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Abstract

In this thesis, a set of advanced control functionalities are proposed for Smart-

Transformers integrating Hybrid Microgrids and Multi-Microgrids, aiming to enhance

and consolidate the controllability of Hybrid Microgrids and Multi-Microgrids in face

of the expected increasing penetration ratios of distributed energy resources. Based on

research gaps identified in the literature, advanced control functionalities for power–

frequency support, fault-ride-through provision and reconfiguration of distribution

grid structures within a Hybrid Multi-Microgrids are proposed and demonstrated.

The power–frequency support control approach rely on droop-based controllers

incorporated in the Smart-Transformer, aiming to modulate the electrical variables

in the Hybrid Microgrid derived from the Smart-Transformer in order to obtain the

power modulation in the Smart-Transformer following frequency disturbances in the

upstream AC power system, by exploiting the power–voltage and power–frequency

sensitivity of the Hybrid Microgrid. The fault-ride-through control approach for grid-

following Smart-Transformers allows the provision of fault-ride-through even if the

Smart-Transformer has no energy storage capacity, by exploiting the power–voltage

and power–frequency sensitivities in the Smart-Transformer based Hybrid Microgrid.

The fault-ride-through control strategy for grid-forming Smart-Transformer is based

on a virtual impedance combined with the exploitation of the voltage drop in the

output filter of the Smart-Transformer in order to enhance its current limitation capa-

bilities. The fault-ride-through control strategy for grid-forming Smart-Transformers

can sustain the islanding of wider Hybrid Multi-Microgrids after a fault disturbance,

and operate in coordination with grid-following Smart-Transformers regarding the

provision of fault-ride-through and power–frequency support. The proposed fault-

ride-through control approach is exploited and validated considering balanced and

unbalanced faults. At last, the communication-free grid reconfiguration mechanisms is

also demonstrated, which enables the association of LV AC grids under the same MV

AC grid in meshed configurations by resorting to the angular position and frequency

measured from the MV AC grid.



ii abstract



Resumo

Nesta dissertação são propostas funcionalidades avançadas para Transformadores

Inteligentes em Micro-Redes Híbridas e Multi-Micro-redes Híbridas, com o objetivo de

melhorar e consolidar a controlabilidade das Micro-Redes Híbridas e Multi-Micro-redes

Híbridas face ao aumento esperado de integração de recursos de energia distribuídos.

Com base em lacunas identificadas na literatura, são propostas e demonstradas fun-

cionalidades de controlo avançadas para suporte de potência–frequência, sobrevivência

a cavas de tensão e reconfiguração de redes de distribuição no seio de Multi-Micro-

Redes Híbridas. A abordagem de controlo para suporte de potência–frequência

baseia-se em controladores "droop" incorporados no Transformador Inteligente, que

procuram modular as variáveis elétricas na Micro-Rede Híbrida do Transformador

Inteligente, com o objetivo de modular a potência no Transformador Inteligente após a

ocorrência de perturbações de frequência no sistema elétrico a montante, explorando

as sensibilidades de potência–tensão e potência–frequência da Micro-Rede Híbrida. A

abordagem de controlo para sobrevivência a cavas de tensão para Transformadores

Inteligentes grid-following permite a sobrevivência a cavas de tensão mesmo quando o

Transformador Inteligente não tem armazenamento de energia, ao explorar as sensibili-

dades de potência–tensão e potência–frequência da Micro-Rede Híbrida. A abordagem

de controlo para sobrevivência a cavas de tensão para Transformadores Inteligentes

grid-forming é baseada numa impedância virtual e na exploração da queda de tensão no

filtro de saída do Transformador Inteligente para melhorar a capacidade de limitação

de corrente. Este último suporta o ilhamento de Multi-Micro-Redes Hybridas em

resposta a falhas na rede a montante, e operar em conjunto com Transformadores

Inteligentes grid-following no que respeita à sobrevivência a cavas de tensão e suporte

de potência–frequência. As abordagens de controlo para sobrevivência a cavas de

tensão são exploradas e validadas face a cavas de tensão equilibradas e desequili-

bradas. É também demonstrado o mecanismo para a reconfiguração para redes de

distribuição, não baseado em comunicações, que permite a operação emalhada de

redes de distribuição BT sob a mesma rede MT, com recurso a medições da rede MT.
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IDCLVbus DC current drawn by ST’s LV DC bus.

IDCLVcap Current flowing to the capacitance CLV.

IDCLV Current exchanged between the ST’s LV inverter and the ST’s LV DC bus.

IDCMVbus DC current drawn by ST’s MV DC bus.

IDCMVcap Current flowing to the capacitance CMV.

IDCMVg DC current in the MV DC grid.

IDCMV Current exchanged between the ST’s MV inverter and the ST’s MV DC bus.

LLVf Inductance of the LV coupling filter.

LMVf Inductance of the MV coupling filter.

N Transformation ratio of the HFT in the isolated DC/DC converter.

PDL Active power in the dump-load.

P∗ESS Active power reference for the ST’s local ESS.

PESS Active power of the ST’s local ESS.

Pe Electrical active power.

PLV Active power in the ST’s LV inverter.

PMVn Nominal active power of the ST’s MV inverter.

PMVsp Active power set-point for the ST’s MV inverter.

PMV Active power in the ST’s MV inverter.

Pm Mechanical active power.

PACLVg Active power in the LV AC grid.

PACMVg Active power measurement after the ST’s MV LC filter.
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PDABLV Power output of the isolated DC/DC converter in the LV side.

PDABMV Power output of the isolated DC/DC converter in the MV side.

PDCLVg Active power in the LV DC grid.

PDCMVg Active power in the MV DC grid.

QMVg Reactive power measurement after the ST’s MV LC filter.

QMVsp Reactive power set-point for the ST’s MV inverter.

SMVn Nominal apparent power for the ST’s MV inverter.

vabMV , vbcMV , vcaMV Phase-phase AC voltages in the ST’s MV inverter.
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VSC Voltage in the supercapacitor bank.
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VACLVn Nominal value for the AC voltage in the ST’s LV inverter.
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VACMVg Three-Phase MV AC voltage after the ST’s MV LC filter.

VAC+
MV Positive sequence component of three-phase AC voltage in the ST’s MV
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VACMV Three-Phase AC voltage in the ST’s MV inverter.
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VDCLV DC voltage in the ST’s LV DC bus.

VDCMVg DC voltage in the MV DC grid.

VDCMVn Nominal DC voltage for the ST’s MV DC bus.
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VDCMV DC voltage in the ST’s MV DC bus.

XL Primary-referred leakage reactance of the isolated DC/DC converter.

XCMVf Capacitive reactance of the ST’s MV LC filter at fMV .
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Chapter 1

Introduction

1.1 Motivation and Background

The replacement of fossil fuels by cleaner energy sources has been receiving major

attention in recent times in face of the increasing urgency in curbing anthropogenic

climate change. Electric power systems, as important contributor for greenhouse gas

emissions, are naturally relevant players in this emergency, with profound changes

looming on the horizon. Renewable Energy Sources (RES) are expected to assume the

main role in electricity generation, progressively displacing fossil-fuels still prominent

in this role in many countries worldwide. The most recent data available clearly

indicates that such revolution is taking place. Worldwide, wind and solar reached

nearly 1.5 TW installed generation capacity in 2020 [1], generating roughly 2400 TWh

of electric energy in 2020 alone [2], and accounted for 72% of the net additions in power

generation capacity in 2020 (Figure 1.1) [3]. However, according to existing projections,

wind and solar alone should account at least for 60% of electricity generation globally

by 2050 [4, 5].

Figure 1.1: Shares of net additions in power generating capacity in 2020 [3].
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Reflecting the more distributed nature of wind and solar energy resources, electricity

generation is expected to become more distributed, contrasting with the reality of

traditional power generation systems. Utility-scale renewable power plants, connected

to the transmission grid due to its relatively high installed generation capacity (such as

large wind farms, big PV and concentrating solar power plants, among others) should

remain responsible for a major share or renewable energy generation, with many

more projected or under construction [3, 6]. Still, besides such power plants being

in average smaller and more distributed than large conventional power plants [7, 8],

the vast majority of renewable generation power plants consist of relatively smaller

generation units connected to the distribution grids [9]. Such smaller generation

units connected to distribution grids are widely designated as Distributed Generation

(DG), with millions of such units connected to Low-Voltage (LV) distribution grids.

For example, residential PV generation units alone are expected to reach 100 million

installations worldwide by 2024, representing one-quarter of total distributed solar

PV capacity (which also includes commercial and industrial installations) [10]. Thus,

small-scale DG units connected to Low-Voltage (LV) distribution grids are expected to

play an important role (as exemplified in Figure 1.2 for Germany) in the overall energy

paradigm changes taking place.

Figure 1.2: Germany annual PV capacity additions 2016-22 and average annual additions for
2023-25 (left), and monthly distributed PV additions in 2020 (right) [11].

Simultaneously, important changes are also expected in the energy consumption

side. One of the major changes is the electrification of the transportation sector, with

Electric Vehicles (EV) posed to represent an important share of the future load of

the system. EV are starting to become mainstream with 10 million EV on the road

worldwide in 2020, a number expected to increase to 145 million by 2030 [12]. Despite

the pandemic-related decrease in car sales ( 16%), EV registrations increased by 41% in
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2020, with around 3 million EV sold globally [12]. The figures for major EV markets are

illustrated in Figure 1.3. Following the deployment of EV, private and public charging

points (slow and fast) increased respectively to 9.5 million and 1.3 million worldwide

in 2020, with around 200 million in total expected by 2030 [12].

Figure 1.3: Electric car registrations and sales share in selected countries and regions, 2015-2020:
PHEV = plug-in hybrid electric vehicle; BEV = battery electric vehicle [12].

Not less important is the expected proliferation of distributed Energy Storage

Systems (ESS), given that ESS constitute a promising technical solution to address the

variability of RES [13]. The deployment of distributed ESS is still lagging considerably

behind the deployment of DG, but it has been accelerating in the most recent years,

with 4.2 GWh in new deployments of residential storage worldwide in 2020 alone [14].

Globally, behind-the-meter ESS is expected to reach 57 GWh of new deployments

worldwide by 2030 [15]. The European residential ESS cumulative market evolved

from some 400 MWh in 2016 to roughly 3.7 GWh in 2020 [14, 16], being posed to reach

above 27 GWh by 2030 [15].

These figures largely result from energy policies that have been adopted worldwide.

In this matter, the European Union (EU) represents the most relevant case. EU had

defined ambitious targets on a new 2030 Framework for climate and energy [17], whose

overall objectives are:

• a 45% cut in greenhouse gas emissions compared to 1990 levels;

• at least a 32% share of renewable energy consumption;

• at least 32.5% in energy savings compared with the business-as-usual scenario.
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However, a revision of the 2030 Framework for climate and energy was proposed by

the European Comission in July 2021, where a 55% cut in greenhouse gas emissions

compared to 1990 levels is targeted [18]. Many other initiatives within the EU could be

mentioned. For example, Portugal have set ambitious targets to reach carbon neutrality

until 2050, under the RNC2050 program [19]. Among the goals are the potential of

nearly 100% penetration of renewable energy in the transportation sector, and about

12-13 GW of dispersed installed PV generation capacity.

The United States (US) has recently strengthened their commitment for a clean

energy future. Adding to the existing measures, such as the favorable financial

incentives through federal tax credits and the many states’ renewable integration

targets [20, 21], a plan for a 100% clean energy economy and net-zero emissions no

later than 2050 was proposed in 2021, with a federal $1.7 trillion investment over the

next 10 years.

China has also defined ambitious targets for the energy transition, aiming to peak

their carbon dioxide emissions before 2030 and achieve carbon neutrality by 2060 [22].

However, the increasing penetration of Distributed Energy Resources (DER) such

as DG and EV is expected to amplify important adverse impacts in the electric power

systems as they are today regarding operation and control, specially in distribution

networks [23–25]. Adverse impacts related to voltage control and line congestion in

distribution networks are among the most relevant. The need to overcome adverse

impacts has been fostering the development of innovative architectures and control

capabilities.

Concepts such as Microgrids (MG), Multi-Microgrids (MMG) and hybrid AC/DC

distribution networks have been proposed in order to enable high penetration ratios of

DG and EV in distribution networks, usually under the smart-grid concept umbrella

[26–29]. Under these concepts, ESS may play an important role [30]. Moreover, more

advanced configurations based on such concepts, such as the Hybrid AC/DC Microgrid

concept (HMG)[31–34] and the more broader Hybrid AC/DC Multi-Microgrid concept

(HMMG)[35–37], are gathering an increasing interest given their enhanced flexibility

and resilience. In comparison with MG based on AC networks, MG based on hybrid

AC/DC networks have a set of characteristics that make them more attractive to

deal with increasing penetration ratios of DG, EV and ESS in distribution networks.

Many RES technologies generate in DC and many loads are nowadays operated in

DC through a AC/DC rectifier. In addition, DC/DC converters are more efficient,

contributing to highlight an increasing interest in DC solutions.
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It is worth to mention that the great potential in these domains have been enabled

by correspondent advances in the power electronics domain. Power electronics has

been fundamental for the widespread of DG itself and to enable the increasing number

of control possibilities that characterize the aforementioned concepts [38–40]. Moreover,

power electronic converters are necessary to interface AC and DC network subsystems

forming the HMG, and may be present in the interface between the HMG and the

upstream system.

But despite all the developments taking place, the existing solutions remain insuffi-

cient in many aspects to properly cope with the exponential increase in penetration

ratios of DG, EV and ESS in distribution grids. The existing solutions do not offer a

satisfactorily standardized and scalable platform capable to enable HMG and HMMG

with a wide range of advanced control capabilities while providing galvanic insulation

between different voltage levels and facilitating the integration of DC networks, HMG

and HMMG with legacy AC distribution networks. Advanced control capabilities

such as frequency–active power support to the upstream AC power system, voltage

regulation, Fault-Ride-Through (FRT) and islanded operation capabilities are among

the most relevant.

A relatively recent concept, evolving within the power electronics domain, has been

gathering an increasing interest as a possible game changer – the Smart-Transformer

(ST) concept. The ST offers the possibility to enhance power system resilience and con-

trollability in the distribution grid domain, making use of the most recent developments

in power electronics regarding costs and technical capabilities [41]. The ST is based

on the Solid-State Transformer (SST) concept, where the traditional Low-Frequency

Transformer (LFT) is replaced by a high-frequency transformer (HFT) interfaced with

electronic power converters in both sides. The original application scope of the SST was

to provide the desired galvanic isolation but with reduced size and weight. However,

the ST concept focuses in advanced control, monitoring and observability capabilities

to the distribution grids, with hardware advantages relegated to a secondary position

[41]. The capacity to provide DC link connectivity and total decoupling between

Medium-Voltage (MV) and LV networks in terms of voltage and frequency, endows

the ST with unmatched flexibility and control capabilities. Besides providing galvanic

isolation, the ST has the potential to provide voltage and frequency regulation, enable

the development of hybrid AC/DC distribution networks, act as a front-end to provide

FRT to its distribution networks, explore the MG concept and islanded operation both

for MV and LV networks, among other possibilities. For that reason, the ST emerges as

an interesting alternative to the current power electronic interface topologies due to its
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greater potentialities. The ST potential is of such magnitude that it may well become

the backbone of tomorrow's modern distribution grids [42]. As such, the ST is adopted

as the key element in the scope of the work developed in this PhD thesis.

1.2 Objectives of the Thesis and Research Questions

Derived from the context presented in section 1.1, the overarching objective of this

thesis is to identify and develop advanced control functionalities for ST enabling the

consolidation of the HMG and HMMG concepts in face of increasing penetration ratios

of DG, EV and ESS. Due to the wide range of the potentialities offered by the ST, it is

not possible to address them all with the deserved detail in this thesis. Instead, this

PhD thesis focuses in a set of selected topics related to the future role of HMG and

HMMG in the electric power system of the future, being selected in accordance to its

prospective coverage in the existing literature. Hence, considering the relevance of the

ST to act as a key building block for the formation of HMG and HMMG, the main

objectives of this PhD thesis can be stated as follows:

• Evaluation of the capability of HMG based on ST to provide power–frequency

support functionalities to the upstream AC power system, by exploiting the

flexibility available in the fleet of distributed resources located in the HMG.

• Evaluation of the incorporation of FRT capabilities in a ST with its MV inverter

operating in grid-following mode, in order to improve immunity to fault distur-

bances within its HMG in events where energy storage capacity is insufficient or

unavailable.

• Evaluation of the capability of the ST to sustain the islanded operation of a

HMMG and sections of the legacy MV AC network, following fault disturbances

in the upstream power system. This objective is tackled by exploiting the opera-

tion of the MV inverter of the ST in grid-forming mode, but incorporating FRT

capabilities enabling the ST to remain connected during the fault disturbance

and sustain the islanding procedure. The use of a single ST or the coordination

of multiple ST in the formation of the islanded HMMG is investigated.

• Evaluate the role of ST in the reconfiguration of radial and meshed grid structures

within a HMMG. A particular focus is given to the evaluation of communication-

free strategies enabling the permutation between radial and meshed grid config-

urations formed by two or more LV AC grids derived from different distribution

substations (based on ST and LFT).
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From the presented objectives, the following research questions were formulated:

• Is the ST capable to provide frequency support to the upstream system, by

exploiting the active power flexibility available in its HMG?

• Can a grid-following ST improve the immunity of its HMG against fault distur-

bances occurring in the upstream AC grid, even if no suitable energy storage

capacity is available?

• Is the ST operating in grid-forming mode capable to provide FRT capabilities in

face of fault disturbances in the upstream system, in order to allow the transition

of HMMG or sections of the legacy MV network to islanded mode without

interruption of supply?

• Is the ST capable to sustain the islanded operation of sections of an HMMG,

alone or in coordination with other ST?

• Can the ST use communication-free control strategies to enable the reconfigura-

tion between radial and meshed grid configurations within a HMMG?

1.3 Structure of the Thesis

A brief historical background and a review of the state-of-the-art of MG and ST are

presented in Chapter 2. The most relevant concepts and architectures for MG, hybrid

AC/DC networks and ST, advanced functionalities suitable for MG and MMG based

on ST, and existing technical challenges are addressed in Chapter 2.

Chapters 3 and 4 present the adopted modeling approaches and developed control

strategies for HMG, HMMG and ST. Chapter 3 is devoted to describe the computa-

tional modeling approach, hardware architectures and elementary control structures

considered in the development of the simulation models for the HMG, HMMG and ST

used in the various case studies addressed in this PHD thesis. Chapter 4 is focused

on the description of the advanced control strategies developed for the operation of

HMG and HMMG, namely for power-frequency control, FRT and islanded operation

of HMG and HMMG.

Chapters 5 and 6 present the various case studies considered in this thesis and

respective results. Chapter 5 presents the case studies and respective results related

to the developed advanced control strategies for power-frequency support. Chapter 6

presents the case studies and respective results related to the developed FRT strategies

for ST with its MV inverter operating in grid-following and grid-forming mode,

and their ability to enable HMG and HMMG survival against fault disturbances

in the upstream power system and subsequent islanding. It also presents a case
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study and respective results demonstrating the developed functionalities enabling the

reconfiguration of sections of LV AC sub-grids within an HMMG between radial and

meshed configurations.

To conclude, Chapter 7 summarizes the findings of this thesis, answering the

raised research questions. The research limitations identified and assumed in the

presented work are also discussed. At last, the main contributions of this thesis for the

state-of-the-art are highlighted, and future research topics are identified.

1.4 Contributions of the Thesis

The overall contribution of this thesis is the validation of HMG and HMMG based

on ST as suitable solutions to address the expected increasing penetration of DG, EV

and ESS in distribution networks in terms of improved resiliency, observability and

controllability. More particularly, the following contributions for the literature must be

highlighted:

• Reinforcement of the ST’s potential as the backbone of future distribution grids.

Based on the work presented in this thesis, it became clear that the ST offers

a modular solution for the formation and integration of HMG and HMMG in

legacy AC distribution grids.

• The capability of HMG based on ST to provide power–frequency regulation to

the upstream AC system. It is shown that using the ST, even legacy LV AC

networks without controllable resources can provide power-frequency regulation

to the upstream AC system.

• It is shown that HMG and HMMG based on ST can withstand fault disturbances

without disconnecting from the main power system until the fault clearance

or an islanding procedure takes place. It is also demonstrated than ST can

sustain HMMG and sections of the upstream AC MV network in the advent of

an islanding procedure.

• It is shown that HMG based on ST can incorporate FRT strategies which can

strongly mitigate the adverse impacts of fault disturbances in the upstream AC

system even if no energy storage capacity is available for the ST.

• The ST capability to support the reconnection of its LV AC sub-grid with other

LV AC grids in meshed configurations without interruption of supply, enabling

multiple feeding points with obvious benefits regarding continuity of supply.
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Microgrids and Smart-Transformer

Development

2.1 Historical Background

This section presents a brief historical review regarding the development and evolution

of the Smart-Transformer (ST), Microgrid (MG) and Multi-Microgrid (MMG) concepts

within the scope of active distribution grids.

2.1.1 From Solid-State Transformer to Smart-Transformer

The first concept of a Solid-State-Transformer (SST) was based on thyristors and

emerged in the late 1960s/early 1970s [43, 44]. Initially thought for distribution systems

[44], its first serious consideration was for traction applications in the turn of the

millennium [45]. At the time, the traditional low frequency traction transformers faced

important limitations regarding volume and weight, which compromised its efficiency

(typically around 90%) due to the required high power densities. Comparatively to the

traditional low-frequency traction transformers, the SST could provide high reductions

in volume and weight with improvements in efficiency.

Several companies sought to develop a functional single-phase (AC-DC) SST for

traction applications, which resulted in several prototypes and even in a shunting

locomotive equipped with a fully functional SST, field tested on the Swiss railways

[46] (see Figure 2.1). However, no actual development of a SST reached industrial

production. The use of a SST for traction applications could only be justified by gains

in hardware (possible additional control functionalities play a very limited role), but
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such gains are considerably reduced with the adoption of 50Hz distribution networks

in traction systems, which is becoming the current standard [47].

Figure 2.1: SST prototype (1.2-MVA) for a 15kV 16.7Hz railway grid (adapted from [46]).

Nevertheless, the consideration of the SST to provide advanced control functionali-

ties for distribution networks is experiencing a growing momentum since the beginning

of the millennium [48]. The SST designed for this purpose started to be frequently

designated as ”Smart Transformer” (ST) [41, 47]. Important technical obstacles deter-

ring the implementation of SST for distribution networks could be overcome with the

emergence of the wide-bandgap Silicon-Carbide semiconductors [49, 50]. Industrial

prototypes were already developed [51–53] and tested in real MV networks [52]. Al-

though no industrial application in distribution networks exists so far, the development

of a demonstration trial of ST within secondary substations on a real distribution grid

is under way in the LV Engine project developed by SP Energy Networks [54].

2.1.2 Microgrids

The Microgrid (MG) concept, initially introduced in the early 2000s [55–57], was

originally thought as a AC Low Voltage (LV) grid formed by a cluster of micro-

sources, Energy Storage Systems (ESS) and loads, interfacing with the wider power

system through a controllable circuit breaker or other types of controllable devices,

but presenting itself to the power system as a single entity able to respond to central

control signals [56]. Its purpose was to take advantage of new opportunities for on-site

power generation (thermal and electric energy) enabled by new generation technologies

(such as micro-turbines and fuel cells) in order to meet the growing customer’s needs

regarding reliability, efficiency and power quality [57]. The MG has distinctive features

such as the ability to operate in islanded mode or connected to the power grid, and the

possibility to control and dispatch internally the available resources with partial or total
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autonomy from the main power system [56]. Soon after, the MG concept was further

developed in two consecutive European projects (Microgrids and More Microgrids) in

the same decade (2003 - 2009) [58, 59]. Since then, the MG concept has been observing

important developments, which occasionally originated distinct research paths. The

most relevant developments are addressed in the following sub-sections.

2.1.2.1 AC and DC Microgrids

In its initial developments, the application of the MG concept was focused on AC LV

grids (AC MG) [56, 57], which resulted in several implementations worldwide [60].

The development of AC MG was a logical starting point given the existing experience

with large AC grids, the dominance of AC loads, and the maturity of DC/AC power

inverters [61].

However, the application of the MG concept to DC grids (DC MG) also emerged

soon after [62], as it became notorious that DC distribution grids could offer important

advantages comparatively to their AC counterpart [63]. Initially, DC MG were envi-

sioned as a suitable solution to reduce costs and energy losses (as less power converter

stages were required), and to improve the integration and control of Distributed Energy

Resources (DER) which are DC by nature [62]. Other advantages were further identi-

fied. DC MG have no requirements regarding reactive power control, frequency control

and synchronization in islanded mode. DC MG also enable considerable reductions in

load losses given that an increasing share of the grid load is constituted by electronic

devices which are DC by nature (enabling the removal of the AC/DC converter stage)

[29, 61, 64, 65]. However, their deployment in the field have faced important obstacles

due to factors such as the limited experience with DC grids, lack of proper standards

for DC grids and the underdeveloped state of protection devices designed for DC

grids [61]. Still, some field implementations of DC MG with promising results already

exist [66, 67], such as the Seogeochado demonstration site (South Korea) illustrated in

Figure 2.2 [66]. Other demonstration sites are also planned or in progress [68].

