
Interactions of Grid-Forming Converters for

Windfarm Applications

PhD Thesis

Callum Henderson

Power Electronics, Drives and Energy Conversion Group

Electronic and Electrical Engineering

University of Strathclyde, Glasgow

May 18, 2023



This thesis is the result of the author’s original research. It has been

composed by the author and has not been previously submitted for

examination which has led to the award of a degree.

The copyright of this thesis belongs to the author under the terms of the

United Kingdom Copyright Acts as qualified by University of Strathclyde

Regulation 3.50. Due acknowledgement must always be made of the use of

any material contained in, or derived from, this thesis.

i



Abstract

The electricity network is undergoing a paradigm shift due to the strive for cleaner

generation and enhanced electrification of heat, transport and industry. Due to the

removal of synchronous generation and the increased penetration of inverter-based re-

sources numerous issues have been highlighted. The reduction of system inertia, fre-

quency response, lower fault current provision and apparent decline in system strength

are all leading to reduced frequency, voltage and harmonic stability on the network.

To remedy this, converters are being designed with enhanced grid services to replicate

the useful behaviour lost with the removal of synchronous generation. Conventional

grid-following structures are being augmented with enhanced power and voltage con-

trol loops and grid-forming converters have been suggested as a promising source of

inertia, frequency response and system strength. However, with the inclusion of these

structures the way the network interacts is fundamentally changing and new analysis

techniques are required to properly represent the system. The structures are capa-

ble of deployment into any inverter-based resource however this work takes a main

focus on wind energy which is the fastest growing renewable energy source at present

with a high volume of capacity already installed. Additionally, wind farms are often

located far from shore leading to long transmission lines, high impedances and weak

networks. This makes them an ideal case for testing the interactions of grid follow-

ing and forming converters. This thesis explores different methods of analysing the

interactions in wind parks via the system impedances. The mathematical implications

of the system admittance when including converter control action are explored. This

analysis is used to justify the use of multiple-input multiple-output models for study

over simpler Single-Input Single-Output models. The interactions between single and
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Chapter 0. Abstract

multiple turbine systems are then explored using impedance-based stability techniques

where a new method of analysing the system is proposed capable of dealing with is-

sues of previous techniques and allowing the system to be studied from different points

of view. The interactions of different grid-following and grid-forming structures are

explored with the robustness of each combination explored. Following this the link

between system strength and stability is explored where a novel method of determining

system strength is proposed (known as GSIM) incorporating converter control action

and decoupling system strength from fault current provision. This method is used to

investigate the useful or detrimental behaviour of each control topology towards system

strength. Finally, all analyses are combined to analyse a full wind farm including mul-

tiple turbines capable of operating under different control structures. This allows the

work to answer the important question, what is the appropriate balance of grid forming

to grid following in a wind park and what system components affect this. Moreover,

the optimal location to place grid-forming turbines is explored in terms of providing

system strength and stability.
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Chapter 1

Introduction

Climate change has led to decarbonisation of electrical generation in the strive for

cleaner renewable energy and caused a paradigm shift in the way electrical networks

are operated and studied [1]. Largely due to increasing social and political in
uences,

more renewable energy systems (RES) are being connected to the network phasing out

old, synchronous coal and oil power stations at a rapid rate [2]. RES were responsible

for 37.8 % of the total UK energy generation as of Q1 2022 [3] and wind energy is the

fastest growing renewable technology forming a large proportion of energy generation

in Europe [4]. Numerous RES, including a signi�cant percentage of wind farms are

connected to the network via power electronic converters and known as inverter based

resources (IBRs). These provide increased 
exibility and control but also new challenges

in maintaining stability of the network [5{7].

A number of studies have suggested that the system may become unstable when

IBR penetration surpasses a certain threshold if standard converter control techniques

are not updated to support the modern network [8]. Couple this with electrical demand

rising at unprecedented rates due to the electri�cation of heat, transport and industry,

the need for new analysis techniques capable of representing all interactions of the

modern network becomes increasingly evident. This thesis explores new methods of

analysing such converter dominated networks, proposing new stability and screening

techniques similar to the traditional short-circuit ratio (SCR) but capable of accurately

representing the future generation mix.
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The opinion of academia and industry has long been that grid-forming (GFM)

structures increase the system strength and hence stability in locations where they are

deployed. However, quantitative veri�cation of this has avoided signi�cant attention

and could o�er a promising metric for determining the balance of GFM penetration

on the network. The approaches designed for for wind park applications utilise the

equivalent converter output impedance to accurately represent modern control action

and other legacy equipment on the network. These techniques are utilised to investigate

interactions within a full scale wind farm with the �nal goal of determining the optimal

penetration and placement of GFM converters within the wind park and what factors

a�ect this result. Moreover, what GFM structure provides the greatest bene�t to

system operation, which grid-following (GFL) structures provide the largest detriment

and can the GFL structures be enhanced and tuned to provide some much needed

security and stability the the future network with pre-existing assets.

The modelling approach applied is highly modular allowing various wind farm archi-

tectures in terms of transmission lines, array cables, turbine e�ects and control actions

to be investigated. The main �ndings suggest that GFM converters do improve the sys-

tem strength and stability when they are deployed but there are limits and increasing

strength too far can be detrimental to overall system stability. While the main focus is

wind farm applications, the techniques proposed are applicable to any IBR providing

an impedance trace can be obtained.

1.1 Challenges of a Converter Dominated Network

The challenges of the modern network are often explored in the context of two main

categories. Firstly, how will the increasing number of IBRs impact the network in terms

of design, governability and protection and how can the modern system be adequately

analysed to identify these issues. Secondly, what is the result in removing synchronous

generators (SGs) with heavy, spinning masses masses from the network that have been

the topic of intense study for decades. Hence, the numerous problems associated with

SGs are well understood and therefore, they provide a sense of security and stability
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to network operation.

The mechanical structure of these machines provides inertia and damping and

through appropriate design and tuning can increase the frequency and voltage stability

of system. The electrical design of the machines provides voltage source behaviour en-

hancing the system strength and voltage stability of the network. When this behaviour

is removed, the onus falls to IBRs to support the network requiring the design and

testing of novel control structures that �t this purpose. The main challenges facing the

modern network are cited in [9] as: increased rate of change of frequency (RoCoF), loss

of synchronising torque and reference voltage, high frequency instability and controller

interaction, di�culty modelling RMS models, reduced and delayed fault infeed current

during or post fault voltage instability, sub-synchronous oscillations (SSO), increased

load imbalance and harmonic sensitivity. These issues were organised in to eight key

challenges from a system operators (SO) perspective [10]:

1. Inertia and Frequency Stability

2. System Strength and Voltage Stability

3. Disturbance Ride-Through

4. Adverse System Interaction

5. Protection System Impact

6. Contingency Frequency Control During Islanding Conditions

7. Initiate/Support System Restoration

8. Accurate and Fast Simulation Models

Islanded conditions and system restoration are not a focus of this work and are not

explored further.

1.1.1 Inertia and Frequency Stability

The reduction of system inertia has been considered as one of the key factors that may

endanger system stability [7, 11, 12]. Having large, heavy spinning masses connected
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to the network is bene�cial as they provide signi�cant inertia and damping to smooth

large power deviations. However, the UK network may see as large as 40 % reduction in

inertia by 2025 [13]. Remedial action, such as inertia and enhanced frequency response

from unconventional sources such as batteries [14], electric vehicles [15, 16] and wind

turbines [17, 18] has been suggested. The goal of these systems is to support the

network in the minutes directly following a frequency event with inertia slowing the

initial RoCoF in the �rst few seconds to allow time for the primary frequency response

to activate. The primary frequency response follows this and is used to provide time for

secondary and tertiary frequency responses to activate, normally in the form of setpoint

changes. Several researchers have suggested that the provision of inertia from converter-

based systems might be bene�cial for the power system [19] but current control, the

most popular type of GFL converter control for the integration of renewable power into

the grid, cannot support this service at present.

Several approaches have been suggested to facilitate a response from IBRs during

a frequency event such as adding an inertia loop to a standard current controller [18]

or a new type of converter control known as GFM [20]. An issue common to both

families is obtaining the required energy to provide a response [21]. Most IBRs utilise

all the available energy for feeding into the grid. Therefore, when a frequency imbalance

occurs there is no extra energy to provide a response. Curtailment has been suggested

as a possible remedy to allow the IBR headroom to respond if needed [22,23]. This is

likely ine�cient and wasteful as large scale frequency response is not required often. A

second option, speci�cally related to wind farms that has experienced real-world testing

is to extract kinetic energy from the spinning turbine [24]. This approach o�ers some

useful behaviour in terms of power smoothing but does not provide enough energy to

react to large scale events. Moreover, restoring the speed of the turbine post event may

cause further frequency stability issues if not managed appropriately. Furthermore,

linking the mechanical drivetrain to the electrical network may result in unwanted

propagation of oscillations between the two. The more realistic option is to consider

energy storage, normally in the form of batteries. This allow utilisation of otherwise

wasted energy that can be fed into the grid as virtual inertia when required. However,
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if the battery storage is designed to provide inertia, essentially mimicking the behaviour

of a SG, similar lower frequency mechanical oscillations may remain despite the lack of

mechanical components. In reality, these interactions stem from the control structure

and new methods of representing this control action on the network are required.

Interestingly, the terms 'synthetic inertia', 'virtual inertia' and 'inherent inertia'

are used with a degree of ambiguity in literature [9]. In general, synthetic inertia is

viewed as an adaptation of the power loop in the standard current controller, with a

RoCoF measurement and an inertia constant based on the swing equation. However,

this is an emulation of the swing equation, the synchronisation of the converter is still

achieved via phase-locked loop (PLL). This provides a fast frequency response but may

not be fast enough to replace traditional mechanical inertia while remaining stable.

Inherent inertia is provided by synchronous machines as it occurs due to the physical

composition of the machine. However, it also tends to be thought of as inertia provided

via the emulation of synchronous machine behaviour or synchronisation via the power

synchronising loop. This is due to the inertia not forming part of an augmented control

loop but instead constitutes a core part of the synchronisation algorithm.

Inherent inertia from converters occurs to slow action of the control structure. When

a network change is observed the converter acts slowly to correct the error and the

mismatch between network and converter voltage constitutes inherent inertia. When

responding, the converter exhibits behaviour more similar to that of a voltage source

rather than the conventional current source behaviour that is widely accepted. When

the network angle deviates, a converter with inherent inertia will now follow the angle

quickly, instead a delay is observed and the resultant current 
ow resulting from the

angle mismatch is the inertia delivered to the network. This is likely the most accurate

representation of the mechanical inertia connected to the traditional network. Virtual

inertia lies somewhere in the middle of these terms and is perhaps used in the most

ambiguous manner throughout literature.
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1.1.2 System Strength and Voltage Stability

While inertia and frequency stability is of great importance, the voltage stability of

the network including converters employing di�erent frequency regulating algorithms

has avoided signi�cant attention. Traditionally, literature has stated that synchronous

generation plays a crucial role in maintaining voltage stability by contributing to fault

level [25]. When removed, the fault current is reduced as IBRs are limited in provid-

ing increased current beyond limits by the thermal capacity of the power electronic

devices. Moreover, removing parallel SGs and adding distributed generation connected

electrically distant increases the impedance seen from a fault and further contributes

to reduced fault level. The reduction in fault current increases the likelihood of voltage

instability and possible voltage collapse on the system [26].

However, this is likely not the case for the modern network where fault current

and system strength cannot be considered as a single entity. The operation of the

system during faults is directly related to how much fault current can be provided as

this governs the protections. The system strength during normal operation is deter-

mined by the electrical distance to a sti� voltage source. Since the fault current in

the conventional network is determined via the physical impedances on the network,

the two are linked. IBRs do useful work in maintaining voltage stability and providing

system strength that is not re
ected in the fault current contribution or the physical

impedances. Hence, fault current and system strength are no longer linked in the mod-

ern network and new techniques are required to analyse the normal operation of the

network outwith faults.

High impedance or systems with low strength, known as weak grids have received

signi�cant attention in literature as they o�er higher risk of adverse interactions leading

to voltage instability [27]. This is mainly due to the increased impedance o�ering a

greater electrical distance to a sti� voltage source which results in poorer damping of

unwanted oscillations. One further issue with weak grids is the non-linear coupling

between active power and voltage when transmitting through a high impedance line

[15]. This requires control structures to be �tted with augmented control loops to

aid operation in these systems [28]. However, this only deals with voltage deviations
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during changes in active power 
ow. It does not allow the converter to contribute to

removing the increased voltage oscillations associated with the poor damping provided

in weak network [29]. The stability of these systems considering the connection of

more advanced control structures looking to mitigate the challenges caused by reduced

system strength is of key concern. New methods of modelling and analysis will be

required to accurately represent both the positive and negative behaviour of various

control structures in terms of voltage stability and system strength.

Impedance-based stability analysis has been widely applied for traditional GFL

structures and provides a reliable method of analysing complex inter-system interac-

tions related to voltage stability. However, model complexity is often lacking, utilising

current controllers with complex functions disabled to facilitate easier analysis [30,31].

With more large power sources and loads becoming converter interfaced, grid conditions

can vary rapidly and it is important that the remaining converters have the robustness

to stay connected. The most recent work involves modelling of more complex control

systems including negative sequence control (NSC), power and voltage control [32,33],

power synchronising control [34] and synchronous machine emulation [35]. However,

analysis of wider converter dominated networks employing these advanced control al-

gorithms is lacking. These systems present unique challenges in terms of analysis by

reducing the symmetry of frequency responses in di�erent reference frames and hence,

previous impedance based stability techniques may not be valid as converter control

structures become further advanced.

