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Abstract

There is a growing interest in the use of renewable Distributed Energy Resources (DERs) that in-

crease the efficiency of the transmission system and reduce the ecological impact of renewable energy

infrastructures. At the same time, they reduce the associated capital requirements, thus increasing the

potential installation of renewable energy.

Microgrids have been proposed as a solution to improve the integration of renewable DERs. By the

use of advanced control techniques, they provide a reliable frame for DERs to support the power system

operation. As such, Microgrids can be a promising solution to increase renewable energy penetration.

However, since renewable DERs are usually interfaced by Power Electronic Converters (PECs), they do

not provide the common stabilization characteristics of traditional generation interfaced by Synchronous

Generators (SGs). Therefore, there are concerns about the stability of converter-dominated Microgrids.

This Thesis focus on the specific requirements of PEC-interfaced renewable DERs operating in Mi-

crogrids. An overview of available solutions show that, for PECs to support the Microgrid operation in

both grid-connected and islanded modes, they require a synchronizing mechanism that does not rely on

the measurement of an external frequency. A promising alternative is to emulate the behavior of tradi-

tional SGs in the PEC control system with the so-called Virtual Synchronous Machine (VSM) solutions.

The synchronization system underlying to these proposals is analyzed. A comparison with the use of

traditional frequency measurement systems, namely Phase-Locked Loops (PLLs), in the support of the

Microgrid power balance is addressed, showing that the PEC synchronization system has a direct effect

on the Microgrid stability.

The Thesis includes a new proposal to ensure synchronous operation based on the use reactive power,

instead of active power as in VSMs, that does not require frequency measurements. A dynamic model

of a grid-connected PEC is used to demonstrate that reactive power can be used to ensure synchronism.

This Reactive Power Synchronization system is used to propose a solution for the black-start of Wind

Energy Conversion Systems (WECSs), so that they can contribute to the restoration of the power system

following a blackout. The proposed control systems are validated with experimental results of a grid

connected PEC and an isolated WECS.
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Introduction

Contents
1.1 Problem definition and motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Objectives of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Structure of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.1 Problem definition and motivation

The increasing levels of renewable energy penetration are changing power systems operation. Since

the first electric power systems in the late 19th century, power generators have been mainly interfaced to

the electrical system through the use of rotating machines such as Synchronous Generators (SGs). More-

over, the energy for this generation was obtained from controllable sources like combustion engines. The

electrical industry and the associated policies were built according to the specific characteristics of these

systems [1], while the use of non-controllable sources like wind energy was not very extended due to

their reduced controllability and higher costs [2].

With the development of power electronics, new ways of interfacing generation systems, known as

Power Electronic Converters (PECs), were introduced in power systems. Among other applications,

PECs allow a greater controllability in the extraction of power from non-controllable sources, such as

wind energy an photovoltaic systems [3]. Control of PECs has been traditionally designed considering

a reduced penetration, so the power system could still be operated considering a strong contribution of

traditional sources. However, penetration of PEC-interfaced systems is starting to represent significant

levels and it is targeted to increase, with renewable energy penetration hitting targets of up to 100%

in countries like Denmark [4]. This change in the operation paradigm requires a revision of the PECs

control systems in order to ensure the stability of future power systems.
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In the context of improved control possibilities through PECs and an interest in increasing the pen-

etration of renewable energy, the use of Distributed Energy Resources (DERs) has emerged a as a

promising solution. DERs are small generating units typically located near the place where the en-

ergy is used [5]. This allows a more efficient use of resources like the electrical transmission systems

or the space required for photovoltaic and wind energy generation facilities while reducing the capital

requirements associated to renewable energy installations [6].

Traditionally, the integration of DERs in power systems has been approached considering the contri-

bution of only a few DER units to a wider conventional power system [7]. However, this implies a small

penetration of DERs, reducing the possibilities for renewable energy integration. A solution to improve

the contributions of DERs to power systems is to build clusters of units, such as loads, generators or

energy storage systems, that coordinate to take advantage of the benefits of each other. These clusters

can then be considered and operated as small power systems or Microgrids (MGs) [8]. With MGs, DERs

could potentially have attributions comparable to those of conventional generation units, including the

possibility of feeding a given set of loads on their own as an islanded system [5].

However, the operation of DERs in MG applications is still affected by technical problems. More-

over, MGs are expected to integrate a large share of distributed renewable energy while, as noted earlier,

power systems have been traditionally built considering only a small penetration of PEC-interfaced sys-

tems. Therefore, distributed renewable energy systems operating in MG applications represent a critical

case of a power system with a high penetration of PECs [9].

This Thesis deals with the control systems used in the PECs of distributed renewable energy systems

for MG applications. Specifically, the work focus on three technical challenges:

1. Synchronous operation in converter dominated systems: Synchronization of PECs has been

traditionally based on measuring the grid frequency by means of a Phase-Locked Loop (PLL).

However, there are reports of stability problems in systems with a high penetration of PLL-based

PECs [10–12]. On the other hand, SGs are able to operate in sycnrhonism with each other without

measuring the grid frequency. Therefore, there is an interest in synchronization systems for PECs

that replicate the advantages inherent to SGs in order to allow a high penetration of PECs.

2. Lack of inertial response: Due to their rotating nature, SGs inherently storage kinetic energy.

In the event of a power unbalance in the system, they exchange this energy with the power grid,

improving the system stability. This feature is known as inertial response since it is related to

the inertia constant of the generators, that defines the amount of kinetic energy stored. PECs do

not have this inherent energy exchange mechanism and thus any support of power unbalances

depends on the PEC control system. Inertial response from PECs could be achieved by the use

of appropriate control systems. The lack of inertial response form PECs could compromise the
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stability of converter-dominated systems [13].

3. Reduced contribution to the Power System Restoration (PSR): PSR is the reconnection of a

power system following a blackout. Nowadays, PSR is carried out by a few large generators.

As their penetration increases, DERs are expected to become important for the PSR of future

systems [14]. MGs with black-start capability are a possible solution for DERs to contribute to

PSR. However, DERs are not prepared to perform a black-start since, as noted earlier, they are

designed to operate connected to a larger power system. Black-start from renewable DERs is

specially troublesome since it must take into account the availability of the primary resource. A

solution for the black start of a MG with only Wind Energy Conversion Systems (WECSs) and

loads is proposed in this thesis in order to improve the contribution of WECSs to the PSR.

As can be seen from the aforementioned problems, the operation of power systems with a high

penetration of PECs presents problems that are already solved for traditional SG-based power systems.

This is why there has been a lot of interest in replicating the behavior of SGs in the control system of

PECs with the so-called Virtual Synchronous Machine (VSM) solutions. VSMs are very promising since

they are expected to share some of the positive features of SGs such as inertial response and synchronous

operation without frequency measurements.

On the other hand, VSMs might also share other SGs features that are not desirable for the operation

of PECs. As will be seen in Chapter 3, the inertial response of VSMs and their synchronizing mechanism

comes from the replication of the SG swing equation on the PEC control system, which implies that the

active power of the PEC is directly controlled by the power angle. In contrast, Voltage Oriented Control

(VOC) systems include internal current loops that regulate the active power by means of the PEC current.

Controlling the PEC current has the advantage of being able to limit the current amplitude. On the other

hand, VSMs solutions that do not regulate the PEC current have to switch to a non-VSM solution in

order to limit the current amplitude [15, 16]. Moreover, using active power for synchronization affects

the active power regulation of the PEC, which depends not only on the PEC but on the energy primary

source (wind energy systems, photovolatic generators, hydraulic turbines, etc.). Another problem of

replicating a SG swing equation is that it leads to the appearance of low-frequency oscillations.

In this thesis an alternative solution is proposed that synchronizes PECs using reactive power instead

of active power and includes internal current loops for the regulation of the PEC currents. While VSM

control systems use the static dependency between active power and power angle in power systems

in order to ensure synchronism, in this Thesis a dynamic model of a grid connected PEC is used to

demonstrate that reactive power is dynamically coupled to power angle and therefore that reactive power

can be used to ensure synchronism. The proposal includes an oscillation damping mechanism based on

this coupling between reactive power and power angle.
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1.2 Objectives of the thesis

The objectives of the thesis are:

1. To propose a control system that ensures the synchronous operation of PECs based on reac-

tive power variations without the use of PLLs, which are known to cause stability problems in

converter-dominated grids. This control system addresses the problems of renewable generation

in converter dominated Microgrids including all the aforementioned problems of synchronous

operation in converter dominated systems, inertial response and contributions to Power System

Restoration (PSR). Moreover, the proposal should overcome some of the drawbacks of existing

solutions regarding the regulation of the PEC current and the damping of low frequency oscilla-

tions.

2. To propose a model that demonstrates that reactive power can be used as a synchronizing mecha-

nism. The model of the synchronizing mechanism of existing VSM solutions and its effect on the

Microgrid is analyzed as a reference. These models should allow for both a better understanding

of the problems and to validate the contributions of the proposed solutions.

3. To implement the proposed control system in an experimental Microgrid dominated by distributed

renewable energy systems. While analytical models and simulations are useful to understand the

behavior of electrical systems, experimental implementations are more realistic due to considera-

tions such as the execution of the control on a digital platform or the noise inherent to every real

system that are hard to model or simulate. The experimental implementation therefore validates

that the proposed solutions can be used in a real power system.

1.3 Structure of the thesis

This Thesis is divided in seven chapters and one appendix. This first chapter introduces the motiva-

tion of the work and presents the objectives and structure of the Thesis.

In Chapter 2, the MG concept is analyzed, exploring the technical problems associated to MG oper-

ation and giving an overview of existing control solutions. The focus is placed on the control of Voltage

Sourced Converters (VSCs), a specific PEC technology. Chapter 3 studies VSM solutions, including a

dynamic model that analyzes the synchronizing mechanism and emulated inertial response of VSMs.

In Chapter 4, the effect of the PEC synchronizing system on the resulting emulated inertial response is

addressed by comparing implementations with and without the use of PLLs in a dynamic simulation of

an isolated Microgrid.
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A novel proposal for the synchronization of VSCs without frequency measurements is presented

in Chapter 5. An application of this solution for the black-start of WECSs is analyzed in Chapter 6.

Real-time results are presented to validate the proposals.

Finally, Chapter 7 summarizes the main conclusions extracted for the Thesis and acknowledges the

associated publications and fundigs.

An appendix is included in order to give a more detailed description of the experimental test-benchs

that were used to obtain the real-time results.
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Chapter 2

Microgrids

Contents
2.1 Microgrid concept and structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Microgrid definition and characteristics . . . . . . . . . . . . . . . . . . . . . 7

2.1.2 Microgrid control structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Global Control Level: Microgid Centralized Controller . . . . . . . . . . . . . . . 13

2.2.1 Functions of a Microgrid Centralized Controller . . . . . . . . . . . . . . . . . 13

2.3 Local Control Level: Voltage Sourced Converters . . . . . . . . . . . . . . . . . . 17

2.3.1 VSC in MG applications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.2 Control topologies review . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.1 Microgrid concept and structure

2.1.1 Microgrid definition and characteristics

The concept of “Microgrid” (MG) has been extensively studied in the past decade. It is a wide con-

cept that is studied by multiple areas such as power systems analysis, energy sources, control theory,

economic optimization or telecommunications. However, there is yet no consensus on the actual defi-

nition or specific characteristics of a MG. In fact, it is easy to find multiple definitions in the literature.

One of the most cited comes from the United States (US) Department of Energy:

[A microgrid is] a group of interconnected loads and distributed energy resources within

clearly defined electrical boundaries that acts as a single controllable entity with respect to

7
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the grid. A microgrid can connect and disconnect from the grid to enable it to operate in

both grid-connected or island mode [8]

This definition is clearly defined from the point of view of the electrical system and also imposes the

restriction of being able to operate both connected or disconnected (island mode) from the grid.

Possibility of islanded operation is often regarded as the most compelling feature of MGs [17, 18].

Most standards require distributed energy resources (DERs) to shutdown following a grid outage, like

the IEC 62116 international standard for utility-interconnected photovoltaic inverters [19]. However,

new standards are beginning to include the possibility of islanded operation, provided that the generation

system can control the local voltage and frequency and not feed power back to the larger utility grid [20].

Microgrids, by integrating multiple systems, can provide a reliable solution for intentional islanding.

However, the US Department of Energy definition gives little insight into the internal composition

of the microgrid. Another popular definition was published by Lasseter in [21]:

The MicroGrid concept assumes a cluster of loads and microsources [(<100kW)] operating

as a single controllable system that provides both power and heat to its local area [21].

This definition imposes a combination of heat and power that is largely not included as a requirement

for MGs but as a solution to improve the overall system efficiency [22].

The Lasseter definition also imposes a limit on the maximum power of the connected elements,

although there is no consensus on this limit and later authors have made the MG concept independent of

the system size [9].

However, it agrees with the previous definition in the notion of a “single controllable system”. This

notion is not limited to MGs but included in the broader term of Virtual Power Plant (VPP) [23]. Al-

though both terms are sometimes used interchangeably, the VPP concept is also used for the coordina-

tion of multiple generation units as a bulk power system [24]. Moreover, VPPs migh not even include

generation systems and rely solely on Demand Side Management (DSM) [17], making some MG char-

acteristics, such as the isolated operation, completely impossible.

The Lasseter definition also highlights one of the most important aspects of MGs, which is the

integration of what it names as “microsources” and is more usually known as “Distributed Energy Re-

sources” (DERs) [22].

This is especially interesting for DERs based on Renewable Energy and further studies have given

special attention to the feature of integrating Renewable Energy Systems (RESs) [9, 18, 25, 26]. Tradi-

tionally, the more reliable operation Conventional Generation System (CGS) and economy of scale has

driven RESs to central energy production. However, connecting RESs to the distribution level could

provide technical advantages such as reliability improvement and reduction of transmission network
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Figure 2.1: Graphical representation of the defining characteristics of a Microgrid.

infrastructure costs [27]. Also, distributed connection of WECSs and PV systems could potentially

avoid the use of large terrains and the associated environmental problems such as destruction of natural

habitats [6].

Based on this review, in this work the MGs characteristics are summarized as:

1. Operation as a single controllable system from the point of view of the utility: Implies that an

external agent, such as the grid operator, can operate the microgrid as a single system, irrespective

of its internal composition. Thus, the MG as a whole can be commanded to provide ancilliary

services or to follow a given power set-point.

2. Capacity to operate both connected and disconnected from a wider power system (such as

the utility grid): A MG can operate as an islanded system, using the internal generation and

storage system to supply its loads.

3. Capacity of integration of distributed RESs: The integration of RESs is included as a defining

characteristic due to the importance given by most of the published literature to this application of

MGs. Note that even under this condition it is possible for a non-RESs-based system to actuate as

a MG provided that the structure and control systems allows for an easy or plug and play future

integration [25].

Therefore, MGs can be understood as an unique solution that combines multiple services as shown

in Fig. 2.1.

Under this definition, a MG could provide services such as:
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1. Uninterruptible Power Supply (UPS) for critical loads: By being able to operate both con-

nected and disconnected from the grid, MGs can be used in systems were critical loads must be

kept online following a grid outage. Traditionaly, this funcion has been performed by fuel-based

generators. Using MGs, a more diverse system included RESs and ESSs could be used instead.

2. Providing ancillary services: Just like in VPPs, MGs can be controlled as a single entity. There-

fore, the capacities of the different systems that compose the MG can be combined in order to

provide services to the grid by controlling the bulk active and reactive power. This allows systems

such as RESs, ESS and even loads to collaborate in these services as a mix.

3. Information for Smart Grid services: With the development of information technologies (IT),

there is a growing interest in obtaining information from electrical systems that could allow a more

efficient and transparent operation. A MG structure simplifies the management of information.

Moreover, MGs are usually based on Smart Grid concepts and thus are more easily integrated in

these structures.

4. Economical redistribution: MGs can promote a paradigm change from an electricity market

based on a few central providers to a more distributed system where MG users can operate as an

active agent both purchasing and selling energy in a common market with traditional suppliers.

Due to these promising applications, stakeholders of electrical systems such as policy makers, pro-

ducers and consumers are actively promoting MG development. However, there are several limitations

in the development of MGs. Besides the technical barriers, that will be further discussed in the following

sections, there are also economical and legal limitations. Defining clear responsibilities on the system

operation in this new paradigm, such as the sharing of O&M costs, is one of the main reasons for some

of the most relevant energy producers to be skeptical of the concept [9].

Nevertheless, nowadays there already some examples of installed MGs. One of the most succesful

examples is the Santa Rita Jail test site in California [28], a proof of concept of the US Consortium for

Electric Reliability Technology Solutions (CERTS) MG [29] that is focused on reliability improvement

through islanded operation [9]. A review on experimental MG installations in Europe, US and Asia was

recently presented in [30]. Most of them have been developed as pilot projects.

In this chapter, the focus will be on analyzing MGs from the perspective of renewable energy inte-

gration and the associated control problems. Related areas such as MGs communication systems will be

briefly discussed as well.
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Figure 2.2: Hierarchical structure of a MG control system.

2.1.2 Microgrid control structure

MGs are composed of multiple systems and thus it must be ensured that they operate in a coordinated

manner. The most common solution is to implement a hierarchical control system [9]. This control

system is usually divided in three layers as depicted in Fig. 2.2.

The hierarchy goes from the low level control of the different units to the top-lovel optimization of

the MG. Usually the control of levels 2 and 3 is performed in a centralized controller, known as the

Microgrid Centralized Controller (MGCC) [27], that communicates with the different elements where

the level 1 control is running.

This structure presents a lot of similarities with the primary, secondary and tertiary control levels

of traditional power systems, which regulates active and reactive power between multiple synchronous

generating units [1]. However, MGs are based on DERs that might not be based on synchronous gen-

eration, such as WECSs and PV systems. This change in the base system introduces changes in the

architecture that makes MG operation significantly different from the operation on traditional power

systems. Morever, a MG control architecture includes objectives outside of those of traditional power

systems, such as internal economic optimization.

These control levels are explained in more detail in the following paragraphs. Note that this chapter

is focused on the architecture from the point of view of the control system, but it could also define

economical and legal hierarchies [31].

The different MG control levels are briefly discussed following. A more in-depth description is given

in the next sections.

Level 1: Local unit control

Level 1 is related to the internal control of the DERs, ESSs and loads. Level 1 control systems must

ensure that all units are stable and that they follow the instructions given by levels 2 and 3.
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It is a complex field of study due to the variety of systems and also to the internal sub-levels of

control. These internal sub-levels are sometimes included in a different “zero” level [32].

