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peración energética en ensayos de validación de grupos electrógenos”.
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Abstract

Electric power systems have experienced important changes in the past decades due to

the massive integration of renewable energy sources. The adoption of these new sources

not only imply changes in the generation mix but also in the technology, the size and

the location of the generators. Conventional generation is mostly interfaced by using

synchronous generators whereas renewable energy sources are commonly interfaced by

using electronic power converters. Compared to synchronous generators, electronic

power converters are faster and more flexible. However, the latter do not have rotating

parts or kinetic energy stored and then cannot easily provide inertia to power systems.

In addition, renewable energy sources are more spread across electrical networks and

their size is smaller compared to conventional power plants.

In this context, the concept of microgrid (MG) was proposed to integrate distributed

energy resources (DERs) and supply loads in remote areas. In this way, small renewable

energy resources can substitute less efficient solutions such as diesel generators. Initially,

the main intention of MGs was to feed small-scale isolated electrical grids, however, they

can also be operated connected to the main grid. In islanded operation, the energy

balance must be established within the MG, while in grid-connected operation the MG

can import or export energy according to its availability and the market conditions.

Moreover, due to the inherent flexibility of converter interfaced generation, MGs can

provide ancillary services when connected to electrical grids.

To guarantee the quality of power supply, MG operation tasks are divided into three

layers of control similar to the control layers in conventional grids. The lowest level,

primary control, is responsible for the local control of devices. Then secondary control

coordinates the operation of all devices. Finally, the objective of the tertiary control

is the economic optimization of the grid. Although similar, converter controllers in

MGs present some differences compared to the control of electronic power converters in

conventional grids. For example, there are some primary controller designs that were

proposed for their application in MGs and are now becoming more present in conven-

tional grids. In addition, the secondary control that coordinates the synchronization

and the islanding can only be found in MGs.

This thesis addresses the control of electronic power converters in MGs. It focuses

vii
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on the study of primary and secondary controllers for MGs. A common tool used to

assess the stability of power systems is used along the thesis to study, from the stability

point of view, the interactions between controllers applied at different layers, and the

coordination of MG devices. Studies were validated using simulations. Part of them

were also validated experimentally in a facility with several converters. At the end of

the thesis, conclusions are drawn and some future research guidelines proposed.
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Chapter 1

Introduction

In this thesis, stability and dynamic characteristics of microgrids (MGs) formed by

power converters and synchronous generators (SGs) are explored. Special attention is

paid to grid-forming (GFM) control strategies and their response in case of external

events (i.e., frequency and voltage variations). A state of the art is presented and several

primary and secondary control approaches are proposed. These control approaches are

analytically evaluated to understand their impact in the MG small-signal stability. The

proposed control systems were implemented in a laboratory in order to validate the main

findings of this work. Conclusions and suggestions for further research are provided in

the final part of the document.

1.1 Background and Overview

The decarbonization of electrical systems is giving rise to major changes in the electricity

generation paradigm. In particular, traditional generation systems based on gas, coal

and nuclear reactions, among others, are being replaced by renewable energy sources.

These changes are leading to substantial modifications in the operation and planning of

power systems as conventional and renewable generation feature substantially different

characteristics [4–7].

From the planning point of view, the main differences are found in the size of the

power plants, their location and the energy availability. Conventional power plants are

usually large facilities located far away from the final consumers while renewable energy

plants vary more in size and are more dispersed across the grid. In addition, the energy

produced in conventional power plants usually comes from resources such as coal, water

and gas. These resources are dispatchable and, therefore, the energy production can

be adjusted according operator’s requirements. However, for renewable energy sources,

the power generation depends to a great extend on the environmental conditions. This

means that renewable energy sources make the operation and control of power systems

1
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more complex. Moreover, as power generation is becoming more dispersed, the direction

of power flows can eventually change and there is a greater inherent uncertainty in the

generation mix. In that respect, energy storage has become a key actor as is able to

counteract the fluctuations in renewable energy production [8].

From the operation point of view, conventional and renewable generation also present

significantly different characteristics. Solar power, wind power and batteries are con-

nected to the grid by using power converters, and unlike traditional generators, these

devices do not rely on rotating masses in the generation process. Therefore, they ex-

hibit significantly faster dynamics [4]. In these technologies, the power is injected to

the grid by means of an electronic device (a power converter) based on switching el-

ements (i.e., semiconductors), filters and control systems. Power converters introduce

both challenges and opportunities as these devices are more flexible than conventional

generators, but also more prone to produce instabilities.

Renewable generators and batteries must fulfil grid-code requirements and, in this

regard, the control system of the power converter is very relevant. Grid codes establish

that these generators must fulfil certain power quality standards and should not cause

instabilities [9]. In addition, renewable generators and batteries are expected to support

the grid by providing grid services [10].

In power systems with a low share of renewable generators, the integration of ad-

ditional renewable generation is rather simple as the system dynamics are kept almost

unaltered. Moreover, the operation principles of renewable generators in these scenarios

have already been studied in detail. However, when the share of renewable generation

increases substantially, new dynamic interactions emerge. For instance, the total system

inertia is substantially reduced. This may result in more significant frequency excur-

sions after disturbances, which can eventually trigger protections and cause undesired

cascaded effects [6]. Moreover, when the controllers of power converters are tuned with

traditional methodologies, power converters may interact with the controllers of SGs,

or with the controllers of other power converters, causing instabilities [5].

This thesis is focused in small-scale grids with high penetration of renewable energy

sources, often known as MGs [11, 12], with special emphasis in control systems. This

topic is attracting a lot of attention from industry and academia due to the changes

that are taking place in the electricity generation worldwide.

1.2 Introduction to Microgrids

MGs had been proposed several decades ago as a solution for the integration of dis-

tributed energy resources, energy storage systems (ESSs) and controllable loads to

electrical grids [11,13]. These small-scale electrical networks are custom made for each

application and the generation is usually based on a mix of renewable and traditional

energy sources available locally [12]: photovoltaic (PV), wind, hydro, diesel, etc. In
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Figure 1.1: Hierarchical control structure of a MG, including the variables exchanged

between layers [1].

this scenario, energy storage helps in the integration of non-dispachable resources such

as wind and solar generation.

MGs are frequently used to provide power to isolated areas, where there is no con-

nection to the utility grid, or when this connection is not reliable. In these cases,

MGs operate isolated from the main grid. This operation mode is commonly known

as “islanded mode”. MGs can also be operated connected to the main grid, and this

is commonly known as “grid-connected mode”. In islanded mode, the power balance

needs to be satisfied within the MG and, therefore, the MG control system should take

care of the voltage and frequency levels. In grid-connected mode, the power balance is

achieved by exchanging energy with the main grid since the latter sets the voltage and

frequency of the MG. In this mode, MGs can provide ancillary services to the main grid

by acting as controllable sources of active and reactive power.

1.3 Overview of Microgrid Control Systems

A hierarchical control scheme is commonly used in MGs [12, 14, 15]. With this control

structure, MGs are able to provide many grid functionalities, in a similar way a grid

controller would do it. Commonly, the control system of a MG consists of four control

layers, as shown in Fig. 1.1: zero-level control (i.e., inner voltage and current control

loops), primary, secondary and tertiary control. Each control level has its own control

objective and generates set points for the control layer below. The lowest control layer

is known as zero-level control [14]. It is a local control and it is often considered as

part of the primary control layer. It includes the fastest control loops and it should

guarantee adequate values of voltages and currents. These internal loops often include a
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virtual impedance that simplifies the operation of converters acting as voltages sources

in parallel configuration [16].

The primary control layer is applied locally, and its main objective is to maintain the

voltage and frequency values within reasonable ranges during fast transients. Neverthe-

less, primary controllers also help in sharing the active and reactive power consumed by

the loads and generate set point values for the zero-layer control. There are many op-

tions to implement the primary controller of converters. Among them, the most widely

spread are droop control [14], virtual synchronous machine [3] (VSM) [2,3,17,18], syn-

chronverter [19], SG matching [18,20] and virtual oscillator control (VOC) [18,21].

Droop control, VSMs and synchronverters mimic the dynamic characteristics of

SGs to different extents. For droop controllers, the steady-state characteristic of con-

ventional generators is adopted, although the control gains are not directly linked with

the physical parameters of SGs. For VSMs and synchronverters, the swing and voltage

equations of a SG are explicitly expressed to different extents. As demonstrated in

the literature, under some considerations droops and VSMs are equivalent [22]. The

so-called SG matching strategy considers the energy stored in the direct current (DC)

capacitor of the converter to define its frequency (in a similar way as kinetic energy

defines the frequency in SGs). Recently, a controller called VOC has been proposed

as primary controller for power converters. This control option mimics the dynamics

of a non-linear oscillator, which have inherent synchronisation properties. These fea-

tures are utilised in the VOC control to synchronise power converters [23]. Due to the

similarities of some primary controllers and SGs, converters with these controllers are

commonly considered as providers of virtual (or synthetic) inertia. Synthetic inertia

can be seen as the emulation of the natural response of a SG in the case of frequency

variations (however, it should be noted there is no real shaft spinning in a power con-

verter). This feature can be utilised to mitigate the lack of inertia in low-inertia power

systems. Indeed, primary controllers have a significant impact on the dynamics of MGs

and power systems formed by power converters.

The droop characteristic of primary control introduces voltage and frequency devi-

ations from their set point values. Therefore, a secondary control is commonly used to

restore the voltage and frequency to their nominal values [12]. Secondary control is also

responsible for the coordination of MG devices. In this regard, it drives MG devices to

the operating points defined by the tertiary controller. This task includes the operation

in grid-connected mode, islanded mode and the transition between them [14,24].

Tertiary control is the highest level of control and it is in charge of the economic

operation. In MGs, the role of tertiary control is crucial as it finds the optimal unit

commitment of highly variable renewable energy resources. This control level commonly

includes an optimal power flow algorithm that takes into account both energy-related

aspects (losses, energy availability from generation and storage, etc.) and economic

aspects (markets and depreciation of storage devices, among others) [12, 14]. In MGs
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connected to the main grid or to other MGs, it also defines the active and reactive

power exchanged according to the set points provided by the grid operator, or by some

pre-established rules (e.g., long-term contracts, etc.) [12].

1.4 Interactions between Primary Controllers

In islanded MGs, voltage and frequency have to be set and controlled by the devices

that form the MG. This is commonly known as “forming the grid” and the devices

that perform this task are known as GFM devices [25]. A simple control solution is

to firstly deploy a GFM device and then to allow the connection of other devices that

follow that voltage. This other control approach is known as grid-following (GFL)

mode or, alternatively, grid-feeding mode [4, 26]. In the past, GFM in MGs relied on

diesel generation sets, however, in recent years there have been several examples of

droop-controlled power converters taking over this role.

The most common converter topology for GFL devices is a current-controlled voltage

source converter (VSC) with a phase-locked loop (PLL) that is used to synchronise

the converter with the voltage of the connection point. A control system based on a

PLL works correctly in stiff grids and when the grid dynamics are relatively slow [26].

However, it has been demonstrated that the PLL has a strong influence on the stability

of grid-tied converters. Particularly, in MGs the design of PLLs is conditioned by the

controllers of the GFM devices [27].

1.5 Virtual Inertia Provision

The substitution of conventional generation by renewable generation is reducing power

system inertia. In response to this situation, most system operators request the par-

ticipation of renewable power plants in frequency-related ancillary services such as fast

frequency response and inertia emulation [28–30]. These services are usually aimed at

large power plants, which are the common actors in ancillary-service markets. Still,

power ratings of distributed generators are significantly smaller and, in order for them

to participate in these markets, they need to be aggregated first using the virtual power

plant (VPP) concept [31] or via MGs. However, frequency-support actions of these

aggregations are often unpredictable. In other words, as it is difficult to ensure the

injection of specific power profiles during frequency events, the participation of these

entities in frequency markets is not straightforward. This aspect has attracted the

attention of researchers and the concept of dynamic virtual power plant (DVPP) has

been proposed for the provision of ancillary services [32]. A DVPP is an aggregation of

distributed energy resources (DERs) and loads that are placed in the same geographical

area or feeder. Then, this aggregation can be used not only to follow power set points
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sent by the grid operator but also to provide a combined response to certain grid events

(i.e., ancillary services).

1.6 Design of Secondary Controllers

As mentioned before, hierarchical control is typically used to coordinate the operation

of MGs [14]. Primary controllers like droops produce voltage and frequency deviations.

The principal aims of secondary control are to restore voltage and frequency to their

nominal values and to coordinate the operation of the MG devices [33].

Since the different control layers are cascaded, there should be sufficient bandwidth

separation between them so they do not interact with each other. This makes secondary

controllers slower than primary controllers. In conventional power systems, the time

scale of the secondary frequency control is in the range from half a minute to half

an hour due to the relatively slow dynamics of SGs [6]. However, primary controllers

of converters have responses in the range of milliseconds and, therefore, secondary

controllers can be designed to be much faster than in conventional grids. As secondary

controllers are faster, communication delays during sending and receiving information

processes have a significant impact on the system stability. Nowadays, the time range

of secondary controllers in converter-dominated power networks is a major concern for

researchers [6, 33, 34].

1.7 Microgrid Coordination and Synchronisation

The secondary control level coordinates the operation of all devices so that the high-

level decisions made at the tertiary level can be applied. Among the coordination tasks,

synchronisation of MGs operated in islanded mode with the main grid is a relevant

issue. Synchronisation becomes challenging if the MG is formed by a mix of GFM and

GFL devices, which is typically the case in MGs operated with batteries and renewable

energy sources [35].

The seamless transition between the two operating modes and the integration of

ESSs have been identified as some of the main challenges that MGs face nowadays [12].

Seamless transition ensures that the benefits of both control modes can be enjoyed. Due

to their dispachability and dynamic characteristics, ESSs can help on the operation of

MGs and ease the synchronization process [36].



1.8. SCOPE AND CONTRIBUTIONS AND OF THIS RESEARCH WORK 7

1.8 Scope and Contributions and of this Research

Work

The main objective of this research work has been to analyse and design primary and

secondary controllers of MGs to facilitate the integration of renewable energy sources in

power systems. This main research topic has been addressed from several perspectives:

• The impact of primary and secondary controllers in the small-signal stability of

low-inertia power networks and MGs.

• The provision of synthetic inertia and frequency support with MGs formed by

different GFM and GFL units.

• The design of secondary controllers for MGs considering the interactions between

control layers and communication systems.

• The coordination of renewable energy sources and batteries in MGs to ensure

seamless transitions between islanded and grid-connected operation modes.

The main contributions of this work are as follows:

1. Primary controllers of GFM and GFL converters and SGs have been widely stud-

ied for stiff grids. However, dynamic interactions between them in MGs and

low-inertia power networks have been less studied. In this thesis, an exhaustive

characterization of the dynamic interactions between primary controllers of power

converters in MGs is conducted.

2. A detailed guideline is proposed for the design of primary controllers in MGs.

The aim of this guideline is to avoid dynamic interactions between MG elements

and to improve system robustness.

3. A methodology is proposed to calculate the control parameters of an aggregation

of devices (i.e., a MG) so that they provide a specific power profile in case of

variations in the grid frequency. This methodology can be applied offline, or

during operation if the operating conditions of the aggregated devices change

(e.g., the operating point, etc.). This feature is useful to ensure some pre-defined

response to grid events when operating conditions change.

4. The well-known small-signal stability tools (eigenvalues, participation factors,

etc.) have been applied to MGs and some additional tools have been proposed.

These additional tools are based on the sensitivity of eigenvalues with respect to

variations in system parameters. With these tools several eigenvalues of a MG

can be placed at predefined places, simultaneously.
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5. The coupling between primary and secondary controllers of MGs has been studied

by using small-signal stability tools. By using these tools, it has been possible to

understand the impact of communication delays and speed of controllers in the

small-signal stability of a MG. Based on these results, some recommendations for

the design of secondary controllers are given.

6. Traditional droop-based power sharing characteristics are considered to design the

secondary controller of a MG. This controller coordinates the operation of elec-

tronic power converters with focus on the synchronisation process. The proposed

secondary controller can maintain the operating point of certain GFM devices un-

altered while batteries (and other selected GFM units) inject the required power

in specific MG operations such as the synchronisation process.

7. The main findings in the field of primary controllers were tested experimentally

in a laboratory with converters rated at 15 kW and 75 kW. The test system

consisted of a GFM unit (SG or converter), a GFL converter and a load. Then,

the contributions in the aggregation of GFM and GFL units were verified in the

same laboratory. For that purpose, a benchmark low-voltage MG proposed by

Cigré was replicated in the laboratory [37]. Finally, the contributions in the field

of MG coordination were verified in the same benchmark MG by using hardware

in the loop (HIL) simulations.

Some of the results presented in the following chapters were compiled and published

in two journal articles and three conference articles:

1. D. P. Morán-Ŕıo, A. Anta, J. Roldán-Pérez, M. Prodanović, and A. Garćıa-

Cerrada, “Coordination of Distributed Resources for Frequency Support Provision

in Microgrids,” in International Journal of Electrical Power & Energy Systems,

vol. 155 (B), pp. 109539, Jan 2024, doi: 10.1016/j.ijepes.2023.109539.

2. D. P. Morán-Ŕıo, J. Roldán-Pérez, M. Prodanović, and A. Garćıa-Cerrada, “Influ-

ence of the Phase-Locked Loop on the Design of Microgrids Formed by Diesel Gen-

erators and Grid-Forming Converters,” in IEEE Transactions on Power Electron-

ics, vol. 37, no. 5, pp. 5122-5137, May 2022, doi: 10.1109/TPEL.2021.3127310.

3. D. P. Morán-Ŕıo, J. Roldán-Pérez, M. Prodanović, and A. Garćıa-Cerrada, “En-

abling the Seamless Coordination and Synchronization of Microgrids using Bat-

teries,” 2023 IEEE International Conference on Environment and Electrical Engi-

neering (EEEIC), Madrid, Spain, 2023, pp. 1-6, doi: 10.1109/EEEIC/ICPSEurope

57605.2023.10194700.

4. D. P. Morán-Rı́o, J. Roldán-Pérez, M. Prodanović, and A. Garćıa-Cerrada, “Small-

Signal Analysis of a Microgrid with Secondary Control Including the Dynamics of
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Primary Control and Communication Delays,” 2022 IEEE PES Innovative Smart

Grid Technologies Conference Europe (ISGT-Europe 2022), Novi Sad, Serbia,

2022, pp. 1-5, doi: 10.1109/ISGT-Europe54678.2022.9960692.

5. D. P. Morán-Ŕıo, J. Roldán-Pérez, M. Prodanović, and A. Garćıa-Cerrada, “Influ-

ence of PLL Parameters on Small-Signal Stability of Microgrids with Synchronous

Generators,” 2020 IEEE Energy Conversion Congress and Exposition (ECCE),

2020, pp. 2451-2458, doi: 10.1109/ECCE44975.2020.9235342.

The author of this thesis also collaborated in:

1. J. Roldán-Pérez, D. P. Morán-Rio, D. Moutevelis, P. Rodŕıguez-Ortega, N.

Jankovic, M. E. Zarei, and M. Prodanović, “Emulation of Complex Grid Sce-

narios by using Power Hardware In the Loop (PHIL) Techniques,” 47th Annual

Conference of the IEEE Industrial Electronics Society (IECON 2021), Toronto,

Canada, 2021, pp. 1-6, doi: 10.1109/IECON48115.2021.9589168.

1.9 Thesis Outline

This thesis is divided into seven chapters and two appendices. Chapters describe the

essential work while appendices include important information that can be omitted in

a first reading, but will certainly be useful for a more detailed analysis.

Chapter 1 presents the topic of the thesis. Challenges of modern power systems and

MGs are presented, together with a brief introduction to the control of power converters

in those systems. Objectives, contributions and an outline of this document are also

described here.

Chapter 2 gathers the state of the art of control systems for power converters.

Primary and secondary controllers proposed in the literature are analysed to establish

the research gap that is addressed in this thesis.

Chapter 3 focuses on the stability of primary controllers. Primary controllers in

MGs are modelled and their interactions studied by using small-signal analysis tools.

Results are validated in a laboratory environment.

Chapter 4 addresses the design of primary controllers of several GFM units to shape

the frequency dynamics of MGs. A methodology based on small-signal analysis tools

is proposed to automatically tune controllers when MG conditions change so that the

MG dynamics are preserved. The methodology has been applied in a lab-scale MG for

its validation.

Chapter 5 analyses two possible limitations in the design of secondary controllers:

the bandwidth of primary controllers and communication delays. Eigenvalue analysis

is used for the analysis.
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Chapter 6 is dedicated to the use of ESSs to improve the operation of MGs, with

special attention to MG synchronisation. A secondary controller is proposed. This

controller provides the required power for synchronisation and transitions with ESSs

while other GFM devices maintain their operating point. The proposed controller is

validated using real time simulations.

Chapter 7 presents the conclusions and contributions and provides guidelines for

further research.

In the Appendices, complementary information can be found. Appendix A contains

the small-signal models of the MGs presented in Chapter 3. Appendix B describes the

laboratory where the experimental validation of this research was carried out.



Chapter 2

State of the Art

The objective of this chapter is to present the state of the art of several control sys-

tems for electronic power converters in microgrids (MGs) and identify the research gaps

addressed in this thesis. Section 2.1 describes the topology of the electronic power con-

verters that are commonly used to interface renewable energy sources. The internal

control of those power converters is discussed in Section 2.2 while their control in a MG

context is presented in Section 2.3. Section 2.4 presents an overview of secondary con-

trollers for MGs. Section 2.5 focus on the primary control of MGs and on the dynamic

interactions between phase-locked loops (PLLs) and other controllers. Section 2.6 de-

scribes the design of primary controllers for the provision of synthetic inertia and other

grid services. Relevant aspects that influence the design of secondary controllers are

addressed in Section 2.7. In Section 2.8, coordination and synchronisation aspects re-

lated to secondary control are presented. Finally, the research gaps identified in the

state of the art are summarised in Section 2.9.

2.1 Electronic Power Converters

Photovoltaic (PV) solar, wind turbines and batteries are typically interfaced with the

grid via electronic power converters. In some cases, renewable energy sources can be

integrated without an electronic interface, although in this case the fulfillment of grid

codes is becoming increasingly difficult [4, 38]. PV panels are commonly connected

by using a direct current (DC)/alternating current (AC) converter1, although in some

cases, an intermediate DC/DC converter is added in order to improve flexibility [4]. A

similar converter topology is commonly used for batteries2. In the case of wind gener-

ators, the topology of the converter depends on the type of electric machine coupled to

1DC/AC converter because energy most often go from the DC side to the AC side but, when these

converters are reversible, they could also be called AC/DC.
2The need for “reversibility” in the electronic converter is very clear in this case.

11
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the wind turbine.

DC/AC power converters can be classified into current source converters and voltage

source converters (VSCs). The latter are, by far, more common in power systems

since their operation principles and control are simpler. VSCs cannot produce ideal

sinusoidal output voltages and their output contain harmonics (fortunately far from

the fundamental frequency) which must be filtered out using passive filters at the point

of connection with the grid. In this regard, the simplest solution is to add an inductor

in series with the converter (L-filter). If required, an additional capacitor can be added

in parallel to form an LC filter. The LC filter is a common option when VSCs are used

to feed loads with a controlled output voltage (acting as a uninterruptible power supply,

for example) [26]. However, for the injection of active and reactive power to electricity

grids, the most common option is to add an additional inductor in series (often a

transformer), to have an LCL filter. Both LC and LCL filters generate resonances.

Therefore, these filters should be designed carefully so they do not interact with the

pulse-width modulation nor with the internal controllers of the converters [4]. In some

cases, additional damping elements are used (e.g., resistors) while in some other cases

the resonances are damped by using dedicated control systems [39].

2.2 Control of VSCs

VSCs require specific controllers to regulate electrical variables (currents and voltages).

In general, different voltage and current controllers with sufficient bandwidth separation

are applied in a cascaded structure. The number and type of controllers depend on the

specific application and will be explained in the following sections.

2.2.1 Grid-Forming and Grid-Following Control Strategies

Traditionally, VSCs were connected to stiff grids. In this case, the most common option

is to use a current controller that regulates the active and reactive power injected to

the grid, indirectly, by orientating the converter output current with respect to the

voltage at the point of common coupling (PCC). For this purpose, a synchronisation

algorithm that estimates the grid voltage angle is required. This control strategy is

know as grid-following (GFL) since the converter “follows” the voltage imposed by an

existing grid. If required, GFL converters could provide ancillary services to the grid

by injecting specific profiles of active and reactive power, or by using additional control

loops.

Current controllers and synchronisation algorithms of GFL converters provide ad-

equate results in stiff grids. However, there are cases in which the voltage at the

connection point is not fixed, such as in isolated power systems and when converters

are used as back-up systems. In these cases, VSCs have to form (or help form, at least)
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the grid, and therefore voltage and frequency should be actively regulated by them.

Converters that help in forming power networks are commonly known as grid-forming

(GFM) converters.

GFM converters are generally controlled by using an internal current controller that

regulates the current through the converter-side inductance plus an external voltage con-

troller that regulates the voltage across the filter capacitor (see Fig. 2.1). Nonetheless,

there are other GFM control strategies that avoid the need of internal controllers [40].

In GFM converters, frequency and voltage set points are generated internally. This

means that there is no need to use synchronisation algorithms such as PLLs [2], al-

though some form of synchronisation is needed when the converter is first connected to

the grid or when a large disturbance momentarily forces the converter out of synchro-

nism. In general, power injection is controlled with a control loop that resembles the

swing equation of synchronous generators (SGs) while reactive power is controlled with

a voltage regulator that resembles an automatic voltage regulator (AVR) [3]. Addition-

ally, a virtual impedance loop is sometimes used to simplify the operation of converters

in parallel configuration (e.g., connected to the grid or forming a MG) [41]. In some

cases, virtual impedance and the power controller are formulated as a single control

algorithm.

Figure 2.1: Electrical and control diagram of a GFM converter with internal current

and voltage controllers, and a virtual impedance loop.

2.2.2 Three-Phase Transformations

Due to the sinusoidal shape of current and voltages in AC systems, different transfor-

mations are used to simplify their analysis and control. In particular, Clarke transfor-

mation is used to represent three-phase magnitudes in a stationary reference frame by

means of the αβ0 components [4]. For three-wire systems, the 0 component of currents

is zero and therefore hardware elements can be represented just by the αβ compo-

nents [26]. This simplifies the implementation of controllers since only two (and not

three) controllers are required to control an electrical variable. Moreover, αβ dynam-

ics are decoupled and this simplifies the implementation of the control system. The
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main disadvantage of this approach is that electrical variables are still sinusoidal and

resonant controllers are required to achieve zero error in steady state [26]. To avoid

these issues, variables in an αβ reference frame can be transformed to a synchronous

reference frame (SRF) (dq) by means of Park transformation [4, 26]. In a dq reference

frame, electrical variables are seen as constant values in steady state, and then simple

proportional-integral (PI) controllers can be used [26]. For this reason, a dq reference

frame is very common for controlling three-phase VSCs. In this application d and q

dynamics are coupled but an effective decoupling can be provided easily. Moreover, adq

reference frame has been traditionally used for analysing power systems as it simplifies

many tasks [42].

