed into the three-phase system. To take full advantage of the dc-
link voltage u (t), triplen harmonics are added to the reference voltage values in the
block OPT. The last step in controlling the VSC isto transform the reference voltages into

a pulse width pattern in the block PWM. The resistance and the inductance of the grid
filter aredenoted by R and L, respectively. The phase voltages and currents of the grid

are denoted by e (t), e,(t) and e,(t) and i (t), i,(t) and i,(t), respectively. The phase
voltages of the VSC are denoted by u,(t), u,(t) and u,(t).
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Figure 1: Overview of the system which contains the VSC, the grid filter and the
controller.

grid

The experimenta system consists of aVSC with IGBT valves (Toshiba M G400Q1U341
1200V, 400A) and a TM S320C30 control computer. The characteristic parameters of the
system are displayed in Table 1. The sample frequency is equal to the switching
frequency f,.

TABLE
CHARACTERISTIC PARAMETERS OF THE SYSTEM.
L =0.071pu E=1.0pu w,,=100mrad/s  f,,=6000 Hz
Rs=0.012pu u,=15pu Ts=166.7 us
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The grid filter consists of three inductors, one for each phase. The 50 Hz values of the
series resistance and inductance of the coil are used in the current controller. Theiron core
of the inductors is made of 0.5 mm non-oriented laminations, and the core has an air-
gap. When the frequency increases, the 1°R losses increase due to the skin effect, but the
iron losses dominate due to increased eddy-current and hysteresis losses. If the inductor
ismodelled on aresistance and an inductance in series, these parameters vary, according
to measurements, as shown in Figure 2. When the frequency increases from 50 Hz to
1 kHz, the resistance increases to 41 times the 50 Hz value, and the inductance decreases
to 78 % of the 50 Hz value.
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Figure 2: Measured grid filter inductance and resistance as a function of frequency. The
values are normalized to 50 Hz values.

1. VSC AND GRID MODELS

The VSC and the grid are modelled as three-phase voltage sources, and the grid filter is
placed between these sources. The continuous-time state equation for the grid filter in the
dg-coordinate system is

d dg(t)o_ md(t)m Dud(t)D Eed(t)m (1)
ot H(OE AH,(OE" P, 0F" Befe,(OE

where the matrices are given by

ORy .. O 0l 5O 0l 40O
T %0 1 0 oL, 0
A=0 R O B,=0° 1 0 B.=0O 1 O
B~ LB 5 L8 & L. g

The vector current controller operates in discrete time. To model the closed-loop system,
the grid modél is transformed into a zero-order held sampled system with the sample time
T,. The state equation is

(y(k+D0_ 0,(0, o W30, o (ko @
A (k+DE TH (0" S, (05" O (WE

where the matrices are
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F=ge"s

;
S 3

G,=-G, = Ie‘”dTBu 3)
0

The VSC is modelled on the ASM method and is assumed to provide the requested
voltage vector in the dg-frame. Ideal valves that commutate according to the PWM pattern
are assumed. The influence of the blanking time between switching valves and the on-
state voltage drops in the valves is neglected. Errors due to variations of the grid voltage
angle during the sample interval are ignored.

It iscommon in literature that grid filter parameters and the valve parameters are assumed
to be constant. In this study, two different inductor models are used. In the first model,
the inductors have a constant inductance and resistance. In the second one, the influence
of the losses on the equivalent series resistance and inductance is taken into account. For
all modéls, the voltage reference values from the controller must be unsaturated.

