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Abstract

Power grids are changing significantly with the introduction of large amounts of
renewable energy (especially wind) into the system. Integration of wind energy into
the grid is challenging as, firstly it increases penetration stresses when compared to
conventional generation as the wind is intermittent and fluctuates in power output.
Secondly, most of the wind farms are located in offshore or rural areas which have
good wind conditions. The grid in these regions is not normally strong. Most of the
modern variable speed wind turbines use voltage source converters (VSCs) for grid
integration. However, integrating VSCs to weak power grids will cause instability

when a large amount of active power is transferred to the grid.

In this thesis, the integration of wind farms to very weak power grids is investigated.
A multiple input, multiple output (MIMO) model of the grid side VSC of a wind
turbine is developed in the frequency domain in which the d-axis of the synchronous
reference frame (SRF) is aligned with the grid voltage. Then, this model has been used

as the basis for modelling the multiple parallel converters in the frequency domain.

In this thesis, to improve the stability of the very weak grid connected of VSCs, a
control method based on the d- and g- axis current error is introduced. This controller
compensates the output angle of the phase locked loop (PLL) and the voltage
amplitude of the converter. Using this controller, full rated active power transfer and

fault ride-through are achieved under very weak grid connection.

Furthermore, a stabiliser controller based on virtual impedance is proposed in this
thesis to achieve stable operation of a very weak grid connected VSC. This stabilising
control method enables the VSC to operate at full power and to ride-through faults
under very weak grid conditions. Based on this principle, an external device is
proposed that can be utilised and connected to a weak point of the grid to allow a large
amount of VSC interfaced power generation (e.g. wind power) to be connected to the

grid without introducing stability issues.
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1. Introduction

Wind energy is one of the fastest growing electricity sources in the world [1]. For
example in Europe, the wind counts for 51% of the newly installed power capacity in
2016. Also, wind energy is the second largest technology for power generation and the
largest renewable generation with a total installed capacity of 153.7 GW by the end of
2016, accounting for 17% of the total installed power generation capacity [2]. For all
the installed wind capacity in Europe, around 12.5 GW is offshore wind [3], and the
total installed offshore capacity is likely to increase to around 25GW by the end of
2020 [3]. However, the grid infrastructures are not ready for this significant amount of
offshore power as highlighted by a case in Germany where delays in grid connection

have hindered the development of new offshore wind generation [2].

Therefore, it is vital to address the problems posed by the integration of a large amount
of wind energy to the grid. In this chapter, a brief overview of wind energy generation
and power electronics used for wind energy applications is presented. The scopes and
contributions of this thesis are presented, and the overall organisation of the thesis is

outlined.
1.1.  Wind Generation Technology Background

Wind energy has been used for thousands of years for sailing ships, grinding grains,
and pumping water [4]. Wind energy is used to generate electrical energy by using
wind turbines [5]. A generic wind turbine and its components are shown in Fig. 1.1.
Most of the commercially available wind turbines have three blades, and the power

output of a wind turbine is calculated by (1.1) [4]
P =-CppVaA (1.1)

where Cp, p, A, and V,, are the power coefficient, the air density, the rotor swept area

and the wind speed, respectively. As seen in (1.1), the power output of a wind turbine



can be increased by improving C,, increasing the rotor size (i.e. increasing the swept
area) and having a higher wind speed. The power output of the wind turbine increases
with the cube of wind speed as seen in (1.1). Therefore, as the wind speed is higher in
the offshore environment, construction of offshore wind farms is favourable for

investors [6].

A generic power curve of a wind turbine is shown in Fig. 1.2, which shows that the
wind turbine starts generating power when the wind speed becomes higher than the
cut-in speed. Then, the wind turbine output is in accordance to (1.1) until the wind
speed reaches the rated wind speed (i.e. within the below-rated region). At the rated
wind speed, the wind turbine generates the full rated power of the turbine. As seen in
Fig. 1.2, in the wind speeds higher than the rated speed (i.e. above rated region), the
pitch angle of the wind turbine blades are increased to curtail the wind turbine output
to the rated power of the turbine. Finally, if the wind speed increases above the cut-
out speed (extreme winds), the wind turbine stops generating power to protect the

turbine from structural failure.

Swept area
-7 T~

Fig. 1.1. Generic wind turbine
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Fig. 1.2. Simplified power curve of a variable speed wind turbine

1.2.  Wind Turbine Configurations

Different types of wind turbines have been utilised in last few decades and can
generally be categorised into fixed speed and variable speed turbines [7].

Fixed speed wind turbines use induction generators with a squirrel cage rotor, and the
simplified schematic diagram is shown in Fig. 1.3. A capacitor bank is connected to
the turbine to provide reactive power to compensate the magnetising current of the
machine [8]. To limit the inrush current to the induction generator at start-up, a soft

starter is usually used [7].

—>

Gearbox

Transformer
Wind— :’ —AK—
—¥— | Capacitor Grid

Induction
Generator Soft Starter Bank :_E

-

Fig. 1.3. Schematic diagram of a fixed speed wind turbine
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Fig. 1.4. Schematic diagram of variable speed wind turbines

Variable speed wind turbines, in general, use power electronic converters between the
turbine and grid which allow the turbine to operate over a wide range of rotational
speeds [7]. Commercial variable speed wind turbines are mainly partial rated
converters using doubly-fed induction generator (DFIG), and fully rated wind turbine
as shown in Fig. 1.4 (a) and (b), respectively. These turbines provide greater efficiency
compared to fixed speed turbines [7]. As seen in Fig. 1.4(b), in FRC wind turbines

back-to-back voltage source converters (VSCs) are used for grid connection.

1.3.  Transmission of Wind Power to the Grid

The power generated by a wind farm can be transmitted to the grid using either high
voltage AC (HVAC) or high voltage DC (HVDC) transmission. HVAC transmission
is the most straightforward option for connecting wind farms [9]. However, for
offshore wind farms over a long distance, the cable capacitive charge current can cause

large losses in the AC cables which will reduce the cable transmission capability, and



thus, reactive power compensation might be required. On the other hand, to decrease
losses and increase transmission capacity the voltage level of the transmission lines

should be increased but this increases the cost of equipment [10].

High voltage DC (HVDC) transmission is an alternative to conventional HVAC

transmission, and the two HVDC technologies that are widely used are [7]

1. Line-commutated converter (LCC)
2. Voltage source converters (VSC)

The line-commutated converter has been used for more than half a century and is a
mature technology [7]. LCC technology relies on the AC grid for commutation, and
thus problems can arise during a fault in a weak AC grid [11]. The schematic block
diagram of an LCC-HVDC transmission system is shown in Fig. 1.5 (a).

Voltage source converter technology is relatively modern compared to conventional
LCC-HVDC. Self-commutated semiconductor devices, e.g. IGBTS, are employed in
this type of converter. Using VSCs can provide some advantages over LCCs including
independent control of reactive and active power, reduced filter size, faster dynamic
responses, black start capability, no commutation failure, the possibility of weak grid
integration, etc. [12-16]. The schematic block diagram of a VSC based HVDC system
is shown in Fig. 1.5 (b).

1.4.  Grid Integration of Wind Farms

The study of grid integration of wind energy becomes necessary as the share ofwind
in the energy market has increased and the wind farms became large. Integration of
wind power to the grid will impact the grid operation in different ways that will be

briefly discussed in this section.

Wind energy is an intermittent energy source which means the output power of the
wind farm can vary according to the weather conditions. As the power generation and
demand at any time instant need to be balanced, this intermittency will impose

limitations on power system operation. Hence, when a large wind farm is connected



to the grid, the requirement for the reserve generation to ensure reliable operation of
the power grid is increased. This means that the associated cost of reserve generation
in the power system will increase. Furthermore, as the share of wind energy in the

total energy mix increases, the requirement for continuous frequency regulation will

Y ¥ %g x X
i1 |
(). Line commutated converter (LCC)

M?‘:T Mﬁ
%?S A

Vv
|- o—-|
) |

increase [17].

pa D N
|\ G/\ /|

VACZ
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)

2oa

b). Voltage source converter (VSC)

Fig. 1.5. Different power electronic converters

In addition, as in variable speed wind turbines, the electrical and mechanical parts are
decoupled by the power electronic converters, and the wind turbine cannot contribute
to the total inertia of the power system. Therefore, increasing the penetration of wind

energy will have adverse effects on power system frequency response [18].

Large-scale wind farms are integrated into the system at very high voltage levels. As
the main locations of wind farms become further away from the load centres, the grid
connections in these areas are typically weak which can cause various problems to the
system. These problems include excessive voltage drop or rise at the point of

connection [19, 20], voltage flicker due to the variation of the output power of the wind



farm caused by wind speed variation, connection and disconnection of the generation,

tower shadow, etc. [20]. Furthermore, grid integration of a large wind farm and

injection of a large amount of active power into grid can cause instability if the

connection is not strong.

1.5.

1.5.1.

Research Scope and Contributions

Research Scope

The main purpose of this thesis is to investigate the stable operation of wind farms

connected to a very weak grid. In large wind farms, fully rated wind turbines are

commonly used in which VSCs are used for grid integration. Therefore, in this study,

such wind turbines are considered, and their grid side converter control is investigated

for the stability study and enhancement of grid integration.

The main objectives and scopes of this research are as follow:

To provide a comprehensive literature review on the stability of VSCs connected
to a weak grid, including stability assessment, causes for instability, methods for
stability improvement, etc.

To develop a frequency domain model of the grid side converter of the wind
farm for conducting stability studies of the grid connected VSC. The frequency
domain model needs to include all the dynamics of the system, e.g. grid
connection circuit, current controllers, power/voltage controller, phase locked
loop, etc.

To develop the frequency domain model of multiple converters for representing
large wind farms so that the stability of multiple converters in the wind farm can
be studied.

Develop methods to improve the stability of the grid connected VSC and allow
stable operation under very weak grid conditions. These methods are required to
improve the transient performance of the VSC during different operating

conditions.



1.5.2.

Thesis Contributions

In this thesis the main contributions are:

A frequency domain model of parallel VSCs is developed where the d-axis of
the synchronous reference frame is aligned with the grid voltage instead of the
filter capacitor voltage of each VSC. Thus, all the VSCs have the same reference
frame, and any number of parallel VSCs can be added to the MIMO frequency
domain model, making stability study simple and easy.

A novel control method based on the classic VSC vector control of the VSC,
which uses the current errors to calculate compensation terms for the PLL angle
and the voltage amplitude, is proposed. The method enables the VSC to operate
and transfer the rated power during normal and transient conditions without the
requirement of any control mode switch. Compared to other methods in the
relevant literature, this approach is very simple to implement, and as the current
control loop is always in place, the VSC is able to control the current during
transients. This control method can maintain the stability of the system without
the need for changing the controller gains, even if the strength of the connected
AC system changes during the operation. The proposed control method can also
be used to control any type of VSC interfaced renewable energy system.

A control method based on active damping of the voltage oscillations using
virtual impedance is developed. This controller works as an extra outer control
loop for the vector current control. Based on this principle, an external stabiliser
device is proposed that can be utilised and connected to a weak point of the grid
and allows a large amount of VSC interfaced power generation (e.g. wind power)
to be connected to the grid. This proposed control method can also be used to
control any type of VSC interfaced renewable energy system such as solar

energy.



1.6.  Organisation of the Thesis

This thesis is organised as follows:

e In chapter 2, the literature review on wind farm integration to the weak grid is
presented. This review includes some general issues for wind integration, control
methods for grid connected VSC, causes of the instability when connecting
VSCs to the weak grid, and different methods for stability improvement.

¢ In Chapter 3, acomprehensive frequency domain model of a grid connected VSC
is developed that includes the dynamics of every component, e.g. current
controller, phase locked loop, switching delays, etc. Furthermore, a frequency
domain model of parallel VSCs connected to the grid is also developed.

e In Chapter 4, a control method for the VSCs connected to the weak grid is
proposed based on the d-q axis current errors to compensate the output angle of
the PLL and the voltage amplitude. In this method, the main structure of the
classic vector control is maintained. Detailed analysis of the proposed control
method is presented using the root locus method, time domain simulations, etc.
In this chapter, the proposed controller is tested under different operational
scenarios including power ramps, AC faults, multiple converters, and different
grid strengths.

¢ In Chapter 5, an active damping method based voltage stabilisation control is
proposed as the complementary outer control in the vector current control. This
method also provides stability to the VSC during normal and transient conditions
when the VSC is connected to a weak point of the grid. In this chapter, analysis
of the proposed method is conducted using the root locus method. Extensive
simulations are conducted including power ramps, AC faults, multiple
converters, and different grid strength. Finally, in this chapter, an external
stabiliser based on active damping is proposed that can be used to enhance the
stability of the grid.

o Chapter 6 draws the conclusion of this thesis, and potential future works for the

continuation of this research is presented.



2. Background and Literature Review

In this chapter, a comprehensive review of the integration of wind farms to weak grids
is presented. A general overview of issues related to wind farm integration is presented
first, which is then followed by a discussion on grid strength. The control methods for
grid connected VSC are reviewed, and finally, control methods for mitigating the

issues of VSC weak grid integration are discussed.
2.1  General Aspect of Wind Farm Integration to the Grid

Integration of a wind farm to the grid consists of inter-array transmission to the wind
farm substation and then transmitting the wind farm power to the grid. Different inter-
array layouts can be used, and the wind farm power can be transferred to the grid by
AC or DC lines. The medium voltage level (33-36kV) is typically used for the inter-
array connection, and then higher voltage levels are used for transmission to the grid
[10].

The sizes of the recently developed or consented wind farms are becoming large. For
example in Europe, the average size of wind farms has been doubled in the period of
2010-2015 from 155.3 MW in 2010 to 337.9 MW in 2015 [21]. The increase of wind
farm size has caused many issues for the collection of wind power and integration to
the main grid [22]. One of the issues is that the amount of the inter-array cables in the
wind farm is tremendously increased, potentially introducing stability problems to
wind farm integration [23]. Therefore, the wind farm energy collection system and

integration need to be designed in a way that minimises the potential problems.

Various issue including power losses, economic considerations, reliability issues,
dynamic performance, and the transient and small-signal stability of different
collection systems for wind farms have been studied in the literature [22-30]. The
desired collection grid can be selected based on different considerations, e.g. size of
the wind farm, desired reliability and stability level, and power losses in the wind farm

[22]. Since the repair downtime for offshore wind farms is higher than that for the
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onshore ones, adding redundancy to the power flow paths is essential for offshore wind
farms to provide a high level of reliability [23, 30]. The collection grid of the wind
farms can be designed with the same architecture as distribution systems. The
collection system can be designed either in AC or DC configurations [30] though
currently only AC is used. The main AC collection grid configurations are shown in
Fig. 2.1 [4]. Each of the collection grid configurations has its advantages and
disadvantages.

In a star configuration, as shown in Fig. 2.1.(a), the rated power of cables is low since
the cables are required to transfer the power of only a single turbine. This configuration
offers a great reliability as in the event of a wind turbine failureas the other wind
turbines will not be affected.

The simplest topology for a collection grid is the radial or string configuration, as
illustrated in Fig. 2.1.(b). This configuration does not offer any additional power path,
and therefore, when a fault occurs, downstream turbines will lose the connection to the
grid [23, 31].

Fig. 2.1.(c) and (d) depict the schematic diagram of a single sided ring collector and a
double sided ring collector, respectively. The ringed configurations offer a high level
of reliability by adding an additional power flow path. The single sided topology
provides the additional path at the expense of using a greater amount of cables. The
double sided ring topology provides the additional power flow path by connecting the
last turbine in a string to the last turbine of the neighbouring string [22]. However, the
cables need to be rated high enough to be able to transfer the power from two adjacent
strings. Therefore, the cable cost will be increased.