2.1.2.2 Hybrid AC/DC Microgrids and the Role of Solid-State Transformers

The aggregation of AC and DC MG emerged as a solution to combine in a single MG

the advantages of AC and DC technologies in order to facilitate the integration of a

heterogeneous set of AC and DC DER [69, 70]. This approach gave birth to the Hybrid

AC/DC Microgrids (HMG) concept.



12 microgrids and smart-transformer development

Figure 2.2: Seogeochado DC microgrid system network diagram (adapted from [66]).

However, it is important to distinguish between similar denominations found in the

literature. In [32], the HMG denomination is applied to MG containing both AC/DC

power sources and AC/DC loads, but this definition can overlap with the concepts of

AC and DC MG mentioned in 2.1.2.1, since AC and DC loads and power sources can

be connected respectively to both DC and AC MG through AC/DC power converters.

Thus, a more suitable definition is adopted. Adding to the criteria proposed in [32], a

HMG is a MG where there is at least one feeder, in both AC and DC zones, connecting

at least two loads and/or DER, as assumed in [71]. Based on this consideration, the

first true conceptualization of HMG emerged at the end of the 2000s [69, 70].

The initial architectures consisted on hierarchical integration of AC and DC zones

in the same MG [69, 70], but further architectures were proposed in further research

activities that took place in the following years [72–74]. However, a major development

occurred with the proposal of HMG based on Solid-State Transformers (SST) in the

early 2010s [75, 76]. The SST offers a modular and scalable solution capable to replace

the conventional magnetic MV/LV transformer and the mechanical switches governing

the connection of the HMG with the upstream power system, while providing total

electrical and galvanic decoupling of the HMG from the upstream power system. It

also allows the plug-and-play of distributed generation, energy storage and loads to

the grid with no adverse effects on the upstream power system, enables the creation

of a LV DC grid from its DC link, provides unmatched power quality to residential
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users and industry customers, and enables greater control possibilities, all in one single

device [75, 76]. There are several works focusing in the development of AC and DC

MG based on SST [77–79], but given the existence of a DC/AC inverter in the SST

itself, the HMG concept offers a better and more logical use of the potentialities offered

by SST [75, 76].

Given its properties, the vision of the SST as an energy router between the HMG

and the upstream power system has emerged [76]. As mentioned in section 2.1.1,

the SST application oriented to the provision of advanced control functionalities to

distribution power grids (which naturally includes HMG) has started to be frequently

designated as ”Smart Transformer” (ST) [41, 47]. Nevertheless, besides laboratory-scale

demonstrators [80], no commercial implementation of HMG exists yet.

2.1.3 Multi-Microgrids

The Multi-Microgrid (MMG) concept started to be exploited in the late 2000s [59, 81–

83], consisting on an extension of the MG concept to a higher level structure formed at

the MV level, aggregating several MG, Distributed Generation (DG) and MV loads on

adjacent MV feeders, governed by a hierarchical control scheme enabling its proper

control and management [81].

The MMG concept was initially applied to AC grids, and the research focused

on AC MMG remains of upmost relevance specially with the recent inclusion of ST

[84, 85]. But in recent years, the MMG concept was extended to DC grids [86–88].

The Hybrid AC/DC Multi-Microgrid (HMMG) concept was also introduced recently

[89, 90]. However, HMMG based on ST remain largely unexplored in the literature,

although some elementary concepts that can be classified as HMMG have started

to emerge [91, 92]. Regarding real-world applications, besides laboratory-scale test

infrastructures [93], no real-world demonstration or commercial implementation of

MMG currently exist.

2.2 Smart-Transformer: Architectures and Operation

Modes

The Smart-Transformer (ST) concept is based on the Solid-State Transformer (SST)

concept, but not all possible SST hardware architectures are preferred for the imple-

mentation of the ST concept. The basic concept of a SST is represented in Figure 2.3,

which may be implemented through several hardware architectures as illustrated in
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Figure 2.4 [47]. The SST is essentially an isolated AC-AC power converter, where

the comparatively bulky Low-Frequency Transformer (LFT) is replaced by a smaller

and lighter High-Frequency Transformer (HFT), interfaced with the MV and LV net-

works through electronic AC/AC power conversion. This fundamental aspect enables

the SST to dynamically adjust its voltage transformation ratio and to operate with

different frequencies in both terminals, thus enabling the integration of advanced

control functionalities in comparison to the traditional LFT. In this matter, the control

potentialities have increased in close relationship with the advancements in power

electronics, namely regarding semiconductor technologies and conversion topologies

[41, 47, 94–96]. However, three stage topologies, constituted by a MV AC/DC converter,

an isolated DC/DC converter and a LV AC/DC converter as represented in Figure 2.5,

are preferred for the implementation of the ST concept. This hardware topology

provides DC-link connectivity in both MV and LV conversion stages, which enables a

wider range of control possibilities [41]. No such DC-link connectivity is available in

one stage topologies, while in two stage topologies the DC-link connectivity is available

in only one conversion stage, thus providing better gains in terms of weight and vol-

ume. But the ST concept is precisely focused in the possible control functionalities that

an SST can offer, relegating hardware advantages (such as weight and size reduction)

to a secondary position [41].

Figure 2.3: Conceptual representation of a SST.

The DC-link connectivity may be used to create MV and LV DC networks, which are

better suited to integrate a range of distributed resources which are DC by nature, such

as PV generation, bulk energy storage, EV charging stations, among others [41, 97]. An

intermediate conversion stage (DC/AC conversion) is avoided in the user’s side, thus

improving the overall efficiency. The DC links also allows the separation of AC power

flow between MV and LV networks, making possible to control MV and LV networks

independently. For these reasons, the three stage group is the most attractive for the

implementation of the ST concept, as it offers greater advantages from the perspective

of provision of advanced functionalities to the distribution and transmission networks

[41, 47, 98].
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transformer, where each active bridge 
is the building block, as used by Alstom 
in [20]. This kind of architecture has the 
same advantages of a full modular con-
figuration but with fewer transformers.

Challenges: Ancillary Services 
Through Control and Communication
The optimization of each stage in a 
three-stage ST (Figure 4) has been 
the subject of detailed studies, which,  
in most cases, are independent from 
the application and focus on efficiency 
and power density [21], [22]. The de-
sign approach chosen by the HEART 
project is system driven and takes into 
account the services to be provided. 
This approach could result in an un-
even rating of each of the stages, which 

is why, in this article, the services 
are discussed before the hardware. 
The ST can offer ancillary services to 
the MV grid (with the possibility of a  
dc/MV connection), to a possible LV/dc 
microgrid, and to the LV/ac microgrid. 
The ancillary services (layer 1 of the 
control structure) are based on some 
basic control functionalities (layer 2 of 
the control structure) that allow cor-
rect system operation. Both control 
layers are described in the “Control 
Structure and Ancillary Services” sec-
tion, with some results proving overall 
ST functionality (such services also 
rely on a communication infrastruc-
ture, which is discussed later in “Com-
munication Infrastructure” section). 
The last highlighted control layer is the 

active thermal control, which allows 
optimized power semiconductor load-
ing depending on different operation 
conditions to reduce thermal stress 
and possible failures (this is discussed 
in more detail in the “Control Structure 
and Ancillary Services” section).

Control Structure and  
Ancillary Services
On the MV side, the ST controls cur-
rent absorption from the main grid 
to satisfy the active power request 
from the load on the LV side plus the 
losses. The reactive power represents  
a degree of freedom for the ST: it can 
be controlled separately from phase 
to phase [23] and is decoupled from 
the LV reactive power request because 
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Figure 2.4: The classification of the SST architecture according to the number of power conver-
sions and modularity (adapted from [47]).
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Figure 2.5: Conceptual representation of a ST based on a three-stage topology.

A review of the main converter topologies and control methodologies for ST based

on three stage topologies is presented in the following sections.

2.2.1 Medium-Voltage Converter

The MV converter is responsible to interface the ST with the upstream power system.

There are several topologies proposed for the MV inverters. Some of the most popular

topologies are depicted in Figure 2.6: The Three-level Neutral Point Clamped, Cascaded

H-bridge and Modular Multilevel.

Three-level Neutral Point Clamped and the Modular Multilevel topologies have

been the most attractive since the MV DC-link required to obtain a three-stage ST is

available. The Three-level Neutral Point Clamped has the advantage of being simpler

as well as widely adopted in industry [47]. In contrast, the Modular Multilevel offers

greater modularity and can operate with lower switching frequencies [47]. However,

recent advances in the SiC semiconductor technology promises to further reduce the

complexity of MV inverters, with improved efficiency and robustness [95, 99, 100].

Besides the aforementioned hardware topologies, there are also several control

approaches that may be evaluated for ST’s MV converters [101–104]. The vast majority
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Power Stages, Devices,  
and Protections
Once the concept of the SST and the ST 
are clarified, as well as their system-lev-
el functionalities and consequent high-
er-level control layers, the challenges 
of implementation technologies can be 
highlighted in different power convert-
ers, devices, and protections.

MV Converter
The main task of the MV converter is 
to absorb the active power from the 
MV grid to feed the next stage and, 
consequently, the distribution grid, 
and to control reactive power for grid 
services. An immediate way to realize 
the MV converter is to adopt a mul-
tilevel topology, like the three-level 
neutral point clamped [Figure 6(a)]. It 
is mandatory to use series-connected 
devices to meet the requirements of 
blocking voltage. The advantages of 
this solution are its simplicity, the fact 
that the topology is already adopted 
in industry, and the availability of the 
dc link; however, the reduced number 
of levels implies bulky filters with a 
fairly high switching frequency, mak-
ing this solution energy inefficient. In 
the case of failure, each device should 

have appropriate detection and isola-
tion mechanisms. An alternative to 
series-connected devices is the adop-
tion of wide-bandgap transistors [26].

A more modular approach relies 
on the use of the cascaded H-bridge 
converter [Figure 6(b)], which has 
been widely adopted for MV drives. 
The modular design, low control com-
plexity, and low-frequency operation 
of the basic cell contribute to the suc-
cess of this topology. The main draw-
backs lie in the absence of a dc link 
and the need for isolated supplies for 
each cell. To make the ST an intelligent 
node in the future grid, the direct con-
nection to the MV/dc link is manda-

tory. Considering that each cell needs 
to be isolated from the other, a great 
number of dc/dc converters is needed 
to realize the overall structure.

Another topology that satisfies the 
requirements of modularity and low-
frequency operation is the modular mul-
tilevel converter (MMC) [Figure 6(c)]. 
In addition to these features, the avail-
ability of the dc link constitutes a key 
advantage. The MMC has been chosen 
as a preferred topology for HV grids; 
however, its advantage in the MV range 
still needs to be investigated. The com-
plex control and bulky dc capacitors still 
constitute a problem. The advantage of 
modular topologies is that the internal 
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Figure 6 – The MV converter topologies.

The SR dc/dc converter presents a well-regulated 
output voltage for a wide range of load (when 
operating in discontinuous conduction mode), 
avoiding the requirement of control loops and  
also reducing the number of sensors.

Figure 2.6: MV converter topologies: Three-level Neutral Point Clamped (a) Cascaded H-bridge
(b) and Modular Multilevel (c) [47].

of the proposed control approaches may be classified according to two operation

modes:

• Grid-Forming: In this operation mode, the MV inverter operates as a voltage

source with a low series impedance [102], capable to regulate its voltage am-

plitude and frequency, which among other possibilities, can be exploited to

support AC MMG autonomous operation [84] and black start [85, 105]. The grid-

forming control approaches identified in [101] can be divided in two important

groups: the grid-connected grid-forming controllers and the pure grid-forming

controllers.

• Grid-Following: In this operation mode, the MV inverter operates as a current

source with a high parallel impedance [102], synchronized with the voltage and

frequency measured in the MV grid. The main functionality of the MV converter

is to regulate the power flow between the ST and the upstream MV grid according

to the needs of the ST’s distribution networks [47].

The next subsections present a brief description of the most relevant control approaches.

2.2.1.1 Pure Grid-Forming

Several control approaches for pure grid-forming operation are proposed in the litera-

ture [101, 102]. According to [101], the most relevant approaches can be classified as

follows:
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• Droop-Based methods: These methods are among the most popular due to their

relative simplicity, with special consideration for the parallel synchronization

of several grid-forming converters. The operation principle is based on the

use of proportional control rules (droops) as depicted in Figure 2.7. According

to equations shown in Figure 2.7, the regulation of voltage amplitude (U) and

frequency ( f ) generated by the power inverter is function of its output reactive (Q)

and active (P) power respectively. kp is the proportional gain (droop) applied to

the inverter’s output power in order to obtain the pretended voltage magnitude

and frequency modulation. Offset values also be incorporated in the droop

controller in order to adjust its base operation point. U0 and f0 are the base

values for the voltage magnitude and frequency respectively. Set-points can also

be incorporated in the droop controller in order to adjust its base output power.

P0 and Q0 are respectively the active and reactive power set-points for the power

converter if the voltage frequency and magnitude at its terminals equal f0 and

U0 respectively.

Figure 2.7: Basic droop characteristics for GF MV inverters [101].

• Power Synchronization Loop: The operation principle of this method is illus-

trated in Figure 2.8. It consists in generating a phase angle variation (∆θ) as a

function of the active power error defined as the difference between an active

power reference (Pre f ) and the measured active power (P) in the power inverter.

The generated ∆θ is added to a base angular position value (ωre f t) defining the

base frequency for the voltage generated by the power converter. ωt is the final

reference for the generated voltage’s angular position.

This method seeks to replicate the synchronization mechanism of a synchronous

machine [106]. However, this grid-forming method does not establish a well

delimited approach for Voltage/reactive power control (for example, a droop-

based approach may be used), and may require a backup Phase-Locked Loop

(PLL) mechanism in several situations such as during initial synchronization and
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fault-ride-through provision during severe faults in the AC system [106].

Figure 2.8: Basic representation of the Power Synchronization Loop control [106].

• Voltage Controlled Inverter and Virtual Synchronous Machine: The Voltage

Controlled Inverter method, proposed in [107], intends to emulate the behavior

of a synchronous machine, including inertia emulation and oscillation damping,

but neglects the non-linearity of a real synchronous generator. Instead of relying

in any representation of the swing equation, other control approaches such as PI

controllers can be used [107].

Regarding the Virtual Synchronous Machine concept, it intends to directly emu-

late a synchronous machine based on the swing equation in its various possible

differential orders [101, 108]. Figure 2.9 illustrates a possible implementation of

the Virtual Synchronous Machine concept. pref and qref are the reference active

and reactive power respectively, p and p are respectively the active and reactive

power at the power converter’s output, f0 and U0 are respectively the base voltage

frequency and magnitude, and ϑ and U are respectively the angular position and

magnitude of the voltage generated by the power converter. The statism and

damping coefficients are represented by kp f and kd f respectively.

Figure 2.9: Example of a Virtual Synchronous Machine control [101].

• Matching Control: This approach exploits a duality between DC voltage and AC

voltage angular speed in a power inverter [101, 109]. It exploits the converter’s

DC-link capacitance as a storage in the same way as the moment of inertia of

synchronous generators stores kinetic energy. Any power unbalance in the DC-

link translates into a DC voltage variation which, in turn, may be transformed in

a frequency/phase angle compensation. This control approach can operate only
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with the DC voltage measurement to perform self-synchronization [109]. Figure

2.10 illustrates a possible implementation of a matching control. The angular

frequency ω∗ for the voltage generated by the power converter is function of

the error between the measured DC voltage (VDC) and reference DC voltage

(Vref
DC). The remaining elements of the equation seek to emulate the behavior of a

synchronous machine, where KT is the DC-link voltage tracking coefficient, KJ is

the inertia emulation coefficient and KD is the damping coefficient.

Regarding voltage/reactive power control, this grid-forming method is not lim-

ited to a specific approach. In the example depicted in Figure 2.10, a droop-based

controller is used to regulate the voltage magnitude E as a function of a base

voltage values V0 and the error between the reference and measured reactive

power (Q0 and QE respectively). KQ is the slope of the droop controller.

Figure 2.10: Block diagram of an example of a matching controller (adapted from [109]).

• Virtual Oscillator Control: This control method is very distinct from the previous

methods because it is not based on phasor representation of voltages and currents,

relying instead on a sinusoidal time domain representation [110]. It exploits the

synchronization principle of coupled oscillators in complex networks, employing

methods such as the Van der Pol oscillator (which uses a nonlinear differential

equation to generate the virtual oscillator) [110], the virtual Dead-Zone oscillator

[111] and the Space Vector oscillator [112].

Figure 2.11 illustrates an example of a Virtual Oscillator control based on a Van der

Pol oscillator, presented in [101]. The circuit model of the Van der Pol oscillator

is constituted by the parallel connection of an inductance (L) and a capacitance

(C) tuned for resonate at the nominal frequency ω0, a negative conductance

element (−1/σ), and a cubic voltage-dependent current source (αu3
c ). The virtual

oscillator interfaces with the physical electrical signals through the voltage and

current scaling gains kv and ki respectively.
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Figure 2.11: Block diagram of a virtual oscillator controller based on a Van der Pol oscillator
(adapted from [101]).

Although a relatively recent research topic, Virtual Oscillator control methods

are gaining increasing interest due to its very fast response capabilities, im-

plementation simplicity (requires less sensors) and robust stability, added to

power dispatch capabilities (Dispatchable Virtual Oscillator control [113]) and

fault-ride-through capabilities (Unified Virtual Oscillator control [112]). However,

it provides no inherent inertia emulation capabilities, thus requiring additional

control mechanisms for that purpose.

2.2.1.2 Non-pure Grid-Forming

Besides pure grid-forming controllers, there are several grid-forming control ap-

proaches relying on grid’s voltage/current measurements in order to perform self-

synchronization during its normal operation. Given this dependence, power converters

using these control approaches are not generally preferable to sustain islanded power

grids, although there are research activities showing that power grids can be sustained

solely by power converters using such control approaches [101]. The most relevant

approaches described in the literature can be classified as follows:

• Direct Power Control: The working principle of this approach consists in using

the converter’s measured output power flow to directly estimate the converter’s

output AC voltage. A Phase-Locked Loop (PLL) may be used [101, 114] but it is

not a requirement to estimate the converter’s output AC voltage [101, 115]. An

example of a PLL-free Direct Power Control (Grid Voltage Modulated - Direct

Power Control) is presented in [115] and is illustrated in Figure 2.12. This

approach offers the advantages of lower computational burden (no PLL nor

Park transformation required) and better tracking performance comparatively to
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control structures based on PLL [115].

Figure 2.12: Block diagram of a PLL-free Direct Power Control [115].

• PLL-based Droop-Control: This control approach is based on the previously

addressed droop-based grid-forming approaches, but the value for the nominal

frequency is replaced by the grid’s frequency measured by a PLL [116]. An

example of such approach is described in [116] and is depicted in Figure 2.13.

The main advantage reported in [116] is the improvement of power sharing capa-

bilities in power inverters, being possible to define and keep a steady-state power

set-point regardless the existing grid’s frequency. However, this particularity

comes at the expense of greatly limiting frequency regulation capabilities by

using this control approach.

Figure 2.13: Droop-based Grid-forming control with PLL [116].

2.2.1.3 Grid-Following

Several control approaches for grid-following operation of power inverters have been

studied and implemented as well [103, 104]. The most relevant grid-following control

approaches can be classified as follows:
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• Voltage Oriented Control: This control approach is based on the Field Oriented

Control (FOC) approach widely applied in the control of AC synchronous and

induction machines [117]. The basic principle consists in representing the three-

phase voltages and currents as two orthogonal components —the direct and

quadrature components —in a two coordinate time invariant referential (also

denominated rotating dq reference frame) orientated to the grid voltage [118].

Both orthogonal component are decoupled and can be controlled as DC signals

using, for instance, PI controllers. An example of such approach is described in

[118] and is depicted in Figure 2.14.

Figure 2.14: Example of a Voltage Oriented Control structure [118].

• Virtual Flux Oriented Control: Similarly to the Voltage Oriented Control (VOC),

the Virtual Flux Oriented Control (VFOC) is also based on the FOC. However,

while the VOC synchronizes with the grid voltage, the VFOC synchronizes with

a hypothetical flux vector which a grid voltage would originate in an induction

machine [119, 120]. This hypothetical flux vector is given by the integration of

the grid voltage, which results in a flux vector displaced from the grid’s voltage

vector in 90
◦ [119, 120]. As a result, contrarily to the VOC, the active power is

controlled by the quadrature orthogonal component. An example of a VFOC

control is described in [120] and is schematized in Figure 2.15.

• Direct Power Control and Virtual Flux Direct Power Control: The Direct Power

Control (DPC) approach follows the basic principles of the DPC for grid-forming

inverters addressed in section 2.2.1.2 [103]. The Virtual Flux Direct Power Control

(VFDPC) is based on the DPC, but while the DPC synchronizes with the grid

voltage, the VFDPC synchronizes with a hypothetical flux vector which a grid

voltage would originate in an induction machine. An example of a VFDPC

control is described in [103] and illustrated in Figure 2.16.
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Figure 2.15: Example of a Voltage Field Oriented Control structure [120].

Figure 2.16: Example of a Virtual Flux Direct Power Control structure [103].

2.2.1.4 PLL-based Modified Current Control Methods

The PLL-based Modified Current Control methods present a blurred line between grid-

forming and grid-following control modes [101]. Although based on PLL-based current

control methods (which typically fall in the grid-following group), these methods have

shown to be able to sustain islanded power systems [121, 122], which is an important

feature generally attributed to grid-forming control approaches. Power converters grid-

following by nature (using a current control scheme) can become grid-forming with

the addition of suitable outer control loop extensions, as demonstrated in [121, 122].

An example of such approach is described in [121] and is depicted in Figure 2.17.

Despite its potential (given that most power converters employed in DER rely

on current control methods), these control methods require further investigation as
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Figure 2.17: Example of a PLL-based Modified Current Control: Outer control loops for grid
support [121].

they still have significant disadvantages regarding complexity and dynamic stability

comparatively to the most typical grid-forming control methods [121].

2.2.2 Low-Voltage Converter

The LV converter is conceived to interface the ST with the LV AC network. A broader

range of conversion topologies are available for the LV range [47]. The main require-

ment is the availability of the neutral wire, since one of the main ST targets is to replace

the LFT. The half-bridge topology represents the simplest approach and a consolidated

solution but three-level topologies have been accepted as feasible solutions as well,

even by industry [41, 47]. The most popular topologies for LV inverters are represented

in Figure 2.18. For higher currents in the ST’s LV stage, several LV converters connected

in parallel can be used.

Figure 2.18: Four-wire topologies for the LV converter stage: Three-level Neutral Point Clamped
- classic (a), Three-level Neutral Point Clamped - T-type (b) and Full-bridge (c) [47].

Usually the ST’s LV converter is envisioned as the responsible for the formation

of the LV AC network to which it connects, reason why the LV converter is usually

conceived to operate in grid-forming mode in order to generate the magnitude and
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frequency references for the voltage applied to the LV network. However, meshed

LV AC networks involving other ST or conventional LFT may be considered as well.

The several approaches addressed from section 2.2.1.1 to section 2.2.1.4 could be

suitable candidates, according the AC LV grid topology and DER connected to it. For

example, in [123] a Direct Power Control approach is used for both grid-forming and

grid-following operation of the ST’s LV inverter connected to a meshed LV network

connected to a LFT.

2.2.3 Bidirectional Isolated DC-DC Converter

The Bidirectional Isolated DC/DC converter is responsible to provide galvanic isolation,

to manage the active power transfer between MV and LV levels, and to adapt the

DC voltage levels between both MV DC and LV DC links. The most investigated

topologies for ST are the Dual-Active-Bridge (DAB) converter, the Series-Resonant

converter and Multiple-Active-Bridge converter [47], represented in Figure 2.19. The

DAB and the Series-Resonant converters have received more attention because of

their advantages of soft-switching, high efficiency, and power density [41, 47, 124].

Nevertheless if output voltage control or power flow control is required, the DAB

converter is preferable because it operates with active control of the transferred power

[41, 47]. The Multiple-Active-Bridge converter has the same features as the DAB

converter with the additional characteristic of reducing the number of high-frequency

transformers because it integrates more active bridges to a single transformer [47].

Figure 2.19: Topologies for the bidirectional isolated DC-DC converter stage: Dual-Active-
Bridge (a), Series-Resonant (b) and Multiple-Active-Bridge (c) (adapted from [47]).
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2.3 Microgrids and Multi-Microgrids: Concepts and Ar-

chitectures

The microgrid (MG) concept is widely regarded as a key element within the smart-grids

concept [125]. MG appears as a suitable solution to control and manage the integration

of DG and other distributed resources such as EV and ESS in LV distribution networks

[64, 125–127]. Moreover, MG promote several other advantages, such as improvements

in grid resilience and quality of supply [125], as well as the possibility of operating as

a grid cell while offering regulation services to the upstream power grid.