V. CONTROLLER AND CLOSED-LOOP SYSTEM EQUATIONS

A. The P-controller

The P-controller presented here has partially been adopted from [6]. Equation (1) can be
rewritten as

(1) = &0+ R oD~ L, (0 +L, S0 (4

Uq(t)=eq(t)+Rriq(t)+wN|—rid(t)+Lr%iq(t) ©)

where the inductance and the resistance of the series coil are denoted by subscript r to
emphasize that the parameters of the controller can differ from real values. The mean
voltages for the sample period k to k+1 are derived by integrating (4) and (5) from kT to
(k+1)T, and dividing by T,. Dead-beat control is used. During one sample period, the
current variations are assumed to be linear and the grid voltage components constant. The
output reference voltage is delayed in one sample due to computational calculation time. A
time delay compensation term is included in the dead-beat controller to avoid current
oscillations. The controller equations are

wNer(ig(k)ﬂq(k))*'kp(ig(k)—id(k))—Aud(k) ©

Uk +2) = €,(K) + R (k) + = (1500 +1,00) + k(500 -1400) ~Bu, () (@)

Ug(k +1) = e, (k) + Rii(k) -

where the gain for the dead-beat control is

L R
k,=—+_—*¢ 8
T 2 ®)

S

The compensation terms for one sampletime delay [5] are
Duy(K) = K, (ia(k =1) —iy(k 1)) - Auy(k = 1) 9)
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Bu, (k) = K, (if(k = 1) =iy(k = 1)) - Auy (k 1) (10)
The closed-loop state equation with the P-controller can be written in matrix form as
Dig(k +1) O Dig(k) O

Dl (k+D D Dl (k) O o (k)D
Ok +n 2 Bus) (k)
D+ 2= Py (k)EGCL@d(k) ()

[Au, (k +1)0 mu (K)O % (K

ugk+D5 R,k

B. The PIl-controller

The Pl-controller is introduced to remove static errors. The errors are caused by non-
linearities, noisy measurements and non-ideal components. When using dead-beat
control, it takes two samples before the grid currents are equal to the reference values of
the current. The equations of the PI-controller can be written as

ug(k+1) = ed<k)+R|d(k>——( (k) +iq(K)) +Kp(ig(k) =ia(K) + Aug (k) —Bug(k) — (12)

Uk +1) = eq (k) + Ryi g (k) + = (Id(k)+|d(k))+k( 2(K) =iq(K) +Bug () -Bug(k)  (13)

The compensation terms are the same as for the P-controller. The integration term of the
PI-controller isasum of the current errorsfor al the old samples and can be written as

B (k+D0_Bu, (0, | Oyk-2)0_ by(k)0 14
Bu,(k +DF Bug(g Bl -2 M B3

where the integration constant is defined by k, = T,koR, /L,. The closed-loop state
equation with the PI-controller becomes

X(k +1) = Py X(K) + G [15(K) (k) €,(K) €, (K)]' (15)
where the state vector x(k) has 12 states.

V. SYSTEM LINEARIZATION AT AN OPERATING POINT

A small-signal analysisis generaly performed by analysing the linearized system around
an operating point. Perturbations around the operating point are denoted by A. In this
paper, alinear model of the system is used. However, due to non-linearities in the PWM
and the non-linear grid-filter parameters, the result is assumed to be valid only at the
operating point.

The operating point of the system is determined by the reference values of grid currents,
grid voltages and the DC-link voltage. When using a Pl-controller, grid currents become
equal to their reference valuesin steady state. The controller output becomes
U;o :ed0+RridO_wNLri.(EO (16)
uqO = er + erqo + a)NLrIdO
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where the operating point is denoted by the subscript 0. The output voltage of the
converter is equal to the reference voltage of the converter. The steady-state grid current is

P8 = LN )

VI. VALVE COMPENSATION FUNCTION

To reduce the influence of the non-idealities caused by the PWM and the valves, avave
compensation function for the valve parameters has been developed. Nonlinearities occur
due to two different phenomena: blanking time and on-state voltage drop. To avoid short-
circuiting the dc-link, each commutation is divided into two steps. First, the conducting
valveisturned off. After the blanking time, the other valve in the phase leg is turned on.
If the transistor is conducting in the valve that is turned off, the diode in the valve that is
to be turned on starts to conduct as soon as the transistor is turned off. Thus, the
switching time instant is not influenced by the blanking time. If the sign of the current is
not changed, the next commutation will be delayed by the blanking time since a
commutation from a diode to atransistor occurs. Consequently, the average phase voltage
deviates from that requested by the PWM modulator. The influence of blanking time and
on-state voltage drop can be reduced by adding compensation voltages Au” to the
reference phase voltages u", i.e., by introducing a valve compensation function. The
equations for the compensation for phase 1 are