In traditional power systems, this level is related to the governor units of the generators, that in-

troduce a droop relation between the generator power output and its speed, allowing for the parallel

connection of multiple units [1]. In fact, this control system can also be implemented for DERs of the

MG that are based on synchronous generation [27].

Level 1 control is implemented in a time frame that ranges from microseconds, for the internal sam-

ple time of inverter controllers, to seconds for the governor control systems of synchronous generators.

Control of distributed RESs in this level presents specific requirements for MG applications since in

conventional power system, the local control of RESs assumes the connection to a wider power system

based on synchronous generation. Providing solutions for this level is the main focus of this thesis and

thus will be largely discussed in following chapters. Section 2.3 provides a summary of the most relevant

problems and the available solutions.

Level 2: Coordination

As stated earlier, one of the most relevant aspects of MGs is their ability to operate as a single

controllable system from the point of view of the utility grid. The level 2 is in charge of coordinating

the different elements in order to follow the utility grid and system operator requirements, providing the

references for the Level 1 control.

Therefore, this level manages the interaction between the different systems to ensure that the MG

global operation is inside the desired restrictions. This regulation is performed in a wider time frame

than the Level 1 control (tens of seconds to minutes).

It is directly comparable to the secondary control of traditional power systems, that restores the grid

frequency and voltage and regulates the power exchanges between areas [1].

Level 2 also regulates the connection and disconnection to the main grid, providing the necessary

information to the MG units to perform this process seamlessly.

This control level can be decentralized, implemented in the local control of the units, or in a central-

ized controller [33]. Nevertheless, since the control objectives are global, that is for the MG as a whole,

in this work it is always considered a central control.

Level 3: Optimization

From the control perspective, one of the most compelling features is to ensure that the MG operation

is economically optimal. This optimizing process is usually divided in different time frames or horizons

that range from several days to minutes [34].
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Therefore, while levels 1 and 2 regulate the MG to operate inside the defined paremeters, level 3

decides the operation of the MG as a whole, providing references of active and reactive power depending

on both technical and economical considerations.

While Levels 2 and 3 comprise different functions, both require the coordination of multiple systems

and thus are usually implemented in the MGCC [27]. This MGCC can be considered as an application

of an of Energy Management System (EMS) [35]. Although both terms are sometimes used indistinctly,

EMSs are also used for other applications outside of the MG concept. This concept is explored in more

detailed in the next section.

2.2 Global Control Level: Microgid Centralized Controller

2.2.1 Functions of a Microgrid Centralized Controller

This section discusses the control of a MGCC, including Levels 2 and 3 of the hierarchical structure

presented in section 2.1. As for MGs, there are multiples definitions of the functions associated to a

MGCC. Again, we begin with the definition given by the US Department of Energy:

A microgrid controller refers to an advanced control system, potentially consisting of mul-

tiple components and subsystems, capable of sensing grid conditions, and monitoring and

controlling the operation of a microgrid to maintain electricity delivery to critical loads

during all microgrid operating modes (grid-connected, islanded, and transition between the

two). The EMS is the control system included in the MG controller. [8].

As with the MG definition from the same source, this MGCC definition is focused on the function

of the MG coordination for islanded operation. Besides, control and monitoring of the MG components,

functions usually related to Supervisory, Control and Data Aquisition (SCADA) and Power Plant Con-

troller (PPC) systems, are also included in th MGCC. The EMS is regarded as an internal subsystem of

the MGCC.

These characteristics are shared with other MGCC definitions such as [36], which distinguish be-

tween the dispatch function, which computes the set point of the DER units and the status of the con-

trollable loads in grid connected and islanded modes, and the transition function, which defines the

controller operation in the transition between grid-connected and islanded modes and in the reconnec-

tion process. Thus, the MGCC can be understood as an integration of different functions or subsystems,

as described following. A general scheme of the MGCC inside the MG hierarchical structure is depicted

in Fig. 2.3
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Figure 2.3: Hierarchical structure of a MG control system and communications with a Microgrid Cen-

tralized Controller (MGCC).

Energy Management System

EMSs have been widely studied in the literature as high level coordinating elements, mainly in MG

applications [37, 38], but also in other distributed generation systems such as hybrid systems [38] and

combined heat and power systems [23] and even on electric vehicles applications [39].

The main objective of an EMS is to ensure the economical optimization of the MG operation [27].

This problem is called Unit Commitment and is not only applied to MGs but to any electrical system.

However, unit commitment in a MG is especially relevant [40] and can determine:

• Grid exchange: In grid-connected mode, a MG can decide to export or import energy depending

on the internal cost and expected revenue.

• Planned disconnections: Some units, such as combustion-based DERs, require a certain amount

of time and energy to start [41]. Also, combustion-based generators are normally not recom-

mended to operate below a defined load or Minimum Load Ratio (MLR). Therefore, having these

generators in operation implies a fixed cost. The connection and disconnection of these systems

can be planned in order to optimize these costs.

• Energy storage: If the MG includes ESSs, they can be used to store energy. Again, this will

depend on the expected cost and revenue of energy production, but also on the cost of energy

storage, which might vary depending on the ESSs operating point [42]. This cost also varies

between technologies, so the optimization might come from the operation of a hybrid of multiple

ESS technologies [43].
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• Demand Side Management (DMS): Depending on the cost, it might be preferable act on the

loads instead of the generation or storage of energy.

This optimization problem is usually solved using linear programming methods that determine the

MG units operating points depending on the predicted behaviour of the system [44]. This optimization

can be applied to multiple time frames or horizons so the short-term planification, for the next few

minutes, is done depending on a wider long-term horizon that ranges from hours to several days [45,46].

These studies are based on the availability of information from forecast systems and from the MG

elements. However, precision of forecast, both for load and renewable energy systems, is still a devel-

oping topic [47]. Moreover, despite the deployment of smart metering systems, real-time information

from load demand is still unavailable in most systems [48].

Power Plant Control

The EMS optimization solution gives the different MG units operating points. As noted in the

previous section, these operating points might also come from the utility grid or system operator. The

MGCC must then ensure that these operating points are followed while complying with the applicable

grid code or system operator requirements. Therefore, the MGCC must operate as the PPC of the MG.

PPCs are systems with a long industry experience. They are usually designed to automatically oper-

ate power plant generation facilities active and reactive power according to different criteria or functions:

• Power Factor: Power plants can be required to operate at a given power factor. Therefore, the

PPC must continuously adapt the different units reactive power to the total active power of the

plant. This is especially relevant for non-controllable RESs that continuously vary their power

generation depending on the available resource.

• Active power curtailment: Depending on the requirements of the electrical system, a power plant

might be required to curtail its active power generation. The PPC must coordinate the curtailment

on the different units depending on the external commands from the electrical system operator.

• Voltage control: A plant might be required to support the control of the system voltage by inject-

ing different levels of reactive power depending on the measurement of the voltage at the point of

common coupling.

• Frequency control: As with voltage, power plants are usually required to adapt the generated

active power to the frequency of the electrical system. This control is included in the governor of

CGSs but is usually performed by a centralized controller for RESs.
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• Power ramp-rate: There is a growing interest in reducing the maximum allowed variation of

RESs. It is expected that future standards will impose a limit to this variation [49, 50]. The ramp-

rate of the complete power-plant can be controlled by the PPC, thus using the advantages of the

aggregation of multiple units such as spatial smoothing of WECS [51].

To fulfill these functions a PPC requires to communicate both internally within the plant and with

systems external to the MG.

Internal communication: The internal communication system is one of the main considerations for

the implementation of a MGCC since communication delays impose a limit in the EMS actuation time.

In this level are applicable, in general, all the communication protocols that are commonly used

at the plant level of industrial application such as CAN, PROFIBUS or Modbus. Modbus is the most

extended due to its open specification and ease of use. It is an application level protocol in the OSI model.

Originally it was implemented over RS232 and RS485 but it can also be implemented over Ethernet/IP

networks. However, it can lead to an inefficient use of the computation and network capacity due to the

inherent polling scheme. Also, it does not include specific cybersecurity functions [52].

The development of Smart Grids is also extending the communication capabilities of power plants

with intelligent electronic devices such as remote sensors that use low-consumption wireless communi-

cation protocols such as ZigBee or Bluetooth [53].

There have been different efforts to standardize these communications. In Europe, the IEC61850

standard includes a data model that can be implemented over different application level protocols. In

the US, a similar approach has been made in the NERC-CIP (North American Electric Reliability Cor-

poration - Critical Infrastructure Protection) standard. These standards are not specific for MGs, but

applicable to any electrical system with requirements of internal communication.

External communication: The PPC set-points are usually determined by the grid operator remotely

through telecontrol. Telecontrol protocols are designed for the secure transmission of information of

power plants over long distances. DNP3 is usually implemented in the US while IEC 60870-5/104 is

used in Europe.

As for the internal communication, there are efforts to implement specific data model to standarize

communication with PPCs of different plants. For EMS systems, standards IEC 61968 and IEC 61970

are applicable.

Supervision and Data Acquisition

Although not directly related to the control system, MGCCs are also in charge of the supervision

and data aquisition of the MG. This function is gaining more relevance due to the development of Smart
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Grids, that require the storage and remote tranmission of large amounts of data. However, there are

concerns regarding the security of this information [54, 55].

2.3 Local Control Level: Voltage Sourced Converters

Once the active and reactive power set-points of the different units is established by the MGCC,

each unit must be controlled to follow these set-points. As noted earlier, this is a very wide field of study

due to the different elements that might comprise the MG. However, it is expected that power electronic

converters will play a major role in future electrical systems, and specifically in the control of DERs [9].

Nowadays, most renewable and energy storage systems are already interfaced through power electronic

converters in order to improve their controllability and to be able to interface DC and AC systems [3].

Among the local or Level 1 control possibilities in MG, this thesis is focused in the control of power

electronic converters and, specifically, in the control of Voltage Sourced Converters (VSCs) for MG

applications.

2.3.1 VSC in MG applications.

VSCs are a type of power electronics converters that are very extended due to the good relation

between controlability and power ratings [3]. VSCs are forced-conmutated DC/AC converters that are

characterized by having a constant DC voltage polarity. The power flow direction is thus determined by

the current polarity, as opposed to Current-Sourced Converters (CSCs).

The basic component of the VSC is the switching element, which is commercially available as IG-

BTs or power MOSFETs, among others. Depending on the desired power rating, it is possible to include

more than one switch in series to increase the voltage rating in the so-called multilevel configurations.

Multilevel configurations present especial control requirements that are outside of the focus of this chap-

ter.

This thesis is focused on the control systems that generate the switching signals. These signals are

usually generated by a modulation technique. In power system applications, modulation techniques are

usually based on controlling the AC voltage on the converter terminals, vc. In the rest of the work a

Sinusoidal Pulse-Width Modulation (S-PWM) is assumed and thus the output of the control systems are

not directly the switching signals but the desired AC terminal voltage components vc,abc.

Control of VSCs have been extensively studied for integration of RESs in traditional power systems.

Therefore, there are problems that are currently not addressed by most VSC control systems, including.

• Load Following: When a MG operates in islanded mode, RESs must be able to supply the power

demanded by the load, while keeping voltage and frequency betweend admissible levels. However,
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in grid-connected operation, RESs are designed to generate as much energy as possible. This

represents a change in the VSC control objectives.

• Synchronous operation in converter-dominated systems: Traditionally, VSC control has been

designed using measurements from the grid phase and frequency as the reference for the orien-

tation of the internal signals. However, in a MG scenario, where VSC-based generation might

have a high penetration, there is no stiff grid to be oriented to. The critical scenario would be an

isolated system without grid connection. This implies that new synchronization systems that do

not rely on a stiff grid must be implemented.

• Parallel operation: When operating in parallel, multiple VSCs have to share the load active

and reactive power while remaining in synchronism with each other and possibly with other non-

VSC interfaced systems. It is not an additional problem but a complication of load following and

synchronization problems since some of the available solutions are only applicable when there is

only one VSC.

• Inertia support: In traditional power systems, any mismatch between generation and demand

is automatically extracted from the energy stored in rotating elements. This is known as inertial

response. VSC-interfaced untis do not have this intrinsic behavior so the control must be able

to help the MG in these situations. In a MG with a high penetration of VSCs, this help can be

decisive for the system stability.

Solutions for these problems are yet being investigated. This section presents a classification of the

most representative control systems that have been proposed and their effect on the MG. Each system

has a different objectives so a MG might include one or several of these control systems at the same time

depending on the DER purpose.

These solutions are not exclusive to MGs and could be used for other applications. For instance, in-

ertia support through VSC-interfaces systems is a growing issue for traditional power systems operators

like the United Kingdom National Grid [56].

2.3.2 Control topologies review

The presented problems highlight the importance of the interaction between the VSC and the rest

of the MG. Solutions for controlling VSCs in MGs can be classified according to their interaction with

the MG in Grid-Tied, Grid-Supporting and Grid-Forming solutions [57]. A simplified scheme of each

category is depicted in Fig. 2.4. This section includes a description of these control systems according

to their most common implementations. Although there are multiple proposal the focus is not on giving
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Figure 2.4: Classification of VSC control systems for MG applications according to their interaction

with the grid including (a) Grid-Tied, (b) Grid-Forming y (c) Grid-Supporting systems.

an exhaustive review of all the possibilities but to give a categorization in which to frame the rest of the

thesis work, which is specifically related to Grid-Supporting solutions.

Grid-Tied

Grid-Tied solutions are the most common control system for VSCs, not only for renewable energy

systems but also for a lot of ESSs applications.

As seen in Fig. 2.4.a, the objective of Grid-Tied solutions is to regulate the VSC active and reactive

power based on the references given to the control system. Sometimes current is controlled instead of

power or as an intermediate step in order to keep the VSC current between admisible limits [3].

This power regulation is possible due to the measurement of the grid frequency and angle through a

Phase-Locked Loop (PLL). In a PLL, the grid phase angle is obtained through the measurement of the

grid voltage. The control system adapts the generated voltage to this measured phase angle in order to

control the generated active and reactive power.

With this system, VSCs are seen from the grid as current sources or PQ nodes. Accordingly, they

are not intrinsically prepared to respond to changes in the grid power balance, such as load variations.

Nevertheless, it is possible for Grid-Tied systems to support the grid power balance by acting on

the active power reference. In traditional power systems, based on SGs, active power balance is related

to frequency. SGs have power sharing methods based on the measurement of the SG rotational speed,

which is related to the grid frequency. Therefore, frequency can be used as an indicator of the power

unbalances in the grid. Therefore, the control could act following a variation on the grid frequency in

order to support a power mismatch on the MG. This is possible even for RESs, provided that they have

enough power available.

Some authors call systems that use this solution for supporting the grid Current-Source based Grid-

Supporting systems, although noting that, as opposed to Voltage-Source based Grid-Supporting systems,
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they cannot operate on islanded mode [57]. Due to their relation with the operation of traditional SGs,

they are also known as Virtual Synchronous Machines (VSMs). As will be seen later, there are also

Grid-Supporting systems that are based on the operation of SGs. The differences between Grid-Tied and

Grid-Supporting VSMs are explained in more detail in Chapter 3.

Grid-Tied systems have proven very effective in the connection of RESs, such as WECSs and PV

systems, to the grid. However, due to the synchronization system based on grid measurements they are

not suited for islanded operation, which could appear in a MG system. Moreover, a high penetration of

VSCs under PLL synchronization systems could be troublesome even in non-isolated systems [10].

Grid-Forming

When a VSC operates in islanded mode, it must guarantee the stable operation of the MG. This im-

plies that it must be able to feed the MG loads while keeping voltage and frequency between admissible

levels. Thus, the control objectives change with respect to Grid-Tied operation since the VSC cannot

decide the active and reactive power generation on its own.

As shown in Fig. 2.4.b this is achieved by directly controlling the MG voltage and frequency. This

implies that the MG frequency is fixed by the VSC control and not obtained from grid measurements.

From the point of view of the grid, a VSC operating as a Grid-Forming unit is the equivalent of a voltage

source or slack node.

This operation mode is also equivalent to an isochronous generator, which is a synchronous generator

operating under a constant speed governor [1]. As with isochronous generators, it is not possible to

connect multiple VSCs operating in this mode in parallel since the different control systems will conflict.

A master-slave approach could be used, where one master VSC operates as a Grid-Forming unit and the

rest as Grid-Tied slaves synchronized to the master [58]. Consequently, it also not possible to operate in

grid-connected mode so a change to a Grid-Tied or Grid-Supporting control system would be required.

The most common application for this control system are Uninterruptible Power Supply (UPS) sys-

tems based on battery ESSs [57]. There are also authors that implement Grid-Forming systems with

non-controllable RESs [59, 60]. In this case, the additional problem is to guarantee that the power ex-

tracted from the non-controllable source equals the MG demand so some authors propose the integration

of additional systems such as battery ESSs [61], hydraulic generation [62] or controllable loads [63].

This is further discussed in section 6.2.

Grid-Supporting

In a MG, DERs are the main source of generation and thus should be able to support the system

operation. Therefore, their purpose cannot be limited to deliver a fixed amount of power but also to
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be responsive to the MG state. At the same time, they should be able to operate both in isolated and

grid-connected mode.

It can be deduced that the previously presented control systems are not prepared to comply with

these objectives. On one hand, Grid-Forming systems cannot be used to operate in grid-connected mode

or share the MG requirements among multiple systems. On the other hand, Grid-Tied systems rely on a

stiff power system so they are not prepared to operate in islanded or weak-grid scenarios.

Grid-Supporting systems try to handle these problems. As shown in Fig. 2.4.c, they try to regulate a

certain power set-point but at the same time to maintain the MG voltage and frequency. In contrast with

Grid-Tied systems, a PLL is not required for operation.

By combining the objectives of supporting the MG voltage and frequency with their own power

reference, multiple VSC-based systems can support the MG operation at the same time while complying

with their own requirements.

In order to allow both grid-connected and isolated operation modes, Grid-Supporting systems do not

rely on grid frequency measurements for synchronization. However, they must operate in synchronism

with the rest of the DERs and with the grid, in case of grid-connected operation. Therefore, in contrast

with Grid-Forming systems that only synchronize to their internal frequency reference, a synchronizing

system between multiple untis is needed.

These control objectives are analogous to those of traditional SGs. SGs can be modelled as voltage

sources that inherently synchronize to the grid [64]. This synchronization mechanism can be replicated

by the VSC control system, as will be seen in Section 3.3.