2.2.3 Control Loops for VSCs

Internal Control Loops for GFM and GFL Converters

In GFLs converters, a PLL is commonly used to estimate the angle of the voltage at

the connection point and the grid frequency. The simplest PLLs consists of a phase

detector, a filter and a voltage controlled oscillator [43]. It is commonly implemented

as a closed loop system that transforms the grid voltage (in abc) into a signal referred

to a dq reference frame using an estimated angle for that frame. A PI controller is then

fed with one of the voltage components (typically the q-axis one) to force it to zero

by tuning the estimated grid frequency, which is integrated to estimate a new position

for the reference frame. The rest of electrical variables are then transformed, with the

estimated angle, to the SRF and are placed relatively to the grid voltage space vector.

Simple PLLs perform well in balanced, strong grids that are not distorted. On the

contrary, when harmonics and other higher frequency disturbances are expected, or

when the actions of power converter are likely to produce important voltage variations

at the PCC, more advanced synchronisation algorithms must be used [43]. For example,

the use of quadrature signals and adaptive filters to estimate the positive sequence of

the grid voltage improves the performance of PLLs. One of these filters is called dual

second order generalized integrator (DSOGI), and it is commonly used in the literature

and in industrial applications [4].

Current controllers are essential pieces of the control system of VSCs. They cal-

culate the reference voltage for the VSC (i.e., the duty cycle in PWM control) according

to the current error [4]. For example, in GFL converters, the current set point com-

ponents are calculated to achieve specific values of active and reactive power injection.

For simplicity, it is often assumed that the grid voltage magnitude is constant, but this

task is carried out efficiently only if the PLL is correctly aligned with either the d or

the q-axis voltage of the grid [26]. In all cases, current controllers protect VSCs in case

of overcurrents and voltage dips [4].

For many renewable generators, a large DC capacitor is used in the DC side of the
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DC/AC electronic interface. The voltage of this DC capacitor should be maintained

constant by using a controller that actively modifies the power set point of the grid-

connected converter. The use of a DC-voltage controller implies that the power

set point of the converter cannot be set freely (it is imposed by the amount of active

power injected to the DC-link by the primary energy source). Conversely, the reactive

power reference can be set to any value provided the limits of the converter are not

surpassed [26]. In some scenarios like in MGs, weak grids and back-up systems, con-

verters should also be in charge of regulating the voltage. In these cases, an additional

AC-voltage controller is implemented on top of the current controller. An inner

current controller regulates the current through the converter-side inductance (quickly)

while the outer voltage controller regulates the output voltage of the AC capacitor. As

the controllers are connected in cascade configuration, the voltage controller must be

sufficiently slower than the current controller to prevent interferences between them.

Voltage controllers that help in regulating grid voltages can be implemented in GFL

converters. However, these controllers in GFL converters do not allow to form the grid,

unlike in the case of GFM converters.

The virtual impedance is another control loop and is generally implemented on

top of the voltage controller to facilitate the operation of VSCs in parallel configuration.

It modifies the voltage controller set point by emulating the voltage droop across an

impedance (see Fig. 2.1). As the virtual impedance is the loop that controls the electri-

cal variable that is closer to the grid (the output current) it is commonly used to address

many issues, such as improving the system stability, improve power quality, manage the

power sharing between units or improve the fault ride-through capability [16].

Frequency Control and Power Sharing in GFM Converters

GFM converters have a control system that resembles the operation of SGs. In the lit-

erature, there are different options to control GFM converters. The most representative

ones are explained in the following lines.

• The most extended (and simplest) GFM power control strategy is called droop

control [14, 44]. Droop controllers emulate the static operation of SGs. The

traditional droop control is written as follows:

ωi = ωni −miPi, (2.1)

Vi = Vni − niQi, (2.2)

where ωi and Vi are the output frequency and voltage of the ith converter, ωni and

Vni are the no-load voltage and frequency and mi and ni are the droop coefficients

of the ith converter. Droop controllers usually include a low-pass filter (LPF)

to avoid fast transients in the frequency set point and filter noise out in power
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measurments [14]. The application of droop controllers allows sharing active and

reactive power demand among the devices that are forming the grid. In particular,

the droop coefficients determine the specific power-sharing ratio. Notice that

droop controllers (as other controllers with droop characteristic) introduce voltage

and frequency deviations, in steady state. These deviations are defined by (2.1)

and (2.2) and should be corrected by additional secondary or tertiary controllers.

• Another option to control active and reactive power with GFM converters is to

emulate the dynamic characteristics of SGs [17, 22]. The first solution known in

this regard was called virtual synchronous machine [2] (VISMA) and it included a

seventh order model that mimicked the internal dynamics of a SG [2]. Nowadays,

the most extended solution consists of a second-order model that only mimics

a swing equation with an ideal fast governor plus a reactive power controller.

Compared to droop, the characteristic of the frequency droop in (2.1) is substi-

tuted by the swing equation in (2.3), while the characteristic of the voltage droop

commonly remains unaltered:

dωi,pu
dt

≈ p0
Ta

− pe
Ta

− kd
Ta

(ωi,pu − ωg,pu), (2.3)

where ωi,pu is the output frequency (in pu) of the converter, ωg,pu is the frequency

of the grid , p0 is the active power initially delivered by the converter, pe is

the current electrical output power of the converter, and Ta and kd are related

to the inertia and damping factor of the emulated machine. Swing equation

and reactive power controllers generate the set points for either the modulation

stage or the internal controllers (voltage and/or current). The first solution is

commonly known as synchronverter. It is simpler compared to the second one,

but it does not provide over-current protection in its basic form and does not take

into account the output filter behaviour [19]. The second solution is commonly

known as virtual synchronous machine [3] (VSM), it provides current limitation

and closed-loop control of the filter output voltage. However, inner controllers

must be carefully designed to avoid mutual interactions [3, 45]. Due to safety

reasons, VSMs are far more common in practical applications. The small-signal

response of a frequency droop controller with a first-order LPF and a VSM based

on a second-order model are equivalent [22]:

Ta =
1

mpωc
, kd =

1

mp
, (2.4)

where ωc is the cutoff frequency of the LPF used in the droop controller.

• Some authors have proposed to match the electromechanical dynamics of SGs

with those of power converters by using the so-called matching control [18, 20]

which takes advantage of the electrical resemblance between SGs and LC filters.



2.3. MICROGRIDS AS AGGREGATIONS OF CONVERTERS 17

Then, an oscillator linked to the DC voltage generates the frequency and voltage

references. In this way, both voltage magnitude and frequency are controlled.

This controller offers GFM characteristics, power sharing and inertia emulation.

Compared to droop and VSM, it does not include internal controllers. This avoids

interactions between control loops but the VSC is not protected against overcur-

rents. Matching control is relatively new and, therefore, more work must be done

in several aspects (e.g., interaction between devices, fulfilment of grid codes, etc.).

• Recently, a GFM control technique called virtual oscillator control (VOC) has

gained the attention of researchers [21]. Compared to other control techniques, it

has faster dynamics [23] and has better performance than others in case of large

disturbances. However, under certain grid conditions and for small variations of

the operating conditions, VOC and droop control present similar dynamics. VOC

features a fast synchronisation, provides power sharing among units and can track

power set points [46]. In order to provide inertia, additional loops must be added

to the original VOC [46]. VOC has promising features. However, it generates low-

frequency harmonics in the output signals, which is a serious drawback compared

to other alternatives [21,47].

2.3 Microgrids as Aggregations of Converters

MGs were initially proposed as a solution to supply remote loads with local resources.

When operated in islanded mode, it is essential to have at least one GFM device that

regulates the MG voltage and frequency. Traditionally, diesel generators were used

as GFM devices, but nowadays batteries and renewable generation are taking that

role. Indeed, GFM converters are mostly studied for their application in MGs. MGs

can also be regarded as aggregations of GFM, GFL converters, and loads. Although

they were firstly proposed to be operated in islanded mode, they can also be operated

connected to the main grid. In the latter case, they can provide a variety of ancillary

services due to their flexible control system. MGs can be operated as aggregations of

distributed generators easing the penetration of small distributed resources in power

systems [48,49].

MGs are usually controlled with a hierarchy consisting of four control layers. The

zero control layer is applied locally and consists of internal control loops that regulate

currents and voltages. Current controllers, DC and AC-voltage controllers, synchronisa-

tion algorithm (i.e., PLL) and the virtual impedance loop described above are included

in this layer. These controllers are the fastest ones and, sometimes, are considered part

of the primary control layer. The primary control layer determines the power sharing

among units. Droop, VSM, VISMA, synchronverter, matching control and VOC are

examples of primary controllers.
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In MGs, the set points for the primary control are set by the secondary control

layer. The secondary control restores voltage and frequency to their nominal values

and coordinates the operation of the devices that form the MG. In addition, in grid-

connected mode, the secondary control coordinates the distributed resources so the

energy exchanged with the main grid follows the set points sent by the tertiary control

layer. Secondary control is also responsible for the coordination of resources to achieve

seamless transitions between operating modes, mainly, the synchronisation of the MG

with the external grid. Secondary controllers are explained in detail in the following

sections.

Tertiary control sets the set points for secondary controllers. In this control layer,

techo-economical optimizations are run to establish the system unit commitment. This

control is out of the scope of this thesis and is not detailed here [1, 12].

Figure 2.2: Topologies of MGs. LC means local controller and A means agent. (a)

Decentralised, (b) centralised and (c) distributed or multi-agent [1].

In addition to the hierarchical division of MG controllers, they can also be classified

according to the way they are implemented in MGs. Fig. 2.2 shows the most common

classification: centralised, decentralised or local, and distributed. Primary controllers

are commonly implemented in a decentralised way while centralised and distributed

alternatives are preferred for secondary and tertiary controllers [1, 14, 33]. In decen-

tralised control, local controllers act according to local information without exchanging

information with other controllers. The main advantage of decentralised controllers

is their high reliability since they have small dependence on communications. In the

centralised approach, a single controller gathers the information from local devices in

real time. Then, according to a control law, it sends back the set points for lower

control levels. Centralised control allows the coordination of all devices in the MG and

optimal utilization of resources [50, 51]. The main drawback of this control strategy is

its high dependence on communication links [52]. Distributed control is implemented
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with multi-agent (MA) technologies, where the local controllers (called agents) share

information with neighboring agents and act locally [53]. This communication topology

allows the implementation of a coordinated control between units and also to perform

economic and energy optimization. Compared to centralised controller, the dependency

on communications is smaller. This classification is used in the following section to ex-

plore the state-of-the-art of secondary control in MGs.

2.4 Secondary Control of Microgrids

The main objective of secondary control is the coordination of MG devices in grid-

connected and islanded modes, and during the transitions between these two modes:

synchronisation and islanding. In grid-connected mode, secondary control drives con-

verters to the unit commitments calculated by the tertiary control so that the aggregated

response of the MG meets the grid operator’s requirements. In islanded mode, this con-

trol coordinates the devices that form the MG to compensate voltage and frequency

deviations from their nominal values induced by primary controllers. Secondary control

is also in charge of adjusting the operating points of the units in this operating mode ac-

cording to tertiary control commands. Additionally, secondary control ensures that the

transition between operating modes is seamless and does not produce undesired tran-

sients. Moreover, when energy storage systems (ESSs) are involved, specially batteries,

secondary controllers will also look after state of charge (SOC) balancing. In order to

accomplish these tasks, secondary control may have to introduce slight variations on

primary controllers.

2.4.1 Decentralised Secondary Control

Although decentralised secondary control of MGs is not the most common alternative,

some examples can be found in the literature. Voltage and frequency restoration to

their nominal values can be done using decentralise secondary control but centralised

or distributed solutions are preferred for device coordination.

One of the approaches to restore voltage and frequency to their nominal values in a

MG in a decentralised way is the use of wash-out filters in primary controllers [54–56].

Wash-out filters have zero steady-state gain, i.e., the frequency and voltage of the MG

come back to their original values after disturbances. In the literature, it has been

proved that a secondary controller based on a PI controller is equivalent to primary

controllers with wash-out filters [54]. Other filters and controllers can be implemented

in addition to the standard droop control to compensate frequency deviations [57, 58].

In [57], it is shown that a PI controller can be used to modify converter droops. In this

case, frequency and voltage drifts in steady-state are avoided, and droop parameters are

optimised by using a quadratic cost function. Similarly, in [58], a PI controller is applied
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to modify the output signal of the droop, with the same purpose. However, since there is

not communication between units, power sharing during transients may be inadequate.

To avoid this issue, secondary controllers must be designed carefully. However, this may

result in a slow restoration process. Predictive control and other control options based

on estimators have also been proposed as decentralised secondary controllers [59–61].

In [59], a model predictive controller substitutes conventional inner control loops and

droop to maintain constant voltage in a DC MG. Some authors use models to estimate

voltages across the MG and set the set-point values for droop controllers [60, 62]. For

example, in [60], a large-signal model of a MG is used to predict the operating point

of each unit and achieve the required reactive-power sharing. Meanwhile, a small-

signal model is used in [62] to implement a model predictive controller. The main

drawback of model-based estimators is that models for all parts of the MG are not always

available and, consequently, robustness against parameter and topology variations is

often difficult to achieve.

In MGs with battery energy storage systems (BESSs), a common approach is to bal-

ance the SOC. This prevents BESSs with lower capacity from discharging frequently, re-

ducing the degradation of those devices. In decentralised secondary controllers, two dif-

ferent types of adaptive droops are proposed to address this objective (see Fig. 2.3) [63]:

Figure 2.3: Modifications of droop controllers according to SOC levels.

1. In the case of Fig. 2.3 (a), the droop characteristic mp is adjusted according to the

SOC of each unit [63–67]. Droop constants are set to be proportional to SOCn
i for

the charging process and inversely proportional in the discharging process. During

discharging, this method forces ESSs with higher SOC to inject more power into

the grid. While charging, ESSs with lower SOC absorb more power. The value

of the exponent n is chosen to adjust the speed required to achieve SOC balance.

The technique depicted in Fig. 2.3 (a) must be applied carefully in low-voltage
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systems, where droop constants must be kept small to limit voltage and frequency

deviations.

2. Alternatively (see Fig. 2.3 (b)) droop lines can be shifted up and down according

to the SOC of each unit [67,68]. A droop line is lowered when the unit SOC is low,

forcing all other units to inject more power and, eventually, charge the battery,

and vice-versa.

Additionally, several solutions that rely on a set of rules have been proposed to pro-

vide decentralised coordination in a MGs with BESSs [67,69]. However, these proposals

are designed for a specific MG topology and their application to general cases is limited.

From the point of view of stability, controllers that follow a strategy similar to that

presented in Fig. 2.3 (b) are preferred. In this way MG parameters are not changed

and, consequently, the small-signal stability characteristics of the grid are preserved [70].

Indeed, this philosophy is the one followed by decentralised secondary controllers for

voltage and frequency restoration presented before [54–58].

Decentralised secondary controllers, due to their small dependence on communica-

tion systems, are suitable for MGs sensitive to communication failures or cyber-attacks.

However, to avoid undesired variations in the power sharing, coordination among MG

devices in a centralised or distributed way is preferred to a decentralised approach.

2.4.2 Centralised Secondary Control

Centralised secondary control in MGs is based on a central controller that communicates

with each of the distributed devices and defines their set points based on a control law.

This approach allows full utilization of the resources of the MG because the central

controller has access to all the states of the grid. However, any communication loss may

affect the stability of the MG [52]. Secondary central controllers have been successfully

implemented to restore voltage and frequency levels [14,71,72], to enhance power quality

by harmonic cancellation [73,74] and voltage unbalance compensation [75], to perform

active and reactive power sharing [74, 76], to coordinate transitions between operation

modes [66], and to balance SOC if ESSs are involved.

PI controllers have been widely use as centralised secondary controllers to restore

frequency and voltage and enhance power quality [14, 66, 73, 75, 76]. This approach is

rather simple but cannot take into account the techno-economic characteristics of the

individual units, which can only be taken into account by solving optimization problems

with constraints [51, 71].

Advanced techniques such as fuzzy logic and artificial neural networks are sometimes

applied in centralised secondary controllers [77, 78]. The outcomes of these control

laws, as in decentralised secondary control, may determine the set points for primary
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controllers as in Fig. 2.3 (b) or the values of certain primary-controller parameters such

as droop constants (Fig. 2.3 (a)) or virtual impedances [76,79,80].

In [66], a secondary controller coordinates the operation of a MG and prevents

uneven discharge of ESSs during islanded operation. Droop coefficients of each unit are

set to be inversely proportional to their SOCs. This SOC balancing control strategy may

lead to large frequency deviations for low levels of SOC and, therefore, the controller

limits should be adjusted properly.

Some centralised secondary controllers adjust the value of virtual impedances to

improve power sharing and unit coordination [50, 76, 81]. As with droops, this method

produces voltage and frequency deviations that should be corrected.

2.4.3 Distributed Secondary Control

Distributed secondary control is implemented with the MA technology. Agents are

autonomous control units that are implemented locally in different devices such as

distributed generators, storage devices, loads, switches, etc. They interchange infor-

mation with neighbouring agents and, by following different rules, calculate commands

for lower control levels [53]. This control strategy allows the deployment of a coordi-

nated control among units, and economic and energy optimizations are viable. Since

agents are autonomous, a central controller is not needed. This avoids instabilities

caused by small-scale communication failures [1]. Compared to centralised controller,

the dependence on communications is smaller.

Cooperative and competitive distributed controllers can be found in the litera-

ture [1]. The objective of cooperative control is to reach a steady state point where the

states of the units tend to the same value, namely, the consensus value [53,82]. On the

other hand, competitive control is applied when agents have different objectives.

Most MA control strategies applied to secondary control require additional terms

in the droop control [33]:

ωi = ωn −mpiPi + δuω,i,

Vi = Vn − nqiQi + δuv,i,
(2.5)

which is equivalent to Fig. 2.3 (b). There are some instances where other parameters

such as virtual impedances or droop constants are adjusted by means of MA [83]. These

parameters can be calculated in many different ways: average-based [84], consensus-

based [83,85,86] or solving cooperative-tracker problems [1, 86,86].

The main objectives of distributed secondary controllers in AC MGs are the restora-

tion of the frequency and voltage levels [85], appropriate active and reactive power

sharing and SOC balancing, if there are ESSs [84].

MA control has a clear advantage over centralised control regarding robustness in

the case of communication failures. However, distributed control also presents disad-

vantages, mainly due to the sparse communications. The convergence of consensus algo-
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rithms depends on the distribution of the agents and the communication links between

them [53]. When designing this type of controllers, it is convenient to perform conver-

gence studies to asses their suitability [83, 87]. Additionally, reference [88] presents an

algorithm to select the location of agents and achieve optimum controllability.

2.5 Interactions between Converters and SGs

PLLs have been widely used in conventional power systems where electronic converters

were most often (if not always) connected inGFL mode. A control system based on

a PLL works properly in strong grids and when the network dynamics are relatively

slow [26]. Nevertheless, it has been demonstrated that the PLL design of a GFL con-

verter has a strong influence on the stability of grid-tied converters and the network

as a whole. Instabilities of GFL converters sometimes come from a negative value of

the dq impedance model, which is related to the PLL bandwidth and the power levels

injected to the grid [89]. Indeed, it has been found that power transfer in high-voltage

DC interconnections is limited as PLLs used become faster [90]. The interaction be-

tween the PLL and DC-voltage controller can also have a negative effect on the stability

of grid-connected converters that operate as rectifiers [91]. Some recommendations for

the design of current controllers, PLLs and DC-voltage controllers for grid-connected

converters were presented in [91].

The behaviour of PLLs in grids with low inertia and high penetration of renewable

generation, such as in a typical MG, has not been addressed in detail in the literature.

Interactions between PLLs and SGs have been previously studied in the literature [27,

92–95]. Katiraei et al. [92, 93] corroborate that the power injected by GFL converters,

as well as their current controllers and PLLs, have a relevant influence in the MG

stability. By using eigenvalue analysis, it was found that the AVR, the excitation

and the generator inertia affect the stability of MGs with SGs and GFL converters [27].

The interaction between loading conditions and PLL design was studied in [95]. Results

showed that loading conditions and the design of the PLL have influence over the same

eigenvalues. Therefore, loading conditions should also be considered in the design of

PLLs.

The stability of a MG consisting of droop controlled converters and a controllable

load (interfaced by a series-shunt converter that uses PLL) was studied in [96]. That

work found that the PLL has a small contribution to the oscillatory modes, which

mainly depend on the droop parameters. In addition, interactions between the DC-

voltage controller and other controllers of VSCs were studied in [97, 98]. It was found

that these interactions are more pronounced in weak grids. In particular, it was found

that the stability margins are reduced when the DC-voltage controller and PLLs have

similar bandwidths.

Interactions of PLLs with current controllers and DC-voltage controllers have been
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studied in conventional grids and in MGs [89–91]. However, interactions between dif-

ferent control loops and the rest of elements present in a MG (AVR, excitation, droops,

and voltage and current controllers of GFM converter, etc.) have not been studied in

detail. Furthermore, in the case of MGs, there are no clear guidelines to design the

controllers of GFM converters, such as those that already existing for GFL converters.

Models used to describe SGs in MGs are diverse. For example, in some references

damping windings are neglected [27,42] while they are considered in others [92,93]. In

addition, small-signal models of such hybrid and diverse MGs have been rarely validated

experimentally [93].

Dynamic interactions caused by PLLs in MGs (formed by either diesel gen-sets

or droop-controlled converters) are studied in Chapter 3 and a design methodology is

proposed to assist the designer in choosing the control parameters in MGs comprised

of GFM and GFL devices.

2.6 Design of primary controllers and frequency con-

trol

MGs and other aggregations of generators such as virtual power plants (VPPs) com-

monly consist of a heterogeneous mixture of GFM and GFL converters and can, there-

fore, provide a wide palette of grid services. In the field of inertial services, contributions

have focused on the design of GFM controllers and the provision of adequate inertial

responses. For example, several authors have proposed the use of dedicated storage

devices with a control scheme that emulates some of the characteristics of SGs [99].

By using this solution the response can be flexibly adjusted. However, the need of a

dedicated storage device increases the cost and reduces the feasibility of the solution.

Regarding the provision of frequency-support services without storage, the coordi-

nation of generating units using a secondary controller was proposed in [100]. However,

inertial services must be relatively fast and the response time of centralised controllers

usually limits the feasibility of this option. To avoid these limitations, some researchers

have proposed methodologies for designing primary controllers in a group of converters

(inherently faster than secondary controllers), such as droops and VSMs, so that they

operate as a single device with a customised inertial response [101–105].

For example, in [101], the parameters of several VSMs in a MG are calculated

using particle swarm optimization to provide inertial response and guarantee frequency

stability against disturbances. In the MG presented in [102], the VSM parameters are

adjusted, for the same purposes, by using a linear quadratic regulator based on the

actual frequency of the grid. In [104, 105], analytical aggregated models of VSMs are

developed and, taking into account these models, VSM parameters are adjusted so the

aggregated response of all units has specific inertial characteristics.
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These references focus on external primary controllers (e.g., VSMs), while inner

control loops such as virtual impedance and voltage control are only sometimes taken

into consideration. In fact, current control loops are very often neglected [104]. Still,

only a few authors have studied the coordinated design of droop controllers in MGs

to adjust their inertial response. For example, in [106], the primary controllers of a

MG are adjusted, by solving an optimization problem, to have an aggregated droop

characteristic.

On the one hand, analytical design methods give a better insight into the impact of

parameters on frequency dynamics, however, the operation of each device must be fully

understood before the design can be addressed. On the other hand, optimization tools

do not require detailed analytical models and, therefore, they are simpler to use with

a variety of devices. Unfortunately, these methods do not provide clear information

about the relationship between control parameters and frequency dynamics.

When the operating conditions change, MG controller parameters may have to be

reconfigured to meet frequency specifications [102, 107]. Examples of when controllers

need to be redesigned are: after a generator is connected/disconnected, when power

sharing among units must be changed or when battery droop characteristics are adjusted

according to battery SOC [68]. Sensitivity analysis has often been used for adjusting

converter controllers and to study their influence on system eigenvalues (and, therefore,

on system stability) [70]. Some authors have designed controllers by taking into account

only one eigenvalue, and using parametric sensitivity. This has been done by using

one [108] or the two [109] components of the sensitivity. The movement of several

eigenvalues based on sensitivity analysis has been addressed in [110], in controllers for

conventional synchronous generators, and in [111], in a multi-terminal HVDC system

embedded into a bulk power system.

A methodology to redesign primary controllers of GFM units to shape the frequency

response of a MG is presented in Chapter 4. The proposed methodology uses common

small-signal tools such as eigenvalue and participation factor analyses and parametric

sensitivity for the relocation of several eigenvalues simultaneously.

2.7 Design of Secondary Controllers

One of the drawbacks of hierarchical and cascaded control is that the operation of MGs

may be severely slowed down due to the bandwidth separation between controllers.

This is specially important in secondary controllers. Traditional secondary controllers

consist of a centralised controller, inherently slower than primary controllers, that re-

stores voltage and frequency to their nominal values [14]. Secondary control speed is

limited by the possible interaction of control layers and the limitations imposed by com-

munication delays. Compared to centralised controllers, distributed secondary control

presents small dependence on communications, but still its speed is limited by commu-
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nications [82]. In particular, references such as [34,112–114] show that communication

delays play an important role in the stability of MGs, especially when the bandwidth

of controllers increases.

In [115], the impact of time-invariant communication delays on the secondary con-

trol of islanded MGs is studied and linked to the design criteria. However, in most

MG applications communication delays are not time invariant and stochastic models

are required to represent them accurately [116]. Some authors have already consid-

ered communication delays when designing secondary controllers to guarantee stabil-

ity [34, 117]. For example, in [34], a predictive model is used to mitigate the effects of

communication delays, which, in turn, also allows speeding up the secondary control.

Additionally, several more approaches have been presented to achieve faster secondary

controllers [34, 117–119]. A common approach is to use model predictive primary con-

trollers, faster than traditional controllers [119]. Then secondary controller is imple-

mented on top following the traditional bandwidth separation criteria [118]. Model

predictive control has also been applied to secondary controllers, achieving fast tran-

sient responses and robustness against communication uncertainties [120].