Aut (k) =sign(iy (k) Ty / Ts (18)
lcomp(k) Aul Tb(k) +D Uonms t (1_ Dl)uonDZ + ullj(k) (19)
ulu,comp(k) = Au1D,Tb (k) - (1_ Dl)uonTZ - DluonDl + ulu(k) (20)

Blanking time and sampling time are denoted by T, and T. The phase 1 duty ratio is
D, =2u;/ u,. . Transistor and diode voltage drops are denoted by u_; and u,,. These

voltage drops have been measured and are displayed in Table 2. The voltage drops
consist of aconstant term u, and a current-dependent term R,i . As discussed above, the
compensation isonly valid when the current is positive or negative under a whole sample
period. When the amplitude of the phase current sample is smaller than the amplitude of
the current ripple, the valve compensation is not included.

onD *

TABLEII
MEASURED PARAMETERS FOR THE VALVE COMPENSATION FUNCTION.
Uy =1.08 V Upy=1.05 V T.=166.7 s
Ronr=12 mQ Roo =10 mQ Tb:1'4 Us

Equation (18) compensates only for blanking time. Equations (19) and (20) compensate
also for the voltage drop across the valves in the on-state, for positive and negative phase
currents, respectively. These equations do not consider the delay from the gating of the
transistor to the actual switching.
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VII. ANALYTICAL AND EXPERIMENTAL
FREQUENCY RESPONSE ANALYSIS

The frequency responses (around the operating point i;,=0.22 pu and iEO:—O.67 pu)
were both measured and calculated by means of the analytical models. Four different
controllers were used in the experimental investigation. They are denoted by the
following symbols:

M(p) P-controller without valve compensation function

M(pi) Pl-controller without valve compensation function

M(p,c) P-controller with valve compensation function

M (pi,c) PI-controller with valve compensation function

Theoretical frequency responses were obtained for four models, all without compensation
functions:

A(p) P-controller with constant grid filter parameters

A(pi) PI-controller with constant grid filter parameters

B(p) P-controller with frequency-dependent grid filter parameters

B(pi) PI-controller with frequency-dependent grid filter parameters

In the measurements, asinusoidal small-signal current Aj"of 0.1 pu was added to one of
the reference currents at the operating point. Measurements were performed at 27
different frequencies between 10 Hz and 1200 Hz. The reference currents as well as the
d- and g-currents were sampled. In the analysis of the measured results, the FFT-
algorithm was used to eval uate the amplitude gain and phase shift between the sinusoidal
reference current Aiy or Ai; and the measured currents Ai, and Ai,,.

A. Direct Coupling in g-direction
As shown in Fig. 3, the theoretical gain of the controllers A(:) from AiE to Ai, is

approximately 0 dB over the whole frequency span. The measured gain of the controllers
M(-) is close to 0dB at low frequencies. When the frequency increases above
approximately 400 Hz, the gain of al the controllers increases. At 1 kHz, the gain is
approximately 1 dB. The measured gain can be predicted by including the frequency-
dependent grid filter parameters according to models B(+). The gain characteristics are
very similar for al controller types. The analytical models A(-) give adightly larger phase
lag than the measured one, but the analytical models B(:) track the measured phase
correctly.
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Figure 3: The Bode diagram for the reference g-current Ai to the g-current Ai,.