The active power generation of SG systems is controlled by the governor, which regulates the gener-

ator rotational speed by acting on the applied mechanical torque, for instance varying the gate opening

of hydraulic turbines. Since the rotational speed is related to the electrical frequency, this regulation

indirectly supports the grid power balance. In order to allow the parallel operation of multiple gener-

ating units that share the load, the speed regulation on the governor of SGs includes a droop relation,

also called power-speed characteristic, that reduces the speed reference proportionally to the governor

actuation [1]. This droop relation determines the amount of load assumed by each generator.

An analogous droop relation can be replicated in the control system of a VSC, generating the VSC

frequency according to its active power generation, as in the so-called droop control systems [65]. Droop

control systems were proposed in order to share the load between multiple UPSs operating in parallel

[66]. It has been demonstrated how it is possible to synchronize multiple VSCs when they operate using

droop [67], and also that it is possible to synchronize a VSC to the grid [15].

As noted earlier, in Grid-Tied systems there are also solutions based on introducing a relation be-

tween active power and frequency. Since Grid-Tied systems are based on regulating the VSC active
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power generation instead of its frequency, the droop relation is implemented in an opposite way than in

SG governors, acting on the active power reference depending on the frequency measurement provided

by the PLL. The effect of this difference on the resulting support of the MG is discussed in chapter 4.

A more explicit replication of synchronous generators behavior is proposed by Grid-Supporting

Virtual Synchronous Machine (VSM) and Droop control systems. Although there are multiple imple-

mentations, as will be discussed in Chapter 3, it can be demonstrated that Droop and Grid-Supporting

VSM control system are equivalent [68]. Therefore, in this work the term VSM is used to refer to them

indistinctly.

Grid-Supporting VSM control systems can operate in both grid-connected and islanded operation

modes and allow multiple VSCs to support the MG. However, there are still concerns about stability

issues related to the selection of the droop control gains, that affect both the steady-state power and

frequency values and the dynamic behavior of the system [69]. Moreover, all of these implementa-

tions have in common the use of a dependency between active power and frequency as synchronizing

mechanism [68, 70].

In this thesis, a different approach is proposed where reactive power is used instead of active power

for the synchronous operation of VSCs, thus decoupling the synchronization mechanism from the VSC

active power, while no PLL is required for frequency measurement. It will be referred as Reactive

Power Synchronization (RPS). It will be seen how this allows the use of Grid-Supporting systems even

in non-controllable sources such as WECSs.

It can be seen that Grid-Supporting systems are very promising for MG applications and will be

the main focus of this thesis. However, as noted earlier, depending on the control objectives a Grid-

Tied or Grid-Forming system might be more interesting and the appropriate system should be selected

depending on the application. Nevertheless, some authors expect Grid-Supporting systems such as VSM

to replace the rest of the systems and become the unified solution for grid integration [71].
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3.1 Introduction

As presented in the previous chapter, VSMs are control systems for power electronic converters that

are based on emulating the behavior of traditional SGs in order to improve the support of grid stability

through converter-interfaced systems. VSMs have attracted a lot of attention in recent years in multiple

applications such as WECS [72], electrical vehicles [73], stationary energy storage systems [43] and

HVDC systems [74].

In this chapter, VSMs will be analyzed as a solution for the control of VSCs in MG applications.

In section 3.2, a brief review on VSM implementations is presented. The purpose is not to present

an exhaustive review but to overview VSMs most interesting features for MG applications. VSM im-

plementations will be categorized with respect their interaction with the MG according to the control

topologies review presented in 2.3.

In section 3.3, one of VSM most interesting features, synchronization to weak grids, is analyzed in

23
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an analogy to the operation of traditional SGs. This analogy with SGs will also be used to introduce the

RPS control in Chapter 5.

3.2 Review of VSM implementations

There are multiple implementations available in the literature under the name of VSM or similar or

that are based on the operation of SGs. In this thesis the focus is on VSM implementations that can be

useful from MG applications. First the interest in VSMs for MG applications is analyzed by exploring

the most interesting VSM applications. The next section presents a review of VSM implementations that

comply with these applications.

3.2.1 VSM applications

The interest in control systems that imitate the behavior of SGs in MG applications comes from two

interesting features of SGs: inertial response and synchronizing torque.

Inertial response

The VSM concept was originally proposed in [75] to provide converter-interfaced systems, espe-

cially DERs, with the capability of emulating the inertial response of SGs. Like conventional SGs, a

VSM reacts to variations in the power balance by exchanging energy that supports the system opera-

tion. Thus, a converter-interfaced unit with enough energy available can provide an inertial response

equivalent to that of a SG [73].

This feature has attracted a lot of interest, even in conventional power grids where converter-interfaced

systems penetration is increasing [56]. This application of power electronic converters is usually known

as inertia emulation [76].

It is a critical application for converter-dominated MGs since a reduced inertia can compromise a

power system stability [13]. The use of VSMs for inertia emulation is further discussed in Chapter 4.

Synchronizing torque

One of the main features of VSCs is the possibility to independently control their active and reactive

power. To perform this control, the generated voltage must be synchronized with the system they are

connected to [3]. In a MG, this outer system could be an isolated load, a main grid or even other VSCs.

A common approach, used in Grid-Tied systems as presented in section 2.3, is measuring the fre-

quency by means of PLL [77,78]. This ensures that the generated internal voltage has the same frequency
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Figure 3.1: Comparison of (a) Grid-Tied and (b) Grid-Supporting VSM control systems.

as the grid voltage and the angle required for the power injection. However, PLLs are known to present

problems when applied to islanded systems [10, 11].

On the other hand, SGs do not rely on frequency measurements for grid synchronization and are

commonly used in isolated and weak-grids without synchronization problems. This due to the synchro-

nizing torque, which introduces a negative feedback of the phase displacement, ensuring that mechanical

forces will be set up to restore the rotor angle of the machine following an arbitrarily small displacement

of this angle [64]. This is why VSMs are being proposed for the connection of converter-interfaced

systems to weak grids [79]. It has been demonstrated how it is possible to synchronize multiple VSCs

when they operate using this strategy [67].

As explained in [15], synchronization in VSMs is based on introducing a coupling between the VSC

active power and its frequency. This coupling is common among the different VSM implementations

[68, 70]. Moreover, it is also the basis of the power-frequency droop control systems [65, 66, 80–82].

As noted in section 2.3, this application allows VSMs to operate as Grid-Supporting units, which

provides several advantages. In order to provide a better understanding of this feature, the synchroniza-

tion mechanism of VSMs is studied in Section 3.3.

3.2.2 VSM implementations

There is yet no consensus on the implementation of a VSM to fulfill the aforementioned applica-

tions. Moreover, among the different control systems that are based on the operation of SGs, not every

implementation comply with both inertia emulation and synchronous operation without PLLs.

It should be noted that, although most publications have focused on SGs, there are also works on

the replication of induction generators, also known as “Inducverters” [83]. However, with regard to

synchronous operation and inertial response, the operation principle is analogous to SG-based systems.

Going back to the classification made in section 2.3, there are both Grid-Tied and Grid-Supporting

VSM solutions. As presented in Section 2.3, Grid-Supporting solutions are able to operate in synchro-

nism in both grid-connected and islanded modes while Grid-Tied solutions require an external frequency

measurement unit and can lead to instabilities when used in an converter-dominated systems. The dif-

ference in the relation between frequency and power in Grid-Tied and Grid-Supporting VSM control

systems is depicted in Fig. 3.1.
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Grid-Supporting solutions

The first Grid-Supporting VSMs were based on the digital implementation of complete SG numerical

models on the converter control system. This is the case of the VISMA, which implements a 7th order

model [75]. This is also the basis of Synchronverter concept, which implements a reduced second-order

model [84, 85]. These implementations have the advantage of using well-known parameters from SG

operation for the control tuning. The use of higher order models, while incresing the control complexity,

has not been reported to provide enhanced properties [86].

However, for synchronizing and inertia emulating purposes, it is not necessary to emulate the com-

plete behavior of a SG. As stated earlier, the inertial response comes from the SG intrinsic swing equa-

tion. A more specific implementation of the SG swing equation can be found in the Power Synchroniza-

tion Control [15], which avoids the use of a numerical model of the machine.

Moreover, [68] demonstrates that the power/frequency (p/f) droop control that is commonly used in

UPS applications to share the load between converters [65, 82], also implements an analogous swing

equation where the inertia is represented by the power measurement filter time constant. This is further

developed by the Virtual Synchronous Machine with Zero Inertia (VSMH0) concept [16], that modifies

the filter so the system can keep the VSM synchronizing capabilities but without providing inertia.

Therefore, although p/f droop control systems were proposed prior to the extension of the term of VSM

[66] in this work they is considered as an implementation of a Grid-Supporting VSM.

Grid-Tied solutions

In a power system including SGs, the electric frequency changes following variations in generation

and demand. Therefore, frequency can be used as an indicator of power unbalances. A possible imple-

mentation of inertia emulation is to vary active power generation according to frequency variations [87].

Most converter-based generation is prepared to regulate its power output and perform a frequency esti-

mation through a PLL, so the implementation in already operating systems is quite straightforward. This

mechanism is usually referred to as “Virtual Inertia” (VI) [76].

VI control systems were reported before the extension of the VSM concept [87]. However, since

they operate based on the behavior of SGs they are now usually included in VSMs [86]. The VSM

implementation proposed in the VSYNC project, of the 6th European Research Framework program, is

based on a Grid-Tied VSM control system [88].

Virtual Inertia is usually a combined effect of a “derivative control” component and a “proportional

control” or “droop” component [89]. The derivative term is designed to emulate the extraction of me-

chanical energy from the SG inertia while the proportional term emulates the SG governor “droop”

action. This difference is used by some authors to differentiate between the proportional and derivative
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Figure 3.2: Contrast between the droop or power-speed characteristic implemented in (a) Grid-

Supporting systems and synchronous generator governors and (b) Grid-Tied systems.

terms as different applications [90].

It should be noted that the “droop” action in VI systems is implemented in an opposite way than

in a SG governor. While in the SG governor the speed reference is varied depending on the controller

actuation, for VI this is emulated in an opposite way, measuring the frequency (speed) and varying the

power output (actuation). Both implementations are compared graphically in Fig. 3.2.

Another solution is to introduce a fixed power value in the event of a threshold frequency variation.

Some examples can be found in [91–93]. They can act very fast because their dynamic is not dependent

on a frequency or power regulation. The active power variation is usually determined by the system ca-

pacity (SOC, wind availability. . . ) instead of the grid requirements and thus it is hard to adapt to different

situations. Implementation strategies differ between manufacturers and academic studies; however, in

general, such controls cause the power output to temporarily vary in the range of 5% to 10% of the rated

power, following a significant frequency excursion, for a period of several seconds [94].

Grid-Tied VSM control systems depend on a frequency variation to actuate, which is usually the

case only when there is synchronous generation on the system and it has already been decelerated (or

accelerated). Therefore, these systems have little effect on the initial Rate of Change of Frequency

(RoCoF) but a great influence on the frequency nadir [95]. On the other hand, they are known to have

adverse effects on the small-signal stability of weakly interconnected systems [96]. For the same reason,

they require the presence of an external voltage with physical inertia and therefore are not suitable for

islanded operation [84].

As other Grid-Tied solutions, these systems are not able to operate without a frequency measure-

ment unit (PLL). Therefore, although both Grid-Supporting and Grid-Tied VSM systems are reported to

emulate inertia, there is a difference in the synchronization mechanism. The effect of this difference on

the resulting inertial response is discussed in chapter 4.
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3.3 Synchronization of Grid-Supporting VSMs

In this section, the synchronization mechanism used by Grid-Supporting VSMs will be studied based

on the operation of a SG. This will be contrasted with the proposed Reactive Power Synchronization

method in chapter 5.

3.3.1 Synchronizing torque

SGs are able to operate in synchronism without a dedicated frequency measurement unit. As pre-

sented earlier, this synchronism is possible because of the SGs synchronizing torque. In this section

the origin of this synchronizing torque is explored in order to understand the operation and resulting

limitations of VSMs.

The rotational speed of a SG is defined by the mechanical equation

2H
dωr

dt
= tm − te (3.1)

where

ωr = rotor angular velocity

tm = mechanical torque developed by turbine connected to the SG

te = electromagnetic torque developed by the SG

H = Inertia constant [s]

and all the values are expressed in per unit with respect to the synchronous generator rated power (Pb)

and frequency (Ωb). This equation defines the relationship between the SG rotational speed and the

difference in the torque developed by the SG and the external electrical system.

To explore the synchronization to another power system we study the connection of a SG to the grid

through a power line as seen in Fig. 3.3.

As we have seen, the SG frequency, related to its rotational speed, is determined by its mechanical

equation, (3.1), while the grid frequency is fixed at ωg. The difference between both frequencies can be

defined as
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1
Ωb

dδ

dt
= ωr −ωg (3.2)

Synchronization is ensured if dδ

dt = 0, that is if δ has a fixed value.The differential equations (3.1)

and (3.2) form a dynamic non-linear system with two states. In order to study the small-signal stability

around the operating point defined by δ0 and ω0, the mechanical equation, (3.1), can be rewritten in

terms of δ as
2H
Ωb

d2∆δ

dt
= ∆tm −∆te (3.3)

Equation (3.3) represents an ideal oscillator. There are different effects that introduce a damping

in this oscillation, including power losses on the SG mechanical system, which are usually neglected,

variations in load demand proportional to frequency, which are not considered in this case since the SG

is connected to a stiff grid, and, more importantly, damping mechanisms introduced through the SG

excitation. This damping can be implemented by introducing voltage variations in phase with the SG

rotation [1]. This will be the basis of the damping mechanism proposed in Chapter 5. Without a damping

torque, the operation of a SG would be unstable [64].

The resulting equation when considering the effect of the damping gives

2H
Ωb

d2∆δ

dt
= ∆tm −∆te −

D
Ωb

d∆δ

dt  
Damping torque

(3.4)

which leads to the so-called SG swing equation.

Still, this equation does not show that the operation of a SG is stable and therefore that synchronism

is ensured. However, the electromagnetic torque te is not an independent variable since it depends on the

electrical power exchanged with the grid.

From the notation in Fig. 3.3, the power exchanged between the SG and the grid is defined by the

current between e and v as
lg
Ωb

d⃗i
dt

= v⃗− e⃗− rg⃗i− jωlg⃗i, (3.5)

Assuming that the electromagnetic transients in lg are significantly faster than the mechanic tran-

sients of the SG swing equation, it can be written that

pe =
2
3

ℜ(⃗e·⃗i∗) = ev
ωrlg

sinδ (3.6)

Considering this equation in the operating point defined by δ0 and ω0

∆pe =
e0v0

ω0lg
cosδ0  

Ks

∆δ (3.7)

Voltage magnitude e depends on the SG excitation and on the rotational speed. For simplicity, it has

been considered as independent from δ . The effect of variations of frequency on the electromagnetic
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Figure 3.4: Block diagram of a synchronous generator swing equation.

power are small and therefore are also neglected so te = pe in pu. These assumptions are common in

small-signal stability studies of power systems [1]. Note that the effect of frequency variations on active

power is already considered through the damping term D of equation (3.4).

For this exposition, the importance is on the relation between active power and δ . As shown in (3.7),

both are proportional. This is why δ is usually known as the power angle. Merging equations (3.4) and

(3.7),
2H
Ωb

d2∆δ

dt
+

D
Ωb

d∆δ

dt
+Ks∆δ = ∆tm (3.8)

The proportional relation between pe and δ introduces a negative feedback of the phase displacement

on the swing equation, leading to a stable behavior for positive values of Ks. This is why Ks∆δ is known

as the synchronizing torque. This is graphically represented in Fig. 3.4.

Therefore, SGs take advantage of the relation between active power and power angle that appears

on power systems in order to ensure synchronous operation. Since internally the SGs speed is related

to active power because of the mechanical system, there is a natural negative feedback that relates the

speed back to an active power variation through the synchronizing torque, ensuring the system stability.

3.3.2 Application to VSCs

As presented in chapter 2, VSCs are one of the main solutions for interfacing RESs and ESSs in

MGs. Using the appropriate modulation techniques, they can be regulated as a controllable AC voltage

source [3]. In this section, the principles studied in the previous section for SGs are applied to the

synchronization of a VSC to the grid, so the generated voltage frequency is equal to the grid frequency

and the voltage angle has the value required for power injection.

Based on the literature review of section 3.2, three different grid-supporting VSM implementations

are considered. For each of them, an analysis analogous to the one applied to SGs in the previous section

is performed in order to study the synchronizing mechanism.

The selected solutions are the Synchronverter implementation in [86], the Power Synchronization

Control (PSC) of [15] and the Power-Frequency Droop (P/f droop) control presented in [66].
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Figure 3.5: Comparison of (a) Synchronverter, (b) Power Synchronization Control and (c) P-f droop con-

trol systems. Original notation has been modified for coherence between implementations. Lowercase

variables indicate per unit notation.

Schemes of these systems are depicted in Fig. 3.5. The notation of the parameters have been selected

so that they resemble the common parameters of a SG. Only the active power part of the algorithms is

considered since the focus is on the synchronization mechanism. All the implementations include also a

voltage or reactive power control loop that is outside of the focus of this section.

From Fig. 3.5, it can be seen that the Synchronverter implementation is the one that more closely

resembles the SG model of section 3.3.1. Also, the similarities between the PSC and P/f droop controls

are noticeable. The P/f droop includes a low-pass filter of the active power measurement that is not

present in PSC [15]. Low-pass filters of active power are usually included in order to reduce the effect

of measurement noise and high-order harmonic components [65].

For the Synchronverter, the reasoning is similar to that of a SG. By emulating the behavior of the
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mechanical system, the same relations as for a SG can be obtained. However, in this case, there is no

real rotating system. Therefore, the power and energy required by the resulting swing equation must

be available on the system to ensure stability. This is why these implementations are usually associated

with ESSs [97].

For the PSC and P/f droop systems, a similar relation can also be obtained. In order to illustrate the

effect of the active power filter, the P/f droop system is considered as a reference.