2.2.  Grid Strength
A power system is defined as being weak if the equivalent impedance of the AC grid

is high or the mechanical inertia of the AC system is low [32]. In this section, these

two types of weak power systems are reviewed.
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Fig. 2.1. Wind farm AC collection grid topologies [23]

2.2.1. High AC System Impedance

The power system strength can be measured by the short circuit ratio which is the ratio
of the short circuit capacity at a specific point of the grid to the nominal power of the
generation/equipment/system (e.g. converters) connected to the grid at that point [33].
This index is often used in the planning and design stages to understand the potential
issues that might occur by installing equipment to the grid [33].The SCR at the

connection point is then calculated as [32]

SCR == (2.1)

d

where S is the short circuit capacity (SCC) of the AC grid and Py is the rated power of
the connected equipment/device/generation. Assuming the rated power of the wind

farm as the base power for the per unit calculation, the SCR can also be calculated as
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1

SCR = (2.2)

ZNet

where Zyet represents the per unit impedance of the grid seen at the connection point
[33]. A power system with SCR greater than 3.0 is considered as a strong system, and
systems with 2<SCR<3 and SCR<2 are categorised as weak and very weak systems,
respectively [32]. The sensitivity of the power system to the active/reactive power
change increases by the reduction of the SCR [33].

Other than the short circuit ratio, the other often-used metric for measuring the strength
of the grid is the ratio of the inductive and resistive parts of the grid impedance (X/R
ratio). The value of the resistive and inductive parts of the grid impedance can be
calculated by [32]:

XNet = ZNelt >
() (2.3)

ZNet

Ryee = J1+(XR1)2

where XRr is the X/R ratio of the grid. The ohmic part of the grid impedance in weak

grids is relatively high, so the X/R ratio is small.
2.2.2. Low Inertia

As mentioned earlier, the other type of weak grid has low AC grid mechanical inertia
compared to the installed equipment (e.g. converter or wind farm, etc.) at the point of
connection. For a system with generation mainly from synchronous generators, inertia
is defined as the total amount of kinetic energy stored in all spinning components (e.g.

turbines and rotors) in the system [34].

During power disturbances, the inertia constant of the power system determines the
transient frequency behaviour of the system [35]. The inertia constant is defined as the
time in seconds taken by the generator to replace the stored kinetic energy during

operation at the rated speed and apparent power output [36].
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The inertia constant of a system can be obtained by using the swing equation in which
the frequency and power balance are measured in the event of active power imbalance

[36]. The swing equation can be written as [37]

wo dt (2.4)

where H represents the inertia constant, and P; and P, are the power generation and
load within the system, respectively. w, is the angular frequency of the system and &

is the rotor angle for a single machine system.

As previously mentioned, variable speed wind turbines are widely connected to the
electrical grid using power electronic converters, meaning variable speed wind
turbines (e.g. DFIG and FRC) cannot provide inertia to the power system as their
mechanical and electrical systems are de-coupled by the converter interface. Thus, the
Kinetic energy that is stored in the blade of the wind turbines will not appear in the grid
[18]. Therefore, if a power system contains a significant amount of converter
interfaced wind farms, the equivalent inertia of the power system will be significantly

decreased.

2.3.  Grid Connected VSC Control

For FRC based wind farms, the controller of the grid side VSC is responsible for
ensuring reliable and satisfactory system operation during different operating and grid
conditions with adequate power quality, and for ensuring grid code compliance for the

connection.

The main objective of the controller is to modulate the converter output voltage with
controlled magnitude and phase angle to control active and reactive power at the grid
connection point [38]. VSCs use self-commutated semiconductor devices which are
turned on and off by gate signals. By changing the gate signals (i.e. duration of the
on/off time) the output of a VSC can be controlled. Gate signals are generated using

pulse width modulation (PWM), which may be defined as the control of the average
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level of a quantity by applying or driving that quantity in discrete intervals or pulses
[39]. There are different PWM techniques, e.g. sinusoidal, space vector, and hysteresis
PWM, etc. [40, 41]. However, the most popular PWM technique uses a sinusoidal
reference signal as shown in Fig. 2.2, where the converter reference voltage waveform
is compared to a high-frequency triangular waveform to generate gate signals.
Different methods have been proposed in the literature to control grid connected
VSCs. In this section, two main control methods that are used for grid connected

VSCs, i.e. direct power control and vector current control, are reviewed.
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Fig. 2.2. Pulse width modulation with sinusoidal reference [40].

2.3.1. Direct Power Control

In this control method, the active and reactive power of the converter is controlled
using the principles of the direct torque control (DTC) of electrical machines [42-53]
and the control scheme is accordingly named direct power control (DPC). These
methods can be based on virtual flux calculated from the integration of the voltage
[42-47], or the active/reactive power errors in combination with the converter voltage
angle [48-50]. This method has different variations in which the switching frequency
either varies due to the variation in the grid conditions [47-50], etc. or is kept constant
[42-44, 51-53]. In the control method with varying switching frequency, the AC
harmonic filter needs to be designed for a wide bandwidth, leading to reduced
efficiency of the filter and larger filter size [44].
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Furthermore, some of the proposed methods in the literature [42, 46, 54] use estimation
or prediction based approaches to calculate the required parameters (e.g. virtual flux
[42], active and reactive power [46, 54], stator flux angular position [55], etc.) to be
used in the control process. The performance and accuracy of this method are

significantly dependent on the model that is used for parameter estimation.

2.3.2.  Vector Current Control

Vector current control is used in most practical VSC industrial applications [44, 56].
The control strategy for a grid connected VSC having the requirement of controlling
its DC link voltage and AC voltage usually consists of two levels of cascade control
loops. The first control loop is a fast inner loop controlling the current. This control
loop also deals with protection and power quality and dynamic issues. The slow outer
control loop controls the DC link/AC voltage by regulating active/reactive power flow
between the grid and the converter [57]. By using rotating synchronous d-q frame
transformation, AC current and voltage effectively become DC quantities for ease of
control. However, it is possible to control the current in o8 or abc stationary frames
[56]. By controlling the current in the stationary frame, the controlling signals are
sinusoidal for which PI controllers have difficulty in to eliminating steady state error.
Therefore, proportional resonant (PR) controllers have been proposed which have very
large gains in the vicinity of the resonance frequencies (line frequency in this case) to
eliminate the steady state error [57-59]. The modelling and operational concept of

vector current control are discussed further in Chapter 3.

2.3.3.  Grid Synchronisation

Grid connected VSCs need to be synchronised to the main grid. In VSC applications,
the synchronisation should be updated continuously (in contrast with thyristor valves,
where synchronisation just needs to be updated at zero crossing points) [60]. Poor
synchronisation results in significant performance reduction. For example, a phase
shift in the synchronisation scheme can lead to steady state current and power errors.
For the grid synchronisation of a VSC, different open loop and closed loop methods
have been used [60-73]. A commonly used method for grid synchronisation is via a
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phase locked loop (PLL) that extracts the phase and frequency information of the grid
voltage. This information is later used inside the controller to convert three-phase
current and voltage into synchronous reference frame (SRF) variables, and vice versa
[61-63].

2.4. Control of VSC Connected to Weak Grid

As most of the newly constructed or planned wind farms are located in rural areas or
offshore which are far from main conventional power plants, the electrical distance of
the connection point to large synchronous generators is increased, and thus the grid
strength at the connection point becomes weak. On the other hand, the rated power of
newly constructed wind farms is becoming larger, and thus a large amount of active
power needs to be injected to a weak point of a grid which becomes problematic or
even impossible. From an economic point of view, tackling this issue from the VSC
control aspect will be very advantageous to the power grid owner as it will ease the

requirement for reinforcing the grid.

A VSC (e.g. wind turbines) with vector current controller connected to a weak power
grid can potentially become unstable, and the active power transfer capability of the
converter to the grid might have to be limited, e.g. to 60-70% of the converter rated
power [74, 75]. For a weak grid, the voltage is very sensitive to both active and reactive
power changes. Thus, voltage magnitude and phase angle stabilisation after a power

change in a weak grid are necessary [33].

The aforementioned instability problem of VSC connected to a weak grid can be
induced by the performance of the PLL in interaction with other components of the
power system [16, 76-81], which might lead to positive feedback and cause causing
instability [77]. Furthermore, The PLL gains significantly impact the operation of VSC
connected to a very weak grid. For a VSC connected to a very weak grid, the
theoretical operation limits cannot even be met even if PLL gains are very small [78].
Therefore, the PLL impacts the stability of the system. In addition, the lack of ability
of the system to provide enough reactive power to the connection point in order to

stabilise the PCC voltage can also lead to system instability [82-84].
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To resolve the instability issue of VSC connected to the weak grid, a number of
strategies from a grid point of view can be considered, e.g. reinforcing the grid, using
extra compensations, etc., though they all require additional investment [82, 85]. The
other option to tackle the stability issue of weak grid connection is to improve the VSC
controller. In this section, different control methods are reviewed, and the control
methods to enable stable operation when connected to a weak grid can generally be
categorised into the following two groups:

a. Vector current control based control methods

b. Synchronous generator based control methods

2.4.1. Vector Current Control Based Control Methods

In these methods, the main structure of the vector control is maintained, and various
control elements are added/modified to improve system stability. The adopted

approaches can generally be categorised into three areas as follows.

A. PLL Tuning

As previously mentioned, the unstable behaviour of the converter when it is connected
to a very weak point on the grid can arise from the performance of the PLL due to its
inability to satisfactorily track the grid voltage angle. Consequently, the angle
measured by the PLL differs from the real angle of the grid terminal voltage,
potentially causing system instability. Therefore, the PLL phase error needs to be
addressed [80, 81, 86]. The parameters for the PLL, therefore, need to be tuned in a
way that the angle tracking has satisfactory accuracy, robustness, and speed [81].
There are two options for re-tuning the PLL, i.e. slowing down or speeding up the

response.

It is possible to re-tune the control system to slow down PLL response and at the same
time speed up the voltage regulator to improve the power transfer capability of VSC
connected to a weak grid [87]. However, If the PLL gain is decreased to reduce the
PLL bandwidth (i.e. slowing down the PLL), it can cause a poor and slow dynamic
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response [78, 86]. Therefore, this re-tuning method is not capable of maintaining the

stability of the system when SCR (i.e. grid impedance) is significantly changed [87].

Alternatively, the PLL bandwidth can be increased. Hence, the PLL tracking capability
is quickened. However, this will reduce the tracking performance during unbalanced

operation [81].

B.  Virtual PCC point based methods

In this method, an artificial point in the grid which is stronger than the filter bus (PCC)
is introduced to synchronise the converter to the grid [83, 87] which means that the

reference frame for synchronisation is changed.

In [83], the VSC is virtually synchronised with a strong virtual point of grid voltage
through including an impedance-conditioning (IC) term to the PLL as shown in
Fig. 2.3. As shown in Fig. 2.3, to synchronise the PLL to the voltage of a remote point,
the voltage drop across the virtual impedance in the d-q reference frame is deducted
from the measured voltage of the PCC. In this method, the current at the PCC is also
used as an input for the IC_PLL. To avoid over-modulation, the virtual impedance
needs to be selected relatively low. This method improves the steady state behaviour,

but transient stability (i.e. faults) is not considered in [83].

In [87], instead of using PCC voltage to feed into PLL for grid synchronisation, an
arbitrary virtual bus between the PCC and grid is considered for grid synchronisation
as shown in Fig. 2.4. The new system configuration has two new artificial values for
filter and grid impedances so that the current control is adjusted to the new system
configuration by recalculating the proportional gain of the current regulator based on
the new filter impedance [87]. In this method, the artificial bus is selected to be purely
inductive, so that the active power flow at the artificial bus is similar to that at the PCC.
This method improves the steady state stability of the system, but the performance of

the controller in the transient conditions (e.g. faults) is not considered in [87].
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Fig. 2.4. Schematic diagram of the artificial bus method for grid synchronisation, (b)
dg-reference frame representation of the artificial bus method [87].

C. Re-design of the outer control loops

An advanced vector control for VSCs connected to weak grids is presented in [74],
where the inner current regulation loop is maintained. Therefore, this method benefits
from the advantages of closed loop current control, i.e. current regulation during faults

or transients. As the voltage/power interaction has been identified as one of the main
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causes for the instability of VSC weak grid connection, a new decoupled upper-level
control loop (power/voltage) based on gain scheduling to overcome the problems of
the interactions between active power and voltage controllers is introduced as shown
in Fig. 2.5. In this control, the nonlinearities of the system have been considered, and
the outer control loop is a multi-variable controller with four decoupling constants (ki-

ks) between voltage and power error, as seen in Fig. 2.5.

The PI controller and the decoupling gains (ki-ks) are tuned based on the gain-
scheduling technique, where 35 different operating points are considered to tune the
eight different parameters (decoupled gains and PI controllers). This control method
provides a promising approach for weak grid VSC integration. However, it requires
very complex tuning for each operating point. Furthermore, if the grid strength changes

during the operation of the VSC, this method is not able to properly control the VSC.

2.4.2.  Synchronous Generator Based Controller Schemes

Integration of synchronous generators to the electrical grid has been studied
extensively over decades, and synchronous generators impose no limitation for
connection to the weak grid as they provide inertia and damping to enhance stability.
Various VSC control methods have been proposed for VSCs to imitate synchronous
machine behaviour [75, 88-94], e.g. virtual synchronous machine (VISMA) [89],
virtual synchronous generator (VSG) [88, 94], “synchronverter” [91, 95], power
synchronisation control (PSC) [75, 92], etc. [90, 96].
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Fig. 2.5. Advanced outer loop control [74].
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A. Virtual Synchronous Machine (VISMA) and Virtual Synchronous Generator
(VSG)

The virtual synchronous machine based methods for controlling the power electronics
converters are mainly developed to provide virtual inertia to the system, to ensure
stable operation of the converter in islanded and grid-connected conditions without
changing the structure and parameters of the converter controller [97]. Such methods
try to emulate the behaviour of the synchronous machine, and different
implementations have been proposed in the literature [88, 89, 94, 96-108]. These
methods can be categorised based on the different reference signal that the
mathematical model of the synchronous machine provides for the converter controller.
Mathematical models that are used to implement virtual synchronous machines can
have either current or voltage as the output of the virtual synchronous machine [97],

as is shown in Fig. 2.6.

The first group of this family of controllers, in which the synchronous machine is
mathematically modelled by a ‘voltage to current’ model of the synchronous machine,
is shown in Fig. 2.6(a) [89, 98, 100, 109, 110], where, the input and output of the

virtual synchronous machine model are voltage and current, respectively.

The other option for the mathematical model of synchronous machine is based on its
internal electrical dynamics that gives voltage as the output. An example of this is
shown in Fig. 2.6(b) in which a ‘current to voltage’ model of the synchronous
generator is used [100]. By using the current to voltage model of the synchronous
machine, the output of the synchronous machine model is a voltage that is calculated
from the measured current of the converter which is then used in the implementation

of the virtual synchronous machine as a reference signal [90, 100, 107, 111].

One of the implementations of the virtual synchronous machine is VISMA which
usually consists of a generator (source), energy storage on the DC side, and a
hysteresis-based control, as demonstrated in Fig. 2.7 [89]. In VISMA the phase
currents are calculated from the measured PCC voltage. The calculated current is then

used as the reference in the inverter [89, 100]. In VISMA, the active and reactive power
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exchange to and from the grid can be regulated by adjusting the voltage and frequency
at the connection point to the grid, which is similar to the synchronous machine. Such
a control strategy can limit current, though it is difficult to tune the hysteresis controller

to accommodate both steady state and transient conditions.

The virtual synchronous generator (VSG) method also emulates synchronous
generator behaviour by providing virtual inertia and damping to the system. The VSG
provides virtual inertia to the system by using a short-term energy storage [88, 94]. In
this method, the power flow to/from the storage is regulated by the grid frequency
deviation [88, 94]. Fig. 2.8 shows a schematic diagram of VSG. This method helps to

improve the short-term stability of the system frequency [91].

In contrast to the discussed methods for emulation of the synchronous machines in
which the control equation includes electrical dynamics of the synchronous machine,
the controller can be implemented based on the quasi-stationary representation of the
stator windings of the virtual synchronous machine [101, 108]. As the electrical
dynamics equations of the virtual synchronous machine are neglected, this group of

controllers offers simplicity for implementation.