B. Cross-coupling from g-direction to d-direction

Asshown in Fig. 4, the theoretical gains of the controllers A(+) from Aig to Ai, are low

at low frequencies. The gain increases with frequency and reaches a maximum of —25 dB
at 1.8 kHz. Compared with the direct-coupled transfer function (TF) from Aig to Ai,,

the gains and phase-shifts of the cross-coupling TFs have slightly different
characteristics. At low frequencies from 10 to 40 Hz, the measured gain of model M(p)
is higher than the gain of M(pi); —40 dB compared to —45 dB. At higher frequencies, the
gains increase with frequency and converge. The gains of the compensated models
M(p,c) and M(pi,c) are lower and have a minimum of —70 dB at 55 Hz. From 55 Hz
and upwards, the gain increases and at 1.2 kHz, the gain is —20 dB. Valve
compensation decreases the cross-coupling gain. The theoretical gains of the controllers
B(:) are slightly higher than those of the controllers A(-) but lower than the measured
gains. Phase displacement when using valve compensation results in a phase-shift change
from 0° to 180° at 55 Hz.
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Figure 4: The Bode diagram for the reference g-current Ai to the d-current Ai.

C. Direct Coupling in d-direction

According to Fig. 5, the gain of the TF Ai to Ai, is close to 0 dB for the theoretical

system A(-). The measured gain characteristics can be divided into two groups: with and
without valve compensation; the integration term does not affect the performance.
Without valve compensation, the gains are constant, approximately —0.3 dB, up to
750 Hz where the gains drop down to a minimum of —0.8 dB at 900 Hz before
increasing again. At 1200 Hz, the gains are 1.0 dB. With valve compensation, the gains
of the transfer functions M(p,c) and M(pi,c) are approximately 0 dB for frequencies up
to 750 Hz. Above 750 Hz, the gains are similar both with and without compensation.
The gains of the theoretical TFs B(p) and B(pi) do not have again dip at 900 Hz, but the
gain is 0 dB and starts to increase at a frequency of 500 Hz. The phase-shifts of the
measured frequency responses follow the theoretical phase-shifts B(p), B(pi), which
have a smaller phase lag than the models A(p) and A(pi).
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Figure 5: The Bode diagramfor the reference d-current Aiff to the d-current Ai .

D. Cross-coupling from d-direction to g-direction

Thetheoretical TFs A(p) and A(pi) from Ai} to Ai, have alow gain at low frequencies,

as shown in Fig. 6. The gain increases with frequency and reaches a maximum of
—26 dB at 2 kHz. The measured gains can be divided into two groups: with and without
valve compensation; the integration term does not influence the gain. When using valve
compensation, the gain is almost constant (—34 dB) up to 100 Hz, which can be
compared with —30 dB without compensation. From approximately 150 Hz, the gain
characteristics are the same both with and without valve compensation. At 1200 Hz, the
gain amplitudes are —12 dB. The gains of the analytical TFs B(p) and B(pi) are higher
than the gains of the TFs A(p) and A(pi) but lower than the measured gains.
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Figure 6. The Bode diagram for the reference d-current Aig to the g-current Ai,.

VIIl. SUMMARY OF TRANSFER FUNCTION ANALYSIS

A. Low-frequency Responses

The valve compensation function can be used to obtain the correct steady-state values of
the d- and g-currents. The compensation acts as a feedforward term whereas an
integration term can be characterized as a feedback term. When analysing the TFs, it is
clear that valve compensation does not influence the gain at low frequencies for direct
coupling in the g-direction. But for direct coupling in the d-direction, valve compensation
improves gain characteristics. Valve compensation reduces the gain by approximately
10 dB in the cross-coupled TF from the reference g-current to the d-current. Valve
compensation has a much smaller influence on the cross-coupled TF from the reference d-
current to the g-current.