The Multi-Microgrid (MMG) concept consists of an extension of the MG concept to

a higher level structure formed at the MV level, aggregating several MG, DG and MV

loads on adjacent MV feeders, governed by a hierarchical control scheme enabling its

proper control and management [81].

A review of the main concepts and architectures is presented in the next sections.

2.3.1 AC Microgrids

Due to historical and technical reasons, AC distribution grids have been the earliest and

most straightforward platform to implement the MG concept [64, 125, 128]. Typical

distribution networks are hereditarily AC which have a simpler design and are easier

to synchronize with upstream AC systems, and most loads are prepared to work in AC

networks. An example of an AC MG is illustrated in Figure 2.20 [129], where several

key constituents are identified: the MG central controller (MGCC), load controllers

(LC), microsource controllers (MC) and EV controllers (VC).

Figure 2.20: Basic architecture of an AC microgrid [129].
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As pre-existing AC distribution grids can be used, besides switching equipment (to

island and reconnect the MG), energy storage capacity (to sustain islanded operation)

and eventually DG (to provide local generation), the required additional hardware

investments to setup an AC MG are minimal compared to DC MG. Both radial and

meshed AC distribution networks are suited for the AC MG concept [60, 130, 131].

Several control methodologies have been proposed for AC MG, with the most

relevant comprising a hierarchical structure constituted by primary, secondary and

tertiary control levels [132–135]. An example of such control structure is represented

in Figure 2.21.

Figure 2.21: Example of a hierarchical control of an AC MG: Primary, Secondary and Tertiary
control [135].
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The primary control layer is responsible to adjust the voltage and frequency in the

controllable DER resources integrating the MG in order to preserve the power balance

in the MG and the synchronous operation of the involved DER units. According to

[132, 133], the most popular primary control approaches for AC MG can be categorized

as follows:

• Droop-based control: This control approach represents the most popular control

approach to support the autonomous operation of AC MG. Several subcate-

gories of droop-based controls are described in the literature [133], but the basic

principle is the incorporation of proportional control rules through the MG’s

DER in order to obtain a distributed and communication-free primary control of

MG’s voltage and frequency as a function of the DER’s active and reactive power

outputs. A possible set of droop control rules for predominantly resistive MG is

illustrated in Figure 2.22, where the voltage (E) and frequency (ω) are function

of the output reactive (Q) and active (P) powers respectively [133].

Figure 2.22: Example of droop characteristics for MG: Active power - voltage droop (a) and
Reactive power - frequency droop (b) [133].

• Master-Slave control: This control approach, mainly devoted to support the

autonomous operation of MG, offers a centralized but communication-reliant

approach to control the MG’s voltage and frequency. In this approach, the

dominant DER can be assigned as the master unit, controlling MG’s voltage

and frequency within a permissible range (V-f unit), being the remaining units

assigned as slave units operating in constant power control mode (P-Q units)

[132, 133]. However, this approach is more difficult to expand and its reliance

on communications and on a single master unit poses important reliability

challenges [133].

The secondary control is responsible to restore the MG’s voltage frequency and

magnitude to the respective references after every change of load or generation inside

the MG. As exemplified in Figure 2.21, the measured voltage frequency (ωMG) and

magnitude (EMG) are compared with the respective references (ω∗MG and E∗MG), being
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the error used by the respective controllers (Gω(s) and GE(s)) to correct the MG’s

voltage frequency (δω) and magnitude (δE).

The tertiary control aims to control the power flow in the MG when the MG is

operating in grid-connected mode [135]. The active and reactive power exchanged by

the MG with the upstream power system is controlled by regulating the steady-state

phase angle (by acting on the frequency) and voltage magnitude inside the MG. Its

operations is exemplified in Figure 2.21.

2.3.2 DC Microgrids

Although AC MG were pioneer, subsequent developments in power electronics and

protection technologies for high DC currents have dragged an increasing attention

to DC MG. Comparatively to their AC counterpart, DC MG offer a set of potential

advantages. DC MG provide a more efficient and reliable integration of DER being

DC by nature (such as EV fast charging stations, ESS and PV generation), since the

unnecessary AC/DC conversion stages can be dismissed [136, 137]. Other advantages

have been highlighted, such as the absence of issues related to reactive power flow,

voltage and load unbalances, synchronization, harmonics and frequency regulation

[136, 137]. Both radial and meshed DC distribution networks are suited for the DC

MG concept [137–139].

Several control methodologies have been suggested for DC MG as well. Similarly to

AC MG, hierarchical structures constituted by primary, secondary and tertiary control

levels have been also proposed for DC MG [134, 139].

Regarding primary control, the main approaches discussed in the literature resem-

ble significantly those already mentioned for AC MG. However, in the DC MG, the DC

is the single variable to be controlled. The most popular control approaches can be

categorized as follows [134, 136]:

• Droop-based control: This control approach also represents the most popular

approach to support the autonomous operation of DC MG, with several subcate-

gories of droop-based controls discussed in the literature [139]. Similarly to AC

MG, the basic principle is the incorporation of proportional control rules through-

out the MG’s DER in order to obtain a distributed and communication-free

primary control of the MG. However, for DC MG, the droop-based controllers

aim to regulate the DC voltage in the DC MG as a function of the DER’s active

power or current outputs. As exemplified in Figure 2.23, the DC voltage reference

(V∗dc) is function of the output power (Po) or output current (Io) [136].
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Figure 2.23: Example of droop characteristics for DC MG: Active power - DC voltage droop
(left) and DC current - DC voltage droop (right) [136].

• Master-Slave control: The operation principles of this control approach are

similar to those discussed for AC MG, but aiming to control the DC voltage in

the DC MG. In this approach, the dominant DER can be assigned to control MG’s

DC voltage within a permissible range, being the remaining units controlled

as power and current sources [136, 139]. This approach is more difficult to

expand and its reliance on communications and on a single master unit poses

important reliability challenges. However, regarding its reliability drawbacks, an

hierarchical control approach can be adopted in order to hierarchically assign the

master role to other DER in case of outage of the current master DER unit [136].

The secondary control for DC MG follows the rationale already described for AC

MG. In DC MG, the secondary control aims to restore the reference DC voltage for the

MG after every change of load or generation inside the MG [139].

Regarding the tertiary control, it aims to optimize the operation of the DC MG in

islanded mode, or to regulate the active power exchanged with the upstream power

system when the DC MG operates in grid-connected mode [134]. However, in grid-

connected mode, the interface of the DC MG with the upstream power system involves

a power converter at least if the upstream power system is an AC system. In this

case, the power exchanged between the DC MG and the upstream power system is

regulated by adjusting the phase angle and voltage magnitude in the power inverter

(in the upstream grid side), which in turn can obtain the desired net power from the

DC MG by regulating its DC voltage or using other control capabilities.

2.3.3 Hybrid AC/DC Microgrids

The total replacement of distribution AC networks by DC networks is unlikely. The

existence of AC loads and AC DG units is expected to persist in the future, which

are more efficiently integrated in AC systems. For that reason, structures such as

Hybrid AC/DC MG (HMG) combining the merits of both AC and DC systems and
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suitable control methodologies have been considered in the recent years in the literature

[32–34, 128, 140].

2.3.3.1 Independent AC and DC Sub-Grids

Different topologies can be adopted for HMG, but the most usual approach has been

the consideration of two independent AC and DC sub-grids, each one with its own

loads, ESS and DG units, built to minimize power transfer between the two in order to

minimize power losses during the conversion process [32–34, 71, 128]. In this regard,

the most important identified configurations can be divided according the illustration

presented in Figure 2.24.

Figure 2.24: HMG architecture classification for independent AC and DC sub-grids [71].

• Coupled AC Configurations: In this configuration, the AC sub-network is di-

rectly connected to the upstream power system through a power transformer,

usually a conventional LFT. In this case, the upstream system determines the

operation of the AC sub-network. Additionally, the development of a coupled

AC network is less expensive than the decoupled one, since a smaller AC/DC

converter can be adopted just to handle the power flow between the utility grid

and the DC network.

Within this configuration, two categories can be named: the completely isolated

and the partially isolated configurations [71]. The completely isolated configura-

tion offers the advantage of providing galvanic isolation to all HMG. Moreover,

a LV AC/DC converter can be utilized since it connects directly to the LV AC

network. In the partially isolated configuration, the AC/DC converter is directly

connected to the upstream system. If offers the advantage of allowing a lower

rated power for the LFT in comparison to the completely isolated configuration.

However, no galvanic isolation is provided to the DC network.
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• Decoupled AC Configurations: In this configuration, both AC and DC sub-

networks are decoupled from the upstream power system through electronic

power converters. This type of configuration has been gaining interest in the

recent years because it offers important advantages in comparison to the coupled

AC configurations [71]. Since the HMG is decoupled from the upstream system,

this configuration provides fault isolation and independent control strategies

for both AC and DC sub-networks. Moreover, the power interface device is

responsible for the power flow monitoring and control of the entire HMG, an

important feature that may be utilized for the coordination with upper level

control platforms such as the supervisory control and data acquisition (SCADA)

systems managed by electric companies.

This configuration is particularly suitable for the integration of SST [71]. Al-

though, two-stage SST configurations are the most simple approaches for the

formation of HMG in terms of conversion stages, three-stage SST configurations

have gathered increasing attention due to its potential advantages regarding ad-

vanced control functionalities it may provide. The three-stage SST configurations

have been regarded as the most promising for a maximum exploitation of the

control capabilities offered by the ST concept [41].

Being the HMG a combination of AC and DC MG, the most popular primary

control approaches for HMG draw much of the ideas developed for AC and DC MG.

For that reason, the most popular primary control approaches for HMG are based on

the principles of master-slave (including hierarchical approaches) and droop-based

control approaches [32, 34, 141]. Secondary and tertiary control strategies designed

for HMG have been gathering research interest as well [141, 142]. An example of a

droop-based control approach for HMG is illustrated in Figure 2.25 [141], which shows

the implementation of a droop-based controller for power sharing between AC and

DC sub-grids through an interlinking converter, correlating the DC voltage (Vpu) in the

DC side with the frequency in the AC side ( fpu).

Figure 2.25: Proportional power sharing in HMG (a); Hybrid AC-DC droop with dead-zone (b)
[141].
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2.3.3.2 Meshed Hybrid AC/DC Microgrids

Alternatively to the HMG topologies based on independent AC and DC sub-grids,

meshed HMG topologies have been proposed in recent years [143–145]. In comparison

to HMG topologies based on independent AC and DC sub-grids, meshed HMG offer

more than one connection point between AC and DC sub-grids, effectively creating a

meshed network involving AC and DC sub-grids, as in the example represented in

Figure 2.26.

Figure 2.26: ST-based HMG [143].

The meshed HMG topologies are largely derived from the broader meshed hybrid

AC/DC distribution grid concept [143, 146, 147], with the Smart-Transformer (ST)

concept assuming a central role [143–145]. From the existing research related to

meshed hybrid AC/DC distribution grid it is likely to infer that, comparatively to

HMG based on independent AC and DC sub-grids, meshed HMG can offer improved

flexibility, reliability, voltage profiles and losses reduction, and offer higher potential to

postpone or avoid the reinforcement of distribution grids [146, 147].

However, to the best of the author’s knowledge to date, the exploitation of control

and operation architectures for meshed HMG, even if based on the ST concept, remains

very limited in the literature with regard to all its potentialities. Broadly, the HMG

concept based on ST continues to have important literature gaps regarding control and

operation capabilities addressing its autonomous operation and the provision of grid

support capabilities.

2.3.4 Multi-Microgrids

Under the Multi-Microgrid (MMG) concept, the many MG concepts previously ad-

dressed (AC MG, DC MG and HMG), jointly with MV loads and DG integrated at the

MV level, are integrated in a higher level structure formed at the MV level capable to

operate in islanded mode in the advent of loss of the upstream power system. There
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are several MMG architectures proposed in the literature, which may be classified

according the following categories:

2.3.4.1 AC Multi-Microgrids

This category aggregates all MMG architectures involving solely AC grids, and is

currently the most investigated category in the literature [81, 84, 148]. Topologies for

AC MMG range from totally coupled AC grids [81, 148] to topologies using electronic

power interfaces, most notably the SST and ST concepts, between individual MG

and the rest of the AC MMG [84, 85]. An example of a totally coupled AC MMG is

illustrated in Figure 2.27.

Figure 2.27: Example of an AC MMG [148].

Hierarchical control approaches for AC MMG have been discussed in the literature

as well [81, 149, 150]. An example of an hierarchical control approaches for AC

MMG is illustrated in Figure 2.28 [81]. At the top of the hierarchy, the Distribution

Management System (DMS) is under the responsibility of the Distribution System

Operator (DSO). The Central Autonomous Management Controller (CAMC) represents

the intermediate managing control structure responsible for the MGG. The CAMC can

react to power system frequency changes or to other disturbances such as load loss

during islanded operation of the MMG, adjusting as necessary the power set-points

for all MG (through the respective MGCC) and resources integrated at the MV level

constituting the MMG [81]. The CAMC can be seen as one DMS application confined

to the management of the part of the distribution network constituting the MMG. The
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MGCC is available in each MG and is responsible for the direct management of the

MG, but subordinated to the control actions issued by the CAMC.

Figure 2.28: Example of a hierarchical control scheme for AC MMG [81].

2.3.4.2 DC Multi-Microgrids

This category aggregates all MMG architectures constituted solely by DC grids. The

DC MMG topologies proposed in the literature include both radial configurations

[86–88] and meshed configurations as the example illustrated in Figure 2.29 [151].

DC MMG aim to exploit the same fundamental advantages already identified for DC

MG but expanded to the MV level. Theoretically, the hierarchical control approaches

already identified for AC MG and AC MMG can be adapted for DC MMG as well.

Figure 2.29: Example of a DC MMG [151].
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2.3.4.3 Hybrid Multi-Microgrids

In spite of AC and DC MMG encompassing most of the MMG architectures proposed

in the literature, hybrid AC/DC MMG (HMMG) constitute the most promising MMG

architectures given its enhanced potentialities resulting from the combination of the

inherent qualities of AC and DC grids. However, in spite of very recent developments,

the research around this concept remains in its early stages, with a limited number of

works found in the literature [89–92, 152, 153].

The most classical approaches suggest the use of AC/DC and DC/DC power

converters to interface several AC and DC MG and other DER [90, 152]. However, the

concept of energy router was also introduced to HMMG, offering a more promising

approach to enhance communication and control capabilities of a HMMG [89, 153].

The energy router concept is not exclusive for HMMG, and three main approaches

have been proposed: Based on Power Line Communications (PLC), based on SST

and based on DC-links or Back-to-Back converters [89, 153]. In this regard, the ST

concept (based on SST) starts to be considered as a possible building block for future

HMMG given its unique characteristics and control potentialities, but the research in

this possibility remains very limited [91, 92]. An example of what can be classified as

a very simple HMMG architecture based of ST is illustrated in Figure 2.30, where a

HMMG is formed by connecting two ST, each one forming its MG, through a MV DC

line connecting the MV DC buses of both ST.

Figure 2.30: Example of a HMMG using ST [92].

The HMMG based on ST addressed in [91, 92] can theoretically be further expanded

to develop the concept of HMMG with multi-terminal MV DC. In general terms, this

concept consists in the interconnection of two or more ST based HMG through their

MV AC and MV DC connections, creating thus a MV DC network with two or more

interconnection points with the MV AC network. Such architecture can enable the
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integration of large scale PV generation, ESS and EV charging sites directly to the MV

DC level. Besides providing all the benefits offered by DC networks for the integration

for this kind of DER, a HMMG with multi-terminal MV DC can enable the integration

of large scale DER units with lower requisites in terms of rated power for the ST

interfacing the MV DC sub-network with the main power system. Comparatively to

what would be needed for a HMG interfaced through a single ST with the main power

system, the burden posed by the active power demand/generation of a given large

scale DER resource can be shared by several ST. The combination of this architecture

with advanced control functionalities involving the ST and the DER available in the

HMMG with multi-terminal MV DC would theoretically enable an optimal operation of

all HMMG, minimizing losses and overload situations with the respectively necessary

power curtailments.

Moreover, such architecture harbors the potential to increase overall reliability

indexes. Some of the most relevant possibilities regarding this can be inferred from

existing research voted for multi-terminal DC grids [154–156]:

• Instead of a single DC/AC interface, a given large-scale DER can make use of all

ST available in the network to interface with the main power system.

• In case of fault disturbances in the MV AC network such as a voltage sags, the ST

must be able to provide FRT but a ST may be unable to balance the active power

in its MV DC link if the currents in the MV inverter saturate at its maximum

limits. In such cases, the existence of a DC link connection between several ST

can be used to balance the active power between different ST in order to reduce

the probability of such occurrences. The distribution of the active power using

a MV DC grid connecting several ST can be optimized throughout the HMMG,

making a shared use of the existing energy storage capacity and controllability

of the ST’s HMG.

• MV DC networks can be built underground with reduced power losses compar-

atively to an equivalent MV AC network built using underground cables (no

reactive currents). Consequently, wider underground DC grids become more

appealing comparatively to current applications where MV AC grids based on

overhead power lines are nowadays preferable. This potential shift to under-

ground DC grids also offer better immunity against fault disturbances caused

by natural phenomena in comparison with an equivalent MV AC grid based on

overhead power lines.

Nevertheless, ST based HMMG with multi-terminal MV DC remain practically unex-

plored in the literature.
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2.4 Advanced Functionalities for Hybrid Microgrids and

Multi-Microgrids based on Smart-Transformers

Increasing penetration ratios of DG and EV in distribution networks are expected to

cause adverse impacts in the power systems. Thus, besides new grid architectures,

additional control capabilities will be required in order to mitigate those impacts. Due

to its architecture and ability to fully control its terminal voltages and currents, the

ST can enable such control capabilities and new network architectures in addition to

isolation and voltage scaling [47].

With the ST at its core, HMG and HMMG configurations constitute the most

promising approach to respond to the expected increasing penetration ratios of DG,

EV and ESS in distribution grids. In this scope, this section presents a literature

review of the main technical adverse impacts expected to become prominent in power

systems as the penetration ratios of DG, EV and ESS in distribution grids increase, and

which advanced control functionalities HMG and HMMG based on ST can provide to

address those challenges. This includes a review of the potential and already developed

solutions offered by the ST in this domain. Nevertheless, the main technical challenges

facing the integration of HMG and HMMG based on ST are also addressed.

2.4.1 Voltage/Var Control in AC Grids

Increasing penetration ratios of DG are expected to affect the system’s ability to

perform voltage control. Such impact should affect not only at a specific grid section

with high penetration of DG, but also system voltage stability [157–159]. Regarding

distribution networks, the proliferation of DER is expected to affect the capability

to perform voltage control in both MV and LV AC networks. In distribution AC

networks, most of DG units based on power electronics are set as grid-following units,

and thus, without intrinsic voltage control capabilities [160]. Depending on the possible

intermittency of the resource exploited by DG, on the volume and distribution of DG in

the distribution grid, and on the X/R characteristic of the distribution grid, the absence

of voltage control capabilities on DG is expected to increase the frequency and severity

of over-voltages in distribution networks in face of increasing penetration ratios of

DG. By another hand, the proliferation of EV connected to distribution networks are

expected to originate more frequent and severe voltage dips in distribution networks,

as the overall load increases.

Currently, several solutions capable to provide voltage regulation to AC distribution
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networks are already available as industrial products. Regarding regulation of voltage

levels in AC LV networks, the traditional LFT can be extended with automatic on-load

tap changers, without compromising the robustness nor the high efficiency of the

LFT [161, 162]. Such an arrangement is known as Voltage Regulation Distribution

Transformer, and commercial solutions are readily available. Other well established

and mature technologies are also available as industrial products, such as the Dynamic

Voltage Restorer (DVR) [163, 164], the Static Var Compensator (SVC) [165] and the

STATCOM [166, 167], which can be installed in any location of the AC distribution

networks.

However, the aforementioned solutions may be insufficient in face of increasing

penetration ratios of DG. Thus, the incorporation of voltage/Var control capabilities

in DG and even in EV connected to AC distribution grids has been a subject of great

interest in the literature [168–170], with centralized and distributed approaches being

proposed [171–176]. The DG and EV units itself can be used to regulate the voltage

levels and voltage unbalances across the AC distribution network through the control

of its active and reactive power output.

Meanwhile, several countries have already adapted their grid-codes in order to

specify the connection requirements for DG for the provision of voltage regulation to

AC distribution networks [177]. As exemplified in Figure 2.31, DG units can participate

in voltage regulation on AC distribution networks by adjusting their power factor (PF),

with both dynamic (e.g. power factor as a function of voltage (V(%))) and static (e.g.

power factor as a function of output active power (P/Pn)) control approaches being

suggested.

PF

Figure 2.31: Typical requirements for power factor variation range in relation to the voltage
(left) and static power factor–voltage regulation as a function of the active power in
the German grid code (right) (adapted from [177]).

In this scope, the HMG and HMMG based on ST offer additional possibilities to
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improve voltage regulation in AC grids. By one hand, by making use of the ST’s

capability to provide independent voltage regulation through its MV and LV inverters.

In fact, the decoupled operation of the MV and LV inverters in terms of voltage/Var

regulation represents a strong aspect of the ST. By another hand, by the fact that a

share of the load and DER may be located in the DC sub-networks, being thus shielded

from voltage variations and disturbances affecting AC grids.

It is already shown in the literature that the voltage levels in a MG connected to the

upstream grid solely through a ST can be independently regulated [178, 179] while the

ST’s MV inverter provides voltage/Var regulation to the upstream system [180–182].

Since the provision of reactive power to the MV network does not need to involve the

MG, additional energy losses are avoided in the MG. However, voltage levels in the

MG can also be exploited to help the ST’s MV inverter in the provision of voltage/Var

control to the upstream grid, by exploiting MG’s load voltage sensitivity in order to

reduce the active power consumption in the MG [182, 183]. Moreover, the ST can

also compensate voltage unbalancing in MG through the injection of a zero sequence

voltage [184], and in MV networks by controlling of positive and negative voltage

sequences generated by the MV inverter [178]. The ability of the ST to aggregate

several capabilities regarding voltage/Var control is thus notorious, making it an

attractive technical solution. From the system operators’ point of view, the ST offers

the possibility to consider a single unit instead of several distributed resources and

other resources available in a given MG.

The research on voltage/Var regulation in HMG based on ST starts to be addressed

in the literature [143]. In [143], the voltage levels in the LV AC sub-grid are kept on

track by diverting the excessive load to the LV DC sub-grid through AC/DC converters

interfacing AC and DC sub-grids and by having the DG units connected to the LV DC

sub-grid.

However, the existing work regarding voltage/Var control in islanded MMG based

on ST remains very limited in the literature, but this capability is deemed possible

in existing research related to islanded MMG based on ST [84, 185]. Regarding

voltage/Var regulation in HMMG based on ST, no reference in the literature was

found.

2.4.2 Frequency Regulation and Support

A large penetration of DG units is also likely to affect the system's ability to regulate

frequency, as the classical generation systems having the responsibility of this task
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are progressively decommissioned. Most of DG units based on power electronics,

connected to AC networks, are set as grid-following units [160], with no inherent capa-

bilities to react with injected\absorbed active power in face of frequency disturbances

as synchronous machines would do [186]. Without additional control mechanisms,

DG units will freely ride on the efforts of the transmission grid operator to maintain

system frequency [25, 187]. In order to address this subject, regulatory measures have

been taken by many countries. For example, in EU, frequency sensitive operation

modes (under and over frequency) are already mandatory from grid codes [188]. The

active power reduction in case of over-frequency according to the German grid-code is

exemplified in Figure 2.32 [177].

Figure 2.32: The active power reduction in case of over-frequency according to the German
grid-code (adapted from [177]).

For that reason, the incorporation of frequency support capabilities in DG and even

in EV has been a subject of great interest in the literature [187, 189–191]. Moreover, the

use of ESS for this purpose has been widely considered as well, alone or combined

with DG units [192–194]. Some DG technologies, such as PV or wind generation

systems, are usually set to extract the maximum available power from the primary

resource in order to maximize profitability. In these cases, these DG technologies

cannot provide additional power in order to provide support to a decreasing frequency

in the system. The association of ESS would provide proper power reserve capabilities

for an adequate amount of time. Another possibility is the operation of these systems

below its maximum extractable power (in de-load mode) in order to allow an acceptable

power reserve [191].

In this scope, the ST offers a wider range of control possibilities. If the ST is part

of an islanded MMG or is sustaining an islanded section of the MV grid, the direct
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control of the frequency generated by its MV inverter can be a suitable approach.

However, if connected to a wider power system, the most suitable approach for the ST

to participate in frequency regulation and support to the upstream power system is by

regulating the active power in its MV inverter interface. Such objective can be attained

by using energy storage or by regulating the net power of its MG or distribution

network using the voltage and frequency as control variables.