As with the SG, discarding the electromagnetic transients on the network, it is a system with two

states so we study the small-signal model around the operating point defined by δ0 and ω0. δ is defined as

in equation (3.2) but now considering the control system internal frequency ω in spite of ωr. Therefore,

the relation between the control internal angular position θ and δ can be defined as

1
Ωb

dδ

dt
= ω −ωg =

1
Ωb

dθ

dt
−ωg. (3.9)

For small-signal variations around the operating point, asuming ωg as independent

1
Ωb

d∆δ

dt
=

1
Ωb

d∆θ

dt
. (3.10)

From the diagram in Fig. 3.5.c, the control system is defined by the equation

1
Ωb

dθ

dt
= (p∗− p)Kp +ω0. (3.11)

so for the given operating point
1

Ωb

d∆δ

dt
= (∆p∗−∆p)Kp. (3.12)

The measured active power p represents a filtered estimation of the power exchange with the grid so,

considering the relation with the power angle δ given by equation (3.7), it can be written that

∆p =
1

1+ t f s
∆pe =

1
1+ t f s

Ks∆δ (3.13)

Using equation (3.13) into (3.12) leads to

t f

KpΩb

d2∆δ

dt
+

1
KpΩb

d∆δ

dt
+Ks∆δ = ∆p∗ (3.14)

Note that (3.14) is analogous to the SG swing equation given in (3.8), where

H =
t f

2Kp
(3.15)

D =
1

Kp
(3.16)

Therefore, in this case the inertia constant is related to the time constant on the active power filter

t f while the damping is related to the proportional gain between active power and frequency Kp and the

synchronizing torque component is the same as in traditional SGs.
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Note that a similar reasoning can be made for the PSC depicted in Fig. 3.5. If the filter is not con-

sidered, there is no resulting inertia, which could be interesting depending on the application. Usually,

some kind of filter is necessary for noise rejection, although it can be tuned to reduce the resulting inertia

effect [16].

Therefore, it can be seen that a synchronizing mechanism has been achieved by introducing a pro-

portional relation between the VSC active power and its internal frequency. This allows Grid-Supporting

VSMs to operate without the use of a PLL. However, at the same time, it imposes restrictions on their

use since the synchronization is dependent on the capacity to supply the required active power set-point

∆p∗. A solution for achieving synchronization without a requirement of active power is presented in

chapter 5.

At the same time, it can be seen that this reasoning shows how VSMs can be used to provide inertia.

As noted earlier, this feature is not limited to Grid-Supporting VSMs. This is further discussed in

Chapter 4.
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Chapter 4

Inertia Emulation
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4.1 Introduction

As opposed to traditional bulk power systems, MGs rely heavily on power converter-interfaced

DERs. Therefore, converters are expected to provide services associated to the operation of traditional

generation units such as emulated inertia. As presented in Section 3.2, this could be achieved by the

VSC control system, provided that the VSC is connected to a system that has enough energy available.

Battery Energy Storage Systems (BESSs) are capable of storaging energy and are usually interfaced

through Power Electronic Converters (PECs) that convert the DC voltage provided by the battery pack

and injects it as a controllable AC source. Inertia emulation is a very promising application for systems

that include BESSs. Sizing studies of BESS for inertia emulation show that it is becoming an economi-

cally feasible solution [98–100]. A successful study of the implementation of inertia emulation through

35
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a Lithium-Ion BESS in a 2,686 MVA MG test system with a wind power penetration of the 33% can be

found in [98]. Simulations results in [98] show that a 33MW (1,23% of the MG power) ESS was enough

for providing the similar grid inertial response as in the grid without any wind power penetration.

As discussed in Chapter 3, both Grid-Tied and Grid-Supporting VSM control systems can provide an

emulated inertial response. Inertia emulation in Grid-Tied systems is based on responding to frequency

variations measured by the PLL. In contrast, Grid-Supporting systems rely on the emulation of the SG

swing equation.

This chapter discuss the effect of the synchronization system on inertia support. Representative

implementations of Grid-Tied and Grid-Supporting VSMs solutions are compared in a dynamic simula-

tion of an isolated MG for a common set of inertia requirement. Section 4.2 describes the implemented

models and discuss the selection of parameters to provide an equivalent inertial response through the dif-

ferent systems. Section 4.3 presents the isolated MG case study and the results obtained for the different

systems.

4.2 Implementation of Inertia Emulation solutions

In order to compare the effect of the synchronizing system, the emulated inertial response from both

Grid-Tied and Grid-Supporting VSMs, as defined in section 3.2, have been implemented in a discrete

time simulation.

First, in order to study the effect of the PLL irrespective of the inertia control implementation, the

BESS active power is controlled to a constant value through a PLL-based Voltage-Oriented Control

(VOC) system. This control will later be used as the underlying control that regulates the active power

reference provided by the Grid-Tied systems.

Then, the Grid-Supporting group will be represented by a VSM implementation focused on the

relation between active power and frequency The Grid-Tied group is represented by a Virtual Inertia

implementation that includes both proportional and derivative components. The effect of both systems

is later studied separately in the results section.

4.2.1 Voltage Oriented Control (VOC)

VOC is a common control system for Grid-Tied VSCs. In VOC the VSC current is controlled through

its dq-components. The dq frame rotates following the angle provided by a PLL. A general scheme is

presented in Fig. 4.1.

The PLL is based on orientating the reference axis to the measured grid voltage, so that the quadra-

ture component of the voltage becomes zero, as depicted in Fig. 4.2.
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Figure 4.2: Phase-Locked-Loop (PLL) based on the regulation of the grid voltage quadrature component

(vq).

The control of current dq-components includes a decoupling between the d and q axes and a feed-

forward of the voltage as depicted in Fig. 4.3.

In order to modulate the voltage on the VSC terminals, the dq components of the VSC reference

voltage vc
∗ are transformed to abc components using the angle θ obtained from the PLL as seen in

Fig. 4.1.

The main parameters related to the VOC are summarized in Table 4.1.

The PLL parameters have been selected according to the natural frequency ωn,PLL and damping ξPLL

of the resulting second-order closed-loop transfer function, as presented in [101]. The resulting gains
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Table 4.1: Inertia Emulation case study: Base case Voltage Oriented Control (VOC) parameters.

Label Value Units Description

Ts 100 µs Controller sampling time.

ωn,PLL 2π100 rad/s PLL natural frequency.

ξPLL 1/
√

2 - PLL damping coefficient.

τi 1 ms Time constant of the current regulation loops.
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Figure 4.4: Grid-supporting VSM implementation.

can be calculated as

Kp,PLL =
2(1− e−ξ ωnTs cos(ωnTs

√
1−ξ 2)

ΩbTs
(4.1)

Ki,PLL =
1

Ωb
(

Kp,PLL

Ts
− (1− e−2ξ ωnTs)

Ts
2 ) (4.2)

The current controllers PI gains have been selected according to the zero-pole cancellation method

proposed in [3].

4.2.2 Grid-Supporting VSM

The Grid-Supporting VSM discrete time implementation is based on a simplified version of the

Synchronverter concept similar to the one presented in [102]. The harmonic content elimination and

the coupling between frequency and voltage amplitude introduced in [102] are omitted here since both

power quality and reactive power control are out of the scope of the work. The resulting control system

scheme is presented in Fig. 4.4. The p and q controller schemes are depicted in Fig. 4.5.

The parameters to be selected are the proportional gain of the active power controller, KP,V SM , the

damping gain DV SM , and the gain of the reactive power controller KQ,V SM . A summary of the selected

VSM parameters is included in Table 4.2.
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Table 4.2: Inertia Emulation case study: Base case grid-supporting Virtual Synchronous Machine (VSM)

parameters.

Label Value Units Description

KP,V SM 5 s−1 Active power controller gain.

DV SM 7 - Damping gain.

τQ,V SM 10 ms Reactive power time constant.

The damping gain DV SM is referred in some works as analogous to the SG friction coefficient [68,

102] while in others it is interpreted as analogous to the droop coefficient of the SG governor [103]

since it introduces a proportional relationship between frequency variations and active power reference

as seen in section 3.3. It is selected depending on the desired contribution to load variations and is

usually imposed by the grid-code [68].

According to standard EN 50438, it is required that the change of 100% of the generated active

power corresponds to the change of 2% of the grid frequency. Since the case study comprises an isolated

MG, it is expected that the frequency will present larger variations than traditional power systems. Thus,

DV SM has been selected experimentally so that the BESS provides near half of the load variation. The

effect of choosing a different value is analyzed in the results section.

KP,V SM on the other hand, is related to the VSM inertia constant [68, 102]. To obtain a emulated

inertia HV , KP,V SM can be calculated as

KP,V SM =
1

2HV
(4.3)

As noted in [103], HV cannot be made arbitrarily big since as KP,V SM decreases, so does the frequency

of the active power controller transfer function. This introduces a phase lag that reduces the phase margin

(PM) of the system. From the open loop transfer function of the active power controller of Fig. 4.5 it

can be obtained that, for a minimum PM of 45◦
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KP,V SM
min =

ωcross−over|PM=45◦

DV SM
= 3 (4.4)

Giving a maximum emulated inertia HV of about 0.17s. Here it is selected as KP,V SM = 5 to allow

for a greater phase margin and damping characteristics, so HV = 0.1s. This inertia constant is similar to

the one obtained in other similar VSM implementations [102, 103].

The value of KQ,V SM can be selected depending on the required closed loop time constant τQ,V SM

as [102]

KQ,V SM =
3

2τQ,V SM
(4.5)

4.2.3 Grid-Tied VSM

The Grid-Tied VSM has been implemented based on the model presented in [104], where the active

current reference for the VOC is proportional to the MG frequency, as measured by the PLL, and to its

derivative. A schematic representation can be seen in Fig. 4.6. The resulting active power reference (p*)

is used as the input of the active current loop of Fig. 4.1.

The derivative term is designed to provide a fast response, while the proportional term allows the

BESS to provide active power until the frequency is restored [104]. As presented in section 3.2, deriva-

tive and proportional terms are intended to emulate the behavior of a SG inertial and governor droop

responses, respectively. The effect of the derivative term will be analyzed in the results section by

comparing this scheme with a pure proportional (droop) system.

The frequency used for the control is passed through a dead-band which avoids the use of the BESS

for small variations of the frequency around its normal operating point [105]. A filter might also be

needed in order to reject high-frequency noise. The PLL can be designed to filter frequency variations

in a compromise with its speed [106].

Calculation of the derivative of the frequency through H(s) may lead to undesired variations so it is

usually implemented together with a low-pass filter [107]. In [108] a second-order filter is implemented
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as

H(s) =
KDV Is

(s+ τ1)(s+ τ2)
(4.6)

As reported in [108], it can be demonstrated that this transfer function is already included in the

proposed PLL implementation. Based on the PLL of Fig. 4.2, a small signal model of the PLL, for small

deviations around the operating point vq,0 = 0, is presented in Fig. 4.7. It can be deduced that

∆vq =
Ωbs

s2 +ΩbKP,PLLs+ΩbKI,PLL
∆ωg (4.7)

Meaning that vq is effectively a filtered estimation of the grid frequency derivative. It is a low pass

filter so the estimation will be accurate for variations below the PLL bandwidth. Moreover, it can also

be seen that

∆ω =
KP,PLLs+KI,PLL

s
∆vq (4.8)

or, alternatively

∆vq =
s

KP,PLLs+KI,PLL
∆ω (4.9)

Thus, calculating the derivative of the PLL output frequency ω together with a low-pass filter is

analogous to using vq.

In this work vq will be used as an estimation of the grid frequency derivative. Since this estimation

is only accurate for low frequency variations, a first-order low pass filter is also included.

References for the selection of VI parameters for grid-connected applications can be found in [104,

108]. However, these parameter selection methods are not directly applicable for the presented case

study.

The parameters to be selected are the proportional gain, KP,V I , the derivative gain KD,V I and the

dead-band characteristics. A summary of the selected parameters is included in Table 4.3.

As noted in 3.2, the proportional gain KP,V I is equivalent to the inverse of the droop gain used in

the governor of SG-based generation systems (see Fig. 3.2). Therefore, in order to make the controller

comparable to the grid-supporting VSM implementation, KP,V I is selected as the inverse of DV SM .
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Table 4.3: Inertia Emulation case study: Base case grid-tied VSM parameters.

Label Value Units Description

KP,V I 0.15 − Proportional gain.

KD,V I 0.2 s Derivative gain.

vc
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pLSG

pm

e lG

pSG

Figure 4.8: Microgrid case study for inertia emulation simulations.

The derivative gain is related to the emulated inertia constant HV of the equivalent SG system as

KD,V I = 2HV [108]. Here it is selected to provide same inertia constant HV as the Grid-Supporting VSM

implementation.

The dead-band should comprise the variations of frequency that are considered acceptable in normal

operation. Based on [104] they are selected as ±0.2Hz.

4.3 Application in an isolated Microgrid case study

This section is dedicated to estimate the effect of converter synchronising method on the emulated

inertial response from BESSs in an isolated MG application. This effect is studied based on the imple-

mentations presented in Section 4.2.

Time-domain simulations on a test system are used to obtain numerical results and test the influence

of the different control systems in the dynamics of frequency response of an isolated MG. Specifically,

the focus of the assessment presented in this section is in the first moments following an active power

variation or “inertial response”, as defined in [1].

4.3.1 Simulation case study

For demonstration purposes, the isolated Microgrid of Fig. 4.8 is used as test system. The MG

consist of one micro-source, one BESS and a local load.

The MG of Fig. 8 has been implemented in a dynamic simulation using the MATLB/Simulink Sim-
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PowerSystem toolbox, in order to assess the system frequency response following a power imbalance.

Due to the fast dynamics involved, dynamic simulations are required to analyze the time-domain behav-

ior during the very short period of time involved in inertial response [1].

The main parameters of the MG are summarized in Table 4.4. Values in per unit (pu) are referred to

the MG nominal power and voltage.

Table 4.4: Inertia Emulation case study: Microgrid parameters.

Label Value Units Description

SN 500 kW Microgrid nominal power.

UN 400 V Microgrid nominal rms line voltage.

pL,0 0.2 pu Initial active power demand from the load.

pSG,0 0.2 pu Initial active power generation from the SG.

pBESS,0 0 pu Initial active power generation from the BESS.

fN 50 Hz Microgrid nominal frequency.

tp 10 ms Sample time of the power circuit simulation.

lG 0.1 pu Equivalent inductance of the connection between the SG and the load.

lF 0.2 pu Equivalent inductance of the connection between the BESS and the load.

The SG has been implemented using the Simplified Synchronous Machine pu Units model of the pow-

erlib library, which models both the electrical and mechanical characteristics of a simple synchronous

machine. In this model , the electrical circuit consists solely of a voltage source behind a synchronous

reactance and resistance.

A hydraulic turbine and governor model is used to control the mechanical power (pm) injection to

the SG. This model includes a PI governor system, and a servomotor as defined in [109]. The governor

regulates the SG rotational speed to 1.0 pu. It is configured to perform a droop function between the

valve opening and the speed reference. The SG voltage is fixed at 1.0 pu.

The parameters relative to the SG, turbine and governor are summarized in Table 4.5. The SG is

rated to the MG nominal power in order to be able to support the load on its own. Based on this rating,

the parameters have been selected based on the procedure presented in [110]. A small passive load rated

at 0.05 pu is connected in parallel with the SG, to avoid its direct connection with the inductance lG, as

recommended by the powerlib documentation.

The MG load is modelled as a constant impedance. Variations in load demand are performed by

connecting additional impedances in parallel though a three-phase circuit breaker.

The BESS is modelled as a controllable AC voltage source dependent on the control systems pre-

sented in Section 4.2.
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Table 4.5: Inertia Emulation case study: Synchronous Generator (SG) parameters.

Label Value Units Description

SSG,N 500 kW SG nominal power.

USG,N 400 V SG nominal rms line voltage.

HSG 3.7 s SG inertia constant.

KD,SG 0.1 pu SG damping factor.

p 20 - SG Pole pairs.

rSG 0.02 pu SG stator total resistance.

lSG 0.3 pu SG stator total inductance.

KSM 3 pu Servo-motor gain.

TSM 0.07 s Servo-motor time constant.

gmin 0.16 pu Minimum gate opening.

gmax 0.96 pu Maximum gate opening.

vgmin −0.1 pu/s Minimum gate opening speed.

vgmax 0.1 pu/s Maximum gate opening speed.

KDroop,G 0.05 pu Governor permanent droop gain.

KP,G 1.163 pu Governor PID proportional gain.

KI,G 0.105 pu Governor PID integral gain.

ξHT 0.1 pu Hydraulic turbine damping factor.

THT 1 s Hydraulic turbine time constant.

4.3.2 VSM control systems comparison

Based on this case study, the frequency dynamics under the different control systems are compared.

Specifically, the results show the behavior of the different systems regarding frequency dynamics when

a sudden 0.1 pu active load variation occurs. All parameters are the same as in the base case given in

Section 4.2, unless otherwise noted.

The variation of the SG speed, which serves as a measurement of the grid frequency, is presented in

Fig. 4.9. It can be seen that, with the proposed solutions, the BESS can help the system to restore its

frequency. In this time scale, the effect is similar for the Droop, VI and VSM implementations. On the

other hand, the VOC effect is similar to the case where there is no support form the BESS.

The active power delivered by the BESS in each case is presented in Fig. 4.10. It can be seen that

the behavior differs in the first instants following the load variation. The initial active power response

is similar between the VOC, Droop and VI systems. With the VOC, there is an initial active power that
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Figure 4.9: Synchronous generator speed variation on load change for VOC (black, solid line), VSM

(red, * marked), VI (green, circle marked) and Droop (blue, + marked) control systems and no BESS

connection (magenta, x marked).

drops very fast while for the Droop and VI systems, the active power is maintained due to the external

active power regulation loops.

For the VSM, the active power is greater in the first moments but decays to the point where it is even

lower than the initial active power generation of the BESS.

These initial differences have a direct effect on the rate of change of frequency (RoCoF) as seen in

Fig. 4.11. This RoCoF is calculated as the rate of change of the SG rotational speed for the simulation

time step tp or

RoCoFt p(t) =
ωt+1 −ωt

tp
(4.10)

A numerical comparison between the frequency and power response of the different systems is pre-

sented in Table 4.6. Since RoCoF is usually measured on different time windows depending on the

application, the RoCoF on a time window of 500ms (RoCoF500ms) is also considered besides RoCoFt p.

Table 4.6: Inertia Emulation case study: Comparison of control systems performance indicators.

Indicator VOC Droop VI VSM

fNADIR [Hz] 47.028 49.448 49.448 49.448

RoCoFt p [mHz/s] 682.96 609.10 613.35 700.89

RoCoF500ms [mHz/s] 666.84 502.31 494.23 495.74

pMAX [pu] 0.04 0.10 0.10 0.10

E [pu·s] 0.00 1.79 1.79 1.81

Under the VSM control system, the initial RoCoFt p is lower, as seen in Fig. 4.11. However the

maximum RoCoFt p is higher due the transitorial oscillation of the power defined by the emulated swing
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equation. The response of the VSM system is also slower, so the initial power is maintained for a longer

period of time leading to the exchange of an extra 2% of energy.