B. High-frequency Responses

At high frequencies, from approximately 500 Hz and upwards, the influence of cail
parameter variations with frequency dominates over the influence of the valves. It is,
thus, difficult to evaluate the performance of the valve compensation function. For the
directly-coupled TFs, the gain increases with frequency. For the cross-coupled TFs, a
deviation occurs between theoretical and measured gains. However, the actual measured
cross-coupled currents are small and reach the noise level of the system.
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| X. CONCLUSION

In this paper, the current frequency response of a grid-connected VSC using a vector
current controller is investigated to determine the performance of different current
controllers. The measured transfer functions show that the steady-state performance is
improved by adding a valve compensation function to the controller. The valve
compensation should be used because the cross-coupling gain is reduced at low
frequencies and the direct-coupling gain is closer to one. The integration part of the
controller has a minor influence on the dynamic performance. The compensation function
reduces the coupling especially from the g-direction to the d-direction. At high
frequencies, i.e.,, from 500 Hz and upwards, frequency response is affected by
frequency dependent losses in the grid filter of the set-up investigated: gain and cross-
coupling increase in all measured transfer functions. This can partly be predicted by using
afreguency-dependent model of the grid filter.
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Connecting Fast Switching Voltage-source Convertersto
the Grid — Harmonic Distortion and its Reduction

Michael Lindgren M. Sc. Jan Svensson M. Sc.

Department of Electrical Machines and Power Electronics
Chalmers University of Technology
S-412 96 Gothenburg, Sweden

Abstract: In this paper, harmonic distortion of fast switching pulse width modulated
(PWM) converters connected to the grid is addressed. The origin of harmonic distortion
and methods to reduce it are presented. Due to high voltage derivatives, Electro Magnetic
Interference (EMI) and insulation stress on the transformer connected to the converter
occur. To reduce the distortion, athird order LCL-filter is proposed. It is compared with
afirst order L-filter. A major advantage of the LCL-filter compared with the L-filter isthat
the switching frequency of the converter can be significantly decreased. This facilitates
reduction of the switching speed of the semiconductor valves, such a step reduces voltage
derivatives. In addition, if the plant is to be used for Static Var Compensation (SVC), the
system cost can be decreased.

. INTRODUCTION

In converter systems based on fast switching semiconductors, PWM is adopted. In this
case, the order of the harmonics injected to the grid can be affected by a proper choice of
switching frequency. However, harmonics are still present.

To obtain asinusoidal current, filters are used. If the converter is connected to the grid by
atransformer, the leakage inductance provides filtering. However, to obtain alow current
harmonic distortion, the switching frequency hasto be set very high, (above 10 kHz). To
facilitate this switching frequency, the power semiconductors have to be rapidly
switched. Thisis adrawback since fast switching givesrise to high voltage derivativesin
the converter output voltage. High voltage derivatives give rise to electro magnetic
interference, (EMI). In addition, if the converter is connected to the transformer by along
cable, the insulation stressis further increased due to reflections [1].

An aternative solution to reduce both voltage- and current harmonic distortion isto use a
low-pass LCL-filter [2]. A mgjor advantage of the L CL-filter compared with the L-filter is
that alow current harmonic distortion can be obtained at low switching frequencies. This
increases the efficiency of the converter and reduces the high frequency distortion caused
by the switching of the semiconductors. It is aso an advantage in high power applications
whereit is hard to reach switching frequencies above afew kHz.

1. ORIGIN OF HARMONICS

In power converters, the semiconductors are used as controlled switches. The component
current and voltage are high simultaneously during switching only. Thisisthe principle
of PWM. A commonly proposed principle to connect a voltage source converter (VSC) to
the utility grid isillustrated in Fig. 1. The resistive parts have been neglected. L is the
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filter inductance and L' the equivalent inductance of the grid. The voltages u; 5, Up and
u1c are the phase voltages of the converter. The voltages up,, Uop and uyc are the phase
voltages in the so called point of common connection, (PCC). The result of the PWM is
displayed in Fig. 2. The fundamental converter phase voltage, ui4, is equal to the phase
voltage of the grid, uza. Consequently, the fundamental current is zero. As displayed, a
harmonic current occurs due to the PWM. The switching frequency is 1 kHz and the grid
frequency is 50 Hz.

i
+ Ua . )
o] 1 1 L L
::dc Hib f\_li\»r\_r\UZb -

. -I@ —I@ Uz mi_CX,\UJZW

Figure 1. VSC connected to the grid by L-filter.