2.4.2.1 Using Energy Storage

The use of energy storage is a relatively simple approach to obtain the required

power modulation necessary to provide frequency support to the power system and to

compensate the variability of RES. The ST can easily integrate ESS through its DC-link

connectivity, which can potentially be dispatched by the system operator or incorporate

advanced control functionalities capable to adjust its power output as a function of

the frequency in the upstream system. The use of ST’s energy storage capacity for

frequency support and regulation in islanded MMG is addressed in [84, 185], but its

application to provide frequency support to the wider upstream AC power system

remains largely unexplored.

2.4.2.2 Using Frequency Regulation

An important feature of the ST is the possibility to control the frequency in its MG

independently of the frequency verified in the upstream AC system. This capability

has been explored in the literature for several purposes. In [195, 196], the ST regulates

the frequency in its MG in order to manage overload situations. The DG units available

in the ST’s MG are equipped with active power - frequency droop controllers, which are

used by the ST to reduce their generated power by regulating the frequency in the

MG. In [197], a frequency-adaptive ST is proposed, able to flexibly modify the LV side

frequency with the purposes of achieving power sharing among different DG units

and establishing power balance between production and consumption. According to

[197], overload and reverse power flow issues can be largely avoided and therefore the

power rating of controllable load or storage units can be reduced.

However, the application of such capability in ST-based MG to provide frequency

support to the upstream power system remains largely unexplored in the literature.

The ST can exploit actively controllable resources at its disposal in its MG, sensitive to

LV network frequency, in order to obtain the power regulation necessary to provide
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frequency support to the power system. Naturally, for ST-based HMG and HMMG,

the frequency regulation capability is only applicable for the AC sub-networks.

2.4.2.3 Using Voltage Regulation

The ST is also capable to take advantage of its voltage control capabilities over its

MG in order to regulate the net active power of the ST’s MG, by exploiting the

voltage sensitivity of the resources connected to the LV grid fed by the ST. For the

same purpose, it can also exploit the controllability of DER incorporating power

control functionalities (such as voltage-active power droop controllers) sensitive to

voltage levels in the distribution network. An interesting advantage of this approach,

comparatively to the use of frequency regulation, is that it can be applied to both AC

and DC sub-networks constituting a hybrid AC/DC network.

However, the application of this capability to ST-based MG is far from being

extensively explored in the literature. This capability is partially explored in [181, 198],

where the ST controls the active power demand in its LV AC network in order to

provide frequency support to the upstream system. In this case, the ST only explores

the passive load voltage sensitivity of its AC distribution network for that purpose.

The inclusion of DER capable to actively adjust their power output as a function of

the voltage levels is not considered. With regard to ST-based HMG and HMMG,

the application of this capability, exploiting also the controllable DER connected to

both AC and DC sub-networks and capable to actively adjust their power output as a

function of the voltage levels, remains unexplored in the literature.

2.4.2.4 Frequency and Voltage Regulation Strategies from non-ST-based HMG

HMG based on ST offer the possibility to provide frequency regulation and support

to the upstream system not only by regulating voltage and frequency levels in its AC

sub-grid, but also by regulating voltage levels in its DC sub-grid. Thus, HMG offer

extended control possibilities in this regard comparatively to single AC or DC MG.

However, the application of these control possibilities to ST-based HMG is still lacking

proper investigation in the literature.

Nevertheless, there are several strategies for frequency regulation and support

proposed for hybrid AC/DC networks not based on ST that can be potentially trans-

posed to ST-based HMG [32, 34]. Among the investigated approaches, droop based

controllers have been the most popular, such as voltage-active power, frequency-active

power and voltage-current droop based controllers [32, 34].
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Furthermore, communication based control strategies are also potential candidates

for ST-based HMG, since the ST is expected to possess enough processing and com-

munication capabilities to implement such approaches [47]. An overview of potential

communication-based candidates is presented in [34]. From these, centralized control

strategies are possibly the most straightforward approach given the central role of the

ST in the management of its HMG.

2.4.3 Inertia Emulation

In a more global/systemic scope, large scale integration of DG is expected to reduce

overall system inertia in a business as usual scenario. Nowadays large synchronous

generators are fundamental to provide inherent inertia and power–frequency control

capabilities to the system. Although it provides immediate power injection/absorption

for a limited amount of time, it usually proves crucial to avoid the collapse of the

entire system following a large load–generation unbalance which directly affects grid

frequency and its rate–of–change over time. In comparison, DG units based on power

electronics don’t inherently provide inertia to the system. Without inertia emulation

capabilities, theses systems do not provide meaningful contribution to system stability

during large transient events [199, 200]. In order to address this limitation, the inclusion

of inertia emulation capabilities in power electronic interfaced DG, and even in EV

chargers, has been addressed in the literature [201–203].

The ST offers the possibility to provide inertia emulation to the upstream system

acting as a front-end of its distribution network, from the perspective of the upstream

grid. Such capability is partially explored in [204, 205], where the ST controls the

active power demand in its LV AC network in order to emulate inertia to the upstream

system, through the regulation of the voltage levels (exploring load voltage sensitivity)

in the LV AC network.

Nevertheless, other resources and methodologies can be employed to obtain inertia

emulation. The ST can easily integrate ESS through its DC-link connectivity, which

can potentially incorporate inertia emulation functionalities. The ST can also exploit

actively controllable resources, incorporating advanced control strategies sensitive to

frequency and voltage variations, available in its distribution network. In this case,

the ST can obtain a proper active power modulation suited to mimic inertial behavior,

by modulating the frequency (AC LV network only) and voltage in its distribution

network. However, these possibilities remain largely unexplored in the literature.
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2.4.4 Fault-Ride-Through Capabilities

In comparison to traditional LFT, the ST hardware has lower robustness with respect

to short-circuit currents and no inherent FRT capabilities, a common limitation of

electronic power converters in general [206]. The incorporation of FRT capabilities

in electronic power inverters represents a major concern widely addressed in the

literature [206], especially for Distributed Generation (DG) [207–210].

Nevertheless, the incorporation of FRT capabilities in ST remains largely unexplored.

For a grid section fed by a ST, FRT capability is a major concern regarding continuity

of supply. There are several FRT approaches already proposed in the literature for grid-

following and grid-forming MV inverters [210–213]. However, none of the proposed

approaches addresses its application to the ST and its particularities.

By one hand, it must be considered that the ST may be required to support the

transition of a MMG or a section of a MV network to islanded mode, following a

fault disturbance in the upstream system. The ST must remain connected while the

MMG, or a section of a MV network where it connects to, is not isolated from the fault

disturbance occurring in the upstream grid. If no proper FRT capabilities are available

in the ST’s MV inverter, the ST will not stand against the adverse conditions during

the time interval between the appearance of the fault and its clearing, thus making it

unavailable to support the islanded operation.

By another hand, it is also interesting to consider a ST without adequate energy

storage capacity to operate its distribution grid in islanded mode alone. In such

cases, in face of fault disturbances in the upstream system, the ST’s MV inverter must

remain connected and be able to mitigate the adverse effects of grid disturbances in its

distribution grid. Without proper FRT capabilities available in the ST’s MV inverter,

the continuity and quality of service of the distribution grid will be compromised.

Moreover, the existence of proper mitigation of the adverse effects of grid disturbances

may avoid the disconnection of DER located in the ST’s distribution grid without FRT

capabilities by their own. Naturally, the investigation of FRT capabilities for HMG and

HMMG based on ST remain unexplored as well.

2.4.5 Islanding and Reconnection Capabilities on Meshed MG

Islanding and reconnection capabilities are fundamental features of MG. Such capa-

bilities are widely investigated for AC MG [214–217]. The most important requisite

to perform a successful islanding procedure in an MG is the existence of a slack unit

or units capable to internally balance the power demand in the MG. Given this, the
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islanding procedure can be planned or unplanned (i.e. following a fault disturbance,

blackout or power outage affecting the upstream power system). But in order to

execute a smooth reconnection procedure of an islanded AC MG to the upstream

power system, a previous synchronization of voltages, frequency and phase angle in

both sides of the point of common coupling is required [215, 216].

However, research regarding reconnection capabilities in AC MG integrated in

meshed distribution grids and meshed MMG remains very limited in the literature.

This mainly results from the fact that meshed operation of distribution grids has

historically not been the preferred approach, in detriment to radial configurations

which offer unidirectional power flows and simpler and more efficient protection

schemes [218]. The implementation of meshed AC distribution grids needs to address

important challenges such as coordination of protection schemes, voltage regulation,

power flow control, and limitation of higher short-circuit currents [218–221]. In fact,

the interest in meshed distribution grids seems to have grown as a result of the

expected increase in DG integration in distribution AC grids. Comparatively to radial

distribution AC grids, meshed distribution AC grids have the potential to accommodate

higher shares of DG, while providing a more uniform power flow, improving voltage

profiles, reducing power losses and balancing the exploitation of lines and transformers

[218]. Nevertheless, islanding and reconnection capabilities for meshed AC MG started

to receive attention very recently [222].

The introduction of power converters as interfaces between MG and the upstream

power system opened a new range of control possibilities in this regard [223, 224].

Using back-to-back power converters to connect different AC feeders in order to

form meshed grids greatly improves power flow and voltage control capabilities [223].

Further improvements could be envisioned by considering the ST concept as a key

element in meshed distribution grids, specially with the emergence of ST-based meshed

HMG and HMMG [143, 145, 146]. Besides the desired islanding and reconnection

capabilities, ST-based meshed HMG and HMMG offer higher potential to improve grid

flexibility and reliability, improve voltage and grid losses profiles, and postpone or

avoid the reinforcement of distribution grids [146, 147]. This subject may be of major

importance to improve reliability of meshed MG against fault disturbances within

the MG itself, by enabling the isolation of a faulty feeder section and its posterior

reconnection after the fault origin is resolved, without compromising the operation

of the remaining MG. However, the application of such capabilities for ST-based MG

remains mostly unexplored in the literature. Some interest starts to emerge for ST-

based meshed AC MG [123, 225]. In [123, 225], communication-based strategies are
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proposed to synchronize and reconnect two AC feeders (one fed by a conventional

transformer and another fed by a ST), by exploiting the frequency and voltage control

flexibility of a ST’s LV inverter feeding one of the AC feeders.

However, no specific research in this matter was found for ST-based meshed HMG

and HMMG. Worth to mention that the availability of DC sub-grids in meshed HMG

and HMMG offer increased potentialities in this matter, as offline AC feeder sections

can be energized from the DC sub-grid while their regular connection point to the

AC grid is not reestablished. Additionally, communication-free strategies to perform

synchronization between different AC and/or DC feeders within a ST-based meshed

HMG or HMMG are lacking proper investigation as well.

2.4.6 Other Capabilities and Applications

Besides the already described capabilities and applications, further ST applications

and control capabilities are worth mentioning.

2.4.6.1 Load Sensitive Identification

Among the advanced functionalities already addressed in the literature is the ST

capability to provide load regulation and load sensitivity identification [226, 227]. The

ST can explore the load dependency on voltage to calculate how the load in a LV grid

varies with changes in voltage [226]. Using that information, it is possible to actively

reduce the load in a LV grid by reducing the grid voltage, in order to avoid load

shedding [227]. Although the performed load reduction is only possible in a relatively

narrow band, it may be sufficient to solve, for example, overload problems in the ST

without load shedding.

2.4.6.2 Self-Healing and Black-Start

The provision of self-healing capabilities for smart-grids based on ST is also demon-

strated in the literature [228]. In order to improve reliability under disruptive events,

coordination strategies for ST suited to provide healing capabilities and collective

decision-making are proposed [228]. It is shown that a higher number of ST using this

advanced functionality and coordinated among themselves can increase the reliability

and the capability of a network to survive against disruptive events such as cascading

failures or cyber-attacks [228].

The application of black-start strategies for MG and MMG by exploiting ST is also

demonstrated in the literature [85, 229]. In [85], a set of procedures to integrate ST in



48 microgrids and smart-transformer development

the MMG restoration process following a blackout event is proposed, where the need

for power-frequency control and the coordination of the several resources connected to

MV and LV grids are addressed. In [229], the emergency restoration of MG following

a islanding procedure is addressed.

2.5 Technical Challenges

In spite of its potential, there are important technical challenges the ST must overcome

in order to become an viable industrial solution, and consequently, enable the imple-

mentation of HMG and HMMG based on ST. It is expected that those challenges will

be surpassed in the future, but the main consensus is that the ST will take some time

until it become industrially attractive. The most relevant challenges are enumerated as

follows:

• Efficiency: The main task of LFT in distribution grids is to provide galvanic

separation and voltage scaling, ideally with very low losses. The efficiencies of

typical oil-filled 1000 kVA LFTs are well above 99% for most of the load range

[45]. However, the highest efficiencies values reached so far by SST do not match

yet those provided by LFT [230]. The best industrial SST systems realized so far

are generating about 3 to 6 times higher losses than a comparable LFT [45].

• Costs: Currently there are no ST products that would allow a direct comparison

of prices. In general, the cost of a SST can be estimated based on the type, con-

figuration, and control of the power electronic converters used in all stages, cost

of auxiliary circuits (driver circuits, instrumentation circuits, etc.), filter circuits,

cooling systems, communication devices, protection devices, and electromagnetic

interference protection devices [230]. Estimations of the material costs of a 1000

kVA SST are found to be at least 5 times higher than those of an equally rated

LFT [45].

• Robustness and Reliability: Regarding robustness and reliability, the traditional

LFT has far less components and is more robust against lightnings and severe

fault conditions like over-currents and over-voltages, which can easily damage

power electronic components. Although very high levels of reliability can be

achieved in an SST by implementing redundancy if multi-cell concepts are

employed, non-redundant subsystems such as control electronics may limit the

overall reliability of complex converter systems, in comparison to a passive LFT

[45].

• Compatibility with existing protection schemes: The protection of LV grids
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against short circuits is based on fuses and/or circuit breakers, arranged accord-

ing a selectivity approach which tries to ensure that when a fault occurs, only

the closest upstream protection device is triggered in order to contain the effects

of a fault in a section of the grid as small as possible. In order to this protection

scheme work properly, LFT are supposed to deliver up to 25 times their rated

current for at least two seconds [45]. This is not an easy task for a SST, due to

the relatively low current ratios of the most suitable semiconductor technologies

industrially available nowadays, such as the IGBT and power MOSFET. High

current ratios can be achieved associating several electronic switches in parallel,

but with a considerable increase in costs and control complexity. However, a

SST has the ability to limit short circuit currents, but the use of this nevertheless

interesting feature remains largely unexplored. Possibly, advanced protection

concepts involving communication between the SST and breakers and/or other

switching devices in the grid would be required[45].

Given this, although the current alternatives to the ST (and SST in general) usually

provide narrower control ranges, they are still often sufficient nowadays, thereby

retaining the high efficiency and robustness of an LFT or limiting the power processed

by power electronic stages to only a fraction of the total power. However, the validity

of this consideration in face of higher penetration ratios of DG in future power systems

must be evaluated. In face of the expected adverse effects of high penetration ratios of

DG and EV on power system's operation and control and the consequent increased

necessity for controllability, demands for new alternatives such as the ST, which is

expected to have a key role in the future power systems.

Though, there are already some specific cases identified in the literature where the

application of the Smart Transformer in the distribution grids is considered already

feasible at least in a near future [45]:

• AC-DC Applications: ST can provide a DC interface that can be used to, for

example [45]:

– connect a PV generation unit or a large energy storage system to the MV

grid

– interface a DC Microgrid to the MV network,

– connect a fast EV charging station that can also provide ancillary services to

the grid if not in operation,

– directly supply servers in a data-center from MV.

In such cases, the LV-side DC-AC conversion stage of the ST is not needed,
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making the costs of a solution based on a ST close to those of a solution based on

a LFT [45].

• DC-DC Applications: If galvanic isolation and/or a significant step-up or step-

down of the voltage is required in DC distribution networks, a magnetic trans-

former must be used, and thus, there is no alternative to using a conversion

system that can be seen as a ST [45].

2.6 Final Considerations - Literature Gaps

From the presented literature review, an important set of literature gaps regarding

advanced control functionalities for ST-based HMG and HMMG were identified. Given

the extent of the identified research gaps, it is not possible to address all of them with

the deserved detail in this thesis. Thus, only a set of selected research topics, deemed

as the most relevant according to the author’s view, constitute the core background of

the research plan for this thesis:

• Power–Frequency support to the power system: Power–Frequency support to

the power system using the ST and ST-based HMG requires further investigation,

namely using energy storage associated to the ST and the controllability of all

the DER available in the ST-based HMG.

• FRT capabilities for ST: The incorporation of FRT capabilities in ST requires

further investigation, namely in the following situations:

– A ST has no adequate energy storage capacity to sustain islanded operation

of its HMG following a fault disturbances in the upstream power grid.

– The islanded operation of a section of a legacy MV AC network is to be

supported by ST following a fault disturbances in the upstream power grid.

– A ST-based HMMG should transit to islanded mode following a fault

disturbances in the upstream power grid, and ride through fault disturbances

occurring within the HMMG itself.

• Reconfiguration of grid sections within HMMG: The involvement of ST in

the reconfiguration of grid sections within HMMG between radial and meshed

configurations without interruption of supply requires further investigation,

namely in the development of communication-free reconfiguration strategies.



Chapter 3

Modeling Principles for Hybrid

Microgrids

The work developed in the scope of this PhD thesis resorted to computational simu-

lation models to identify and develop advanced control strategies suited to address

the previously identified research questions. In order to develop the computational

simulation models, the following main steps were taken:

• Evaluation of the most appropriate computational modeling techniques and

simulation approaches upon which the developed computational models will be

based.

• Evaluation of existing low-level control solutions for voltage and current control

in power electronic converters, suited for the power conversion stages constitut-

ing the developed models for Smart-Transformer (ST) and Distributed Energy

Resources (DER).

• Development of advanced control functionalities for ST, aimed to enable advanced

control strategies for Hybrid AC/DC Microgrids (HMG) and Multi-microgrids

(HMMG). These developments represent the main contribution of this thesis, and

are separately presented in chapter 4.

• Development of computational models for HMG and HMMG using the previ-

ously modeled ST as key elements. IEEE test grids are used as reference whenever

appropriate for the modeled HMM and HMMG, with the necessary adaptations

for the inclusion of ST, DC networks and DER.
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3.1 Modeling and Simulation Approach

The computational simulation models were developed in MATLAB®/Simulink® envi-

ronment. In this environment there are several numerical methods available, grouped

in the following categories: discrete variable-step, discrete fixed-step and phasor model-

ing. In order to select the most adequate numerical approach, important considerations

were made.

First, although the ST and many DER are based on power electronic converters,

there is no need for a detailed modeling of the switching elements existing in power

converters. Such detailed modeling is required if the high frequency phenomena

occurring during the switching events were determinant for the dynamics of the

phenomena under study in this PhD thesis. The phenomena under study are to

take place at the fundamental frequency domain. However, the fastest response the

controller of a power converter can achieve is limited by the switching frequency

imposed to the power converter, thus making such high frequency phenomena mostly

irrelevant for the dynamic performance of the power converter as a controllable element

connected to a power system. Moreover, the impact of such high frequency events

are greatly attenuated by the passive elements associated to power converters (e.g.

output filters, DC link capacitors). The relevance of these considerations is that the

simulation of detailed switching elements usually requires the use of discrete variable-

step numerical approaches. In this context, discrete variable-step numerical approaches

require considerably higher computational effort and simulation times in order to

obtain a good numerical accuracy for the developed computational models. This

burden is not justifiable given the lack of relevant contribution for the dynamics of the

phenomena addressed in this PhD thesis.

Alternatively, the development of simulation models for electric power systems in-

corporating a large number of power-converter-based systems can use phasor modeling,

as evidenced in [84, 231, 232]. The phasor modeling approach has been demonstrated

to have adequate representativeness regarding the main dynamics of the system, while

demanding a low computational burden. This is achieved by neglecting the switching

nature of electronic switches in power converters, as well as harmonics. However, an

important limitation of phasor modeling is that it provides a linearized numerical

solutions for a given frequency (usually the grid frequency of the AC power system

is selected). This particularity brings important numerical accuracy challenges when

simulating computational models working with several harmonics. That is the case for
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computational models for HMG and HMMG, where DC sub-grids have a frequency

equal to zero. Possible solutions capable to conciliate several harmonics have been

presented in the literature [233, 234], but the numerical accuracy still relies in the

assumption that no significant deviations from the assumed harmonics will take place.

In the scope of the work developed in this thesis, a more attractive compromise

between simulation speed and numerical accuracy was adopted: a discrete fixed-step

numerical approach combined with a modeling technique designated as Dynamic

Average Modeling (DAM) [235, 236]. Its application on the dynamic behavior analysis

of Solid-State Transformers (SST) is demonstrated in [236], as well its advantages for

the development of transient models for real-time simulation platforms. The DAM

approach approximates the behavior of power electronic converters from a system-level

perspective by applying the moving average operator at the switching frequency to

the detailed switching model, thus removing the switching effects from the model but

preserving the dynamic behavior of the power electronic converters [235, 236]. Using

these properties, switching architectures of power converters can be represented by

equivalent controllable voltage and current sources and larger simulation time steps

can be adopted [235, 236]. Faster simulation of systems containing several power

electronic converters is thus possible comparatively to a detailed model [236]. The

equivalence between a detailed model and a model based on the DAM approach for a

SST is illustrated in Figure 3.1.

Detailed model

Model based on the DAM approach

Figure 3.1: Equivalence between a detailed model of a SST and a model of a SST based on the
DAM approach (adapted from [236]).
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In order to effectively implement the DAM approach, a switching frequency of

20 kHz was adopted, which is assumed for all power converters modeled in the

scope of the work developed in this thesis. A switching frequency of 20 kHz was

chosen given it is a relatively realistic value when considering high power electronic

converters [41, 237, 238].

It is worth to mention that the International System of Units (SI system) is adopted

for all developed computational models. Nevertheless, the results exposed in chap-

ters 5 and 6 are partially represented using the per-unit system (p.u.) in order to

facilitate the interpretation of the presented results.

3.2 Smart-Transformers: Power Converter Architectures

and Control

The computational modeling of the ST constitutes the core of the computational models

developed in the scope of this thesis, including the advanced control functionalities

proposed for ST which are described separately in chapter 4.

The base structure of the developed ST models is depicted in Fig. 3.2. A three-stage

topology is adopted for the grid-following and grid-forming ST models. A local

Energy Storage System (ESS) is also modeled. However, the operation of the grid-

following ST without available local Energy Storage System (ESS) is also considered. A

supercapacitor bank is also modeled for the grid-following ST, whose model is based

on the model developed for the local ESS. Its purpose is described in section 3.2.3.

AC
DC

DC
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DC

DC

Medium Voltage 
DC link

Low Voltage 
DC link

3ph
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network

3ph + n

LV
network

Medium Voltage 
Inverter
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Inverter

Isolated DC/DC
Converter

+ -
Low Voltage
 DC network

Local ESS 
+ -

Medium Voltage
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Figure 3.2: Overall structure of the modeled ST.

A modular approach was considered in order to improve flexibility, scalability and

replicability of the performed studies. Two distinct models for ST were developed:

a ST with its MV inverter operating in grid-following mode (hereinafter referred to

as grid-following ST) and a ST with its MV inverter operating in grid-forming mode

(hereinafter referred to as grid-forming ST). The developed models are intended to be
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as generic as possible, being able to operate with all the proposed advanced control

functionalities integrated.

Follows a detailed description of the developed computational models for ST, whose

detailed parameterization is presented in Appendix A.

3.2.1 Medium-Voltage Power Converters

The major differences between the computational models developed for the grid-

following and grid forming ST are located in the MV inverter. For that reason, the

MV inverters for grid-following and grid-forming ST are described separately in the

following subsections.

3.2.1.1 Grid-Following Converter - Base Architecture and Control

The main hardware building blocks and control structure of the MV inverter are

represented in Fig. 3.3. The advanced control functionalities proposed to be integrated

in this converter, which are under the scope of this work, are not yet illustrated in

Fig. 3.3, being its description reserved for chapter 4. This section is intended to present

a detailed description of the modeling approach adopted for the main building blocks

of the power converter stage.

In the modeled grid-following ST, the MV inverter operates in grid-following mode

and is responsible to couple the ST with the MV AC network. It is also responsible

to balance the DC voltage in the MV DC link of the ST. Controlled current sources

are used to implement the average model of the power converter and the interface

with the DC bus. The parameterization of the modeled grid-following converter is

presented in Appendix A (Tables A.1 and A.2).