On the other hand, when RoCoF500ms is considered, the difference between systems is reduced. As

expected from the speed variation represented in Fig. 4.9, the minimum frequency, or fNADIR is the same

for the different systems. Due to the steady state coupling between frequency and active power in both

Grid-Tied and Grid-Supporting VSM systems, the maximum power is also the same.

To conclude, the influence of the steady-state relation between active power and frequency, KP,

that was analysed in Section 4.2, is also addressed. Its value will be reduced so that the BESS only

compensates the 50% of the load variation. Note that this criteria can be used to define the proportional

relation between active power and frequency in the Droop, VI and VSM control systems, as explained

in Section 4.2.

The comparison of the effect on the SG speed in the full 20s time scale is depicted in Fig. 4.12.a.

In order to compare this response with the response to previous value of KP, the results of the Droop

control system depicted in Fig. 4.9 are depicted here again as a reference.

It can be seen that the fNADIR increases with respect to the original case with a higher KP value. The

frequency variation is similar for all the systems.

Again, in order to study the first instants following the load variation, the RoCoFt p for the case of

low KP is presented in Fig. 4.12.b. In this case, the difference on the system dynamics for the different

inertia control implementations is more noticeable. The VSM damping is reduced significantly, due

to the inherent relation between damping and steady-state gain explained in Section 4.2. On the other

hand, the effect on the Droop and VI systems is significant for the steady-state value but not in the

first moments, which are still dominated by the internal VOC, and thus the system dynamics are not

compromised.

4.3.3 Final discussions

The presented results show the effect of the VSC synchronizing system on the emulated inertial

response of BESSs based on the discrete implementation of representative solutions of both Grid-Tied

and Grid-Supporting VSM control systems.

A case study where a BESS is connected to an isolated MG is used to compare the different control

systems. The parameters of each system have been selected specifically for this case-study in order to

provide equivalent inertia support characteristics.

The implemented Droop, VI and VSM systems were all able to improve the MG frequency stabil-

ity. The most important parameters in frequency stability, including minimum frequency ( fNADIR) and

RoCoF, have been obtained for each solution. Considering a wide time frame, results show a similar
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behavior between the different systems, showing that all of them are suitable for the Inertia Emulation

application.

Differences emerge when the analysis is performed for the first moments following a load distur-

bance. For the PLL-based solutions, the initial dynamics are dominated by the low-level current control.

In fact, the system response is similar even if no specific emulated inertia control is considered, due to

the internal control dynamics. The effect of the derivative component is small, as the results for the

VI and Droop implementations are very close. On the other hand, for the VSM, the steady-state gain

between active power frequency, which is imposed by the emulated inertia application, has an increased

effect on the system dynamic performance compared to the VI and Droop control systems. Specifically,

a reduction of the steady-state gain of the VSM reduces the damping of the system, which could lead to

stability problems.
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Reactive Power Synchronization
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5.1 Introduction

In previous chapters the problem of the synchronous operation of VSCs has been presented, and the

solution of VSM has been studied in detail. In its core, VSM is based on a dependency between active

power and frequency as synchronizing mechanism [68, 70].

In this chapter, a different approach is proposed where reactive power is used instead of active power

for the synchronous operation of VSCs, thus decoupling the synchronization mechanism from the VSC
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active power, while no PLL is required for frequency measurement. Active and reactive power are

independently controlled using a dq-frame representation based on a current vector control scheme.

This proposal is based on a dynamic modeling of a grid-connected VSC from a new perspective that

shows a dynamic coupling between the VSC reactive power and power angle, and therefore between

reactive power and frequency. The relation between reactive power and frequency has been addressed in

previous publications but with different purposes.

In [111], the steady-state cross-coupling between active and reactive power in an UPS (Uninterrupt-

ible Power Supply) systems is studied. Authors in [111] provide an analysis to show that this cross-

coupling is related to the proposed UPS inverter control system. However, no insight is given on the

dynamic coupling between reactive power and power angle.

In [112] the authors propose a frequency-reactive power control in order to share the reactive power

among different converters in a MG. This control is based on the relation between the MG frequency and

the reactive power demanded by the MG capacitance. In [113] the authors propose a modified droop con-

trol for load-sharing between UPS systems that uses a virtual resistive output impedance. Given a total

resistive output impedance, the static relation between reactive power and frequency on resistive net-

works is used to propose a frequency-reactive power droop control that improves damping and reactive

current sharing compared to previous solutions. Therefore, no insight is given on the coupling between

reactive power and power angle on inductive networks. Moreover, in these publications, the application

of the coupling between reactive power and frequency for grid synchronization is not addressed.

In section 5.2, the proposed RPS control system is presented and explained using a simplified model.

A more detailed state-space model is presented in section 5.3. This analysis method has also been applied

to droop [114, 115] and VSM [70] control systems. An eigenvalue analysis is performed to evaluate the

system performance.

Experimental results, for a case study where a VSC is connected to a host grid, are presented in

section 5.4 to validate the proposal. The set-up used for the real-time experiments is described in more

detail in the appendix.

5.2 Proposed control

In this section, the proposed control system is presented. A small-signal model of a grid-connected

VSC is used to demonstrate the relationship between reactive power and phase displacement. An analogy

with the swing equation of traditional power systems, based on synchronous generators, is presented to

illustrate the synchronizing system.

A general scheme of the proposed control system is depicted in Fig. 5.1. It is based on a dq-frame

representation of the system voltages and currents. The reference for this dq-frame is obtained from
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Figure 5.1: General scheme of the proposed control and system under study. VCR: Voltage and Current

Regulation.

a novel synchronization mechanism based on the measurement of the exchanged reactive power. The

inputs of this control system are the active current id∗ and the reactive power q∗ references, both of

which can be independently controlled.

Variables in lowercase are represented in pu with respect to the base values included in Table 5.1.

These values were selected considering the set-up used for the real time experiments that will be pre-

sented in the appendix.

Table 5.1: Reactive Power Synchronization: Base values for per unit transformations

Label Value Units Description

Ub 400 V AC base voltage

Udc,b 2Ub V DC base voltage

Sb 20 kVA Base power

fb 50 Hz Base frequency

Ωb 2π fb rad/s Base frequency

The internal Voltage and Current Regulation (VCR) system of Fig. 5.1 is based on the current vector

control. A more detailed scheme is depicted in Fig. 5.2. As in current vector control, it is possible to

decouple active and reactive current control as well as limit the current injected by the VSC.

A high-pass filter (HPF) is included in the voltage controller of Fig. 5.2 as an oscillation damping

mechanism. This will be further discussed in section 5.3.3.
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5.2.1 Reactive Power Synchronization concept

Traditionally, as an approximation to synchronous generators, a relation has been established be-

tween a VSC active power generation and its frequency [75], emulating the behavior of synchronous

generators synchronizing torque. However, in VSCs there is no relation between the phase of electrical

variables and a mechanical system requiring a force to restore position.

Another argument for using active power for the synchronous operation of VSCs is the relationship

between transmitted active power and power angle in power systems. Most studies use this relationship

for synchronizing based on a steady-sate model of the grid short circuit impedance. On the other hand,

in this section a detailed dynamic model of a VSC connected to a host grid is used to demonstrate

the relationship between phase displacement and reactive power that it is the basis of the proposed

synchronizing method.

The system under study is depicted in Fig. 5.3. It represents a VSC connected to grid through an LC

filter and an interfacing impedance zg.

The power angle δ can be defined from the dq-frame angular frequency ω and the grid frequency ωg

as
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1
Ωb

dδ

dt
= ω −ωg (5.1)

A graphical representation of these variables together with the grid voltage vector e and converter

voltage vector v is depicted in Fig. 5.4.

The internal VCR system of Fig. 5.2 is responsible of tracking the active current reference id∗ and

also of keeping the internal voltage vector aligned with the reference dq axis, which is achieved by a

regulation of the quadrature component of the capacitor voltage vq [60]. The dynamics of this internal

VCR loops are considered faster than the synchronizing system loop so it can be assumed that

id = id∗ (5.2)

vq = 0 (5.3)

This assumption will be validated in section 5.3. The relationship between the VSC and grid voltages

is given by

lg
Ωb

di⃗g
dt

= v⃗− e⃗− rg i⃗g − jωlg i⃗g, (5.4)

where ig is the current flowing through the grid impedance zg = rg + jωlg as seen in Fig. 5.1. Given

(5.3), active and reactive power delivered by the VSC to the grid can be defined as

p = idgvd (5.5)

q =−iqgvd (5.6)

From (5.6), it can be seen that reactive power q is related to iqg. From (5.4), it is obtained that

lg
Ωb

diqg

dt
=−eq − rgiqg −ωlgidg (5.7)

From Fig. 5.4, it can be seen that eq is related to the phase displacement δ as

eq =−|e|sinδ (5.8)
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This introduces a non-linear relationship in (5.7) so a small-signal model will be considered. A base

case operating point for linearization is defined in Table 5.2.

Table 5.2: Reactive Power Synchronization: Base case operating point in pu

Label Value Description

e0 1 Grid voltage vector amplitude

wg0 1 Grid voltage frequency

id0 1 VSC active current generation

q0 0 VSC reactive power generation

Linearizing (5.7) around this operating point leads to

lg
Ωb

d∆iqg

dt
= e0 cosδ0∆δ − rg∆iqg −ω0lg∆idg, (5.9)

where the product iqg0∆ω , which depends on the synchronizing mechanism, has been neglected. Equa-

tion (5.9) shows that there is a relationship between iqg, or reactive power, and the power angle δ .

Note that if only the steady-state is considered, neglecting d∆iqg
dt in (5.9), and assuming a small filter

resistance rg and initial angle δ0, it will follow that only ∆idg, or active power, is related to δ , as is

commonly stated. Therefore, from (5.9) it is concluded that, although there is only a small steady-state

relationship between reactive power and phase displacement, there is a stronger dynamic relationship.

To clarify the explanation, the filter capacitor is not considered here. Therefore, based on (5.2) it is

deduced that ∆idg = ∆id∗. From (5.9) it can be written that

∆iqg =
ω0lg

lg
Ωb

s+ rg
(

e0 cosδ0

ω0lg
∆δ −∆id∗) (5.10)

For reactive power, based on (5.6) and for the operating point defined in Table 5.2, it is obtained that

∆q =
ω0lg

lg
Ωb

s+ rg  
Gqp

(∆p∗− vd0e0 cosδ0

ω0lg  
Gpδ

∆δ ), (5.11)

where ∆p∗ = vd0∆id∗. Note that Gpδ is in fact the commonly considered coupling between active power

and power angle, while Gqp represents the coupling between active and reactive power through the

dynamics of the grid inductance.
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5.2.2 Description of the Reactive Power Synchronization control

Equation (5.11) demonstrates that phase displacement variations are related to reactive power and

consequently that reactive power can be used as a synchronizing mechanism.

Considering this coupling, the proposed control system is depicted in Fig. 5.5. The internal frequency

of the control system ω is defined by the control law

ω = ω0 − (q∗−q)∗Ks, (5.12)

where ω0 and Ks are the control parameters and q∗ is the VSC reactive power set-point.

With this system, the VSC will deliver a reactive power q∗ if the frequency is ω0, but otherwise

reactive power will vary proportionally to the frequency deviation. Thus, synchronization can be inde-

pendent of active power generation.

The small-signal block diagram, including the proposed control system and the plant model, is de-

picted in Fig. 5.6. The resulting open loop transfer function can be obtained combining equations (5.1),

(5.11) and (5.12) as

GOL =
KsΩbvd0e0 cosδ0

s( lg
Ωb

s+ rg)
(5.13)

A bode diagram of this transfer function is presented in Fig. 5.7, for the base case parameters given

in Table 5.3.

The open-loop transfer function already comprises a good reference-tracking behavior, due to the

intrinsic integrator, and thus a proportional controller is enough to ensure synchronous operation. If the
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Table 5.3: Reactive Power Synchronization: Base case system parameters in pu

Label Value Description

l f 0.2 Filter inductance

r f 0.003 Filter resistance

c 0.05 AC capacitance

lg 0.1 Grid inductance

rg 0.001 Grid resistance

cDC 0.35 DC capacitance

kpc 2 AC current proportional gain

kic 0.637 AC current integral gain

kpv 2.5 AC voltage proportional gain

kiv 0.127 AC voltage integral gain

ks 0.1 Synchronization loop gain

system is stable, ∆ω = ∆ωg and the VSC will be operating in synchronism with the grid. The cross-over

frequency is located at

Ωco = Ωb

√
Ks

lg
vd0e0 cosδ0 (5.14)

discarding the effect of rg. For the given parameters Ωco≈ Ωb.

Both active power and grid frequency variations act as perturbations of the proposed control system.

Thus, the angle varies to reject active power variations, allowing the system to remain in synchronism

regardless of the required power angle. In contrast, when using active power for synchronization, as in

PSC, the active power reference must be varied in order to change the power angle, which is usually

performed by an outer DC-voltage control loop [15].

Also, it is worth noting that there is no need to measure the grid frequency, which improves the

robustness of the method over classical PLLs.

5.2.3 Characteristic swing equation

In this section the model of the RPS control system is analyzed from the point of view of the char-

acteristic swing equation, in an analogy to the operation of synchronous generators presented in Section

5.2.

From the block diagram of Fig. 5.6, considering only the effect of active power variations, i.e. con-
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sidering ∆ωg = 0 and ∆q∗ = 0, it can be written that

∆p∗ =
1

GqpKs
Ωb
s

∆δ +Gpδ ∆δ (5.15)

If Gqp and Gpδ are defined as in (5.11) it follows that

1
KsΩb

2 s2
∆δ +

rg

ω0lgKsΩb
s∆δ +Gpδ ∆δ = ∆p∗ (5.16)

which is analogous to the synchronous machine swing equation

2H
Ωb

s2
∆δ +

D
Ωb

s∆δ +K∆δ = ∆pm (5.17)

where H is the inertia constant, D the damping constant, K the synchronizing component and pm the

input mechanical power. For the proposed system

H =
1

KsΩb
(5.18)

D =
rg

ω0lgKs
(5.19)

K =
vd0e0 cosδ0

ω0lg
(5.20)

Note that the syncronizing torque is the same as in the SG model of section 3.3.

5.3 Modeling and analysis

In this section the system presented in Fig. 5.3, including the control system of Fig. 5.1, is modeled

in the state space discarding the assumptions made in section 5.2.
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In order to assess the dynamics and stability of the overall system, the eigenvalue and sensibility

analysis of this model are also performed. Since the system is non-linear the operation point also affects

the stability of the system. The base-case operating point values are given in Table 5.2.

5.3.1 State-space model

Using a transformation to a dq-frame rotating at ω , as depicted in Fig. 5.4, the VSC terminal voltage

vc and the capacitor bank voltage v are related by the equation

v⃗ = v⃗c − R⃗i−L
d⃗i
dt

− jωL⃗i (5.21)

On the other hand, at the capacitor bank, the converter and grid currents are related by

i⃗− i⃗g =C
d⃗v
dt

+ jωC⃗v (5.22)

These equations are used by the VCR of Fig. 5.2 to control the converter current. As seen in Fig. 5.2,

the VCR calculates the reference for the PWM system vc
∗ as

vdc
∗ = kpc(i∗d − id)+ kicxdc − liq (5.23)

vqc
∗ = kpc(i∗q − iq)+ kicxqc + lid , (5.24)

where kpc and kic are the current controller proportional and integral gains, respectively, and the com-

pensating cross terms have been added. xdc and xqc are the d-q current error states, given by

1
ω0

dxdc

dt
= i∗d − id (5.25)

1
ω0

dxqc

dt
= i∗q − iq (5.26)

Similarly, the voltage controller input is the voltage error, while the output is the current reference,

given by

i∗q = kpv(u∗qg −uqg)+ kivxqv − cudg, (5.27)

where kpv and kpv are the voltage controller proportional and integral gains, respectively, and the com-

pensating cross terms have been added. As in the current controller, xqv is the q voltage error state, given

by

1
ω0

dxqv

dt
= u∗qg −uqg (5.28)
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The equations of the filter inductance, (5.21), and capacitance, (5.22), the VCR states, (5.25),(5.26)

and (5.28), together with the power angle definition, (5.1), and the equation from the grid impedance,

(5.4), form a dynamic non-linear system that can be represented in the state-space as

d∆x
dt

= A∆x+B∆u, (5.29)

where

x = [ugd ,ugq,xvq, id , iq,xcd ,xcq, igd , igq,δ ] (5.30)

u = [id∗,q∗,wg]. (5.31)

5.3.2 Stability analysis

In this section, the influence of the system parameters on the loci of dominant eigenvalues is studied

considering the base-case scenario given in Table 5.3.

For this base case, the eigenvalues are computed and presented in Table 5.4. Frequency and damping

ratio are also given, as well as the dominant states according to their participation factors. A graphical

representation is presented in Fig. 5.8.

It can be seen that the dominant eigenvalues are related to phase and voltage amplitude variations.

This validates the assumption made in section 5.2.1 of considering that the VCR dynamics are signifi-

cantly faster than the synchronizing system ones. All the eigenvalues have a negative real part and thus

the system is stable.

Table 5.4: Reactive Power Synchronization: Base-case eigenvalue analysis.

λi Eigenvalues [rad/s] Frequency [Hz] Damping ratio [p.u.] Dominant states

1−2 −490.6±10870.8i 1730.1 0.045 ugq, iq

3−4 −6.1±4433.0i 705.5 0.001 ugd , igd

5 −1348.8 0 1 id

6 −459.1 0 1 xvq, iq, igq

7−8 −70.3±208.4i 33.16 0.32 δ , igq

9 −10.5 0 1 xvq,xcq

10 −233.7 0 1 xcd

A common concern in synchronization systems is their sensitivity to the grid “strenght” or Short

Circuit Ratio (SCR). Fig. 5.9.(a) shows the effect on the system eigenvalues of a grid impedance variation

from 0.1 pu (low SCR) to 0.02 pu (high SCR). It can be seen how the eigenvalues related to the phase

displacement δ become more damped while the frequency of the eigenvalues related to the voltage
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Figure 5.8: Base case eigenvalues and related states according to their participation factors.

amplitude increases. However, the system remains stable regardless of such a high variation of the grid

impedance.

Another concern, specially in droop control systems, is the dependency with the grid impedance

inductive or resistive behavior. This can be defined by the inductive to resistive ratio (X/R). In most

electrical systems this ratio is very high and thus grid impedance can be considered purely inductive.

However, this might not be the case in MGs, where more resistive networks are likely to appear [82].