Furthermore, impedance based methods rely heavily on the point of view (PoV) of

the studied system or where the network is 'cut'. Applying complex stability techniques

to large systems can be time consuming and computationally demanding. Moreover, a

signi�cant proportion of the PoVs will o�er no stability concerns. SCR has been used

in this manner to classify system strength in traditional networks and identify locations

that may pose problems. However, SCR cannot accurately represent the behaviour of

converters providing enhanced grid services as control action is not accounted for [36].

Moreover, new indices looking to study the strength of the modern system continue to

fail in using a proper description of converters during analysis. Most methods focus on
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fault current procurement over other voltage stability concerns associated with weak

networks. It is therefore important to develop new methods for screening stability issues

to o�er fast and accurate determination of problematic system locations including all

control interactions.

1.1.3 Disturbance Ride-Through and Protection System Impact

As discussed, it is becoming crucial in the modern network to disseminate between

system strength and disturbance ride-through. Converters can contribute in various

ways to system strength depending on the control topology selected [29]. However,

all converters are limited by hardware in provided assistance during low-voltage ride

through. Overcurrent protections will prevent the converter from reaching above 1.1 -

1.2 p.u. current in most cases unless signi�cant headroom is installed. Unfortunately,

the general approach in converter design is to utilise all available power capability

as reserving capacity for fault current provision is ine�cient and costly. While most

converters cannot contribute readily during faults, systems will be required to allow

them to ride through these problems.

The network will still require adequate protections as reduced fault current has

been reported to cause issues with the operation of distance relays [37]. This e�ect was

also reported by Li et al. in [38] which looked at the performance of distance relays

under varying degrees of converter penetration. Problems speci�c to Type IV wind

turbines were explored by Roy et al. in [39] with similar �ndings claiming that low

fault current and poor procurement of negative and zero sequence currents caused a

detriment to the performance of the relays used. However, [37] does claim that IBRs

o�er unmatched 
exibility in controlling fault current and could be a major advantage

for IBRs to respond to unbalanced faults. Nevertheless, the reduction of fault current

will still remain an issue and other sources such as synchronous condensers should be

utilised to maintain the fault level [40]. Moreover, IBRs should not be judged on the

inability to procure fault current when they can provide useful behaviour to aid the

system in other ways. In reality, this is a purely hardware related issue which relates

to e�ciencies and costs. The headroom created for fault current could also be utilised
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for inertia and frequency support. The correct market for enhanced grid services could

provide incentive to build extra headroom into the IBRs to provide these services [41].

1.1.4 Adverse System Interaction and Accurate Simulation Models

Adverse network interactions have been experienced in the traditional network for

decades. Hence, they are well understood and multiple systems are in place to mitigate

the negative e�ects. However, control interactions are signi�cantly more complex and

exist over a wider range of frequencies. What makes these interactions more worrying

is that they can be initiated outwith speci�c operating points or system outages [10].

However, the likelihood of these interactions occurring can be identi�ed in some ways

by analysing system strength. As discussed, the way in which system strength requires

updating for the modern system. In doing this, adverse reactions in converter domi-

nated system may become identi�able. It is possible the reason that interactions tend to

appear from nowhere is because the rating of strength used is not appropriately de�n-

ing the system [29,36]. These problems stem for the lack of appropriate representation

of converter behaviour into the network.

Simpli�ed power converter models may lead to inaccurate stability assessments

when trying to reduce computational burden. In some cases, networks are modelled

using single-input single-output (SISO) impedances or utilise transformations so that

systems become diagonally dominant and can be analysed in a loop-at-a-time method

[42{45]. In these cases, traditional stability techniques and margins can be applied with

con�dence. However, a proper system description requires multiple-input multiple-

output (MIMO) impedances to account for channel interactions which is a topic of

current research [46,47]. In some cases, these impedances can be diagonally dominant

which simpli�es analysis. Additionally, work has been completed in [48] to transform

a system that exhibits channel interactions in the dq-frame to a diagonally dominant

system in the sequence frame. Stability of these system can often produce misleading

results. For example, the system may be correctly labelled as stable but at the wrong

point e.g., a pole is closer to the unstable region than originally thought. The stability

de�nition is correct but the stability margins will be signi�cantly di�erent which could
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cause issue for further analysis with more components. If a diagonally dominant system

is not possible, gain and phase margins can be misleading as simultaneous variations

can occur signi�cantly reducing the safety net [49]. Hence, accurate modelling methods

and analysis techniques are required to properly describe the modern network.

1.2 The Role of Wind Energy in Achieving Net-Zero

Wind energy is the largest and fastest growing renewable energy technology in the UK

at the time of writing [4]. The combined onshore and o�shore wind capacity of the

UK was 28.5 GW in Q3 2022, representing 54.15 % of the entire installed renewable

capacity. This also represents a 12.3 % increase in total installed wind capacity since

Q3 2021 and a massive 25 % increase within o�shore wind alone. Moreover, wind power

is being further utilised with a 41.4 % and 25 % increase in electrical generation from

onshore and o�shore wind, respectively from Q3 2021 to Q3 2022. The growth has been

consistent for the past 10 years and looks set to continue with the UK targeting 50 GW

of installed wind capacity by 2030. Hence, wind parks could become an important tool

in providing the much needed grid services being removed with the loss of traditional

synchronous machines.

1.2.1 Enhanced Grid Services from Wind Farms

Large wind parks themselves o�er a large store of inertia within the combined masses

of the spinning turbines, especially in o�shore farms where the turbine size is increasing

dramatically [50]. These systems tend to employ fully-rated back-to-back converters

decoupling the wind turbine dynamics from the network. However, the energy can be

harnessed utilising creative control topology to provide inertia and frequency support

services as well as voltage stability services. Moreover, energy storage can be �tted

to further enhance the capabilities of the control systems without causing harm to the

turbine. These topics have been the focus on signi�cant academic literature in previous

years [51].

[52] states that both Type I and Type II turbines can provide some form of inertia
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or frequency response naturally but the response is somewhat limited. However, Type

III and Type IV turbines could o�er a promising source of frequency response services

despite the lack of natural inertia provision due to the decoupling provided from the

converters. Conventional solutions to this can involve reducing the penetration of wind

during periods of low load and/or low system inertia. However, this method is likely not

viable in the modern network when IBRs represent a signi�cant proportion of connected

generation.

One study completed by Gloe et al. investigated how frequency support from wind

turbines could have altered the events of a blackout that occurred in Flensburg, Ger-

many in 2019 due to extended islanded operation [53]. It was found that the response

from wind turbines could have prevented the disconnection of one genset and restored

the system frequency to 50 Hz soon after the initial event. Diaz-Gonzalez et al. con-

ducted a review of the grid code requirements and control methods relating to wind

power plants participating in system frequency control in [54]. The work found that

some islanded European networks already specify wind turbines should run deloaded

from the maximum available output to provide headroom for frequency response. How-

ever, stronger grids do not consider this and in most cases only specify for reduction

in power due to over-frequency concerns. Di�erent methodologies exist for deloading

such as pitching or over-speeding which o�er optimal operation at di�erent wind speeds

both of which caused enhanced mechanical stress on the turbine.

Work has been completed to consider improved operation from a deloaded converter

via the combination of pitch angle and rotor speed control in [55] and claims novelty

in utilising the rotor kinetic inertia to contribute to frequency stability more readily.

Further control structures aim to provide synthetic inertia which are split into three

main categories: RoCoF based response, �xed trajectory response and frequency de-

viation response [56]. In reality, a number of these systems are somewhat ambiguous

with exactly what service is being provided whether that be: synthetic inertia, fast

frequency response or regular frequency response. Eriksson et al. claims to provide a

de�nitive de�nition of synthetic inertia in [57] where synthetic inertia related to the

supply of electrical torque in proportion to RoCoF whereas fast frequency response is
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based on the frequency deviation which agrees with the de�nitions from [56]. What is

clear however, is the capability of wind energy for providing frequency response services.

In terms of RoCoF response or inertia, control structures can utilise a power com-

mand based on the RoCoF provided from the PLL [18,58]. However, signi�cant issues

with obtaining an accurate measure of RoCoF while coping with signi�cant noise from

instrumentation reduces the e�cacy of these methods. Fixed trajectory responses aim

to remedy this by using a frequency measurement to detect an event before following

a pre-determine power injection envelope to contribute to the frequency deviation [59].

However, issues with accurately determining events can cause issue and the response

can be somewhat conservative.

Droop control based methods are considered as frequency deviation responses and

have been explored by Liu et al. which utilise an overspeed based variable frequency

droop that considers optimal rotor kinetic energy [60]. The proposed control struc-

ture enhanced the frequency regulation capability over conventional over-speed reserve

strategies by ensuring all available energy in the rotor was utilised. Another alternative

frequency droop scheme was proposed by Boyle et al. which shifts the power track-

ing curve to facilitate frequency regulation [61]. The proposed method provided fast

frequency regulation as well as steady-state regulation which improved the frequency

nadir in the conducted tests. Work completed by Mauricio et al. in [62] proposed a

communications based approach where the fast response seen from the wind park was

communicated to nearby SGs which improved the overall reaction of the system.

One key issue with providing frequency response from wind parks using any method

without energy storage is variability of wind. Prakash et al. analysed the frequency sup-

port from wind park considering uncertain wind generation [63]. A stochastic schedul-

ing framework was applied to model the frequency support of the turbines which im-

proved the capabilities of the system when operating in uncertain conditions. The

method determined that a decreased cost and wind curtailment was observed when

providing synthetic inertia and primary frequency response when compared to con-

ventional methods. This suggests that the high variability of wind may not be as

harbouring as initially thought when large scale penetration of wind is reached. Since
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farms are often located some distance from each other, it is unlikely the entire network

will su�er from a complete drop in wind simultaneously.

Grid-forming technology is the latest trend in both academia and industry at present

and the latest research involves equipping wind turbines with GFM capabilities [64].

This allows the wind turbines to respond with an inherent inertia response while pro-

viding other services such as system strength, enhanced voltage stability as well as

islanding and black start capabilities. While this is an enhanced form of operation

beyond augmented grid-followers, it is likely the new GFM technologies will exhibit

new interactions on the network. Moreover, while trying to emulate SG behaviour

the control system may interact with lower frequency mechanical modes in the tur-

bine drivetrain. This problem could be exacerbated in future years as turbine size

increases and the resonant frequencies in the drivetrain lower. These systems have seen

real world testing at the Dersalloch wind farm in Scotland operated by ScottishPower

Renewables [65]. The 23 turbine farm operated for six months in a GFM mode and

responded successfully to a number of unscheduled frequency events due to tripping

components on the system. One key point to note here is that the wind park was not

operated in a curtailed mode and instead the energy was extracted from the turbines.

While an important milestone for grid-forming wind farms, further study is required

to determine the optimal number of grid-forming turbines within the farm to provide

enhanced system stability.

As new control topology continue to emerge, intensive study is required on a wider

scale considering realistic wind farms and all possible interactions. Moreover, with

new control structures looking to represent the useful behaviour of synchronous ma-

chines, unwanted interactions may occur. For example, 'swinging' between wind farms

or low-frequency inter-area oscillations which have been reported previously between

synchronous machines. This phenomena is well studied for for synchronous generators

and is often solved with the use of a power system stabiliser (PSS) [66{68]. How-

ever, wind farms o�er di�erent challenges due to the range of possible frequencies from

various mechanical components such as the tower, blades and drivetrain which all res-

onate at di�erent frequencies to traditional synchronous machines. Couple this with
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the high degree of power variability from the wind and remote connection through long

transmission lines and the possibility for low frequency inter-area oscillations increases

signi�cantly. Work has been completed utilising Type III wind turbines, to damp inter-

area oscillations based on PSS style algorithms [69,70]. In terms of Type IV turbines,

it has been found that the capacitive impedance of these systems can react in weak

grids to form SSOs [71]. Shair et al. builds on this in [72], where SSOs are found to be

in
uenced by a number of factors including number and type of turbine, wind speed

and control topolgy used. Both sub and super-synchronous oscillations were observed

and concluded that present analysis techniques are not su�cient for accurate study of

these interactions.

The massive and ever increasing penetration of wind energy coupled with the versa-

tility of the power converters they utilise to connect to the network makes wind energy

one of the most promising sources to supply enhanced grid services in the modern net-

work. However, the interactions that may occur between new GFM devices, enhanced

GFL devices and legacy equipment on the network will require accurate modelling and

analysis techniques. This thesis proposes new methodologies for analysing converter

controllers for wind park applications via the equivalent converter output impedance

which accurately represents the behaviour of each of these components.