Power Architecture

The power converter is modeled by a three-phase controlled current source in star

configuration with isolated neutral, but the neutral point is connected to the negative

pole of the MV DC bus in order to ensure common voltage ground references for the

MV DC bus and three-phase current source. The active power between the coupling

LC filter and the MV DC bus is described by Equation (3.1). IDCMV is the DC current

in the MV inverter, VDCMV is the DC voltage in the connection with the MV DC

bus, vabMV , vbcMV and vcaMV are the phase–phase MV AC voltages (between phases a,

b and c) in the MV inverter, and iaMV , ibMV and icMV are the AC currents in the MV
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Figure 3.3: Block diagram of the MV Inverter of the grid-following ST - base architecture.

inverter’s phases a, b and c (IACMV). Equation (3.2) defines VDCMV, where CMV is the

capacitance of the MV DC bus, and IDCMVbus is the current exchanged by all devices

and/or grids connected to the MV DC bus with CMV excluding IDCMV.

IDCMV =
1

VDCMV
[vabMV − vcaMV , vbcMV − vabMV , vcaMV − vbcMV ] ·


iaMV

ibMV

icMV

 (3.1)

VDCMV =
1

CMV

∫
(IDCMV + IDCMVbus)dt (3.2)

By using controlled current sources to model the power converter, the coupling LC

filter becomes redundant as there are no switching harmonics to mitigate. But since the

coupling LC filter still impacts the dynamics of the power converter, it was modeled

in order to be consistent with the defined hardware building blocks of the converter

while integrating also the associate dynamics response on the developed models. The

LC filter for the MV inverter was modeled according to the set of Equations in (3.3),

where LMV f is the filter inductance, CMV f is the filter capacitance, fc is the cut-off

frequency, Z0 is the characteristic impedance of the filter, VDCMVn is the nominal
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voltage of the MV DC bus and IACMVp is the peak value of the nominal AC current

of the MV inverter. A frequency of 2 kHz was considered to fc, which provides an

acceptable rejection of the harmonic content which would be generated in a detailed

model of a power inverter switching at 20 kHz (−40 dB/decade) while preserving an

acceptable control bandwidth for the power inverter.

fc =
1

2π
√

LMVf CMVf

; Z0 =

√
LMVf

CMVf
=

VDCMVn

IACMVp
(3.3)

The size of the MV DC bus capacitance also impacts the dynamics of the ST. For that

reason, the MV DC bus capacitance was modeled taking into consideration the voltage

ripple in the DC bus which would be expected at the switching frequency on a detailed

model of the MV inverter. The current flow in the MV DC bus capacitance (IDCMVcap) is

defined by Equation (3.4). Assuming that the time needed to discharge the capacitance

at the nominal value of the current IDCMV is much larger that the switching interval

of the MV inverter, Equation (3.4) can be fairly approximated by a linearized version

of it. By linearizing Equation (3.4), dVDCMV can be replaced by ∆VDCMVsw which

is the amplitude of the voltage ripple in the MV DC bus which would result from

the inverter’s switching, dt by 1/fsw where fsw is the switching frequency of the MV

inverter, and IDCMVcap by the nominal IDCMV, equal to
√

3IACMVn for a worst case.

As a result, the MV DC bus capacitance can be defined by Equation (3.5), by assuming

a maximum admissible value for ∆VDCMVsw.

IDCMVcap = CMV
dVDCMV

dt
(3.4)

CMV =

√
3 IACMVn

fsw∆VDCMVsw
(3.5)

Controller Architecture

The modeled control structure of the MV inverter is based on the Voltage Oriented

Control (VOC) approach mentioned in section 2.2.1.3. Given that this thesis is not

focused on the development of innovative low-level controllers for power electronic

converters, this choice fits well the existing needs as VOC-based approaches are

currently the most widely applied and consolidated control approaches for grid-

following power electronic converters in DER. However, the lower-level voltage control

signals, which on a VOC approach would be applied to controllable voltage sources,
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are not represented in the developed models. As controllable current sources are

used to model a current-controlled inverter, lower-level current control signals are

modeled instead. This particularity simplifies the modeling of a grid-following control

in MATLAB®/Simulink® environment without compromising the expected dynamics

for the MV inverter [236, 239].

The following control structures are identified in Figure 3.3: VDC Control / P Control,

Q Control, Current Control and ESS Control.

• VDC Control / P Control: This control structure is responsible to regulate the

voltage in the MV DC link (VDCMV) by controlling the direct component of the

reference current of the MV inverter (Id∗) according to Equation (3.6), where

|VAC+
MV| is the module of the positive sequence component of the three-phase

AC voltage in the MV inverter. For reasons related to the ESS Control, better

explained further in this thesis, a reference for the active power (P∗MV) is generated

instead of Id∗ directly. P∗MV is calculated (using a PI controller) from the error

between the measured and reference values for the MV DC voltage (VDCMV

and VDCMVn, respectively), according to Equation (3.7) expressed in the Laplace

domain. The PI controller has an anti-windup mechanism to ensure its integrator

does not accumulate beyond the output limits of the PI controller. Kp and Ki are

respectively the proportional and integral gains of the PI controller.

Id∗ =
2
3

P∗MV
|VAC+

MV|
(3.6)

P∗MV =

(
Kp +

Ki

s

)
(VDCMVn −VDCMV); P∗MV ∈ [−PMVn, PMVn] (3.7)

• Q Control: Constitutes the base control structure for the reactive power ex-

changed with the MV AC network. The reference reactive power (QMVsp) is used

to control the quadrature component of the reference current of the MV inverter

(Iq∗) according to Equation (3.8).

Iq∗ =
2
3

QMVsp

|VAC+
MV|

(3.8)

• Current Control: This control structure is responsible to regulate the reference

currents for the the MV inverter. The three-phase reference current IACMV is

expressed by Equation (3.9) generated by applying the inverse Park Transfor-

mation given by Equation (3.14) to the references for direct and quadrature

current IdMV and IqMV. ωt is the angular position measured from the MV AC
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grid voltage. IdMV and IqMV are generated by PI controllers processing the error

between the limited reference currents Id∗lim and Iq∗lim (generated by VDC Con-

trol / P Control and Q Control) and the respective measured Id and Iq, according to

Equations (3.10) and (3.11) in the Laplace domain. Kp1, Kp2 are the proportional

gains of the PI controllers, Ki1, Ki2 are the integral gains of the PI controllers,

and Id and Iq are measured applying the Park Transformation given by Equa-

tion (3.13) to the current measured after the LC filter IACMVg, as expressed in

Equation (3.12).

IACMV = A−1
P Idq0; Idq0 =


IdMV

IqMV

0

 (3.9)

IdMV =

(
Kp1 +

Ki1

s

)
(Id∗lim − Id) (3.10)

IqMV =

(
Kp2 +

Ki2

s

)
(Iq∗lim − Iq) (3.11)

Idq0 = APIACMVg; Idq0 =


Id

Iq

0

 (3.12)

AP =
2
3


sin(ωt) sin(ωt− 2π

3
) sin(ωt +

2π

3
)

cos(ωt) cos(ωt− 2π

3
) cos(ωt +

2π

3
)

1
2

1
2

1
2

 (3.13)

A−1
P =


sin(ωt) cos(ωt) 1

sin(ωt− 2π

3
) cos(ωt− 2π

3
) 1

sin(ωt +
2π

3
) cos(ωt +

2π

3
) 1

 (3.14)

• ESS Control: This control structure is suitable for grid-following ST with local

ESS available. If a suitable local ESS is available, this control structure enables the

ST continued operation when the current limits of the MV inverter are reached or

when the upstream MV AC grid is lost (islanded mode), since the local EES will

sink/source the necessary active power for the operation of the DC stages and

low voltage inverter. In order to achieve this, P∗MV is compared with the reference
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power for the MV inverter determined by Id∗lim and |VAC+
MV|. The existing error

is routed to the local ESS through the reference signal I∗ESS, which is calculated

according to Equation (3.15). N is the transformation ratio of the isolated DC-DC

converter (see section 3.2.2). In case of outage of the upstream MV AC grid,

P∗MV is routed to the local ESS as the power reference determined by Id∗lim and

|VAC+
MV| becomes zero.

I∗ESS =
1

N VDCMV
(P∗MV −

3
2

Id∗lim|VAC+
MV|) (3.15)

3.2.1.2 Grid-Forming Converter - Base Architecture and Control

In the modeled grid-forming ST, the MV inverter operates in grid-forming mode and

is responsible to couple the ST with the MV AC network. The main hardware building

blocks and control structure of the MV inverter are represented in Figure 3.4. As for

the grid-following MV converter, the advanced control functionalities proposed for

the grid-forming MV converter under the scope of this thesis are not illustrated in

Figure 3.4 because its description is reserved for chapter 4. Controlled voltage sources

are used to implement the average model of the power converter and a controlled

current source is used to implement the interface with the MV DC bus. The ST resorts

to a local ESS Energy Storage System (ESS) in order to properly balance the power and

voltage in the ST’s MV DC link and to ensure the operation of the MV converter in a

grid forming mode. The parameterization of the modeled grid-forming converter is

presented in Appendix A (Tables A.1 and A.3).

Power Architecture

The power converter is modeled by a three-phase controlled voltage source in star

configuration with isolated neutral, but the neutral point is connected to the negative

pole of the MV DC bus in order to ensure common voltage ground references for the

MV DC bus and three-phase voltage source. The active power between the coupling

LC filter and the MV DC bus is also expressed by Equations (3.1) and (3.2) already

described in section 3.2.1.1. Regarding the coupling LC filter and the MV DC bus

capacitance, the same modeling approaches described in section 3.2.1.1 were adopted.
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Figure 3.4: Block diagram of the MV Inverter of the grid-forming ST - base architecture.

Controller Architecture

The base control structure modeled for the MV inverter is based on the Voltage

Controlled Inverter approach mentioned in section 2.2.1.1, which is a consolidated

approach for grid-forming inverters in DER capable to provide frequency control and

inertia emulation. A first-order low-pass filter associated with a droop controller is used

to implement the Voltage Controlled Inverter approach, which provides a relatively

simple solution to approximate the swing equation of a conventional synchronous

machine [201, 240]. Such equivalence is illustrated in Figure 3.5 and expressed by

Equation (3.16) [240], where H is the constant of inertia, kD is the damping coefficient,

Tf is the time constant of the first-order low-pass-filter, kp is the slope gain of the

f (∆PMV) droop controller, ω0 is the nominal angular frequency, SMVn the nominal

apparent power of the MV inverter, PACMVg is the active-power after the LC filter,

PMVsp(ω0) is the active-power set-point for the MV inverter at ω0 in the MV AC grid,

and Pe and Pm are the electrical active power and mechanical power of a synchronous

machine respectively. Important to mention that positive values for active power

correspond to consumed active power.

H =
Tf

2kp

ω0

SMVn
; kD =

1
kp

ω0

SMVn
(3.16)
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Pe
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+
-
+
- Δω 

PACMVg

PMVsp(ω0)

+
-
+
- Δω 

Figure 3.5: Equivalence between f(P) droop plus First-Order Low-pass Filter (right) and Swing
Equation (left).

The f (∆PMV) and ∆VACMV(QMVg) droop controllers are defined according to

Figure 3.6 and Equation (3.17), where md is the droop slope, Y is the droop output (∆ω

for the f (∆PMV) droop and ∆V for ∆VACMV(QMVg) droop), X is the droop variable

(active power signal from the low-pass filter for the f (∆PMV) droop and QMVg for

∆VACMV(QMVg) droop), Ymin and Ymax are the minimum and maximum droop output

limits, and Xmin and Xmax are the input saturation limits of the droop control. Positive

values for active and reactive power correspond to consumed active and reactive power.

Lower limit

Upper limitY

X

-ΔY

+ΔY

Ymin

Ymax

Xmin Xmax

Figure 3.6: Control rule for f (∆PMV) and ∆VACMV(QMVg) droop controllers.

Y =


Ymin if X ∈ ]−∞, Xmin]

md(X− Xmin) + Ymin if X ∈ ]Xmin, Xmax[

Ymax if X ∈ [Xmax, ∞[

(3.17)

Given that the development of low-level controllers for power electronic converters

is not the focus of this thesis, the adopted control approach is suited for the work

developed in this thesis. The following control structures are identified in Figure 3.4:

Frequency/Active Power Control, Voltage/Reactive Power Control and DC Voltage Control

• Frequency/Active Power Control: This control structure is responsible to control

the angular position (and consequently the frequency) of the voltage generated
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by the MV inverter as a function of the error between the measured active power

PACMVg and active power set-point PMVsp(ω0). A swing Equation equivalent

composed by a first-order low-pass filter and a f (∆PMV) droop control generates

a frequency deviation (∆ω) relatively to ω0 (given by the derivative of the

reference angular position ω0t represented in Figure 3.4). In order to further

improve the stability of the controller, a damping component θD is also included.

The resulting reference for the angular position ωt is expressed by Equation (3.18).

ωt = ω0t + KθD∆ω +
∫

∆ωdt (3.18)

• Voltage/Reactive Power Control: This control structure is responsible to control

the reference for the voltage magnitude generated by the MV inverter. The

generated voltage magnitude is aligned with the direct component (Vd) as the

angular position of the generated voltage is performed by the Frequency/Active

Power Control. Consequently, quadrature component (Vq) is set to zero. Vd is

given by Equation (3.19), where |VACMV|0 is the base voltage magnitude and ∆V

is the output of the QMVg droop controler.

Vd = |V| = |VACMV|0 + ∆V (3.19)

• DC Voltage Control: Corresponds to the base control structure responsible to

regulate the voltage in the MV DC link (VDCMV). VDCMV is regulated by using

a local ESS integrated with the ST. Such regulation is performed by the reference

current I∗ESS for the ST’s local ESS, generated by a PI controller processing the error

between VDCMV and the nominal DC voltage value VDCMVn, as expressed by

Equation (3.20) in the Laplace domain. Kp and Ki are respectively the proportional

and integral gains of the PI controller.

The DC Voltage Control is shown as an independent control structure inside the

controller of the MV inverter, but its actuation is influenced by the Frequency/Active

Power Control which controls the active power balance in the MV DC bus, and

consequently, VDCMV. Such relationship is expressed by Equation (3.21) (derived

from Equations (3.1) and (3.2)), where PMV is the active power in the MV inverter.

I∗ESS =

(
Kp +

Ki

s

)
(VDC∗MVn −VDCMV) (3.20)

VDCMV =
1

CMV

∫ ( PMV

VDCMV
+ IDCMVbus

)
dt (3.21)
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At last, the three-phase voltage reference VACMV is expressed by Equation (3.22),

applying the inverse Park transformation expressed in Equation (3.14) to the references

for Vd and Vq, using the generated ωt reference for the angular position.

VACMV = A−1
P Vdq0; Vdq0 =


Vd

Vq

0

 (3.22)

3.2.2 Isolated DC-DC Power Converters

A similar base structure for the isolated DC-DC power converter was modeled for

both grid-forming and grid-following ST, which is illustrated in Figure 3.7. Only the

base power and control architectures are addressed in this sub-section. The advanced

control solutions proposed under the scope of this thesis are reserved for chapter 4.

MV DC/AC
converter

+

- LV 
DC bus

+

-

+
-
+
-VDCLV

VDCMV

IDABLV

IDABMV

x

x

d*

d*

MV 
DC bus

LV AC/DC
converter

HFT

NN

NN

Figure 3.7: Block diagram of the DC/DC converter stage.

The isolated DC/DC converter was modeled according to the basic principles

of an ideal Dual-Active (DAB) DC/DC converter, following the approach presented

in [241]. The DAB topology was selected because it is a well investigated solution

which allows the active control of the transferred power [41, 47], contrarily to the

Series-Resonant converter as discussed in section 2.2.3. The DAB solution is adequate

since the development of new hardware solutions for isolated DC/DC converters is

not an objective of this thesis.

Three main components for the modeled DAB are identified in Figure 3.7: the

MV DC/AC converter and LV DC/AC converter represent the DC/AC power conversion

interfaces with the ST’s MV and LV DC buses in both MV and LV sides of the DAB

respectively, and the high-frequency transformer (HFT).
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In an ideal DAB converter, the power output in the LV DC/AC converter (PDABLV)

is obtained using Equation (3.23), where VDCMV is the voltage in the MV DC bus,

VDCLV the voltage in the LV DC bus, N is the transformation ratio of the HFT, XL is

the HFT’s primary-referred leakage reactance, d is the duty-cycle applied to the square

waveforms applied to the HFT, φ is the phase-shift between the square waveforms

applied to the HFT, and d∗ is the external duty-cycle control.

PDABLV =
VDCMV

2

XL
dφ

(
1− |φ|

π

)
; d =

VDCLV

2Nd∗VDCMV
; d∗ ∈ [0, 1] (3.23)

According to the results presented in [241], the dynamics of a DAB converter

is much faster than the dynamics related to voltage variations in the MV DC bus.

Therefore, two assumptions are made in the modeled DAB.

• The DAB is modeled using two controllable sources according to the DAM

approach [236], which are electrically independent in order to consider galvanic

isolation.

• The mathematical relations presented in Equations (3.24) and (3.25) are valid

for an ideal DAB converter, where VDCMVn and VDCLVn are the nominal DC

voltages in the MV and LV DC buses respectively, IDABMV is the DC current in

the MV DC/AC converter, IDABLV is the DC current in the LV DC/AC converter

and the remaining variables are as defined for Equation (3.23).

Given this, the control loops required to regulate d and φ variables in Equation (3.23)

are replaced by the simplified feedback control loops shown in Figure 3.7.

VDCMVIDABMV = VDCLVIDABLV ⇐⇒ VDCLV
d∗N IDABMV = VDCLV

IDABMV
d∗N (3.24)

N =
VDCLVn

VDCMVn
(3.25)

3.2.3 Local Energy Storage System and Supercapacitor Bank

An ESS is an important requirement for the operation of a grid-forming ST, being

not essential for a grid-following ST. Nevertheless, even for grid-following ST, there

is a need to mitigate voltage oscillations in the ST’s DC buses in order to enable a

feasible operation of DC grids derived from the ST’s DC links. Such oscillations result

from unbalanced operation conditions in AC grids interfaced by the ST, as well from

harmonic components derived from non-linear loads in the LV AC grid interfaced by
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the ST. For grid-forming ST, such task can be performed by the modeled local ESS. For

grid-following ST where no local storage capacity is available, a simpler and less costly

solution based on supercapacitors is assumed for supporting the proper DC voltage

control and suppressing associated oscillations.

The models developed for the local ESS and the supercapacitor bank, very similar

with minor changes, are described separately in the following subsections.

3.2.3.1 Local Energy Storage System

The modeled local ESS and respective control structure are shown in Figure 3.8. Given

that the phenomena and simulation time frame under analysis in this thesis don’t

require a high energy volume, the sizing of the local ESS doesn’t pose any relevant

limitations, and thus, is not addressed. The local ESS and the associated DC/DC

converter were modeled using a controlled current source based on the DAM approach.

The low-level control structure of the DC/DC converter was also neglected, under the

assumption that their dynamics is much faster in comparison to the dynamics related

to the phenomena under study to which the local ESS must react.

IESS
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Control

MV Inverter
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LV DC bus

Local ESS
+ Power Converter
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+

-
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VDCLVVDCLV
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+
-
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+
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IESS*

PMV
+

PMV

Figure 3.8: Block diagram of the modeled local ESS.

The current output of the local ESS is defined by Equation (3.26). The identified

variables are described next.

IESS = I∗ESS + IMV− + ILV−0H (3.26)

For the grid-forming ST, I∗ESS is responsible to keep the power balance in the

DC links and is generated by the DC Voltage Control in the controller of the MV

inverter as shown in Figure 3.4. For the grid-following ST, for the cases where a local

ESS is considered, I∗ESS is derived from P∗MV (represented in Figure 3.3) according to

Equation (3.15).



smart-transformers: power converter architectures and control 67

IMV− is the current compensation for power oscillations in the DC links resulting

from the presence of a negative sequence component in the MV AC grid voltage at

the connection point with the ST. IMV− is obtained according to Equation (3.27) in the

Laplace s-domain. A second-order band-pass filter captures the power oscillations

resulting from the negative-sequence component present in the MV AC grid, using

the error between the instantaneous (PMV) and positive-sequence (P+
MV) active power

in the MV inverter. P+
MV is captured by applying the mean operator to PMV over a

running window equal to the time period of the fundamental frequency in the MV AC

grid ( fMV).

IMV− =
P+

MV − PMV

VDCLV

√
2ωns

s2 +
√

2ωns + ω2
n

; ωn = 2πfMV (3.27)

ILV−0H is the current compensation for power oscillations in the DC links resulting

from unbalanced operation conditions as well from harmonic components derived

from non-linear loads in the LV AC grid interfaced by the ST. ILV−0H is given by

Equation (3.28), where IDCLV is the mean value of IDCLV over the time period of the

fundamental frequency in the LV AC grid ( fLV).

ILV−0H = IDCLV − IDCLV (3.28)

The presence of a zero sequence component in the MV AC grid voltages is not con-

sidered because an isolated neutral point is considered for the MV inverter. Regarding

the compensation of harmonic content in MV AC grid resulting from non-linear loads,

it is assumed that its magnitude is relatively small in general [242], and consequently,

poses no relevant impacts on the voltage stability in the DC links. The limited gains for

the voltage stability in the DC links obtained by compensating the aforementioned har-

monic content are not justifiable in face of the drawbacks regarding the deterioration

of the dynamic response of the ST resulting from the introduction of additional time

response delays. As such, the compensation of the aforementioned harmonic content

is not considered.

3.2.3.2 Supercapacitor Bank (Grid-Following Smart-Transformer only)

The modeled supercapacitor bank and respective control structure are illustrated in

Figure 3.9. The model for the supercapacitor bank is similar to the model for the local

ESS described in section 3.2.3.1, except for the signal I∗ESS which is absent given that no

local ESS is considered.
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Figure 3.9: Block diagram of the modeled supercapacitor bank.

The supercapacitor bank and the associated DC/DC converter were modeled using

a controlled current source based on the DAM approach, according to the consider-

ations adopted in section 3.2.3.1 for the local ESS and respective DC/DC converter.

Moreover, as shown in Appendix A (Table A.4), a relatively small supercapacitor

bank is sufficient to meet the required energy storage and power output demanded to

suppress the aforementioned power oscillations in the ST’s DC links, with a sufficiently

high margin to neglect the modeling of any energy and power constraints affecting the

supercapacitor bank.

For grid-following ST with no local energy storage available, the use of a superca-

pacitor bank is justified as follows. The use of the MV inverter to compensate the power

oscillations in the DC links could imply a considerable reduction in the transferable

active power (positive-sequence component) through the MV inverter during severe

unbalanced voltage sags in the MV AC grid. As evidenced in chapter 4, this would

negatively impact the ST’s ability to mitigate the adverse impacts on its hybrid AC/DC

grid resulting from unbalanced fault disturbances in the upstream MV AC grid.

Alternatively, the power oscillations in the DC links could be mitigated by increasing

the capacitance in the DC links, but such approach would require unrealistic bulky

capacitors in order to achieve an acceptable maximum limit for the DC voltage ripple,

which would significantly degrade the dynamics of the ST itself.

The use of a supercapacitor bank is able to avoid the aforementioned drawbacks.

Besides preserving the transferable power in the MV inverter, it also preserves the

dynamics of the ST against disturbances in the MV AC grid because it only actuates

against power oscillations associated to the negative-sequence component, as explained

in section 3.2.3.1. According to [243], the double fundamental frequency harmonic

(related to the negative sequence component) is dominant in the DC link voltage ripple

when an unbalanced operation condition occurs in the AC grids, being thus reasonable
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to neglect the high frequency voltage ripple components.

Based on [243], and considering the possible maximum impacts from MV and LV

AC grids interfaced by the ST, it is possible to derive Equation (3.29) to express the

voltage ripple in the MV DC link (∆VDCMVpp).

∆VDCMVpp =
3MMVfLV|IAC−MV|+ 3MLVfMVd∗N|IAC−LV|

8πfMVfLV(CMV + (d∗N)2(CLV + ( VSC
VDCLV

)2CSC))
(3.29)

MMV and MLV are the modulation indexes for the MV and LV inverters respectively,

IAC−MV and IAC−LV are the negative sequence components in the AC currents exchanged

by the ST with the MV and LV AC grids respectively, fMV and fLV are the fundamental

frequencies in MV and LV AC grids respectively, N and d∗ are respectively the

transformation ratio and external duty-cycle control for the isolated DC/DC converter,

CMV and CLV are respectively the capacitance of the MV and LV DC buses, CSC is the

capacitance of the supercapacitor bank, VSC is the DC voltage in the supercapacitor

bank, and VDCLV is the voltage in the LV DC bus.

From Equation (3.29), the maximum ∆VDCMVpp can be confined according to

Equation (3.30) by assuming the worst case scenario. MMV and MLV are maximum

(equal to 1). IAC−MV and IAC−LV are in phase opposition, its module is equal to the

respective nominal currents (IACMVn and IACLVn), and they travel entirely through the

MV and LV inverters (IACLVnd∗N = IACMVn). It is also assumed that fMV and fLV are

relatively close to the nominal frequency of AC grids ( f0).