All the control methods discussed in this section offer similar steady state behaviour
[97]. The virtual synchronous machine based control methods can provide good
inertial support to the grid providing sufficient energy storage is available. However,
as a current control loop is not available in most of them except VISMA, the operation
of the system under transient conditions could become problematic. In VISMA, the
current can be limited, however the tuning of the hysteresis controller for operation
during both steady state and transient operation is very difficult.
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B.  Synchronverer

The other method that has been proposed in the literature to emulate synchronous
generator behaviour is called the synchronverter which is designed based on an
embedded mathematical model of a synchronous machine providing a voltage supply
[91]. The control block diagram of the synchronverter is shown in Fig. 2.9. The
synchronverter, in reality, behaves like a synchronous generator with a small capacitor
connected in parallel to the stator of the generator [91]. The synchronverter controller
is fundamentally a power controller with the additional capability to regulate voltage
and frequency. In this method, to regulate the DC voltage, a DC voltage controller
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with an energy storage device is required. As a synchronverter mimics the synchronous
generator, some of the undesirable behaviour of synchronous machines can occur, e.g.

loss of stability because of under-excitation, and ‘hunting’ [91].

In [93], a modification to the synchronverter was proposed which adds self-
synchronising capability to the original synchronverter by eliminating the PLL from
the control system, and hence, it is called a ‘self-synchronised synchronverter’. The
converter behaves similarly to a synchronverter, but different switches are used to
achieve the self-synchronisation characteristic. This might add some complexity to the

system.

Furthermore, an improved synchronverter is introduced in [95] to compensate the
terminal voltage, as this voltage drops in the original synchronverter due to the
different resistances of the simulated synchronous generator stator and the converter
circuit. An advantage of this method is that the controller enables the converter to be
synchronised with the grid under different operational conditions, e.g. synchronising
before connecting to the grid. Similarly to VISMA based methods, one of the main
problems with of the synchronverter [91, 93, 95] is the absence of the current control
loop which means that there will be current regulation issues during over-current

conditions (i.e. faults, transients, etc.).
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Fig. 2.9. the schematic control block diagram of synchronverter [91].
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C.  Power Synchronisation Control (PSC)

References [75, 92] introduced a control strategy called ‘power synchronisation
control (PSC)’ that improves the power transfer capability of converters connected to
weak grids. This control method emulates the swing equation of the power system and
similar to synchronous generator control, closed-loop power control is performed by
directly controlling the modulation voltage angle and magnitude of the converter
voltage. In this case, the PLL is by-passed during steady state operation. The schematic
control block diagram of the power synchronisation loop (PSL) and the overall control

structure of a VSC based on PSL are shown in Fig. 2.10 and Fig. 2.11, respectively.

As the power synchronisation control process involves an unknown current that is
defined by the interconnected grid, the vector current control loop which needs a
current reference cannot be used. However, the absence of current loop can potentially
give rise to extra current variations during perturbations. Thus, during a fault, the
control system needs to switch to a current-loop based control mode with a backup
PLL [75]. Such a non-linear mode switching scheme increases the complexity of VSC
control. One consequent problem is that it is difficult to determine how the switching
point should be set in order to avoid undesirable mode switches, especially during
unpredictable perturbations, such as voltage fluctuations or faults, when the VSCs are

operating near their rated power/current.
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Fig. 2.10. Schematic diagram of a Power Synchronisation loop [75].
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2.5. Summary

In this chapter, grid integration of VSC interfaced wind farms has been reviewed with
particular emphasis on weak grid connection. The general aspects of wind turbine
integration to the grid are reviewed, followed by definition of a weak power grid. Then,
the control strategies for the integration of the VSCs to the grid are introduced,
including direct power control and the well-known vector current control. Problems
arising from the integration of VSC to a weak grid are discussed, and two main factors
are identified as the causes of the constraints on the VSC active power transfer
capability. These two factors are the small signal stability problem largely due to the
interaction of the PLL with other components of the system, and the active power/
voltage interaction. Finally, the control schemes that are proposed in the literature to

overcome the issues of the integration of the VSCs to the weak grid are reviewed.

The control methods proposed for VSC weak grid operation are generally categorised
into two groups. The first group of controllers is based on the well-known vector
current control. These controllers maintain the main structure of the current control

method with some parts of the controller being redesigned or re-tuned. One option to
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maintain the control structure is to introduce a virtual integration point to synchronise
the converter to a stronger point of the grid. A gain-scheduling based decoupled outer
control loop is introduced which improves the performance of the VSC when
connected to a very weak grid. However, this method increases the complexity of the
controller re-tuning for each operating condition, therefore if the strength of the grid

changes, the controller might face VSC control problem.

The second group of control methods tries to mimic the behaviour and control schemes
of synchronous generators when they are integrated into the grid. This type of VSC
control method is based on the fact that a properly-controlled synchronous machine
can easily transfer bulk power from weak grid point, which has been studied for
decades. These control methods also provide inertia response and frequency support
to the connected grid. However, controlling the VSC as a voltage source as in a
synchronous machine, does not directly control the converter output current which can

become problematic during transient conditions, e.g. external and/or internal faults.
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3. Modelling of Grid Connected Voltage

Source Converter

In this chapter, vector current control is discussed, and the process of analytical
modelling of grid connected voltage source converters in the frequency domain is
presented. The model is established within the synchronous d-q reference frame where
the d-axis is aligned to the grid voltage. To model the current control loop of the
converter in the frequency domain, initially, a single converter connected to a grid
through a converter reactor, step up transformer and cables is considered. A state-space
model of multiple parallel converters is then developed to study the stability of parallel
converters in a large wind farm. Finally, outer control loops of the VSC, such as those
for active/reactive power and AC voltage, are modelled and added to the system. In
this chapter, the phase locked loop (PLL) is integrated into the frequency domain of

the converter to improve the accuracy of the analytical model.
3.1.  Introduction

As mentioned in Chapter 1, variable speed wind turbines use voltage source converters
(VSC) for grid connection. The most commonly used method for controlling grid
connected VSCs is vector current control. However, problems can arise when the
connected power grid is weak, and the systems can potentially become unstable [74,
75]. Many wind farms are being constructed in remote areas where the wind speed is
high but the connection to the grid is weak. Furthermore, it is possible that the line
impedance could increase further due to faults, variation in the load, and line trips
[112].

Many studies have been conducted to evaluate system stability of grid connected VSCs
[113, 114]. However, in [113, 114] the dynamics of the PLL, which can significantly
affect system stability especially for weak grids [75], were not considered. In [115,
116] the analytical model of an HVDC system is developed to study the stability of an
LCC-HVDC transmission link. In [115] the PLL is modelled by a state-space
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representation, which is used in [16] to develop the analytical model of VSC-HVDC
transmission. Also, in [117] an analytical model of VSC-HVDC is developed which
includes PLL dynamics expressed by a state-space model. However, the d-axis voltage
of the converter filter bus is selected as the reference for the d-q frame, and thus it
becomes complicated when studying the dynamics of parallel converters since each
converter model is developed based on its own d-q reference. In [118], PLL dynamics
were added to the converter dynamic model by using synchronous machines theory,
though the PLL dynamics were added to the feed-forward grid voltage rather than to
the converter output voltage leading to inaccurate representation of the system. In [65],
the dynamics of a PLL have been studied, but not as a part of the dynamic model of
the VSC. The concept of a Jacobean matrix of the AC grid is introduced in [92] which
can be used to study VSC converters with power synchronisation control, but it does

not include PLL dynamics.

In this chapter, to investigate the stability of multiple grid connected VSCs, a state-
space model is developed, and the actual dynamics of the PLL are integrated into the
model. In the developed model, the d-axis of the synchronous frame is aligned to the
source voltage, and the filter bus voltage at the VSC terminal is used to derive PLL
dynamics for each converter. This ensures systems which contain a number of parallel
connected VVSCs can be modelled accurately by considering each PLL separately.

3.2.  Vector Current Control

Fig. 3.1 shows a simplified schematic single-line diagram of a grid-connected VSC.
The converter is connected to the grid through a converter reactor and transformer. An
AC side filter is used to smooth out the harmonics generated by converter switching.
For integration of a VSC to the power grid, it is necessary to maintain a constant DC
voltage (i.e. to be able to control the power flow) and also make AC voltage to comply
with grid codes. However, power flow control and AC voltage control are both
accomplished through controlling VSC current. The primary current control method
for VSC is vector current control which was briefly discussed in Chapter 2 [44].
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Fig. 3.1. Schematic diagrams of a grid connected VSC

A VSC connected to a simplified grid as seen in Fig. 3.2 (a) is used to derive the vector
current control method. Fig. 3.2 (b) and (c) show the equivalent AC circuit in the

synchronous reference frame rotating at an angular speed of ws and the DC equivalent
circuit, respectively.
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Fig. 3.2. (a) Schematics of a grid connected VSC. (b) AC equivalent circuit of the
VSC in the synchronous reference frame (c) DC equivalent circuit of the VSC [119].

According to Fig. 3.2 (b), the system on the AC side can be expressed in the

synchronous dq reference frame, where the d-axis is fixed to the source voltage V, as
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i[lsd] _ [_Rl/Ll ] [ ] Vsa + Veonvg (3.1)
dt Isq - —(;)S 1/L1 I/SCI + I/COTLU .

Neglecting the converter power loss, the DC system in Fig. 3.2 (c) can be expressed

by considering power at the DC and AC sides being equal as
Pyc = Fac + Pc (3.2)
Pac == (Vsa * Isa + Voq  Isq)s Pac = lac " Vac (3.3)
By combining (3.2) and (3.3), the system can be expressed as:

3 AVge
Lic *Vae = E(Vsd “Isq + Vsq ) Isq) + Cd_? “Vac (3-4)

where C < is the current flowing through the capacitor and C Yac - V4 s the input

power to the capautor.

From (3.1) and (3.4), the AC and DC side system of a lossless converter can be

expressed as

o Bl | o e A4

at [Isq o _R1/L1 L T, q (3.5)
dvge, 1 3
o= ge = o (Ma - Isa + Mg - Isq) (3.6)

where M, and M,, are the converter modulation indices in the d-q reference frame [16,

119] and are given as

VS
M, =2 ﬁ (3.7)
_ o .Vsq
Mg =23 (3.8)
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In the grid connected VSC, I, and Iy, should follow varying reference points, whilst

the DC link voltage (V,.) should maintain at a constant set value. Taking into account
the model represented in (3.5) and (3.6), two separate loops, an inner fast current loop
and an outer slow DC voltage loop, are designed to provide the required current and
DC voltage control. Interaction between the two loops is avoided by adequately
separating their own dynamics [119].

The bandwidth of the inner control loop should be a few times higher than that in the
outer control loop, to ensure that the outer control loop appears to be in steady state to
the inner control loop and the inner control loop approximates a pure gain for the outer
control loop. Thus, the two control loops can be tuned independently. The bandwidth
of the inner control loop is limited by the switching frequency of the converter and

latency associated with signal sampling and conversion [120].

For designing the current control loop, two auxiliary inputs are defined [119]

dlgq
Ug
dt
= 3.9
uy| = |ty (3.9)
dt

Currents Is4and I, can be controlled independently by using the inputs u, and u, ,

respectively. The controller is designed using PI controllers as [119]

dlg . .
Ya = clitd = kyp(Usa = Isa) + ki [ (5q = Isa)dt (3.10)
dls . .
Uq = d_tq = kp(lsq - ISQ) + ki f(lsq - Isq)dt (3.11)

where k,, and k; are the proportional and integral coefficients of the current controller,

and the superscript * refers to reference values.

By substituting (3.9) into (3.5), the modulation indices (Mg, and M, ) are calculated as
[119]
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2L, Ry 1
Mg =22 (g + 2 g — 05 - Ioq + g )
d Vac d L, sd s Isq L, d

(3.12)
2L R 1

M, = V—dt(uq + L—ilsq + wg Isq + Zuq)
Fig. 3.3 shows the schematic of the inner current control loop of the grid connected

VSC.
I'sq Vsd

| sd - Vconvd

Vconvq
+ » Pl —(?—>
Isq -’?

I s Vgq

Fig. 3.3. Schematic diagram of VVSC current control

3.2.1.  Outer Control Loop

To provide the reference currents for the inner control loop, different approaches can
be used. A simple method is to define power reference Pac and then use (3.3) to

calculate reference values for Isg.

It should be noted that it is assumed the grid voltage (Vs) is fixed to the d-axis, so the

g-axis voltage is zero. Thus (3.3) can be modified as

3
P =E sd .ISd (313)

where V, is the d-axis PCC voltage. Reference current for the d-axis can be found

by rearranging (3.13) as

I, == (3.14)
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Also, the reference signal for the g-axis current can be found using the same procedure.

The reactive power of the converter can be calculated by [121]
Q =2 (~VsaIsq + Viq " Isa) (3.15)
As Vyq = 0, (3.15) is simplified to
Q = 2(~Vea* Isq) (3.16)
Thus, the g-axis current reference is given as

% g'Qref
Il = - (3.17)

Vsd

This approach is appropriate for the power controller mode of operation for which it

is required to control power flow [122].

If a VSC is required to control the DC/AC voltages, separate DC voltage and AC
voltage controllers have to be implemented.

A. DC Voltage Controller

From (3.2)-(3.4), there is:

3
Igc 5'(Vsd-lsd+Vsq-Isq) _dVg,
c Ve dt

(3.18)

The DC voltage controller is designed in a similar way to the current controller, and a

P1 controller can be used as:

. avgc
le = 74

= kPDC (V(;C - Vdc) + kiDC f(V;c - Vdc)dt (319)
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and k;

where k ipc

PpC are the proportional and integral gains of the DC voltage

controller, respectively. Then the d-axis current reference, i;,; can be calculated by:

« _ 4C ) 1 3
t0 = g (e + e = 2 Mg sq) (3.20)

B. AC Voltage Controller

Controlling the AC voltage at the grid connection point is one of the responsibilities
of a grid connected VSC, especially when the grid is weak. This is achieved via the
provision of reactive power through the control of the g—axis current. Thus, the AC
voltage control loop can provide the reference g-axis current for the inner control loop.
The reference g-axis current is given as [123]

I3q = kp, VST = 1VsD) + ki JUVS| = VDt (3.21)

and k;

where k iac

pac are proportional and integral gains of the control loop PI

regulator, respectively. Proportional and integral gains can be found using the ‘trial
and error’ method, in which the simulation will be run for different values of the gains
and the gains will be chosen according to the best time domain performance [122].
Fig. 3.4 (a) shows the control diagram. If the PCC voltage is used as the reference, the
d-axis component of the PCC voltage can be used as the control parameter [82]. The
other option to control the AC voltage is to use a droop characteristic as shown in

Fig. 3.4 (b). The droop controller is essentially a proportional controller.

C I* N |*
» 5q T 54
v Pl V30— ke
) ] |
[V [V
(a) (b)
Fig. 3.4. Schematic diagram of AC voltage controller (a) PI controller (b) Droop
controller
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By using the control structures shown in Fig. 3.4, the reactive power of the VSC will
be controlled. The VSC output terminal will act as a PV (power-voltage) bus with the
AC voltage being regulated by controlling the reactive power at the VSC terminal [90].

3.2.2. Phase Locked Loop

A phase Locked Loop (PLL) detects the position of the grid voltage vector such that
the converter output voltage can be synchronised to the grid. The PLL algorithm
should cope with voltage sags, harmonics, etc. During power system transient events
(e.g. faults), the PLL should also be able to lock to the voltage angle and accurately
obtain the phase information. The simplified block diagram of a generic synchronous
reference frame PLL (SRF-PLL) is shown in Fig. 3.5.