1.3 Objectives and Summary of Work

With the emergence of new converter control structures and the widespread utilisation

of wind energy it has become increasingly important to realise new methods of analysing

the e�ect of these wind parks on the modern electricity network. Both detailed sta-

bility techniques and faster screening metrics will be required to further facilitate the

transition to a cleaner energy system. This thesis proposes both a stability technique

and screening metric to allow the analysis of large scale wind parks operating both

grid-following and grid-forming control. Multiple converter structures are analysed to

determine unique bene�ts and problems of each. To achieve this impedance modelling

is utilised considering the equivalent converter output impedance. The generation of

these models from the control structures is provided and mathematical considerations
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of the obtained impedance for di�erent control structures is discussed. Using the con-

structed impedance models a MIMO generalised stability criterion is proposed that

improves over previous techniques by not requiring a speci�c system description. This

allows the system to be accurately studied from di�erent PoVs looking the the com-

mon and di�erential mode contribution of the converter connected generation. A novel

screening metric known as the Grid Strength Impedance Metric (GSIM) is proposed

to analyse the system strength including converter control action. The proposed meth-

ods are used in tandem to analyse two converter systems operating di�ering control

methodologies. The analysis then extends to the interactions of a full wind park op-

erating with 25 3 MW Type IV turbines. The main goal of this study is to determine

the optimal penetration and location of GFM turbines within a wind park to enhance

system strength and stability.

The objective of the thesis are:

1. Analyse how di�erent control components e�ect the mathematical composition

of the obtained impedance models

2. Investigate the e�ect of complex converter control structures on stability analysis

techniques

3. Develop small-signal stability analysis and screening techniques capable of repre-

senting the modern network

4. Employ the techniques to investigate the interactions between GFL and GFM

control structures in multi-converter systems

5. Utilise the proposed methodology and rules to investigate interactions between

wind turbines, arrays and parks

6. Determine the optimum balance of grid-forming to grid-following turbines within

a wind park in terms of stability and system strength

The outline of the thesis is:
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Chapter 2 Provides an overview of all modelling approaches for converters

and control including all systems components and the linearisations required

to achieve small-signal models.

Chapter 3 Presents the methodology for obtaining the equivalent converter

output impedances from the small-signal models provided and analyses the

e�ect of controller topology on the shape of the converter output impedance

across a range of frequencies with a speci�c focus on diagonal dominance.

Chapter 4 Discusses impedance-based stability analysis for single and multi-

converter systems employing GFL and GFM structures and proposes a new

technique based on eigenvalue analysis capable of achieving new system de-

scriptions avoided in the past

Chapter 5 Presents an overview of present screening methods based on sys-

tem strength and the proposal of a new metric, known as the grid strength

impedance metric that includes the converter behaviour via the equivalent con-

verter output impedance.

Chapter 6 Investigates wind park interactions between turbines �rst focusing

on mechanical oscillations that can propagate to the network before utilising

the proposed stability and screening methods to determine the optimal pene-

tration of GFM turbine for various lengths of export cable.

Chapter 7 Summarises the thesis and provides suggestions of future work.

1.4 Scienti�c Contributions

The scienti�c contributions of the work are as follows:

ˆ A novel method of determining diagonal dominance of MIMO equivalent converter

output impedances is proposed. The metric is then employed to determine limits

on where traditional SISO stability margins are valid and where more advanced

concepts should be applied.

ˆ The impedance-based stability method has been extended to utilise MIMO equiv-

alent converter impedances of GFL and GFM control structures while counteract-

ing identi�ed issues with open loop right half-plane poles and zeros. This di�ers
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from previous approaches as the full-closed loop transfer function is utilised while

considering contributions from multiple sources.

ˆ The proposed stability metric allows the system to be cut in new ways allowing

the investigation of novel system views in terms of impedance based stability

known as the common and di�erential mode stability between a converter and

the grid or between converters

ˆ The issues with coupling system strength and fault current in converter dominated

systems have been identi�ed with a review of present methods determining that

no metric at present is capable of representing GFM structures correctly.

ˆ The grid strength impedance metric (GSIM) is proposed as a novel method of de-

termining system strength in converter dominated systems that decouples quasi-

steady state dynamics from fault behaviour. The metric can represent the system

weakening from GFL structures with high impedance and the strengthening from

GFM topology with low impedance, the only measure capable at present of doing

so.

ˆ The e�ect of mechanical wind turbine dynamics such a shaft sti�ness and blade

bending on GS structures employing inertia emulation has been investigated with

the DC link tuning being the key factor as to whether oscillations are damped by

the mechanical systems or the electrical network.

ˆ The penetration of GFM turbines has been determined to impact signi�cantly on

the strength and stability of a wind farm operating under weak grid conditions. A

critical penetration is required to stabilise the system and an optimal penetration

can be obtained beyond which adding further GFM turbines increases the virtual

sti�ness of the connection but but reduces the robustness of the system
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Converter Modelling

2.1 Introduction

This chapter describes the modelling processes for all converters, controllers and other

network devices used within this work and provides the linearisations to generate ap-

propriate small-signal models. The recent developments of GFL and GFM techniques

are explored �rst before modelling of the converter hardware is detailed and following

this the GFL and GFM structures utilised are described. Six control structures are

investigated split equally between GFL and GFM all looking to provide enhanced grid

services with a conventional current based structure provided for reference. The com-

ponents behind the grid-side converter are presented and other system elements such

as synchronous machines, transformers and lines are detailed. Finally, the construction

of the small-signal models is discussed with the linearisation of all non-linear system

components provided.

2.2 Grid-connected Converter Control

The issues facing power converter dominated system have been well documented and

new advanced control structures have been suggested to mitigate the negative e�ects of

new connections to the network. IBRs will be required to provide inertia and frequency

reponse as well as voltage stability services all while riding through faults and remaining

robust or even mitigating adverse system interactions. Luckily, power converters are a
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versatile technology which allow almost any voltage waveform to be synthesised subject

to transistor current and voltage limits. Converter control techniques can be loosely

split into three main families: GFL, grid-supporting (GS) and GFM.

2.2.1 Grid-following converters

GFLs are widely adopted in the traditional power system. The name stems from

the utilisation of a PLL or frequency-locked loop (FLL) that 'follows' a pre-existing

voltage signal to provide synchronisation with the network. Almost all GFLs utilise

an inner loop current controller to regulate the converter current in the synchronous

reference frame with appropriate voltage feed-forward and cross-coupling terms [73].

Beyond this, traditional outer loop controls looks to independently regulate active and

reactive power. The ability to alter active power 
ow means that GFLs can contribute

in some way to maintaining the frequency stability and support the network by re-

balancing power 
ows which is considered as secondary or tertiary frequency reponse

[74]. However, since IBRs can respond much quicker than this (< 100ms), research has

been completed utilising augmented control loops that change GFL to GS to allow them

to participate more actively in primary frequency and inertia response [75]. Moreover,

due to the versatility of power converters the inertia and damping provided can be easily

altered via parameter tuning [76]. The damping provided from a power converter could

be vastly di�erent than that of an SG o�ering a similar inertia constant. Morren et al.

proposed an inertia emulation method that provided a power command based on rate

of change of frequency. This allowed the GFL to provide fast frequency response and

arguably inertia. However, a clear trade o� can be seen between speed of response and

overall magnitude of response. In terms of other IBRs, Zhu et al. proposed a method for

high-voltage direct-current (HVDC) systems where inertia emulation could be achieved

by harnessing energy from the direct-current (DC) link capacitor [19]. It was found

that the system could be utilised to provide multiple inertia constants with DC link

voltage variations limited within a speci�c range. Fang et al. extended this approach

to propose a system that utilised the DC link energy of a large variety of grid-connected

power converters in [77]. However, one issue with these systems is the lack of ability
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to provide an extended frequency response due to the limited energy available in the

DC link. It is important to provide enough damping to smooth network oscillation but

not so great that the converter response time is slowed signi�cantly to avoid harming

the frequency response.

While important for the frequency stability of the network, GFL structures incorpo-

rating these control loops may be unable to enhance the voltage stability of the network

or increase the system strength due to their current source behaviour [78]. Therefore,

other remedial action must be taken to provide these services otherwise the network

will be unable to utilise the increased inertia and frequency reponse. Moreover, GFL

structures experience poor performance when connected in weak grids normally due

to the PLL [36, 79, 80]. It has been suggested in literature that GFLs can be tuned

to provide fast terminal voltage control and may replicate some useful characteristics

normally associated with grid forming implementations [81]. However, it is noted that

tuning this behaviour is very dependent on the remaining system topology. For exam-

ple, if the network is already too weak when the GFL attempts to connect, the PLL

will not synchronise and the bene�ts of the fast terminal control will not be realised.

Moreover, the speci�c tuning may cause instabilities at di�erent frequencies far from

the fundamental frequency and could o�er issues in stronger grids by causing further

interactions with system capacitance. While it has been suggested that GFM structures

enhance system strength in locations where they are deployed [29, 36], this behaviour

has not been explored for GFL converters employing fast voltage control.

2.2.2 Grid-forming converters

GFM converters are a new family of converter control that impose a voltage of set mag-

nitude and angle on to the grid, o�ering favourable operation in antagonistic network

conditions. These structures do not require a measure of the network voltage and can

operate grid-connected or independently in islanded conditions [82]. GFM structures

are drawing signi�cant attention in literature in terms of frequency stability due to the

inherent inertia present in the algorithms [83]. However, the term grid-forming has yet

to achieve a fully established description that is agreed upon in literature [10, 20]. At

22



Chapter 2. Converter Modelling

present the de�nition states that a GFM converter imposes the frequency and voltage

output actively and independently of the grid voltage to support the network [84, 85].

Further de�nitions focus on the ability to operate without a PLL and therefore iso-

lated from the grid [20], this also results in GFM techniques possessing black start

capabilities [86]. Some literature suggests voltage and current source representations

where GFM is considered as a controlled voltage source behind a small series impedance

representing a Z-type system [36,87,88].

Work completed as part of the Migrate project de�nes a GFM as a power con-

verter which generates an alternating-current (AC) voltage at a speci�c magnitude

and frequency at the point of common coupling (PCC) [89]. Moreover, GFM should

operate like an SG where each GFM must \play an identical role" in order to form

the electrical system and perform independently, without communication with other

devices. The National Renewable Energy Laboratory (NREL) speci�es GFM as any

inverter that regulates instantaneous terminal voltages and can coexist with other grid-

following, grid-forming inverters and any synchronous generation present on the same

system without the use of a PLL [90]. [91] states that GFM control can be divided

into three sections: frequency control, DC link and AC side voltage magnitude, and in-

ner loop current and voltage control. Interestingly, the low impedance associated with

GFM converters that provides greater voltage stability also results in the converter

requiring extremely accurate synchronisation in order to operate in parallel with other

GFMs [87]. When multiple GFMs are connected in parallel, a very low impedance is

observed where small changes in angle cause large deviations in active power o�ering

issues with synchronisation when the grid is very sti� [92]. Therefore, a maximum pen-

etration of GFM is certainly possible and will likely be related to interactions between

the synchronisation loops similar to that seen for GFL synchronisation loops in weak

grids but in a di�erent manner.

Many GFM topology exist, most with a focus on recreating the useful behaviour of

SGs commonly known as virtual synchronous machines (VSM) with simple structures

looking to achieve this operating mode with less control complexity [93]. Two main

forms exist with the key di�erence being the inclusion of an internal current loop. The
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system presented in [94] utilises a current loop alongside other features such as a virtual

impedance as a protection strategy and active damping to improve the paralleling of

multiple machines. The system is used to investigate the parametric sensitivity of

the VSM controller which is challenging due to the high order nature of the system.

It is concluded that the slowest system poles are largely a�ected by the mechanical

time constant, frequency droop gain and the virtual impedance. However, since other

parameters do not greatly in
uence the poles, the parameters can be varied to speed

up the transient response without greatly harming stability. It is also found that

VSM control exhibits a faster and more damped response when operating in islanded

conditions feeding a local load than when grid connected. Sakimoto et al. present a

further simpli�ed VSM topology without the internal current loop [95].

Similar improvements in stability are observed for various scenarios with di�erent

volumes of SG and distributed generation (DG). The paper also presents a method for

handling overcurrents during voltage dips by utilising a virtual resistor similar to [94],

which produced viable results. The current loop makes protection of the converter eas-

ier and allows for simpler, more conventional methods of fault ride through (FRT) [96].

If current control is not utilised the converter can be prone to damage, especially during

faults. Work has been completed on FRT without the presence of a PLL or current loop

which could help to remedy this issue [97]. The VSM approach is is improved by Shintai

in [98] where a reactive droop is included to allow operation while grid connected or in

an islanded condition while maintaining a constant voltage at the converter terminals.

A similar approach by Cheng et al. implements an automatic voltage regulator (AVR)

to regulate the converter voltage and provide support in microgrids which achieves

good results [99]. It has been reported that the transient tolerance of inverter con-

nected generation is less than that of real SGs. However, since inverter parameters are

easily altered work has been completed to design VSM control systems that can change

parameters to improve transient response based on converter conditions [14,100]. These

systems change the value of virtual inertia based on the virtual angular velocity and

acceleration. The system successfully dissipates the transient energy usually absorbed

by damping factor in real SGs and improves stability of the VSM controlled machine

24



Chapter 2. Converter Modelling

as well as other converters on the network. However, the reduction of the inertia term

may decrease the VSMs response to network frequency events.

Moving away from conventional control structures will require intense review and

adaptations of new topology to ensure stability is maintained [101]. New control in-

teractions may occur as the frequency response of controllers change. For example,

sub-synchronous oscillations that can be observed between SGs may be present be-

tween converters when the converter is behaving as an SG. Any control system that

looks to control active power can exhibit reduced performance due to interaction with

pre-existing power control [102]. The control structure signi�cantly e�ects the output

impedance of the converter and therefore the response to grid frequency and voltage

events.