A variation of X/R from 20 to 1 has been tested. Results are depicted in Fig. 5.9.(b). It can be seen

how the system improves its stability for a more resistive impedance. This is due to the stronger coupling

between frequency and reactive power that appears on resistive networks [65]. The resistive nature also

helps to damp oscillations related to δ . However, as seen from the base case, the systems is also stable

for highly inductive networks.

Besides, in order to illustrate the effect of the regulation parameter Ks, a variation from 0.1 to 1 is

performed. As with other proportional control systems, this parameter must be chosen regarding both the

steady-state relation between reactive power and frequency and the desired dynamic performance. From

the results in Fig. 5.9.(c), it can be seen how the poles related to δ become faster and less damped, as

expected from the characteristic swing equation (5.16). Thus, a compromise must be achieved between

the control bandwidth and stability margin.

5.3.3 Damping of oscillations

The state-space model shows two prominent oscillations, one appearing close to Ωb, as expected

from (5.14), and another at around the filter resonance frequency. Since the grid resistance has been

considered to be very low, these resonances are poorly damped.

The resonance related to the filter is common in VSC based systems. Its frequency is usually de-
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Figure 5.9: System response against variations on (a) the grid impedance ze, (b) the grid inductive to

resistive ratio X/Re, (c) the synchronization loop gain Ks and (d) the damping gain KD.

signed as a compromise between economic and technical parameters. Damping of these high-frequency

oscillations through the control system, or active damping, is a developing topic in the literature. A

comparison between some of the most common methods was recently presented in [116]. For this work,

these oscillations have been passively damped with a resistor connected in series with the filter capacitor.

The low-frequency resonance appears as a direct consequence of the link established between reac-

tive power and phase displacement, as can be deduced from (5.14). A similar resonance appears in [15],

where the PSC was proposed, for the relation between active power and phase displacement.

In order to damp these oscillations, the authors of [15] introduce variations in the generated voltage

amplitude related to the current oscillations by means of a high-pass filter. This structure for damping

oscillations is similar to the traditional “washout” filter used in the excitation system of synchronous

generators [1].
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Here, these oscillations are compensated by introducing an opposite-sign variation in the internal

phase, which is related to vq. Since these variations will appear in iq, measurements of iq are used

to implement the damping through vq reference variations. A high-pass filter (HPF) is used to avoid

steady-state variations. This structure is depicted in Fig. 5.2. The gain introduced by this HPF is

GHPF = KD
Tws

1+Tws
(5.32)

An illustrating approach to show the effect of this system, following the simplified model of section

5.2, is studying the modification of the swing equation (5.16), which becomes

1
KsΩb

2 s2
∆δ +

rg +GHPF

ω0lgKsΩb
s∆δ +Gpδ ∆δ = ∆p∗ (5.33)

It can be seen how the equivalent D parameter is modified by the damping mechanism.

The effect of this system on the complete model, varying KD from 0 to 0.5 pu, is shown in Fig. 5.9.(d).

It can be seen how the damping of the eigenvalues related to the synchronizing system increases.

5.4 Results and discussions

In this section, the simulation and experimental results are presented to demonstrate the performance

of the proposed control system as well as to validate the developed dynamic models.

5.4.1 Simulations

Simulations were developed using a detailed switching model implemented in MATLAB/Simulink

in co-simulation with PSIM. Simulink was used to implement the control system whereas PSIM was

used for simulating the power system components.

The simulated system response is tested against frequency and active and reactive power reference

step variations. First, the synchronizing system is tested by performing a frequency step. Then, it is

demonstrated how active and reactive power can be independently controlled. To conclude, the system

inherent capability to limit the VSC current under fault conditions is tested.

Results are depicted in Fig. 5.10. At t=0.1s the grid frequency fg suffers a step from 50Hz to 60Hz.

It can be seen how the internal frequency of the control f , which is the representation in Hz of the angular

frequency ω calculated through the RPS loop of Fig. 5.5, follows this change. This demonstrates that the

proposed control system can track this new frequency even for such a high and sharp variation. To track

this new frequency, the control system varies the reactive power reference proportionally by a Ks factor.

The active power reference remains unchanged, showing that it was not needed for the synchronization
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Figure 5.10: Simulation results against frequency, active power reference and reactive power reference

variations.

process. At t=0.15s the grid frequency suffers a falling step from 60Hz to 45Hz to show that the previous

variation is not a particular simulation case.

An active power reference step, from 0 to 1 pu, is performed at t=0.2s. Active power rises accord-

ingly, showing that the control system is able to track this reference. The frequency changes during

the transient, as expected from the block diagram of Fig. 5.6 where active power is a disturbance in the

control loop. The control system is able to compensate this perturbation so the frequency f is restored

to fg and the system remains in synchronism with the grid. Note that this transient frequency variation

is needed for achieving the new power angle required by the power variation

Finally, a reactive power reference step, from 0 to 0.5 pu, is performed at t=0.3s. As with active

power, the control system is able to track this reference while maintaining synchronism with the grid.

The final reactive power is not exactly 0.5 pu because of the open-loop configuration of the reactive

power channel.

The proposed synchronization system presents the advantage of being built upon the well-known

current vector control. This provides the capability of limiting the VSC current under faults without any

additional systems. This capability has been tested in the proposed system as shown in Fig. 5.11. A fault

is produced at t = 0.5s. The converter active current is limited, so the active power is reduced. When

the fault is cleared at t = 0.7s, the control is able to return to pre-fault levels.

5.4.2 Experimental results

In this section, the simulation results are contrasted with a real-time implementation. The experi-

mental set-up used to obtain the real-time results emulates the simulated system as described in Fig. 5.3.

It will be described in more detail in the Appendix A.1.

Results are shown Fig. 5.12. It was not possible to test the frequency variation presented in the
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Figure 5.11: Simulated system response against a grid fault.

simulation since the system was connected to a stiff grid. Therefore, only the response to active and

reactive power variations is included. The grid frequency fg could not be directly measured so a constant

value of 50 Hz is presented as a reference.

An active power reference step is applied at t=0.2s as shown in Fig. 5.12.(a). As in the simulation

case, the control system is able to track this reference while maintaining a constant frequency. The

transient frequency variation is significantly smaller than in the simulated case, probably due to the

damping provided by the electrical power losses.

The response to the reactive power reference change is shown in Fig. 5.12.(b). It can be seen that the

behavior is similar to the one expected from the simulation. The transient frequency variation is again

smaller than in the simulated case. However, note that it is significantly higher than in the active power

variation scenario of Fig. 5.12.(a), which is in accordance with the dynamic coupling studied in section

5.2. Regarding the synchronizing capabilities, it can be seen that the system behavior is similar to the

one observed in simulation, validating the presented models.
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6.1 Introduction

In this chapter, the RPS method presented in Chapter 5 is applied for the support of restoration

following a black-out or Power System Restoration (PSR) through WECSs.

For any power system, PSR is a complex process. Even for conventional power systems, the number

of generation units for the restoration phase can be limited due to the high capacity requirements and the

time constraints for the start-up and connection to the grid [117].

Due to these requirements, PSR has been traditionally carried out by large SGs at the transmission

level. However, transmission system operators are recognizing the need for DERs to support PSR as

69
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penetration of renewable energy increases [14].

A possible solution for DERs to contribute to PSR are islanded MGs that are able to perform a black-

start. One of the problems associated to PSR is that a few generators have to energize a large portion

of the grid before others can follow. If MGs are able to perform a black-start, they could energize their

share of the network, thus reducing the requirements for traditional PSR generators [14].

If MGs have to account for a high penetration of renewable energies, the capacity of WECSs to

support the PSR is of high importance.

However, there has not been much research on supporting PSR through WECSs. Most studies focus

on the planned coordination between WECSs and additional elements such as gas turbines [118]. How-

ever, for WECSs to effectively support PSR, they cannot rely on a wider power system and thus must be

able to operate as islanded systems.

As noted in section 2.3, a key concern for islanded WECSs is how to balance generation and load. To

face this problem several authors have suggested the integration of more than a source in the so-called

hybrid systems [61–63, 119, 120], where energy storage systems (ESSs) and diesel generators play a

significant role in power balancing. In [61] a WECS is connected in parallel to a battery ESS with little

insight in the voltage and frequency control. The WECS is commanded to follow a Maximum Power

Point Tracking (MPPT) strategy and the ESS closes the power balance. In [63] the diesel generator

is replaced by a photovoltaic (PV) system. A small battery ESS and a dump load are used to balance

power. In [119] the isolated system is fed through a fixed speed Wind Turbine (WT) and a battery ESS.

In order for WECSs to operate isolated from the grid and without additional elements, they must be

able to control the system voltage and frequency. Moreover, this control should not be limited to a single

unit but shared among different WECSs.

One of the first studies concerning the supply of an isolated load from a WECS was carried out

by [59] employing a doubly-fed induction generator (DFIG). Further studies on this topic, when the

generator is connected to an unbalanced system, have been published by the same research group [121,

122]. A different approach using a direct flux control is proposed in [123].

However, there has been little research about full converter (FC)-based WECSs, where the role of

the power converters changes significantly compared to DFIGs [124]. Moreover, since MG applications

usually require low to medium power WECSs, FC solutions using Permanent Magnet Synchronous

Generators (PMSGs) and Squirrel-Cage Induction Generators (SCIGs) might be more suitable than

DFIGs [125, 126].

As noted earlier, a critical problem during black-start is that the WECSs active power generation

must be balanced with the local demand. Moreover, if there are multiple WECSs, this demand should be

shared between them. As opposed to VSM solutions, in RPS active power sharing is not imposed by the
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Figure 6.1: Scheme of an isolated Full-Converter Wind Energy Conversion System. PMSG: permanent

magnet synchronous generator; LSC: line side converter; GSC: generator side converter.

synchronization system. It will be seen how this allows WECSs to provide a black-start solution where

the available load is shared according to each WECS wind availability.

In this chapter, a solution for the black-start of a wind farm is proposed. It is based on the RPS

method presented in chapter 5. A case study system with 2 WECSs connected in parallel is used to

demonstrate that WECSs can be controlled to perform a black start without relying on any additional

systems. In section 6.2, the basis for controlling active power on isolated WECSs are presented based

on the operation of a single WECS. This is used in section 6.3 to introduce the proposed control system

operation. Simulation and experimental results are presented to validate the proposals.

6.2 Isolated operation of FC WECSs

As noted in the introduction, control systems for islanded FC WECSs , as the one shown in Fig. 6.1,

have not been widely studied in the literature. Control solutions are proposed in [127–131]. In [127],

the generator side converter (GSC) is controlled using a MPPT strategy, while the line side converter

(LSC) controls the DC voltage as in traditional grid-connected applications. Power balance is achieved

by a dump resistor connected at the DC bus. In [128] and [129] the voltage control is performed in an

open loop and there is no control of the inverter current. Moreover, in these studies the effect of wind

variation on the load balancing is not analysed. A similar study is presented in [130] but employing a

current-sourced converter. The scheme in [130] is analyzed in [131] for sudden unbalanced operating

conditions when feeding three isolated single phase loads.

In this section, a different approach is presented where the voltage and frequency are controlled by

the WECS without relying on additional systems. The roles of the converters in the WECS are inverted

from usual FC applications so the LSC controls AC voltage and frequency while the GSC is responsible

for maintaining constant voltage in the DC link. Also, instead of using a dummy load or an additional

power source, as in hybrid systems, power balance is achieved by the speed regulation of the WT through
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pitch angle control.

A Voltage and Frequency Controller (VFC) is presented, based on the orientation of the output

voltage vector along a synchronous axis rotating at the reference frequency. The ability of the VFC to

maintain the stator voltage oriented toward the synchronous reference axis means that constant voltage

and frequency are obtained, which in turn means that the demanded active and reactive powers are

supplied by the LSC. In order to implement such principles, a new approach is proposed where the

variations in the AC filter capacitor voltage will provide the information needed for balancing active and

reactive power in the isolated system. The LSC currents are also controlled to avoid large excursions

and protect the converter against overcurrents [3].

Simulation results, using both a state-space model and a detailed switching model, are presented to

demonstrate the capabilities and contributions of the proposed control scheme. The proposal is validated

by experimental results on a real-time test bench.

6.2.1 System model

To analyze the system behavior, mathematical models of the different components of the system are

presented. A scheme of the system under study, which includes the WT, the PMSG, the GSC and LSC

stations and the isolated load, is depicted in Fig. 6.1 .

The system model is divided in three subsections. First, the WT model presents the relationship

between the blade pitch angle β and the WT power and rotational speed. Then, an electrical model of

the PMSG is defined as the basis for the GSC control, responsible for maintaining constant DC link

voltage despite variations in the generator voltage and frequency. Finally, the LSC operation in the

isolated system is modeled in the state space. This model will be used later to derive the VFC.

Wind Turbine Model

The mechanical power of the WT is given by the aerodynamic equation

Pm =
1
2

ρAv3Cp(λ ,β ), (6.1)

where ρ is the air density, A is the WT rotor area, v is the wind velocity and Cp is the power coefficient

of the WT.

Cp is a function of the tip speed ratio, λ , and the blade pitch angle, β . A generic equation was

used to model the function Cp(λ ,β ). This equation is based on the turbine characteristics of [132]. The

relation between the power coefficient Cp and the tip speed ratio λ for various pitch angles can be seen

in Figure 6.2.a. This figure shows how β affects Cp and therefore the WT power, meaning that β can be

used for controlling the WT power. In most of the literature related to WECSs, this relation is employed
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Figure 6.2: Graphical representation of wind turbine (WT) equations: (a) Cp versus λ for different β

values; (b) WT power (pm) for different wind speeds and maximum power loci (curve BC).

to limit the power extracted at high wind speeds. However, in this work this relation will be used to

achieve the power balance by a load following strategy.

From the Cp(λ ,β ) relationship at constant β , Figure 6.2.b shows the WT power characteristics

(WT power vs. WT rotational speed Ω), for different wind speeds. More importantly, this figure also

shows the maximum power loci, which are obtained when the WT is operated with the maximum power

coefficient, Cp = 0.48, at λ = 8.1 and β = 0. As it will be shown later, the maximum power curve is

particularly relevant because it defines the steady-state stability limit of the WT. If the demanded power

is increased beyond this curve, the subsequent reduction in the rotational speed will lead to a further

reduction of the WT power, making the system unstable. This curve will be used in the control strategy

of the LSC to limit the maximum active power that the WECS can supply to guarantee a stable operation.

PMSG Model

The electrical behavior of a PMSG can be expressed in a stationary reference frame as

�us = ψ
d
dt

e jε −Rs�is −Ls
d
dt
�is, (6.2)

where subscript s stands for stator, �us and�is are the stator voltage and current, respectively, ψ is the stator

total magnetic flux linkage, ε is the angular position of the rotor, and Rs and Ls the stator resistance and

inductance, respectively.

In order to implement a dynamic control of the PMSG active power, a transformation to a dq rotating

frame oriented to the rotor is used. The orientation to the rotor results in steady-state constant values for
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the control variables. Applying this transformation to equation (6.2) leads to

usd =−Rsisd −Ls
d
dt

isd +ωrLsisq, (6.3)

usq = ωrψ −Rsisq −Ls
d
dt

isq −ωrLsisd . (6.4)

For a balanced three-phase system, the output power can be calculated as

Ps =
2
3

ℜ( ⃗us,dq· ⃗i∗s,dq) (6.5)

where the asterisk indicates the complex conjugate. Using equations (6.3)–(6.5) the output power can

also be expressed as

Ps =
2
3
(ωrψisq −Rs| ⃗is,dq|2) (6.6)

The term related to the stator resistance can be interpreted as power losses and thus the electromag-

netic torque is derived as

Tem =
Pem

Ω
= Pem

pn

ω r
=

2
3
(ψ pisq) (6.7)

where p is the pole pair number.

Equation (6.7) shows that torque can be controlled by means of the q-component of the stator current

isq. In a grid-connected FC, isq is regulated to control the rotational speed of the WT and in this way

control the WT power. However, in the off-grid application power is imposed by the load and isq will be

used to balance the power at the DC bus. This means that this current component will be obtained by the

DC voltage controller to maintain constant DC voltage, which in turns means that the generator supplies

the power that is demanded by LSC to supply the load. This is further developed in Section 6.2.2.

Isolated VSC Model

In this section, the model of an isolated VSC is used as a reference for the implementation of the

VFC. In contrast with the model developed in section 5.3, in this case it is an isolated system so the

dynamics are affected by the load instead of the grid. Although some of the equations, particularly the

equations of the current controllers of the VOC and the dynamic equations of the AC filter, are shared

with the model of section 5.3, they are reproduced here again for the sake of clarity.

The AC-side of a VSC can be represented by a three-phase AC voltage source connected to the

system through a interfacing reactor, modelled by its inductance L and resistance R [133–135] as seen

in Figure 6.3.

The dynamics of the DC link have been modelled by a controlled current source iDC in parallel with

the DC bus capacitor CDC. This is useful to study the effects of the VFC on the DC-link, considering the

voltage control performed by the GSC.
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Figure 6.3: Scheme of the Line-Side Converter (LSC) operating in isolated mode.

Using pulse-width modulation (PWM), the relation between DC and AC voltages can be expressed

as

umk = mk
UDC

2
, (6.8)

where mk is the modulating signal corresponding to phase k [134].

At the AC side, the total capacitance connected is represented by C. This includes the high frequency

filter, which is considered purely capacitive at the fundamental frequency [136], and other capacitor

banks connected at the point of common coupling (PCC). The VSC terminal voltage um and the capacitor

bank voltage ug are related by the equation

ugk = umk −Rik −L
d
dt

ik, (6.9)

where ik is the converter current and subscript k stands for the system phase (k = a,b,c).

The phase currents and voltages and the modulating signals can be expressed in a rotating dq refer-

ence frame as i⃗ = id + jiq, i⃗g = igd + jigq, u⃗g = ugd + jugq, u⃗m = umd + jumq and m⃗ = md + jmq, respec-

tively. Therefore, by applying the Park transformation, equation (6.9) can be expressed in a synchronous

dq reference frame, rotating at constant frequency ω0, as

u⃗g = u⃗m − R⃗i−L
d
dt

i⃗− jω0L⃗i, (6.10)

On the other hand, at the capacitor bank, the voltage equations per phase are

ik − igk =C
d
dt

ugk, (6.11)

where igk is the phase k current demanded by the load. Equation (6.11) can be expressed in a synchronous

dq reference frame as

i⃗− i⃗g =C
d
dt

u⃗g + jω0Cu⃗g (6.12)

The load is modelled as a constant power source that demands a given value of active power PL

and reactive power QL. This introduces a non-linear relation between the controlled voltage u⃗g and the

demanded current i⃗g. This relation can be expressed in dq as

igd =
PLugd +QLugq

u2
gd +u2

gd
, (6.13)

igq =
PLugq −QLugd

u2
gd +u2

gd
. (6.14)
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Finally, the dynamics on the DC-link capacitor, considering the relationship between the VSC DC

and AC variables, is expressed as

CDC
d
dt

UDC = IDC − 1
UDC

3
2

ℜ(u⃗m ·⃗i∗), (6.15)

where the last term is the derived from the active AC power, neglecting the VSC losses.