®nVCO
Vabe abc Vq + 1 )
o 4 —> Gp“(S) _N%H -
dg w S
1o

Fig. 3.5. Simplified schematic diagram of an SRF PLL [77]

In the simplified PLL block diagram, GpL(S) represents a PI regulator, and voltage

controlled oscillator (VCO) is simply an integrator.
3.3. Modelling of a Grid Connected Single Converter System

3.3.1. AC Grid Connection

In this section, the grid connected converter system is modelled by a state-space
representation. A simplified system configuration is considered first in which the
medium voltage connection cables are ignored. As in wind farms, the amount of inter-
array cables that connect turbines together is significant. A state-space model is later
developed that includes the inter-array medium voltage cables. The dynamics of the
DC side are neglected as the focus is on AC grid stability, and thus, the DC side of the

converter is modelled by a stiff DC source.
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A.  Simplified System Model

The schematic diagram of a grid connected VSC shown in Fig. 3.1 where the VSC is
connected to the grid through an AC filter and a transformer, can be further simplified
by transferring the voltage to the converter side of the transformer as shown in Fig. 3.6.
The VVSC is considered as a controllable voltage source, and the power grid is modelled
as a voltage source behind an impedance. Furthermore, it is assumed that the three-

phase system is balanced and has no neutral line, so there are no negative and zero

sequence components.

Z,=Ry+j X

RNet I-Net

Rl I—l VC Rz L2
——VV_YN 7AW g o o WS
IC |2
Veonv @ JoCVc C?) =C @ Vs

jw'—l'C

©

JoLol,

Fig. 3.7. Equivalent circuit of a grid connected VSC in the dq reference frame.

Fig. 3.7 shows the synchronous reference frame equivalent of the grid connected

converter shown in Fig. 3.6. Using circuit theory, the circuit equations are obtained as
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(€ 4 Ve + jwlidc = Veony + Rl = 0

dt
4 L2%+R212+Vs +](1)L212_VC=O (322)
L Ic+](1)CVC—12_ %20

Transferring all the parameters and variables to per unit values using VSC rated power
and terminal voltage as the based power and voltage values, respectively, the per unit
state-space representative of system in the synchronous reference frame can be

obtained by rearranging (3.22) as

{X(t) = Ax(t) + Bu(t)

Y = Cx(t) + Du(t) (3.23)

where

. _d T T
i = 2l IegVeq Veg Tog Iag| % = [leq IegVeq Veq l2a I2q)

T
u= [V;d Vsq Veonvg Vconvq]
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— 0 0 0 0 0
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where w and w;, are the per unit and base angular frequency of the system,

respectively.

In the aforementioned model, L, and R, represent the respective combined equivalent
inductance and resistance of the AC grid and the transformer, i.e. L, = Lyet + Ly,
R, = Ryer + Rey- The per unit grid impedance for a specific SCR is obtained using
(2.2) and (2.3).

The cables can also be modelled by ‘T’ and ‘Pi’ equivalent representations. In the next
section, the intra-array cables will be modelled by using T and Pi models to assess

whether or not the simplified model is comparable with them.

B.  System Model with Inter-Array Cables (T model)

In wind farms, wind turbines are usually connected through subsea/underground
medium voltage cables. As the size of the wind farm increases, the amount of inter-
array cables also increases. Therefore, medium voltage cables need to be considered

in the system model.

Fig. 3.8 shows the schematic diagram of a wind turbine converter connected to the grid
and where the medium voltage cables are considered by one T section equivalent of

the cables.

T Model

RRr Ry & | Reme -
C1:L: LZZLT+LtX§ I 2 R3_RT RNet

Fig. 3.8. Single line schematic of a VSC connected to the power grid with T
equivalent cable representation
Using the same procedure as in section 3.3.1.A, the state-space model of the AC
connection of a wind turbine to grid shown in Fig. 3.8, in the synchronous reference

frame, is represented by
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{x(t) = A1x(t) + Byu(t) (3.24)

Y = Cyx(t) + Dqu(t)

where

T
x = T [Ild IquCd ch Izd IZq VMVd VMVq 13d ]3q]

T T
x =y Voo Veq Lo Taq Virva Vinvg T Isy ) 31 = [Veg Veg Veon g Veonv g
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C.  System Model With Pi Equivalent Representation of Inter-Array Cables

The other possible option of modelling the system AC connection is to consider the Pi
equivalent of the inter-array cables as shown in Fig. 3.9, where C», C3, R3, and Lz are
the parameters for the Pi section equivalent of the inter-array cables. L2, Rz, L4, and R4

are the inductances and resistances of the transformer and grid, respectively.
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Pi Model

Fig. 3.9. Single line schematic of a VSC connected to the power grid with Pi
equivalent representation of cables

The per unit state-space representation of the system in the synchronous reference

frame shown in Fig. 3.9 is

{X(t) = Ayx(t) + Byu(t) .
Y = CzX(t) + Dzu(t) ( l )
where
%= [11d I Ve Ve L2 L2g Viava Vi, Is, 13q]
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3.3.2.  PWM Modulator Modelling

The PWM modulator dynamics are much faster than those of the current controller,
but the modulator still imposes a delay to the system that is dependent on the sampling
technique and switching frequency. In this analysis, the PWM modulator is considered
as a unit delay (e ") where the delay time constant T is half a PWM cycle. Using the
Taylor’s expansion of the unit delay around the operating point and considering the

first order term, the final transfer function of the switching delay is approximated as

1
TgS+1

Tswitching)

where 7, is the modulation delay (i.e. 7, = >

Therefore, the relationship between the desirable converter voltage V'conv from the

current controller and the actual output voltage of the converter Vcony is represented as

1 l

Veonv = —Veonv (3-27)

TqS+1

3.3.3.  Converter Controller Modelling

The VSC control law in synchronous reference frame is presented as
Veonwv = LiUc+V,.—jwLI¢ (3.28)
where
Uc=ky(Ig—1I¢) +k; [ —Ig)dt (3.29)

The proportional-integral regulator used in current control is represented as
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Gpr =k + (3.30)
where k,, and k; are the proportional and integral gains, respectively. The proportional
and integral gains of the regulator are found by second order approximation of a system

as
kp = 2wn¢ (3.31)

ki = w? (3.32)
where w,, is the current loop natural frequency and { represents the damping
coefficient of the system [120].

3.3.4.  Overall System Modelling

By combining different parts of the system, Fig. 3.10 shows the simplified schematic
block diagram of the frequency domain model of the complete converter system. The
overall multiple-input-multiple-output frequency domain model of the grid connected

converter in the dq reference frame is developed as shown in Fig. 3.11.

joL4lc

I * V ’ - - V
C Go(s) conv SV\Q;(I;;];/ng conv, Plant Ic >

Fig. 3.10. Block diagram of the frequency domain model of the converter
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Fig. 3.11. Schematic block diagram of the MIMO model of the grid connected VSC

3.4. Phase locked Loop Modelling

As mentioned in Section 2.3.3, the PLL is used to capture the phase angle of the filter
bus voltage, which is used to transfer current and voltage to the dq frame (i.e. SRF) for
the controller and to transfer the output of the converter control from dq frame to the
abc frame for PWM modulation. Therefore, to have the true and accurate model of the
overall system for stability studies, the PLL needs to be integrated into the model

developed in Section 3.3.4.

Under ideal operating conditions, the angle measured by the PLL ( 85, in Fig. 3.12)
is identical to the actual phase angle of V. (6. in Fig. 3.12), and the phase error A6
between the angle of the filter bus voltage and the PLL measurement is zero as shown
in Fig. 3.12 (a) [124]. If a disturbance occurs (e.g. a change in the current / power, a
fault, etc.), the filter bus voltage V. will change accordingly resulting in misalignment
between the phase angle measured by the PLL and actual phase angle of V., leading
to a substantial phase angle error of A0 between 6, and 6p;; (Fig. 3.12(b)) [124]. As
the real control system only sees 8p;;, to include the full dynamics of the PLL in the
control system requires that the converter output voltage in the model is phase shifted
by A6.
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Fig. 3.12. Positions of the actual and PLL measured filter bus (PCC) voltage

A method of modelling the impacts of PLL and AC side voltage on the dynamic model
of LCC converters has been presented in [125]. In this method, the phase angle of the
AC side voltage is used to calculate the phase difference between the actual voltage
and the PLL output, and then the calculated phase difference is added to the firing
angles. A similar concept has been adopted for modelling the impact of the PLL on
the dynamics of the VSC where the phase difference was used to rotate the converter

output voltage (i.e. V one )-

In the state-space model shown in (3.21), V¢4and V¢, are considered as the states and
are also used as the feed-forward term. As previously described, to include the impact
of the PLL on system dynamics, the phase error between the PLL measurement and
the actual filter bus voltage is used to rotate the converter output terminal voltage
vector as schematically shown in Fig. 3.13. As shown, the phase angle rotation is

shown as e/2? and a new vector for converter terminal voltage is then obtained
(Veonw).

v N P A9 ’
< X » atan [+ » GpL(S) _>O'_‘,'> glao 72/4?\/

= KN +
VCd Vconvd/q L, BT ’ |

77 '_.*
Impacts of AC side voltage

Fig. 3.13. Simplified schematic of rotation due to the PLL.
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Considering the angle error is usually small, rotation of the converter voltage can be

simplified as

et = E?ﬁg _CZTAA:] = [A19 _fg] (3:33)

The PLL function is represented by G, (s) as the closed-loop transfer function, which

can be expressed as

Gpri(s) = s T (3.34)

2 )
s%+kpppStkipy,

and k;

lpLL

where k are the proportional and integral gains respectively. Using

PPLL

Taylor’s Expansion, the process of arctan(V, /Ve,) in Fig. 3.13 can be linearized as

Ve, Ve Ve Ve c
arctanv—q ~ 7 1 4 7 (arctan V_q) Voo Veg, V—q - V—q")
Ca Cao g Lla Ca |7 =7, 'Ca Ve
Vcd d do
G ) (3.35)
Vcdo 1+ g% Vey Vcdo

14
Cdo

where choand Ve are the operating point of the filter bus voltage. The final block

diagram of the grid connected VVSC with integrated PLL dynamics is shown in
Fig. 3.14.

3.5. Model Validation and Case Studies for Developed MIMO
Models

Table 3.1 shows the parameters of the VSC and AC grid that are used in this section
for validating the developed models. The converter is considered as a lumped model
of 10 wind turbines each rated at 6 MW in a wind farm giving a total rated power of
60 MW. The state-space model performance is compared with that of an equivalent

time domain model developed in Matlab/Simulink. The time domain model is
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developed using the system layout shown in Fig. 3.6. In the developed time domain
model, an average model of the VSC with a first order delay to model the switching
delays is used. All the parameters for the time domain model are also as shown in
Table 3.1.

3.5.1. Simplified Grid Connection

For the simplified circuit shown in Fig. 3.6, the time domain and state-space step
responses of the d- and g- axis currents for two different operating points are shown in
Fig. 3.15 with SCR=5. As seen in Fig. 3.15 (a) and 3.15 (b), a small step of 0.1 p.u. is
used and the step responses for the time domain and frequency domain match well
(their rise time, peak time, settling time, etc. are all very close). Furthermore, in
Fig. 3.15 (c) and 3.15 (d), a step of 0.05 p.u. is applied to both time domain and
frequency domain models when the converter was initially operating 0.7 p.u. power.
As seen in Fig. 3.15 (c) and 3.15 (d), the d- and g- axis step responses for the time
domain and frequency domain also match well. As seen in Fig. 3.15, there is a small
misalignment between the time domain simulation results and those from the state
space model. This is due to a switch used in time domain simulations whose internal
impedance is not modelled in the state space representation. This means that the
frequency domain model is a good representation of the actual system and can be used
for further studies. The root loci of the d-axis current of the system for variation of the
SCR value of the model shown in Fig. 3.6 is shown in Fig. 3.16 . The direction of
arrows indicates the movement of poles when the SCR value decreases from 100 to 1
and the converter exports 1 p.u. active power. The poles of the system move to the
unstable region with SCR values less than 1.6.
Table 3.1. Parameters for the VSC connected to the grid

Parameter Value

Rated power 60 MW

Rated AC voltage 690 V

L, and Ry 0.2 p.u.and 0.01 p.u

Lix, Lty net, and C 0.1p.u.

fn 50 Hz

Short Circuit Ratio (SCR) and XRr 5and 4
Cable length 10 km

Cable capacitance, inductance and resistance 0.38 pF/km, 0.31 mH/km, and
0.012 Q/km
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Fig. 3.14. Schematic block diagram of the MIMO model of the grid connected VSC
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Fig. 3.15. Step responses of the d- and g- axis currents for a small current step,

operating condition 1: a step of 0.1 p.u. is applied to zero current; operating condition
2: a step of 0.05 is applied when converter is operating with 0.7 p.u. current.
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Fig. 3.16. Root loci of the d-axis current for different SCR levels

3.5.2.  System Model with Inter-Array Cables (T model)

If the grid connection of the wind turbine involves a significant amount of inter-array
cables, by using the AC grid connection model in (3.21), some of the system dynamics
are ignored as the capacitance of the inter-array cables is not modelled. Therefore, to
improve the frequency domain model, the inter-array cables are modelled using the T

equivalent of the cables as (3.25).

Fig. 3.17 shows the step responses of the d-axis current for a 60 MW converter
connected to a grid with SCR=5 and the cable length of 10 km. As seen in Fig. 3.17,
the step response for the T equivalent model of the cables is quite similar to the step

responses of the other two.

The open loop Bode diagrams for the simplified state-space model and state-space
model with T equivalent of the cables and a cable length of 50 km are shown in
Fig. 3.18. This Bode diagram indicates that for low frequencies (<102 rad/s) and very

high frequencies (> 10 rad/s) both systems have the almost identical behaviour, but
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for the middle range frequencies, the model incorporating the T equivalent of cables
has an extra resonant peak at around approximately 5000 rad/s. This additional
resonance peak is due to the inclusion of the cable capacitance in the model. This
resonance is the result of inclusion of the cable model in the simulation, and the

resonant frequency corresponds with that predicted by the cable parameters shown in

Table 3.1.
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Fig. 3.17. Step responses of the d-axis current for T equivalent of the medium
voltage cables
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Fig. 3.18. Open loop Bode diagram of the simplified state-space model and T
equivalent of cables
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3.5.3.  System Model with Inter-Array Cables (Pi model)

Further tests using the state-space model with the cables modelled using the Pi
equivalent of the system as shown in (3.26) are carried out. Considering only one Pi
section, the step responses of the d-axis current for different models are compared in

Fig. 3.19. As seen in Fig. 3.19, the step responses from the different models are similar.

0-15 T T T T
ER?
&
e
[
o
= 0,05} .
o~ — = = Simplified state space
------------- State space with T model of cables
State space with Pi model of cables
0 L L L L
0 0.02 0.04 0.06 0.08 0.1

Time ()
Fig. 3.19. Step response of the system for various AC grid connections

The Bode plot of the system for different types of the grid connection models and cable
lengths of 20 km is shown in Fig. 3.20. The three systems shown in this section (i.e.
different connection networks) are different representations of the same system with a
different level of complexity. The three systems have very similar time responses. As
the presented Bode diagram depict, these three AC connections have relatively similar
frequency domain behaviour at low frequency. In this thesis, as the frequency of
interest is relatively low in range of below 300 Hz. Therefore, the simplified state-
space AC connection model is used, which needs less computational power than other
models.
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Fig. 3.20. Open loop Bode diagram of the system for various AC connections and
cable length =20 km, SCR=5.

3.6.  Modelling of Parallel Converters

In this section, the dynamic model of parallel VSCs is developed. Fig. 3.21 shows the
single line circuit of two parallel converters connected to the main grid through a step-
up transformer (modelled by the inductance L, ) and transmission lines. Each
converter is represented by the model developed in Section 3.4.4. In the time domain
model, the outputs of the two clusters are current sources which are then connected to
the step up transformer L, . (also modelled as a current source in the simulation) in
the model. A problem arises due to series connection of current sources and thus a very
small capacitor ( C,,.; = 0.0001 p.u.) is added to the model as shown in Fig. 3.21 to

solve the simulation issue without affecting the results.
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Fig. 3.21. Single line circuit diagram of two parallel converters with T line model.
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The transmission line is modelled as a simple T section as shown in Fig. 3.21. The Pi
equivalent representation of a transmission line could also be used, but with a T section
model, the order of the state-space system is reduced by 4 (80 fewer elements in the
state matrix) which reduces the complexity of the model as well as the computation
requirements. The state-space representation of the AC grid connection in the SRF

consists of 8 states as shown in

{x(t) = A3x(t) + Bau(t)

where

T T
=l sy Vsg Vs, | 1% = Il Is] Vierq Vieeq Tag lag Verq Ver

T
X = dt [1301 I3q Viety Vnetq Iy, I4q Verg VCTq]
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L3 v L3 L3
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Cnet
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Ly
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As can be seen, the state parameters of the AC grid connection are the voltages of the
capacitors C,.; and Cr;, and the currents flowing through inductances L; and L,
(Fig. 3.21). The inputs are the total current feeding from the turbine converter models

and the source voltage Vs (V;, = 1 p.u.and Vsq = 0). By selecting the d-axis grid

voltage as the reference instead of the output voltage of each cluster, multiple clusters
of converters can be easily added into the model, and each cluster is a stand-alone

state-space model which is connected to the state-space model of the AC grid.