2.2.3 Grid-supporting converters

Grid supporting tends to be the name given to traditional GFL structures augmented

with extra control loops to provide a virtual form of the behaviour they are replicating.

However, the term has been used to describe GFMs and a de�nition is required. In

reality, using the term grid supporting is ambiguous. For example, [103] states that

a grid supporting mode is created by implementing a droop control on the active and

reactive power references which is a capability of both GFL and GFM structures.

A grid forming converter that acts in grid supporting mode can provide synthetic

inertia, which a VSM also does. [87] was one of the early works to introduce grid

supporting converters representing them as an ideal controlled current source with a

shunt impedance in parallel, or an ideal voltage source with series link impedance. The

exact source form may not be the important point, what should be considered is the

size of the impedance. GFLs have large impedance and therefore exhibit good current

source behaviour and the opposite is observed for GFM with low impedance and good

voltage source behaviour. GS structures likely have an impedance somewhere in the

middle and care should be taken to ensure poor tuning does not cause these systems

to exhibit the worst characteristics of each type of system. The main purpose of a GS

is to maintain the reference values of active and reactive power in order to regulate
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grid frequency and voltage. If it is implemented as a current source, at least one grid

former is required in the system as well as the GS, but if the GS represents a voltage

source, grid connected and islanded mode operation can be achieved. Therefore, in

this work all structures are considered as GFL or GFM as GS is ambiguous. GFL

require synchronisation via a PLL and require a pre-existing network whereas GFM

synchronise via active power balance. The supporting services described can likely be

provided from either type and therefore the term GS is disregarded to avoid confusion.

2.3 Converter Modelling

Power electronic converters are versatile devices and with appropriate control can be

operated as voltage sources which is achieved via fast switching of the semiconductor

devices. Many topology exists with the most popular being two-level, three-level or

modular multi-level converters (MMCs). The focus of this work is on the control

topology governing the operation of the converter with respect to the grid. Therefore,

it is necessary to use appropriate simpli�cations to ensure the hardware is properly

represented while maintaining a low level of computational burden, especially when

modelling the behaviour of multiple converters.

Multiple �lters and delays are included to try and represent the true dynamics

of the converter. Each measurement signal is low-pass �ltered (LPF) to emulate the

bandwidth of the measurement instrumentation, the �lter is applied in the abc-frame

and is therefore transformed to dq:

K meas(s) =

2

4
1

� meas
� ! g

! g
1

� meas

3

5 (2.1)

Where � meas is the measurement �lter time constant and ! g is the nominal grid

frequency. The use of this system is veri�ed via matching of impedance sweeps using

a time domain model employing the �lters in the abc-frame in Chapter 3. The pulse

width modulation (PWM) switching method plays a signi�cant factor in power system

dynamics. However, appropriate passive �lters tend to be installed alongside converter

to mitigate the negative e�ects. Moreover, PWM represents a non-linear system and
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provides a large computational burden. Therefore, it is assumed that the harmonics

due to switching are appropriately mitigated and an average converter model is used

for analysis. The measurement and switching delay introduced by the control system

and PWM is approximated using a 1st order Pad�e delay:

K P ade(s) =
2 � � pa

2 + � pa
(2.2)

Where � pa is the Pad�e delay time constant,

2.3.1 Grid-Following Control Topology

Grid-following converters are the most common converter control approach present

on the electricity network today. The name stems from the fact the the controller

synchronises with the external grid by 'following' a pre-existing voltage signal.

A standard GFL structure use widely in literature is provided in Figure 2.1 [28,79].

The main components include: PLL, positive and negative sequence current loops,

outer-loop power and voltage control as well as transformations, �lters and delays.

2.3.2 Synchronisation

All converter controllers used within this work are described in the synchronous refer-

ence frame. For correct operation, the controller reference frame must be synchronised

with the global reference frame that the network is described in. Synchronisation of

three-phase converter controllers is normally achieved via PLL (shown in the light-blue

box in Figure 2.1). The PLL acts on either the q or d axis voltage measurement at

the PCC, outputting the converter angle for transformation and aims to reduce one qd

voltage component to zero. In this case an a-phase to q-axis alignment is used and the

d-axis voltage component is set to zero via a proportional-integral (PI) controller:

� pll =
� Vd;P CC K pll (s)

s
(2.3)

K pll (s) = K p;pll +
K i;pll

s
(2.4)
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Figure 2.1: GFL Control Diagram

Where � pll is the PLL angle output, Vd;P CC is the PCC d-axis voltage andK p;pll and

K i;pll are the PLL proportional and integral gains, respectively. The PLL operation

can only be achieved using the correct converter angle in the Park and inverse Park

transforms when the controller frame is synchronised to the network frame. The Park

transform used for the frame alignment is as follows:

T(� ) =

2

4
cos(� pll ) � sin(� pll )

sin(� pll ) cos(� pll )

3

5 (2.5)

2.3.3 Inner Loop Control

In almost all GFL converters, inner loop current control is present. The controller

regulates the synchronous reference frame converter currents by altering the terminal

voltage commands of the converter. This subsystem is shown in purple in Figure 2.1.

Current is controlled via a PI controller on each axis with proportional and integral

gains tuned via the modulus optimum criterion with tuning constant � used to produce
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a desired settling time [104]:

K ic (s) = K p;cc +
K i;cc

s
(2.6)

K p;cc =
L f

�
(2.7)

K i;cc =
Rf

�
(2.8)

Two feedforward terms are included in the control. The �rst deals with the cross-

coupling between the q and d axes:

i q;cc = i dL f ! g (2.9)

i d;cc = � i qL f ! g (2.10)

Where i q and i d are the q and d-axis current, respectively andi q;cc and i d;cc are the

q and d-axis converter current cross-coupling terms. The second feedforward provides

the PCC voltage to reduce the strain on the current controller. The qd PCC voltages

must be �ltered appropriately to maintain stability as the grid impedance increases:

K vf f (s) =
1

s� vf f + 1
(2.11)

Where � vf f is the voltage feedforward time constant. In addition to the positive se-

quence loop, a negative sequence current controller is often present to cope with unbal-

anced network conditions. When included the control structure alters slightly as both

positive and negative sequence components are required in the synchronous reference

frame. A diagram is provided in Figure 2.2.

The additional components are shown in dark blue 'processing' box in Figure 2.2

and are used to obtain the negative sequence qd converter signals via a modi�ed Park

transform:

Tn (� � ) =

2

4
cos(� � pll ) � sin(� � pll )

sin(� � pll ) cos(� � pll )

3

5 (2.12)

Followed by a notch �lters tuned at 100 Hz to remove the unwanted opposite sequence
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Figure 2.2: GFL Control Diagram with NSC

components:

H (s) =
s2 + (2 ! g)2

s2 + 2! g
Q + (2 ! g)2

(2.13)

Where Q is the notch �lter quality factor. Note that when the negative sequence control

is enabled, notch �lters are also applied to the postive sequence signals in the same

manner. The same �ltering is applied to the negative sequence voltage feedforwards

and the PI controllers are initially tuned to match the positive sequence. The remaining

negative sequence structure is analogous with the positive sequence counterpart.
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2.3.4 Outer Loop Control

The outer loop controller allows for various operating modes of the GFL converter two of

which can be considered GS. Three outer loop structures are considered in this work:

standard power voltage control (PVCC) and two GS structures, power and voltage

droop control (PVCCD) and power voltage control with inertia emulation (PVCCI).

The negative sequence control can be enabled on these systems at which point a su�x

N is added e.g. PVCCN. The standard power voltage control can be seen in the green

box in either Figure 2.1 or Figure 2.2. Two PI controllers regulate the active power


owing from the converter and the voltage magnitude at the PCC by provided the

reference signals for the internal current loops:

K on;P (s) = K p;P +
K i;P

s
(2.14)

K on;U (s) = K p;U +
K i;U

s
(2.15)

Where K p;P and K i;P are the power controller proportional and integral gains, respec-

tively and K p;U and K i;U are the voltage controller proportional and integral gains,

respectively. Various tunings are used for these controllers with the only general rule

being that the outer loop control should be tuned su�ciently slowly so as not to inter-

fere with the inner loop. This allows the GFL converter to maintain the characteristic

current source behaviour. However, in GS mode a faster outer loop is likely preferable

as current source behaviour is not always the most bene�cial for the network. Note

that the active power control is only used when the DC link is not included. Otherwise,

a DC link voltage controller is present. Power and voltage �lters can be applied to the

outer-loop feedback signal if required using similar LPFs with �lter constants denoted

by � pf and � uf , respectively.

Droop Control

Droop control has been widely applied in literature [105{108] and allows for better

paralleling and power sharing of multiple converters. A frequency droop is applied to
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allow the converter to participate actively in frequency regulation by altering power

output accordingly. The control structure has been validated utilising time domain

models indicating realistic power sharing relative to the droop gains selected and similar

frequency response to that shown in literature [26]. A voltage droop and reactive power

setpoint are applied on the other axis. In this case, the PI controllers are replaced with

P controllers to provide the droop, a diagram of the outer loop is provided in Figure

2.3.

Figure 2.3: Droop Control Outer Loop Diagram

Inertia Emulation

Control structures that utilise inertia emulation link RoCoF to active power via an

augmented control loop allowing for increased participation in frequency regulation. In

theory, this lets the converter respond faster to changing network conditions similar to

traditional synchronous machines. Conversely, a droop based approach has to wait for

a disparity between setpoints instead of being able to pre-empt the frequency event via

RoCoF detection. The power and voltage controllers remain the same as in Figure 2.1

but now an addition is made to the power command, a control diagram is provided in

Figure 2.4. Validation of the inertia emulation control has been completed by matching

the frequency response to the original work detailing the structure [18] and against the

frequency response of a real machine providing inertia [26].
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Figure 2.4: Inertia Emulation Control Outer Loop Diagram

The PLL estimation ! P LL is passed throughK in (s) before being added to the power

setpoint where:

K in (s) = K inert
1

� if s + 1
(2.16)

Where K inert is the inertial gain used to determine the magnitude of response and� if

is the �lter time constant used to remove derivative noise. A second pre-�lter may

be necessary in very noisy conditions, but this signi�cantly slows the response of the

control loop and reduces the e�ectiveness of the 'inertia'. The operation of each GFL

control structure is veri�ed in Chapter 3.

2.4 Grid-Forming Control Topology

Grid-forming converters have received signi�cant attention due to their favourable be-

haviour in antagonistic grid conditions. Instead of following a pre-existing voltage

signal, GFM converters impose a voltage on to the network of set magnitude and an-
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gle. This voltage source behaviour results in improved voltage strength in locations

where they are deployed. Additionally, the synchronisation loops of GFM controllers

often provide damping and inertia similar to traditional synchronous machines and are

viewed as a key component of the modern converter dominated network to ensure sta-

bility [10]. This section discusses three GFM structures: GFM droop control (GFMD),

Virtual synchronous machine with current control (VSMCC) and a virtual synchronous

machine (VSM). Most GFM structures can operate with or without and internal cur-

rent loop. Hence, both implementations are presented here and analysis conducted to

determine the unique characteristics of both and is presented in later chapters. Unless

otherwise stated, each GFM structure employs similar frame transformations and in-

corporates the same control delays as the previously described GFL structures. One key

di�erence in �ltering exists due to the slow response nature of GFM structure requiring

a LPF to be applied to the active and reactive power as well as PCC voltage feedback

signals when they are utilised tuned via �lter constants � P , � Q and � V , respectively.

2.4.1 Grid-Forming Droop Control

Droop control has been widely applied for GFL controllers [87]. In the case of GFM,

the power control no longer employs a frequency droop and power setpoint to determine

the active current command. Similar to the GFL droop, validation of the GMFD is

completed by matching responses against the PSC proposed in [109] as the mathemat-

ical structure of each is identical. Moreover, the frequency response is matched against

similarly sized traditional SGs [26]. Instead, an active power droop is used to vary the

frequency around the nominal setpoint. A diagram is provided in 2.5.
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Figure 2.5: Grid-forming Droop Control Diagram

From 2.5, a reactive droop controller is used to produce the desired setpoint for

PCC voltage while maintaining reactive power balancing between multiple machines.

A virtual impedance is then utilised. This provides increased damping, improved par-

alleling of multiple machines and fault current limitation in some cases [110]. However,

the impedance can be omitted in some scenarios via careful tuning of the voltage con-

trol if fault ride through is not of concern. Since the structure contains an inner loop

current controller a more traditional current limiting algorithm can be employed when

required. The independent synchronous reference frame voltage are then controlled

to provide setpoint for the inner loop current controller. The angle calculated in the

synchronising loop is used for the Park transforms.