16 18 20 22 24
t (ms)

Figure 2: Converter phase voltage (dotted), grid phase voltage (dashed) and resulting
phase current (solid).

A. Low and Medium Freguency Harmonics

The harmonic content of the converter output voltage can cause current and voltage
harmonic distortion. If an L-filter is used, the voltage harmonic distortion in the point of
common connection is determined by
up(n) _ L

ui(n) L'+L

This relation is valid below approximately 15 kHz. As well known, the equivalent

inductance depends on the short circuit power of the grid. The equivalent reactance of the
grid at the low voltage side of the transformer is

(D

_ uIo2
Xy =) @)

where ujq is the nominal low voltage of the transformer and Sk is the short circuit
power of the grid. The base impedance
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Zopee = (10 3)
% SNt

where Syt isthe rated power of the transformer is used. Thus, the equivalent reactancein
p.u. is

SNt
XLy = (5 ) (4)
2 SN
Usually the short circuit power is above 50 MVA. In a converter system installation based
on fast switching semiconductors, the power is limited to about 1 MVA. Thiswould give
an equivalent grid reactance of 0.02 p.u. Assumed the converter voltage harmonic
distortion in Fig. 3, the maximum voltage harmonic distortion is 5.7 %.

In Fig. 3, the ideal harmonic phase voltage spectra of a commonly proposed PWM
method, 3rd harmonic injection PWM, is presented. The dc-voltage is 1.5U, where U is
the grid lineto line voltage. U is defined as 1 p.u. The modulation index, M isone. M is
defined by

ul
= ©
U(2) max
where u(1)max 1S the maximum fundamental converter phase voltage. As presented in
[3], the voltage harmonics of the lowest frequency occur at frequencies

fi2=(p*2m) (6)
where p is the frequency ratio defined as

f
p=-rted @)
1
and n; =1,2,3. Further on, the modulation frequency and fundamental frequency are
denoted fmog and f1. As displayed in Fig. 3, there are also voltage harmonics at
frequencies close to multiples of p. The corresponding current harmonic spectra is
presented in Fig. 4. The current harmonic distortion is determined by
in _ 1

Upp  noy(L'+L)

where w; =27, rad/s. The inductive reactance of the filter, x|, is 0.05 p.u. The grid
inductance, L', is assumed to be zero (very high ratio of the grid short circuit power and
the rated power of the transformer ). As displayed, the high order converter phase voltage
harmonics are efficiently attenuated.

(8)
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Figure 3: Ideal harmonic phase voltage spectra of 3rd harmonic injection PWM, p= 100
and udc= 1.5 p.u.
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Figure 4. Ideal harmonic current spectra of 3rd harmonic injection PWM. L-filter, x =
0.05 p.u., p= 100 and uge= 1.5 p.u.

Ideally no low order harmonics should occur. In area system, low order harmonics may
occur due to dc-voltage fluctuations and non ideal switching. In Fig. 5, the voltage
spectra of an IGBT converter is presented. An analogue Quasine modulator is used and
the switching frequency is 4.9 kHz. The properties of Quasine modulation are described
in [3]. Asdisplayed, no low order harmonics occur. Thisis obtained if the commutation

timeissmall in comparison to the period time of the PWM. This usually appliesto IGBT
converters.

1
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0.6 | _
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Figure 5: Measured harmonic phase voltage spectra of an IGBT converter, M= 1.

The amplitude of the voltage harmonics in the converter output depends on the ratio of the
dc-voltage and the fundamental output voltage. It is thus important to use a PWM-method
that can deliver as high output voltage as possible. The method 3rd harmonic injection
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PWM provides a maximum fundamental line to line voltage of u, /v2 V. Thus, at

steady state adc-voltage of /2 U is sufficient. However, to obtain high band width the
dc-voltage has to be set higher. As presented in [4], the requested dc-voltage depends on
the inductance of the grid-filter. The dc-voltage is usually not set above 2U.