Fig. 3.22 shows the block diagram of the dynamic equivalent model of the parallel
converter system. As shown in Fig. 3.22 the output currents of the clusters are the input
for the AC grid connection state-space model. It is possible to study the stability of
any numbers of parallel clusters of turbines that are connected to the grid as long as
the output current of all the clusters is available. Fig. 3.23 shows the step response of
the d-axis current for a system consisting of 2 parallel converters each of them rated
60 MW (lumped model of grid side converter of ten 6MW wind turbines) and SCR=5
(based on 120 MW system) for time domain simulation and state-space model
developed in Fig. 3.22. As can be seen in Fig. 3.23, the two step responses are very
similar, validating that the state-space model is sufficiently good to represent the wind

farm in the stability studies.

The root locus for the closed loop d-axis current of the 2-converter system is shown in
Fig. 3.24 when the SCR reduces from 100 to 1 with both converters exporting 1 p.u.
active power. The direction of the arrows indicates the trend of poles with reducing
SCR. As shown in Fig. 3.24, the poles move to an unstable region when the SCR

becomes less than 1.67.
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Fig. 3.22. Block diagram of a dynamic model of parallel converters.
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Fig. 3.23. Step response for d-axis current of a multiple converter system, SCR=5.
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Fig. 3.24 . Root loci for d-axis current of one of the converters in a 2-converter
system

For the two-converter system, the dependency of one converter stability on the other
converter in weak grid condition is studied considering a step of 0.1 p.u. in the d-axis
reference current of the second converter as the input to the system. The time response
of the d-axis current of the first converter is shown in Fig. 3.25 for different grid
strengths and the root locus for the same system is shown in Fig. 3.26. During the test,
the power of the first converter is set at 0. The step change in the d-axis reference
current of the second converter is seen as a disturbance to the other converter and as

seen in Fig. 3.25, the oscillations of its output current increase with decreasing the
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SCR value. This means that these oscillations might be added to the dynamics of the

first converter and influence the stability of the system.
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Fig. 3.25. Step response for d-axis current with input from the second converter and
output of the first converter

On the other hand, it is seen in Fig. 3.26 that by weakening the grid the damping of the
system decreases as the main poles of the system tend to move further right in a similar
way as shown in Fig. 3.24. This means that the controller of the converter must be able
to deal with the lack of damping in the system even when the other converters in the

system add up adverse impacts on the system.

3.7.  Outer Loop Modelling

The studies conducted so far only contain the current control loop (inner control loop).
To have a comprehensive system model, it is required to include the outer control loops
into the developed MIMO model. Active power/DC voltage control and reactive
power/AC voltage control loops are usually utilised to provide the d-axis and g-axis

current references respectively for the inner control loop.
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Considering wind farm applications, the active power loop which controls the output
power of the wind farm is investigated. Furthermore, an AC voltage droop controller
which generates the g-axis current is used to regulate the AC voltage at the connection

point of the wind farm to the grid.
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Fig. 3.26. Root locus for d-axis current with input from the second converter and
output of the first converter

In the developed models, the grid source voltage is aligned with the d-axis of the
synchronous reference frame. This means that the outputs of the system shown in
Fig. 3.14 are calculated according to the grid voltage (i.e. V) angle reference.
However, to model the outer control loop the filter bus voltage of each converter is

employed. This means that the d-axis and g-axis current references (I¢, and ng)

obtained using this method have different SRF compared to that for the real active and
reactive current values. Therefore, the calculated current reference values need to be
adjusted according to the SRF of the grid voltage to be able to use them in the dynamic
model of the system. As the phase angle of Vs is zero, therefore, the calculated

reference currents (I¢,and I¢, ) can be transferred to the SRF of Vg by considering only

the phase angle of V. which is calculated by

Oc = arctan -4 (3.37)
Vea
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Hence, the reference currents based on the SRF of Vs are obtained as

- Icg) [cos6, —sind
* — * ]9C — d C C
IVsdq Taqe lIC:; [sin@c cosf¢ (3.38)
The complete system model is shown in Fig. 3.27.
P— lcgy lvsd,
N —> <> [ nner control
Vo= LPF 1~ cosg,  —sing, loop and the
Lead Lag | sing.  cosh, I grid
* Cq V i
Vac (O] Filter —>[>—>@—> | _Vsay,] connection

)

VAC
Fig. 3.27. Block diagram of the frequency domain model of the outer control loop

The d-axis current step responses of the model are compared in Fig. 3.28 for time
domain and state-space simulations with SCR=5. These two responses match
reasonably well. The developed model will be used later in Chapter 5 for further
investigation and studies.

The root locus of the MIMO system including the outer control loops for different
values of SCR is shown in Fig. 3.29. This also indicates that the system becomes

unstable for very weak grids.
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Fig. 3.28. The d-axis current step response for the MIMO model of system including
an outer control loop
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Fig. 3.29. d-axis current root loci for the MIMO model of a system including an
outer control loop (direction of arrows: SCR=100 to SCR=1).

3.8.  Summary

In this chapter, a grid connected VSC is modelled as a multiple-input-multiple-output
system. The model includs the dynamics of the PLL and was verified by comparing

the step responses of the developed MIMO system with a time domain model.

The AC grid connections in the system are modelled in three different ways with
different levels of complexity. The presented results in this chapter show that as the
frequency of interest is in the relatively low range (< 300 Hz), the simple model is

sufficient for the frequency domain studies.

Furthermore, a MIMO model for a system including multiple converters is developed
for stability studies. The studies show that the presence of multiple converters can lead
to a reduction of damping in the overall system under weak grid conditions and could
potentially make the system unstable. Finally, outer control loops are added to the
developed state-space model for providing dynamic analysis of the complete system.
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4. Improved Current Control of VSC with

Current Error Based Compensation

In this chapter, a current error based angle and magnitude compensation control
strategy is proposed which is implemented along side classical VSC vector control.
This control strategy improves overall system stability and enables the VSC to deliver
full rated power to a very weak grid. In contrast with the synchronous generator based
control strategies [75, 88-94], the proposed control method eliminates the requirement
of mode switching during steady state and transient operations. Further, the proposed
strategy also benefits from easy implementation, simple control configuration and

good robustness against variations of grid strength.

The main principles of the proposed control strategy are presented first and are
followed by the system modelling and control analysis. Case studies during both
steady state and AC fault conditions are presented to demonstrate the effectiveness of

the proposed controller.

4.1.  Principles of VSC Control and the Proposed Current Error
Based Voltage Angle and Magnitude Compensation

A simplified single line schematic diagram of a 3-phase VSC connected to a power
grid is shown in Fig. 4.1, where Ry and L1 represent the resistance and inductance of
the VSC line inductor, respectively. C is the harmonic filter capacitance, L is the
equivalent inductance of the converter transformer, and Rnet and Lnet are the equivalent
resistance and inductance of the grid, respectively. Vc and Vcony refer to the respective
AC filter capacitor voltage and the converter output voltage. R> and L represent the
equivalent grid side resistance and inductance seen at the converter side of the
transformer. As in this chapter the main focus is on AC side integration, the impact of

wind farm dynamics is assumed to be negligible and is not considered.
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Fig. 4.1. Schematic of VSC connected to power grid.

As mentioned in Chapter 3, for the grid connected VSC shown in Fig. 4.1, there is
_ dlcag .
Vqu - Vconvdq - Ll Tdt _]wL11qu - IquRl (4-1)

where lcgq and Vedq are the converter current and voltage vector in the dq reference

frame respectively, and w is the synchronous angular velocity.

The conventional vector current control strategy for VSC has been discussed in Section
3.2, and the simplified block diagram is shown in Fig. 4.2 [119] where a dq based
control scheme is used in which the d-axis of the SRF is aligned to the AC voltage
vector V. at the AC filter bus.
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oo | M?W’L@l
1 v \ 4

PWM
AKX

V
VCa convd

Vplabg
dq g

Vee

Fig. 4.2. Classical current vector control for VSC

Considering a very small time step Ts, the change of converter current during the Ts

period can be approximated from (4.1) as
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Ts Ts Ts .
Alcdq ~ Z Vconvdq - Z VquO - L_lijllquO - IquRl (4-2)

where Vedqo and lcdqo are the initial converter voltage and current at the start of the Ts

period, respectively.

Equation (4.2) shows the linearised relationship between Al.q, and Vi onpaq-
Therefore in conventional vector current control, V onpaq is used as the current
regulation output to control the current I¢44. The closed-loop control scheme shown
in Fig. 4.2 is designed based on (4.2). Converter current error is set as the input and
converter voltage as the output, as V onpaq is directly controllable for a VSC. As
described in Section 2.4, using classical control for controlling a VSC connected to a

weak grid can give rise to undesirable voltage and current oscillations [126].

Fig. 4.3 shows the results for a ramp power test for the grid connected VSC shown in
Fig. 4.1 and conventional vector current control strategy of Fig. 4.2 with system
parameters presented in Table 4.1. Current loop proportional and integral gains are set
at 200nL1 and 10000m°L; respectively for 50 Hz current loop bandwidth with 2.5 kHz
switching frequency [124].

Table 4.1. Parameters for the simulated VSC system

Parameter Symbol Value
Rated power of VSC P 60 MW
Short circuit ratio SCR 1
Converter reactor inductance | L1 0.2 p.u.
Converter reactor resistance | Ry 0.001 p.u.
Filter capacitor C 0.1 p.u.
Transformer inductance Lix 0.1 p.u.

As shown in Fig. 4.2, conventional vector control is able to regulate the current/power
when the generated power is low, and the error between the actual and PLL measured
AC voltage angles of Vc converges to around 0. However, when the power output of
the VSC rises to approximately 65% of the rated power, the system becomes unstable,
the angle error between the actual and PLL measured AC voltage starts to oscillate as
does the power. It can be seen that the oscillation frequency is approximately 40 Hz
for this case.
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Fig. 4.3. Power ramp test with conventional vector control (from top to bottom:
active power, actual voltage angle of V¢, PLL detected voltage angle of Vc, error
between the actual and measured angle of \c)

In order to overcome the angular error oscillations and to avoid system instability, an
angular tracking strategy is proposed in this chapter to enhance system performance

and damp the angular and power oscillation, thereby improving system stability.



Assuming the voltage vector is aligned with the d-axis, and the resistance R1 of the
VSC coupling inductor is negligible, the VSC steady-state output active power P is
expressed as [121]

3 VeonvV
P = EVCdICd = TlcciSlTlS (43)

where § is the voltage angle difference between the converter output Veony, and grid

integration point Vc. Assuming Vcq remains constant, (4.3) is linearized as

2dP 25m60

= dlgq = 2o S d(sinb) + == dVeony (4.4)
3VCd
Rearranging (4.4) gives
Vconvo 25”'150
Ay = AcS + AVC,,m, (4.5)

where Veonvo and do are the static operating points of Veony and 6, respectively. Using

(4.5), the incremental current 41, is approximated as a function of 46.

Equation (4.5) consists of two independent terms, 4V.,,,, and A8, where each has a

linear relationship with Al;,4. Since 8o is in vicinity of zero and Vconvo is around 1

2s5indg

(4.6)

|2Vconv0
3wsLq

3wsLq

It can be concluded that Ad has a bigger impact on active current change than AV, ..,
and hence is used as the output of angle compensation, shown in Fig. 4.4 (a). This is
similar to the control design in Fig. 4.2 based on (4.2). Thus, an additional active
current control is proposed to add regulation with angle compensation as another
output in parallel with the conventional vector control, as shown in Fig. 4.4 (a). By
adding this additional control loop, angle tracking in the system is improved by adding
extra damping and meanwhile the main current control loop continues providing a fast
dynamic response during the occurrence of large perturbations and transients in the

system.
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Similar to (4.3)-(4.5), for reactive power, there is [121]

3 Vconv(Vcomz_V )
Q=—>Vealeq = e ) (4.7)

Assuming that V;remains constant, there is

aQ _ 3Vea dcq _ Veonwvo(Veonvo—Vca) d(cosé) cosé, aVeony

dat 2 dt wLq dt wLq 2.Veonw = Vea) dt (4.8)
2dQ — _ zvctva(VconVO_VCd) 2c0s8
Vea dlcq - 3wLq d(cos&) 30l (2 Veonvo — Vea) AV conv (4-9)

Rearranging (4.9) gives

2c0sd
3wlLq

Al ~ %sin&\d - 2V convo — Vea) AV conv (4.10)
Similar to the active current case, taking into account that A6 has been used for active
current control and considering the linear relationship between Al and AV ;4y,,, an
enhanced reactive current control with voltage magnitude compensation is proposed
with AV ..., S the output of the controller, as shown in Fig. 4.4 (b). This control loop
helps to stabilise the AC voltage of the system by accurately controlling the reactive
current. The impact of the proposed compensation control method on system stability

will be analysed and validated later in this chapter.

In addition to dynamic regulation, the static AC voltage control has to be considered
taking into account that the reactive power flow plays a very important role in the
system stability for a very weak AC grid [83]. A voltage magnitude feedback closed-
loop droop controller is placed in Fig. 4.4(c) and a lead-lag filter is employed here to
ensure that a sufficient phase margin is available for the AC voltage controller if a

large proportional gain, K, is used [120].
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Fig. 4.4. VSC with current vector control and proposed current error based
compensation

4.2.  Analytical Model and System Analysis

A small-signal analytical model of the whole system including the proposed angle and
voltage magnitude compensation control is established in the SRF based on Chapter
3, and the relevant frequency domain analysis is presented using root locus method. In

this section, for simplicity, the modelling and analysis focus on the current loop.
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The block diagram in Fig. 4.5 shows the comprehensive small-signal analytical model
that includes the dynamic system model developed in Chapter 3 and the proposed
current error based compensation control loops. In Fig. 4.5, Kyic and Kigc are the
proportional and integral gains of the angle compensation respectively, and Kpyqc is the
proportional gain of the voltage magnitude compensation. Vcdo and 6o refer to the static
operating points of V¢4 and 0 respectively. Kpq and Kiq are the P1 regulator gains of the
d-axis current loop, whereas Kpq and Kig refer to the gains of the PI regulator of the g-

axis current loop.

Based on the block diagram in Fig. 4.5, root locus analysis is carried out for the closed-
loop system of the d-axis current with various SCR values. Assuming the VSC power
and grid AC voltage are set at rated values, and the other parameter values are shown

in Table 4.2, the static operational point is obtained as

xo = [0.910,—0.414,0.917,—0.417,—0.867,0.502]"

uy =[1,0,0.980,0.347]T

where x, and u, are the initial values for the states and the input vector of the system
presented in (3.21).