2.4.2 Virtual Synchronous Machine

The virtual synchronous machine concept was �rst introduced in 2007 with the VISMA

[111] and a similar approach known as the Synchronverter soon followed [112]. Both

topology replicate the full behaviour of a synchronous machine by modelling the stator
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voltage dynamics. However, not all work done by synchronous machines is bene�cial

and therefore more modern approaches simplify and recreate only the useful behaviour

[113]. A widely adopted approach is to generate the converter angle by means of the

power swing equation. This provides an angle for the Park transforms and facilitates

independent control of the synchronous reference frame current and voltage via inner

and outer loop control respectively. The VSM achieves synchronisation and regulates

active power via the same control loop which recreates the power swing equation:

J
d2� m

dt2 + D
d� m

dt
= �( Pm � Pe) (2.17)

Where � m is the machine angle, J and D and the inertia and damping, respectively

and Pm and Pe are the mechanical and electrical power, respectively. This means the

VSM structure provides inertia and damping to the system while the previous droop

only provided the latter. In fact, when the VSM is designed to include current control

denoted VSMCC, the control structure is almost the same as GFMD with control of

the synchronous reference frame voltages and currents independently. For VSMCC,

the virtual impedance is removed to illustrate that it is not required for steady-state

operation. The VSM structures used within this work do not model the whole power

swing equation and instead utilise an active power based synchronising technique to

generate the angle including an inertia term via a PI controller. A diagram is provided

for the VSMCC in Figure 2.6.
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Figure 2.6: Simpli�ed VSM Structure with Current Control

Synchronisation is achieved via active power balance, similar to droop control. How-

ever, the proportional control is now replaced with a PI controller. The PI controller

in the VSM controllers now represents both damping with the proportional term and

inertia with the integral term. The PI controller can be tuned accordingly to represent

the dynamics of the power swing equation in a very simple form. If 2.17 is expressed in

the Laplace domain with the inertia represented as a function of the inertia constant

H , machine speed! and rated power Srated :

2H
!

Srated � (s)s2 + D� (s)s = Pm (s) � Pe(s) (2.18)

The forward path relation between machine power and angle can then be represented

as:

G1(s) =
� (s)

Pm (s) � Pe(s)
=

1
2H
! Srated s2 + Ds

(2.19)
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Moreover, the feedback path can be written as:

H1(s) = km (2.20)

Where km is the machine design constant which remains the same for the real and

virtual machine. The characteristic equation can then be constructed:

s2 + D
!

2HSrated
s +

km !
2HSrated

= 0 (2.21)

Comparing this to the standard second order characteristic equation:

s2 + 2 �! ns + ! 2
n = 0 (2.22)

The undamped natural frequency,! n and damping factor, � can be expressed as:

! n =
r

!
2HSrated

km (2.23)

� =
D
2

r
!

2HSrated km
(2.24)

The active power loop of the VSM can then be compared to this system to determine

values for the VSM proportional, kp;vsm and integral, ki;vsm gains. The two closed loop

systems are compared with the physical machine loop shown in Figure 2.7 and the VSM

loop shown in Figure 2.8.

Figure 2.7: Synchronous Machine Closed Loop Function
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Figure 2.8: Virtual Synchronous Machine Closed Loop Function

Comparing the two loops the VSM structure is obtained by writing the forward

path of the active power synchronisation loop as:

G2(s) =
kp;vsm s + ki;vsm

s
1
s

(2.25)

The system has the same feedback gain as in 2.20:

H2(s) = H1(s) = km (2.26)

The closed-loop characteristic equation can be written as:

s2 + km kp;vsm s + km ki;vsm = 0 (2.27)

Comparing this to the standard second order transfer function 2.22, the undamped

natural frequency and damping factor can be expressed as:

! n =
p

ki;vsm km (2.28)

� =
kp;vsm

2

s
km

ki;vsm
(2.29)

If both systems are to exhibit the same behaviour the natural frequency and damping

factors for each system should be matched which provides the tuning for the propor-
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tional and integral terms:

ki;vsm =
!

2HSrated
(2.30)

kp;vsm =
D!

2HSrated km
=

Dk i;vsm

km
(2.31)

Following this tuning ensures that the active power loop correctly replicates the inertia

of a real machine. However, the tuning of inertia is not limited to replicate real machines

and in some cases can be made much larger. This assuming there is su�cient energy

stored to provide response and that the increased gain does not cause the system to

become unstable. Voltage control in the VSMCC is achieved via two PI controllers

regulating the synchronous reference frame voltages independently similar to GFMD.

One axis command is left at zero while the other achieves the desired voltage at the

PCC which can be augmented with a reactive power droop controller input if required.

The two voltage controllers provide the set points for the inner loop current control

similar to GFMD. The proper operation of both VSM controllers has been validated

by comparing the response to that of real SGs [26] as well as o�ering a similar response

to the deployement of VSM control to real wind farms [65].

The VSM approach can be further simpli�ed by removing the internal current con-

trol to o�er a stripped back version of the topology. A diagram of this is provided in

2.9.

Figure 2.9: VSM Structure
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The magnitude of voltage at the PCC can be directly regulated by altering the

terminal voltage command without an inner loop current controller. While this may

provide more favourable grid-forming behaviour in quasi-steady state conditions, it does

o�er some concerns in terms of fault ride through capability. Most converter structures

rely on the current loop to limit current during the fault and protect the converter [114].

In fact, almost all GFM structures currently in use switch back to current control

mode using a back-up PLL during faults to prevent damaging the device [115]. While

acceptable at present, switching converter modes to and from current control results in

discontinuities on the network and should be avoided if possible. Some work has been

completed on FRT for GFM converters without an internal current loop but is limited

to three-phase balanced faults at present [97]. This should not be a limiting factor in

future for this type of control topology with further research into FRT. However, there

is likely no need for grid-forming behaviour during faults. Since the converter will be

limited in some way, the impedance and therefore response of the converter will no

longer be determined via the control topology and any designed GFM behaviour will

not be utilised during faults under present structures. The operation of each GFM

structure is validated in Chapter 3.

2.5 Behind and Beyond the Grid-Side Converter

To fully represent the interactions of the system, it is important in some cases to in-

clude the dynamics occurring behind and beyond the converter. In this work, the main

source of generation used is the Type IV turbine as the fully-rated back-to-back con-

verter provides excellent versatility in terms of control. This makes implemented GFM

algorithms simpler than with the Type III Doubly-fed induction (DFIG) counterparts.

Further to this, o�shore wind is the fastest growing sector within the wind industry

where the Type IV turbine is preferred due to increased reliability and lower mainte-

nance costs due to the lack of gearbox [116]. For wind farm interaction studies of the

individual wind turbines are obviously of interest in certain scenarios. Back-to-back

converters are known for decoupling the turbine and network dynamics via the use of

a DC link. However, regulation of the DC link voltage from the grid-side converter
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results in some oscillations due to blade bending, tower sway and torsional resonances

propagating through the DC link to the network [102]. Usually, some form of damping

control is used in the turbine control to reduce these unwanted oscillations. However,

this uses energy from the DC link and continues to provide interactions between the

network and the turbines. Hence, it is important to include these dynamics to ensure

interactions are included across the entire frequency range. A diagram of the Type IV

turbine used within this work is provided in Figure 2.10 and the sub-components are

described in the following subsections.

Figure 2.10: Simpli�ed Type-4 Turbine Diagram

2.5.1 Permanent Magnet Synchronous Generator

The permanent magnet synchronous generator (PMSG) is modelling via the stator

terminal voltage equations:

siq;g =
vq;g

L s;q
�

Rs

L s;q
i q;g �

L s;d

L s;q
p! gi d;g �

�p! m

L s;q
(2.32)

sid;g =
vd;g

L s;d
�

Rs

L s;d
i d;g �

L s;q

L s;d
p! gi q;g (2.33)

� e =
3
2

p�i q;g (2.34)

Where i q;g and i d;g are the generator Q and D-axis stator current components, respec-

tively, vq;g and vd;g are the Q and D-axis stator voltage components, respectively,L q;s

and L d;s are the Q and D-axis stator inductances, respectively,Rs is the stator resis-

tance, � is the 
ux linkage, p is the number of pole pairs and� e is the electromagnetic
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torque.

2.5.2 Two-mass drive-train

Many di�erent drivetrain models of varying complexity exist from single-mass rigid

models [117] to 
exible two-mass models [118] and beyond to complex six-mass mod-

els [119]. Previous studies have indicated that two mass-models are su�cient for inter-

actions on the electrical network [120]. Single-mass models do not contain the required


exibility to allow oscillations and models including more than two masses exhibit

modes that are not of concern for the electrical network at this time due to their higher

frequency nature [119]. However, this is only a valid assumption for the present gen-

eration of turbines, especially of the 3 MW size. As turbine sizes increase, the natural

frequencies of various mechanical subsystem will lower which may make them of concern

in future. The two-mass drivetrain is described as follows:

! t =
� t � 
K dt

sJt
(2.35)

! gen =

K dt � � gen

sJgen
(2.36)


 =
! t � ! gen

s
(2.37)

Where ! t and ! gen are the turbine and generator speeds, respectively,� t and � gen

are the turbine and generator torque, respectively,Jt and Jgen are the turbine and

generator inertias, respectively,K dt is the shaft sti�ness and 
 is the shaft twist angle.

The natural frequency of the drivetrain is determined by the mass and inertia of the

turbine and PMSG, respectively as well as the sti�ness of the connecting shaft.

2.5.3 Machine Side Control

The machine-side converter (MSC) controller is similar in structure to the grid-side

controller in this case regulating the machine stator currents to alter the electromagnetic

torque and 
ux by varying the machine terminal voltages. A diagram is provided in

Figure 2.11.

No PLL is required for the MSC as the exact generator speed is known. Damping
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Figure 2.11: Generator Control Structure

of mechanical oscillations in the drivetrain is achieved via the application of a torque

deviation provided by �ltering the generator speed signal. A bandpass �lter is utilised

with the centre frequency tuned to the �rst eigenfrequency of the drivetrain. The gain

K dtd is used to adjust the strength of the damping:

BPF (s) =
2c! dts

s2 + 2c! dts + ! 2
dt

(2.38)

Where c is the shaft damping factor and! dt is the �rst eigenfrequency of the drivetrain.

2.5.4 DC Link

In all cases the converters on each side of the DC link are average models and the

switching is approximated using a Pad�e delay. The DC link operates by balancing the

power with the machine side and network side power are the inputs with the output
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being the DC link voltage.:

i DC =
PMSC � PGSC

vDC
(2.39)

vDC =
i DC

sCDC vDC
(2.40)

Where vDC , i DC and CDC are the DC link voltage, current and capacitance, re-

spectively and PMSC and PGSC are the machine and grid-side converter active powers,

respectively. The DC link voltage is then controlled via the grid-side converter (GSC)

with a PI controller acting on the DC link voltage error to provide the active power

command to the GSC:

P � = ( v�
DC � vDC )K DC (s) (2.41)

K DC (s) = K p;DC +
K i;DC

s
(2.42)

Where P � is the active power setpoint, v�
DC is the DC link voltage setpoint and K p;DC

and K i;DC are the DC link voltage controller proportional and integral gains, respec-

tively.

2.6 Further Network Components

To ensure a full system description other passive network components were also mod-

elled including transformers and transmission lines. Since all studies focused on small-

signal models the transformers were modelled as an RL impedance:

Zqd;T f (s) =

2

4
Rtf + sL tf ! gL tf

� ! gL tf Rtf + sL tf

3

5 (2.43)

Where Rtf and L tf are the transformer resistance and inductance, respectively. The

short transmission line (< 50 km) impedances are modelled using the same form using

the transmission line resistance (Rtr ) and inductance (L tr ). For longer longer lines, PI

sections were utilised including capacitances alongside reactive compensation �tted at
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both ends and mid-line.

2.7 Small-Signal Modelling

A state-space model is created to facilitate the generation of the component admittance,

in this case representing a grid-connected converter:

� _xxx = � xxxAAA + � uuuBBB (2.44)

� yyy = � xxxCCC + � uuuDDD (2.45)

Where xxx, uuu and yyy are the model state, input and output vectors respectively, and

AAA BBB ,CCC and DDD are the state, input, output and feedthrough matrices respectively. Each

non-linear system must be linearised around a system operating point. These non-

linear systems are described in this section. Diagrams showcasing the general linearised

systems for the GFL and GFM structures are provided using PVCC in Figure 2.12 and

VSM in Figure 2.13, respectively.

Figure 2.12: General Linearised Small-signal Model of GFL Controllers
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Figure 2.13: General Linearised Small-signal Model of GFM Controllers

This represents the small-signal models of the full system. In some studies the

generator side is disregarded and the model only consists of components on the left

side of the back to back converter. The DC link voltage control is disabled in these

cases.

2.7.1 Power Calculation

Active and reactive power power are calculated in the positive sequence synchronous

reference frame (SRF) via:

P = i quq + i dud (2.46)

Q = i duq � i qud (2.47)

Where I q and I d and the converter q and d-axis current components, respectively and

Uq and Ud are the PCC q and d-axis voltage components, respectively. Linearisation

of each where subscript 0 denotes the initial operating point of the previously de�ned

variables:

� P =
3
2

(uq0� i q + ud0� i d + i q0� uq + i d0� ud) (2.48)

� Q =
3
2

(uq0� i d � ud0� i q � i q0� ud + i d0� uq) (2.49)
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2.7.2 PLL

The PLL has two linearisation possibilities depending on whether the negative sequence

control is enabled, this is due to the inclusion of notch �lters. The PLL is considered as a

independent closed loop system described by a transfer function in the Laplace domain

with d-axis PCC voltage input and converter angle output. For positive sequence only,

assuming the frames are in alignment and the initial d-axis PCC voltage is zero:

� � = �
K p;P LL cos(� 0)s + K i;P LL cos(� 0)

s2 + K p;P LL cos(� 0)Uq0s + K i;P LL cos(� 0)Uq0
� Ud (2.50)

2.7.3 Park Transforms

The assumptions used to simplify the PLL equation can be applied to the Park and

inverse Park transforms. Assuming the PLL has locked the converter frame to the

global frame � 0 = 0°. The only e�ect of the linearised transform is then due to a

changing angle input:

TP ark (� ) !