∆VDCmax
MVpp

=
6|IACMVn|

8π f0(CMV + (d∗N)2(CLV + ( VSC
VDCLV

)2CSC))
(3.30)

3.2.4 Low-Voltage Power Converters

The base structure for the modeled LV inverter existing in the ST, which is common

for both grid-forming and grid-following ST, operates always in grid-forming mode

and is responsible to interface with a LV AC network. The base architecture of the

LV inverter is illustrated in Figure 3.10, where only the main hardware building

blocks and control architecture are represented. The advanced control functionalities

proposed for this converter, which are the focus of this thesis, are reserved for chap-

ter 4. The parameterization of the modeled LV inverter is presented in Appendix A

(Tables A.1 and A.5).
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Figure 3.10: Block diagram of the LV inverter of the ST - base architecture.

Power Architecture

The average model of the LV inverter is implemented with controlled voltage sources,

whereas the interface of the LV inverter with the LV DC bus is modeled by a controlled

current source. The power converter is modeled as a four-leg inverter, formed by a

three-phase controlled voltage source in star configuration with grounded neutral

connection available. A four-leg inverter was considered because a neutral wire path is

necessary given the unbalanced nature of the LV AC sub-grid. The neutral point is also

connected to the negative pole of the LV DC bus in order to ensure common voltage

ground references for the LV DC bus and three-phase voltage source. The active power

flow in the LV inverter is expressed by Equation (3.31), where IDCLV is the DC current

exchanged with the LV DC bus, VDCLV is the LV DC bus voltage, vanLV , vbnLV and vcnLV

are the phase-neutral LV AC voltages (in phases a, b and c) in the LV inverter (VACLV),

and iaLV , ibLV and icLV are the three-phase AC currents (phases a, b and c) in the LV

inverter (IACLV). VDCLV is defined by Equation (3.32), where CLV is the capacitance of

the LV DC bus, and IDCLVbus is the current exchanged by all devices (including IESS or

ISC) and/or grids connected to the LV DC bus with CLV, excluding IDCLV.

IDCLV =
1

VDCLV
[vanLV , vbnLV , vcnLV ] ·


IaLV

IbLV

IcLV

 (3.31)

VDCLV =
1

CLV

∫
(IDCLV + IDCLVbus)dt (3.32)

A coupling LC filter for the LV inverter was also modelled, based on the same con-
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siderations presented in section 3.2.1.1. The LC filter for the LV inverter was modeled

according to the set of Equations in (3.33), where LLV f is the filter inductance, CLV f is

the filter capacitance, fc is the cut-off frequency, Z0 is the characteristic impedance of

the filter, VDCLVn is the nominal voltage of the LV DC bus and IACLVp is the peak value

of the nominal AC current of the LV inverter. A frequency of 2 kHz was considered to

fc, which provides an acceptable rejection of the harmonic content which would be

generated in a detailed model of a power inverter switching at 20 kHz (−40 dB/decade)

while preserving an acceptable control bandwidth for the power inverter.

fc =
1

2π
√

LLVf CLVf

; Z0 =

√
LLVf

CLVf
=

VDCLVn

IACLVp
(3.33)

The LV DC bus capacitance was also modeled based on the premises described in

section 3.2.1.1. The current flow in the LV DC bus capacitance (IDCLVcap) is defined by

Equation (3.34), which may be linearized under the same considerations admitted in

section 3.2.1.1, as defined by Equation (3.35). dVDCLV is replaced by ∆VDCLVsw which

is the amplitude of the hypothetical voltage ripple in the LV DC bus which would

result from the inverter’s switching, dt by 1/fsw where fsw is the switching frequency

of the LV inverter, and IDCLVcap by the nominal IDCLV, equal to
√

3IACLVn for a worst

case scenario. Given this, the LV DC bus capacitance can be defined by Equation (3.35)

by assuming a maximum admissible value for ∆VDCLVsw.

IDCLVcap = CLV
dVDCLV

dt
(3.34)

CLV =

√
3 IACLVn

fsw∆VDCLVsw
(3.35)

The control of VDCLV is related to the control of VDCMV because the power balance

in the DC links is performed by the controller of the MV inverter. In this task, the MV

inverter in the grid-following ST resorts to the power availability in the upstream MV

AC grid, while the MV inverter in the grid-forming ST resorts to the local ESS. Such

relationship is expressed by Equation (3.36) which results from the combination of

Equations (3.2), (3.24) and (3.32).

VDCLV = d∗N
CMV−(d∗N)2CLV

∫
(IDCMV + IDCMVbus− d∗N(IDCLV + IDCLVbus)) dt (3.36)
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Controller Architecture

The base control structure of the LV inverter is based on Droop-Based control methods

(already mentioned in section 2.2.1.1) to generate the reference three-phase AC voltage

VACLV for the LV inverter. VACLV is generated according to Equation (3.37), where

ωLVt and |VACLV| are respectively the reference angular position and magnitude for

VACLV.

VACLV =


Va

Vb

Vc

 = |VACLV| ·


sin (ωLVt)

sin
(
−2π

3
+ωLVt

)
sin
(

2π

3
+ωLVt

)
 (3.37)

|VACLV| results from Equation (3.38), where |VACLV|0 is the base voltage magni-

tude and ∆|VACLV | is output of the VACLV(PACLVg) droop controller represented in

Figure 3.10. The VACLV(PACLVg) droop controller adjusts the amplitude of VACLV

(|VACLV|) as a function of the active power in the LV AC grid measured after the LV

LC filter. The VACLV(PACLVg) droop controller is defined according to Figure 3.6 and

Equation (3.17), where md is the droop slope, Y is the droop output (∆|VACLV |), X is

the droop variable (PACLVg), Ymin and Ymax are the minimum and maximum droop

output limits, and Xmin and Xmax are the input saturation limits of the droop control.

|VACLV| = |VACLV|0 + ∆|VACLV| (3.38)

The adopted control approach is appropriate since the development of innovative

low-level controllers for power electronic converters is not the focus of this thesis.

3.3 Test Distribution Grids: Architectures and Control

In the scope of this thesis, a set of test grids were considered and modeled in order

to evaluate the effectiveness of the advanced control functionalities developed for

ST, described in detail in chapter 4. The base layouts of the modeled test grids are

presented in Figure 3.11.

The first layout (top) consists of a Hybrid Microgrid (HMG) plus a MV DC grid

connected to the relevant stages of a single ST, which is then connected to an upstream

MV AC grid. This configuration is aimed to evaluate the advanced control strategies
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Figure 3.11: Base architecture for the modeled test grids.

proposed in chapter 4 for power-frequency regulation and Fault-Ride-Through (FRT)

capabilities.

The second layout (bottom) consists of a Hybrid Multi-Microgrid (HMMG) incor-

porating several distribution grids based on ST or Low-Frequency Transformers (LFT),

connected to an upstream MV AC grid. In this case, the MV DC grid can be connected

to a wider MV DC grid connecting to other ST, whereas the ST-based LV AC grid can

be exploited in ring configuration, connected both to a ST and to a conventional LFT.

This configuration is aimed to evaluate the advanced control strategies proposed in

chapter 4 for FRT and Islanding/Reconnection capabilities involving grid-sections of

the HMMG.

The developed test grids were based on IEEE test grids whenever justifiable and

possible, although no suitable IEEE test grids for HMG and HMMG incorporating ST

were found in the literature at the time of writing of this thesis. The configuration

of the modeled test grids and its various elements, including loads and Distributed

Energy Resources (DER), are described in this section. The model parameters adopted

for the different components constituting the test grids are presented in Appendix A.

3.3.1 Upstream AC Power System

The modeled HMG and HMMG have a connection available to a stronger upstream

AC power system. But the modeling of a complex power system, or even the use of

an IEEE test grid for this purpose, would not provide meaningful improvements in
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the evaluation of the advanced control functionalities proposed for ST in this thesis.

Thus, in order to discard the resulting unnecessary computational burden that such

approach implies, a simplified Thevenin equivalent of the upstream AC power system

seen from the MV level is adopted. The upstream AC power system is modeled by

means of an equivalent synchronous machine and an equivalent load, as illustrated in

Figure 3.12.

3ph
Excitation 

System
(IEEE Type DC1A)

Governor
(TGOV1)

Speed 
Regulator

++
Pm

Equivalent 
Synchronous 

Machine

Pm*

PgovΔP

Ve*
ωm

Ef

Equivalent Load

MV AC
network

ωmωm

Secondary 
frequency 
regulation

Figure 3.12: Equivalent computational model for the Upstream AC power system.

The adopted modeling approach is suitable to emulate representative frequency

variations and fault disturbances, to which the ST is intended to provide active power-

frequency support and FRT capabilities. The Simplified Synchronous Machine model

available in the library of MATLAB®/Simulink® software was adopted to model the

equivalent synchronous machine. In order to regulate the frequency and power output

of the equivalent Synchronous Machine, a TGOV1 type governor and an IEEE Type

DC1A excitation system were modeled with minor modifications. The TGOV1 type

governor is described in [244] and is sufficient for the intended purposes in spite of

being the simplest steam turbine model. The IEEE Type DC1A excitation system is

based on [245] and is modeled in the library of MATLAB®/Simulink® software with

minor changes. A speed regulator was also modeled in order to bring the Synchronous

Machine to the nominal speed in the face of load changes. The speed regulator

was modeled according to Equation (3.39) in the Laplace domain, where ∆Pm is the

mechanical power regulation, K is the regulator gain, and ω0m and ωm are respectively

the nominal and measured mechanical angular speed of the synchronous generator.

∆Pm =
K
s
(ω0m −ωm) (3.39)
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The equivalent load is modeled as a constant impedance load using a three-phase

series RL load model available in the library of MATLAB®/Simulink® software. This

approach is sufficient for the intended purposes.

The parameterization of the various components of the modeled upstream AC

power system is presented in Appendix A (Table A.6).

3.3.2 Hybrid AC/DC Microgrid based on ST

The base architecture of the considered ST-based HMG is illustrated in Figure 3.11.

The LV AC and DC grids are connected to the corresponding stages of a ST. This

HMG configuration provides the necessary flexibility in order to demonstrate the

effectiveness of the ST because more complex HMG configurations are not required do

demonstrate the advanced control functionalities described in chapter 4.

3.3.2.1 Low Voltage AC grid in Radial Configuration

The modeled LV AC sub-grid integrating the ST-based HMG is based on the IEEE

European Low Voltage Test Feeder described in [246] and illustrated in Figure 3.13.

The original IEEE test grid consists of a radial distribution feeder operating at 50Hz,

has a nominal phase-phase voltage of 416V, and is connected to an 11kV MV grid

through a LFT [246].

Figure 3.13: One-line diagram of the IEEE European low voltage test feeder (adopted
from [246]).

However, the complete detailed model of the test network described in [246] would

imply a considerable computational burden which is not required to evaluate the

advanced control functionalities proposed for ST in this thesis. A simpler equivalent
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model was adopted instead, but its parameterization is still based on the data provided

in [246] and is presented in Appendix A (Tables A.7 and A.8). Thus, the modeled LV

AC grid consists in a single main feeder with equivalent loads representing the derived

feeders and other aggregated loads connected to the main feeder, and the different

cable sections of the LV feeder are modeled as a three-phase RL branch without mutual

inductance.

Moreover, in order to adapt the test network to the purposes discussed in this

thesis, the following adaptations were made:

• The MV/LV substation is replaced by a ST.

• A phase-phase low-voltage of 400V was considered taking as reference a typical

Portuguese distribution network.

• DER (PV generation, ESS and EV chargers) were added throughout the LV grid

in order to fully evaluate the proposed advanced control functionalities involving

the different type of resources expected to be available in a future LV distribution

grid.

Given this, the resulting LV sub-grid considered for the modeled HMG was modeled

according to the one-line diagram illustrated in Figure 3.14. The considered equivalent

loads (L1 to L6) are aggregated according to the represented colors. The considered

point of connection of the equivalents loads are signaled in the main feeder (red)

with a dot with the respective color, being such locations considered to determine the

equivalent cable sections between the equivalent loads and the ST’s LV inverter.

As described in further detail in chapter 4, the evaluation of the advanced control

functionalities proposed in this thesis also involves the exploitation of load-voltage

and load-frequency sensitivities in AC networks. For this reason, models sensitive

to the grid’s voltage and frequency were adopted for the load and controllable DER

located in the LV AC grid.

Load modeling

The loads were modeled using exponential load models, which according to [247]

have been the most frequently used static load models by TSOs worldwide. Based on

the main considerations formulated in [247], Equations (3.40) and (3.41) are used to

model the aggregated active (P) and reactive (Q) non-controllable load in the LV AC

grid, where P0 and Q0 are respectively the active and reactive loads at the nominal

voltage (VACLVn) and frequency ( f0), fLV is the LV AC network frequency, kpv and

kqv are respectively the active and reactive power exponents determining the power-
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Figure 3.14: One-line diagram of the modeled LV AC sub-grid (right) based on the IEEE
European low voltage test feeder (left).

voltage load sensitivity, and kq f and kp f are respectively the active and reactive power

exponents determining the power-frequency load sensitivity.

P = P0

(
VACLVg

VACLVn

)kpv (
1 + kp f

fLV − f0

f0

)
(3.40)

Q = Q0

(
VACLVg

VACLVn

)kqv (
1 + kq f

fLV − f0

f0

)
(3.41)

The parameterization of kpv and kqv follows the average value estimations for the

entire world presented in [247]. Regarding kq f and kp f , a range of values for residential

load in North America is provided in [247], considered realistic to be used here. The

parameterization values are summarized in Appendix A (Table A.9).

DER modeling

The controllable DER were modeled according to the block diagram presented in

Figure 3.15. The model presented in Figure 3.15 is used to model PV generators,

distributed ESS and EV chargers connected to the LV AC grid. For distributed ESS and

EV chargers, bidirectional power flow is allowed (V2G is considered for EV chargers),

while only active power injection is considered for PV generation. Such distinction is

achieved at the parameterization level, by setting the negative current limit (I limit−)
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to zero for PV generation.
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Figure 3.15: Block diagram of the developed computational models for the controllable
DER units in the LV AC grid.

The average model of the DER’s power converter is represented by a three-phase

controlled current source with neutral point available in order to allow the modeling

of single-phase DER units. At the base level, the DER units are modeled as constant

power and constant current devices according to Equation (3.42), where |I| is the

module of the output RMS current, In is the nominal RMS current and VACLVg is the

three-phase voltage in the LV AC grid. For PV generation, In is defined in Figure 3.15

by I limit+ while in the controllable ESS and EV chargers is defined by I limit+ and

I limit−, with I limit+ = I limit−.P = P0; |I| < In

P = P0
VACLVg
VACLVn

; |I| = In
(3.42)

Reactive power is not considered in the modeled DER units because it is not object

of evaluation in the work developed in this thesis. Thus, the generated reference

current (I∗re f ) represents only the direct current component. Additionally, the internal

dynamics of the resources to be controlled (namely, the PV panels, EV batteries and

ESS) are considered to be much faster than the dynamics of the power converters

interfacing them with the LV AC grid. For this reason, the modeling of the resources

to be controlled is neglected, being instead represented by an active power reference

(Psp).

In order to endow the DER units with load-frequency and load-voltage sensitivity

during their normal operation, active power–frequency (P( fLV)) and active power–

voltage (P(VACLVg)) droops were also included in the control structure of the modeled

DER units [129, 175], as shown in Figure 3.15. The P(VACLVg) and P( fLV) droop
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controllers are defined according to Figure 3.16 and Equation (3.43). PV generation

is assumed to operate with 10% of deloading reserve, which is activated in case of

under-voltage or under-frequency.

offset

Dead-band

Lower limit

Upper limitY

X

-ΔY

+ΔYXmin

Xmax

Ymin

Ymax

Xmin_db

Xmax_db

Yoff

Figure 3.16: Control rule for P(VACLV) and P( fLV) droop controllers.

Y =



Ymin if X ∈ ]−∞, Xmin]

mdn(X− Xmin) + Ymin if X ∈ ]Xmin, Xmin_db]

Yoff if X ∈ ]Xmin_db, Xmax_db[

mdp(X− Xmax_db) + Yoff if X ∈ [Xmax_db, Xmax[

Ymax if X ∈ [Xmax, ∞[

(3.43)

In Figure 3.16 and Equation (3.43), mdn and mdp are the droop slopes, Y is the

droop output, X is the droop variable, Ymin and Ymax are the minimum and maximum

droop output limits, Xmin and Xmax are the input saturation limits of the droop control,

Xmin_db and Xmax_db define the dead-band interval of the droop control, and Yoff is the

offset of the droop output. Positive values for active power correspond to consumed

active power. The parameterization of the adopted DER models is summarized in

Appendix A (Table A.10).

3.3.2.2 Low Voltage DC grid

No suitable IEEE test grid was found in the literature for a LV DC grid integrating

the ST-based HMG. In this regard, the LV DC sub-grid illustrated in Figure 3.17 was

adopted based on a set of assumptions considered to be realistic in a foreseeable future.
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• The number of consumers connected to a DC network will not surpass the

number of consumers connected to an equivalent AC network in short and

medium term. Thus, based on an educated guess, it is assumed a LV DC grid

with half of the size and non-controllable load comparatively to its counterpart

LV AC grid.

• It is assumed that LV DC grids will accommodate more controllable DER com-

paratively to its counterpart LV AC grid. Resources such as PV generation,

distributed ESS and DC EV charging have started to gain traction only in recent

years. Being such resources DC by nature, its continued expansion may justify

and follow the development of LV DC grids for its proper accommodation. Thus,

based on an educated guess, it is assumed a LV DC grid with a double share of

the controllable DER comparatively to its counterpart LV AC grid.

ST
LV DC bus

L1 L2 L3

DER

Cable 1 Cable 2 Cable 3

DERDER

Bus 1 Bus 2 Bus 3

Figure 3.17: One-line diagram of the modeled LV DC sub-grid.

Regarding the line design, the monopolar line with returning conductor is adopted

according to the recommendations in [248, 249]. This approach offers the same

advantages in providing a return path verified for single-phase consumers in LV AC

grids, while requiring only one fully insulated conductor. The cables impedance is

modeled using a RL branch. The parameterization of the LV DC grid is provided in

Appendix A (Tables A.11 and A.12).

As described in further detail in chapter 4, the evaluation of the advanced control

functionalities proposed in this thesis also involves the exploitation of load-voltage

sensitivities in DC networks. For this reason, models sensitive to the grid’s voltage

were adopted for the load and controllable DER located in the LV DC grid.

Load modeling

The estimation of load voltage sensitivity in DC grids remains largely unexplored in

the literature, but a large portion of the load in DC grids may consist of constant power

loads since it is based on power electronic converters [250, 251]. Nevertheless, given the

lack of extensive data, a scenario with a considerable share of constant power loads is
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adopted from [227] to represent the non-controllable DC loads only modeled according

to Equation (3.44) where P0 is the load power for the nominal voltage (VDCLVn) and

VDCLVg is the voltage in the LV DC grid.

P = P0

(
VDCLVg

VDCLVn

)0.45

(3.44)

DER modeling

The controllable DER were modeled according to the block diagram presented in

Figure 3.18, and is used to model PV generators, distributed ESS and EV chargers

connected to the LV DC grid. For distributed ESS and EV chargers, bidirectional power

flow is allowed (V2G is considered for EV chargers), while PV generation admits only

power injection. Such distinction is achieved at the parameterization level, by setting

the negative current limit (I limit−) to zero for PV generation.

LV DC 
network

+

-
VDCLVg

P/Vdc
IrefIref*

ΔP

Psp* Psp

DC/DC Converter
I limit +

I limit -

+
+
+

+

P(VDCLVg)
droop

Figure 3.18: Block diagram of the developed computational models for the controllable
DER units in the LV DC grid.

The average model of the DER’s power converter is modeled by a controlled current

source. At the base level, the DER units are modeled as constant power and constant

current devices according to Equation (3.45), where |I| is the output current, In is the

nominal current and VDCLVg is the voltage in the LV DC grid. For PV generation, In

is defined in Figure 3.18 by I limit+ while in the controllable ESS and EV chargers is

defined by I limit+ and I limit−, with I limit+ = I limit−.P = P0; |I| < In

P = P0
VDCLVg
VDCLVn

; |I| = In
(3.45)

Additionally, the internal dynamics of the resources to be controlled (namely, the

PV panels, EV batteries and ESS) are considered to be much faster than the dynamics
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of the power converters interfacing them with the LV AC grid. For this reason, the

modeling of the resources to be controlled is neglected, being instead represented by

an active power reference (Psp).

In order to endow the DER units with load-voltage sensitivity during their normal

operation, an active power–voltage (P(VDCLVg)) droop is part of the control structure

of the modeled DER units, as shown in Figure 3.18. The P(VDCLVg) droop controller

is defined according to Figure 3.16 and Equation (3.43). PV generation is assumed to

operate with 10% of deloading reserve, which is activated in case of under-voltage or

under-frequency.

The parameterization of the adopted DER models is summarized in Appendix A

(Table A.13)

3.3.3 MV DC grid based on a single ST

According to the MG concept considered in section 2.3, a MV DC grid does not

properly fit in the HMG concept. However, given the availability of a MV DC bus

in the ST, a radial MV DC grid based on a single ST was modeled as well, which is

suited to integrate high power loads and other controllable DER which are DC by

nature. Given the unique features of the ST, the MV DC grid plus the ST-based HMG

constitute an hybrid AC/DC grid with islanded operation capabilities.

No suitable IEEE test grid was found in the literature for an MV DC grid integrating

such a ST-based hybrid AC/DC grid. Thus, the MV DC grid illustrated in Figure 3.19

was adopted based on a set of assumptions considered to be realistic in a foreseeable

future.

• The load levels of a MV DC grid based on a single ST are limited by the power

rating of the ST. Thus, a relatively small grid with few big loads and DER units

is considered.

• It is assumed that MV DC grids will be an attractive option to connect big DER

which are DC by nature. Based on this, a large PV generator and a fast EV

Charger station are considered.

ST
MV DC bus L2

PV

Cable 1 Cable 2 Cable 3

Fast EV 
Charger

Bus 1 Bus 2 Bus 3

Figure 3.19: One-line diagram of the modeled MV DC sub-grid.
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Regarding the line design, the same considerations made for the LV DC sub-grid

described in subsection 3.3.2.2 are adopted. The cables impedance is modeled using

a RL branch. The parameterization of the MV DC grid is provided in Appendix A

(Table A.14).

Load modeling and DER modeling

Differently to their counterparts in LV grids, it is reasonable to assume that almost all

non-controllable load in MV DC grid would be based on power electronic converters.

Due to this, the non-controllable loads in the MV DC grid are modeled as constant

power and constant current according to Equation (3.46), where |I| is the output

current, In is the nominal current and VDCMVg is the voltage in the MV DC grid.P = P0; |I| < In

P = P0
VDCMVg
VDCMVn

; |I| = In
(3.46)

The controllable DER were modeled according to the block diagram presented

in Figure 3.20, following the same considerations made for DER connected to the

LV DC grid in subsection 3.3.2.2. The DER units are modeled as constant power

and constant current devices according to Equation (3.46). Following the same con-

siderations described in subsection 3.3.2.2 for LV DC grids, an active power–voltage

(P(VDCMV)) droop is part of the control structure of the modeled DER units, as shown

in Figure 3.20, in order to endow the DER units with load-voltage sensitivity during

their normal operation. The parameterization of the adopted DER models is presented

in Appendix A (Table A.15).
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+

Figure 3.20: Block diagram of the developed computational models for the controllable
DER units in the MV DC grid.
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3.3.4 Hybrid AC/DC Multi-Microgrid based on Smart-Transformers

No suitable IEEE test grids for HMMG incorporating ST were found in the literature at

the time of writing of this thesis. However, the IEEE 15 Bus Radial System addressed

in [252, 253] and illustrated in Figure 3.21 was used as the basis for the HMMG’s MV

AC grid. The IEEE 15 Bus Radial System operates at 60Hz and has a 11kV phase-phase

voltage [252].

Figure 3.21: One-line diagram of the IEEE 15 Bus Radial System (adopted from [253]).

In order to model a HMMG suited to demonstrate the advanced control functional-

ities described in chapter 4 and using the IEEE 15 Bus Radial System as backbone for

the MV AC grid, a set of adaptations and modifications were made:

1. The phase-phase voltage and frequency of the MV AC grid was modified to 15kV

and 50Hz respectively, taking as reference the values of a typical Portuguese MV

distribution network [254].

2. The branches departing from the main MV feeder (from bus 1 to bus 5) are

aggregated in equivalent representations. This simplification reduces the compu-

tational burden of the overall model without compromising the validity of the

evaluation of the advanced control functionalities proposed in this thesis.

3. Two branches (equivalent representation) are replaced by ST, a grid-following

and a grid-forming unit. Two MV DC grid derived from both ST are also added.

Also, the equivalent AC grid in the aforementioned branches are replaced by the

LV AC grid described in subsection 3.3.2.1.

4. A LV AC grid is added in ring configuration, fed by a ST and a LFT.

5. The voltage source represented in substation is modeled by the equivalent up-

stream AC power system described in section 3.3.1.