The complete system dynamic equations can be obtained by separating the real and imaginary parts

of Equations (6.10) and (6.12). Moreover, these equations plus Equation (6.15) can be expressed per

unit as

c
ω0

d
dt

ugd,pu = id,pu + cugq,pu − igd,pu, (6.16)

c
ω0

d
dt

ugq,pu = iq,pu − cugd,pu − igq,pu, (6.17)

l
ω0

d
dt

id,pu = mduDC,pu −ugd,pu − rid,pu + liq,pu, (6.18)

l
ω0

d
dt

iq,pu = mquDC,pu −ugq,pu − riq,pu + liq,pu, (6.19)

cDC

ω0

d
dt

uDC,pu = iDC,pu −md id,pu −mqiq,pu. (6.20)

Base values for per unit transformation have been selected considering the ratings of the PMSG used

for the real-time implementation. They are presented in Table 6.1.

Table 6.1: Isolated FC WECS: Base values for per unit transformations

Label Value Units Description

Ub 132.8 V AC base voltage

Udc,b 2Ub - DC base voltage

Sb 3000 VA Base power

fb 50 Hz Base frequency

ΩWT 375 rpm Base rotational speed

In conclusion, the system has five state variables, ugd , ugq, id , iq and uDC, two external inputs, pL and

qL, and three controlled inputs, md , mq and iDC.

6.2.2 Proposed control

As explained in the introduction, the control system must be able to maintain constant voltage and

frequency at the generator terminals despite a variable wind energy source while delivering the de-

manded amount of active and reactive power. The proposed control system is divided into WT, GSC,

and LSC control.
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Wind Turbine Power Control

In order to ensure a stable operation, the power demanded by the load must be equal to the power

delivered by the WT. Due to the proposed control, the PMSG power is fixed by the load while the power

extracted from the WT is given by Equation (6.1). The power exchange between both systems is given

by the mechanical equation of the WT as

dΩ

dt
=

1
J
(TWT −Tem), (6.21)

where TWT is the torque produced by the WT and Tem is the torque produced by the PMSG.

Equation (6.21) shows that if the turbine power is higher than the load power, the rotational speed

will increase, or decrease in the opposite case. Therefore, power balance can be achieved by means of a

speed control loop: only when the turbine power equals the load power is the rotational speed maintained

constant. This speed control loop is shown in Figure 6.4.

The speed control loop will ensure that the maximum rotational speed of the WT is not exceeded

by acting on the pitch control system. The blade pitch angle is adjusted, thus reducing or increasing

the turbine power until it matches the load power. Note that this control system is similar to the one

used in grid-connected WECS for limiting power when the wind velocity is higher than rated. The only

difference is that here maximum rotational speed can be achieved at any wind velocity. By regulating

the rotational speed, pitch control allows the WT to supply a specific load in a wider range of wind

velocities or alternatively to deliver a wider range of power values for a specific wind velocity.

When operating at the minimum pitch angle (β = 0), WT operation will still be stable but only below

a defined stability limit, as shown in Figure 6.2b. This is why the power extracted from the WT must be

limited at this value in the LSC.

Note that instantaneous power variations will be supplied by the WT stored kinetic energy since the

pitch actuation is normally limited between 5 ◦/s and 10 ◦/s [137].
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Generator Side Converter Control

The GSC will be responsible for maintaining the DC-link voltage constant despite the WT speed and

torque variations. This is achieved by the regulation of the active power drawn from the PMSG using

the stator current q-component, which is related to active power as seen in Equation (6.7). The control

scheme is depicted in Figure 6.5.

There are several criteria for selecting the stator d-component current, related to the efficient use of

the PMSG [138]. Here, maximum torque per ampere (id = 0) is employed.

The DC voltage control loop is included in the VSC model of section 6.2.1 through the controlled

current source iDC as

iDC = kpDC(u∗DC −uDC)+ kiDCxDC, (6.22)

where kpDC and kiDC are the DC voltage controller proportional and integral gains, respectively. The

dynamics of the internal current control loops are not considered since their bandwidths are tuned at

more than one order of magnitude higher than that of the DC voltage control loop. Therefore, their

effect on the DC voltage variation can be neglected. xDC is the DC voltage error state, given by

1
ω0

d
dt

xDC = u∗DC −uDC, (6.23)

LSC Voltage and Frequency Control

The VFC objective is to maintain constant voltage and frequency on the AC system. It is based on

the orientation of the output voltage vector along a synchronous reference axis (d axis). The rotational

speed of the synchronous reference axis is the reference frequency of the system ω0. If the control

can maintain the voltage vector orientated along the synchronous reference axis, the frequency is kept

constant.
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A linear approximation can be made between the magnitude and angle of the voltage and its d and q

components, respectively. Considering that

ugd = |u⃗g|cos(δ ), (6.24)

ugq = |u⃗g|sin(δ ), (6.25)

where δ is the angle between u⃗g and the d axis, the following can be deduced for small variations of δ

around 0:

∆ugd = ∆|u⃗g|, (6.26)

∆ugq = ∆(δ ). (6.27)

In steady state, if the LSC keeps the voltage and frequency constant, then it will act as the system

slack node, supplying the active and reactive power demanded by the load. Moreover, considering

Equations (6.16) and (6.17), the control of the voltage magnitude (ugd) and angle (ugq) is related to the

control of the LSC active (id) and reactive (iq) currents, respectively, with a certain coupling between

axes.

These principles are the basis of the proposed VFC. There are two control channels, the first one to

obtain constant voltage, and the second one to obtain ugq = 0, as seen in Fig. 6.6, which in turns means

that the voltage vector is kept orientated to the reference axis.

The reference for the orientation of the d-axis is obtained by the integration of the desired frequency

ω0. Note that a PLL is not needed because the whole control is oriented to a synchronous axis obtained

directly from integration of the desired angular frequency. Therefore, the angular position is not subject

to any measurement noise or grid disturbance.
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A dynamic saturation for ire f
d also included to ensure that the WT never exceeds its stability limit as

explained in section 6.2.1. When the available wind power is not enough to supply the load, the voltage

magnitude will drop. This will be used as the principle to share the load between multiple WECSs in

Section 6.3.

To complete the state-space model, the dynamics of the VFC are included. In the current controllers,

the modulating signals md and mq can be expressed as

md = kpc(i
re f
d − id)+ kicxcd − liq, (6.28)

mq = kpc(ire f
q − iq)+ kicxcq + lid , (6.29)

where kpc and kic are the current controller proportional and integral gains, respectively, and the com-

pensating cross terms have been added. xcd and xcq are the d-q current error states, given by

1
ω0

d
dt

xcd = ire f
d − id , (6.30)

1
ω0

d
dt

xcq = ire f
q − iq. (6.31)

Similarly, the voltage controller input is the voltage error, while the output is the current reference,

given by

ire f
d = kpv(u

re f
gd −ugd)+ kivxvd + cugq, (6.32)

ire f
q = kpv(ure f

gq −ugq)+ kivxvq − cugd , (6.33)

where kpv and kpv are the voltage controller proportional and integral gains, respectively, and the com-

pensating cross terms have been added. As in the current controller, xvd and xvd are the d-q voltage error

states, given by

1
ω0

d
dt

xvd = ure f
gd −ugd , (6.34)

1
ω0

d
dt

xvq = ure f
gq −ugq. (6.35)

These equations the proposed state-space model, which is composed of the set of non-linear dynamic

equations given by the LSC station model (6.16)–(6.20), the GSC DC-link voltage control (6.23), the

VFC current controllers (6.30)-(6.31) and the VFC voltage controllers (6.34)-(6.35).

A Linear Time-Invariant (LTI) state-space representation of the system can be obtained through the

Jacobian matrix of these equations around the operating point given by |u⃗g|0, δ0, pL0, qL0 and uDC0 as

d
dt

∆x = A∆x+B∆u, (6.36)

∆y =C∆x+D∆u, (6.37)
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where

x = [ugd ,ugq,xvd ,xvq, id , iq,xcd ,xcq,uDC,xDC], (6.38)

u = [pL,qL,u
re f
gd ,ure f

gq ,ure f
DC ], (6.39)

y = [ugd ,ugq]. (6.40)

and A, B, C and D contain only linear time-invariant coefficients.

Note that the dynamics of the WT model and control are not considered in this model since the

DC voltage is only dependent on the GSC control. This implies that the GSC control is considered

significantly faster than the WT dynamics so both models can be considered dynamically independent.

6.2.3 Stability analysis

In order to assess the dynamics and stability of the overall system, the eigenvalue and sensibility

analysis are performed in the following paragraphs. For such purpose, the influence of the system

parameters on the loci of dominant eigenvalues is studied considering the base-case scenario given in

Table 6.2.

Table 6.2: Isolated FC WECS: Base case system parameters in pu.

Label Value Description

l 0.1 AC filter inductance

r 0.003 AC filter resistance

c 0.1 AC capacitance

cDC 0.35 DC capacitance

kpc 2 AC current proportional gain

kic 0.637 AC current integral gain

kpv 2.5 AC voltage proportional gain

kiv 0.127 AC voltage integral gain

kpDC 3 DC voltage proportional gain

kiDC 0.064 DC voltage integral gain

Since the system is non-linear, the operation point, or quiescent point, also affects the stability of the

system. The base-case operating point values are given in Table 6.3.

For this base case, the eigenvalues are computed and presented in Table 6.4. The frequency and

damping ratio are also given, as well as the dominant states according to their participation factors [1].

All the eigenvalues have a negative real part and thus the system is stable.
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Table 6.3: Isolated FC WECS: Base case operating point in p.u.

Label Value Description

|u⃗g|0 1 AC voltage vector amplitude

δ0 0 AC voltage vector deviation

pL0 0.5 Active power demand

qL0 0 Reactive power demand

uDC0 1 DC voltage amplitude

Table 6.4: Isolated FC WECS: Base-case eigenvalue analysis.

λi Eigenvalues [rad/s] Frequency [Hz] Damping Ratio [p.u.] Dominant States

1–2 −2820.1±4989.1i 911.96 0.492 ugq, iq

3–4 −1254.7±4261.3i 706.65 0.282 ugd , id

5 −2.2311 0 1 uDC

6–7 −0.1 0 1 xcd ,xcq

8 −0.0268 0 1 xDC

9–10 −0.01 0 1 xvd ,xvq

The proposed VFC is based on the regulation of the filter capacitance voltage. Therefore, one of

the system more relevant parameter is the total capacitance connected at the PCC. Figure 6.7a shows

the system eigenvalue map, together with the associated states, for a variation in c from the base case

of 0.1 to 0.3. It can be concluded that a higher capacitance damps voltage variations and reduces the

frequency of the associated eigenvalues. Consequently, a very small capacitance could compromise the

system stability.

Due to the non-linearities of the load and the VSC models, the system is also dependent on the active

and reactive power demand. Figure 6.7b shows the eigenvalues evolution for a variation of pL from 0.1

to 1 p.u. It can be noted how the eigenvalues associated with ugd , and thus with voltage amplitude, move

towards the imaginary axis. This means they tend to become more dominant and less damped. The

opposite happens with the eigenvalues associated with ugq, and thus with voltage frequency.

Variations of qL produce a similar effect but without influence on the eigenvalues related to DC

voltage. Note that power variations could make the system unstable if the control gains are not se-

lected correctly.

This stability analysis shows the proposed system robustness against variations in both the operating

point and internal parameters.
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Figure 6.7: Model sensitivity to:

(a) Point of common coupling (PCC) capacitance variation and (b) active load variation.

6.2.4 Results and discussions

In this section, the detailed switching model simulations and real-time results are presented to

demonstrate the capability of the proposed control operation as well as to validate the developed dy-

namic models.

These detailed simulations were developed using MATLAB/Simulink in co-simulation with PSIM

Simulink was used to implement the control algorithms, whereas PSIM was used for simulating the

power system elements.

Using this structure, the implementation of the models represented in Fig. 6.1–6.6 is fairly straight-

forward. The model has been discretized according to the simulation parameters given in Table 6.5.

Other parameters, such as control proportional and integral gains, are the same as in the base case pre-

sented in Tables 6.2 and 6.3.

Table 6.5: Isolated FC WECS: Simulation parameters. WT: wind turbine.

Label Value Units Description

T s,cont 200×10−6 s Control sampling time

T s, power 10×10−6 s Power circuit sampling time

DWT 4 m WT diameter

HWT 3 s WT time constant

ρ 1.225 kgm−3 Air density

In order to obtain a further demonstration of the capabilities of the proposed control, the system
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Figure 6.8: Load step response in simulation

was tested on a real-time test bench. The WT was emulated based on the hardware-in-the-loop scheme

developed in [139]. A more detailed explanation is given in the Appendix A.2. The load could not be

emulated as a constant power source so a resistor and a reactance were used instead.

Responses to both wind and load variations were studied showing the effect on both the WT and the

VSC. First, a load step at a constant wind speed is performed and then a variable wind speed is applied

under constant load.

Load Step Response

Despite load variations, the VFC must be able to maintain constant voltage and frequency. Also, the

pitch control must ensure steady-state power balance between the WECS and the load to ensure a stable

operation.

Simulation results are shown in Fig. 6.8. Both active and reactive power variations are included. A

0.5 pu to 1 pu an active load step is applied at t = 0.5 s, while a 0 pu to 1 pu reactive power step is applied

at t = 1 s. The dq components of the voltage only suffer small deviations at the changes, despite the load

variation and therefore voltage and frequency are maintained constant after the transience. Frequency is

influenced by both active and reactive power variations due to the coupling between axes. However, in

contrast with most power systems, reactive power variations have a more significant influence. Zooms

of the AC voltages and currents during load transitions are also included.

To obtain a stable operation, the power demanded by the load must equal the power extracted from
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Figure 6.9: Load step response in real-time system including (a) an active power step variation and (b)

a reactive power step variation.

the WT. For this purpose, the pitch angle must be decreased in order to increment power extraction.

Note that pitch angle variations are considerably slower than the converter actuation. The difference

between the load and WT power during this transience is drawn from the WT kinetic energy, producing

a transience in the rotational speed, closing in this way the instantaneous power balance.

Reactive power demand is supplied by the VSC and thus has no influence on the WT power control.

Real-time results are shown in Fig. 6.9. Active and reactive power variations were also applied to

the real-time system. It can be seen how these results validate the ones obtained in simulation and thus

the same conclusions can be deduced.

Wind Variation Response

To study the system response to wind variations, the wind profile of Fig. 6.10 has been used. The pro-

file consists of a turbulent variation around 12 m/s. Load is kept constant, so the WECS power must be

constant despite the wind velocity variations. Only real-time results are shown to avoid a redundancy of

information.

To balance the system, the objective of the pitch angle control is to maintain a constant WT speed.

Fig. 6.10 shows that pitch angle follows wind velocity variations, increasing pitch angle if wind velocity

increases or decreasing pitch angle if wind velocity decreases, in order to maintain constant rotational
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Figure 6.10: Real-time system response to wind variations.

speed. Nevertheless, as the pitch actuator has a low bandwidth, there are some variations on the rotational

speed and the WT power (pm). This rotational speed variation precisely balances the WT power and

output power of the WECS, as commented before.

Note that the power measured in the load terminals (pL) is kept constant despite the variations in the

wind.

Final discussions

This section has presented the design and implementation of a VFC strategy for WECSs and its

application for supplying an isolated load.

The decoupled control of the capacitor d-q voltage allows us to achieve a balance between demanded

and generated active and reactive power, respectively, while maintaining constant voltage and frequency.

Frequency control is achieved through the orientation of the voltage vector along an axis rotating at the

reference frequency, avoiding the use of a PLL for frequency measurement.

The roles of the converters of the FC system are inverted. The LSC controls AC voltage and fre-

quency, while the GSC is responsible for maintaining constant voltage in the DC link. Therefore, power

is fixed by the load demand instead of the WECS.
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The use of the proposed VFC allows the LSC active power to precisely match the load demand. In

contrast with previous works, which focused on the integration of the WT with additional systems, here

balance is achieved by the speed regulation of the WT through pitch angle control and thus no additional

power sources, dump resistors, or ESSs are required to ensure the system stability.

Active power unbalance situations provoke voltage amplitude variations, instead of frequency varia-

tions as is the case in power systems with synchronous generators. This will be used in the next section

to share the power demand between multiple WECSs. Nevertheless, once the power balance is restored,

due to load regulation or wind speed rise, the algorithm operation is resumed automatically thanks to the

included id limitation, which avoids wind-up situations and dynamic instabilities.

The proposed control scheme has been completely modelled and validated by simulation and real-

time implementation, demonstrating its capability to maintain constant voltage and frequency despite

load and wind speed variations.

6.3 Control system for parallel operation

As presented earlier, during black-start active power generation must be balanced with the local

demand. For a single WECS, this can be guaranteed by the load balancing control presented in the

previous section. However, if there are multiple WECSs, the system load must be shared between them.

Moreover, depending on the wind, power availability might vary between different WECSs so the load

share must vary accordingly.

The different WECSs must operate in synchronism in both isolated and grid-connected modes. In

this section, the synchronization system presented in Chapter 5 is merged with a new proposal for active

power sharing that does not affect synchronization. It is demonstrated that this allows WECSs to provide

a black-start solution while sharing the available load according to each unit wind availability.

A case study system with 2 WECSs connected in parallel is used to demonstrate the proposed control

operation. The case study considers both grid-connected and islanded operation modes. A scheme of

this system is depicted in Fig. 6.11.

As with the case of a single WECS, the control objective is to ensure the stable operation of the

system through the restoration process. This implies maintaining the AC voltage and frequency and

ensuring that the power extracted from the WTs equals the load demand.

The WT and GSC control systems developed in section 6.2.2 are still applicable. In this case, the

WT pitch angle control ensures that the power extracted from the wind equals the power demanded by

the LSC. The GSC is again responsible for regulating the DC-link voltage. However, in this case each

LSC control cannot regulate the system frequency and voltage on its own since the control systems of

the different WECSs will conflict. Therefore, the control system of the LSC must me modified.
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6.3.1 LSC control for parallel operation

A scheme of the proposed control system for the LSC is depicted in Fig. 6.12. It includes the RPS

control presented in Chapter 5, including the internal Voltage and Current Regulators (VCR) depicted in

Fig. 5.2.