2

4
� X q;p

� X d;p

3

5 =

2

4
1 0 � X d0

0 1 X q0

3

5

2

6
6
6
4

� X q

� X d

� �

3

7
7
7
5

(2.51)

TInv;P ark (� ) !

2

4
� X q

� X d

3

5 =

2

4
1 0 X d0

0 1 � X q0

3

5

2

6
6
6
4

� X q;p

� X d;p

� �

3

7
7
7
5

(2.52)

Where X q and X d are the q and d-axis components of the variable in the initial

frame, X q;p and X d;p are the Park transformed variables expressed in the converter

frame and the subscript 0 denotes the intial conditions of the variable described.

2.7.4 Negative Sequence Transformation

Small-signal models can only be speci�ed in a singular reference frame, in this case

the positive sequence synchronous frame. Therefore, all negative sequence components

must be transformed into the positive sequence frame. This is achieved via the following
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transform:

XXX +
c;qd(s) =

2

4
Gqq(s) Gqd(s)

Gdq(s) Gdd(s)

3

5 (2.53)

Gqq(s) =
1
2

[G�
c;qq(s � j 2! g) + G�

c;qq(s + j 2! g)] (2.54)

Gqd(s) =
1
2

[G�
c;qd(s � j 2! g) � G�

c;qd(s + j 2! g)] (2.55)

Gdq(s) =
1
2

[G�
c;dq(s � j 2! g) � G�

c;dq(s + j 2! g)] (2.56)

Gdd(s) =
1
2

[G�
c;dd(s � j 2! g) + G�

c;dd(s + j 2! g)] (2.57)

Where XXX +
c;qd are the negative sequence SRF components expressed in the positive se-

quence SRF andG�
c;qq, G�

c;qq, G�
c;qq and G�

c;qq are the individual qq, qd, dq and dd

negative sequence SRF components, respectively.

2.7.5 Negative Sequence PLL

When negative sequence control is enabled the PLL equation becomes more complex

and to simplify the trigonometric functions are evaluated using an initial converter

angle � 0 = 0°. The PLL function is then:

� � = �
K p;P LL Qs2 + 4K p;P LL Q! 2

gs + 4K i;P LL Q! 2
g

Qs4 + AP LL s3 + BP LL s2 + CP LL s + DP LL
� Ud (2.58)

AP LL = 2 ! g + K p;P LL QUq0 (2.59)

BP LL = 4Q! 2
g + K i;P LL QUq0 (2.60)

CP LL = 4K p;P LL QUq0! 2
g (2.61)

DP LL = 4K i;P LL QUq0! 2
g (2.62)

2.7.6 Negative Sequence Park Transform

The negative sequence Park transforms can be formulated by multiplying the third

column of the transform by � 1 and replacing the positive sequence inputs and outputs

with the negative sequence counterparts. However, the negative sequence inverse Park
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transform is slightly di�erent, noting that due to small-signal modelling the transform

is still a function of + � :

TInv;P ark;n (� ) !

2

4
� X q;n

� X d;n

3

5 =

2

4
1 0 � 2X d0

0 1 2X q0

3

5

2

6
6
6
4

� X q;pn

� X d;pn

� �

3

7
7
7
5

(2.63)

2.7.7 Negative Sequence Notch Filters

The negative sequence notch �lter functions are obtained via (2.53):

GGGqd;� ve;notch =

2

4
Gqq;notch Gqd;notch

Gdq;notch Gdd;notch

3

5 (2.64)

Gqq;notch =
Q2s4 + 2Q! gs3 + (4 Q! g)2s2 + 16Q! 3

gs

Q2s4 + 4Q! gs3 + ((4 Q! g)2 + (2 ! 2
g))s2 + 32Q! 3

gs + 16! 4
g

(2.65)

Gqd;notch =
4Q! 2

gs2

Q2s4 + 4Q! gs3 + ((4 Q! g)2 + (2 ! 2
g))s2 + 32Q! 3

gs + 16! 4
g

(2.66)

Gdq;notch = � Gqd;notch (2.67)

Gdd;notch = Gqq;notch (2.68)

2.7.8 Negative Sequence Current Control

The two PI controllers regulating negative sequence current can be described in the

positive sequence SRF as follows:

2

4
K p;ncc + K i;ncc s

(s2+2 ! 2
g )

2! g K i;ncc
(s2+(2 ! g )2 )

� 2! g K i;ncc
(s2+(2 ! g )2 )

K p;ncc + K i;ncc s
(s2+2 ! 2

g )

3

5 (2.69)

Where K p;ncc and K i;ncc are the negative sequence current controller proportional

and integral gains, respectively.
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2.7.9 Negative Sequence Voltage FeedForwards

The �ltering of the negative sequence voltage feedforwards is the �nal component re-

quiring transformation to the positive sequence frame:

Gnf f =

2

6
4

� nf s+1
� 2

nf s2+2 � nf s+(1+(2 ! g � nf )2
2� nf ! g )

� 2
nf s2+2 � nf s+(1+(2 ! g � nf )2

� 2� nf ! g )
� 2

nf s2+2 � nf s+(1+(2 ! g � nf )2
� nf s+1

� 2
nf s2+2 � nf s+(1+(2 ! g � nf )2

3

7
5 (2.70)

Where � nf is the negative sequence voltage feedforward constant.

2.7.10 Grid-forming Park Transform

For small signal analysis the lack of PLL in GFM converters means the controller

frame and grid frame are no longer locked together. This means the linearisation of

the Park transforms becomes dependent on the angle between the frames and correct

implementation is achieved via:

TP ark (� ) !

2

4
� X q;p

� X d;p

3

5 =

2

4
cos(� ) � sin (� ) � X q0sin (� ) � X d0cos(� )

sin (� ) cos(� ) X q0cos(� ) � X d0sin (� )

3

5

2

6
6
6
4

� X q

� X d

� �

3

7
7
7
5

(2.71)

TInv;P ark (� ) !

2

4
� X q

� X d

3

5 =

2

4
cos(� ) sin (� ) � X q0sin (� ) + X d0cos(� )

� sin (� ) cos(� ) � X q0cos(� ) � X d0sin (� )

3

5

2

6
6
6
4

� X q;p

� X d;p

� �

3

7
7
7
5

(2.72)

Where � is the angle between the converter frame and the global reference frame that

the network is described in and all other variables are the same as with the GFL

transforms. The angle� becomes crucial when designing impedance based studies and

great care is required to ensure it is correct.
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2.7.11 DC Link

The power inputs to the DC link must be linearised via:

s� vvvDC = � vvvDC
PMSC 0 � PGSC0

CDC V 2
DC 0

+
� PGSC

CDC VDC 0
�

� PMSC

CDC VDC 0
(2.73)

Where subscript 0 denotes the initial conditions of previously de�ned variables based

on operating point.

2.7.12 Hardware Implications

It is likely that additional energy might be required to provide frequency enhancing

services. Some methods look at running resources away from the maximum power

point to leave headroom for response. However, this is wasteful and energy storage

solutions (ESS) should be employed to provide extra energy when required. Note

that the ESS will be required to be independent of the converter if the pre-exisiting

converter hardware is not to be upgraded. Signi�cant work exists on the review of

ESS with technologies such as: 
ywheels, batteries and electric vehicles o�ering some

promising options [121]. Battery systems are one of the most popular with current

studies looking to �nd optimal sizing, chemical type and placement location [122].

Most RES interface with the grid in some way via a power electronic inverter. In

the case of the Type III WT, a partially rated converter is used and others (Type

IV WT, PV array, batteries) employ fully rated converters (FRC). In most cases it is

favourable to extract maximum power from the resource for infeed to the grid. The

power electronic devices impose a strict current limit of around 1.1 - 1.2 p.u. [123].

When operating at rated active power (1 p.u. current) there is little headroom for the

RES to provide increased power to the grid for frequency and voltage support without

damaging the switches. This can occur very quickly during over-currents as power

electronics have very low thermal inertia [124]. Some suggestions are made to run the

RES curtailed although this leads to reduced e�ciencies in some systems [125], and

therefore reduced revenue in normal conditions. However, in situations such as the

restoration of the electricity network after a total blackout or during severe frequency
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and voltage events, di�erent commercial incentives will apply and it o�ers signi�cant

opportunity. Other studies focused on overrating the converter but this can also lead to

reduced performance at rated power. Mondol et al. found that the oversized converter

used for study in a grid connected PV system experienced poor performance due to

partial load operation of the inverter. The oversized converter had a higher energy

threshold, requiring more energy to start operation and caused higher loss at lower

input conditions [126]. This may need to be considered depending on how much reserve

power is required. In addition, extra cost would be incurred for a higher inverter

capacity although some studies have shown increased reliability and reduced mean

time to failure (MTTF) for oversized inverters [127].
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Equivalent Converter Output

Impedance

3.1 Introduction

To appropriately select a method for analysing converter impedance, it is important

to consider the mathematical structure of the studied system impedance and how that

may a�ect the approach. For example, SISO systems o�er ease of modelling and of-

fer few concerns in determining system stability with margins that are intuitive and

easy to interpret resulting in widespread application. However, in the context of power

converters, SISO systems may not be capable of accurately representing converter con-

trol action when the resource is providing enhanced support to the network. In real-

ity, a MIMO system description is required to obtain an accurate stability de�nition.

Impedance based stability has been widely applied for both types of system in litera-

ture. However, model complexity is often lacking, utilising only standard grid following

current controllers with complex functions disabled to facilitate easier analysis [30,31].

With more large power sources and loads becoming converter interfaced, grid conditions

can vary rapidly and it is important that the remaining converters have the robustness

to stay connected. These systems present unique analysis challenges by reducing the

symmetry of frequency responses in di�erent reference frames and hence, require more

complex analysis.
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This Chapter explores the use of SISO vs MIMO models for advanced converter

controllers and showcases how MIMO admittance models are obtained from the models

described in the previous Chapter. Veri�cation is then provided indicating that the

admittance models behave as intended. The mathematical structure of the models in

investigated with a speci�c focus on diagonal dominance which is measured using a

novel method based on calculating the participation factor between row and column of

the admittance matrix across a range of frequencies. When the rating is greater than

0.7 the system can be considered diagonally dominant with the two channels behaving

as two independent SISO functions where traditional stability techniques apply. When

the rating is less than 0.7 generalised MIMO techniques must be applied to accurately

characterise the system. The �nal contribution of the Chapter showcases that none of

the proposed control topologies are diagonally dominant and that traditional stability

techniques are not applicable for converters providing any form of enhanced grid service.

3.2 SISO vs MIMO

Simpli�ed power converter models may lead to inaccurate small-signal stability assess-

ments when considering IBRs participating in enhanced network support. In some

cases, networks are modelled using SISO impedances or utilise transformations so that

systems become diagonally dominant and can be analysed in a loop-at-a-time method.

However, it is argued that SISO techniques are more intuitive and that the alternative

(MIMO analysis) is hard to apply and stability margins are di�cult to interpret [128].

To remedy this, work has been completed attempting to take MIMO system de-

scriptions in the synchronous reference frame and analyse them using SISO techniques.

Amico et al. proposed a technique stating that MIMO systems that are mirror fre-

quency decoupled (MFD) in the synchronous reference frame can be transformed to

the sequence domain where they become diagonally dominant (DD) [48]. A further

work then proposes a stability technique based on this approach where a converter

controller including negative sequence regulation is presented and shown to be DD in

the sequence frame when the PLL is disabled [129]. SISO stability techniques are then

applied and appear to o�er promising results in determining the system stability. How-
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ever, it is likely important interactions from the PLL have been removed from the study

resulting in an incorrect stability analysis. This e�ect will be exacerbated in weak grids

were the impact of PLL dynamics is greater. Xu et al. attempted to remedy this by

proposing a symmetric admittance model in [130]. The work constructs an equivalent

two-port circuit and states that oscillations of the original grid connected converter sys-

tem can be considered as series resonances of the equivalent circuit meaning that PLL

behaviour should be represented in the SISO system. However, the control topology

disregards any further outer loop control that could reduce the e�cacy of the equivalent

system and remove the symmetrical property.

Further work to include the PLL was completed by Zhang et al. in [131] where the

e�ect of PLL was modelled using a SISO system. The work presents both a MIMO and

SISO system description and shows that the stability result obtained from the MIMO

system can be obtained via analysis of three open-loop SISO systems describing the

various controller loops. However, these loops are cascaded which means the method

could su�er from issues with open-loop right half plane (RHP) poles leading to incorrect

analysis. This issue is explored further in Chapter 4. Furthermore, no information is

given on how to determine the robustness of the full MIMO system from analysis of the

SISO loops. Work completed by Akhavan looked to extend this approach to include

further complex system descriptions such as an asymmetrical grid by decomposing the

MIMO system into two decoupled SISO systems [132]. However, in doing this a simpli-

�cation was made disregarded the e�ect of PLL which provides an incorrect stability

de�nition in a number of cases. It is clear that most research on SISO systems involves

simpli�cation or disregards key control components required to achieve an accurate

system description. Therefore MIMO models o�er a better approach in replicating the

true behaviour of advanced control components and provide a more accurate stability

de�nition. Bolzoni analysed the di�erence between SISO and MIMO models of power

converters participating in grid frequency regulation in [46]. The main �nding was that

the SISO systems provided a greater deviation from the real model when compared

to the MIMO version indicating the poor e�cacy of SISO models when describing

converter controllers participating in enhanced network support.
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The main reason MIMO models are required is due to the reduction of DD of the

admittance and impedance matrices when advanced control components are included.