The root locus for the poles of the system for classical vector current control of VSC
shown in Fig. 4.1 is obtained as Fig. 4.6 (a) when the proposed compensation controls
are not included in the system analysis. From Fig. 4.6 (a), it is seen that the dominant
poles of the d-axis current loop system move towards the right plane when the SCR
value is decreased from 100 to 1. This shows that a VSC controlled using the classical
vector control tends to become poorly damped or even unstable when the main grid
connection becomes very weak. The corresponding natural frequency of the dominant
pair of closed-loop poles can be calculated from Fig. 4.6 and is around 40 Hz when
the SCR is close to 1, which corresponds well with the time domain simulation shown
in Fig. 4.3.
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Table 4.2. System initial parameters

HPLL

Fig. 4.5. Block diagram of the VSC analytical model in the frequency domain

Parameter Symbol Value
Transformer inductance Lex 0.1p.u.
Transformer ratio Niy 0.69/33 kV
VSC nominal voltage v, 690 V
Reactor inductance Ly 0.2 p.u.
Filter capacitance Cr 0.1 p.u.
Current controller proportional gains Kpd = Kpg | 1417
Current controller integral gains Kia = Kig | 1000072
PLL proportional gain k.., 178

PLL Integral gain kip . 3947
Voltage controller droop gain K 13

Short circuit ratio SCR 1

Angle compensation proportional gain Kpdc 0.2
Angle compensation integral gain Kidc 4
Magnitude compensation gain Kpqc 0.2
Lead-lag filter nominator time constant T, 0.002 s
Lead-lag filter denominator time constant | T, 0.01s
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Fig. 4.6. Root locus (rated current, SCR = 100 to 1)

By adding the proposed angle compensation control only, the corresponding root locus
of the dominant poles of the system shown in Fig. 4.6 (b) reveals that the dominant
poles are kept in the left plane even when the grid connection is very weak as the SCR
goes to 1. This confirms that the proposed angle compensation control can stabilise
the VSC system with current control loop when connected to a very weak grid.
However, although the stability of the system has been significantly improved, the
damping of the system is relatively low when the SCR becomes as low as 1. As can be
seen in Fig. 4.6 (b), the real part of the dominant poles reaches -0.5 and the imaginary
part is just over 100 for SCR = 1, which means that the system has a poor damping
ratio of 0.0025. Therefore, it can be concluded that the proposed current-error based
angular compensation can stabilise the system by pushing the poles to the left plane,
which is a significant improvement from the unstable cases with conventional vector
current control. However, when the grid connection is very weak, the system has

relatively poor damping.
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Fig. 4.6 (c) shows the root locus of the dominant poles of the system with both angle
and voltage magnitude compensation. It can be seen in Fig. 4.6 (c) that the dominant
poles in the system show an improved damping performance as the damping ratio of
the dominant pole pairs at SCR = 1 increased to 0.4 (i.e. Approximately 160 times
larger than the case shown in Fig. 4.6 (b)).

4.3. Time Domain Case Studies

In this section, time domain simulation results for the proposed current error based
compensation control loop are presented. Different cases, including power ramp,
parallel converters and AC fault conditions, are tested for the system shown in Fig. 4.1

with parameters shown in Table 4.2.

4.3.1. Power Ramp Case Study

In this section, a power ramp test using the proposed current error based control is
performed for a lumped VSC model representing a cluster of 10 wind turbines each
rated at 6 MW and connected to a very weak grid (i.e. SCR = 1). The simulation results
in Fig. 4.7 show the case in which the active power is ramped up at t= 0.5 s from 0 to
1 p.u. at a rate of 6.66 p.u./s and down to 0 again with the same rate. It is seen in
Fig. 4.7 that the AC voltage is well controlled, and the active power stays stable during
this test which means that the proposed angle and voltage magnitude compensation
control regulate the VSC effectively even when connected to a very weak grid. The
error between the real and the detected voltage angles is shown in Fig. 4.7 . It can be
seen that this angle error is maintained in the vicinity of 0 during the ramp and in the
steady state, which proves that the proposed active current error based angle
compensation leads to stable AC voltage and improved PLL angle tracking. Thus, the
overall system stability is improved as the active and reactive components of power

and current are well controlled.

Fig. 4.8 illustrates the maximum power transferring capability of the VSC for different
grid strengths (i.e. different SCR values). As shown in Fig. 4.8, the classical vector
control is not capable of transferring the rated power (i.e. 1 p.u.) when SCR is less than
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1.5. For example, when the SCR decreases to 1, the maximum power that can be
transferred by the VSC before the occurrence of system instability is only 0.63 p.u..
this will make problems for connection of new offshore wind farms to the grid. In
contrast, as shown by the dotted line in Fig. 4.8, the VSC controlled by the proposed

compensation technique is capable of transferring 1 p.u. power even with SCR=1.
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Fig. 4.7. Power ramp test (full power, SCR=1)
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4.3.2. Multiple Parallel VSC Test

Large onshore and offshore wind farms consist of many wind turbines and to improve
the overall wind farm reliability, all the turbines are divided into clusters [23]. In this
section, simulations are carried out considering two parallel lumped VSCs
representing two clusters in a large wind farm. Each of the VSCs is rated at 0.5 p.u. of
the rated power of the wind farm, and the grid connection is again very weak (i.e.
SCR=1). Power transfer capability of the wind farm is tested using a ramp power
reference to the VSCs for conventional vector current control and the proposed current

error based compensation control loops.

Fig. 4.9(a) shows the results of the power ramp test for the two parallel VSCs using
conventional vector current control. In Fig. 4.9(a), the output power of VSC 1 is
ramped up first from 0 to 0.5 p.u. from t=0.05 s at a rate of 2.5 p.u. /s. VSC 2 starts to
power up with the same ramp rate from t=0.15 s. As shown, the output power of both
VSCs starts to oscillate before VSC 2 reaches its rated value. This means that the wind
farm is not capable of transferring full power with SCR=1. However, using the
proposed compensation control method, full rated power of the two VSCs can be
transferred without compromising system stability as shown in Fig. 4.9 (b).
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Fig. 4.9. Parallel VSC power ramp test (full power, SCR=1)
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4.3.3. AC Fault Test (Fault-Ride-Through Test)

As mentioned in Section 4.1 of this chapter, the proposed compensation control retains
the capability of controlling the VSC current during large voltage perturbation without
the need for switching the control mode as required in the other control methods based
on the virtual synchronous generator [75]. Since the three-phase fault is considered as
the most severe fault case when considering fault current, relevant tests are carried out
during three-phase faults to demonstrate the effectiveness and robustness of the

proposed compensation control with various grid strengths.

As the grid connection is very weak, a voltage dependent current limit (VDCL) as
shown in Fig. 4.10 is employed in order to reduce AC voltage overshoot after fault
clearance [119]. By employing the VDCL, the VSC active current is limited according
to the AC voltage level during the AC fault. Moreover, the reactive current is also

capped at 0.5 p.u. during the AC fault.

10f= === == =<

Imin 1.0
Fig. 4.10. Voltage dependent active current limit

Simulation results for three different SCR values (SCR=1, 2, and 10) are presented in
Fig. 4.11 (a), (b) and (c), respectively. For all the simulations with different SCRs, the
control parameters are kept constant as shown in Table 4.2 and the VSC exports rated

active power (1 p.u.) prior to the three-phase AC fault.
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Fig. 4.11 (a) illustrates the simulation results for SCR = 1 with a solid (zero impedance)
three-phase AC fault at the secondary side of the transformer at t=0.1 s. As a
consequence, the AC voltage drops to almost zero immediately after the fault
occurrence. However, the VSC continues controlling the AC current and limits the

maximum instant current overshoot to around 0.15 p.u..

As seen in Fig. 4.11 (a), both the d- and g-axis current components of the VSC are
well controlled within their specified limits during the fault, demonstrating one of the

advantages of this control method.

The fault is cleared at t=0.18 s, and the active power is recovered to the rated power
according to the VDCL shown in Fig. 4.10. Due to the very weak grid, fault clearance
introduces small oscillation of the PCC voltage leading to some current variations
during the transient. However, the VSC current remains within its limits (rated current)
throughout the recovering process. The voltage comes back to its nominal values
quickly, and the VSC resumes its pre-fault operating condition in approximately 0.12

s after fault clearance.

The test in Fig. 4.11(a) confirms that the proposed current error based compensation
control is capable of regulating the VSC current during both steady state and large

transients.

For SCR values of 2 and 10 with identical control parameters to those for the previous
case where SCR = 1, the results shown in Fig. 4.11 (b) and (c) indicate that the VSC
currents remain well controlled between the limits during the fault and recovery
process. This demonstrates the robustness of the proposed control against grid strength
variation, which could happen in power systems in the case of line trips, load changes,

etc.
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4.4. Summary

A VSC controlled by the conventional vector control normally has stability problems
when it is transferring more than 60% of the rated power to a very weak grid. In this
chapter, novel current error based compensation controls are proposed for a VSC
connected to weak AC grid with closed-loop current regulation. The proposed
compensation can be applied by considering the small-signal linear relationships
between active current and voltage angle, and reactive current and voltage amplitude,

respectively.

In the weak grid condition, the PLL cannot precisely track the voltage angle during
transients which leads to active power/current error. Thus, the proposed control
method uses the d-axis current error to calculate a correction to be added to the output
angle of the PLL. Furthermore, the g-axis current error is used to calculate an enhanced
reactive current control to compensate the voltage magnitude to stabilise the AC

voltage of the system by accurately controlling the reactive current.

Based on frequency domain analysis, the proposed active current compensation can
significantly improve stability performance by enhancing the conventional angular
tracking method with a PLL, and meanwhile, the reactive current compensation can
further enhance system damping under weak grid conditions.

Time domain simulations show that the proposed control can significantly increase the
power transferring capability of a wind farm connected to a weak grid. The case study
also demonstrates that the proposed current control can work well both in single or
multiple converter situations and during a severe AC fault. The proposed methods can
further benefit from its simple implementation and robustness against grid strength

variations.
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5. Virtual Impedance Based Stabiliser for
Wind Farm Integration into Very Weak
Grids

In this chapter, a virtual impedance based stabilising controller is proposed to improve
system stability when VSCs are connected to very weak grids. Similar to the current
error based compensation proposed in Chapter 4, this method retains the main property
of current vector control and requires no control mode switching during transients.
Thus, for practical applications, the proposed method offers high flexibility in

implementation.

In Chapter 2, different control methods for connecting VSCs to a weak grid were
presented, whereas, in Chapter 4, a current error based compensation control method
was proposed to enable the integration of VSC to a very weak grid. All of these
methods have to be integrated into the VSC controllers necessitating the amendment

of every wind turbine control unit.

The proposed control method in this chapter can be either embedded in the VSC
controllers or used separately in a relatively low power VSC system with a small-scale

energy storage system.

In order to prove the effectiveness of the proposed virtual impedance control, a
comprehensive frequency domain model is established based on the previously
developed one, and the root locus of the system is analysed. Time domain simulations
are carried out using Matlab/Simulink to validate the performance of the proposed

controller in different test cases e.g. power ramp, transient, etc.
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5.1. Principles of operation of Virtual Impedance Voltage

Stabiliser

5.1.1. Dynamic Operating Point Based on System Power Flow

The single-line schematic diagram of the VSC connected to a grid that includes the
power flow directions is shown in Fig. 5.1 which was used for the studies in previous
chapters. The power flow constraints of the system shown in Fig. 5.1 is discussed in

this section.

Ro=Ru+Rnet

"QS I Ve | Lo=Lex+Lnet
Vconv M T:I_:C Roc Ly I:‘\Met VS
QuP1 QP Q2P

Fig. 5.1. Schematic of VSC connected to power grid with power flow direction

The system shown in Fig. 5.1 is a non-linear system, and therefore the operational
point of the system needs to be determined using power flow analysis before the small-
signal analysis can be carried out using the calculated operational points.

To estimate the power flow of the system, the resistance of the transmission line is
assumed to be negligible compared with its reactance. Therefore, the system shown in

Fig. 5.1 can be redrawn in phasor variables as in Fig. 5.2.
Under steady-state, from Fig. 5.2 there is
Vele? ) = |Vg| + I - jwL, (5.1)

The current to the grid (i.e. 1,) is then calculated as

_ . (P2+]jQ2\ _ P2—jQ>
I, = conj ( > ) = i V) (5.2)

where P, and Q, are the active and reactive power transferred to the grid, respectively.
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Fig. 5.2. Schematic circuit diagram for power flow analysis

Substituting (5.2) into (5.1) gives
Ve|? = conj(V)Vs + jPywLly + Quwl, (5.3)

It is assumed that the grid voltage is the ‘base voltage’ for the per unit calculation.

Therefore Vs = 1 p.u. and hence (5.3) is rearranged as

Vel? = Vel cos(6c) + Quwly + j(PywL, — |Ve| sin ) (5.4)

As in (5.4), the left side of the equation is a positive real number. Hence, the imaginary
part of the right side of (5.4) needs to be zero. Therefore, the remaining parts of (5.4)
form a quadratic equation with respect to |V.|. As the amplitude of the filter bus
voltage is a real number, to ensure that there is a valid solution for |V | in the quadratic
equation, the discriminant of the quadratic equation needs to be greater or equal to
zero. Therefore, to ensure a stable voltage and power flow, the power operating points
have to comply with

PywL,

Vel

1 P?wL
_ 22 >0
4wL,  4|V¢|?

<1

sinf, =
(5.5)

Q2 +

As seen in Fig. 5.1, Lo is the combination of the transformer and grid impedances.

Based on (2.2), the per unit term of wL> is then approximated as

1

L2 =~ ﬁ + thx (56)

By considering (5.5) and (5.6), the operating point criteria for ensuring stable operation

can be rewritten as
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As resistances are assumed to be negligible, the real and reactive power transferred to
the grid can be written as

{ P =P (5.8)

Q=01+
Therefore, by substituting (5.8) into (5.7), the minimum voltage magnitude and

reactive power required to deliver P; from the converter are then set by

1
Vel = P1(E + wliy)

PR (L S S (5.9)
S IETRE (SCR + wax) E— Qc

From (5.9), it can be concluded that under weak grid conditions, higher capacitor
voltage and converter capacitive reactive power are needed in order to deliver a large
amount of active power. If a larger filter capacitor is used, the minimum required
reactive power from the converter is reduced for delivering higher active power to the
grid.

Therefore, according to (5.9), to enable the converter to deliver the required active
power the required voltage magnitude (i.e.|V,|) must be maintained. Thus, a converter

reactive power/voltage droop control is employed with the droop equation as
Q1 = Kyect (Vrer — Vel (5.10)
The droop control of AC voltage/reactive power presented in (5.10) is implemented as
ig = —krec(Vrer — [Vcl) (5.11)

The g-axis current droop gain (i.e. k,-..) in (5.11) has to be large enough so that the
reactive power complies with (5.9). However, selecting a large k... might cause a poor
damping in the system, and therefore, a lead-lag regulator is utilised to provide the

reference for the g-axis current as shown in Fig. 5.3.
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Fig. 5.3. The block diagram of the reactive power/AC voltage Droop control

The operating point for the small signal analysis of the system shown in Fig. 5.1 can
be obtained by combining (5.4) and (5.11), and using the grid voltage (i.e. Vg) and

required active power (i.e. P1).

The system in Fig. 5.1 is tested for the worst case scenario in which the grid is assumed
to be very weak (i.e. SCR=1), and the VVSC is controlled by the classical vector control
as shown in Fig. 4.2. The power ramp test as shown in Fig. 5.4 is used to demonstrate
the performance of the system under weak grid condition, and the system control
parameters are set as shown in Table 5.1. Fig. 5.4 shows the simulation results for the
AC voltage, active power and reactive power when the VSC ramps its active power
output with the rate of 5 p.u./s. The solid blue and dotted red lines depict the results
with and without the AC voltage compensation (reactive power droop), respectively.
The dotted red lines show that as the active power of VVSC increases to around 0.6 p.u.,
the system becomes unstable. The P-V curve of the converter connected to the grid
with different SCRs are shown in Fig. 5.5 when the reactive power flow to/from the
grid is considered zero. As seen in Fig. 5.5, the ability of system to transfer power is

decreased as the system strength decreased.