Although fast secondary controllers have already been proposed in the literature,

the nature of the interactions between primary and secondary controllers has not been

addressed yet. Moreover, the influence of communication time delays on the design

of centralised secondary controllers has not been studied sufficiently, either [121]. In

Chapter 5 of this thesis, the interactions between primary and secondary controllers

and the influence of communication delays on the design of secondary controllers are

studied.

2.8 Coordination of Devices for Synchronising MGs

MG synchronisation consists in reducing the difference in voltage magnitude and phase

between both sides of the PCC, namely, the main grid and the MG. The most extended

approach is to coordinate GFM units to modify frequency and voltage [122–124]. The

rather simple case where all GFM units are connected to the PCC has been studied in

detail [122]. Controllers that can synchronise devices regardless the MG topology have

also been proposed in the literature [124].

For angle synchronisation, a common approach is to adjust the frequency of the

GFM converters to be as close as possible to the ideal frequency of the MG [125].

Then, the MG is connected when the phase difference between the two sides of the

PCC is sufficiently small. This approach may be slow and cause undesired transients.

Therefore, it is not suitable for large MGs where small angle differences at the con-

nection point may cause large oscillations. Other authors have proposed to reduce the

angle mismatch by changing the frequency of GFM converters until the phase difference

is zero [126]. While the first solution focuses on matching the frequency, the second
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one directly addresses the angle difference, avoiding unwanted oscillations. The most

common approach in this respect is to use consensus algorithms to adjust the frequency

of each device [124,127]. Since power constraints are not always included, this approach

may result in “uneven” power sharing during transitions.

When it comes to voltage magnitude synchronisation, if consensus algorithms are

used, the voltage level of the considered nodes is controlled to converge to the voltage of

the grid PCC. This is suitable if all GFM units are connected to the PCC, but it leads to

voltage differences between both sides of the PCC if GFM units are distributed across

the MG. When the voltage at the connection point is monitored and a PI controller

is used to reduce the voltage difference, the problem just mentioned disappears [126].

Solutions that monitor the voltage at both sides of the PCC and use a PI controller

commonly generate a signal that modifies the output of droop controllers, as indicated

in Fig. 2.3 (b). As in phase synchronisation, power constraints are are often ignored

and power-sharing ratios and operating points may change during transitions [127].

Changes in the operating points should be avoided in units operating at their optimal

power points. This can be done by tuning power sharing among converters. Power

sharing in droop dominated MGs has been widely studied in the literature [128, 129].

Typically, traditional droops (P − f , Q − V ) are used in inductive grids [66] while

Q − f , P − V droops or traditional droops with virtual impedances are implemented

in resistive grids [130]. In both cases, droop gradients are adjusted to achieve a specific

power sharing in steady state and after unplanned operations [66]. The selection of

droop gradients may be based on generator ratings, economical dispatching or SOC

of storage units [66]. For example, when BESSs are involved, droop gradients are

commonly chosen to be inversely proportional to the SOC [63,66].

Secondary control usually alters the operating point of GFM units during synchroni-

sation, islanding, voltage and frequency restoration, and connection and disconnection

of devices [131]. Batteries are often used in MGs to enable smooth transition between

operating modes [132]. In these scenarios, batteries (or selected GFM units) can be used

to absorb/inject the necessary energy and allow GFM units to maintain their operating

points. Nevertheless, this aspect has not been studied in detail in the literature [133].

In Chapter 6 of this thesis, a secondary controller that coordinates batteries and

distributed energy resources (DERs) in MGs is presented. The proposed secondary

controller modifies droop controllers to maintain the operating point of certain GFM

units and allow batteries to inject/absorb the necessary energy to ensure a seamless

synchronisation of the MG.

2.9 Chapter Summary

The state of the art of GFM and GFL converters in MGs has been presented in this

chapter. In this review, the following research gaps have been found:
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• Although PLLs have been extensively studied for the use in conventional power

systems, the possible interactions with GFM devices in MGs and low inertia

power grids has not been addressed in detail. The design of PLLs with the

aim of avoiding interactions with other primary controllers in MGs is studied

in Chapter 3.

• Similarly to conventional generation, aggregations of distributed resources can

provide frequency support. However, the solutions proposed in the literature to

provide frequency support by means of several GFM units are not general enough

or ignore operating limitations. A methodology to design primary controllers of

a MG and preserve its frequency dynamics when the operating conditions change

is presented in Chapter 4.

• The extent to which bandwidth of primary controllers and communication delays

limit the design of secondary controllers must be investigated further. This aspect

is addressed in Chapter 5.

• During transitions, GFM units share the power demand according to their droop

laws. However, in some cases, this results in unwanted changes in their operating

point. A secondary controller that coordinates the energy injected by BESSs to

ensure seamless transitions and avoids changes in the operating point is presented

in Chapter 6.



Chapter 3

Modelling and Analysis of

Electronic Power Converters in

Microgrids

This chapter addresses the modelling and analysis of microgrids (MGs) based on syn-

chronous generators (SGs) and voltage source converters (VSCs), with special emphasis

on the impact on the phase-locked loop (PLL) dynamics. This chapter is organised as

follows. MG topologies are described in Section 3.1. Section 3.2 presents the small-

signal models for each of the elements of the MG. Section 3.3 is focused on the inter-

actions between the PLL and other MG controllers using eigenvalues and participation

factors. A design guide for primary controllers is developed in Section 3.4 while ex-

perimental results are presented in Section 3.5. Laboratory results are discussed in

Section 3.6, including the impact of additional control loops and advanced synchroni-

sation algorithms like dual second order generalized integrator (DSOGI). Conclusions

are drawn in Section 3.7.

3.1 Application Overview

The interactions between PLLs and grid-forming (GFM) devices are studied in a MG

that can be formed by either a diesel generator or a droop-based converter. In this

section, the MG studied in this chapter is described.

3.1.1 System Description

Fig. 3.1 shows the MG studied in this chapter. It consist on a GFM device and a

grid-following (GFL) converter that feed a resistive-inductive load. For simplicity, all

of them are connected to the point of common coupling (PCC).

29
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Figure 3.1: Electrical and control diagram of a diesel gen-set and a GFL converter

connected to a common bus.

Figure 3.2: Electrical and control diagram of a GFM converter.

Fig. 3.1 shows the diagram of the MG when the SG (at the bottom) forms the grid.

A diagram of the GFM converter is presented in Fig. 3.2. This MG topology may be

used for energy supply of remote residential or industrial areas [11,13], although here it

is used as a simplified test system to understand the interactions between the different

MG elements. In the rest of this chapter, MG1 refers to the MG formed by a SG while

MG2 refers to to the MG formed by a GFM VSC.

The diesel generator includes a diesel engine mechanically coupled to a SG that has

its excitation system formed of an alternator and a diode rectifier. The PCC voltage

and frequency are controlled by the automatic voltage regulator (AVR) and the speed

governor of the SG, respectively. The AVR generates the set point for the excitation

system (vr) while the speed governor generates the set point for the fuel injection (f).

In order for this study to be applicable to larger MGs, and MG power parks, LCL
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filters are considered for both GFM and GFL converters. These filters are commonly

used to interface GFM converters [70] or to facilitate the parallel operation of GFM

converters. Current and voltage loops are used to control the current through the inner

inductance and the voltage across the AC capacitor. Voltage and frequency droop

controllers are used to define the voltage and frequency of the GFM converter.

The GFL converter is connected to the PCC via an LCL filter. The active and

reactive power injections are controlled indirectly by using a current controller imple-

mented in dq. The synchronous reference frame (SRF) is obtained by using a PLL [26].

3.1.2 Reference Frames

The small-signal models of all the elements in the grid have been developed following

the methodology presented in [70]. State-space equations are represented in a common

reference frame (DQ) synchronised with the output voltage of the GFM device (SG

or droop-controlled VSC). An additional reference frame (dq) generated by the PLL

is used to model the GFL converter. Variables are transformed between the reference

frames by using [70]: [
fD

fQ

]
=

[
cos δ − sin δ

sin δ cos δ

] [
fd

f q

]
, (3.1)

where δ is the angle of the dq reference frame with respect to the DQ reference frame

and f refers to a three-phase voltage or current.

3.2 Small-Signal Modelling of MG Elements

The small-signal models of the diesel generator, the GFM converter and the GFL con-

verter are introduced in this section, while their detailed models are provided in Ap-

pendix A.

3.2.1 Small-Signal Model of a Diesel Generator

The gen-set model consists of the equivalent electrical circuit of the SG, the excitation

circuit, the prime mover (diesel engine), the controllers mentioned above (voltage and

frequency) and a shaft model [42, 93, 134–136]. The SG equations are presented in pu

(in SG base) and represent variables in the (DQ) reference frame [42].

Electromechanical Model

The SG is modelled using a set of differential equations with flux linkages as state

variables and a set of algebraic equations that link the currents and the flux linkages [42].

A three-wire system has been considered, so 0−axis equations are omitted [42]. A
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laminated salient-pole machine has been considered. Therefore, the small-signal model

has five states, xψ = [ψD, ψf , ψ
D
k , ψ

Q, ψQk ]
T :

∆ẋψ = AEM∆xψ +BEM1

[
∆vf

]
+BEM2

[
∆vDQsg

]
+BEM3

[
∆ωr

]
, (3.2)

where ψDQ is the stator flux linkage, ψf and ψDQk are the rotor flux linkages, vf is

the generator field voltage, vDQpcc is PCC voltage in DQ and in this case the generator

output voltage in DQ, ωr is the rotor angular frequency in pu and AEM , BEM1, BEM2

and BEM3 are calculated analytically according to (A.11) and (A.16) (in Appendix A).

The output variables are the electric torque (te), the stator currents (i
DQ
sg ) and the field

current (if ). Currents can be calculated from flux linkages using (A.6)−(A.10), while

the electric torque is [42]:

te = iQsgψ
D − iDsgψ

Q. (3.3)

The linearised expressions for the electric torque and the stator and field currents are:
[
∆te

]
= CEM1∆xψ, (3.4)

[
∆iDsg
∆iQsg

]
= CEM2∆xψ,

[
∆if

]
= CEM3∆xψ. (3.5)

The analytical expressions for CEM1, CEM2 and CEM3 are shown in Appendix A, in

(A.17)−(A.19).

Motion Equations

The shaft is modelled by using the following differential equation, as in [42]:

dωr
dt

=
tm − te
2H

, (3.6)

where tm is the mechanical torque and H is the per unit inertia constant of the SG

shaft. This equation is linear and can be rewritten as [42]:
[
∆ω̇sg

]
= BS1 [∆tm] +BS2 [∆te] . (3.7)

Exciter

The exciter includes an alternator in series with a diode rectifier [135]. The model

AC5A has been used [137]:

dvf
dt

=
1

TE
vr −

SE +KE

TE
vf , (3.8)

where vr is the regulated voltage and TE, SE and KE are the time constant, a parameter

that models the saturation function and the self-excitation constant of the excitation

system respectively. This model can be linearised, yielding:
[
∆v̇f

]
= AE

[
∆vf

]
+BE1

[
∆vr

]
. (3.9)



3.2. SMALL-SIGNAL MODELLING OF MG ELEMENTS 33

Engine

The dynamics of the diesel engine used as primer mover is often modelled as fol-

lows [134]:
dtm
dt

=
1

τm(σ + tm)
(f − tm), (3.10)

where f is the injected fuel, τm is the constant term of the engine time constant and σ is

the degree of increased retarding of the engine. The linearised model becomes (details

in Appendix A):

[
∆ṫm

]
= AD

[
∆tm

]
+BD

[
∆f

]
. (3.11)

Automatic Voltage Regulator (AVR)

For simplicity, a proportional-integral (PI) controller has been adopted for the AVR [134].

This regulator controls the amplitude of the PCC voltage (vsg), (vsg = vpcc) by gen-

erating the set point for the regulated voltage (vr). The module of the PCC voltage

is:

vsg =

√
vDsg

2 + vQsg
2
. (3.12)

The linearised model of the AVR is (details in Appendix A):

[
∆α̇

]
= BAV R1

[
∆v∗sg

]
+BAV R2

[
∆vDQsg

]
, (3.13)[

∆vr
]
= CAV R

[
∆α

]
+DAV R1

[
∆v∗sg

]
+DAV R2

[
∆vDQsg

]
, (3.14)

where α is the state variable of the AVR and v∗sg is the voltage set-point at the PCC.

Speed Governor

The speed governor controls the SG frequency by modifying the fuel injection set point.

For simplicity, a PI controller has been used [134]. This controller is linear, so state-

space matrices can be defined as:

[
∆β̇

]
= BGov

[
∆ω∗

r

]
+BGov2

[
∆ωr

]
, (3.15)[

∆f
]
= CGov

[
∆β

]
+DGov

[
∆ω∗

r

]
+DGov

[
∆ωr

]
, (3.16)

where β is the state variable of the speed governor and ω∗
r is the frequency set point.

Diesel Generator Aggregated Small-Signal Model

The detailed models defined in the previous subsections can be merged together to

form the model of the diesel generator. Input variables are transformed from real to pu
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values, while the output variables are transformed from pu to real values. The resulting

model is:
[
∆ẋSG

]
= ASG [∆xSG] +BSG1

[
∆v∗sg

]
+BSG2

[
∆ω∗

sg

]
+BSG3

[
∆vDQsg

]
, (3.17)[

∆iDQsg
]
= CSG1 [∆xSG] ,

[
∆ωsg

]
= CSG2 [∆xSG] , (3.18)

where xSG is the vector of state variables of the gen set.

3.2.2 Small-Signal Model of the GFL Converter

The small-signal model of a GFL converter includes an LCL filter, a current controller

(in dq), the calculation of the current set points and a PLL. The detailed state space

model can be found in the Appendix A and in the literature [138]. Only the PLL is

presented here.

Phase-Locked Loop (PLL)

A PLL is used to synchronise the GFL converter (in dq) with the voltage at the PCC

(in DQ), as shown in Fig. 3.3. Fig. 3.3 represents the diagram of the PCC in the SRF

of the GFL converter (dq). Due to this reason δPLL is calculated using the frequency

of the common reference frame (ωcom = ωsg). A typical PLL implementation has been

considered [26,138]:

ϵ̇ = kipll(v
D
pcc cos δPLL + vQpcc sin δPLL), (3.19)

δ̇PLL = ϵ+ kppll(v
D
pcc cos δPLL + vQpcc sin δPLL)− ωsg, (3.20)

where ϵ is the state variable of the PLL, δPLL is the angle generated by the PLL and

kppll and kipll are the proportional and integral constants of the PI. Clearly, the PLL is

a non-linear system as it has trigonometric functions involved. Its linearised model is:
[

∆ϵ̇

∆δ̇PLL

]

i

= AiPLL

[
∆ϵ

∆δPLL

]

i

+Bi
PLL1

[
∆vDQpcc

]
i
+Bi

PLL2

[
∆ωcom

]
i
, (3.21)

where ωcom is the frequency of the common reference frame (DQ) and index i will be

used to denote the converter. The detailed matrices can be found in Appendix A.

Figure 3.3: SRF-PLL control diagram, in dq.
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Aggregated Small-Signal Model of the GFL Converter

The small-signal models of the current set points calculation, the current controller, the

LCL filter and the PLL are then combined to obtain the GFL converter model:

[
∆ẋinv

]
GFL

= AGFL [∆xinv]GFL +BGFL
PQ

[
∆p∗

∆q∗

]

GFL

+

+BGFL
V

[
∆vDQpcc

]
GFL

+BGFL
ω

[
∆ωcom

]
GFL

, (3.22)

where

[∆xinv]GFL =
[
∆ϵ, ∆δPLL, ∆γ

dq, ∆idqi , ∆v
dq
c , ∆i

dq
o

]T
GFL

, (3.23)

[∆uinv]GFL =
[
∆p∗, ∆q∗, ∆vDQpcc , ∆ωcom

]T
GFL

, (3.24)

[∆iDQ]GFL = CGFL [∆xinv]GFL , (3.25)

where p∗ and q∗ are the active and reactive power set points of the GFL converter, γdq

are the state variables of the current controller and ii, vc and io are internal current,

capacitor voltage and external current of the LCL filter.

One should note that vDQpcc represents an input variable of the state-space model.

However, in the GFL converter model, variables are referenced to the local dq reference

frame. Therefore, they should be transformed by taking into account (A.74), (A.76) and

(A.77), derived from (3.1). This transformation is directly included in the state-space

matrices AGFL, BGFL
PQ , BGFL

V , BGFL
ω and CGFL, in (A.78)−(A.82).

3.2.3 Small-Signal Model of the GFM Converter

The model of the GFM converter consist of the models of the LCL filter, the current con-

troller, the voltage controller and the droop controller (details in the Appendix A) [70].

Aggregated Small-Signal Model of the GFM Converter

All the models mentioned above are combined to obtain the small-signal model of the

GFM converter:

[
∆ẋinv

]
GFM

= AGFM [∆xinv]GFM +BGFM
In

[
∆ωnd
∆vdqnd

]

GFM

+

+BGFM
V

[
∆vDQpcc

]
GFM

+BGFM
ωcom

[
∆ωcom

]
GFM

, (3.26)

[
∆iDQo

]
GFM

= CGFM
I [∆xinv]GFM , (3.27)

[∆ωcom]GFM = CGFM
ω [∆xinv]GFM +DGFM

ω

[
∆ωnd
∆vdqnd

]

GFM

, (3.28)
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where

[∆xinv]GFM =
[
∆δ, ∆P̃ , ∆Q̃, ∆ϕdq, ∆γdq, ∆idqi , ∆v

dq
c , ∆i

dq
o

]T
GFM

, (3.29)

ωnd and vnd are the droop no load characteristics, P̃ and Q̃ are the filtered active and

reactive powers, δ is the relative angle of the reference frame and ϕdq are the state

variables of the voltage controller. As in (3.22), the state-space matrices include the

transformations between the reference frames (details in Appendix A).

3.2.4 Load Modelling

A resistive-inductive linear load has been considered [42]:
[
∆i̇DQl

]
= AL

[
∆iDQl

]
+BL1

[
∆vDQpcc

]
+BL2

[
∆ωcom

]
, (3.30)

being iDQl the current absorbed by the load in the DQ reference frame.

The state matrices can be found in Appendix A.

3.2.5 Coupling of Devices

The linearised mathematical models of the diesel gen-set, the converters and the load

include variable ∆vDQpcc as their input and the currents as their output. Therefore, an

auxiliary resistor has been used to define this voltage adequately (Rx in Fig. 3.1) [70]:
[
∆vDQpcc

]
= DR1

[
∆iDQo

]
GFM

+DR1

[
∆iDQo

]
GFL

+DR2

[
∆iDQl

]
. (3.31)

3.2.6 Aggregated Model of MG1: Gen-Set, GFL Converter

and Load

Because of the MG topology vDQpcc and ωcom are equivalent to vDQsg and ωsg (their real

values). Then, the MG model is:


∆ẋSG
∆ẋinv
∆ẋL


 = AMG1



∆xSG
∆xinv
∆xL


+BMG1

v

[
∆v∗sg

]
+BMG1

ω

[
∆ω∗

sg

]
+BMG1

PQ

[
∆p∗

∆q∗

]
, (3.32)

where

AMG1 =




ASG +BSG3DR1CSG1 BSG3DR1C
GFL BSG3DR2

BGFL
ω CSG2 +BGFL

V DR1CSG1 AGFL +BGFL
V DR1C

GFL BVDR2

BL2CSG2 +BL1DR1CSG1 BL1DR1C
GFL AL +BL1DR2


 ,

BMG1
v =



BSG1

0

0


 , BMG1

ω =



BSG2

0

0


 , BMG1

PQ =




0

BGFL
PQ

0


 .
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3.2.7 Aggregated Model of MG2: GFM and GFL Converters

and Load

In MG2, vDQo = vDQpcc . By using a virtual resistor to combine all the elements, the

following model is obtained:


∆ẋinvGFM
∆ẋinvGFL

∆ẋL


 = AMG2



∆xinvGFM
∆xinvGFL

∆xL


+BMG2

ωv

[
∆ωnd
∆vdqnd

]
+BMG2

PQ

[
∆p∗

∆q∗

]
, (3.33)

where

AMG2 =

[
AGFM +BGFM

ωcomCGFM
ωcom +BGFM

V DR1C
GFM
I BGFM

V DR1C
GFL BGFM

V DR1CL

BGFL
ω CGFM

ω +BGFL
V DR1C

GFL AGFL +BGFL
V DR1C

GFL BGFL
V DR2CL

BL2C
GFM
ω +BL1DR1C

GFM
I BL1DR1C

GFL AL +BL1DR2CL

]
,

BMG2
ωv =




BGFM
In +BGFM

ωcom

[
DGFM
Pω 0

]

BGFL
ω

[
DGFM
Pω 0

]

BL2

[
DGFM
Pω 0

]


 , B

MG2
PQ =




0

BGFL
PQ

0


 .

3.3 Analytic Study

In this section, MG1 and MG2 are analysed. System stability is analysed based on the

information obtained from the participation factors and system eigenvalues (Fig. 3.4,

Fig. 3.5, Fig. 3.6 and Fig. 3.7 for MG1, and Fig. 3.8, Fig. 3.9, Fig. 3.10 and Fig. 3.11

for MG2, respectively) [42]. The small signal model of each scenario presented in the

study was developed considering their individual operating points. The operating point

of each scenario was calculated by means of a non-linear model developed in Simulink.

Then, the small signal model was used to calculate eigenvalues and participation factors.

Participation factors have been calculated as in [42]:

PM =



f11 · · · f1m
...

. . .
...

fm1 · · · fmm


 , fki =

∂λi
∂akk

= ψikϕki, (3.34)

where the participation factor fki measures the participation of the ith eigenvalue (λi)

on the kth state variable (∆xk), m denotes the number of states, ψik is the kth element

of the left row eigenvector and ϕki is the kth element of the right column eigenvector

associated with λi. Each participation factor is calculated as the derivative of the

eigenvalue λi with respect to akk, which is in the diagonal of the characteristic matrix

of the dynamic system. Eigenvectors were normalised so that ψiϕi = 1 This implies

that the sum of the participation factors along a row or a column is equal to one [42]:
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m∑

i=1

fki = 1,
m∑

k=1

fki = 1. (3.35)

3.3.1 Test System Description

The nominal power of the SG is 60 kVA. The electromechanical parameters of the SG

and the diesel engine are taken from reference [134]. For the excitation system, the

reference values are taken from the AC5A model in [137] (see Table 3.1). Parameters

of GFM and GFL converters are defined in Table 3.2. Two VSCs of the same power

rating (15kVA) (and, therefore, the same LCL parameters) have been considered.

Table 3.1: Diesel gen-set parameters (SC1).

Parameter Value Parameter Value Parameter Value

ra 3.54E-2 pu lkkq 1.4967 pu σ 1 pu

rf 6E-4 pu lad 2.38 pu kpAV R 2.47 pu

rkd 3.54E-2 pu laq 1.24 pu kiAV R 0.42 pu

rkQ 4.28E-2 pu H 3.7E-1 s kpGov 5.57 pu

ld 2.83 pu TE 0.8 pu kiGov 6.39 pu

lq 1.69 pu SE 1 pu Poles 4 pu

lff 2.6371 pu KE 0.68 pu UB 400
√
2 V

lkkd 2.58 pu τm 0.1 pu fB 50 Hz

Table 3.2: Parameters of GFM and GFL converters (SC1).

Parameter Value Parameter Value

Li 2.3 mH kiv(GFM) 6.92

Ri 72.2 mΩ mp 6.67E-6

Lo 0.93 mH nq 3.33E-4

Ro 29.2 mΩ ωc 31.41

Cd 8.83 µF kpc(GFL) 4.43

kpc(GFM) 1.81 kic(GFL) 3.05E3

kic(GFM) 2.17E3 kppll 0.0136

kpv(GFM) 0.0553 kipll 0.0492

A base scenario (SC1) has been defined for both MGs. In SC1, the load is consuming

18 kW. The active power set point for the GFL converter is 4 kW and the reactive

power set point is zero. The voltage and frequency set points of the SG are 400 V

and 50 Hz, respectively. The AVR and the speed governor have been designed to be

as fast as possible, resulting in bandwidths of 0.17 Hz and 1.7 Hz, respectively (see

Table 3.1). Controllers have been designed by using open-loop techniques, with phase
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margins of 45 deg (speed governor and current controllers), 50 deg (AVR) and 60 deg

(PLL and voltage controller). The bandwidth of the current controller and the PLL of

the GFL converter are set to 490 Hz and 1.4 Hz, respectively, while the bandwidth of

the current and voltage controllers of the GFM converter are set to 490 Hz and 30 Hz,

respectively. The rest of parameters are defined according to Table 3.2. Additional

scenarios considered in this study are defined in Table 3.3. Scenarios SC2 to SC23 are

derived by modifying some parameters of the base scenario.

Table 3.3: Definition of scenarios SC2-SC23 showing the initial (base) scenario, the

parameter changed, its new value and the purpose related to PLL design.

SC Base SC Changed Param New Value Impact evaluation of:

SC2 SC1 PGFL 6 kW Power sharing

SC3 SC1 PGFL 9 kW Power sharing

SC4 SC1 PGFL; PL 2,6 kW; 12 kW Low loading conditions

SC5 SC1 PGFL; PL 4 kW; 12 kW Low loading conditions

SC6 SC1 PGFL; PL 6 kW; 12 kW Low loading conditions

SC7 SC6 BWGFLcc 380 Hz Low current control speed

SC8 SC6 BWGFLcc 260 Hz Low current control speed

SC9 SC7 J 3,6 kg m2 SG inertia

SC10 SC7 J 0,9 kg m2 SG inertia

SC11 SC7 BWf 2,1 Hz Governor speed

SC12 SC7 BWf 0,5 Hz Governor speed

SC13 SC1 PGFL; PL 12 kW; 18 kW Power sharing

SC14 SC1 PGFL; PL 8 kW; 12 kW Low loading conditions

SC15 SC14 BWGFLcc 380 Hz Slower GFL CC

SC16 SC14 BWGFLcc 260 Hz Slower GFL CC

SC17 SC16 GFMvc; GFMcc 30 Hz; 260 Hz Slower GFM CC

SC18 SC16 GFMvc; GFMcc 20 Hz; 490 Hz Slower GFM VC

SC19 SC16 GFMvc; GFMcc 20 Hz; 260 Hz Slower GFM CC and VC

SC20 SC1
PGFL; PL; 9 kW; 23 kW; Limit case for stability

GFLcc; GFLPLL 120 Hz; 17 Hz evaluation of MG1

SC21 SC1

PGFL; PL; 11 kW; 13 kW; Limit case for stability

GFMcc; GFMvc; 520 Hz; 34 Hz; evaluation of MG2

GFLcc; GFLPLL 250 Hz; 19 Hz

SC22 SC20 GFLcc; GFLPLL 380 Hz; 7 Hz SC20 redesigned parameters

SC23 SC21

GFMcc; GFMvc; 380 Hz; 40 Hz; SC21 redesigned parameters

GFLcc; GFLPLL 380 Hz; 7 Hz
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3.3.2 Participation Factors for MG1 (Diesel Gen-Set)

Fig. 3.4 shows the moduli of the participation factors for MG1, SC1. For instance, the

modulus of the participation factors of state δPLL in the modes 7-13 are 0.03, 0.03,

0.7, 0.7, 0.08, 0.08 and 0.03, respectively. Modes are ordered by numbers in the x-axis

according to their proximity to the imaginary axis (1 being the closest). The states

related to the SG are mainly affected by Modes 1−8. These modes have small influence

on the PLL states, while their influence on the rest of the GFL converter states is

negligible. Modes 6−12 participate in the engine and the rotor states (ωr and tm), but

also in the PLL states (ϵ and δPLL), thus creating a dynamic interaction between the two

devices. Modes 11−12 are related to the PLL (ϵ and δPLL) and the current controller

(γd) and, therefore, represent their interaction. The rest of the modes are mainly related

to electromagnetic phenomena and represent the link between the current controller,

the LCL filter variables and the load.