It is therefore important to highlight how these control components e�ect the math-

ematical composition of the admittance and impedance matrices. This chapter will

demonstrate the e�ect of di�ering controller topology on the DD of the obtained equiv-

alent converter output admittance. A method of rating DD based on the correlation

coe�cient between the rows and columns of the converter admittance matrix is pro-

posed. Furthermore, recommendations on suitable situations where traditional stability

analysis techniques are valid are provided based on the proposed method of DD rating.

The novel contribution of this work lies in the determination of exactly where the limit

of DD is for applying traditional SISO stability methods and which control components

have the greatest e�ect on the rating. The chapter extends the understanding of why

conventional SISO stability margins are not applicable for advanced grid-connected

converters in most situations. Using the di�ering controller complexity, the failures

of traditional margins are illustrated. The work observes that reduction of the DD of

the admittance matrix causes SISO analysis techniques to fail. Stability analysis based

on disk margins are suggested and implemented as an alternative in this work which

can be applied irrespective of DD and o�er a more realistic approach to considering

robustness in the modern network [49].

3.3 Admittance Formulation

Obtaining the admittance of various network components can be achieved in di�erent

ways. For passive components, simple equations can be used to construct transfer

function matrices. However, for more complex active systems the small-signal models

described in Chapter 2 are utilised to obtain an impedance or admittance based on

the voltage/current reaction to a current/voltage disturbance. This allows the control

systems of converters and machines to be included in the output impedances and allows

more accurate representation of the modern grid than just using the physical machine

and line impedances.

Once the model is linearised the converter admittance is classi�ed as the ratio of
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the response current from the converter (III c) to the voltage disturbance at the PCC

(UUUP CC ):

YYY c =
� III c

� UUUP CC
(3.1)

The converter admittance is determined by the physical �lter components and the

control architecture. The capacitor between the RL �lter and the PCC is not included

but can be modelled as a load e�ect. To generate the admittance from the state-space

matrix the model inputs and outputs are selected to be:

uuu =

2

4
� uq;pcc

� ud;pcc

3

5 (3.2)

yyy =

2

4
� i q;pcc

� i d;pcc

3

5 (3.3)

The state-space then represents the converter admittance:

2

4
Yqq;c Yqd;c

Ydq;c Ydd;c

3

5 =
yyy
uuu

=
� iii
� uuu

(3.4)

The impedances are modelled in the synchronous reference frame to ensure all interac-

tions can be accounted for. This process can be completed for a state-space model of

any network component.

3.4 Comparison and Veri�cation of Controller Admittance

The di�erent families of controller posses unique qualities in terms of impedance or

admittance. GFL controllers act as current sources and therefore exhibit high output

impedance. Conversely, GFM controllers operate as voltage sources and hence posses a

very low output impedance. GS supporting structures provide an impedance somewhere

in the middle depending on controller tuning. The output impedance of all converter

control structures has been veri�ed against frequency sweeps of time domain simulations
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of the previously validated control structures with the results presented in this section.

The frequency sweep is conducted by injecting voltage disturbances at the PCC with the

converter disconnected from the grid. The resultant current reaction is measured and

the converter admittance calculated by dividing by the injected voltage disturbances.

Note the DC link is modelled as an ideal DC voltage source during validation.

3.4.1 PVCC

The SRF admittance of the PVCC controller (Figure 2.1) is provided in Figure 3.1.

Figure 3.1: PVCC Admittance Model Veri�cation

From Figure 3.1, a good match can be observed in all channels between the small-

signal and time domain models. Small deviations in the cross coupling terms can be

seen but this is due to a minute mismatch in the angle used for transformation between

the abc-frame and SRF

3.4.2 PVCCI

The SRF admittance of the PVCCI controller (Figure 2.4) is provided in Figure 3.2.
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Figure 3.2: PVCCI Admittance Model Veri�cation

From Figure 3.2, a good match between time domain and small-signal model is

observed. The addition of the inertia loop has the e�ect of increasing theYqq admittance

between (50 - 300 Hz) and a much 
atter top is observed than with the standard

PVCC controller. The Ydd admittance is largely the same as the controllers employ the

same voltage controller and PLL dynamics. However, the 
atter top and larger peaks

translate to the cross-coupledYqd admittance which is considerably larger and while

the shape of theYdq admittance changes the magnitude remains similar.

3.4.3 PVCCD

The SRF admittance of the PVCCD controller (Figure 2.3) is provided in Figure 3.3.

From Figure 3.3, a good match can be observed in all channels between the small-

signal and time domain models. Small deviations in the cross coupling terms can be

seen but this is due to a minute mismatch in the angle used for transformation between

the abc-frame and SRF.
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Figure 3.3: PVCCD Admittance Model Veri�cation

3.4.4 GFMD

The SRF admittance of the GFMD controller (Figure 2.5) is provided in Figure 3.4.

Figure 3.4: GFMD Admittance Model Veri�cation

From Figure 3.4, it can be seen that the admittance throughout the frequency range
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is much higher as expected with a GFM control structure. The trace is signi�cantly

smoother that any previous implementation that utilises a PLL.

3.4.5 VSMCC

The SRF admittance of the VSMCC controller (Figure 2.6) is provided in Figure 3.5

where a good match can be observed in all channels between the small-signal and time

domain models. The small error at low frequency is due to a slight mismatch in dq-

transformation angle in the models and poor resolution caused by taking 1 Hz intervals

from time domain model. Similar to GFMD, the admittance trace is larger in the

diagonal channels than the GFL implementations, a key feature of GFM technologies.

Figure 3.5: VSMCC Admittance Model Veri�cation

3.4.6 VSM

The SRF admittance of the VSM controller (Figure 2.9) is provided in Figure 3.6

where a good match can be observed in all channels between the small-signal and

time domain models. The small error at low frequency is due to a slight mismatch in

dq-transformation angle in the models.
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Figure 3.6: VSM Admittance Model Veri�cation

3.5 Diagonal Dominance in MIMO Systems

As converter control becomes more complex, methods of determining robustness be-

come increasingly vital to ensure converters remain connected. For SISO systems,

this is usually achieved via gain and phase margins. Three issues arise in the case

of grid-connected converters. Firstly, since the model usually forms a non-minimum

phase (NMP) system the phase margin and associated design rules may not be valid as

multiple crossings of 0 dB may be present throughout the frequency range. Secondly

for MIMO systems, gain and phase margins can only be employed in a loop-at-a-

time method. Therefore, inter-loop interactions are not considered. These interactions

become especially important as the matrix o�-diagonal terms increase in magnitude.

Therefore, traditional phase and gain margins may be applicable for simple current

control that is diagonally dominant but not for a fully-functional grid-connected con-

verter. Thirdly, traditional phase and gain margins do not account for simultaneous

changes in phase and gain which occur readily in real systems and can cause instability

even if the individual phase and gain margins are large.
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For MIMO systems, approaches have been proposed where MIMO systems that are

not DD in the reference frame they are described in are transformed into an alternative

reference frame where analysis is simpler. It is extremely rare that any converter control

structure will be diagonal dominant when described in the SRF. Even a simple current

controller (CC) is not DD and is instead MFD where the o�-diagonal terms are of the

same magnitude but opposite polarity. The admittance of a simple CC in the SRF is

provided in Figure 3.7.

Figure 3.7: Current Control Equivalent Converter Admittance in the SRF

From Figure 3.7, the o� diagonal terms have the same magnitude over the entire

frequency range but the angles are separated by 180 degrees. Systems that are MFD

in the SRF are DD in the modi�ed sequence domain [48]. In this work, the sequence
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frame admittances are obtained via transformation for the SRF via:

Ypp(s) =
1
2

[Yqq(s � j! g) + Ydd(s � j! g)] � j [Ydq(s � j! g) � Yqd(s � j! g)] (3.5)

Ypn(s) =
1
2

[Yqq(s � j! g) � Ydd(s � j! g)] � j [Ydq(s � j! g) + Yqd(s � j! g)] (3.6)

Ynp(s) =
1
2

[Yqq(s + j! g) � Ydd(s + j! g)] + j [Ydq(s + j! g) + Yqd(s + j! g)] (3.7)

Ynn (s) =
1
2

[Yqq(s + j! g) + Ydd(s + j! g)] + j [Ydq(s + j! g) � Yqd(s + j! g)] (3.8)

The same system from Figure 3.7 is transformed to the sequence domain and shown

in Figure 3.8. Additionally, a validation of this transform was completed by comparing

the small signal admittance of the three GFL control structures with negative sequence

enabled against time domain frequency sweeps in the sequence domain and is provided

in Figure 3.9. The sequence domain is preferred for validating the NSC structures due

to issues that occur with obtaining the correct angle for reference frame transformation

when using the SRF for frequency sweeping the NSC structures.

From Figure 3.8, the magnitude of the o�-diagonal terms are now approximately

zero and the system can be considered DD. This is useful for analysing CC as the

stability margins determined are not frame dependent. When CC is augmented with

further control loops to regulate power and voltage, this MFD property can be main-

tained assuming the outer-loop control is tuned slow enough so as not to interfere with

the CC. However, this is likely not recommended for the modern grid as tighter control

of voltage and power will be required as SGs are removed from the network.

From Figure 3.9, a good agreement can be observed between the small-signal ad-

mittance models and the time domain frequency response in the modi�ed sequence

domain. This is with the exception of 50 Hz in all cases. This is due to the issues

with obtaining an accurate measure of equivalent converter output impedance at 50 Hz

where a singularity occurs. The small-signal admittance estimates the response of this

pole whereas the response of the time domain simulation is dictated by how quickly the

measurement is taken after the disturbance is injected. Since the PCC voltage is �xed

and an injection at 50 Hz appears as an operating point change the converter continues

to ramp current to try and correct the voltage which cannot be moved. This gives a
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Figure 3.8: Current Control Equivalent Converter Admittance in the Sequence Frame

simpli�ed description of the issues that occur when measuring impedance at 50 Hz.

This issue is also present in the SRF but is not visible at the fundamental frequency

(FF) in the SRF is 0 Hz which is not show on most Bode plots.

3.6 Measuring Diagonal Dominance

As the augmented control loops become more important for network stability the inter-

actions they can cause within the controller may not be visible using traditional analysis

techniques. When the power and voltage loops are tuned faster the MFD nature in the

SRF is reduced and therefore, SISO analysis cannot be performed in either reference

frame with the required con�dence. Figure 3.10 illustrates the admittance traces in the

sequence frame for the PVCC and PVCCN controllers described in Chapter 2.

From 3.10, it is clear that the addition of the outer loop control reduces the DD
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Figure 3.9: Validation of Negative Sequence Controllers in the Sequence Frame (solid
blue: Time domain frequency sweep)(Dashed orange: Small-signal admittance)

property in the sequence frame and additionally, a greater variance is observed through-

out the frequency range. When the NSC control is enabled, an even more complex trace

is obtained due to various �lters throughout the control structure which further exac-

erbates the issues with DD. It can be challenging to determine if a system is DD just

from looking at the admittance trace and analysing the frequency response matrices

across the range is not practical. Therefore, a novel method of determining the diagonal

dominance of a system across a range of frequencies is proposed.

An easily scalable rating of DD can be obtained by calculating the correlation

coe�cient between rows and columns in the same matrix to obtain an r -value [133].

This value is equal to one when the matrix is diagonal, around zero when the matrix is

uniformly distributed and -1 when the o�-diagonal terms are dominant. This process

is achieved by considering a square matrix A of size t by t, in this study the square

matrix is the impedance ratio ZgYc(s), Three vectors then require speci�cation: j, a

k-long vector of ones,r = (1 ; 2; : : : ; k) and r2 = (1 2; 22; : : : ; k2). The rating of diagonal
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Figure 3.10: Current Control Equivalent Converter Admittance in the Sequence Frame

dominance D can then be found via:

D =

�
�
�
�
�

n� xy � � x� y
p

n� x2 � (� x)2
p

n� y2 � (� y)2

�
�
�
�
�

(3.9)

n = jAj TjAj TjAj T (3.10)

� x = rAJ TrAJ TrAJ T (3.11)

� y = jAr TjAr TjAr T (3.12)

� x2 = r2Aj Tr2Aj Tr2Aj T (3.13)

� y2 = jAr T
2jAr T
2jAr T
2 (3.14)

� xy = rAr TrAr TrAr T (3.15)

The e�ect of each control component on DD can be analysed independently in the

synchronous and sequence reference frames across a range of frequencies. The standard

current control is used as a base case with all other systems including the PLL disabled.