Given this, the resulting HMMG is represented by the one-line diagram illustrated
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in Figure 3.22. The parameterization of the MV AC sub-grid is still based on the

data provided in [252, 253]. The cable sections of the MV and LV AC sub-grids

are modeled as three-phase series RL branches. The represented MV and LV DC

sub-grids are modeled according to subsections 3.3.3 and 3.3.2.2 respectively. The

represented LV AC grids are modeled according to subsection 3.3.2.1 with minor

changes regarding the parameterization of line sections in the LV AC grid in ring

configuration. The LV AC grids represented in nodes 9 and 10 are replaced by the

LV AC grid described in subsection 3.3.2.1, now supported by the grid following-ST.

The LV AC grids represented in nodes 11, 12, 13 and 14 are replaced by LV AC grid

described in subsection 3.3.2.1, now supported by a LFT and a ST in ring configuration.

The complete parameterization of the HMMG is presented in Appendix A (Table A.16).

ST
grid-following

LV AC network
LV AC network
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LV DC network
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Figure 3.22: One-line diagram of the modeled HMMG.

3.4 Final Remarks - Summary

In this chapter, the base computational models developed in the scope of this thesis

are presented and described. The description of the advanced control functionalities

proposed in this thesis are reserved for chapter 4. The present chapter is summarized

as follows:

• The developed computational models are based on discrete fixed-step numerical

solvers combined with the Dynamic Average Modeling (DAM) technique, which

enables an improved compromise regarding simulation speed and numerical

accuracy.
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• The base computational models for a grid-following ST and a grid-forming

ST are described. For each one, the base computational models for the MV

inverter, LV inverter, isolated DC-DC converter, local ESS and supercapacitor

bank (grid-following ST only) are described.

• The computational models for the test distribution grids to be used as evaluation

platforms for the advanced control functionalities proposed in this thesis are

presented and described. The described test distribution grids encompass a LV

AC grid, a LV DC grid, a MV DC grid and a Hybrid AC/DC Multi-Microgrid

(HMMG). The modeling of all elements integrating the test distribution grids are

described, such as cables, non-controllable loads and flexible resources.



Chapter 4

Advanced Control Strategies for

Smart-Transformers

The advanced control functionalities for Smart-Transformers (ST) proposed in this

thesis are aimed to improve the operation and control of Hybrid AC/DC Microgrids

(HMG) and Hybrid Multi-microgrids (HMMG). Hence, the proposed control function-

alities are first presented and discussed conceptually. Then, the necessary adaptations

and/or evolutions of the computations models previously described in chapter 3 are

also discussed in order to incorporate the envisioned functionalities. Therefore, as a

final result, an advanced computational suite capable of simulating the operation and

control of HMG and HMMG is achieved. Its computational modeling and simulation

approach naturally follows the considerations already described in section 3.1. The

advanced control functionalities proposed in this chapter are organized under three

main domains of intervention, in line with the formulated objectives and research

questions:

• Power–Frequency support to the upstream power system: Describes the pro-

posed set of advanced control functionalities enabling the ST and ST-based HMG

to provide power–frequency support to the upstream AC power grid to which it

is interconnected.

• Fault-Ride-Through (FRT) capabilities for ST: Describes the proposed set of

advanced control functionalities aimed to provide FRT capabilities to ST and

ST-based HMG against fault disturbances in the upstream AC power system.

• Grid reconfiguration capabilities on meshed HMMG: Describes the proposed

set of advanced control functionalities enabling the reconfiguration of grid sec-

tions within a HMMG, namely between radial and meshed configurations, with-

out interruption of supply.
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4.1 Power–Frequency Support

The advanced control functionalities for power–frequency support and the associated

controlled variables in the ST-based HMG are summarized in Figure 4.1. As illustrated

in Figure 4.1, the proposed power–frequency support strategy aims to exploit load–

voltage and load–frequency sensitivities of non-controllable loads and power–voltage

and power–frequency response capabilities in controllable DER units integrating ST-

based HMG and MV DC grid. The goal is to aggregate in the ST the active power

response capabilities offered by different resources available in the HMG and MV

DC grid. The proposed power–frequency support mechanism integrated in the ST

is based on droop controllers. The power–voltage and power–frequency response

capabilities in controllable DER units are also based on droop controllers, and load–

voltage and load–frequency sensitivities of non-controllable loads are determined

according to the load models described in sections 3.3.2.1, 3.3.2.2 and 3.3.3 for LV AC,

LV DC and MV DC grids respectively. The aforementioned functionalities are intended

for complementary operation, contributing simultaneously for the single purpose of

providing power–frequency support to the main power system by regulating the active

power exchanged between the ST-based HMG and the MV DC grid with the upstream

AC power grid.

LV AC Network

Smart Transformer

fLV(fMV) droop

MV DC Network LV DC Network

VACLV(fMV) droop

P(fLV) droop – Controllable DER

P(VDCLV) droop – Controllable DERP(VDCMV) droop – Controllable DER

Local ESS

P(fMV) droop (grid-following ST)
f(ΔPACMV) (grid-forming ST)

VDCMV(fMV) droop

Active power reference

(integrated in the ST)

N x VDCMV

P(VACLV) droop – Controllable DER

HFT

Figure 4.1: Schematic of the advanced functionalities to be exploited by the ST for power-
frequency support.

4.1.1 Droop Controllers

As it was previously stated, droop-type controllers are proposed as the main control

logic to drive the active power response from multiple type of resources. The response
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of these controllers is activated by different variables. Hence, this section presents a

detailed description of the various droop controllers aimed to provide power–frequency

support. The control rules of the droop controllers follow the general representation

depicted in Figure 4.2 and are expressed by Equation (4.1), except for the f (∆PMV)

droop controller which is expressed by Equation (3.17) and represented in Figure 3.6,

presented in section 3.2.1.2.

In Figure 4.2 and Equation (4.1), that corresponds to Equation (3.43) already pre-

sented in chapter 3, mdn and mdp are the droop slopes, Y is the droop output, X is

the droop variable, Ymin and Ymax are the minimum and maximum droop output

limits, Xmin and Xmax are the input saturation limits of the droop control, Xmin_db and

Xmax_db define the dead-band interval of the droop control, and Yoff is the offset of the

droop output. The parameterization of the modeled droop controllers is presented in

Appendix A.

offset

Dead-band

Lower limit

Upper limitY

X

-ΔY

+ΔYXmin

Xmax

Ymin

Ymax

Xmin_db

Xmax_db

Yoff

Figure 4.2: Control rule adopted by droop controllers for ST.

Y =



Ymin if X ∈ ]−∞, Xmin]

mdn(X− Xmin) + Ymin if X ∈ ]Xmin, Xmin_db]

Yoff if X ∈ ]Xmin_db, Xmax_db[

mdp(X− Xmax_db) + Yoff if X ∈ [Xmax_db, Xmax[

Ymax if X ∈ [Xmax, ∞[

(4.1)
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4.1.1.1 Active Power – Frequency

The grid-following and grid-forming ST have fundamental differences regarding the

direct active power – frequency control due to their distinct working principles.

Active Power – MV Frequency : P(fMV)

This droop controller is adopted for the grid-following ST, aiming to directly regulate

the active power set-point of the local ESS incorporating the ST, if it exists, as a function

of the frequency deviations in the MV AC grid. The resulting reference I∗ESS for the

local ESS is given by Equation (4.2), where ∆Pd is the contribution of the P(fMV)

droop controller and the remaining variables are as described for Equation (3.15). The

contribution for the active power flow in the local ESS determined by the P(fMV) droop

is routed to the main power system by the ST’s MV inverter, which is the responsible to

keep the power balance between the grid-following ST and the MV AC grid. Positive

values for active power correspond to active power consumed by the local ESS.

I∗ESS =
1

N VDCMV
(P∗MV + ∆Pd −

3
2

Id∗lim|VAC+
MV|) (4.2)

Frequency – Active Power : f(∆PMV)

This droop controller already integrates the base control architecture of the MV inverter

of the grid-forming ST, as described in section 3.2.1.2. The f (∆PMV) is fundamental to

implement the base working principle of the grid-forming MV inverter.

However, contrarily to the P(fMV) droop controler, the f (∆PMV) droop controller

aims to regulate the frequency of the MV inverter as a function of the active power

exchanged with the upstream MV AC grid. The steady-state equilibrium point is

defined by Equation (4.3), which is a particular implementation of Equation (3.17).

∆ω =


∆ωmin if PMV ∈ ]−∞,−PMVn]

md(PACMVg − PMVsp − PMVn) + ∆ωmin if PMV ∈ ]−PMVn, PMVn[

∆ωmax if PMV ∈ [PMVn, ∞[

(4.3)

As a result, the steady-state active power in the MV inverter is indirectly regulated.

Given that the power losses in the LC filter of the MV inverter are relatively negligible,

the active power in the MV inverter PMV is approximately equal to the active power

measured after the LV filter PACMVg (PMV ≈ PACMVg). As such, the steady-state value
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for PMV can be expressed as a function of the grid frequency according to Equation (4.4).

Instead of imposing a direct power set-point to its local ESS, the grid-forming ST uses

the local ESS to compensate for the power balance in the MV DC bus as a result of the

actions of f (∆PMV). A positive frequency variation in the MV AC grid should increase

the active power in the local ESS, with positive active power values corresponding to

consumed power.

PMV ≈


−PMVn if ∆ω ∈ ]−∞, ∆ωmin]

1
md

(∆ω− ∆ωmin) + PMVsp + PMVn if ∆ω ∈ ]∆ωmin, ∆ωmax[

PMVn if ∆ω ∈ [∆ωmax, ∞[

(4.4)

An important aspect resulting from the operation principle of the grid-forming MV

inverter, expressed in Equation (4.4), is that the grid-forming ST does not depend on

the net load in the ST-based hybrid AC/DC grid to provide active power–frequency

support to the upstream system. It only depends on the ability of the local ESS in

keeping the power balance in the MV DC bus in face of the actuation of the f (∆PMV)

droop controller. Thus, contrarily to the grid-following ST where the active power

contribution of the local ESS adds up to the global contribution of the ST-based hybrid

AC/DC grid for the provision of active power–frequency support, in the grid-forming

ST the local ESS assumes all the active power regulation effort, being the contribution

of the ST-based hybrid AC/DC grid irrelevant for the provision of instant active power.

Nevertheless, the remaining droop-based controllers, represented in Figure 4.1

and being described next, can reduce the net active power required to the local ESS

to preserve the power balance in the MV DC bus by adjusting the net active power

exchanged between the local ESS and the ST-based hybrid AC/DC grid as a function

of the frequency in the MV inverter. This extends the autonomy of the local ESS, thus

extending the availability of the grid-forming ST to provide active power–frequency

support to the upstream power system. In this scope, the remaining droop-based

controllers are also an integral part of the active power–frequency support mechanism

for grid-forming ST. The steady-state relationship is expressed in Equation (4.5), where

PHG is the net active power in the ST-based hybrid AC/DC grid, EESS is the energy

stored in the local ESS and EESS0 is the initial energy stored in the local ESS.

PESS = PMV − PHG ⇒ EESS =
∫

(PMV − PHG) dt + EESS0 (4.5)
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4.1.1.2 LV Frequency – MV Frequency : fLV(fMV)

This droop controller adjusts the frequency of the voltage generated by the ST’s LV

inverter for the LV AC network as a function of frequency deviations in the MV

AC network, which otherwise would not be possible due to the inherent frequency

decoupling between MV and LV AC networks provided by the ST. It enables a proper

power–frequency response of the LV AC network as a function of the frequency in

the MV network taking into account the characteristics of resources available in the

LV AC network. This control functionality enables the exploitation of active power–

frequency sensitivity of controllable DER units incorporating P( fLV) droop controllers

as described in section 3.3.2.1. It also enables the exploitation of load-frequency

sensitivity of non-controllable loads, which are modeled as described in section 3.3.2.1.

This control functionality is implemented for both grid-following and grid-forming

ST, but can only operate over a LV AC grid fed only by the ST. In both cases, a positive

frequency variation in the MV AC grid should increase the active power in the LV AC

grid, with positive active power values corresponding to consumed power.

4.1.1.3 LV AC voltage – MV Frequency : VACLV(fMV)

This droop controller adjusts the magnitude of the voltage generated for the LV AC

network as a function of frequency deviations in the MV AC grid, enabling a proper

power-voltage response of the LV AC grid as a function of the frequency in the

MV AC grid according to the characteristics of the resources available in the LV AC

network. This control functionality enables the exploitation of active power–voltage

sensitivity of controllable DER units incorporating P(VACLV) droop controllers as

described in section 3.3.2.1. It also enables the exploitation of load-voltage sensitivity

of non-controllable loads modeled as described in section 3.3.2.1.

This control functionality is implemented for both grid-following and grid-forming

ST, but only grants effectiveness on a LV AC grid fed only by the ST. In both cases, a

positive frequency variation in the MV AC grid should increase the active power in

the LV AC grid, with positive active power values corresponding to consumed power.

4.1.1.4 MV DC voltage – MV Frequency : VDCMV(fMV)

This droop controller aims to adjust the voltage levels in the DC grids as a function

of the frequency deviations in the MV AC grid, in order to enable a power-voltage

response of DC grids as a function of the frequency in the MV AC grid according

to the characteristics of the resources available in the DC grids. The VDCMV( fMV)
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droop controller modulates the voltage in both MV and LV DC grids since VDCLV is

determined from VDCMV by the transformation ratio in the High-Frequency Trans-

former (HFT) constituting the ST’s isolated DC-DC converter. Thus, this control

functionality enables the exploitation of active power–voltage sensitivity of controllable

DER units incorporating P(VDCMV) and P(VDCLV) droop controllers as described in

sections 3.3.3 and 3.3.2.2. It also enables the exploitation of load-voltage sensitivity of

non-controllable loads modeled as described in sections 3.3.3 and 3.3.2.2. This control

functionality is implemented for both grid-following and grid-forming ST, but only

grants effectiveness on DC grids fed only by the ST. A positive frequency variation

in the MV AC grid should increase the active power in the DC grids. Positive active

power values correspond to consumed power.

4.1.2 Droop Controllers integration in the overall ST Control Archi-

tecture

The droop controllers which constitute the strategy for the provision of power–

frequency support to the upstream power system are incorporated in the ST’s base

control structures described in chapter 3 (sections 3.2.1.1, 3.2.1.2 and 3.2.4).

Figure 4.3 highlights the inclusion of the VDCMV(fMV) and P(fMV) droop controllers

in the control structure of the grid-following MV inverter. It is possible to observe

that the VDCMV(fMV) droop controller directly influences the reference value for the

MV DC bus voltage VDCMV as a function of the frequency fMV in the upstream MV

AC grid. As a result, voltage levels in MV and LV DC grids (VDCMVg and VDCLVg)

are modulated as a function of fMV for reasons already explained in section 4.1.1. By

other hand, the P(fMV) droop controller impacts directly the reference value for the

active-power in the local ESS as a function of fMV, if a local ESS is available.

The incorporation of the VDCMV(fMV) droop controller in the control structure of

grid-forming MV inverter is highlighted in Figure 4.4. The impact of this droop con-

troller over VDCMV follows the same rationale aforementioned for the grid-following

ST.

Regarding the control structure of the LV inverter, the incorporation of the

VACLV(fMV) and fLV(fMV) droop controllers is highlighted in Figure 4.5. VACLV(fMV)

influences directly the magnitude of the LV AC grid VACLV while fLV(fMV) impacts the

reference angular frequency of VACLV waveform, both as a function of fMV.

The reaction chains triggered by the aforementioned droop controllers for the

provision of power-frequency support are illustrated in Figures 4.6 and 4.7 for grid-
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Figure 4.3: Block diagram of the MV Inverter of the grid-following ST including droop control
functionalities for power-frequency support (highlighted).

following and grid-forming ST respectively.

The reaction chains are very similar for both grid-following and grid-forming

ST with respect to the actuation of fLV(fMV), VACLV(fMV) and VDCMV(fMV) droop

controllers (blue arrows). These droop controllers influence the targeted electrical

quantities and controllable DER (light blue arrows) which in turn modulate the active

power in the various sub-grids (red arrows). Consequently, the modulated active power

influences the active power exchanged with the ST’s DC buses (pink arrows).

However, important differences between the grid-following and grid-forming ST

can be observed with regard to the control of the local ESS and the active power

balancing in the ST. In the grid-following ST, the local ESS is not required to operate

the ST, but if it exists, it is exploited as an additional resource suited to be controlled.

In this case, aiming to integrate the local ESS in the active power–frequency support

mechanism, the P(fMV) droop controller (blue arrow) regulates the active power in the

local ESS (red arrow) which is then exchanged with the LV DC bus (pink arrow), as

depicted in Figure 4.6. Regarding the active power balancing in the grid-following ST,

it is ensured by the MV inverter which directly exchanges with the upstream power
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system the necessary active power to do so (red arrow to PMV in Figure 4.6).

The local ESS has a very distinct role in the grid-forming ST, as shown in the

reaction chain illustrated in Figure 4.7. In this case, the active power in the local

ESS is not directly regulated by any droop controller. Also, distinctively from the

grid-following ST, the active power balance in the grid-forming ST is provided by the

local ESS instead of the MV inverter. As a result, the local ESS acts as a power buffer
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between the chain reaction associated to the f (∆PMV) droop controller and the chain

reaction associated to the actuation of fLV(fMV), VACLV(fMV) and VDCMV(fMV) droop

controllers (previously described), creating two distinct parallel reaction chains which

converge in the MV DC bus.
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Figure 4.6: Reaction chain triggered in the grid-following ST and its derived grids following
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As illustrated in Figure 4.7, any frequency disturbance in the upstream power

system immediately impacts the active power in the MV inverter and MV DC bus

(red arrows), but simultaneously, the f (∆PMV) also impacts the active power in the

MV inverter and MV DC bus (red arrows). This actuation is not influenced in any
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extent by fLV(fMV), VACLV(fMV) or VDCMV(fMV) droop controllers. Nevertheless, both

reaction chains converge in the MV inverter, thus affecting VDCMV (light green arrow).

In order to preserve the power balance in the ST, the DC Voltage Control (illustrated

in Figure 4.4) regulates VDCMV using the local ESS (dark green arrow), which then

exchanges with the DC buses the active power required to preserve the aimed power

balance (bold brown arrows).

4.2 Fault-Ride-Through Capabilities

The advanced control functionalities aimed to provide FRT capability with respect to

upstream AC grid faults for grid-following and grid-forming ST are described in this

section. Two distinct approaches are proposed for grid-following and grid-forming

ST. In the approach proposed for grid-following ST, the MV inverter limits its current

output while aiming to remain connected to the upstream MV AC grid, being the

flexibility offered by the local ESS (if it exists) and available in the ST-based hybrid

AC/DC grid (HMG plus MV DC grid) is exploited to preserve the power balance in

the MV DC bus. It can resort solely to the flexibility available in the ST-based hybrid

AC/DC grid when the ST itself has no suitable local storage capacity for the task.

In the approach proposed for grid-forming ST, the MV inverter limits its current

output and remains connected to the upstream MV AC grid while operating in voltage

source mode, with the local ESS as the solo responsible to preserve the power balance

in the MV DC bus. If applicable, it can also support the automatic transition of a

section of the MV AC grid to islanded operation in the advent of its isolation from a

fault disturbance occurrence in the upstream AC power system.

4.2.1 Fault-Ride-Through for Grid-following ST

The FRT strategy proposed in this section is oriented for grid-following ST, being

specially designed to cope with the absence of local energy storage capacity fitted

for the task. The limitation of MV inverter’s current IACMV can be implemented by

limiting the reference currents, as displayed in Figure 3.3 (represented by Id∗lim and

Iq∗lim), and therefore, FRT capabilities in grid-following ST can be provided with relative

simplicity if a suitable local ESS is available. Without suitable ESS, the grid-following

ST must resort to other resources, including those available in its hybrid AC/DC grid,

in order to comply with the maximum current limits in its MV inverter.
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The detailed description of the proposed FRT strategy is presented in section 4.2.1.3.

The parameterization of the FRT mechanism is presented in Appendix A. The proposed

FRT mechanism includes a dump-load connected to the MV DC bus and a non-isolated

bidirectional DC-DC converter in the connection of the MV DC grid with the MV

DC bus, whose purposes and description are presented in sections 4.2.1.1 and 4.2.1.2

respectively. The inclusion of these hardware elements in the grid-following ST is

depicted in Figure 4.8.
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Figure 4.8: Grid-following ST with no ESS available incorporating the additional FRT hardware
requirements.

Worth to mention that, although Figure 4.8 is relative to a grid-following ST with

no local ESS, the proposed FRT mechanism can operate with a grid-following ST with

local ESS as well, as explained in section 4.2.1.3.

4.2.1.1 Dump Load

The dump-load is modeled according to Figure 4.9. In accordance with the adopted

DAM technique, the electronic converter controlling the power flow in the dump-load’s

resistor was modeled using a controlled current source, whose reference current IDL is

generated by the FRT control described in section 4.2.1.3. The parameterization of the

modeled dump-load is presented in Appendix A.

Dump load 
resistor

MV DC - MV DC +

DC/DC Converter

IDL

Figure 4.9: Computational model for the Dump-Load.

The dump-load is aimed to actuate during net generation scenarios in the ST-based

hybrid AC/DC grid if no local energy storage capacity is available to absorb the power

surplus when the MV inverter reaches its technical current limits. In this scenario, the
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dump-load dissipates the net generation in the hybrid AC/DC grid that cannot be

delivered to the main power system through the MV inverter. The proper mitigation

of net generation existing downstream the ST is crucial for the FRT strategy. If not

properly contained, it risks DC over-voltages since the existing active power cannot

be injected to the upstream AC grid as a result of the AC current limits of the MV

inverter. The use of a dump-load for this purpose greatly reduces the need to exploit

power–voltage and power–frequency sensitivities in the ST-based hybrid AC/DC grid

in order to eliminate its excessive net generation, thus greatly mitigating the need to

modulate the voltages and frequency in the ST-based hybrid AC/DC grid for this

purpose.

4.2.1.2 Non-Isolated DC-DC Converter

The inclusion of the MV DC grid in the FRT mechanism is relevant since it may

concentrate a large share of the total load and DER of the ST-based hybrid distribution

network. As such, its inclusion can reduce the required burden (and the resulting

adverse impacts) over the ST-based LV AC and DC grids. However, contrarily to the

voltage levels in the LV DC bus which can be widely modulated by the isolated DC/DC

converter, the voltage levels in the MV DC bus (VDCMV) have stricter limits. The MV

AC voltage in the MV inverter (VACMV) is imposed by the upstream MV AC grid,

hence large variations in VDCMV can in practice originate passive rectification in the

MV inverter. Passive rectification is an uncontrolled operation mode which can occur

when VDCMV is not enough to block the intrinsic diodes existing in the electronic

switches constituting the MV inverter. Such uncontrolled currents can damage the MV

inverter in real applications.

In order to circumvent this limitation, a non-isolated bidirectional DC-DC converter

is proposed to be inserted between the MV DC grid and the MV DC bus. The non-

isolated bidirectional DC-DC converter provides the required additional degree of

freedom to control the voltage levels in the MV DC grid (VDCMVg) in order to enable

its reduction as much as necessary to support the provision of FRT during voltage

sags in the MV AC grid while preserving VDCMV within its required operational

limits. The computational model for the non-isolated bidirectional DC-DC converter is

represented in Figure 4.10.

There are several non-isolated bidirectional DC-DC converter topologies addressed

in the literature including mature and relatively simple solutions suitable for the task

[255, 256]. However, by assuming that the DC-DC converter is ideal (no losses) and
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Figure 4.10: Computational model for the non-isolated bidirectional DC-DC converter.

its dynamics is much faster than the dynamics related to voltage variations in the

MV DC bus, the fast phenomena characteristic of a given topology such as switching

patterns, low-level control loops and power interactions among passive elements can

be neglected by applying the DAM approach with no meaningful prejudice of the

model accuracy. As such, the power conversion stages can be modeled using two

controllable sources according to the DAM approach, governed by simplified feedback

control loops defined by Equations (4.6) and (4.7), as illustrated in Figure 4.10. IDC′MVg

is the DC current in the MV DC bus related to the MV DC grid, IDCMVg is the DC

current in the MV DC grid, and d∗MV is the duty-cycle signal generated by the FRT

control described in Section 4.2.1.3.

VDCMVg = d∗MVVDCMV (4.6)

IDC′MVg = d∗MVIDCMV (4.7)

No galvanic isolation is considered for the DC-DC converter, but such feature

would not be available by default anyway in a MV DC grid directly connected to the

MV DC bus. During normal operation conditions, d∗MV is equal to 1 and VDCMVg

equals VDCMV.