Figure 3.4: Participation matrix for MG1, SC1. Eigenvalues are ordered left to right

according to their distance from the imaginary axis.

In contrast to the existing literature, no relevant interactions were observed between

the PLL and the voltage controller of the diesel gen-set, as it was previously reported

in the literature when standard excitation AC4A was used [27, 137]. This could be
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motivated by the use of different AVR and excitation system (AC4A excitation is used

in [27,137] while here AC5A and a PI controller were considered) [139].

3.3.3 Stability Limits of MG1 (Diesel Gen-Set)

Fig. 3.5, Fig. 3.6 and Fig. 3.7 show how the eigenvalues of MG1 are affected by the PLL

bandwidth in different scenarios. Only low frequency eigenvalues are shown because

the PLL mainly affects low frequency dynamics. Fig. 3.5 shows the eigenvalues for

six different loading scenarios (SC1-SC6), with three different levels of power injected

by GFL converter (22 %, 33 % and 50 % of load). The eigenvalues that are affected

by the PLL move towards the imaginary axis when the relative power share of the

GFL converter is increased. This effect is more pronounced and evident at light load

conditions. For instance, in SC1 and SC4 the GFL converter has a 22 % power share

but the eigenvalues in SC4 (the lightest load) are located closer to the imaginary axis.

This will result in a reduction of the stability limits linked with the parameters of the

PLL.

Figure 3.5: Trajectory of MG1 eigenvalues (low frequency) when the bandwidth of

PLL is increased for different loading conditions. See Table 3.3 for detailed definition

of scenarios.

Fig. 3.6 shows the results of the study for three scenarios with different bandwidths

of the current controller (SC6, SC7 and SC8). The current controller bandwidth has

a strong influence on the maximum bandwidth attainable by the PLL. The lower the

current controller bandwidth, the lower the PLL bandwidth attainable. For instance,

for a current controller bandwidth of 260 Hz (SC8), the MG becomes unstable when the
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Figure 3.6: Trajectory of MG1 eigenvalues (low frequency) when the bandwidth of

PLL is increased for different current controller bandwidths of the GFL converter. See

Table 3.3 for detailed definition of scenarios.

Figure 3.7: Trajectory of MG1 eigenvalues (low frequency) when the bandwidth of PLL

is increased for different designs of speed governor and SG inertia. See Table 3.3 for

detailed definition of scenarios.
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PLL bandwidth is higher than 27 Hz; while for current controller bandwidth of 380 Hz

(SC7), the MG becomes unstable when the PLL bandwidth is higher than 53 Hz.

Different scenarios for the inertia and the design of the speed governor have been

examined and the results are collected in Fig. 3.7 (SC7, SC9, SC10, SC11 and SC12)

showing that the SG inertia and the bandwidth of the speed governor have little influ-

ence on the eigenvalues linked with the PLL.

In summary, for the type of the generator, prime movers and controllers considered,

the mechanical parameters have only a small contribution to the eigenvalues related to

the PLL. In contrast, the loading conditions and the design of the current controller

greatly affect the aforementioned eigenvalues. With this respect, increased load levels,

low relative power contribution from the GFL converter and fast current controllers are

preferable. A summary is presented in Table 3.4.

3.3.4 Participation Factors for MG2 (GFM Converter)

Fig. 3.8 shows the participation matrix for MG2 and SC1. Each mode of MG2 partic-

ipates only in one state or in two related ones, like ϵ and δPLL, at most. Clearly, here

the states and modes are more decoupled than in MG1. Modes 2−3 mainly participate

Figure 3.8: Participation matrix of MG2, SC1. Eigenvalues are ordered left to right

according to their distance from the imaginary axis.
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in the states related to the PLL, and to a lesser extent, the states of the voltage con-

troller of the GFM converter. The interaction between these parameters is studied in

the following section.

3.3.5 Stability Limits of MG2 (GFM Converter)

Fig. 3.9, Fig. 3.10 and Fig. 3.11 show the trajectories of the low frequency eigenvalues

of MG2 as the PLL bandwidth is increased, in different scenarios. Fig. 3.9 shows that

in MG2, as in MG1, the eigenvalues move to the right when the power injected by the

GFL converter increases. For instance, scenarios in SC2, SC3 and SC13 (with the same

load) as power injected by the GFL converter increases (from SC2 to SC13 respectively)

eigenvalue λ6 is closer to the imaginary axis. Scenarios with light-load conditions (SC5,

SC6 and SC14) also tend to destabilise the system more when compared to those with

more load (SC2, SC3 and SC13 respectively). For instance, scenarios in SC2 and SC5

present the same power sharing for converters, but load is lower in SC5. In this case

eigenvalue λ6 is closer to the imaginary axis in SC5 compared to SC2. Furthermore

Fig. 3.9 shows that for PLL bandwidths higher than 20 Hz approximately, λ6 and λ7
move away from the imaginary axis although eigenvalues present slightly lower damping.

This aspect, that can also be seen in Fig. 3.10 and Fig. 3.11, has not been studied in

detail since PLL bandwidths values higher than 20 Hz are not common.

Figure 3.9: Trajectory of MG2 eigenvalues (low frequency) when the PLL bandwidth

of is increased for different loading conditions. Table 3.3 shows the details of scenarios.
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Figure 3.10: Trajectory of MG1 eigenvalues (low frequency) when the bandwidth of

PLL is increased for different current controller bandwidths of the GFL converter. See

Table 3.3 for detailed definition of scenarios. The BWGFLcc in SC6, SC7 and SC8 is

(red) 490 Hz, (green) 380 Hz and (blue) 260 Hz, respectively.

Fig. 3.10 shows that eigenvalues are closer to the imaginary axis if the bandwidth

of the current controller decreases, similarly to the case of MG1. This results in limited

PLL bandwidth under certain loading conditions.

Fig. 3.11 shows MG2 eigenvalues when the bandwidth of the PLL increases for

different designs of the GFM converter voltage and current controllers. As shown in

Fig. 3.11, the eigenvalues are closer to the imaginary axis when the voltage controller

is slowed down (SC18 and SC19). In general, interactions between the voltage and

current controllers are avoided by ensuring a sufficient time-constant separation between

them. More precisely, current controllers are typically designed to be faster than voltage

controllers. However, as shown in Fig. 3.11, increasing the GFM converter current

controller bandwidth has a negative effect on the stability (comparing SC18 with SC19),

unless the voltage controller bandwidth is increased at the same time (comparing SC18

with SC16).

In summary, both loading conditions and the design of the GFL converter current

controller have impact on the eigenvalues related to the PLL, as it happened in MG1.

Increased loading, low relative power injection by the GFL converter and fast current

controllers in the GFL converter allow higher PLL bandwidths. The GFM converter

also affects the design of the PLL. The PLL bandwidth can be increased for fast voltage
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controllers and slow current controllers. In this case, the loading conditions do not limit

the PLL design as much as in MG1. These aspects are summarised in Table 3.4.

Figure 3.11: Trajectory of MG2 eigenvalues (low frequency) when the bandwidth of PLL

is increased for different designs of the GFM converter voltage and current controllers.

See Table 3.3 for detailed definition of scenarios.

Table 3.4: Changes that reduce PLL bandwidth stability limits.

Parameter Type of change in parameter

PL Decrease ↓
PGFL/PGFM Increase ↑ (specially in MGs with SG)

BWGFLcc Decrease ↓
BWGFMvc Decrease ↓
BWGFMcc Increase ↑

3.4 Guidelines for the Design of Control Parame-

ters in a MG

The conclusions drawn from the analysis have been used to develop and propose design

guidelines for the selection of control parameters in a MG. The guidelines assume the

use of the small-signal model, however, some of the recommendations are generally

applicable and are helpful even without the model. The flowchart with the design
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procedure is shown in Fig. 3.12. The flowchart also indicates the sections in which each

task is addressed. The design of the parameters is based on the stability limits calculated

using the small-signal model. Initially, a stable scenario is used by applying typical

values for the controllers. Preliminary stability limits are calculated by assuming this

scenario, which is also used to compute a stable operating point. Then, the preliminary

stability limits are used to define the controllers of the MG under most unfavourable

conditions for the stability (low levels of power injected by the GFM device and high

levels of power injected by the GFL converter). Both non-linear and linear models are

developed for the unfavourable condition scenario. MG controllers are redesigned to

meet the specifications taking into account the stability limits under the unfavourable

conditions. At this point any design specification like response time, damping or phase

margins can be considered.

3.4.1 Preliminary Controller Settings

Diesel-Based MGs

To start with, the controllers of diesel gen-sets can be configured to be as fast as it is

required while the bandwidth of the PLL should be similar to that of the frequency

controller. The current controller of the GFL converter should be designed in a typical

way by using the desired settling time and the adequate damping of the LCL filter

resonance [4, 26]. The bandwidth of the direct current (DC)-voltage controller should

not be close to that one used for the PLL to avoid undesired oscillations. Also, it should

not be unnecessarily wide [97,140].

Converter-Based MGs

The current controllers of the GFL converter and the GFM converter should be designed

by using standard design rules [4, 26]. Then, the voltage controller of the GFM con-

verter should be configured to be as fast a possible, however, a sufficient time-constant

separation between the current and the voltage loops must be guaranteed. The PLL

can be designed to be fast enough to track standard frequency variations in power

grids [141] (a bandwidth between 1 and 10 Hz would be sufficient in most cases). The

DC-voltage controller, if required, should be designed in a similar way as it is done in

diesel-based MGs.

3.4.2 Model Development, Operating Points and Stability

Non-Linear Model and Operating Point

A non-linear model of the MG is used to perform the time-domain simulations and to

calculate the operating point. The model should include all the non-linear equations of
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Figure 3.12: Flow chart of the proposed method for the design of MG controllers.

the desired GFM device (SG or converter), the GFL converter and the load. In order

to find a suitable operating condition to start the analysis and the control design, it is

recommended to set the GFM converter to feed a moderate load (50-80 % of its rated

power) and the GFL converter not to inject any power.



3.4. GUIDELINES FOR MG CONTROL DESIGN 49

Small-Signal Model of the MG

A small-signal model of the MG should be developed. It can be obtained by using the

analytical expressions included in this thesis (in Section 3.2), or by using automatic

tools (e.g. Simulink Control Design toolbox [142]).

Initial Conditions for the Stability Test

Stability limits of the bandwidth of MG controllers can be found by using the small-

signal analysis techniques presented in this chapter. These limits will be used for the

design of MG parameters under most unfavourable conditions.

3.4.3 Fine Tuning of Control Parameters under Unfavourable

Conditions

An unfavourable operating condition can be found when the GFM converter injects

its minimum power and when the relative GFL converter power injection is high. By

following the steps mentioned before, the designer may have already found control

parameter values that guarantee the stability. However, a more elaborated selection

can lead to improved stability margins and an optimisation procedure can be used to

find the optimal selection.

MGs Formed by Diesel Gen-Sets

The PLL can be redesigned by taking into account the upper limit of its bandwidth

and the expected frequency variations. If the design specifications cannot be met, the

GFL converter current controller should be made faster to increase the stability limit

of the PLL bandwidth.

MGs Formed by GFM Converters

The current controller of the GFL converter can be redesigned by taking into account

the lower stability limit imposed by the MG and other restrictions imposed by the LCL

resonance and the switching frequency. Finally, the PLL can be redesigned by taking

into account its upper stability limit and the expected variations of the MG frequency.

If the design specifications cannot be fulfilled, the voltage and current controllers should

be redesigned by reducing the bandwidth of the GFM converter current controller

and increasing both - the bandwidth of the GFL converter current controller and the

bandwidth of the voltage controller of the GFM converter to allow for wider PLL

bandwidths.
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3.4.4 Stability Analysis under Unfavourable Conditions

It is recommended to calculate the small-signal model for the operation under these

conditions. Also, it is recommended to carry out transient simulations in order to check

if the system operates within its limits even during large transients. If the system

is not well damped (e.g. damping factor smaller than 0.3), the controllers should be

redesigned. This can be checked by analysing the system eigenvalues. For example,

the PLL and the current controller of the GFM converter can be slowed down, and the

speed of the current controller of the GFL converter and the voltage controller of the

GFM converter can be increased.

3.5 Experimental Validation

3.5.1 Prototype Description

MG1 and MG2 were implemented in the smart energy integration lab (SEIL) of IMDEA

Energy [143,144] (Fig. 3.13 and Fig. 3.14). A 75 kVA VSC was used as the grid emulator.

The model of the SG was implemented in the VSC to emulate the operation of the diesel

gen-set and part of the load (12 kW) in MG1. Two 15 kVA converters were used as

GFM converter and GFL converter in the experimental validation. Different loading

conditions were implemented by using a programmable resistive load bank. The single-

line electrical diagrams of the two MG implementations are shown in Fig. 3.14 (MG1

in red and green and MG2 in red and blue).

Figure 3.13: Lab photo. From left to right: (green) 75 kVA converter used as emulator

for the SG and part of the load in MG1, (cyan) real time targets (converter controllers),

(blue) 15 kVA converter used as GFM converter, (red) 15 kVA converter used as GFL

converter, (yellow) AC bus bars and (magenta) loads.
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Figure 3.14: Electrical diagram of the laboratory. The common elements of MG1 and

MG2 are shown in red (GFL converter and load). Grid emulator is shown in green, and

GFM converter is shown in blue. MG1: red and green. MG2: red and blue.

3.5.2 Validation of Small-Signal Models

Fig. 3.15 and Fig. 3.16 show a comparison between the transient responses obtained

from the experimental setup and the linearised models when applying scenario SC1.

Since MG dynamics is slow, the models are validated by using dq signals instead of

oscilloscope, as it is common in the literature [70, 138]. Experimental dq signals were

obtained from the control boards of the converters, without filters. The experimental re-

sults were also available by using an oscilloscope, see Fig. 3.17 as an example. However,

in this case, it was difficult to compare the theoretical results with the experimental

waveforms, therefore oscilloscope data was not used. A 10 V and a 0.2 Hz step were

applied to the set points of the SG voltage and frequency controllers (Fig. 3.15). The

same steps were used for the GFM converter (Fig. 3.16). It is clear that the small-signal

models accurately reproduce the low-frequency dynamics of the experimental platform.

Since high frequency phenomena (e.g. pulse-width modulation) were not considered in

the modelling, high frequency dynamics cannot be predicted by using the developed

linear models. In vdq, ωGFL and ωGFM some harmonics can be observed due to the lack

of filters at the measuring stage. This oscillations are not present in ωSG because this

variable is taken from the emulated model.
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Figure 3.15: Response of MG1 when there is step change of (a) 10 V and (b) 0.2 Hz

in the SG voltage and frequency set points. (red) Experimental and (blue) linearised

model results.

3.5.3 Validation of Stability Limits

The theoretical stability limits of the PLL were validated experimentally. MG1 was

validated for SC20, where the load was 23 kW (12 kW were emulated). The GFL

converter injected 9 kW (39 %). The SG parameters are defined in Table 3.1. The

current controller bandwidth was 120 Hz. In this scenario, the linear model analyses

suggested a maximum PLL bandwidth of 18 Hz. However, during the validation, the

system remained stable up to a bandwidth of 17 Hz. Even though the dynamics was

accurately described by the linear model, the range of frequency for the system to be

marginally stable differs slightly. This is common in experimental validations as linear

models show different sensitivity to parameter variation at the edge of the stability

region [145]. However, small-signal tools are still useful in grid applications since the

main objective here is to ensure that the system operates away from the unstable

region [42]. Fig 3.18 (a) shows the response of MG1 when the PLL bandwidth was

17 Hz and a variation of the load from 23 kW (SC20) to 22 kW was applied. This means

that the GFL converter power varies from 39 % to 40 % of the total demand. The MG
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Figure 3.16: Response of MG2 for (a) a step of 10 V applied to the nominal voltage of

the droop controller and (b) a step of 0.2 Hz applied to the nominal frequency of the

controller. (red) Experimental results and (blue) linearised model results.

Figure 3.17: Response of modulus of vabc, when there is a 10 V step change of the SG

set point. Horizontal scale, 1 s/div, vertical scale, 20 V/div.

becomes unstable due to the higher ratio of power injected by the GFL converter. The

load is increased back in two steps at t = 10 s and t = 12 s, and the MG recovers its

sable operation.

The stability limits of MG2 where validated using SC21: Pload = 13 kW, PGFL−V SC =

11 kW, BWccGFM = 520 Hz, BWvcGFM = 34 Hz, BWccGFL = 250 Hz. The linear model

analysis suggests the MG becomes unstable for PLL bandwidths higher than 21 Hz. In

the validation, the maximum bandwidth was 19 Hz. Fig 3.18 (b) shows the response of
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Figure 3.18: Response of MG1 and MG2 in SC20 and SC21, respectively, when the load

decreases 1kW (and hence the ratio of power injected by the GFL converter increases)

making both MGs unstable.

MG2 in SC21 when there was a load variation from 13 kW to 12 kW (85 % and 92 %

of the load power injected by the GFL converter). MG2 became unstable with the load

step at t = 2 s. The load returned to 13 kW at t = 14 s, and then the system regained

its stability.

3.5.4 Validation of Design Procedure for Control Parameters

Controllers of MG1 and MG2 used in SC20 and SC21 were redesigned following the

guidelines introduced in Section 3.4.3 for scenarios SC22 and SC23 respectively. In

MG1, the current controller and the PLL of the GFL converter were designed to have

bandwidths 380 Hz and 7 Hz, respectively. In MG2, the current and voltage controller

bandwidths of the GFM converter were re-adjusted to 380 Hz and 40 Hz, respectively.

Meanwhile, the PLL and the current controller bandwidths in GFL converter were

designed to be 7 Hz and 380 Hz and, respectively.

Fig. 3.19 (c) and (d) and Fig. 3.20 (c) and (d) show the response of the MGs for

SC22 and SC23, respectively, when the load changes were applied as in Fig. 3.18. In

this case, the MGs did not become unstable due to the improved controller design.

Fig. 3.19 (a) and Fig. 3.20 (a) show the low-frequency eigenvalues for the two MGs at

their operating point. The transient responses associated with the pairs of eigenvalues

in Fig. 3.19 (a) and Fig. 3.20 (a) are depicted in Fig. 3.19 (b) and Fig. 3.20 (b). These

responses are calculated as:

yi(t) = eλit.

In MG1, the response of ωr can be represented as a linear combination of the time

characteristics of the dominant eigenvalues 5−8, as the participation matrix suggests in
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Figure 3.19: Response of MG1 in SC22 when the load decreased 1 kW with a recom-

mended controller design. Comparison between the time responses obtained from the

corresponding eigenvalues and the experimental setup.

Figure 3.20: Response of MG2 in SC23 when the load decreased 1 kW, with the fine

tuning. Comparison between the time responses obtained from the corresponding eigen-

values and the experimental setup.

Fig. 3.4. Also, the time response of vd can be represented as a linear combination of the

time characteristics of eigenvalues 9−10. Similarly, in MG2 the responses of the voltage

and frequency can be represented as a linear combination of the time characteristics of

eigenvalues 6− 7 and 4− 5, respectively. These eigenvalues are mainly linked with the

states of the voltage controller and the droop control, respectively, as shown in Fig. 3.8.
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3.6 Discussion

3.6.1 Controller Design and Interactions

The analysis of participation factors confirmed that low-frequency modes are affected

by the PLL states and, at the same time, by the mechanical states of the diesel gen-set

and the states of the current and voltage controllers. The eigenvalue analysis revealed

the PLL design is closely linked with the loading conditions and the design of the

voltage and current controllers of the VSCs. In general, slow GFL converter current

controllers, slow GFM converter voltage controllers and fast GFM converter current

controllers limit the range of the PLL bandwidth in which the stability is guaranteed.

Previous studies also showed that systems may become unstable when the PLL and

the GFL converter DC-voltage controller have similar bandwidths [97, 98]. Therefore,

as shown in the literature and in the results presented in this chapter, the design of the

PLL is critical for the stability of MGs.

3.6.2 Additional Control Loops

The study did not reveal any relevant interactions between the PLL and the voltage

control loop of the SG (excitation and AVR) unlike in the results reported in the liter-

ature for other types of excitation. The most likely cause is that a different excitation

systems was considered. While other works use a static excitation system, the ex-

citation system considered in this research is based on alternating current. Also, as

reported in the literature, the DC-voltage controller may interact with the PLL and

cause instabilities [91,97,98]. In order to study this interaction, a standard DC-voltage

controller was implemented in the GFL converter [26]. Then, the response of vdPLL was

investigated in MG2, for different designs of the PLL and the DC-voltage controller.

Fig. 3.21 shows the response of MG2 at SC21 with PLL bandwidth of (a) 10 Hz and (b)

20 Hz (close to the stability limit of the PLL). Fig. 3.21 (a) shows that vdPLL exhibits

an oscillation which is poorly damped in (b) when the the PLL bandwidth is close to

instability. This seems to point at the PLL as one to blame. Results also show that the

design of the DC-voltage controller only affects the oscillation slightly: the amplitude

of the oscillation is amplified when the DC-voltage controller and the PLL have the

same bandwidths. The fact that interaction between PLL and DC-voltage controller is

stronger when they have similar bandwidths was already reported in [97,98].

Further work is required to find out when and how the PLL interacts with other

control loops (e.g., the governor of the SG) and, also, the interaction between DC-

voltage controller and the rest of the MG controllers.
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Figure 3.21: Response of MG2 (vdPLL) when there is a 3 kW change of the load and

the DC-voltage controller has different bandwidths. (a) SC21 with PLL bandwidth of

10 Hz and (b) SC21 with PLL bandwidth of 20 Hz (stability limit).

Figure 3.22: PCC voltage (in dq) of the non-linear model of MG1 (SC20), when there

is a 1 kW change of the load, with and without a DSOGI-PLL.
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3.6.3 Advanced PLL Structures

In order to study the effect of advanced synchronisation techniques, the DSOGI was im-

plemented to calculate the positive sequence of the PCC voltage in the studied MGs [4].

For MG1 and MG2, the non-linear models were used to obtain the stability limits of

the DSOGI-PLL bandwidth under different scenarios. Table 3.5 shows a comparison of

the obtained stability limits for the PLL bandwidth, with and without the additional

DSOGI. Both implementations have similar stability limits with only a slight improve-

ment with the DSOGI. In some scenarios, like in SC20, the MG is stable for all values

of the PLL bandwidth when the DSOGI is used. Stable operation was confirmed for

MG1 in SC20, see Fig. 3.22. Therefore, advanced synchronisation techniques may offer

extended stability limits, yet they have to be studied in more detail.

Table 3.5: Stability limits of PLL bandwidth under different scenarios (“−” means

“limit not found”).

MG SC BWCC PLL PLL+DSOGI

MG1 SC20 120 Hz 18 Hz −
MG1 SC8 120 Hz 3 Hz 3 Hz

MG1 SC8 160 Hz 4 Hz 4 Hz

MG1 SC8 250 Hz 8 Hz 10 Hz

MG2 SC21 250 Hz 1 Hz −
MG2 SC18 160 Hz 13 Hz 13 Hz

MG2 SC18 260 Hz − −

3.7 Chapter Summary

In this chapter the dynamic interactions between a GFL converter with PLL and two

types of GFM devices (diesel gen-set and droop-controlled VSC) in MGs have been

studied. Firstly, detailed small-signal models for the two different GFM cases have

been derived analytically and then the participation factor and eigenvalue analyses

have been used to study the interactions between PLL and other controllers operating

in the MG. All the theoretical developments have been validated experimentally.

Stability studies showed how the loading conditions and the design of current, volt-

age and frequency controllers of GFM and GFL converters and SGs affect the PLL

stability limits. Based on these findings, design guidelines have been presented to help

MG designers understand the interactions between GFL-PLL, GFM devices and other

elements in MGs and to facilitate the correct configuration of the control system param-

eters. The experimental results and those obtained from the small-signal models showed

a good match. Small deviations were found only for the parameter values that made the
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system operate close to the maximum PLL bandwidth allowed. Finally, the experimen-

tal results obtained for the control system configured according to the proposed design

guidelines confirmed that the dynamic response of MGs can be significantly improved

by following the proposed design criteria.
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Chapter 4

Design of the Primary Control of

Electronic Power Converters to

Shape the Frequency Curve after a

Disturbance

This chapter presents a systematic method for updating the primary control parameters

of grid-forming (GFM) converters in a microgrid (MG). This method allows to shape

the MG frequency curve after a disturbance. The chapter is organised as follows. The

MG topology, the converter controllers and an overview of the proposed methodology

are presented in Section 4.1. Section 4.2 provides details about the methodology while

its implementation is described in Section 4.3. Experimental results validating the

methodology can be found in Section 4.4 and the conclusions are drawn in Section 4.5.

4.1 Overview

4.1.1 Application Scope

The MG in Fig. 4.1 is a simplified version of the low-voltage distribution benchmark net-

work for the integration of distributed energy resources (DERs) proposed by Cigré [37].

This MG can either work in islanded mode as in Fig. 4.1 or connected to the main grid

if the switch BG − B0 is closed. The system consists of a feeder and a transformer

that feeds two resistive loads (L1 and L2). DERs such as photovoltaic (PV), wind

generation and battery energy storage are connected to grid via grid-following (GFL)

converters (C4) or by GFM converters (C1, C2, C3 and C5). All converters have an

LCL output filter.

61
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Figure 4.1: Single-line diagram of the MG studied in this chapter.

4.1.2 Control Overview

The GFL converter controls the active and reactive powers injected to the grid. For

that purpose, it has a proportional-integral (PI) controller that regulates the current

through the converter-side inductance of the LCL filter. A phase-locked loop (PLL) is

used to synchronise the converter with the MG voltage at the point of connection.

GFM devices are equipped with an inner current loop and an outer voltage loop.