In the solution for a single WECS, the LCS was responsible of ensuring the active power balance by

the regulation of the system voltage. In this case, since two WECSs are operating in parallel, the voltage

control must be shared between them.

For this purpose, an active power/voltage droop is implemented as seen in Fig 6.13. Thus, the active

current current reference id∗ is obtained from the control law
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Figure 6.13: Active Power Sharing control.

id∗ = p∗− (vd
∗− vd)∗KP, (6.41)

where p∗ and KP are the control parameters and vd
∗ is the voltage set-point.

Moreover, if for one WECS id∗ cannot be ensured, because there is not enough wind available,

voltage will decrease. Due to the droop relation, the other WECS id∗ will increase automatically and a

new stable operating point at a different voltage will be reached. Therefore, two WECSs can operate in

parallel even if the id∗ provided by (6.41) cannot be fulfilled in one of them. This will be validated in

section 6.3.2.

Note that if a traditional active power/frequency droop was used for active power sharing and syn-

chronization, in case one of the WECSs could not ensure a given id∗, i.e. active power generation, that

unit will lose the frequency reference and thus synchronism with the system.

If needed, voltage could also be controlled to the desired value by varying the WECSs voltage

reference vd
∗. This could be performed by a secondary controller as it is usually done in traditional

power systems [1] or hierarchical Microgrids [31].

6.3.2 Results and discussions

In this section, simulation results for the case study given in Fig. 6.11 are presented to validate the

proposed control. Simulations were developed with the same method as in Section 6.2, using a detailed

switching model implemented in MATLAB/Simulink in co-simulation with PSIM. Simulink was used

to implement the control system whereas PSIM was used for simulating the power system components.

First, it will be seen how the WECSs can be started on their own in a complete black-out situation.

Then, a change in the wind will be simulated so both WECSs are not able to share the load equally.

To conclude, a hot-swapping from isolated operation to grid-connected operation is performed without

changing the control system.

Results are depicted in Fig. 6.14. When the simulation starts, the system is disconnected from the

grid (Qg opened) and both WECS are disabled so no power is extracted from the wind (p1 = p2 = 0).

At t=0.01s, the first WECS is enabled. Since the system is operated disconnected from the grid,

generated and consumed active and reactive power must be balanced to ensure a stable operation. It can
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Figure 6.14: Results for: the black-start connection of WT1 (t=0.01 s), the subsequent connection of

WT2 (t=0.1 s), a variation in the wind power available in WT1 (t=0.2 s) and the connection to the main

grid (t=0.3 s).

be seen how p1 and q1 are automatically regulated to the required values so the WT1 is supplying the

active and reactive power required by the loads, which gives broadly p1 = 0.2pu and q1 = 0.1pu. Given

these active and reactive power values, frequency and voltage are established at an operating point given

by equation (5.12) of the RPS control and equation (6.41) of the APS control, respectively.

At t=0.1s, the second WECS is enabled. Its active and reactive power generation, p2 and q2, varies

so the system active and reactive power demand is shared between both WECSs and a new frequency

and voltage operating point is reached. It can be seen that the system is operating in synchronism since

both frequencies, f1 and f2, converge to the same value. Note that reactive power varies accordingly to

frequency due to the RPS control, while active power varies following the voltage variation due to the

APS control. The resulting frequency is close to fg because of the selected control parameters ω0 and

Ks.

In order to show that synchronism is possible even if wind is unequally available, a variation on the

available wind power is simulated at t=0.2s. It can be seen that p1 is limited so the WT2 must supply

the load on its own. Due to the voltage variation produced by the proportional relation in (6.41), reactive

power is affected so a new frequency operating point is reached. However, it can be seen that both

WECSs remain in synchronism despite the variation in wind availability.
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Finally, in order to test the ability of the system to perform a hot-swapping between isolated and

grid-connected modes, the system is connected to the grid by closing Qg at t=0.3s. It can be seen how

the system can perform this transition smoothly and both WECSs synchronize to the grid frequency. In

this situation, if desired, active and reactive power generation of the WECSs could be freely controlled

by p∗ and q∗, respectively, for instance to follow a MPPT strategy.
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Chapter 7
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This chapter includes a summary of the main conclusions extracted during this thesis. Section 7.1

includes a general discussion on the thesis work. Section 7.2 enumerates the most relevant contributions.

Publications resulting from this thesis are included in Section 7.3. Fundings used for the development

of this thesis are acknowledge in Section 7.4.

7.1 General conclusions

This thesis has analyzed the Microgrid concept and its implications, focusing on the control systems

that can be implemented to overcome technical requirements of Microgrid applications. This analysis

highlights the importance of Microgrids for future power systems, specially due to the increased op-

portunities for the integration of distributed renewable energy generation. A literature review is used

to study control problems related to renewable energy integration in Microgrids. Solutions based on a

hierarchical control structure are presented. The study of the different control levels in the hierarchical

structure is used to frame the rest of the Thesis work, which is devoted to the low level control solutions

for renewable energy systems interfaced by Voltage Sourced Converters (VSCs). Studying the Micro-

grid control system as a whole has helped to understand the requirements of VSCs in Microgrids and

the problems that have to be solved by the VSC control system.
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The most relevant solutions for the control of VSCs have been categorized, according to their inter-

action with the Microgrid, in Grid-Tied, Grid-Forming and Grid-Supporting solutions. Grid-Supporting

solutions allow the synchronous operation of VSCs in both grid-connected and islanded modes. Op-

eration in both modes is possible because Grid-Supporting systems are able to operate in synchronism

with other sources without relying on external frequency measurement units, such as PLLs, that cause

stability problems in converter-dominated grids.

The review of VSC control systems shows that there are both Grid-Tied and Grid-Supporting systems

that can contribute to maintain the Microgrid stability through the emulation of traditional Synchronous

Generators. The Virtual Synchronous Machine concept is used to integrate control systems that are

based on emulating Synchronous Generators. A review of VSC control systems based on the operation

of SGs for Microgrid applications is presented, whether or not they use of the VSM notation. This review

shows that the interest in VSM solutions comes from two inherent features of SGs: inertial response and

synchronizing torque.

Emulation of inertial response, or inertia emulation, of both Grid-Tied and Grid-Supporting VSM

systems has been compared in an isolated Microgrid case study. For this comparison, representative

solutions of both categories have been implemented with equivalent inertial response requirements in

a dynamic simulation. The results obtained from this simulation show that, in spite of the equivalent

settings, the effect Grid-Tied and Grid-Supporting VSMs is different in the first moments following a

power unbalance. Grid-Tied systems response is dominated by the internal current control and therefore

is faster and less sensitive to the inertia support requirements while Grid-Supporting systems response is

coupled to inertia requirements due to the emulation of a SG swing equation. Grid-Supporting systems

present a slower response, thus providing more energy to the system. It is shown that the coupling of

Grid-Supporting systems dynamic response to inertia requirements can lead to stability problems in the

Microgrid.

A model of different Grid-Supporting VSM implementations is presented in order to understand

the underlying synchronizing mechanism. It is shown that the synchronism is possible because of the

existing coupling between active power and power angle on power systems that introduces a negative

feedback of the phase displacement when power and frequency are coupled by the VSM control sys-

tem, leading to a stable operation. This effect is analogous to the synchronizing torque of traditional

Synchronous Generators. Several grid-supporting VSM models are compared in order to show that this

effect is common to all of them.

A model of a grid-connected VSC is used to demonstrate that there is a dynamic coupling between

reactive power and power angle that can be used to ensure synchronization in an analogous way to the

coupling between active power and power angle used by Grid-Supporting VSMs. A new synchronization
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system, called Reactive Power Synchronization (RPS), is proposed to take advantage of this coupling.

Simulation and experimental results are presented to show how this system allows a VSC to synchronize

to the grid without relying on frequency measurement systems such as PLLs.

Based on the RPS system, a solution for the black-start of WECSs is proposed. This solution is

intended to support the Power System Restoration through the establishment of islanded Microgrids with

black-start capabilities. A case study where two WECSs connected in parallel are operated following a

black out is presented. The solution includes a novel droop regulation between active power and voltage

in order to share the local loads among multiple WECSs. The proposed RPS allows both WECSs to

synchronize with each other and with the grid. In case one of the WECSs is not able to supply its share

of the load, it is automatically supplied by the remaining WECSs and all the units remain in synchronism.

The proposed solutions have been validated with experimental results of a grid connected VSC under

the proposed RPS and a complete Full-Converter WECS operating in islanded mode.

7.2 Original contributions

The main original contributions of this Thesis are:

• Demonstration of the dynamic coupling between reactive power and power angle through

the model of a grid-connected VSC: The presented model shows that reactive power can be

used as a synchronizing mechanism. Most of the previous studies on synchronous operation of

VSCs were based on the quasi-static relationships of active power with power angle and reactive

power with voltage magnitude while the ones that presented a dynamic model did not focus on the

relation between reactive power and power angle.

• Novel synchronizing algorithm for VSCs based on the regulation of reactive power: The

presented algorithm shares one of the most promising features of power/frequency droops and

Virtual Synchronous Machines: avoiding the use of a PLL and providing a synchronizing torque.

Moreover, with the proposed system, the active power regulation scheme of the VSC remains

unchanged. The proposed control system includes internal current regulation loops that avoid

overcurrents in the VSC, solving one of the main drawbacks of VSM control systems. The pro-

posal has been validated by experimental results of a grid-connected VSC.

• Novel solution for damping low-frequency oscillations: Based on the dynamic coupling be-

tween reactive power and power angle, a new damping mechanism is proposed where the quadra-

ture component of a VSC current, which it is proportional to reactive power, is used to damp low

frequency oscillations through variations of the VSC voltage quadrature component, which it is

proportional to the VSC voltage phase.



96 Conclusions

• Solution for the black-start of full-converter WECSs: This Thesis proposes a control system

designed to perform a black start in a wind farm, without relying on any additional systems. For

black start, WECSs must be able to regulate the local frequency and voltage, in contrast with

their most common operation mode in which they are controlled to extract the maximum power

available from the wind. Generation and demand must be balanced so WECSs must extract from

the wind only the power demanded by the loads. The proposed solution includes the control of

the WECS pitch angle and the generator side (GSC) and line side (LSC) power converters. The

LSC includes the proposed RPS control that allows the synchronization of multiple WECSs. The

WECSs active power is controlled through a droop control that uses a relation between voltage and

active power in order to share the load between WECSs. The pitch angle is regulated to ensure that

the WECSs extracts from the wind only the power demanded by the loads. The GSC regulates the

DC-link voltage, ensuring the transmission of the power required by the LSC. Another important

feature is that the proposed control system allows a hot-swapping to a grid-connected mode.

• Analysis of the emulated inertial response provided by solutions both with and without the

use of a PLL: Solutions with both PLL and SG-based synchronizing mechanisms have been

reported to emulate the inertial response of SGs. In order to study the effect of the synchroniza-

tion system on the resulting emulated inertial response, representative solutions of both Grid-Tied

and Grid-Supporting VSM control systems have been modeled and implemented with equiva-

lent emulated inertia characteristics in a dynamic simulation. Results show the contribution of

a BESS, controlled under the different VSM implementations, to the inertia support of an iso-

lated MG following a load variation. Differences emerge when the analysis is performed for the

first moments following a load disturbance. For the PLL-based solutions, the initial dynamics

are dominated by the low-level current control, resulting in fast under-damped oscillations. The

effect of the derivative component is small, as the results for the VI and Droop implementations

are very close. On the other hand, Grid-Supporting systems present a slower response, defined

by the emulated swing equation, resulting in a higher amount of energy exchanged but also on a

higher sensitivity of the MG stability to the emulated inertia requirements.
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Appendix A

Description of the set-up used to

obtain experimental results.

Contents
A.1 Grid-connected Voltage Sourced Converter. . . . . . . . . . . . . . . . . . . . . . . 99

A.2 Isolated wind turbine system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

For this Thesis, two different test benchs have been developed with the support of the Power Control

Group (GSP) of the Electrical Engineering department of Universidad Carlos III de Madrid. These test

benchs have been used to obtain the experimentals results presented throughout the Thesis.

Section A.1 describes the set-up of a grid-connected VSC that was used to validate the proposed RPS

presented in Chapter 5 while Section A.2 describes the isolated wind turbine emulator used to validate

the control system presented in Section 6.2.

A.1 Grid-connected Voltage Sourced Converter.

The diagram of the experimental set-up used to obtain the real-time results is depicted in Fig. A.1.

This set-up consists of a commercial three-phase two-level VSC (BGRID) with a rated power of 300kW

and a switching frequency of 3.35kHz equal to the sampling frequency, which includes a 0.2mH/200µF

LC filter. An overview picture of the set-up is presented in Fig. A.2.

The inverter is fed by a three-phase diode rectifier composed of three SEMIKRON SKKD46 mono-

phase diode branches, in order to provide a dc bus voltage of around 550 V, which gives enough head-

room to connect the inverter to a 400-V grid through a 230/400-V DY isolation transformer. A picture

of these elements is shown in Fig. A.3.
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BGRID Converter

SKKD46
Diode Rectifier
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GRID

230:400
Transformer
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Figure A.1: Schematic diagram of the set-up configuration used in the real-time experiments
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Figure A.2: Overview of the set-up used in the real-time experiments.
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SKKD46
rectifier
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Figure A.3: Picture of the diode rectifier and transformer used in the real-time experiments.

The presented results have been obtained with dedicated measuring instruments that are included in

the BGRID converter presented in Fig. A.2. The hardware components used for measurement were:

• 2 LEM DVL 100 voltage transducers (1000V) for measuring the converter output voltage. Line

voltages vab and vab, as defined in Fig. 5.1 of Chapter 5, were measured.

• 2 LEM 1005-SE current transformers (1000A) for measuring the converter output currents. Line

currents ia and ic, as defined in Fig. 5.1 of Chapter 5, were measured.

The rest of the represented variables were calculated from these measurements. The analogue to

digital conversion was performed by the FPGA of the MCPIC control board, which is a commercial

solution by WYNNERTECH. Input signals are low-pass filtered at 10KHz.

Finally, the digital measurements of the control board are transmitted through an ethernet UDP

communication at the controller sampling time (298 µs) to a dedicated SCADA software developed in

the LabVIEW environment (version 2014, Copyright 1986-2014, National Instruments). The LabVIEW

environment includes the possibility to save the data in .csv format, which was used to obtain the data

used for the presented results. A capture of the control interface used to obtain the data is shown in

Fig. A.4 for an active power step.

Another capture with instantaneous values is shown in Fig. A.5. This figure shows the same current

harmonic components that are present in the experimental results of Fig. 5.12.

A.2 Isolated wind turbine system.

This appendix describes in more detail the WT emulation system used for the real-time implemen-

tation of the control system presented in Section 6.2.
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Figure A.4: Capture of the Human Machine Interface (HMI) used in the real-time experiments for an

active power step.

Figure A.5: Capture of the Human Machine Interface (HMI) used in the real-time experiments with

instantaneous values.
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Figure A.6: Test bench used for real-time experiments of the isolated Full-Converter system. PWM:

pulse-width modulation.

WT emulation is based on a DC electrical drive that applies the emulated WT torque to the mechan-

ical axis of the PMSG. An schematic diagram is shown in Fig. A.6. The load could not be emulated

as a constant power source, as in the simlated results presented in Section 6.2; instead a resistor and a

reactance were used.

The emulation system uses both hardware and software elements. Hardware includes:

• SIMOREG 6RA23s driver (Figure A.7a), to regulate de DC motor.

• DAQmx USB-6009 model DAC (Digital to Analog Converter), from National Instruments, to

provide the analogue torque reference (Figure A.7a).

• SEMIKRON SEMITEACH Power Converter stack, including a three phase inverter, composed

of three SKM 50 GB 123 D dual IGBT modules, and an SKKD45 three phase diode rectifier

(Figure A.7b).

• 1GG5 SIEMENS DC motor (Figure A.7c)

• Bornay INCLIN 3000 PMSG (Figure A.7d).

The digital torque reference for the DC motor driver is generated from a LabVIEW (version 2014,

Copyright 1986-2014, National Instruments) program, running on a PC with a sample time of 100 ms,

which is considered sufficient to simulate the WT dynamics. A capture of the software Human-Machine

Interface (HMI) is presented in Figure A.8.

The LabVIEW software was used to obtain the measurements of the WT data such as pitch angle

and rotational speed. For electrical dalta, a Chauvin Arnoux C.A 8335 Power Analyzer, as shown in

Figure A.9, was used.
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DC regulator and DAC Back-to-back converter

DC motor PMSG

(a) (b)

(c) (d)

Figure A.7: Pictures of the elements used for the Wind Turbine emulator including (a) the DC motor

driver, (b) the back-to-back converter, (c) the DC motor and (d) the Permanent Magnet Synchronous

Generator (PMSG).



A.2 Isolated wind turbine system. 105

Figure A.8: Capture of the Human-Machine Interface (HMI) of the LabVIEW software used for the

Wind Turbine emulator.

(a) (b)

Figure A.9: Power Analyzer used for electrical measurements of the Wind Turbine emulator including

(a) a picture of the Power Analyzer and (b) results of the voltage measured during the tests.
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ment based on a two-stage receding horizon optimization,” Applied Energy, vol. 160, pp. 194–

205, 2015.

[35] D. Ton and J. Reilly, “Microgrid Controller Initiatives: An Overview of R&D by the U.S. Depart-

ment of Energy,” IEEE Power and Energy Magazine, vol. 15, no. 4, pp. 24–31, jul 2017.



110 BIBLIOGRAPHY

[36] G. Joos, J. Reilly, W. Bower, and R. Neal, “The need for standardization,” IEEE Power and Energy

Magazine, vol. 15, no. 4, pp. 32–40, jul 2017.

[37] R. Lasseter, A. Akhil, C. Marnay, J. Stephens, J. Dagle, R. Guttromson, A. S. Meliopoulous,

R. Yinger, and J. Eto, “Consortium for Electric Reliability Technology Solutions White Paper on

Integration of Distributed Energy Resources The CERTS MicroGrid Concept,” Program, Trans-

mission Reliability Systems, Energy Program, Integration Interest, Public Commission, California

Energy, no. April, pp. 1–29, 2002.

[38] R. Firestone and C. Marnay, “Energy Manager Design for Microgrids - LBNL No. 54447,” Con-

tract, no. 150, p. 58, 2005.
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