The dc-voltage influence on current harmonic distortion is displayed in Fig. 6. The
current is presented in the rotating dg-frame and an L-filter is used. In this frame, a
fundamental current is represented as a dot. Consequently, each deviation from the point
(0,1) corresponds to a harmonic current. Asillustrated, the quadrature ripple is strongly
dependent on the dc-voltage. Since quadrature ripple gives rise to active power ripple, the
dc-voltage should be set as low as possible. Thisis also an advantage since the voltage
derivativeis reduced.
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Figure 6: Current vectors at different dc-voltages. igis the direct and ig the quadrature
current. uge= 2.5 p.u. (left), uge= 2 p.u. (middle) and uge= 1.5 p.u. (right). L-filter with
p= 100 and x_ = 0.05 p.u.

B. Harmonic Distortion above 100 kHz

Harmonic distortion at frequencies above 100 kHz occur due to high voltage derivatives
in the converter output voltage. The voltage derivatives give rise to insulation stress and
electro magnetic interference (EMI). EMI occur due to each switching and is proportional
to the switching frequency. In commercial converters, voltage derivatives are usually
limited to reduce these phenomena. Reduction is obtained by slower switching of the
semiconductors. Unfortunately, this increases the switching losses. An alternative
method often addressed in papers [5] isto perform zero voltage switching (ZVS). Such a
step also facilitates increased switching frequency since the switching losses are
considerably reduced. Disadvantages are that the dc-link of the converter becomes
complex and expensive and the control more advanced.

If long cables are used, reflections may occur at the load connected to the converter. Such
reflections are avoided if the voltage pulse rise time is much longer than the wave
travelling time on the cable between the converter and the load. In Fig. 7, the equivalent
circuit of the converter, cable and the load is displayed.
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Figure 7: Equivalent circuit of converter, cable and load.

The load reflection coefficient is

Zioad —Z Vv
rload — “load cable — 9)

Zioad t Zeape V7

Z0ag @d Z,,, denotesthe wave impedance of the load and the converter. Z ., isthe
characteristic impedance of the cable. If the cableis openthe Z,, is infinite yielding
Moag 1S 1. The impedance Z,,, is amost zero, thus [y, IS —1. The reflection
coefficient is approximately the same for an inductor, induction motor or a transformer.
The voltage at a specific point at the cable, for example at the load, can be divided into
two travelling voltage waves, V* and V™ according to

Ujoed =V (1) + V(1) (10)

At each switching of a semiconductor, a voltage travelling wave V* occurs. The
amplitude of the wave is ugc. Due to the reflection at the load, the load voltage is
amplified. The reflected wave changes sign at the converter, thus, after twice the wave
travelling time between the load and the converter, 1, the load voltage will start to
decrease. The maximum load voltage, 2uqc is obtained if the wave travelling timeis equal
to twice the rise time of the converter voltage. The travelling voltage wave is damped out
due to cable losses.

To verify that the combination long cables and fast switching semiconductors give rise to
voltage stress on the load connected to the converter, measurements have been carried
out. In Fig. 8 a positive line to line voltage pulse at the terminal of the converter is
shown. As displayed in Fig. 8, the voltage pulse rise time is approximately 0.35 ps. In
Fig. 9, Fig. 10 and Fig. 11, the voltage pulses using open cable and installed motor are
displayed at cable length 5, 20 and 32 meters. The wave travelling times are 0.03 ps (5
meter), 0.13 ps (20 meter), 0.20 ps (32 meter).
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Figure 8: Lineto line voltage pulse directly at converter terminals.
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Figure 9: Lineto line voltage pulse using a 5 meter cable. Open cable (left) and at machine
terminals (right).
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Figure 10: Line to line voltage pulse using a 20 meter cable. Open cable (left) and at
machine terminals (right).
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Figure 11: Line to line voltage pulse using a 32 meter cable. Open cable (left) and at
machine terminals (right).