The current loop is used to regulate the current through the converter-side inductance

while the voltage loop is used to regulate the voltage at the alternating current (AC)

filter capacitor. GFM converters also include a quasi-stationary virtual impedance loop

that is applied on top of the voltage controller and facilitates the parallel connection

of GFM devices (i.e., when forming the MG) [16]. Frequency and voltage magnitude

control set points are internally generated according to [25]:

ω = g1(P ), V = g2(Q), (4.1)

where ω is the output frequency of the converter, V is the voltage magnitude, P and Q

are the active and reactive power measured at the converter output, and g1(·) and g2(·)
are the desired GFM characteristics. For simplicity, conventional frequency and voltage

droops are considered here, although other options could be also implemented [70]:

ω = ωn −mpP̃ , V = Vn − nqQ̃, (4.2)

where ωn and Vn are the no-load output frequency and voltage magnitude, and mp and

nq are the droop gains. P̃ and Q̃ are the filtered active and reactive powers injected by

the unit:

P̃ =
1

s/ωc + 1
P, Q̃ =

1

s/ωc + 1
Q, (4.3)

where ωc is the cut-off frequency of the filter. The equivalent inertia (Hi), measured in

seconds (s), of the ith GFM converter can be calculated as [146]:

2Hi =
1

ω′
cim

′
pi

, (4.4)
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being ω′
ci and m′

pi the pu values of the cut-off frequency and constant of the droop

controller.

4.1.3 Methodology Overview

The aim of the proposed methodology is to adjust the controller parameters of a MG to

achieve some specific metrics. In this chapter, metrics related to the transient response

of the frequency of the MG center of inertia (COI) have been chosen. However, the

proposed methodology is generic enough and can be also adapted to adjust other system

metrics.

For simplicity, the frequency of COI is used as a measurement of the whole MG

frequency. Borrowing the notion from conventional power systems, the COI frequency

is defined as follows [147,148]:

ωCOI =

n∑

i=1

ωiHi

n∑

i=1

Hi

, (4.5)

where ωi is the frequency of the ith converter and Hi was defined in (4.4). The de-

sired transient response is designed by defining the nadir and/or the rate-of-change-of-

frequency (ROCOF) of ωCOI , and changing DER primary controller accordingly.

Fig. 4.2 shows the flowchart of the proposed methodology. The relationships between

nadir, ROCOF and the control parameters are determined by using the MG small-

signal model, parametric sensitivities, and participation factors. Then, the parameters

are modified based on these relationships. The new control parameters are validated

according to stability and operational constraints. Since the methodology is based

on the use of linear tools, MG control parameters should be modified by using small

increments to prevent a large drifting from the original operating point. After an

iterative search, the definitive values of the parameters are selected. In addition, as

the system eigenvalues are placed far away from the imaginary axis during the iterative

process, the system would be relatively robust against the changes of the operating

point.

4.2 Details of the Methodology

In this section, the proposed methodology is explained. First, small-signal tools are

described. Then, the relationships between COI dynamics, system eigenvalues and

control parameters are derived. Finally, the iterative search for the control parameters

is explained.
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Figure 4.2: Flowchart diagram of the proposed methodology.

4.2.1 Small-Signal Analysis and Participation Factors

A small-signal model of the MG can be described as follows:
[
∆ẋ

]
= A

[
∆x

]
+B

[
∆u

]
,

[
∆y

]
= C

[
∆x

]
+D

[
∆u

]
, (4.6)
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where ∆x is the state vector, ∆u is the input vector, ∆y is the output vector, and A,

B, C and D are the state-space matrices. The state-space model is derived considering

a power variation in the load (∆PL) as the input and ∆ωCOI as the output, following

the methodology presented in [70]. The exact models of the MG devices can be found

in Chapter 3 and Appendix A. The transfer function from a load step to ωCOI is used

to study frequency dynamics.

The participation matrix (PM) establishes the link between the state variables in

(4.6) and the eigenvalues of A as explained in Chapter 3. The output ∆ωCOI can be

written as a function of the state variables and the inputs using (4.5) and (4.6):

[
∆ωCOI

]
= CCOI

[
∆x

]
+DCOI

[
∆u

]
, (4.7)

where the first term fully defines ∆ωCOI , so DCOI = 0. The participation vector of

∆ωCOI shows which eigenvalues participate more in ∆ωCOI and can be simply calculated

as:

PCOI = CCOIPM , (4.8)

where PM is the participation matrix of the whole system [42].

4.2.2 Eigenvalue Sensitivities

In this work, the eigenvalue sensitivities are used to explain how each control parameter

participates in the dynamics of ∆ωCOI . Parametric eigenvalue sensitivities are defined

as the derivative of a system eigenvalue with respect to a parameter [42,108,149]:

sij =
∂λi
∂pj

= ψi
∂A

∂pj
ϕi, (4.9)

where sij is the sensitivity of eigenvalue λi with respect to parameter pj, ψi and ϕi
are the left-row eigenvector and the right-column eigenvector associated to λi, respec-

tively. Sensitivities are complex numbers that describe, in a quantitative manner, how

eigenvalues move in the complex plane when a parameter is modified.

For small variations of parameter pj (∆pj), (4.9) can be expressed as:

∆λi = λ′i − λi ≈ sij∆pj, λ′i ≈ λi + sij∆pj, (4.10)

where λ′i is the value of λi after applying ∆pj. This can be extended for variations of

o parameters and q eigenvalues:



∆λ1
...

∆λq


 ≈



s11
...

sq1


∆p1 + · · ·+



s1o
...

sqo


∆po. (4.11)
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One should note that (4.11) is an expression with complex numbers and it will contain 2q

linear equations if all λi are complex numbers. As it will be shown in Section 4.3.2, real

and imaginary parts of sensitivities have comparable magnitudes for the case studied

in this work and both must be used to calculate eigenvalue variations. Other references

only use the real parts when obtaining their results [108]. Still, the validity of this

simplification depends on each specific application.

For a given operating point (with its specific eigenvalues and set of parametric

sensitivities) the parameter variations that move eigenvalues λ1, ..., λq to their desired

location λ′1, ..., λ
′
q can be calculated by solving (4.11). Since (4.11) is only valid for

small changes in ∆pj, this expression can only be used for small displacements of the

eigenvalues. To calculate larger displacements, (4.11) can be applied iteratively until a

solution is found.

4.2.3 Adjustment of Nadir and ROCOF of ∆ωCOI

Nadir

The transfer function of interest, representing the frequency dynamics, can be ex-

pressed as the sum of the contributions of each eigenvalue weighted by its corresponding

residue [42]:

G(s) =
m∑

i=1

Ri

s− λi
, (4.12)

where Ri is the residue of G(s) for λi. Both participation factors and residues have

impact on the relationship between eigenvalues and ∆ωCOI (see [149] for more details).

Both real and complex eigenvalue dynamics are studied here to understand their

differences:

• Effect of One Real Eigenvalue: When the response of ωCOI is dominated by a real

eigenvalue, the nadir is approximately ∆ωCOI(∞), because there is no overshoot,

and can be calculated by applying the final value theorem [150]:

∆ωCOI(∞) = lim
s→0

sG(s)U(s) =

= lim
s→0

G(s) ≈ lim
s→0

Ri

s− λi
=

Ri

−λi
. (4.13)

Therefore, to reduce the nadir in this case, the value of λi should be increased,

that is, the eigenvalue should be moved to the left. This case is not very represen-

tative of a real system with machines, but it can happen in systems with power

converters. In this case, the steady-state droop characteristic is directly related

to the frequency nadir.
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• Effect of a Pair of Complex Eigenvalues: In this case, the frequency nadir is linked

with the overshoot of the second order system defined by the pair of complex

eigenvalues, which is calculated as [150]:

ωnadir = ω(0)−∆ωCOI(∞)e−π tanα, (4.14)

where ω(0) is the frequency before the load variation and α = arg(λi) − π/2.

Here, to reduce the nadir, α should increase (i.e., the damping of λi should be

increased). This case is quite common in conventional power systems.

• Application to the General Case: In a general case where both real and complex

eigenvalues participate in ∆ωCOI , it is more convenient to move real eigenvalues

to the left and damp complex conjugated eigenvalues to reduce the nadir.

ROCOF

Qualitatively speaking, lower values of ROCOF can be obtained if GFMs converters

provide a larger synthetic inertial response. However, the effect of control parameters

on the ROCOF cannot be derived easily from eigenvalues (as in the case of the nadir).

Therefore, to understand the effect of the control parameters on the ROCOF, the

ROCOF expression has been rewritten in terms of the droop control parameters, as

in (4.4). This representation of the ROCOF is equivalent to its standard definition, but

adapted for power converters [146,151]:

ROCOF =
∆PLossΩr

2
n∑

i=1

SiHi

=
∆PLoss
n∑

i=1

1

ωcimpi

, (4.15)

where ∆PLoss is the power variation in the system that caused the frequency excursion,

the denominator represents the kinetic energy of the system and n is the number of

droop-controlled converters. In order to obtain an expression that considers parameter

variations as variables like (4.11), ROCOF is presented as follows:

ROCOF =
∆PLoss
n∑

i=1

1

ωcimpi

=
∆PLoss

n∑

i=1

1

ωci0mpi0

1

b
, (4.16)

where ωci, mpi correspond to the new droop parameters, ωci0 and mpi0 correspond to

the initial ones and b measures the change in the equivalent system inertia. Expres-

sion (4.16) can be linearised around the operating point to find a linear relation between
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the new and the initial droop parameters. After the linearisation, the following expres-

sion is obtained:

Kb =
[
∆ωc1, · · · ,∆ωci

]



K1

ωc10
...
Ki

ωci0


+

[
∆mp1, · · · ,∆mpi

]



K1

mp10

...
Ki

mpi0


 , (4.17)

Ki =
1

ωci0mpi0

, K =
n∑

i=1

Ki. (4.18)

This equation is linear and explains how small changes of the droop parameters affect

the ROCOF by means of b. As per (4.16), when b is greater than 1, ROCOF is reduced

an vice versa. It can be used similarly to (4.11) to calculate control parameters.

4.2.4 Iterative Search of the Solution

When the MG power sharing conditions change, the controller parameters need to be

recalculated to preserve the same frequency dynamics. Here, an iterative procedure is

proposed to recalculate primary controllers. It combines all the tools presented above.

A flowchart of the methodology is shown in Fig. 4.2. It is worth noting that the

tools described above are widely used in the literature. The specific contribution of

this chapter is in the proposed methodology, which combines all of them in order to

control and set the dynamics of the MG. Nonetheless, equations (4.8) and (4.17) have

been specially derived for that purpose. It has two main branches, one for setting the

ROCOF and another one for setting the nadir. The steps are described below.

Small-Signal Modelling

First of all, a small-signal model of the MG is derived analytically [70, 152]. Since the

adjustment of primary controllers to provide inertia is determined by the MG operator,

it is reasonable to assume that device characteristics and the MG operating point are

available for the parameter calculation. The MG operating point is calculated using a

Matlab-Simulink model (alternative options for this task can be found in [153,154]).

Selection of Target Eigenvalues

To adjust the nadir, the eigenvalues that define the transient of ωCOI should be mod-

ified, i.e., the eigenvalues with the largest participations in ωCOI . To this end, the

participation factors of eigenvalues in ωCOI (PCOI) are calculated and normalised. Nor-

malization consist on forcing that the sum of all elements in PCOI is 1 (
∑i PCOIi = 1).

That is, the sum of eigenvalue participations on ωCOI is 1. As explained in the previous

sections eigenvalues with a low damping factor are also selected. More details on this

implementation can be found when numerical results are presented.
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Definition of Parameter Conditions

Equations (4.11) and (4.17) are used to modify the nadir and ROCOF, respectively.

Sensitivities and the values of K and Ki (see (4.17)) are calculated in each iteration

since they change with the operating point. For simplicity, sensitivities ∂A/∂pj in (4.9)

are calculated as ∆A/∆pj. Additional linear equations may be used to guarantee that

certain parameters are modified simultaneously. For instance, in order to keep the same

power sharing, the ratios between converter droops (mpi) should be maintained (this

will be explained later in more detail).

Calculation of Parameter Variations

In general, the number of variables to be calculated, which is the number of variables

in (4.11) (or the number of variables in (4.17) for a design based on the ROCOF),

will be larger than the number of equations. This means that the system will be

underdetermined. To minimise the number of control parameters to be modified, the

solution that minimises the least-square of solution ∆pj will be selected [155,156]. Also,

since linearised models are used, only small variations of the control parameters will be

used (1%).

Parameter Validation

After calculating the parameter variations, it must be verified that the system remains

stable and that parameters remain within their technical limits. If the system is un-

stable, all parameters that were modified are fixed to their last feasible values. At

this point, control parameter constraints may be introduced, for instance in primary

controllers to guarantee sufficient bandwidth separation, to limit droop constants or

restrict ωci range, among others. Constraints could be added to the original linear

problem, although this would lead to a more complex formulation. Additionally, if one

or more parameters are out of their permitted range, those parameters are also fixed to

their last feasible value.

Iterating Condition

After updating the parameters, the algorithm must check whether the design goal (nadir

or ROCOF) has been reached. This is done taking into consideration the new parame-

ters in the small-signal model. As the variations of the parameters must be kept small,

several iterations may be required until the solution is reached. Finally, the iterative

process stops if either the nadir or the ROCOF reach their desired value, if there are no

parameters that can be modified, or if the maximum number of iterations is reached.
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4.3 Numerical Results

4.3.1 Case Study

The proposed methodology was applied to the MG shown in Fig. 4.1. The system

parameters from the Cigré MG [37] were adapted to the lab facilities (see Appendix B

and [143, 144, 157] for further information), resulting in the line and load parameter

values provided in Table 4.1. The nominal apparent power of converters is 75 kVA for

C1 and 15 kVA for the rest of them. The power reference of the GFL converter was

set to 1 kW. Unless otherwise stated, current and voltage controllers of GFL and GFM

converters have been designed with bandwidths of 250 Hz and 30 Hz, respectively. The

PLL for GFL converters has a bandwidth of 1 Hz. Virtual impedances of 1 Ω and 10 mH

were used to facilitate the parallel operation of GFM converters. Reactive power droop

constants were adjusted to allow 2.5 % of voltage variation with an injection of the rated

power. Low-pass filters (LPFs) of reactive power loops were designed so that they have

the same cutoff frequency of those used for active power. The two different scenarios

considered in this case study are shown in Table 4.2 together with the corresponding

droop parameters of the active power controller. A load step change was applied to L2

to study the frequency dynamics of the MG.

The proposed methodology was applied to a case when a change of the power sharing

between units is required while certain frequency characteristics should be retained at

the same time. Initially, MG controllers are designed as in scenario SC1 where ωCOI
exhibits the desired nadir and ROCOF. After a certain event, the power sharing between

the units is readjusted and mpC1 is set to 5 %. The increment of mpC1 in this new

scenario (SC2) increases the nadir and ROCOF of ωCOI with respect to those in SC1.

Considering the new conditions, i.e., new power-sharing ratios between the units, the

proposed methodology is applied to take the nadir and the ROCOF to their previous

values. The application of the proposed methodology for SC2 is explained in detail in

the following section, where the nadir will be adjusted and the modifications required

to adjust the ROCOF will be explained. This case study has been defined to show how

additional restrictions (while retaining the established power sharing) can be included

in the methodology and to show their impact.

4.3.2 Application of the Proposed Methodology

Small-Signal Modelling

The small-signal model of the MG considered at a general operating point, has been

derived analytically [70].
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Table 4.1: Line and load parameters.
Line/Load Nodes R [Ω] L [mH]

Line 1 B4-B6 0.075 0.3

Line 2 B6-B17 0.3 0.1

Line 3 B11-B4 1.075 0.3

Load 1 B11 17.78 −
Load 2 B4 26.67 −

Table 4.2: Definition of droop parameters and scenarios.
Conv. Par. SC1 SC2

C1
mp (%) 0.25 % (75 kW) 0.5 % (75 kW)

ωc 5 Hz 5 Hz

C2
mp (%) 0.5 % (15 kW) 0.5%(15 kW )

ωc 3 Hz 3 Hz

C3
mp (%) 0.5 % (15 kW) 0.5 % (15 kW)

ωc 5 Hz 5 Hz

C5
mp (%) 0.5 % (15 kW) 0.5 % (15 kW)

ωc 5 Hz 5 Hz

Selection of Eigenvalues to Modify

The participation factors of ωCOI are calculated by applying (4.8). For example, Fig. 4.3

shows their magnitude for SC2. Only the participation of the low-frequency eigenvalues

is shown (lower than 7 Hz). Clearly, λ12 predominantly participates in ωCOI . To reduce

the nadir, damping of poorly damped eigenvalues must be improved and real eigenvalues

must be moved to the left. Fig. 4.4 (a) shows that the eigenvalues with lowest damping

(ζ < 0, 5) are λ6 and λ8, and their conjugates. Therefore, the objective is to damp λ6
and λ8 and move λ12 to the left.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

λ

0

0.1

0.2

Figure 4.3: Eigenvalue participation on ωCOI in SC2.

Definition of Parameter Conditions

At this stage, (4.11) is used. The required λ′12, λ
′
6, λ

′
8 are chosen to have a 1 % higher

natural frequency and damping (if complex) than current λ12, λ6, λ8. Furthermore, the
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Figure 4.4: Eigenvalue loci for SC2 along the iterations when the nadir is reduced.(a)

low frequency eigenvalues. (b) Zoom in eigenvalues λ12 and λ13. (c) Zoom in eigenvalues

λ6 and λ8.

following additional conditions are applied to maintain power-sharing ratios between

units:

5∆mpC1 −∆mpC2 = 0,

5∆mpC1 −∆mpC3 = 0,

5∆mpC1 −∆mpC5 = 0. (4.19)

By adding these conditions, the ratio between the absolute droop coefficients is five

despite the ratings of the units. In the case of ROCOF redesign, (4.17) must be applied

considering the droop parameters and a value of b larger than one to reduce the ROCOF

with each iteration. Since (4.17) represents a single equation, the least-square solution

of (4.17) and (4.19) identifies the four droop parameters to modify. The parameter

variations are calculated as detailed in the following section.
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Calculation of Parameter Variations

Now, the system of equations formed by (4.11) and (4.19), that represent the rela-

tionship between eigenvalues and parameters, are solved to obtain the parameter vari-

ations. Fig. 4.5 shows the sensitivities of λ12, λ6 and λ8 to droop (mp, ωc and nq),

virtual impedance (Rv and Lv), voltage controller (kpv and kiv) and current controller

parameters (kpc and kic). The parameters with the highest impact on the considered

eigenvalues are droop and virtual impedance parameters. In some cases eigenvalues

were also sensitive, to a lesser extent, to voltage-controller parameters but eigenvalues

were not sensitive to current-controller parameters. Since the solution of (4.11) and

(4.19) with the minimum norm is used, eigenvalues are relocated by modifying only

droop and virtual impedance parameters (see Fig. 4.6).
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Figure 4.5: Parametric sensitivities of (red) λ12, (green) λ6 and (blue) λ8, in SC2 at

the first iteration expressed as vectors. (a) Parameters with the highest impact and (b)

other parameters with high impact on λ12, λ6 and λ8.

When the objective is to modify the ROCOF, (4.17) and (4.19) are solved and the

four droop parameters are modified in each iteration. After the solution of (4.11) (or

(4.17)) and (4.19) is found (∆p1, ...,∆po), the new parameter values (p′j) are calculated.

A maximum variation of 1 % was considered to ensure the validity of the displacement

prediction made by the sensitivities [108]. Firstly, per unit variations are calculated

as ∆puj = ∆pj/pj. Then, the largest per unit variation (∆pumax = max(|∆puj|)) is
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computed and a variation of 1 % is assigned to that parameter. Finally, the values of

all other parameters are calculated as follows:

p′j = pj

(
1 + sign(∆pj)

1

100

|∆puj|
∆pumax

)
, (4.20)

where p′j denotes the new value for the current iteration of pj and |∆puj| is the modulus

of the per unit variation of parameter pj.

Fig. 4.6 shows the parameter values along the iterations for the studied case. Values

higher than one indicate that the value of the parameter has increased and viceversa.

The parameters that have been modified to change the nadir are mpC1, mpC2, mpC3,

mpC5, nqC2, nqC3, nqC5, LvC2, LvC5 and kpvC3. These are the parameters that affected

λ12, λ6 and λ8 the most, as shown in Fig. 4.5. Since (4.11) and (4.19) sum 5 + 3

equations altogether, 8 parameters are modified simultaneously.

Parameter Validation

After calculation of the new parameter values in each iteration, their values are vali-

dated. If any of the parameters reaches its limit or if the MG becomes unstable for the

new configuration, the parameters are blocked to their previous values. For example, in

Fig. 4.6, when nqC3 reaches its lower limit at iteration number 70, its value is fixed to

that value for the following iterations. From then on, the nadir is adjusted by modifying

nqC5, which had not been modified yet. Similarly, at iteration number 155, nqC5 hits

its upper limit and kpvC3 is modified from then on.

Iterative Process

After each parameter modification, the small-signal model is recalculated to check if the

design goals had been achieved. While there are parameters to be modified, the process
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Figure 4.6: Per unit parameter values in SC2 when the objective is to reduce the nadir.
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described is repeated until frequency dynamics metrics reach the required values. How-

ever, in order to avoid a long iterative process with too many parameters blocked, the

maximum number of iterations was set to 500. The test carried out showed that the

number of iterations to reach the desired nadir increases with the number of equations

to solve. It is, therefore, recommended to avoid targeting too many eigenvalues.

4.3.3 Simulation Results

Fig. 4.7 shows the transient response of ωCOI for SC1 and SC2 when load-L2 was

suddenly increased by 3 kW, before and after the recalculation of the control parameters.

Fig. 4.7 shows that ωCOI features larger nadir and ROCOF in SC2 (in red) compared

to SC1 (in green). After recalculating the controller parameters for adjusting the nadir

(in orange), the nadir of ωCOI is the same as it was for SC1. This is mostly because

of the change of the steady state frequency that is caused by the changes of droop

parameters (mpi). These were the parameters with the most significant impact on the

selected eigenvalues.

Fig. 4.5 shows the polar representation of parametric sensitivities λ12, λ6 and λ8.

The direction of sensitivities is not the same as the required direction of movement

of eigenvalues. Therefore, a combination of parameter adjustments is needed to move

these eigenvalues. All this information is already taken into consideration in (4.11).

Fig. 4.4 (b) and (c) show that λ12 moves to the left and that the damping of λ6 and λ8
increase. As a consequence, the nadir is reduced. Incidentally, other eigenvalues (apart

from λ12, λ6 and λ8) also move and, even though they have a low participation in

ωCOI , they may become unstable. Thus, a minimum damping for all eigenvalues must
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Figure 4.7: Transient response of ωCOI when there is variation of load L2. (green) Initial

design of controllers in SC1. Results (red) with droop constrains applied (SC2), (blue)

after modifying parameters to adjust ROCOF in SC2 and (orange) after modifying

parameters to adjust nadir in SC2.
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always be enforced. Furthermore, the power-sharing ratio between units is maintained

constant along iterations since condition (4.19) is considered (see Fig. 4.6). The per

unit variation of mp is the same for all the GFM units. In this example, adding power-

sharing restriction (4.19) simplifies the problem to solve by reducing the number of

degrees of freedom. Nevertheless, this is not always the case.

Fig. 4.7 (blue) shows that the ROCOF of ωCOI (at t = 0.1 s), after the redesign, takes

the original value of SC1. Since (4.17) and (4.19) sum 1 + 3 equations, 4 parameters

are changed in each iteration. Initially, mpC1 is reduced to increase the virtual inertia

and (4.19) ensures that all droops are modified simultaneously to keep the same power-

sharing ratio. One should notice that the reference frequency metrics might not be

achievable with a feasible set of parameters. In that case, the algorithm will stop

looking for a solution.

Effect of Inductive Loads

An additional test was conducted in order to test the algorithm under different types of

loads. It was assumed, in particular, that all the loads in the system had an inductive

part with cosϕ = 0.8 in SC1 (instead of cosϕ = 1). Then, the algorithm was executed

and the objective was to set the nadir at 0.21 Hz. Fig. 4.8 shows the movement of

the eigenvalues for cosϕ = 0.8, marked with “o”, and for cosϕ = 1, marked with “+”.

It can be seen that for the scenario with cosϕ = 0.8, the number of iterations needed

is lower as the nadir was originally closer to the desired solution. Fig. 4.9 shows the

transient response of the COI for the original case (cosϕ = 1), before and after the

redesign. In that figure, the results for the case of cosϕ = 0.8 are also depicted. It can

be seen that in both cases, the nadir after the redesign is 0.21 Hz.

Effect of the Operating Point

Variations of the operating point could lead to variations of the system eigenvalues

(and then on the stability properties of the MG). In the proposed algorithm the system

eigenvalues are placed far enough from the imaginary axis so that variations of the

operating point do not substantially modify the system stability properties. Fig. 4.10

shows the system eigenvalues when the MG load changes between 8 kW and 26 kW

with different zooms. Notice that the system eigenvalues remain far from the imaginary

axis and then the system stability is not compromised. In addition, given that in all

cases the algorithm places the eigenvalues in the stable half plane, we can trust that

slow-enough changes will not make the system unstable [158].
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Figure 4.8: System eigenvalues of the MG for SC1, when load cosϕ = 0.8 (o) and load

cosϕ = 1 (+).
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load cosϕ = 0.8.

4.3.4 Additional Considerations

Some extra features may be added to the algorithm presented above. For instance, if

a specific ratio between controller parameters is required, additional expressions such

as (4.19) could be implemented. In addition to that, if a simultaneous design of nadir
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Figure 4.10: Eigenvalue loci when the load of the MG varies from 8 kW to 26 kW.

and ROCOF is required, (4.11) and (4.17) must be solved simultaneously. However,

this objective might be difficult to achieve since these metrics might guide parameters

in opposite directions. Therefore, in a case that the combined solution is not feasible,

it is recommended to prioritise one of the metrics and tackle the design using only

that metric. Results considering only one the metrics may be improved further using

additional constrains as in (4.19).

The additional features described and the design of nadir and ROCOF simulta-

neously result in a system with a larger number of equations and the solution of the

problem is more complicated. Accordingly, it is advised to limit the number of equa-

tions by limiting the number of eigenvalues to modify. When the nadir of ωCOI is

redesigned in systems with second order dynamics, it is recommended to only modify

the eigenvalue that participates the most in ωCOI and the lightly damped ones. Al-

though this may change depending on the MG and its operating point, in a number of

study cases used in this work, the algorithm found a solution to most of them. The only

cases without a feasible solution were detected when an improvement of both nadir and

ROCOF was attempted simultaneously.
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4.4 Experimental Validation

4.4.1 Experimental Platform

Fig. 4.1 shows the implementation of the MG studied in this work in the smart energy

integration lab (SEIL) [143, 144]. A 75 kVA voltage source converter (VSC) and four

15 kVA VSCs were used. One of the 15 kVA VSCs was used to implement the GFL

control (C4). Two programmable resistive load banks were connected at nodes B11

(L1) and B4 (L2). L2 was configured to carry out a load step of 3 kW in order to

measure frequency ROCOF (at t = 0.1 s) and nadir. Configurable impedances were

used to replicate the MG topology. A diagram of the laboratory implementation is

shown in Fig. 4.11.