The solid blue line in Fig. 5.4 shows that the system becomes unstable around 0.7 p.u
despite the incorporation of reactive power compensation to the conventional vector
current control (Fig 4.2). This shows that the instability that occurs when a VSC is
integrated into weak grid is not only because of the lack of enough reactive power, but
also the small signal problems that are caused by the interaction of different elements
of the system under weak grid conditions. This means that the overall damping in the
system is not enough to ensure the system stability under weak grid conditions, hence
to overcome to this problem, a virtual impedance based voltage oscilation damping
method is proposed in the following section.
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Table 5.1. System parameters for illustration

Parameter Value
Rated voltage at converter side of the transformer 690 V
Rated voltage at the grid side of the transformer 33 kV
Rated frequency 50 Hz
Rated power 60 MW
Transformer leakage impedance Lix 0.1 p.u.
SCR 1.0

Grid X/R ratio 4

VSC reactor impedance (50 Hz) (0.001+j0.2) p.u.
Filter capacitance (50 Hz) 0.10 p.u.
Current loops nature frequency 50 Hz
Current loops damping coefficient 1.414
PLL proportional gain Kpe 125
PLL integral gain Kig 3947
Reactive power droop gain Ky 8
Reactive droop lead-lag time constant (nominator) T, 0.002 s
Reactive droop lead-lag time constant (denominator) T 0.01s
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Fig. 5.4. Power ramp of the converter
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5.1.2. Principles of the Proposed Virtual Impedance Control for Voltage

Stabilisation

In this section, a method based on virtual impedance is proposed to stabilise the local
voltage under different operational conditions and to improve the small signal stability

of the system voltage.

The proposed virtual impedance control method is based on the fact that utilisation of
a shunt resistance (Rp) with the filter capacitor as shown in Fig. 5.6 can improve
system damping and small signal stability. A power ramp test is conducted for a VSC
connected to a very weak grid (i.e. SCR=1) with a shunt Rp of 0.08 p.u. shown in
Fig. 5.6. The voltage magnitude of the filter capacitor and the transferred active power
from the VSC are shown in Fig. 5.7 (a) and (b), respectively. The active power ramps
up at a rate of 2 p.u./s at t=0.1 s and as seen in Fig. 5.7, the local voltage (Vc¢) is
stabilised even when the active power is raised to 1.0 p.u.. In other words, the presence
of physical resistance (Rp) helps to damp the oscillations in the system. However, the

resistance consumes energy and is not practical in real systems.
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The equivalent circuit of the system shown in Fig. 5.6 in the SRF is illustrated in

Fig. 5.8. The voltage equation at the filter capacitor in the SRF is defined as

aly .
Vegg = Vsag — L2 qu —joLylag, = Iz4.R, (5.12)

| |
L it ma €5

Ro=Rux+Rnet
Lo=Lux+Lnet

Fig. 5.6. Schematic of circuit with physical damping resistance
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Fig. 5.7. Power ramp test and capacitor voltage with physical damping resistance
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Fig. 5.9. Equivalent circuit of the system in dq frame with virtual impedance
To mimic the effect of the physical resistor, a virtual impedance control is introduced

to the system as shown in Fig. 5.9 where an extra control loop is used to provide
adequate d- and g-axis damping current. The virtual resistant is modelled to emulate
the small signal behaviour of the physical shunt resistance (Rp) to damp the
oscillations of the system and avoid energy losses in the system, and hence maintain
the efficiency of the system [127]. The virtual resistance control can be designed as a
closed loop voltage regulation as shown in Fig. 5.10 (a) and the virtual resistance gain

(i.e. Kpdg) IS set as

K, =— (5.13)

DPdq Rqu

A high-pass filter is used to eliminate the DC offset in the d- and g-axis voltages and
therefore eliminate the average power flow of the virtual resistance as shown in
Fig. 5.10 (b). Considering the open-loop transfer function of the controller shown in
Fig. 5.10 (b), there is

AI:Iq Kpquhdqs

= (5.14)

AVqu 1+Thqu
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Rearranging (5.14) and taking into account Ohm’s Law gives the virtual impedance as

1 1

ZV ES
Kpdq Kpquhqu

(5.15)

Equation (5.15) shows that the controller shown in Fig. 5.10 (b) is effectively a series

connected RC circuit with the equivalent resistance of KL and capacitance of

pdq
Kp quh aq"
Vqu + . Aidq Vqu + . w Thqu Aidq
Vqu Vqu
(b). Virtual RC

(). Virtual resistance

Vqu + .@ Theg ) 14+ Tyg8 _ﬁidq
— & AVcy I+ Ti4qS 14+ T8

Vqu

(c). Virtual impedance (RLC)

Fig. 5.10. Block diagrams of virtual impedance control

The virtual impedance is different from the actual impedance due to delays in the
control loops, and a large gain (Kpdq) in the virtual impedance could also result in
reduced phase and gain margins in the system leading to potential instability. Thus, a
lead-lag regulator is again added as shown in Fig. 5.10 (c). Considering the low pass
behaviour of the lead-lag regulator in the low-frequency region the transfer function

of the block diagram shown in Fig. 5.10 (c) is approximated as

AI:Iq _ Kpquhdqs
AVqu (1+Thdqs)(1+T2qu)

(5.16)

Rearranging (5.16) and taking into account Ohm’s Law gives the virtual impedance as
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T +T;
1 hg 2dq
Zy = —+———
qus Pdq’ hdq

+ (Tng,T240)S (5.17)

Such a system effectively emulates the behaviour of a series connected RLC circuit.

ThgqS 1+T4,S | 'dg )idq
1+ T4 14Ty /

d/q axis outer control loops

Fig. 5.11. Block diagram of the proposed virtual impedance control
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Fig. 5.12. Schematic block diagram of the proposed virtual impedance controller in
the overall system
The main aim of the proposed virtual impedance controller for grid-connected VSC is
to ensure system stability and full power transfer capability under very weak grid
connection without the necessity of active power loss by removal of resistance.
Furthermore, as the proposed control method is based on dq reference frame, two
different references (for d- and g-axis currents) are available, and hence the virtual

impedance parameters can be different for the d- and g-axis, which offers additional
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flexibility for the control parameters configuration and tuning. The proposed control
method is therefore added to the output of the conventional outer control loop of the
converter as shown in Fig. 5.11 and the overall outer loop control block diagram of the
VSC is shown in Fig. 5.12.

5.2.  Analytical Model of the Overall System for Dynamic Analysis

In this section, the small-signal behaviour of the proposed virtual impedance based
stabilisation controller is studied using the MIMO frequency domain model of the grid
connected VSC developed in Chapter 3. The frequency domain studies are carried out
using root locus for the conventional control method considering the outer loops (as

discussed in Chapter 3) and the proposed controller.

The state-space model of the system shown in Fig. 5.1 was previously developed and
presented in Chapter 3. The overall schematic block diagram of the system including
the proposed virtual impedance based stabiliser is shown in Fig. 5.13. The system
parameters used for the small-signal analysis and the parameters for the virtual
impedance controller are presented in Table 5.2 and Table 5.3, respectively. The static
operating points for the circuit in Fig. 5.1 are calculated using static power flow
analysis and taking into account the constraint in (5.9).

The root locus of the closed loop d-axis current of the system shown in Fig. 5.13 when
d- and g-axis compensation is not activated is presented in Fig. 5.14. The transferred
power to the grid increases from 0.1 p.u. to 1.0 p.u.. As seen in Fig. 5.14, the main
poles of the system tend to move to the RHP when the VSC power increases from 0.1
to 1.0 p.u. This means that the system tends to become unstable with large power
transfer from VSC to the grid, i.e. for P1> 0.7 p.u. the system becomes unstable, which
corresponds well to the time domain simulation shown in Fig. 5.4. This confirms that
although the reactive power at the connection is compensated to comply with the
power flow requirement, the system still suffers from small signal instability under

very weak grid connection.
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With the proposed control enabled, as shown in Fig. 5.13 the associated root loci of
the d-axis, and g-axis currents for variations in VSC active power are plotted in
Fig. 5.15 and Fig. 5.16, respectively. As can be seen, by using the proposed virtual
impedance voltage stabiliser, the main poles of the system for transferred power from
0.1 p.u. to 1.0 p.u. for both d- and g- axis currents are pushed to the LHP, indicating
improved system stability.

Table 5.2. Model parameters for small-signal analysis

Parameter Value
SCR 1

X/IR 4

Vs 1.0 p.u.
VSC reactance (jwL,) j0.2 p.u.
Filter capacitor impedance -j0.1 p.u.
KRrec 12

VRef 1.0 p.u.

Table 5.3. Proposed virtual impedance control parameters

Control parameter Value
d-axis lead-lag time constant (nominator) Tag 0.02's
d-axis lead-lag time constant (denominator) T1q 0.004 s
g-axis lead-lag time constant (nominator) Toq 0.02s
g-axis lead-lag time constant (denominator) Tiq 0.002 s
d-axis gain Kpqg 12.4
g-axis gain Kpq 6.2
d-axis high-pass filter time constant Thq 0.002 s
g-axis high-pass filter time constant Thq 0.001s
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For the system shown in Fig. 5.13, the root locus of the d-axis current for different
values of Kpq with Kpq kept at zero is presented in Fig. 5.17 (a). As Fig. 5.17 (a) shows,
for Kpa = 0, the poles of the system are in the RHP. By increasing Kyq, the poles move

to the left, and for all Kpq values greater than 26, the system becomes stable.

In Fig. 5.17 (b), the d-axis root locus of the system shown in Fig. 5.13 is presented for
different values of Kpq and Kpg = 0. The root locus in Fig. 5.17 (b) shows that the
system is stable with 5.5 < Kpq< 18.5.

The results presented in Fig. 5.17 indicate that the virtual impedance gains (i.e. Kpd
and Kpq) should be selected differently.
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5.3.  Case Studies and Validation of the Proposed Control Method

Case studies of the proposed control method are presented in this section. Power ramp
up/down tests are carried out first, and the proposed controller performance during a
three-phase fault is then simulated. Different grid strengths have also been considered
to test the robustness of the proposed controller. All the simulations are carried out in

the sim power system toolbox of Matlab.
5.3.1. Power Ramp Test for the Proposed Controller

A power ramp test is carried out for the system configuration shown in Fig. 5.1 in
which the VSC is controlled using the proposed virtual impedance stabiliser control.
For the simulations, the system parameters are the same as in Table 5.1, and the
parameters for the proposed virtual impedance stabiliser control are set as in Table 5.3.
The results of the power ramp with the proposed virtual impedance based controller
test are shown in Fig. 5.18. It should be mentioned that the results for the case without

proposed controller is already presented in Fig. 5.4.

At time t=0, there is no power transfer, and at t=0.1 s, a power ramp is applied to the
system with a ramp rate of 6.6 p.u./s. As can be seen in Fig. 5.18, the voltage and
current are stable during and after the power ramp. This shows a very significant
improvement compared to the power ramp test shown in Fig. 5.4 for the classic vector

control.

Furthermore, the power is then ramped down at t=0.45 s to O with a ramp rate of -6.6
p.u./s. The results clearly show that the voltage and current are stable across the whole
active power range. In the presented results, the terminal voltage drops to 0.974 p.u. at
maximum power transfer, in which the g-axis current is around -0.22 p.u. As the g-
axis current droop gain (K...) is set at 8, the results correspond well with those
predicted by (5.11).
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The results presented in Fig. 5.18 clearly show that the proposed virtual impedance
based voltage stabiliser control method enables the VSC to transfer full power into a

very weak point of the grid.

5.3.2. Transient Test for Proposed Controller

A 3-phase fault test is carried out in this section for the same system configuration and
control parameters used in Section 5.3.1. The simulation results for the 3-phase short

circuit fault as shown in Fig. 5.19 are presented in Fig. 5.20.

In Fig. 5.20, the VSC initially transfers full power to the grid. At t=0.1 s, a 3-phase
solid short circuit happens at the grid integration point as shown in Fig. 5.19. As seen
in Fig. 5.20, the capacitor bus voltage (converter side of the transformer) drops to 0.1

p.u. immediately after the fault occurs.

When the fault occurs, the current rises to 1.2 p.u. for a few milliseconds and then
drops to around 0.5 p.u. due to the VDCL as previously described in Chapter 4, and
stays at that level until fault clearance. Finally, the fault is cleared in t=0.18 s, and the
VSC resumes delivery of full power (i.e. 1 p.u.) to the grid according to the VDCL.
The proposed control method requires no control mode switching during large

transients as the current control loop is retained by the controller.

5.3.3. Test for Different Grid Strengths

In this section, the proposed controller is tested with power ramps and three-phase
faults for different grid strengths i.e. SCR=2 (relatively weak grid) and SCR=10 (solid
connection). In the simulation, the same system configuration and controller
parameters are used as in Section 5.3.1 and the simulation results are presented in
Fig. 5.21. The effectiveness of the controller is tested during different operating

conditions as the grid strength might change in different operational situations.

In Fig. 5.21, the system was initially started from zero power, and a power ramp test

at a rate of 6.66 p.u./s is applied to the system. During the process of the ramp up for
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both cases (SCR=2 and SCR=10), the voltage stayed approximately at 1 p.u. A three-
phase short circuit is then applied at the grid integration point as shown in Fig. 5.19.
For both cases the voltage drops to approximately 0.1 p.u. After the fault clearance,
the voltage recovers smoothly, and the active current also returns to 1 p.u.. Therefore,
the results confirm the effectiveness of the proposed virtual impedance voltage
stabiliser with different grid strengths which means that the controller does not need

to be re-tuned in the case that the grid strength changes.

Furthermore, the root locus of the d-axis current with the proposed virtual impedance
based voltage stabiliser control for different SCR values and active power of 1.0 p.u.
is shown in Fig. 5.22. It can be seen that without any change in the system
configuration and control parameters, the system is stable for all the SCR values.

The results of the case studies presented in this section demonstrate that the proposed
control method ensures the converter delivers full power in steady state. The system
can also ride-through severe transients due to the presence of the current control loop.
It offers flexibility for operation in different operating conditions and grid strengths

without the requirement of re-tuning the parameters.

5.4. Grid Stabiliser for Weak Grid Integration of VSC

So far, the proposed virtual impedance based voltage stabiliser of Fig. 5.12 is used as
an embedded component of the controller of the wind turbine grid side VSC. In this
section, the proposed control method in Fig. 5.12, is used as an external stabiliser for
VSC interfaced generation (e.g. a wind farm) connected to a very weak grid. This
means that the wind turbine grid interfaced converter controller can use conventional
vector current control, whereas an external device is utilised in order to provide

damping and stabilisation to the system.

The external stabiliser may be desirable in some situations. For example, a wind farm
may use turbines from more than one manufacturers, or two large wind farms may be

integrated into a very weak point of the grid, and thus the grid owner may be
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responsible for ensuring the stability of the grid. Thus, an external stabiliser based on

the virtual impedance voltage stabiliser can bring extra flexibility for the grid operator.
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Fig. 5.20. Transient performance with virtual impedance stabiliser control

The same control method as shown in Fig. 5.12 is therefore employed for controlling
the external stabiliser and the system layout is shown in Fig. 5.23. As seen in Fig. 5.23,
an energy storage system is connected to the eternal VSC stabiliser. For wind farms
located offshore or in a rural area, the external stabiliser may have to be located away
from the wind farm PCC point, resulting in a substantial impedance (Z.) between the
PCC and the stabiliser as shown in Fig. 5.23.

The proposed system configuration in Fig. 5.23, when the stabiliser is located at the
PCC (Z.=0), has been tested first for a power ramp up/down (6.6 p.u./s) with the same
test scenario as Section 5.3.1 and the simulation results are presented in Fig. 5.24. The
parameters for the test system are the same as given in Table 5.1, and the parameters
for the stabiliser virtual impedance controller are the same as those in Table 5.3, except
Kpa and Kpg Which are 34 and 17, respectively. As the results presented in Fig. 5.24

106



illustrate, when the VSC interfaced generation unit is controlled using conventional
vector current control, employing the external stabiliser allows VSC to deliver the
rated power (i.e. 1 p.u.). The stabiliser current stays low during both the steady-state
and dynamic processes, which means that the stabiliser in the proposed configuration
only provides small signal compensation to the system (due to the presence of the high
pass filter in the virtual impedance based voltage stabiliser). As seen in Fig. 5.24, the
power variation in the stabiliser during the power variation in the main VSC interfaced
generation is very small (i.e. less than 0.05 p.u. based on 6.6 p.u./s power ramp). The
energy flow from the stabiliser to the grid shown in Fig. 5.24 indicates that only a
relatively low amount of energy is required. This means that only very small energy
storage and conversion systems are required in order to stabilise a very large wind

farm.
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Fig. 5.21. Power ramp test and transient performance with the proposed virtual
impedance stabiliser control for relatively weak and strong grids
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The proposed stabiliser is further tested for three different distances between the PCC
and the stabiliser, i.e. 1 km, 20 km and 50 km. The impedances between the PCC and
stabiliser are calculated using the cable parameters shown in Table 5.4.