Each control component is then enabled independently and a measure of the DD in the

SRF and sequence frames from (1 Hz - 1 kHz) is provided in Figure 3.11.
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Figure 3.11: Current Control Equivalent Converter Admittance in the Sequence Frame

From Figure 3.11, no system is DD in the DQ domain below 500 Hz. Beyond this

point the rating of current control (CC), current and voltage control (CC + VC) and

current control with negative sequence (CC + NSC) are above 0.7 and can be con-

sidered diagonally dominant. When transformed into the PN frame both the positive

and negative sequence current controllers retain DD despite the increased complexity

introduced from NSC. The PLL provides a signi�cant reduction in DD in both frames

and is a crucial component for inclusion in stability studies. The VC reduces the DD

at low frequencies but this e�ect is reduced at higher frequencies. The power control

(PC) individually represents the worst rating of DD in both frames across a range of

frequencies. However, it is the one control con�guration that provides a greater D rat-

ing in the dq-frame compared to the pn. The DD in the pn-frame for VC and PC are

directly related to the bandwidths of the outer-loop control. Traditional tuning rules

would suggest that the outer-loop should be at least 10 times slower than the inner-loop

to avoid interactions [134]. When this occurs the shape of the impedance ratio trace is

dominated by the faster current loop and DD is maintained when the outer-loop con-

trol is enabled. However, this traditional tuning recommendation may not be su�cient

for the more antagonistic grid conditions observed in the modern network. When the
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outer-loop control is faster the system is no longer DD.

3.7 The e�ect of Diagonal Dominance on SISO Stability

Analysis

This section explores how the rating of DD e�ects the e�cacy of traditional stability

margin techniques and determines an appropriate limit for their application.

3.7.1 Traditional SISO Gain Margin

Traditional SISO gain margins determine the amount of gain variation a system can

tolerate before going unstable. Mathematical, if gain margins denotedK gm are deter-

mined for a systemY(s) then the system at the stability limit is given by K gmY(s).

This can be extended to MIMO systems that are diagonally dominant, in this case a

2x2 transfer function matrix MMM (s) via:

MMM lim (s) = kgmIII 2MMM (s) (3.16)

Where MMM lim (s) is the function on the limit of stability and I 2 is an identity matrix

of rank two. This approach is applied to the systems shown in Figure 3.11 by �rst

calculating the SISO gain margins of each systems impedance ratio in both the SRF

and the sequence frame. The minimum value across the 2x2 matrix is taken to be the

gain margin in each case. The results are provided in Table 3.1.

Table 3.1: Comparison of SISO gain margins for controllers

Controller Gain Margin (GM) GM Freq. (Hz) D at GM Freq.

dq pn dq pn dq pn

CC 12.2 3.85 3.18 53.2 -0.844 1
CC+ PLL 3.47 3.1 57 102 0.035 0.712
CC+ VC 12.4 3.95 3.26 53.3 -0.835 0.868
CC+ PC 25.1 1 13.1 n/a -0.176 n/a
CC+NS 10 2.07 3.17 151.7 -0.787 1
Full Cont 10.2 2.1 45.3 151.7 -0.116 0.638
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From Table 3.1, the rating of DD for the DQ-frame margins is always approximately

zero or lower and the gain margins are signi�cantly larger in most cases compared to

the pn-frame where the DD is larger. The margins are frame independent meaning the

pn-frame margins can be applied to the dq-frame system and vice versa. This is shown

in Figure 3.12 which compares the application of the SISO gain margins determined in

each frame via Nyquist plots of the most sensitive eigenloci.

Figure 3.12: Comparison of SISO gain margins for CC (a) SRF (b) sequence frame

From Figure 3.12(a), the dq-frame GM overshoots the critical point while the pn-

frame GM estimates the limits of stability correctly. This is expected from the DD

ratings obtained in Table 3.1. The same result is obtained when the GM is applied to

the pn-frame system in Figure 3.12 (b). The GMs obtained for the remaining systems

have been applied to the dq-frame system and the resultant Nyquist plots of the most

sensitive eigenloci are provided in Figure 3.13. The percentage error measuring the

minimum distance from the Nyquist plot to the critical point is shown in Table 3.2.
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Figure 3.13: Application of SISO dq and pn phase margins to (a) CC + PLL (b) CC
+VC (c) CC + PC (d) CC + NSC (e) Full Control

From Figure 3.13 (a), the GM obtained when the PLL is included is similar in

both frames with the dq-frame providing a slightly higher GM. This results in the

Nyquist plot passing through the critical point when the pn-frame GM is used. The

percentage error is still small for the pn-frame margin but signi�cantly larger than the

error obtained for CC when the system was completely DD. Similar results are obtained

with the plots shown in Figure 3.13 (b)(d)(e) with the pn-frame margin always obtaining

a better rating of stability margins due to the higher DD rating. From the obtained

results, a D rating of 0.6 or higher appears su�cient for the system to be considered

diagonally dominant and the for the application of traditional SISO gain margins to
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be valid. The addition of the PC shown in Figure 3.13 (c) o�ers some concern as

GM could be obtained in pn-frame, likely due to reduced DD throughout the entire

frequency range. While the dq-frame GM appears to provide a correct measure, the

trace signi�cantly undershoots the critical point very close to the real axis. The pn-

frame margin is assumed a very large number of 100 as in�nite is not possible. This

overshoots the critical point and indicates that the original margin of in�nity is clearly

incorrect. The DD for the PC in pn-frame only reaches above 0.6 when singularities

occur in the impedance ratio and are likely not representative of the real system at

that frequency.

Table 3.2: Percentage error for SISO gain margins

Controller Percentage Error (%) D

dq pn dq pn

CC 106 0.05 -0.844 1
CC + PLL 9 0.6 0.035 0.712
CC + VC 104 -0.03 -0.835 0.868
CC + PC -28.65 82.7 -0.176 n/a
CC + NS 154 0.06 -0.787 1
Full Cont 157 0.23 -0.116 0.638

3.7.2 Traditional SISO Phase Margin

The rating of DD can further analysed by the traditional SISO phase margins (PM) on

the considered systems which are provided in Table 3.3.

Table 3.3: Comparison of SISO phase margins for controllers

Controller Phase Margin (PM) PM Freq. (Hz) D at PM Freq.

dq pn dq pn dq pn

CC -126 � -95 � 126 96.3 0.403 1
CC+ PLL -108 � -100 � 509 448 0.761 0.907
CC+ VC -126 � -96.8 � 127 96.8 0.408 0.956
CC+ PC -108 � -101 � 511 391 0.692 0.709
CC+NS -119 � -59.5 � 183 153 0.817 1
Full Cont -61.1 � -60.5 � 254 258 0.491 0.578
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From Table 3.3, the phase margins are generally obtained at higher frequencies

where the impedance ratio is naturally more diagonally dominant as the physical in-

ductance becomes more prevalent with increasing frequency. The DD rating in the

pn-frame is large enough to be considered almost perfectly DD in most cases excluding

the full controller. The dq-frame phase margins should be more applicable than the

GM due to the increased value of D at higher frequencies. The application of the PMs

is provided Figure 3.14 by rotating the Nyquist plots of the original system. Note that

both eigenloci are provided for CC + PC in Figure 3.14 (d)(e) and CC + NSC in Fig-

ure 3.14 (f)(g) as both eigenloci were sensitive to phase variations unlike the previous

applied gain variations. The percentage error indicating the maximum error in the

direction of the imaginary axis is shown in Table 3.4.

From Figure 3.14 (a)(b)(c), similar results are obtained for PM application as for

GM. The pn-frame PM provide the most accurate stability margins due to the signif-

icantly higher D rating. The percentage error for the dq-frame margins are also lower

which is in agreement with the D rating obtained compared to the GM errors shown

in Table 3.2. The only exception is when the PLL is added. For the PM, the D rating

it 0.761 and an error of 14 % is obtained, which is acceptable but slightly higher than

expected. The rating of DD does not have a linear relationship with the error obtained

due to the complex nature of analysing the MIMO eigenloci. This is most obvious

around for margins obtained around 50 Hz in the dq-frame, likely due to harmonics

and control components providing singularities around these frequencies. The error

obtained for the margins is not only dependent on DD but the magnitude and phase of

the impedance ratio at the given frequency. However, when the D rating is above 0.7

the e�cacy of traditional margins is evident and independent of these other factors.

When the rating is below 0.7, an error will be obtained and generally, the lower the D

rating the greater the error obtained with some exceptions.
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Figure 3.14: Application of SISO dq and pn phase margins to (a) CC (b) CC +PLL
(c) CC + VC (d) CC + PC 1st Loci (e) CC + PC 2nd Loci (f) CC + NSC 1st Loci
(g) CC + NSC 2nd Loci (h) Full
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Table 3.4: Percentage error for SISO phase margins

Controller Percentage Error (%) D

dq pn dq pn

CC 45 0.11 0.403 1
CC + PLL 14 0.3 0.761 0.907
CC + VC 43 0.3 0.408 0.956
CC + PC -4.9 -5.9 0.692 0.709
CC + NS 9.8 0.05 0.817 1
Full Cont -13.1 -11.8 0.491 0.578

3.8 Disk Margins for Robust MIMO Stability Analysis

Disk margins have been proposed as a method to tackle these issues in MIMO sys-

tems and can be applied irrespective of DD [49]. Disk margins can consider complex

perturbations in all loops at once to give a better idea of real stability margins and

are applicable to NMP systems. This is particularly important in grid-connected con-

verters considering that 3� perturbations from the network will extremely rarely result

in a single channel reaction in the synchronous reference frame controller. With disk

margins, gain and phase margins are considered as a complex multiplicative factor f,

of the form:

f 2 D(�; � ) =

(
1 + 1� �

2 �

1 � 1� �
2 �

: � 2 C; j� j < �

)

(3.17)

Where the set D(�; � ) de�nes the complex set of perturbations. If the disk skew

factor � , is selected to be 0 the overall perturbation gain can increase or decrease by

the same magnitude. In this case the open-loop system is the impedance ratio:

L = ZgYc (3.18)

Where L is the loop gain,Zg is the grid impedance andYc is the converter admittance.

The disk margin can then be de�ned as the maximum value of� that allows fL to

remain stable for all f 2 D(�; � ). If the set of possible system perturbations is known,

the disk skew can be altered to more accurately cover the real system variations. For

MIMO systems, the multiplicative factor f is applied to each channel individually for
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loop-at-a-time (LAT) margins or two factors f 1,f 2 2 D(�; � ) applied simultaneously

to both input channels for multi-loop (ML) margins. The loop-at-a-time and all-loop

disk margins for each system in the dq-frame are compared in Table 3.5 and Table 3.6,

respectively. The dq-frame is used to indicate the improvement in determining stability

margins in systems that are not diagonally dominant.

Table 3.5: Comparison of Loop-at-a-time disk margins for controllers

Cont Disk GM Disk PM Frequency (Hz) D

CC
8.37 � 76 � 4.8

-0.792
8.37 � 76 � 4.8

CC+ PLL
8.48 � 76 � 10.7

-0.126
3.29 � 56 � 11

CC+VC
8.53 � 76 � 4.8

-0.860
10.8 � 79 � 4.8

CC+ PC
49.2 � 88 � 0 0
10.8 � 79 � 103 0.218

CC+ NSC
2.36 � 44 � 102

-0.070
2.36 � 44 � 102

FULL
2.67 � 49 � 102

-0.077
2.27 � 42 � 102

From Table 3.5, the minimum LAT GM is always lower than the SISO gain margins

determined in Table 3.1 in the dq-frame. However, in most cases the LAT GM is

higher than the pn-frame GM obtained. This is due to the LAT GM being designed

for a single channel and will overestimate margins if applied to more than one channel

simultaneously. Despite the pn-frame margins being of a similar SISO nature to LAT,

the same e�ect is not observed due to the increased DD in the pn-frame. Hence, the gain

variation is smaller and can be applied to both channels. Furthermore, the LAT PMs

obtained are also signi�cantly lower than the traditional SISO PMs found in Table 3.3.

This e�ect is exacerbated for the more complex control, especially when including NSC

due to the complex nature of the Nyquist trace previously discussed. This indicates

that the disk margin method may o�er a more realistic measure of stability irrespective

of the D rating which is low in each case with no system being considered close to DD.
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Table 3.6: Comparison of Multi-loop disk margins for controllers

Cont Disk GM Disk PM Frequency (Hz) D

CC 2.85 � 51 � 5.6 -0.763
CC + PLL 2.78 � 50 � 10.8 -0.123
CC + VC 2.97 � 53 � 5.7 -0.821
CC + PC 8.28 � 76 � 95.4 0.197
CC +NSC 1.65 � 28 � 102 0.07
FULL 1.69 � 29 � 102 0.077

From Table 3.6, the ML disk margins o�er the most conservative measure of stability

with the smallest ratings. This is expected and guarantees stability for a range of

combinations of perturbation that could be possible in the electrical network. The

frequencies at which the system is considered sensitive to gain and phase variations are

largely in agreement with the frequencies obtained for the LAT margins and hence, the

D rating is the same. The ML GMs are much lower showing that the system is far

more sensitive to variation than previously thought with traditional SISO margins and

LAT margins. The same is observed for the phase margins. This e�ect increases as the

complexity of the system increases and appears independent of DD. The LAT and ML

disk margins are applied to the CC system in Figure 3.15 via Nyquist plots of the worst

case eigenloci. The remaining systems are plotted in Fig. 13. Note that both eigenloci

are plotted in Fig. 13 (c)(d) for the CC + PC system due to the di�ering e�ect of the

applied margins.
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Figure 3.15: Comparison of LAT and ML disk margins for CC system

From Figure 3.15, each LAT and the ML margin predicts the stability limit exactly

with simultaneous gain and phase variations. When the LAT margins are combined the

stability limit is largely overestimated in the case of the CC system. The introductions

of the simultaneous gain and phase variations does introduce some complicated loops

in the Nyquist traces that are not previously present. A table of errors is not provided

as the error is always less than 0.5 % except for the combined LAT margins where the

error is very large with one exception.
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