In the open cable case, the period time of the resonance frequency corresponds to the
wave travelling time. As displayed, the resonance frequency of the load voltage is
decreased when the motor is connected compared with an open cable. With motor
installed, the reflection occur in the stator winding. This results in increased wave
travelling time, thus a lower resonance frequency compared with open cable. The wave
velocity is 160 m/us. The critical cable length is 28 meters, at this length, the peak
overvoltage occurs.

I1l. FILTERING HARMONICS

Filters are used to reduce the harmonic content of the current injected to the grid. In this
section, the L- and the LCL-filter are compared from afiltering point of view. Since the
grid always provides inductance, a regular LC-filter becomes an LCL-filter. The
configurations are displayed in Fig. 12. Asillustrated in Fig. 13, in the LCL-filter case at
the resonance frequency, a peak occurs in the transfer function. To assure that the
converter does not supply harmonics at the resonance frequency, the PWM has to be
accurate.
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Figure 12: L- and LCL-filter scheme.
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In the filters, separate inductors or the transformer leakage inductance can be used.
Advantages of including a transformer is that it facilitates supplying non symmetrical
loads demanding a zero order current and that it supplies galvanic insulation. If a
transformer isincluded, the inductive reactance is fixed in the range of 4-6 %, hereit is
assumed to be 5%.

The attenuation of the LCL-filter is determined by the resonance frequency

1 L1+L2

== 11
S 2m\ L1l oCy (1)

In Fig. 13, the L- and the L CL -filter attenuation of harmonic distortion isillustrated. The
objective isto obtain an attenuation of 20 dB. The total inductive reactance of the L- and
L CL-filter are assumed to be 0.075 p.u. The equivalent inductance of the grid is assumed
to be a part of the inductance L and L respectively. The capacitive reactance is 10 p.u.,
thus 0.1 p.u. reactive current is produced by the filter capacitors. If the plant isto be used
for SVC, this total cost is decreased compared with switched reactive power. The
capacitors should be set to fulfill the average demand for reactive power.

The cross over frequency of the filter is 1258 Hz. As displayed, an attenuation of 20 dB
is obtained at frequencies of 7 kHz for the L-filter and 2.4 kHz for the LCL-filter.
Consequently, the requested switching frequency is 7 kHz with the L-filter and 2.4 kHz
with the LCL-filter. Using these parameters gives the grid current vectors displayed in
Fig. 14. In applications where dynamic performance is requested, the voltage has to be
set above 1.5 p.u. Hereit is assumed to be 2 p.u.
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Figure 13: Transfer function from converter phase voltage to line current. L-filter (solid)
and LCL-filter (dotted).
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Figure 14: Current vectors. L-filter p= 140 (left) and LCL-filter with p= 48 (right).

V. CONCLUSIONS

Harmonic distortion of fast switching converters is presented. The voltage harmonic
distortion in the point of common connection is usually very low. This applies if the
converter rated power is low compared with the short circuit power of the grid. If a
standard transformer is used for filtering, to obtain sufficiently low current harmonic
distortion, the switching frequency hasto be set high. Thisis adrawback since very fast
switching is the origin of high voltage derivatives. The voltage derivatives give rise to
high frequency harmonic distortion and insulation stress on the load connected to the
converter. Reflections measured at the terminal of an induction motor are presented.

To obtain low current- and voltage harmonic distortion at low switching frequencies, a
third order low passfilter is proposed. The required switching frequency decreases from
7 kHz with the regular transformer, to 2.4 kHz with the low-pass filter. In addition, if the
reactive power produced by the filter capacitorsis requested, the cost of the plant can be
decreased. Thisis due to the fact that the converter rated power can be decreased and its
efficiency increased due to reduced switching losses. When the switching frequency is
decreased, slower switching of the semiconductor valves can be performed. Thisis a
major advantage since the EMI due to voltage derivatives and switching frequency is
reduced.
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