Power ramp up/down tests similar to Fig. 5.24 with SCR=1 are performed for different
impedances (i.e. line lengths) between the PCC and stabiliser, and the results are
presented in Fig. 5.25. All the system and control parameters are the same as those for
Fig. 5.24, except Ky and Kpq that are presented in Table 5.5. The parameter values in

Table 5.5 are chosen to have the best time domain simulation results.

As seen in Fig. 5.25, using the proposed configuration, the VSC is capable of
transferring 1 p.u. power to the grid when SCR=1. The stabiliser’s current for different
cases also stays low during both steady-state and dynamic process. As seen in Fig.
5.25, as the impedance between the PCC and the external stabiliser increases, the
current and active power of the stabiliser increase and the voltage at the stabiliser
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terminal decreases. Furthermore, the power of the stabilisers in all cases after the

transients returns to zero.

The energy flow is calculated for all the different cases in Fig. 5.24 and 5.25 for the
ramp up of the active power as shown in Table 5.6. The energy is calculated from the
start of the power ramp until the system reaches a new steady state operating point.

As the results in Table 5.6 show, in the ramp up test, energy is injected from the storage
system to the grid. It also can be seen from Table 5.6 that the total required energy

during the ramp test is increased as Z. increases.

Therefore, the storage capability of the stabiliser needs to be sized according to Z,.
For example, if the distance between PCC and the external stabiliser is 50 km and the
DC link voltage of the storage converter is 1.3 kV, for a storage capacitor of 767.5 mF,

the DC link voltage is reduced by 24.6% during the power ramp up.

Table 5.4. Cable parameters

Cable parameter Impedance
Inductance 0.31 mH/km
Resistance 0.012 Q/km

Capacitance 0.38 pF/km

Table 5.5. External stabiliser parameters for different impedances

Line length Kpd Kpg
1 km 36 18
20 km 40 20
50 km 44 22

Table 5.6. Required energy from the storage unit for different impedances

Line length Energy from storage (kJ) (Ramp up)
No line (0 km) 47.88
1 km 54.53
20 km 113.46
50 km 216.19
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Fig. 5.24. External stabiliser for weak grid stabilisation

110



1-02 T T T v T T 1‘05

0.95f
0.98 ' ' 09

d-axis Current (Igg) (p.u.)

g-axis Current (lcg) (p.u.)

g-axis Current (lcg) (p.u.)

01 T
1} l
05]
0 1 1 1
Active Power (p.u.) 20 Active Power (p.u.)
1t 1 200t
05} 1 100}

0 L L 1 L 0 L “Q:;:;' L 1 L L J
0 01 02 03 04 05 06 07 O 0l 02 03 04 05 06 07
Time (5) Time (s)

Current Amplitude (p.u.) Energy Flow to Grid (kj)

(a). Converter (b). External stabiliser
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55,  Summary

When VSC interfaced generation is integrated into a very weak point, the system can
become unstable due to the reactive power flow and voltage small signal stability
issues. To ensure stable operation of the system, reactive power compensation and
small signal voltage stability need to be considered.

In this chapter, a virtual impedance based small signal voltage stabiliser is proposed.
In the proposed control method, the conventional current control loop is maintained,
and the proposed controller works as a complementary output control loop providing
extra damping to the system without any energy/power loss. The proposed control

method enables the VSC to deliver full rated power to the weak point of the grid.
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Furthermore, the presence of the current loop allows the VSC to deal with large
transients without requiring any control mode changes. The proposed controller also
offers the possibility to be used with different grid strengths which might change
during the VSC operation (e.g. line trips, etc.).

The proposed control method benefits from the fact that it can be used as an external
stabiliser for very weak points in the grid by providing extra damping to the system.
The rated power of the external stabiliser is very small compared to the overall system

rating with real power average of zero.
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6.Conclusion and Future Work

In this chapter, the conclusion of the thesis is drawn, the thesis contributions are
outlined, and potential future work is highlighted.

6.1. Conclusions

The primary focus of this thesis is the integration of VSCs to very weak electrical
grids. Grid connected VSCs are traditionally controlled by vector current control in
which the decoupled SRF (d-q) currents are used to separately control the active and
reactive power flow of the converter. This control structure provides fast dynamic
response and allows the converter to limit the current during transients. However,
when the VSC is connected to a very weak point of the grid, the converter is not able
to transfer full power to the grid due to potential system instability. This problem is
largely caused by the interaction between PLL dynamics and different parts of

controller and system, and voltage instability at the connection point to the grid.

In this thesis, first a MIMO frequency domain model of a single grid connected VSC
is developed. In this model, different parts of the system are modelled including the
current controller, grid connection network, PWM switching, and PLL dynamics.
Three different grid connection networks were modelled including simplified
connection, T model of the connection cables, and Pi model of the connection cables.
The three models have different complexity and varied frequency response at higher
frequency range. As the frequency of interest is in the relatively low range, the simple
model is sufficient for the frequency domain studies.

The developed model is then used as a basis for modelling parallel converters in the
frequency domain. In the developed model, the d-axis of the SRF is aligned with the
grid voltage and hence, all the VSCs are modelled by the same reference frame
enabling any number of VSCs to be added to the MIMO model of the parallel VSC
system. The studies show that in a multi-converter system, as the strength of the grid
decreases, the sensitivity of each VSC to the disturbances in the other converters is

increased.
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To tackle the instability issue when the grid is very weak, e.g. SCR=1, a current error
based controller is proposed as a complementary control in parallel with the
conventional vector current control. The current error based controller consists of two
different parts. The first part calculates a phase angle based on the error of the d-axis
current to adjust the output of the PLL. Furthermore, the g-axis current error is used to
calculate an adjustment to VSC output voltage amplitude directly. The proposed error
based controller is tested with different scenarios including increasing and decreasing
power ramps, three phase fault, and different grid strengths. The simulation results
show that using the proposed error based controller the converter is capable of
transferring full rated power and to ride-through the fault current with SCR=1 at the
connection point to the grid. The results have also shown that the VSC provides stable
operation under different conditions (e.g. full power, and fault) with various grid
strengths without the need for changing the controller parameters and structure. The
simulations also confirm that in a system with multiple VVSCs the proposed controller
is capable of stabilising the system in a very weak grid and allowing the system to

transfer the full power.

The second proposed method to improve the stability of a VSC connected to a weak
grid is based on the virtual impedance emulation in the VSC control system. The
proposed virtual impedance based stabilising controller also enables the VSC to
transfer the full power in the very weak grid condition. This virtual impedance
stabilising control works as a supplementary outer control in the d- and g-axis whose
inputs to the controller are the d- and g-axis PCC voltage, and where the outputs are
added to the d- and g-axis current references. The virtual impedance control consists
of a high-pass filter, lead-lag filter, and a gain. This controller stabilises the system by
providing extra damping to the system. This proposed controller is also tested with
different scenarios including power ramp up/down, three phase fault, and different grid
strengths. The simulation results confirm that the VSC controlled by the proposed
virtual impedance based stabiliser is capable of transferring 1 p.u. power and of fault
ride-through with the very weak connection. The simulation results also show that
when the grid strength changes, the converter is operates normally with no changes in

the proposed control parameters and structure.
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This virtual impedance control method can also be implemented as an external
stabiliser which consists of a relatively small converter and an energy store connected
to the DC link of the converter. The external converter only needs to provide small
transient power for stabilisation and the size of energy store can also be relatively
small. Such an external stabiliser may be desirable in different situations, for example
if a wind farm is expanding and where the turbines are not made by a single
manufacturer, or if two large wind farms are integrated into a very weak point of the
grid, and it is therefore the grid owner’s responsibility to ensure the stability of the
grid. In the context of the wind farms, this means that the controller of the wind turbine
grid interfaced converter is kept unchanged whereas an external device is utilised to
provide extra damping to the whole system.

6.2. Author’s Contributions

The main contributions of this thesis are as follows:

e In this thesis, a MIMO frequency domain model of a single VSC is
developed that includes the complete control and physical systems. Based
on the developed model of single VSC, a frequency domain model of
parallel VSCs is developed considering the d-axis of the synchronous
reference frame aligned with the grid voltage. Thus, all the VSCs have the
same reference frame, and any number of parallel VSCs can easily be added
to the MIMO frequency domain model, making the stability study simpler
and more straightforward.

e A novel control method for weak grid connected VSC is proposed which
uses the current errors to calculate compensation terms for the PLL angle
and the voltage amplitude. This control method is added to the classic vector
control of VSC. The method enables the VSC to operate and transfer the
rated power during normal and transient conditions without the requirement
of any control mode switch. The proposed control method is able to maintain
system stability if the strength of the connected AC system changes during
operation without the need for changing the controller gains. Compared to

other methods in the literature, this approach is simple to implement and, as
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6.3.

the current control loop is always in place, the VSC can control the current
during transients.

A control method based on active damping of the voltage oscillations using
virtual impedance is proposed in this thesis for improving system stability
of weak grid connected VSCs. The virtual impedance based voltage
stabiliser control works as an extra outer control loop for the vector current
control for both d- and g-axis. This control method is also simple to
implement and retains the current loop structure. Based on this principle, an
external device is proposed that can be utilised and connected to a weak
point of the grid to allow a large amount of VSC interfaced power generation
(e.g. wind power) to be connected to the grid without inducing stability

issues.

Suggestions for Future Research

Based on the studies conducted in this thesis, the potential areas for future research

are proposed as follows:

Optimisation of the design and allocation of the virtual impedance based
external stabiliser to reduce the external VSC and the energy storage size
can be considered as an area for further study. This can be achieved by
optimising the controller gains, system structure, etc.

In a large wind farm, the amount of the inter-array cables for connecting
wind turbines is large. In this study, these cables are mostly not considered.
Investigation on the impacts of these inter-array cables on the system
modelling and proposed control methods is suggested as a further research
field.

Consideration of different outer control loop structures, and analysis of their
impacts on the overall system performance is suggested for further
investigation.

Conduct experimental verification of the proposed control methods.
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Appendices

Appendix 1. Simulation Models

In this section the main simulation models developed in Matlab / Simulink are

presented.
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Fig. Al. 1. Converter schematic model in Simulink
Discrete Fo=25Hz l
Rate 1/z .1
Limiter 4\ Freq
Discrete 20F
Rate Limiter » 2
s—P Freq wt
r—> abc Mean » |
V. = & X PID
abe(pu dq0 — In —p w
: o v
| sin_cos n Scopet
Variable Frequency Controller
abc_to_dq0 Mean value
Transformation E Sin_Cos2
AGC
pFreq Il
Sin_Cos Gain |-
Vabc
AGC

Fig. Al. 2. The Simulink implementation of the proposed d-axis current error
controller added to the PLL output angle
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Fig. Al. 3. The vector current control model implementation in Simulink
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Fig. Al. 5. The Simulink implementation of the proposed d-axis virtual impedance
controller
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The list of publications based on this thesis are as follows:

. K. Givaki, L. Xu, “Stability analysis of large wind farms connected to weak AC
networks incorporating PLL dynamics,” IET Renewable Power Generation
(RPG 2015).

Abstract:

Voltage source converter interfaced wind turbines connected to weak grids can
induce system instability. A state-space model is used in this paper to study the
stability of large wind farms. Dynamics of the phase locked loop is integrated to
the state-space model. The advantage of this model is that it allows study the
stability of systems with parallel wind turbines. Studies on the dynamic
responses of the system show the importance of including phase locked loop as
its existence can induce system instability especially under weak network
conditions. This model can be used to study the stability of converter interfaced
wind farms and helps to design the converter controller to ensure wind farm

system stability when connected to weak grids.

o K. Givaki, D. Chen, L. Xu, “Current Error Based Compensations for VSC
Current Control in Weak Grid for Wind Farm Applications”, IEEE Trans.
Sustainable Energy (second round revision).

Abstract:

A novel current control strategy is proposed for voltage source converters
connected to weak grid using conventional current vector control with additional
current error based voltage angle and magnitude compensations. For connecting
to very weak AC network, conventional vector control is proved to be unstable,
whereas the proposed current error based compensations can significantly
improve system stability. In this way, the proposed control can still benefit from
the presence of current closed-loop control without the need for control
switching during large AC voltage variations. Comprehensive frequency domain

model is established to analyse stability performance. Comprehensive time
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domain simulations are further carried out to validate its effectiveness and
robustness by demonstrating its current control performance during a three phase

fault, multiple-converter situation and various grid strength conditions.

D. Chen, K. Givaki, L. Xu, “Active Damping Control of Wind Farm Connected
to Very Weak Electrical Grids”, IEEE Trans. Power Delivery (Preparation in

Progress).

Abstract:

A stabilising control technique is proposed for VVoltage Source Converter (VSC)
generation from very weak grid in this paper. The proposed method is based on
virtual impedance method and can be used along with reactive power
compensations to enhance the overall voltage stability with no need for control
mode switching during transients. The proposed method can further benefit from
its flexibility of implementation for practical concerns. It can be either embedded
in VSC generations or implemented by low-cost external aggregated stabilizers.
A complete frequency domain model is established to prove the effectiveness of
the stabilizing control with root locus. The effectiveness of proposed method is
further validated by comprehensive time domain simulations concerning power

(current) ramp, transient and external stabilizer tests.

K. Givaki, D. Chen, L. Xu, H. Xu, “A Current-error Based Control for VSC
Integration to Weak Grid ”, PES General Meeting, (Submitted).

Abstract:

A An enhanced current control strategy is proposed for voltage source converters
for the integration to weak grids. The control derives from the current-error
based vector control. By implementing simple close-loop compensations of both
angle and magnitude inputs to the pulse width modulation, the damping of vector
control in the weak grid can be significantly improved hence able to deliver full
rated power to very weak grid. Due to the presence of the current loop, the fault-
ride-through capability can be maintained with no need for mode switching. A
comprehensive frequency domain model is employed to analyse the stability.
Time domain simulations are further carried out to validate its effectiveness and

robustness of integrating to the weak grid with fault-ride-through capability.
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Papers published during my PhD that are not covered in this thesis:

K. Givaki, M. Parker, P. Jamieson, “Estimation of the power electronic
converter lifetime in fully rated converter wind turbine for onshore and

offshore wind farms”’, Power Electronics, Machines and Drives (PEMD 2014)

Abstract:
A comparison has been made of the converter lifetime for a 3MW fully rated
converter horizontal axis wind turbine located onshore and offshore. Simulated
torque and speed of the turbine shaft were used to calculate voltage and current
time series, that was used to calculate the junction temperatures of the diode and
IGBT in the generator-side converter by a thermal-electrical model. A rain-flow
counting algorithm was applied to the junction temperature in combination with
an empirical model of the lifetime estimation, to calculate the lifetime of the
power electronic modules in the turbine. The number of parallel modules for
each location to achieve 20 years life time has also been found. Simulations show
the lifetime consumption rate of the diode and IGBT is decreased exponentially
by increasing number of parallel modules, lowering the average temperature.
The offshore wind turbine has a higher lifetime consumption rate, requiring a
slightly higher converter rating to achieve a 20-year lifetime, but this difference
is small, and both turbines will use the same number of modules.

K. Givaki, D. Chen, O. Anaya-Lara, “Stability studies of different AC

collection network topologies in wind farms”, IET Renewable Power

Generation (RPG 2016).

Abstract:

In this paper, the stability studies for different wind farm collection network
topologies have been performed. As the wind farm becomes larger, the inter-
array network becomes larger.so that the impedance of the overall system will
be increased. This means that the inter-array configuration can impact the
stability of system. The dynamic studies results presented in this paper show that
the star collection network topology has the ability to be connected to weaker

grid followed by radial, double sided and single side ring collection network
topology.
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