Figure 4.11: Electrical diagram of the connections made in the laboratory.

4.4.2 Experimental results

The analytical study was validated experimentally by performing the load steps de-

scribed in Section 4.3.3 and by comparing the obtained experimental and analytical

results for ωCOI . Fig. 4.12 shows the transient of ωCOI (both simulation and experi-

mental results), for SC1 and SC2, before and after the recalculation for reducing (a)

nadir and (b) ROCOF. The transient of ωCOI obtained in the experimental tests match

well with the predicted results obtained from the analytical model. Fig. 4.12 (a) shows

that after redesigning the controllers, the MG nadir for SC2 was reduced and it reached

the original value obtained in SC1. Finally, Fig. 4.12 (b) shows the transient response
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of ωCOI , for the case of ROCOF redesign. It clearly shows that the ROCOF was re-

duced and it now has the same value of SC1 although, understandably the shapes of

the transients are not exactly the same. However, differences are relatively small.
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Figure 4.12: Transient responses of ωCOI obtained from (Sim) simulations and (Exp)

experiments. A step variation is applied on the load L2. Test performed for the original

scenario (SC1) (green), the scenario with droop constraints (SC2) (red), and SC2 with

(orange) nadir and (blue) ROCOF redesigns.

4.5 Chapter Summary

This chapter has proposed a methodology for continuous management of two principal

frequency stability parameters of a MG, namely ROCOF and nadir of frequency of

centre of inertia (ωCOI). This is achieved by the recalculation of the controllers of

the GFM converters in the MG. In the chapter, the methodology is applied only to

converters with droop controller (for simplicity). However, it can also be applied to any

other GFM controller type. When adjusting nadir, control parameters are modified by

taking into consideration the parametric sensitivities of the eigenvalues that have most

impact on ωCOI . In the case of adjusting ROCOF, control parameters are modified

according to their contribution to ROCOF. The small signal tools used for the selection

and tuning of parameters (eigenvalue analysis, participation factors and sensitivity)
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illustrate the process of the control design in this chapter. Finally, analytical results

of the proposed methodology were validated experimentally. It was demonstrated how

the nadir and the ROCOF characteristics can be reestablished after a transient change

of load.

The main contribution of this chapter is the proposed algorithm that ensures that

both stability and operational constrains are met simultaneously. The algorithm uses

an iterative search for the solution to meet the stability criteria. It has been found

that parameters of droop and virtual impedance are the most important contributors

to ωCOI according to the parametric sensitivities. Droop parameters have the highest

impact on low frequency eigenvalues and, therefore, they are mainly used to adjust

both ROCOF and nadir. In addition to that, the values of virtual impedances, that

are typically omitted in frequency studies, were also used to modify nadir. For the

ROCOF adjustment only droop parameters were used as they are directly linked with

the system frequency response and the definition of ROCOF in the literature.

Another important remark is that despite the number of steps involved in the al-

gorithm its computer implementation is rather simple. This is mostly because the

algorithm mainly uses linear tools. Its main possible drawback is the complexity of the

problem when a large number of restrictions is applied. It is, therefore, recommendable

to set the number of restrictions to a minimum.
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Chapter 5

Interaction between Primary and

Secondary Controllers of Electronic

Power Converters in Microgrids

In this chapter, interactions between primary and secondary controllers in microgrids

(MGs) are studied by using participation factor and eigenvalue sensitivity analyses. The

analysis conducted considers communication delays between primary and secondary

control layers on the stability assessment of the MG. This chapter is organised as fol-

lows. The topology of the case study is described in Section 5.1. In Section 5.2, the

small-signal analysis tools are presented. In Section 5.3, the eigenvalues and partici-

pation factors obtained for the test case are analysed. Finally, results are discussed in

Section 5.4.

5.1 Application Overview

5.1.1 Application Description

The Cigré benchmark MG presented in Chapter 4 is also used in this study. Fig. 5.1

shows its single line diagram [37]. It is a low-voltage network operated as an islanded

MG (with switch at B0 − BG open). The system consists of a feeder originating

from a transformer that feeds five resistive-inductive loads (L1, L2, L3, L4 and L5).

Distributed energy resources (DERs) such as photovoltaic (PV), wind generation and

storage are connected to the grid by either a grid-following (GFL) converter (C4) or

grid-forming (GFM) converters (C1, C2 and C3). All the converters include an LCL

filter. A secondary controller is applied to restore the frequency of the MG.

83
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Figure 5.1: Single-line diagram of the MG and its control topology.

5.1.2 Control Overview

The GFL converter C4 manages the active and reactive power injected to the grid by

using a closed-loop control of the current through the converter-side inductance (Li)

of the LCL filter [26]. A phase-locked loop (PLL) is used to synchronise the converter

output voltage with voltage of the connection point [26]. The control topology of the

GFM converter consists of an inner current control loop that controls the current of the

converter-side inductance (Li) and an outer voltage loop that controls the voltage across

the ac capacitor (Cd) [70]. Frequency and voltage set points are internally calculated by

using conventional active and reactive power droops that also ensure the power sharing

between the units [14, 70]. Although they have been presented in previous chapters,
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they are recalled here for convenience:

ωCi = ωni −mpiP̃i, Vi = Vni − nqiQ̃i, (5.1)

where ωni and Vni are the no-load frequency and voltage magnitude of each droop, and

mpi and nqi are the droop slopes. The signals P̃ and Q̃ represent the filtered versions

of the active and reactive powers injected by the unit. In the Laplace domain, these

signals can be represented as follows [70]:

P̃i =
1

s/ωci + 1
Pi, Q̃i =

1

s/ωci + 1
Qi, (5.2)

where ωci is the cutoff frequency of the low-pass filter (LPF) and Pi and Qi are the

measured active and reactive powers.

Droop controllers introduce voltage and frequency deviations in steady state. In this

work, a central secondary controller is used to restore the frequency of the MG (Fig. 5.1).

It consists of a proportional-integral (PI) controller that keeps the frequency of the cen-

ter of inertia (ωCoI) equal to 50 Hz. For calculating ωCoI , the internal frequencies of

the GFM converters (calculated by the droop controllers as indicated in Fig. 5.1) are

sent to the secondary controller via communication channels. The command of the

PI controller is multiplied by constants (ks1, ks2 and ks3) that are used to ensure an

adequate power sharing during the frequency restoration process and the results are

then sent to the GFM devices. The impact of these constants is studied later in this

chapter. In this implementation, the secondary controller command adjusts the value

of ωni of the droops (in (5.1)), thus shifting up or down the droop characteristics. The

communication delays associated with the central secondary control are modelled using

first-order LPFs for simplicity. For a more realistic representation of communication de-

lays, stochastic models can be used [116]. For simplicity, both primary and secondary

controllers have been presented as continuous-time control systems, however, in real

applications they are typically implemented using discrete-time control systems. Con-

troller sampling time in real applications depends on the required control speed and

available communication bandwidth.

5.2 Small-Signal Modelling and Analysis Tools

In this study, the small-signal stability of the MG is studied as well as the impact of

system parameters on it. The small signal model of the MG is represented as in [42,70]:

∆ẋ = A∆x+B∆u, (5.3)

∆y = C∆x+D∆u, (5.4)

where ∆x, ∆u and ∆y are the state, input and output vectors, respectively, and A,

B, C and D are the state-space matrices of the system. In this MG, ∆x comprises
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the states of the dynamic equations of the lines, loads, LCL filters, local controllers of

the converters and the states of the secondary controller. In the GFM converters, the

most important states are those related to the droop LPFs (ps and qs), the angle δi
between converters and the states of the voltage and current controllers (ϕdq and γdq
respectively). The secondary controller states are those of the LPFs that are used to

model the delays (see Fig.5.1) and the state of the PI controller. They are denoted as

mwsc and cwsc (measurement and command delay respectively) and wsc (PI state). A

detailed description of the system states can be found in Chapter 3 and in [152].

The MG small-signal model can be derived analytically from the non-linear equa-

tions that define the MG dynamics or by using software tools such as Matlab. In this

case, it was derived following the methodology proposed in [70,152].

MG small-signal stability has been investigated using eigenvalue and participation-

factor analyses. These tools have been widely used to study the stability of both conven-

tional power systems and power systems with high penetration of converter interfaced

generation [42, 70]. The eigenvalues of the linearised model describe the oscillation

modes of the power system, while participation factors (fki) measure the relationship

between eigenvalues and the states of the MG [42]. Participation factors are defined as

in Chapter 3, in (3.34). In the following sections, the eigenvalue loci and the participa-

tion factors are shown for different test cases.

5.3 Analytical Study

5.3.1 Test System Description

In this section, the parameters of the MG are provided. Line parameters are defined

as in Cigré benchmark [37]. Loads L1, L2, L3 and L5 absorb 12 kVA (cosϕ = 0.9).

The nominal apparent power of the converters is 15 kVA. The LCL filter parameters

are defined as in Chapter 3. The GFL converter power reference is 10 kW. Unless

specified otherwise, the current controllers and voltage controllers (of the GFL and GFM

converters) have been designed to have bandwidths of 350 Hz and 25 Hz, respectively.

The PLL of the GFL-voltage source converter (VSC) has a bandwidth of 1 Hz. Unless

otherwise indicated, droop LPFs are designed to have cutoff frequencies of 3 Hz and

droop constants of 1 % for the frequency and 2.5 % for the voltage. Voltage and droop

controller parameters are modified in the following section to study the interaction with

the secondary controller. The secondary controller is designed to have a bandwidth of

0.5 Hz. The cutoff frequency of the LPFs that emulate the delays is 10 Hz and the

constants for power sharing between units are all set equal (ks1 = ks2 = ks3 = 1). The

impact of these constants on the stability is studied in this chapter. Their impact on

the power sharing, the coordination of devices and the operation of the MG is addressed

in Chapter 6.
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5.3.2 Participation Factor and Eigenvalue Analyses

Fig. 5.2, Fig. 5.3 and Fig. 5.4 show the moduli of participation factors of the MG

under study. Participation factors are multiplied by 100 so they show the participation

in percentage. The scale has been adjusted to have a maximum of 50% in order to

have a better view of participation factors with smaller values. Eigenvalues are ordered

according to their natural frequency. High-frequency eigenvalues (higher than 110 Hz)

and states with high-frequency dynamics (electrical states of lines, loads and LCL

filters) are not shown in the figures since the chapter focuses on the low frequency

dynamics of the secondary controller. Fig. 5.2 corresponds to the scenario described in

the previous section. Fig. 5.3 corresponds to a scenario where the secondary controller

is faster than in the initial case (bandwidth is 3 Hz while cutoff frequency of the LPFs

that model the delays is 65 Hz). The secondary controller is designed in this way to

study its interaction with primary controllers when they all work in similar ranges of

frequency. Fig. 5.4 corresponds to the scenario in Fig. 5.2, but the secondary controller

parameters that shape power sharing are different (ks1 = 1, ks2 = 1.25, ks3 = 1.5).
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Figure 5.2: Participation factors of the MG under nominal conditions.
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Fig. 5.2 shows that the modes that participate in the states of the secondary con-

troller (mwsc, cwsc and wsc) have frequencies of 0.604 Hz and 2.12 Hz, approximately.

These modes do not participate in any other state in the MG. In addition, the modes

related to the primary controllers like PLL, droop, voltage and current controllers

(0.659 − 0.841 Hz, and 2.84 − 108 Hz) do not participate in the secondary-controller

states. This means that, in this case, primary and secondary controllers are decoupled.

That is, in general, a desired feature of cascaded controllers. In the following part of

this section, the effect of different design options for primary and secondary controllers

are studied.

Fig. 5.3 shows the participation factors of the MG when the bandwidth of the

secondary controller is 3 Hz. A comparison with the previous scenario shows that

primary and secondary controllers are more coupled. The eigenvalues that participate

in the states of the secondary controller (3.99 Hz and 14 Hz) also participate, to a lower

extent, in the states of primary controllers as explained in the following lines. Modes

with natural frequency of 3.99 Hz participate slightly in state ps (0.5 %). Eigenvalue

with natural frequency of 3.12 Hz mainly participates (15-20 %) in states ps and qs of

the droop, but it also participates (3-9 %) in the states of the secondary controller.
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Figure 5.3: Participation factors considering primary and secondary controllers with

similar speeds. Bandwidth of secondary controller is 3 Hz and cutoff frequency of

droop filters is 3 Hz.
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Therefore, it seems that the proposed secondary controller only interacts with the

droop controllers if both are designed using similar speeds, that is, the bandwidth of

the secondary controller is similar to the cutoff frequency of the droop filter. Moreover,

voltage controllers and secondary controllers did not exhibit any interaction for the

secondary controller speeds studied.

In the scenario presented in Fig. 5.4, different values were selected for the parameters

ksi of the secondary controller. This resulted in primary and secondary controllers

being now more coupled than in the previous cases. The 0.672 Hz eigenvalues mainly

participate in the states of the secondary controller (mwsc, cwsc and wsc) to a 50-90 %,

in the droop states (ps, qs and δ) to a 4 % and in the voltage controller states (ϕd and

ϕq) to 2 %. It should be pointed out that the participation factors sum more than 100.

This is due to the fact that participation factors sum (not their moduli) was forced

to be one as they were normalised. Also, 2.17 Hz eigenvalues participate in the states

of the secondary controller (15-42 %), in the droop states (2 %) and in the voltage-

controller states (0.3 %). Moreover, the eigenvalues with a frequency of 0.776 Hz that

are highly related to the droops have a small participation in the states related to the
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Figure 5.4: Participation factors considering unequal power-sharing parameters (ks1 ̸=
ks2 ̸= ks3).
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secondary controller. This shows that the selection of the ksi plays an important role

in the design of secondary controllers. The more similar the values of these parameters

are, the weaker the interaction between primary and secondary control is. For very

different ksi, the small-signal model is not valid since the angle deviations δi of local

reference frames are not close to those of the operating point. Therefore, this scenario

is not studied, but it may be of interest for further research.
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Figure 5.5: Low-frequency eigenvalue loci when ki increases, for different primary con-

troller designs (mp = 5%, ωc = 5Hz and voltage control bandwidth of 15Hz). VC BW

meaning “voltage control bandwidth”.

Coupling between primary and secondary controllers will now be discussed using

eigenvalue analysis. Fig. 5.5 shows the trajectory of the MG low-frequency eigenval-

ues (eigenvalue loci) when the secondary controller is designed faster by increasing its

integral constant (ki), for different design alternatives (see figure caption) of primary

controllers. The Base case corresponds to the design presented in Section 5.3.1. In the

remaining cases, only some specific primary controller parameters are changed. Results

reinforce the idea that primary and secondary controllers are not coupled (in this de-

sign) since the trajectory of eigenvalues linked to the secondary controller (those that

move when the secondary controller is changed) is the same regardless of the design

of primary controllers. Loci of the rest of the eigenvalues (linked to the primary con-

trollers) change for the different primary control designs, but are not affected by the

design of the secondary controller (for all the changes of ki).
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Fig. 5.6 shows MG eigenvalue loci when communication delays increase from Td =

Td0 to Td = 10Td0, for different designs of the secondary control. In the three secondary-

control scenarios presented, Td0 is selected to keep the same ratio with the bandwidth

of the secondary controller. As expected, the eigenvalues move to the right when the

communication delay increases. In all three scenarios studied eigenvalues are poorly

damped (ζ < 0.1) when Td > 7Td0 (approximately) and the MG becomes unstable

when Td > 10Td0. That means that secondary control modes feature similar damping

values for similar values of the product BWs · Td5. This fact can be used to accurately

design the secondary controller according to the actual value of the communication

delay.
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Figure 5.6: Eigenvalue loci when Td increases from (blue) Td = Td0 to (red) Td = Td0,

for different secondary controller designs.

5.4 Discussion

Participation-factor analysis has revealed little interaction between primary and sec-

ondary controllers in MGs for a range of different controller design solutions. This

decoupling of the controllers is due to the specific implementation of the secondary con-

troller. In the studied MG, all frequency droops were identical and also ks1 = ks2 = ks3.

When communication delays are identical for all converters and ksi parameters are

equal, power sharing is maintained during frequency restoration. This is due to the

fact that the secondary controller changes ωni with a similar ratio for all converters.
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Therefore, the relative angles δi do not exhibit large disturbances. This could explain

the decoupling of the controllers and why they seem to be more coupled when ksi pa-

rameters are not identical. It is likely some dynamic properties are difficult to see or are

cancelled out by considering only the case of identical control parameters. Therefore,

this aspect should be studied in detail to guarantee the decoupling of control layers

with diverse droop designs.

This chapter has shown that secondary controller can be designed to be as fast as

primary control, at least for the studied primary and secondary control designs. This

aspect could help the design of faster secondary controllers. However, the application

of this finding to a variety of control designs has to be investigated in more detail.

Nevertheless, droop controllers and the secondary controller showed a weak interaction

when they have similar time scales. This is most likely because the measurements

acquired by the secondary controller depend directly on the active power LPFs of the

droop controllers. Consequently, frequency restoration must not be configured faster

than the droop because frequency dynamics also depend on droop LPFs. In this regard,

it is recommended to design the secondary controller and the droops using similar time

scales.

Apart from the design constraints derived from the primary control speed, com-

munication delays also play an important role in the design of secondary controllers.

Based on Fig. 5.6, secondary controller bandwidths can be designed with a maximum

of BWs ≈ 1/3Td5, where Td5 represents the communication delay. With this design, the

oscillating modes linked with the secondary control feature a damping of approximately

5 %.

In any case, further research on this topic is necessary. In particular, non-linear

analysis tools may need to be used to help explain the dynamics of the MG when large

angle deviations between converters (δi) are expected. Also, deterministic time delays

were considered in this study. However, communication delays can be more accurately

modelled using stochastic variables. The study of the impact of stochastic time delays

on secondary-control design is also of interest for further research.

5.5 Chapter Summary

This chapter illustrates the interactions between primary and secondary controllers by

using eigenvalue and participation factor analyses applied to a test case. The effect of

communication delays on the stability of MGs has also been studied, however, only up

to a certain extent. An islanded MG with a central controller was studied. The central

controller, based on a PI regulator, is used to restore the MG frequency.

Contrary to common believe, results show that, for the proposed control topology,

primary and secondary controllers do not interact even when they are designed with

similar speeds. In this chapter, different parametrisations of traditional P − f droop
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and internal voltage controllers were considered. MG stability characteristics remained

unaltered when primary controllers were made slower and secondary control faster.

Only small interaction between the states related to the droops and the states re-

lated to the secondary controller was revealed when primary and secondary control were

designed with similar speeds and when power sharing parameters ksi were different in

each unit. In the study, time invariant deterministic communication delays were consid-

ered. Eigenvalue analysis showed that MG stability is deteriorated when communica-

tion delays increase. A relationship between communication delays, secondary control

bandwidth and its associated eigenvalue was established. Based on these results, some

recommendations have been made regarding the design of fast secondary controllers

for frequency restoration. Those recommendations consider controllers topology and

design and the expected communication delays.
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Chapter 6

Coordination of Grid-Forming

Devices for Seamless Transitions

and Safe Operation of Microgrids

This chapter presents a secondary controller that coordinates batteries and distributed

energy resources (DERs) in microgrids (MGs) to achieve seamless synchronisation with

an external grid and transition between operating modes. During this process, grid-

forming (GFM) interfaced batteries supply the energy required for the transition while

the rest of GFM and grid-following (GFL) devices keep their operating point unaltered.

The chapter is structured as follows. The MG topology considered for this study,

the control and the proposed methodology overview are presented in Section 6.1. In

Section 6.2, the proposed control is explained in detail. Simulation results are presented

and discussed in Section 6.3. Finally, conclusions are drawn in Section 6.4.

6.1 Overview

6.1.1 Application Description

In a similar manner to Chapters 4 and 5, the Cigré’s low-voltage distribution benchmark

network for the integration of DERs [37] is used in this chapter. Fig. 6.1 shows a

diagram of the MG while Fig. 6.3 depicts the structure the secondary controller used

to coordinate the GFM converters. The MG can be connected to the main grid via

the point of common coupling (PCC) and node BG of the grid. The system consists

of a feeder and a transformer that feeds two loads (L1 and L2). In this MG scenario,

it is assumed several that DERs and batteries are connected. Batteries are connected

by using GFM converters (C2, C3 and C5) while DERs are connected by using either

GFM (C1) or GFL (C4) converters. All the converters have an LCL filter.

95
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Figure 6.1: Single line diagram of the MG studied in this chapter, including the droop

controllers of the GFM devices.

6.1.2 Control Overview

The basic control structure for GFL converters presented and analysed in Chapter 3 is

used here. GFL converters inject the desired active and reactive powers by means of

d− q proportional-integral (PI) controllers that regulate the current through the inner

inductance of the LCL filter. The converter is synchronised with the MG voltage using

a phase-locked loop (PLL).

The GFM strategy presented in previous chapters is also applied here. It consists

of conventional voltage and frequency droops and cascaded voltage and current con-

trollers. In addition, quasi-stationary virtual impedances are used in GFM converters

to facilitate their parallel operation [16]. Droop equations are repeated here for conve-

nience [70]:

ωi = ωni −mpiP̃i, Vi = Vni − nqiQ̃i, (6.1)

where ωni and Vni are the no-load frequency and voltage magnitude, respectively, and

mpi and nqi are the droop characteristics of each device. The equivalent block diagram

is depicted in Fig. 6.1. In that diagram, P̃i and Q̃i are the filtered values of the active

and reactive powers injected by the unit. Therefore, using Laplace Transform:

P̃i =
1

s/ωc + 1
Pi, Q̃i =

1

s/ωc + 1
Qi, (6.2)
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where ωc is the cut-off frequency of the first-order filter used. An example of the effect of

the active power-frequency characteristics for different converters is depicted in Fig. 6.2.

The droop characteristic (mpi) and ωni define how the demand power is shared between

GFM units. The total power supplied by the GFM units (P̃i) defines the MG frequency

(ωMG).

P̃5P̃2 P̃3 P̃1

ωMG

ωnC1

ωnBESS

P

ω

C1 C2

C3 C5

Figure 6.2: Example of droop curves for a MG with different GFM units. ωMG is the

MG frequency in steady state.

6.1.3 Battery Storage Systems Modelling and Control

In the MG under study, converters C2, C3 and C5 are used to interface battery energy

storage systems (BESSs). Batteries are represented as constant voltage sources defined

by their open circuit voltage. This assumption stands, in general, for lithium-ion bat-

teries when state of charge (SOC) is between 20 %-80 % [159]. The SOC of the batteries

is estimated by using the basic Coulomb counting method [64,65]:

SOCi(t) = SOC0i −
1

Ci

∫
iDCi(t)dt, (6.3)

where SOCi(t) is the SOC of the battery at a given time instant, SOC0i is its initial

value, Ci is the capacity of the battery and iDCi(t) is the current extracted from it.

The electronic interface for each battery is configured to be GFM. The droop coef-

ficients for the batteries (mpi) are updated according to the SOC of each unit [64,160]:

mpi =
mp0

SOCn
i

, (6.4)

where mp0 is the initial value of mp and n is selected based on the desired speed of SOC

equalisation [64,160].

6.1.4 Methodology Overview

Certain MG operations such as synchronistion with an external grid, update of control

parameters or load changes may change the operating point of certain GFM units in
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Figure 6.3: Proposed secondary controller. Generation of voltage and frequency set-

points and adjustment of droop curves.

an undesired way. The proposed secondary controller maintains the operating point of

selected GFM units and distributes the additional active power requirements among

the batteries (that are GFM units) according to their SOC. The proposed secondary

control is performed by changing the values of ωni and Vni of the units (see Fig. 6.1) as

commonly done in the literature [63]. The value of ωni and Vni is calculated depending

on the objective of secondary control as described in Fig. 6.3 and the following section.

This constitutes the main contribution of the chapter. The adjustments in ωni are used

to change the MG frequency and PCC voltage angle and the active power sharing of

the grid. Meanwhile, Vni is mainly modified to change MG voltage at the PCC during

the synchronisation process.

6.2 Proposed Control

In this section, the control algorithm proposed to coordinate the MG devices is pre-

sented. This algorithm is depicted in Fig. 6.3. It must be noticed that the proposed

secondary controller can be used to maintain the operating conditions of GFM units

under three conditions: load changes, changes in droop parameters and during the syn-

chronisation with an external grid. First, the coordination of converters when there

are load changes will be explained. Secondly, the method to adapt the value of mpi

according to the SOC without changing the operating point will be depicted. Thirdly,

the angle synchronisation will be explained. Finally, the method used to equalise the

voltage will be presented. Some general explanations regarding power sharing in droop
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based MGs are given before presenting the proposed controllers.

6.2.1 Coordination of BESSs for Power Sharing

In order to share load variations between several BESSs, the values of ωni are adjusted.

As in Fig. 6.4, the initial total power delivered by the GFM converters (P̃t) results in

a determined value of the MG frequency (ωMG). However, when the power demand

changes, BESSs (GFMb and GFMc) have to shift up or down droop curves (dashed) to

compensate for the power variation in order to retain the MG frequency and the GFMa

operating point. For simplicity, only the demand increase case is considered here. The

droop curves describing this situation are depicted in Fig. 6.4. When there is a demand

increase in the MG (∆p = P̃ ′
t − P̃t), the frequency naturally drops. To maintain the

same MG frequency (ωMG), a shift in ωni (ω
∆p
n ) is applied. In a MG with a single droop

(mp), ω
∆p
n is calculated as:

ω∆p
n = mp∆p. (6.5)

In this case, with several droop units (mpi) ω
∆p
n is calculated as:

ω∆p
n = f1(∆p) =

1
∑

i

1

mpi

∆p, (6.6)

where mpi are the droop slopes of all GFM units, not only BESS.

P̃
b

P̃
′ b

P̃
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′ c
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n {

P̃t = P̃a + P̃b + P̃c
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t = P̃a + P̃ ′

b + P̃ ′
c

P

ω

GFMa GFMb

GFMc

Figure 6.4: Adjustment of droop curves to share power variations between units and

keep the same MG frequency. Only three GFM converters are considered here for the

sake of simplicity.

When this criteria is applied, the batteries absorb the power variations without al-

tering the operating point of the remaining GFM units. This strategy can be applied

when changes in load or generation are scheduled, or when the MG is being synchro-

nised. If a controllable load is connected/disconnected, ω∆p
n is applied simultaneously



100 CHAPTER 6. COORDINATION OF GRID FORMING DEVICES

to all the battery units. Similarly, when the MG consumption is constant, but the

generation varies because the set-point variations are known, that change can be used

to calculate ∆p and ω∆p
n , instantaneously. This strategy will be applied in the following

sections to keep the same operating point while the MG is being operated.

6.2.2 Adjustment of mpi According to BESS SOC

In this work, the droop parameters (mpi) of BESSs are adjusted according to the SOC

of their batteries. When these parameters are modified, the equilibrium point of the

MG may change as well, causing a variation in the power delivered/absorbed by the

GFM devices. Thus, in order to maintain the frequency and power equilibrium, it is

necessary to change both mpi and ωni, simultaneously. For each BESS, the frequency

before the change in mpi can be calculated as in (6.7). After updating the value of mpi

with m′
pi, the frequency is calculated as in (6.8), which includes the additional term

ωSOCn . Considering that the MG frequency before and after adjusting the parameters

is the same (6.9), and operating with (6.7) and (6.8), the required value of ωSOCn is

obtained using (6.10):

ωi = ωni −mpiPi, (6.7)

ωi = ωni −m′
piPi + ωSOCni , (6.8)

mpiPi = m′
piPi + ωSOCni , (6.9)

ωSOCni = f2(∆mpi, Pi) = Pi(m
′
pi −mpi). (6.10)

The use of these expressions ensures that, when the control parameters are changed,

the operation point of the units does not change. Nonetheless, afterwards the MG load

variations are shared between the BESSs according to the newly definedmpi parameters.

6.2.3 PCC Voltage Angle Synchronisation

Angle synchronisation is achieved when the angles of the PCC voltage and the voltage

at the grid connection point (BG) are the same, in steady state. In this case, the MG

frequency will be equal to the grid frequency. Angle synchronisation is carried out by

accelerating or decelerating the MG frequency (i.e., adjusting ωni).

Fig. 6.5 (b) and (c) show two different ways to adjust ωni in order to change MG

frequency from ωMG (in Fig. 6.5 (a)) to ωG. In Fig. 6.5 (b), only one ωni parameter (ωnb)

is changed to synchronise ωMG. After the change in ωnb (dashed), the GFM devices

inject the same total amount of power as before the synchronisation (P̃t). Moreover,

the value of the MG frequency has increased up to ωG. Since the frequency of only one

device (ωnb) was changed, the power sharing between GFM units changes. In contrast,

when all GFM units are adjusted simultaneously (i.e., by changing the values of all

ωni) and uniformly, the power sharing between units is kept constant. The curves
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representing this operating mode are depicted in Fig. 6.5 (c) where, as expected, the

MG frequency is now ωG and all operating points are maintained. The strategy depicted

in Fig. 6.5 (c) is proposed in this chapter to synchronise the voltage angles at both sides

of the connection switch.
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Figure 6.5: MG frequency adjustment by modifying ωni. (a) Initial case: at operating

point GFM units deliver P̃t and MG frequency is ωMG. (b) Frequency is adjusted to

ωG by changing the droop of a single device (GFMb). (c) Frequency is adjusted to ωG
by changing all the droops.

In the alternative proposed here, the set values of ωni are sent via communications

from the secondary controller. For that purpose, a PI was applied over the angle

difference between the PCC and the grid voltage, as shown in Fig. 6.3. The angles can
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be calculated as follows:

θG = arctan
vGq
vGd
, θPCC = arctan

vPCCq

vPCCd

, (6.11)

while the angle difference is defined as:

δ = f3(v
G
dq, v

PCC
dq ) = θG − θPCC . (6.12)

Park transformations can be carried out by using the angle of any reference frame since

the angle difference between BG and PCC voltage space vectors does not depend on

the reference frame selected.

The approach proposed here for the MG synchronisation with the grid does not

change the operating point significantly. However, slight changes in the operating point

may occur as some loads or MG elements change their outputs according to the grid

frequency. These changes are relatively small and, therefore, the MG stability indicators

should not be affected.

6.2.4 PCC Voltage Equalisation

In order to synchronise the voltage magnitude of BG and PCC and share the respon-

sibility between all GFM units, all GFM nodes must vary their voltage value. This is

achieved by modifying Vni values as indicated in Fig. 6.3. Grid and MG voltages at the

PCC are measured and transformed to dq reference frame as explained before. Then

the voltage magnitude difference between BG and PCC is calculated as:

∆U = f4(v
G
dq, v

PCC
dq ) = UG − UPCC , (6.13)

where

UG =
√
vGd

2
+ vGq

2, UPCC =
√
vPCCd

2
+ vPCCq

2. (6.14)

A PI controller is applied on the secondary level over ∆U . The output of this PI

controller (V mag
n ) changes the voltage setting of all the droop (Vni). Incidentally, there

might be more advanced criteria to change the set points for the droop. For example,

to improve the reactive power sharing during the transient. This is not studied in this

work, but it is of interest for future research.

The change in bus voltages in the MG will vary the power absorbed by loads. If this

is not compensated, the load changes will be shared among all GMF units according to

their droop constants. To guarantee that all BESSs inject or absorb the power variation,

ωni must be adjusted. In the following sections, a method to estimate and share this

extra power among the battery units is presented.
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Estimation of Power Variation

The variation in the power consumed by the MG is mainly caused by the variation in the

MG voltage. In order to calculate and compensate that term, an expression that links

the voltage variation with the power consumption is derived here. For that purpose, it

is assumed that the voltage magnitude and its variation is equal in all the nodes. Under

these considerations, a linearised expression that links the power absorbed by the loads

and the MG voltage can be obtained:

pi =
v2i
ri
, ∆pi ≈

dpi
dvi

∆vi, (6.15)

where pi is the active power consumed by load i, vi is the voltage at which load i is

connected, and ri is its resistance. By manipulating (6.15), then

∆pi ≈
2vio
rio

∆vi, and ∆pi ≈
2pio
vio

∆vi, (6.16)

where sub-index o denotes an initial value. The total power variation, that is, the

addition of all the power variations of all the loads is:

∆p =
∑

i

pi ≈
∑

i

(
2pio
vio

∆vi

)
, (6.17)

Finally, (6.17) can be simplified as follows:

∆p ≈
2
∑

i

∆pio

vPCCo

∆vPCC . (6.18)

Since the internal voltage controllers of the converters are much faster than secondary

controller, it is assumed that Vni is applied directly to the MG. Then:

∆p ≈
2
∑

i

pio

vPCCo

V mag
n . (6.19)

The accuracy of this estimation depends on the voltage controller implemented and

the measurement point of the active power at each converter. If the voltage is controlled

at the point where the power variations are expected, the error will be small, but the

estimation error increases as more resistance is placed between these two points. The

power estimation presented in (6.19) is combined with the expression in (6.6) in order

to update the battery droops. Then, the extra power need would be compensated:

ωmagn = f5(V
mag
n ) =

1
∑

i

1

mpi

2
∑

i

pio

vPCCo

V mag
n . (6.20)
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6.2.5 Summary

As explained before, the proposed secondary controller coordinates the operation of

BESSs to adjust to changes in the MG without changing the operating point of some

selected GFM units. Under commanded load changes, ωni is adjusted using (6.6). When

droop parameters are changed according to SOC, (6.10) should be used to adjust ωni.

And finally, for the synchronisation with an external grid, droop parameters ωni and

Vni can be changed by using PI controllers on the voltage magnitude (6.13) and angle

(6.12) differences between BG and the PCC. In this case, ωni needs an extra adjustment

defined by (6.20).

To summarise, the voltage droop is adjusted in all GFM devices by using the fol-

lowing expression if synchronisation is the objective (6.13):

V BESSi
n = V geni

n = V mag
n . (6.21)

However, for the case of the frequency, ωni takes different values depending on the type

of GFM device and the objective of the secondary controller. In generator units, ωni only

depends on the angle synchronisation loop. Meanwhile, in BESS units ωni depends on

the coordination controller (6.6), the controller that updatesmpi according to the actual

SOC (6.10), the angle synchronisation loop (6.12) and the voltage synchronisation loop

(6.20) whenever they apply:

ωgenin = ωangn .

ωBESSin = ω∆p
n + ωnSOC + ωangn + ωmagn . (6.22)

6.2.6 PI Secondary Controllers and Droop Controller Design

Effect of Droop Coefficients on Stability

The proposed secondary control strategy actively changes the droop gains of GFM

devices while the operating point remains almost constant. Then, this variation in the

droop coefficients would lead to a variation in the MG stability properties, as the droop

is one the factors with the strongest influence on the MG stability [70]. In this chapter,

conservative values of the droop gains will be used so the stability is not jeopardised

(see Chapter 3).

Adjusting the Synchronisation Speed

Synchronisation speed can be modified by adjusting the proportional and integral gains

of the corresponding PI controllers. For angle synchronisation, the PI − f controller

can be designed to have similar bandwidth to that of the primary controllers since they

are decoupled (as indicated in Chapter 5). In contrast, fast voltage controllers result in
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low accuracy of power estimations. Therefore, it is recommended to limit their speed.

A more detailed analysis is of interest, but it will not be carried out out for brevity.

6.3 Secondary Controller Validation

6.3.1 Description of the Case Study

The proposed controller was applied to the MG presented in Fig. 6.1. As a reminder,

there are five converters: C2, C3 and C5 are GFM converters and interface batteries,

C1 is also a GFM converter and (C4) is a GFL converter. The main objective was

to perform a seamless transition when the MG conditions change and when the MG

is synchronised with an external grid. The coordination process when load and power

generation conditions change is presented in Section 6.3.2. Update of droop slopes is

presented in Section 6.3.3 and synchronisation is explained in Sections 6.3.4, 6.3.5 and

6.3.6.

The case study has been analysed in a simulator that was developed in Mat-

lab/Simulink and the simPowerSystems toolbox. This simulator included averaged

models of the converters. The results obtained in this simulation were validated in an

OPAL-RT 2130 platform. A discrete time solver with a simulation step time of 100 µs

was used on that platform. The MG data can be found in [37] and Chapter 4 (Table 4.1

and Table 4.2 SC1).

6.3.2 MG Coordination. Simulation Results

Fig. 6.6 and Fig. 6.7 show the transient response of the active and reactive powers

injected by each device under different conditions. Fig. 6.6 shows the power transients

when a change in the load of 3 kW is applied at t = 5 s and the proposed controller

is applied. Clearly, all GFM devices present an inertial response after the load change.

This means that all the GFM converters are injecting power at t = 5 s. However, after

few seconds the batteries (C2, C3 and C5) inject all the active power demanded by the

load while C1 (GFM) returns to its original operating point in terms of active power.

A ramp change in the power provided by the GFL unit is presented in Fig. 6.7. In

this case, the command sent to the GFL unit is used by the secondary controller to

adapt the battery droops. In this way, batteries inject the additional energy needed by

the MG and remaining GFM units maintain their operating point. Since the change in

the generation conditions is gradual, there is not a sudden active power change when

the generation conditions change (t = 5s) as in the previous case.
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Figure 6.6: Active and reactive power variations when a 3 kW load is connected.
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Figure 6.7: Active and reactive power variations when a GFL unit decreases 3 kW its

power output, following a ramp.

6.3.3 Updating mpi Terms According to SOC

In Fig. 6.6 and Fig. 6.7, the extra power absorbed by the loads is equally shared between

all batteries. In order to share that power according to their SOC, the parameters

mpi can be selected to be different in each unit. However, a sudden change of these

parameters may change the operating point, as previously discussed.
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Figure 6.8: Transient of the SOCs and the power when the MG demand increases.

mpi parameters are changed at (t = 0) according to the SOCs of batteries (a) and (b)

without and (c) and (d) with compensation of the operating point.

Fig. 6.8 (a) shows that, when mpi parameters are changed (at t = 0), there is a

sudden change of the operating point. That is, the power deviation (∆P ) of the GFM

units at t = 0 is not zero. This is corrected by adding an additional term to ωni (6.10).

Fig. 6.8 (c) shows the response of the MG when the values of mpi are changed according

to the SOC and the additional term ωnSOC is included. In this case, the operating point
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at t = 0s is almost unchanged and the power is shared according to the SOC of each

battery (see Fig. 6.8 (d)). Therefore, it can be concluded that the term ωnSOC avoids

large modifications in the operating point when the droops are modified.
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without compensating the power variation. In (c) and (d), with compensation of the

power variation in order to maintain the operating point of C1.
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6.3.4 Voltage Magnitude Synchronisation and Power Sharing

Fig. 6.9 (a) and (b) show the voltage magnitude synchronisation process without any

load compensation. The magnitude of the PCC voltage is accurately synchronised

with the voltage of the grid. However, as the P − f droop is not corrected during

the transition, the power injected by each one of the GFM units changes along the

synchronisation process. In Fig. 6.9 (c) and (d), the additional term used to correct the

power sharing is applied and only the batteries inject the extra power that the loads

absorb due to the change of the MG voltage. The power injected by the GFM unit

without a BESS decreases from 1.9 kW to 0.2 kW. Therefore, the power required from

this unit is significantly reduced. The active power injected by the GFM unit is not

exactly zero due to the approximations considered to calculate demand variations.

6.3.5 Voltage Angle Synchronisation

The process of angle synchronisation is shown in Fig. 6.10. Fig. 6.10 (c) shows that

angle synchronisation is achieved after 40 s, approximately. Fig. 6.10 (a) shows that the
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Figure 6.10: Voltage angle synchronisation process. (a) Power variation in each of

the GFM units, (b) local frequency of each of the GFM units compared to the grid

frequency, and (c) voltage angle difference between the PCC and the grid.
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variations of the output powers of the GFM units during the synchronisation process

are negligible (few watts) compared to the power needed for the voltage synchronisation

(thousands of watts). This happens because the values of ωni are updated in all the

GFM units simultaneously, as calculated by (6.12) and shown in Fig. 6.10 (b).

6.3.6 Microcrid Syncronization

Fig. 6.11 shows the synchronisation process of the PCC voltage (both magnitude and

angle) with the grid voltage. Both the magnitude and angle are synchronised simul-

taneously (Fig. 6.11 (a) and (b)). Compared to the results presented before, PI con-
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Figure 6.11: Transient showing the synchronisation of PCC voltage with the grid volt-

age. (a) voltage magnitude, (b) angle difference, (c) power variation of GFM converters

and (d) current exchanged with the grid.
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trollers have been designed to be faster and synchronisation is achieved within 10 s.

In addition, the resistive part of the virtual impedance has been reduced to the low-

est possible value that enables a stable operation of the MG. This allows the power

injected/absorbed by the GFM converter C1 to be constrained during the synchronisa-

tion process. Fig. 6.11 (c) shows that the power estimation method only accounts for

the steady state power variation. Therefore, as the speed of the synchronisation process

increases, some dynamics are not captured by the estimation and GFM units may have

some undesired power exchanges within the MG during the synchronisation process.

Once the PCC and the grid voltage are synchronised (at t = 7 s, approximately),

the MG is connected to the grid by closing the main switch. Fig. 6.11 (d) shows the

transient of the current through the line that links the MG with the grid. The exchange

of energy at the connection point and the transient response depend on the strength of

the main grid and the design of primary controllers of the MG. However, as the MG is

well synchronised with the main grid, the power exchanged is negligible.

6.4 Chapter Summary

In this chapter, a controller that enables the coordinated operation of several GFM units

in a MG has been presented. The proposed secondary controller enables to maintain

the operating point of selected GFM units during MG operations that involve changes

in active power sharing or operating points. The operations considered in the study

are: the commanded active power change in load or generation, the change of droop

parameters according to the SOC of the BESS and the MG synchronisation with an

external grid. This chapter only focuses on active power sharing, and therefore reactive

power sharing may change during certain operations such as MG synchronization. The

controller coordinates the GFM units so that batteries absorb/inject the necessary

energy while the other GFM generation does not change its operating point (in terms

of active power).

The proposed secondary controller modifies the no-load characteristics of the GFM

units droops to achieve the desired power sharing. This implementation is well known in

the literature. However, to the authors knowledge, it has not been used to this purpose

until now. In general terms the proposed algorithm calculates the active power variation

involved in a MG operation and modifies droops to facilitate that BESS provide the

extra energy.

Theoretical and simulation results have shown that the proposed controller main-

tains the active power operating point of the desired GFM converters during load vari-

ations and when the MG is synchronised with the main grid. Only small changes in the

active power were observed, which happen due to the approximations done to calculate

the power involved in the transition and due to unforeseen losses of the system. It

has also been shown that the design of internal controllers can have a relevant impact
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on the secondary controller performance, specially if the dynamics of the primary and

secondary controllers are too close. The results were replicated with OPAL-RT, being

identical to those obtained with simPowerSystems.



Chapter 7

Conclusions and Suggestions for

Further Research

In this work, primary and secondary controllers of microgrids (MGs) have been mod-

elled, analysed and designed. Different small-signal tools have been used to evaluate the

impact of these controllers on the system stability. Based on these analyses, guidelines

to assist designers in choosing the control parameters of MGs are presented. Finally,

different primary and secondary controllers have been proposed to facilitate the coor-

dination of grid-forming (GFM) converters. Realistic effects of communication systems

have also been analysed. Studies related to primary control have been validated by us-

ing numerical simulations and experiments in a laboratory. Secondary control studies

have been validated by using detailed simulations. This chapter presents the sum-

mary, conclusions and contributions of this thesis together with suggestions for further

research.

7.1 Summary and Conclusions

This section summarises the work presented in this document and the conclusions drawn

from it.

• The work carried out has shown that the design of phase-locked loop (PLL) con-

trollers in weak grids is highly affected by the loading conditions, and that con-

trollers (e.g., voltage and current) of a power converter interact with controllers

of other converters and synchronous generators (SGs). This aspect has most of-

ten been disregarded in conventional bulk power systems. However, in the future,

this issue could become relevant in those systems, as the penetration of converter-

interfaced resources is rapidly increasing. Therefore, grid operators should eval-

uate the situation carefully and counteract, as appropriate. For example, they

113
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could enforce the use of certain bandwidth ranges for controllers in order to avoid

those interactions. Tools such as those applied in this work could be used.

• This work has demonstrated that coordinated design of primary controllers such

as droops and virtual impedances of several GFM converters facilitates the par-

ticipation of small distributed resources on frequency ancillary services. This type

of services will probably play a more important role in future grids as SGs are be-

ing replaced by renewable generation. However, the design of primary controllers

on its own is insufficient to guarantee the provision of frequency services as the

energy required should be obtained from a primary source that is not always fully

dispatchable. In this respect, constraints associated with droop constants may

be used to limit the power injected by certain units, as discussed in Chapter 4.

Frequency services could be provided, more flexibly, if energy storage systems

are used. Nonetheless, if these services must be provided by renewable genera-

tion, it is necessary to guarantee some degree of power reserve. This could be

achieved by operating renewable sources below their maximum power points, or

by implementing hybrid solutions with storage.

• Contrary to popular belief, secondary controllers for frequency restoration can

be designed to be as fast as primary controllers without causing instabilities, as

demonstrated in Chapter 5. This conclusion, valid when secondary control si-

multaneously changes the zero-load frequency of all droops used as primary con-

trollers, could boost the design of faster secondary controllers. Although promis-

ing, this study presents some limitations since implementation aspects of sec-

ondary controllers were not considered and simple models of delays were used.

It was found that commands sent from the secondary controller to the primary

controller produce slight changes in the MG operating point. As a consequence,

small-signal stability is affected to a minor extent. However, for other control im-

plementations, the conclusions drawn in Chapter 5 would not be valid. Regarding

communication delays, the model used was simple. For example, the same de-

lay was used for all the converters, and this helped to keep the operating point

constant during transitions. However, in real applications, delays are commonly

variable and of a stochastic nature. This may result in variations of the operating

point during frequency restoration. As a consequence, primary and secondary

controllers could be more coupled than in the MG studied in this thesis.

• Although power sharing in droop dominated MGs is defined by droop slopes,

secondary control can be used to alter the predetermined power sharing. A sim-

ple secondary controller that simultaneously changes the zero-load frequency of

droops was used in Chapter 5 and Chapter 6 to restore MG frequency and syn-

chronise it with an external grid. With this controller, it is possible to synchronise
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the MG without altering the operating point of some selected GFM converters.

Due to its simplicity, with minor modifications, this controller can also be used

to support other operations that involve active power variations. The results ob-

tained in these chapters are valid in MGs when active power is strongly related

to frequency while reactive power is related to voltage. This is a property of grids

with high X/R ratio, but can also be applied in grids with low X/R ratio if the

equivalent output impedance of generators (real plus virtual) is mainly induc-

tive, like it was in this case. However, these results cannot be directly applied to

secondary voltage controllers or MGs where active power is strongly related to

voltage because voltage is not a global variable and internal voltage controllers

may be different for each unit. Tackling voltage problems requires additional

work.

7.2 Original Contributions

The main contributions of this work are listed in the following paragraphs:

• A novel eigenvalue analysis that revealed the interactions between the

PLL and the voltage and current controllers of GFM and grid-following

(GFL) converters in MGs was presented. This analysis demonstrated that

the stability region of the PLL is reduced when the power injected by GFL con-

verters increases. Also, the PLL stability region is reduced when the outer control

layers of GFM and GFL converters are slow. Finally, it was shown that the de-

sign of the inner current controllers of GFM converters affect the stability in the

opposite direction (faster controllers lead to a smaller stability region).

• A design guide for the primary controllers that avoids interactions be-

tween PLLs and controllers of other devices has been proposed. This

guide was based on the analytical studies presented in this work. Given an initial

design of controllers, the proposed methodology recalculates them in order to ful-

fill the specifications of the designer. In this methodology, current, voltage and

frequency controllers of GFL and GFM converters, and SGs, are considered.

• A design methodology of primary controllers that enables the aggrega-

tion of distributed resources to provide frequency support services has

been presented. Thanks to this methodology, frequency dynamics of MGs are

kept constant when operating conditions change. The methodology is based on

a small-signal model of the MG. Based on this model, the control parameters of

GFM devices are adjusted selectively in order to preserve the MG stability mar-

gins. The methodology can be applied with any type of GFM control strategy. In

addition, this methodology takes into consideration all primary controllers that
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affect the MG frequency dynamics (it does not disregard primary controllers such

as virtual impedance that are often omitted).

• To best of the author’s knowledge, this work is the first time in which

parametric sensitivities have been used to relocate several eigenvalues

simultaneously to define frequency dynamics. In the existing literature,

parametric sensitivities are commonly used to relocate a single eigenvalue or a

pair of complex eigenvalues. Few references can be found where parametric sen-

sitivities are used to relocate several eigenvalues simultaneously. In those cases

parametric sensitivities are used to damp power system oscillations. Moreover,

both components of the sensitivity (real and imaginary) were used, unlike in the

common approach, in which only the real parts of sensitivities are used. Here

parametric sensitivities were used to shape the dynamics of a specific variable,

MG frequency. The use of the two components of the sensitivity facilitates the

reallocation of eigenvalues to specific points in the complex plane (instead of just

moving them to the left). Relocating the most important eigenvalues that define

certain dynamics (in this case frequency) helps to achieve the desired response

more easily.

• Recommendations for the design of fast frequency secondary controllers

were made in Chapter 5. Recommendations were based on the eigenvalue anal-

ysis that characterised interactions between primary and secondary controllers

and the influence of time delays on secondary controllers. Guidelines consider the

topology of primary and secondary controllers, the speed of primary controllers

and the expected communication delays.

• A simple and original secondary controller that preserves the operating

point of selected GFM converters during MG transitions thanks to

GFM converters for battery energy storage systems (BESSs) has been

proposed. The controller allows GFM generators short of reserves to maintain

their operating point constant during transitions (e.g., renewable energy sources

operating at the maximum-power point). This controller is specifically designed

to allow a seamless synchronisation with an external grid and the coordination of

all MG devices needed during its operation. In the proposed secondary control,

BESSs inject the extra energy needed for the transitions while the power injected

by other GFM units is maintained approximately constant. Since droop constants

are not altered, the inertial response of all GFM units is preserved and all GFM

units experiment only small power deviations. After the transient, BESSs reach

a new operating point while other units return to the initial operating point.

The research presented in this thesis improves the integration of renewable resources in

power grids from several points of view. Firstly, the analysis and design guide of pri-
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mary controllers should allow a safer integration of renewable resources to weak grids

by avoiding possible instabilities. Secondly, the aggregation of distributed resources has

been simplified and the overall power system stability improved as this aggregation (and

not only large power plants) can participate in the provision of ancillary services, once

adequately designed and operated. Thirdly, this work also contributes in simplifying

the operation of aggregated distributed resources by harnessing the potential of bat-

teries. Finally, this thesis should contribute to a better understanding of the dynamics

of MGs and to improving their safety, integration and operational capacities. These

aspects should eventually result in a more reliable integration of renewable resources

in power systems and a better access to electricity in remote areas. Nonetheless, there

are still several aspects that should be addressed. The following section spells out some

suggestions for future research derived from the research carried out so far.

7.3 Suggestions for Further Research

1. The study conducted in Chapter 3 could be enriched with more advanced control

structures since the ones used were rather simple.

• The voltage controller of the diesel gen-set was simplified for the study. How-

ever, there is a variety of automatic voltage regulator (AVR) implementations

that could lead to more interactions with PLLs of GFL converters.

• Different GFM strategies and inner control loops such as virtual impedances

and admittances could affect frequency dynamics and, therefore, the perfor-

mance of PLLs of GFL converters connected to the same grid.

• Furthermore, advanced synchronisation strategies like dual second order

generalized integrator (DSOGI) may present improved stability margins as

briefly depicted in Chapter 3.

• In large power systems, it has been demonstrated that the design of direct

current (DC)-voltage controllers of GFL converters is related to the perfor-

mance of PLLs. Despite being of interest, this aspect was not studied in

detail in this work.

2. As the integration of renewable resources in power grids increases, services that

were traditionally provided by large generators could be now provided by smaller

plants. To make this work, academia and industry (including grid operators)

should jointly redefine grid services and how they should be provisioned. In

aggregations such as the one presented in Chapter 4, the uncertainties of renewable

generation, the differences of available resources and technologies, and the variety

of controllers used should be taken into account to offer adequate grid services. Of
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course, the portfolio of services required should be made realistic via a thorough

understanding of available technologies.

3. Regarding the future of secondary control, it would be of interest to study in-

teractions between secondary controllers for frequency restoration and different

implementations of droops and other primary controllers. As secondary control

design is highly dependant on communication systems, more accurate delay mod-

els should be considered in the stability studies for these controllers. Hereof,

stochastic functions seem to better characterise communication delays, as pro-

posed by some authors. In addition, speed limitations of voltage secondary con-

trollers should also be studied in more detail.

4. Even though the focus of this work was not on secondary voltage control, some

findings of this work could inspire future work in this field. For example, in the

coordination of MG resources. In this regard, the nodal (instead of global) nature

of voltage dynamics should be considered. Possible solutions to this problem

include the use of optimization tools.
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[70] N. Pogaku, M. Prodanović, and T. C. Green, “Modeling, analysis and testing

of autonomous operation of an inverter-based microgrid,” IEEE Transactions on

Power Electronics, vol. 22, no. 2, pp. 613–625, March 2007.

[71] A. Mehrizi-Sani and R. Iravani, “Potential-function based control of a microgrid

in islanded and grid-connected modes,” IEEE Transactions on Power Systems,

vol. 25, no. 4, pp. 1883–1891, 2010.

[72] K. De Brabandere, K. Vanthournout, J. Driesen, G. Deconinck, and R. Belmans,

“Control of microgrids,” in 2007 IEEE Power Engineering Society General Meet-

ing, 2007, pp. 1–7.



126 BIBLIOGRAPHY

[73] M. Savaghebi, A. Jalilian, J. C. Vasquez, and J. M. Guerrero, “Secondary control

for voltage quality enhancement in microgrids,” IEEE Transactions on Smart

Grid, vol. 3, no. 4, pp. 1893–1902, 2012.

[74] A. Micallef, M. Apap, C. Spiteri-Staines, J. M. Guerrero, and J. C. Vasquez,

“Reactive power sharing and voltage harmonic distortion compensation of droop

controlled single phase islanded microgrids,” IEEE Transactions on Smart Grid,

vol. 5, no. 3, pp. 1149–1158, 2014.

[75] M. Savaghebi, A. Jalilian, J. C. Vasquez, and J. M. Guerrero, “Secondary con-

trol scheme for voltage unbalance compensation in an islanded droop-controlled

microgrid,” IEEE Transactions on Smart Grid, vol. 3, no. 2, pp. 797–807, 2012.

[76] Y. Guan, J. C. Vasquez, and J. M. Guerrero, “Coordinated secondary control

for balanced discharge rate of energy storage system in islanded AC microgrids,”

IEEE Transactions on Industry Applications, vol. 52, no. 6, pp. 5019–5028, Nov

2016.

[77] H. Bevrani, F. Habibi, P. Babahajyani, M. Watanabe, and Y. Mitani, “Intelligent

frequency control in an AC microgrid: Online PSO-based fuzzy tuning approach,”

IEEE Transactions on Smart Grid, vol. 3, no. 4, pp. 1935–1944, 2012.

[78] H. Bevrani and S. Shokoohi, “An intelligent droop control for simultaneous volt-

age and frequency regulation in islanded microgrids,” IEEE Transactions on

Smart Grid, vol. 4, no. 3, pp. 1505–1513, 2013.

[79] D. Moutevelis, J. Roldan–Perez, and M. Prodanović, “Virtual admittance con-
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narios by using power hardware in the loop (phil) techniques,” in IECON 2021

– 47th Annual Conference of the IEEE Industrial Electronics Society, 2021, pp.

1–6.

[158] D. Liberzon, Switching in Systems and Control. Springer, 2003.

[159] N. Omar, M. A. Monem, Y. Firouz, J. Salminen, J. Smekens, O. Hegazy,

H. Gaulous, G. Mulder, P. Van den Bossche, T. Coosemans, and J. Van Mierlo,

“Lithium iron phosphate based battery – assessment of the aging parameters and

development of cycle life model,” Applied Energy, vol. 113, pp. 1575–1585, 2014.



134 BIBLIOGRAPHY

[160] R. Wang, Q. Sun, W. Hu, Y. Li, D. Ma, and P. Wang, “SoC-Based Droop Coef-

ficients Stability Region Analysis of the Battery for Stand-Alone Supply Systems

With Constant Power Loads,” IEEE Transactions on Power Electronics, vol. 36,

no. 7, pp. 7866–7879, 2021.



Appendix A

State Space Modelling of a

Microgrid

This appendix presents the state space models of the devices presented in Chapter 3.

These are some of the conventions used in this chapter:

Xj
i is the value of variable xji at the operating point.

x∗ji is the set-point of the variable xji .

xdq is variable x represented in the d− q axis.

xDQ is variable x represented in the D −Q axis.

kpC and kiC are the proportional and integral constants of the controller C.

A,B,C,D are state-space matrices.

A.1 State-Space Matrices of the SG

A.1.1 State-Space Matrices of the Electromechanical Model

The equations linking DQ stator and rotor flux linkages in a SG with damper windings

are [42]:

vDsg =
dψD

dt
− ωrψ

Q − rai
D, (A.1)

vQsg =
dψQ

dt
+ ωrψ

D − rai
Q, (A.2)

vf =
dψf
dt

+ rf if , (A.3)

0 =
dψDk
dt

+ rkdi
D
k , (A.4)

0 =
dψQk
dt

+ rkqi
Q
k , (A.5)
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where the stator and rotor flux linkages are defined as [42]:

ψD = −ldiDsg + lafdif + lakdi
D
k , (A.6)

ψQ = −lqiQsg + lakqi
Q
k , (A.7)

ψf = lff if + lfkdi
D
k − lafdi

D
sg, (A.8)

ψDk = lfkdif + lkkdi
D
k − lakdi

D
sg, (A.9)

ψQk = lkkqi
Q
k − lakqiQ. (A.10)

Please note that ra is the armature resistance per phase in pu, rf , rkd, rkq are the rotor

circuit resistances in pu, ld, lq are the self-inductances of stator circuits, lff , lkkd, lkkq are

the self-inductances of rotor circuits, lafd, lakd, lakq are the mutual inductances stator-

rotor, lfkd is the mutual inductance field-damping windings and lad, laq are the stator

mutual inductances. The linearization of the previous equations yields the following

state-space matrices:

AEM =MRM
−1
L +Mω, (A.11)

MR =




ra 0 0 0 0

0 −rf 0 0 0

0 0 −rkd 0 0

0 0 0 ra 0

0 0 0 0 −rkq



, (A.12)

Mω =




0 0 0 Ωr 0

0 0 0 0 0

0 0 0 0 0

−Ωr 0 0 0 0

0 0 0 0 0



, (A.13)

where M−1
L is the inverse of ML which is derived from (A.6)−(A.10) as follows:




∆ψD

∆ψf
∆ψDk
∆ψQ

∆ψQk



=ML




∆iDsg
∆if
∆iDk
∆iQsg

∆iQk



, (A.14)

where

M−1
L =




Kid fd Kid ff Kid fkd 0 0

Kif fd Kif ff Kif fkd 0 0

Kikd fd Kikd ff Kikd fkd 0 0

0 0 0 Kiq fq Kiq fkq

0 0 0 Kikq fq Kikq fkq



. (A.15)
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The rest of the matrices of the electromagnetic model are:

BEM1 =




0

1

0

0

0

0



, BEM2 =




1 0

0 0

0 0

0 1

0 0



, BEM3 =




0

ΨQ

0

0

−ΨD

0



, (A.16)

CEM1 =




(Kiq fq −Kid fd)Ψ
Q +Kiq fkqΨ

Q
k

−Kid ffΨ
Q

−Kid fkdΨ
Q

(Kiq fq −Kid fd)Ψ
D −Kid fdΨf −Kid fkdΨ

D
k

Kiq fkqΨ
D




T

, (A.17)

CEM2 =

[
Kid fd Kid ff Kid fkd 0 0

0 0 0 Kiq fq Kiq fkq

]
, (A.18)

CEM3 =
[
Kif fd Kif ff Kif fkd 0 0

]
, (A.19)

where parameters inside matrices are defined here:

Kid fd =
−lfkd2 + lff lkkd

Kid f
, Kid ff =

(lfkd − lkkd)lad
Kid f

, (A.20)

Kid fkd =
(−lff + lfkd)lad

Kid f
,Kif fd =

(−lfkd + lkkd)lad
Kid f

, (A.21)

Kif ff =
lad

2 − ldlkkd
Kid f

, Kif fkd =
−lad2 + ldlfkd

Kid f
, (A.22)

Kikd fd =
(lff − lfkd)lad

Kid f
, Kikd ff =

−lad2 + ldlfkd
Kid f

, (A.23)

Kikd fkd =
lad

2 − ldlffd
Kid f

, (A.24)

Kid f = lad
2(lff + lkkd − 2lfkd) + ldlfkd

2 − ldlff lkkd, (A.25)

Kiq f = laq
2 − lkkqlq, Kiq fq =

lkkq
Kiq f

, (A.26)

Kiq fkq =
−laq
Kiq f

, Kikq fq =
laq
Kiq f

, Kikq fkq =
−lq
Kiq f

. (A.27)

A.1.2 State-Space Matrices of the Shaft

The matrices that define the linear model of the shaft are:

BS1 =
[
1/2H

]
, BS2 =

[
−1/2H

]
, (A.28)

being H the per unit inertia constant of the synchronous generator (SG) shaft.
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A.1.3 State-Space Matrices of the Excitation Model

The following matrices are used in the excitation model:

AE =
[
−(SE +KE)/TE

]
, BE1 =

[
1/TE

]
, CE =

[
1
]
. (A.29)

A.1.4 State-Space Matrices of the Diesel Engine

The model of the diesel engine is linearised around the operating point, yielding the

following state-space matrices:

AD =

[
−(σ + F )

τm(σ + Tm)
2

]
, BD =

[
1

τm(σ + Tm)

]
. (A.30)

A.1.5 State-Space Matrices of the AVR

The matrices below represent the state-space model of the linearised automatic voltage

regulator (AVR):

BAV R1 =
[
1
]
, BAV R2 =

[
−V D

sg√
V D
sg

2+V Q
sg

2

−V Q
sg√

V D
sg

2+V Q
sg

2

]
, (A.31)

CAV R =
[
kiAV R

]
, DAV R1 =

[
kpAV R

]
, (A.32)

DAV R2 =

[
−V D

sg kpAV R√
V D
sg

2+V Q
sg

2

−V Q
sgkpAV R√
V D
sg

2+V Q
sg

2

]
. (A.33)

A.1.6 State-Space Matrices of the Speed Governor

The matrices below represent the state-space model of the speed governor of the SG:

BGov1 =
[
1
]
, BGov2 =

[
−1

]
, CGov =

[
kiGov

]
, (A.34)

DGov1 =
[
kpGov

]
, DGov2 =

[
−kpGov

]
. (A.35)

A.1.7 State-Space Matrices of the Diesel Gen-Set Model

The auxiliary matrices of the diesel generator aggregated small-signal model are pre-

sented below:

[∆xSG] =
[
∆α,∆β,∆vf ,∆tm,∆ψ

D,∆ψf ,∆ψ
D
k ,∆ψ

Q,∆ψQk ,∆ωr
]T
, (A.36)

[∆uSG] =
[
∆v∗sg, ∆ω

∗
sg, ∆v

DQ
pcc

]T
, (A.37)
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ASG =




0 0 0 0 0 0

0 0 0 0 0 BGov2
BECAV R 0 AE 0 BE2CEM3 0

0 BDCGov 0 AD 0 BDDGov2

0 0 BEM1CE 0 AEM BEM3

0 0 0 BS1 BS2CEM1 0



, (A.38)

BSG1 =
1

UB

[
BAV R1, 0, BE1DAV R1, 0, 0, 0

]T
, (A.39)

BSG2 =
1

ωB

[
0, BGov1, 0, BDDGov1, 0, 0

]T
(A.40)

BSG3 =
1

UB

[
BAV R2, 0, BE1DAV R2, 0, BEM2, 0

]T
, (A.41)

CSG1 = IB
[
0, 0, 0, 0, CEM2, 0

]T
, CSG2 = ωB

[
0,
..., 0, 1

]T
, (A.42)

where UB, IB and ωB are the base values of voltage, current and angular frequency.

A.2 State Space Models of Converters Subsystems

A.2.1 LCL Filter Model

The complete small-signal model of the LCL filter can be found in the literature [70].

If the state variables are xLCL = [∆idqi ∆vdqc ∆idqo ]T , then:

[ẋLCL]i = AiLCL[xLCL]i+Bi
LCL1

[
∆vdqi

]
i
+Bi

LCL2

[
∆vdqpcc

]
i
+Bi

LCL3

[
∆ωPLL

]
i
, (A.43)

where i denotes the ith converter, vi is the voltage command generated for the modu-

lation stage and ωPLL is the angular frequency generated by the PLL. The LCL filter

auxiliary matrices are presented below:

AiLCL =




−Ri
Li

Ωi
−1
Li

0 0 0

−Ωi
−Ri
Li

0 −1
Li

0 0
1
Cd

0 0 Ωi
−1
Cd

0

0 1
Cd

−Ωi 0 0 −1
Cd

0 0 1
Lo

0 −Ro
Lo

Ωi
0 0 0 1

Lo
−Ωi

−Ro
Lo



i

, (A.44)

Bi
LCL1 =




1
Li

0

0 1
Li

0 0

0 0

0 0

0 0



i

, Bi
LCL2 =




0 0

0 0

0 0

0 0
−1
Lo

0

0 −1
Lo




i

, (A.45)

Bi
LCL3 =

[
Iiq,−Iid, Voq,−Vod, Ioq,−Iod

]T
i
. (A.46)
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A.2.2 Current Controller

A current controller generates the command for the modulation stage of the VSC

(v∗dqi )i [70]:

[
∆γ̇dq

]
i
= Bi

CC1

[
∆i∗dqi

]
i
+Bi

CC2[xLCL]i, (A.47)
[
∆v∗dqi

]
i
= Ci

CC

[
∆γdq

]
i
+Di

CC1

[
∆i∗dqi

]
i
+Di

CC2[xLCL]i. (A.48)

The current controller is defined by the following space state matrices:

Bi
CC1 =

[
1 0

0 1

]

i

, Bi
CC2

[
−1 0 0 0 0 0

0 −1 0 0 0 0

]

i

, (A.49)

CiCC =

[
kic 0

0 kic

]

i

, Di
CC1 =

[
kpc 0

0 kpc

]

i

, (A.50)

Di
CC2 =

[
−kpc −wnLi 0 0 0 0

wnLi −kpc 0 0 0 0

]

i

. (A.51)

A.2.3 Current Set-Point Calculation

The set-point is calculated in terms of the active and reactive power references. These

equations are non-linear, so they have to be linearised. The non-linear equations are:

i∗d =
p∗vdpcc + q∗vqpcc

vdpcc
2 + vqpcc

2 , i∗q =
−q∗vdpcc + p∗vqpcc

vdpcc
2 + vqpcc

2 , (A.52)

while the linearised model is:

[
∆i∗dqi

]
i
= Di

I1

[
∆p∗

∆q∗

]

i

+Di
I2

[
∆vdqpcc

]
i
, (A.53)

with

Di
I1 =




Vbd
V 2
bd+V

2
bq

Vbq
V 2
bd+V

2
bq

Vbq
V 2
bd+V

2
bq

−Vbd
V 2
bd+V

2
bq



i

, (A.54)

Di
I2 =




P (V 2
bd+V

2
bq)−2Vbd(PVbd+QVbq)

(V 2
bd+V

2
bq)

2

Q(V 2
bd+V

2
bq)−2Vbq(PVbd+QVbq)

(V 2
bd+V

2
bq)

2

−Q(V 2
bd+V

2
bq)−2Vbd(−QVbd+PVbq)
(V 2

bd+V
2
bq)

2

P (V 2
bd+V

2
bq)−2Vbq(−QVbd+PVbq)
(V 2

bd+V
2
bq)

2



i

. (A.55)
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A.2.4 State-Space Matrices of the PLL

The state-space model of the PLL is defined by the matrices below:

AiPLL =

[
APLLee APLLed

APLLde
APLLdd

]

i

=

[
0 kipllT

−1
V d

1 kppllT
−1
V d

]

i

, (A.56)

Bi
PLL1 =

[
BPLL1e
BPLL1d

]

i

=

[
kipllT

−1
Sd

kppllT
−1
Sd

]

i

, (A.57)

Bi
PLL2 =

[
BPLL2e
BPLL2d

]

i

=

[
0

−1

]

i

. (A.58)

A.2.5 Voltage Controller

A proportional-integral (PI) controller is used to control the voltage of the alternating

current (AC) capacitor. This controller is modelled as in [70]. The linearised equations

are:
[
∆ϕ̇dq

]
i
= Bi

V C1

[
∆v∗dqc

]
i
+Bi

V C2[xLCL]i, (A.59)
[
∆i∗dqi

]
i
= Ci

V C

[
∆ϕdq

]
i
+Di

V C1

[
∆v∗dqc

]
i
+Di

V C2[xLCL]i. (A.60)

The state-space matrices of the voltage controller are:

Bi
V C1 =

[
1 0

0 1

]

i

, Bi
V C2

[
0 0 −1 0 0 0

0 0 0 −1 0 0

]

i

, (A.61)

CiV C =

[
kiv 0

0 kiv

]

i

, Di
V C1 =

[
kpv 0

0 kpv

]

i

, (A.62)

Di
V C2 =

[
0 0 −kpv −wnCf 0 0

0 0 wnCf −kpv 0 0

]

i

. (A.63)

A.2.6 Droop Controller

Frequency and voltage droop controllers are implemented together with active and

reactive power low-pass filters to obtain the voltage and frequency set-points [70]. In-

stantaneous active and reactive powers are calculated as follows:

p = vdoi
d
o + vqoi

q
o, q = −vdoiqo + vqoi

d
o. (A.64)

In addition, ωnd and vnd are considered as inputs of the system. Calling xpq = [∆δ ∆P̃ ∆Q̃],

then:

[
ẋpq

]
i
= AiP

[
xpq

]
i
+Bi

P1

[
xLCL

]
i
+Bi

P In

[
∆ωnd
∆vdqnd

]

i

+Bi
PV

[
∆vdqo

]
i
, (A.65)



142 APPENDIX A. STATE SPACE MODELLING OF A MICROGRID

[
∆ωcom

]
i
= Ci

Pω

[
xpq

]
i
+Di

Pω

[
∆ωnd
∆vdqnd

]

i

, (A.66)

[
∆v∗dqc

]
i
= Ci

PV

[
xpq

]
i
+Di

PV

[
∆ωnd
∆vdqnd

]

i

, (A.67)

where

AiP =



0 −mp 0

0 −ωc 0

0 0 −ωc



i

, (A.68)

Bi
P1 =

[
0 0 0 0 ωcVod ωcVoq
0 0 0 0 ωcVoq −ωcVod

]

i

, Bi
Pω =



−1

0

0



i

, (A.69)

Bi
P In =



1 0 0

0 0 0

0 0 0



i

, Bi
PV =




0 0

ωcIod ωcIoq
−ωcIoq ωcIod



i

, (A.70)

CiPω =
[
0 −mp 0

]
i
, CiPV =

[
0 0 0

0 0 −nq

]

i

, (A.71)

Di
Pω =

[
1
]
i
, Di

PV =

[
0 0

0 1

]

i

. (A.72)

A.2.7 State-Space Matrices for Reference Frame Transforma-

tions

The following matrices are used for transformations between reference frames:

[
∆ioDQ

]
i
= T iS

[
iodq

]
i
+ T iC [∆δ]i , (A.73)

T iS =

[
cos δ0 − sin δ0
sin δ0 cos δ0

]

i

, (A.74)

T iC =

[
−Iod sin δ0 − Ioq cos δ0
Iod cos δ0 − Ioq sin δ0

]

i

, (A.75)

[
∆vbdq

]
i
= T−1i

S

[
vbDQ

]
i
+ T−1i

V [∆δ]i . (A.76)

T−1i
V =

[
−Vbd sin δ0 + Vbq cos δ0
−Vbd cos δ0 − Vbq sin δ0

]

i

, (A.77)

where δ0 has been used instead of ∆ to avoid confusion with the incremental operator

“∆”.
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A.2.8 State-Space Matrices of the GFL Converter

The matrices used in the grid-following (GFL) converter model are:

AGFL =




APLLee APLLed 0 0

APLLde APLLdd 0 0

0 BCC1DI2T
−1
V d 0 BCC2

BLCL3APLLde

BLCL3APLLdd
+(BLCL1DCC1DI2

+BLCL2)T
−1
V d

BLCL1CCC ALCL +BLCL1DCC2



,

(A.78)

BGFL
PQ =

[
0, 0, BCC1DI1, BLCL1DCC1DI1

]T
, (A.79)

BGFL
V =




BPLL1e
BPLL1d

BCC1DI2T
−1
S

(BLCL1DCC1DI2 +BLCL2)T
−1
S

+BLCL3BPLL1d



, (A.80)

BGFL
ω =

[
BPLL2e, BPLL2d, 0, 0

]T
, (A.81)

CGFL =
[
0 TC 0 TS

]
. (A.82)

A.2.9 State-Space Matrices of the Droop-Controlled Converter

The matrices of the GFM converter are:

AGFM =



AP +BPV

[
T−1
V 0

]
0 0 BP1

BV C1CPV +BV C3

[
T−1
V 0

]
AV C 0 BV C2

BCC1DV C1CPV +BCC1DV C3

[
T−1
V 0

]
BCC1CV C ACC BCC1DV C2 +BCC2

BLCL1DCC1
DV C1

CPV

+BLCL3CPω

+(BLCL1DCC1DV C3 +BLCL2)
[
T−1
V 0

] BLCL1DCC1CV C BLCL1CCC

ALCL

+BLCL1DCC1DV C2

+BLCL1DCC2


(A.83)

BGFM
In =




BPIn

BV C1

[
0 DPV

]

BCC1DV C1

[
0 DPV

]
[
BLCL3DPω BLCL1DCC1DV C1DPV

]



, (A.84)

BGFM
V =




BPV T
−1
s

BV C3T
−1
s

BCC1DV C3T
−1
s

(BLCL2 +BLCL1DCC1DV C3)T
−1
s


 , (A.85)
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BGFM
ωcom =

[
BPω
[0]

]
, CGFMI =

[[
TC 0

]
[0]

[
0 TC

]]
, (A.86)

CGFMω =
[
CPω 0

]
, DGFM

ω =
[
DPω 0

]
. (A.87)

A.3 State-Space Matrices of Linear R− L Load

The state-space matrices of the load are:

AL =

[ −Rl
Ll

Ωsg

−Ωsg
−Rl
Ll

]
, BL1 =

[
1
Ll

0

0 1
Ll

]
, (A.88)

BL2 =

[
IQL
−IDL

]
, CL =

[
1 0

0 1

]
. (A.89)

A.4 State-Space Matrices of the Auxiliary Resistor

The state-space matrices of the auxiliary R are:

DR1 =

[
1
Rx

0

0 1
Rx

]
, DR2 =

[
−1
Rx

0

0 −1
Rx

]
. (A.90)



Appendix B

Description of the Smart Energy

Integration Laboratory (SEIL)

This appendix briefly describes the laboratory facilities of the IMDEA Energy Institute

where experimental results were obtained. Additional information about its hardware,

control, communications and implementations can be found in [143,144,157].

B.1 Smart Energy Integration Laboratory (SEIL)

The Smart Energy Integration Laboratory (SEIL) is a hardware in the loop platform

specifically build to test control algorithms of power converters and microgrid (MG)

controllers. It consists of several power electronic converters, a motor bank and a load

bank that can be controlled and operated in real time. The control structure allows the

implementation of primary, secondary and tertiary control layers. The hardware and

the control and communications infrastructure are described in the following sections.

B.2 Hardware

Fig. B.1 represents the single line electrical diagram of the SEIL. The following infras-

tructure and devices can be found:

• Configurable alternating current (AC) panel (red). It consists of five AC busbars.

Different network topologies can be implemented using the network impedances

and the state of contactors. Contactors are managed from a compactRIO plat-

form. The same platform is used to monitor voltage and current magnitudes at

each node.

• Configurable network impedances (purple). A set of four impedances located be-

tween the AC bus bars can be used to emulate the line impedances between nodes.

145
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Figure B.1: Single-line electrical diagram of the SEIL.

Both the inductive and the resistive parts of the impedances are configurable.

• Configurable direct current (DC) panel (blue). Two DC busbars can be used to

interconnect the DC side of power converters in different ways. Additionally, DC

breakers and isolation measurements are included in the panel.

• Programmable passive load bank (pink). The load bank consists of a balanced

resistive load bank of 30 kW that can be configured in steps of 3 kW, an unbal-

anced resistive load bank of 30 kW configurable in steps of 1 kW per phase and

a capacitive load bank of 25 kvar.

• Four three-phase 15 kVA AC/DC power electronic converters (light orange). Each

converter has a non-controlled rectifier (green) and a step-up transformer. They

can be interconnected to the ac panel through an LC or an LCL filter. Converters

are controlled in pairs with an embedded computer. This enables their back-to-

back operation.

• Two three phase 75 kVA AC/DC power electronic converters (orange). Their

topology is similar to the 15 kVA converters topology. However, their control

system is implemented in independent control platforms. One of them has its DC

side connected to an additional DC/DC converter (light blue).

• One 90 kW DC/DC converter with standard buck configuration (light blue). This

one can used together with one a 75 kVA AC/DC converters as an electronic

interface for the batteries.
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• One 47.5 kWh lithium-ion battery system (light blue). It consists of 144 cells

of 3.3 V, giving a total rated voltage of 475 V. This battery is connected to the

low-voltage side of the DC/DC converter. A battery management system (BMS)

sends via CAN bus the battery information (level of charge, voltage, etc.) to a

central controller.

• Amotor bank (yellow). It comprises a synchronous generator (SG) rated at 22 kW

with an exciter and an automatic voltage regulator (AVR). The SG is coupled

via the shaft to a doubly-fed induction generator (DFIG), also rated at 22 kW. A

variable speed drive can either control the DFIG (with the rotor in short circuit

configuration) or the SG. The machine that is not controlled by the drive can be

connected to the AC panel

B.3 Control and Communications

Fig. B.2 shows the control and communications diagram of the laboratory. The control

structure is very similar to the hierarchical control of a real MG. It consists of three

levels: primary, secondary and tertiary. Primary control is local, that is, only local

measurements are available. Primary controllers are implemented in Matlab Simulink

that is run in a PC. Simulink models containing the controllers are converted to c-code,

compiled and executed in real time targets (RTT). Real time communication between

RTT and PC makes it possible to control and have access to control and electrical

magnitudes in real time. Apart from primary control, this structure can be used to

emulate small electrical grids and devices as done in Chapter 3 and in [157]. In this

case, the model of the emulated system is included in Matlab/Simulink model as part

of the primary control.

Since secondary control performs coordination tasks, information from all over the

grid is necessary. Four CompactRIO and PLC gather the information of the devices in

the grid. The information is sent using TCP/IP protocol to a LabVIEW application

that is used to visualize the state of the grid and configure the laboratory topology.

Tertiary control is implemented on an external platform. It can be performed from

a remote PC communicating via a VPN tunnel.
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Figure B.2: Control and communications diagram of the SEIL.