4.2.1.3 FRT Control Strategy

The underlying rationale of the FRT strategy proposed for grid-following ST consists in

diverting and/or eliminating any excessive net active power (load or generation) from

the ST-based hybrid AC/DC grid that cannot be balanced by the MV inverter without

violating its current limits. This can be achieved if a suitable ESS is integrated locally

with the ST. However, if the ST has no local ESS or the existing ESS has no sufficient

power/energy capacity, the proposed FRT mechanism resorts to the existing dump-

load (described in section 4.2.1.1) and/or to the exploitation of power–voltage and

power–frequency sensitivity in the ST-based hybrid AC/DC grid. The control structure
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enabling the aforementioned possibilities is depicted in Figure 4.11, incorporated in

the MV inverter as illustrated in Figure 4.12, upon the incremented control structure

for the MV inverter depicted in Figure 4.3.
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Figure 4.11: Block diagram of the proposed Fault-Ride-Through control mechanism for grid-
following ST.

Similarly to the power–frequency support mechanism described in section 4.1, the

proposed FRT mechanism also relies on droop-based controllers to exploit power–

voltage and power–frequency sensitivities of non-controllable loads and controllable

DER integrating the ST-based hybrid distribution grid. However, in contrast to the

power–frequency support mechanism, the proposed FRT mechanism cannot rely

solely on such droop-based controllers because it must guarantee that all excess

net active power in the ST-based hybrid AC/DC grid that the MV inverter cannot

handle is diverted and/or eliminated. A dynamic parameterization of such droop-

based controllers would be required according to factors such as the current capacity

available in the MV inverter, severity of the voltage sag in the upstream MV AC

grid and the non-linear nature of power–voltage and power–frequency sensitivity of

non-controllable loads.

A much simpler alternative is the use of the reference current for the local ESS

(I∗ESS), generated by the ESS Control illustrated in Figure 4.12. Equation (4.2) shows

that I∗ESS is non-zero when the reference power for the MV inverter (P∗MV) cannot be

followed by the MV inverter. This is the case when the maximum current limits of

the MV inverter are reached due to net excess active power in the ST-based hybrid

distribution grid. This originates a perturbation in VDCMV that P∗MV seeks to correct,

with the PI controller in VDC Control / P Control (Figure 4.12) responsible to eliminate

the steady-state error and thus preserve the power balance in the MV DC bus. If a

capable local ESS exists, I∗ESS drives it to compensate for the error. However, given

the aforementioned capability of eliminating the steady-state error, I∗ESS can be used



102 advanced control strategies for smart-transformers

by the FRT Control as well. As such, I∗ESS is the base for calculation of the reference

current IFRT for the FRT Control, which makes possible to eliminate and/or divert no

more than the net excess active power from the ST-based hybrid distribution grid.

This guarantees the required power balance in the MV DC bus while minimizing the

required actuation of the FRT mechanism over the ST-based hybrid distribution grid.

As shown in Figure 4.11, the FRT mechanism is centered on IFRT, generated accord-

ing to Equations (4.8) to (4.10). IESS is the current measured in the local ESS, ∆Pd is the

contribution from P(fMV) (ESS Control depicted in Figure 4.12), Idroop is derived from

∆Pd (Equation (4.10)) and IESSn is the nominal current of the local ESS.

IFRT =



I∗ESS − IESS + |IESS| − Idroop if Idroop > |IESS|

I∗ESS − IESS if |IESS| ≥ Idroop ≥ −|IESS|

I∗ESS − IESS − |IESS| − Idroop if Idroop < −|IESS|

0 if |Idroop| ≤ |IESS| ≤ IESSn

(4.8)

I∗ESS = IESS i f |IESS| ≤ IESSn (4.9)

Idroop =
∆Pd

N VDCMV
(4.10)

FRT Control does not actuate if IFRT is zero, which occurs when:

• The ST is in normal operation conditions – the limited current reference Id∗lim for

the MV inverter is equal to the non-limited reference Id∗ generated by the VDC

Control / P Control, as depicted in Figure 4.12.

• The MV inverter has reached the maximum current limits (|Id∗lim| < |Id∗|) but

a local ESS is available and is capable to handle the excess current (fulfilling

Equation (4.9) and the last condition of Equation (4.8)).

For the remaining cases IFRT is non zero and FRT Control actuates:

• The MV inverter has reached the maximum current limits (|Id∗lim| < |Id∗|) but no

local ESS is available. In this case, IESS is zero but not I∗ESS. Idroop is non-zero as

well. Thus, IFRT fulfills the first or third conditions in Equation (4.8).

• The MV inverter has reached the maximum current limits (|Id∗lim| < |Id∗|). A local

ESS is available but it cannot handle the excess active power alone. In this case,

any of the first three conditions in Equation (4.8) can occur. The second condition

occurs if Idroop does not exceeds IESS.
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Figure 4.12: Block diagram of the grid-following ST’s MV inverter incorporating the proposed
Fault-Ride-Through control mechanism.

From Equation (4.8) is observed that priority is given to the actuation of the P(fMV)

droop controller and to the available capacity in the local ESS, leaving the FRT control

as the last resort. This is desirable because the actuation of the P(fMV) droop controller

and of the local ESS do not perturb the normal operation of the ST-based hybrid

AC/DC grid.

Regarding the actuation of the FRT Control, there are two distinct operation modes

for net load scenarios and net generation scenarios in the hybrid AC/DC grid respec-

tively. For net load scenarios in the hybrid AC/DC grid, the FRT mechanism modulates

the voltage and frequency levels in the hybrid AC/DC grid if the MV inverter is not

capable to balance the power in the hybrid AC/DC grid without violating its current

limits. In this scenario, IFRT is negative, and only the control signals d∗, dMV
∗ and ∆fFRT

in FRT control became non-zero. Given that any steady-state error is handled by the PI

controller in the VDC Control / P Control depicted in Figure 4.12, d∗, dMV
∗ and ∆fFRT
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control signals are generated from IFRT resorting solely to proportional control rules,

as shown in Figure 4.11. The generated control signals are described as follows:

• d∗: Modifies the transformation ratio of the ST’s isolated DC/DC converter in

order to modulate the voltage levels in both LV AC and DC grids integrating

the ST-based LV AC and DC grids, and thus exploit their active power – voltage

sensitivity. This signal is already represented in the base model of the isolated

DC/DC converter represented in Figure 3.7. The resulting modulated voltage

for the LV AC inverter (VACLV) and LV DC bus (VDCLV) are expressed by

Equations (4.11) and (4.12) respectively. N is the transformation ratio of the HFT

in the isolated DC-DC converter and kLV is the coefficient for the N reduction.

VACLV =
VDCLV

VDCLVn
VACLV0 (4.11)

VDCLV =


VDCMV N; if kLVIFRT ≤ 0

VDCMV N(1− kLVIFRT); if 0 < kLVIFRT < 1

0; if kLVIFRT ≥ 1

(4.12)

• d∗MV: Constitutes the duty-cycle of the non-isolated DC-DC converter, aiming to

modulate the voltage levels in the MV DC grid. This signal is already represented

in the model of the non-isolated DC-DC converter depicted in Figure 4.10. The

resulting modulated voltage for the MV DC grid (VDCMVg) is expressed by

Equation (4.13), where kMV is the coefficient for the VDCMVg reduction.

VDCMVg =


VDCMV; if kMVIFRT ≤ 0

VDCMV(1− kMVIFRT); if 0 < kMVIFRT < 1

0; if kMVIFRT ≥ 1

(4.13)

• ∆fFRT: Modifies the frequency in the LV AC grid in order to exploit the frequency-

power sensitivity of the LV AC grid. The inclusion of ∆fFRT in the LV inverter is

illustrated in Figure 4.13, based on the incremental model described in section 4.1.

The resulting frequency adjustment for the LV AC grid (VDCMV) is expressed by

Equation (4.14), where kf is the coefficient for the fLV adjustment.
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∆fFRT =


∆fmin; if kf IFRT ≤ ∆fmin

kf IFRT; if ∆fmin < kf IFRT < ∆fmax

∆fmax; if kf IFRT ≥ ∆fmax

(4.14)
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Figure 4.13: Block diagram of the ST’s LV inverter incorporating the ∆fFRT signal.

For net generation scenarios in the hybrid AC/DC grid, the FRT control diverts

any excess active power to the dump-load (described in section 4.2.1.1) and modulates

the frequency in the LV AC grid. The modulation of the frequency in the LV AC

grid aims to exploit the frequency-power sensitivity of the LV AC grid in order to

decrease power generation and increase power consumption in the LV AC grid. In

this scenario, IFRT is positive, and only the control signals IDL and ∆fFRT in FRT control

are non-zero. For the same reasons described for the net load scenarios, IDL and ∆fFRT

control signals are generated from IFRT resorting solely to proportional control rules.

The ∆fFRT control signal is as described for the net load scenarios. The IDL control

signal constitutes the reference current for the dump-load, as represented in Figure 4.9.

IDL is non-zero only for positive values of IFRT because it should only react to excess

power occurrences during net generation scenarios in the hybrid AC/DC grid. The

active power dissipated in the dump-load (PDL) is expressed by Equation (4.15), where

kdl is the modulation coefficient for the dump-load current IDL.

PDL =


VDCMVIDLmax; if kdlIFRT ≥ IDLmax

VDCMVkdlIFRT; if 0 < kdlIFRT < IDLmax

0; if kdlIFRT ≤ 0

(4.15)

It is worth to mention that the proposed FRT mechanism is suited to respond to
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both symmetric and asymmetric voltage sags in the upstream MV AC grid. Any

occurrence of oscillatory active power components in the MV inverter (result of a

negative-sequence component in the MV AC grid voltage) is properly compensated

by the supercapacitor bank illustrated in Figure 4.8, based on the control approach

already described in section 3.2.3.2.

Another important remark is that the load and DER modeling adopted according

to Equations (3.41), (3.40), (3.42), (3.44), (3.45) and (3.46) is usually considered valid for

voltage and frequency changes relatively small. For more aggressive variations, such

as those the FRT control can impose upon the ST-based bybrid AC/DC grid, many

loads and DER with no FRT capabilities would switch off in the real world. This means

that, in real world applications, the total load and/or generation in a ST-based hybrid

AC/DC grid can be lower in the instants following the end of the actuation of the FRT

control. However, since no satisfactory data on the subject was not found at the time

of writing of this thesis, this occurrence is not considered nor modeled.

4.2.1.4 Chain of Events induced by the FRT Control Strategy

The reaction chains triggered by the actuation of the aforementioned FRT mechanism

are illustrated in Figures 4.14 and 4.15 respectively for net load and net generation

scenarios in the ST-based hybrid AC/DC grid.

During net load scenarios in the ST-based hybrid AC/DC grid, if the MV inverter

is not capable to balance active power in excess in its hybrid AC/DC grid in face of

voltage sags in the upstream MV AC grid, the FRT mechanism is invoked as depicted

in Figure 4.14. If no local ESS exists, the FRT mechanism modulates the voltage and

frequency levels in the hybrid AC/DC grid (light blue arrows) through ∆fFRT, d∗ and

d∗MV control signals (blue arrows). As a result, the active power–voltage and active

power–frequency sensitivities of non-controllable loads and controllable DER modulate

the active power in the various sub-grids (red arrows), which in turn modulate the

active power exchanged with the DC buses (pink arrows). But if a suitable local ESS is

available, the FRT mechanism modulates the active power in the local ESS through I∗ESS

control signal (dashed arrows). All the contributions finally converge to the MV DC

bus, whose power balancing is ensured by the MV inverter which directly exchanges

with the upstream power system the resulting active power (red arrow to PMV/IACMV).

During net generation scenarios in the ST-based hybrid AC/DC grid, if the MV

inverter is not capable to balance active power in excess in its hybrid AC/DC grid

in face of voltage sags in the upstream MV AC grid, the FRT mechanism actuates
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as depicted in Figure 4.15. If no local ESS exists, the FRT mechanism modulates

the frequency in the LV AC sub-grid (light blue arrow) and the current IDL in the

dump-load through the respective ∆fFRT and IDL control signals (blue arrows). As a

result, active power–frequency sensitivity of non-controllable loads and controllable

DER modulates the active power in the LV AC sub-grid (red arrows), which in turn

modulates the active power exchanged with the LV DC bus (pink arrows). By its turn,

the dump-load dissipates the excess active power flowing to the MV DC bus that

cannot be balanced by the MV inverter. But if a suitable local ESS is available, the FRT

mechanism modulates the active power in the local ESS through I∗ESS control signal

(dashed arrows). The MV inverter then directly exchanges with the upstream power

system the resulting active power (red arrow to PMV/IACMV).
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4.2.2 Fault-Ride-Through for Grid-forming ST

The FRT strategy proposed in this section is designed for grid-forming ST. The main

purpose is to provide current limiting capabilities to the MV inverter in the advent of

a fault disturbance in the upstream AC MV grid, but more generic overload conditions

are addressed as well. It also aims to enable the ST to support sections of the upstream

MV AC grid in islanded operation mode following a fault disturbance in the upstream

power system. It does not require detection mechanisms for fault or overload currents,

nor redundant current-mode control structures to be activated specifically during

overload conditions. Current limitation is provided with the MV inverter always in

grid-forming mode without losing the synchronism with the main power system. The

FRT control relies entirely on the ST’s local ESS to provide the fast power balancing in

the MV DC bus.

The FRT control mechanism is illustrated in Figure 4.16 and its integration in

the overall control structure of the MV inverter is illustrated in Figure 4.17. The

parameterization of the proposed FRT mechanism is presented in Appendix A.
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Figure 4.16: Block diagram of the proposed Fault-Ride-Through control mechanism for grid-
forming ST.

The main rationale of the proposed FRT mechanism consists in limiting the voltage

drop in the coupling MV DC filter of the MV inverter in order to control the current

flowing through the MV inverter. Indeed, such relationship can be expressed by Equa-

tion (4.16), where ICMVf is the current in the capacitor of the LC filter, and XLMVf and

XCMVf are respectively the inductive and capacitive reactances of the LC filter at fMV .

The resistance in the reactive elements is considered much lower than their respective

reactance (XLMVf and XCMVf ), being thus neglected. However, ICMVf can be fairly

neglected because XCMVf is much larger that XLMVf , as expressed by Equation (4.18),

resulting in the approximation described by Equation (4.17). Equation (4.18) is derived
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from the considerations for the MV LC filter made in section 3.2.1.1, where the cut-off

frequency fc and the characteristic impedance Z0 of the LC filter are as expressed in

the set of Equations in (3.3), being fc established at 2kHz.
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Figure 4.17: Block diagram of the grid-forming ST’s MV inverter incorporating the proposed
Fault-Ride-Through control mechanism.

IACMVg = IACMV + ICMVf =
VACMVg −VACMV

XLMVf
+

VACMVg

XCMVf
(4.16)
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IACMVg ≈ IACMV ≈
VACMVg −VACMV

XLMVf
(4.17)

XLMVf

XCMVf
=

(
fMV

fc

)2

⇒
XLMVf

XCMVf
∈ [6.0025, 6.5025]x10−4 if 49 ≤ fMV ≤ 51 (4.18)

The active power exchanged between the ST and the upstream MV AC system

is determined by the reactance of the MV LC filter and the voltages applied to its

terminals, as expressed in Equation (4.19). δMVf is the phase angle between the AC

voltages in the upstream MV AC grid (VACMVg) and MV inverter (VACMV) sides. Given

that VACMVg is imposed by the upstream MV AC grid, VACMV is the only control

variable available to the ST to control IACMV, and consequently PACMVg. As such, the

proposed FRT mechanism regulates the magnitude and angular position of VACMV in

order to control the voltage drop in the MV LC filter, aiming to preserve IACMV close

to IACMVn in face of fault disturbances in the upstream MV AC grid.

PACMVg =
VACMVgVACMV

XLMVf
sin(δMVf ) (4.19)

In order to implement this approach, the virtual impedance concept is adopted

in combination with the estimation of the intervals for VACMV magnitude and for

δMVf where IACMV ≤ IACMVn. The virtual impedance concept is adopted given its

relative simplicity and increasing interest in applications aiming to limit overcurrents

in grid-forming inverters [257, 258]. The virtual impedance is implemented as shown

in Figure 4.17 and constitutes the most immediate response mechanism against over-

currents, generating a voltage correction in the dq0 frame according to Equation (4.20),

where Zv represents the coefficients for the calculation of the direct, quadrature and

zero sequence components of ∆Vz, and Idq0g corresponds to IACMVg in the dq0 frame.

Idq0g is calculated according to Equation (4.21), where AP is expressed by Equation (3.13)

and corresponds to the amplitude-invariant Park transformation with the rotating

frame aligned 90 degrees behind the phase A axis (|A| = 1; A θ = 0→ Ad = 1; Aq = 0)

and ωt is the reference angular position for VACMV.

∆Vz =


Zv(Idq0g − Ilim) if Idq0g ≥ Ilim

0 if − Ilim < Idq0g < Ilim

Zv(Idq0g + Ilim) if Idq0g ≤ −Ilim

(4.20)

Being Ilim the current limits for the direct, quadrature and zero sequence compo-
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nents in Idq0g , the limits for each sequence component are determined as shown in

the set of Equations in (4.22). Priority is given to the active power during current

limitation, and for that reason the direct component of Ilim (Ilimd
) is set to IACMVn. The

quadrature component of Ilim (Ilimq) is dynamically calculated as a function of Idg . Since

the absolute current limit for the MV inverter is defined by IACMVn, Ilimq is dynamically

defined to the current capacity not allocated to Idg . Given that the MV inverter is

modeled by a three-phase controlled voltage source in star configuration with isolated

neutral, the zero sequence current is not present. As such, the zero sequence in the

virtual impedance is not required and is set to zero (Zv = 0) and Ilim0 is not deemed

necessary.

Idq0g = AP IACMVg (4.21)

Zv =


Zvd

Zvq

0

 ; Idq0g =


Idg

Iqg

I0g

 ; Ilim =


Ilimd

Ilimq

Ilim0

 =


IACMVn√

IAC2
MVn − I2

dg

0

 (4.22)

As expressed in Equation (4.20), the virtual impedance only actuates when Idq0g

violates Ilim in order to avoid its undesired interference with the normal operation of

the ST. This way, Zv coefficients can be sufficiently aggressive in order to properly

control IACMVg in face of the most severe fault disturbances in the MV AC grid with

no undesired impacts on VACMV during the normal operation of the ST.

Although the virtual impedance is capable to cushion most of the current transients

affecting the MV inverter in the advent of a fault disturbance in the upstream AC

MV grid, it is not capable to strictly impose Ilim alone due to the fact that the virtual

impedance is essentially a proportional-based control mechanism with no capability to

eliminate the steady-state error between Ilim and Idq0g . The steady state error between

Ilim and Idq0g can greatly vary throughout the full range of disturbance scenarios

the grid-forming ST must endure. Regarding this, the performance of the virtual

impedance can be improved by observing the intervals for VACMV magnitude and for

δMVf related to the maximum voltage drop in the MV LC filter where IACMV ≤ IACMVn.

To achieve this, a set of supplementary control mechanisms complementing the control

action provided by the virtual impedance are proposed to react to the violation

of the aforementioned intervals and to impose fast corrections to the magnitude

and phase shift of VACMV in relation to VACMVg accordingly. Consequently, these

additional control mechanism greatly reduce the required actuation range of the
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virtual impedance, permitting a better optimization in the parameterization of Zv

coefficients, and thus, to further minimize the aforementioned steady-state error.

The purpose and description of the aforementioned supplementary control mech-

anisms, which are illustrated in Figure 4.17, are described in subsection 4.2.2.1, as

follows.

4.2.2.1 Supplementary FRT Control Mechanisms

Voltage Magnitude Compensator

Being possible to determine the maximum voltage drop in the MV LC filter that

would enable the limiting of IACMVg to IACMVn, limits for the initial reference voltage

magnitude generated in Voltage/Reactive Power Control (|V|) can be deterministically

calculated. This mechanism aims precisely to dynamically determine the acceptable

limits for |V|, which constitutes the base reference to generate VACMV. By imposing

such limits, a major mitigation of the reactive component of the fault currents in the

MV inverter can be obtained straight away, and the parameterization of Zv in the

virtual impedance can be optimized for a narrower actuation band with more focus in

the limitation of the active component of the current in the MV inverter.

The initial reference voltage magnitude is generated according to Equation (4.23),

where |VACMV|0 is the base voltage for the MV inverter and ∆V is the contribution of

the ∆VACMV(QMVg) droop controller.

|V| = Vd = |VACMV|0 + ∆V (4.23)

The voltage limits to be imposed to |V| are defined according to Equations in (4.24),

where Vmax and Vmin are respectively the maximum and minimum limits for the initial

reference voltage magnitude |V|. Vmax and Vmin are centered around the direct com-

ponent of the measured VACMVg (Vdg) because |V| is synchronized with the reference

angular position ωt generated by the controller of the MV inverter. Thus, the quadra-

ture component of VACMVg is not considered for the calculation of Vmax and Vmin since

only the direct component is generated (|V| = Vd). RMVf and LMVf are the resistance

and inductance in the MV LC filter. Idg is as described for the set of Equations in (4.22).

Vdg is calculated according to the set of Equations in (4.25), where Ap is as defined in

Equation (3.13).
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
Vmax = |Vdg |+ RMVf IACMVn + 2πfMVLMVf

√
IAC2

MVn − I2
dg

Vmin = |Vdg | − RMVf IACMVn − 2πfMVLMVf

√
IAC2

MVn − I2
dg

(4.24)

Vdq0g = APVACMVg; Vdq0g =


Vdg

Vqg

V0g

 ; VACMVg =


Vag

Vbg

Vcg

 (4.25)

The limitation of |V| (Vdlim
) using Vmax and Vmin is expressed in Equation (4.26),

which results in a dynamic limitation of |V| as a function of VACMVg. Finally, Vdlim

is adjusted to the dq0 frame representation V′dq0 by adding the quadrature and zero

sequence elements, which are set to zero given the alignment of |V| with ωt and the

isolated neutral connection in the MV inverter.

Vdlim
=


Vmax if Vd ≥ Vmax

Vd if Vmin < Vd < Vmax

Vmin if Vd ≤ Vmin

; V′dq0 =


Vdlim

0

0

 (4.26)

The final reference VACMV is then determined according to Equation (4.27), which

results from the contributions provided by Voltage Magnitude Compensator (V′dq0) and

Virtual Impedance (∆Vz) multiplied by the inverse Park transformation A−1
p expressed

by Equation (3.14).

VACMV = A−1
P (∆Vz + V′dq0) (4.27)

Virtual Impedance ∆θ Compensation

During normal operation conditions, the Virtual Impedance is not actuating (∆Vz =

[0; 0; 0]) and the limited signal for the initial voltage reference Vdlim
is aligned with ωt

(and thus, VACMV is aligned with the direct axis). As such, no quadrature component

for the voltage exists during normal operation.

However, when the Virtual Impedance response becomes non-zero following a viola-

tion of current limits in the MV inverter, a non-zero quadrature voltage compensation

may be present in ∆Vz in order to counteract the excess current in the quadrature

components of IACMVg. A quadrature voltage compensation component in ∆Vz will

add a phase shift to the effective angular position of the final voltage reference VACMV.

This phase shift is not inherently considered in the ωt signal, resulting that VACMV is
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not aligned with the direct axis while a non-zero quadrature component in ∆Vz exists.

In order to correct the mismatch between ωt and the effective angular position

of VACMV, the phase shift generated by the virtual impedance (∆θvz) is added to ωt.

The phase shift to be corrected is calculated according to Equation (4.28). ∆θvz is

determined using the positive sequence of the reference voltage VACMV in the dq0

frame, represented by V∗dq0+. V∗dq0+ is calculated applying the moving average operator

to V∗dq0 over a running window defined by the reference angular frequency ω in the

MV inverter (V∗dq0). The calculation of V∗dq0 has an intrinsic delay equal to 2π
ω but it is

sufficiently small to not have meaningful impact in the response of the FRT mechanism.

∆θVz = tan−1

(
V∗q+
V∗d+

)
; V∗dq0+ =


V∗d+
V∗q+
V∗0+

 = V∗dq0; V∗dq0 = ∆Vz + V′dq0 (4.28)

The positive sequence component related to VACMV is used because the calculation

of direct and quadrature components of voltages and currents used by the controller

of the MV inverter is dependent on the stability of ωt. It prevents the introduction of

oscillations in ωt that would result from a negative sequence component in the fault

currents to which the Virtual Impedance must respond. ωt is given by Equation (4.29),

where ω0t is the nominal angular position over time at the nominal frequency ω0

and ∆ωt∗ is the angular position regulation performed by the Frequency/Active Power

Control as depicted in Figure 4.17.

ωt = ω0t + ∆ωt∗ + ∆θVz (4.29)

∆P/∆θ Compensation

The purpose of this mechanism is to prevent the deadlock of the f (∆PMV) droop

controller integrating the Frequency/Active Power Control represented in Figure 4.17 as a

result of the actuation of the FRT mechanism. Through the signal ∆ωt∗, the f (∆PMV)

droop controller adjusts the frequency of the MV inverter as a function of the active

power PACMVg exchanged by the MV inverter with the upstream AC grid. However, as

the FRT mechanism seeks to limit currents in the the MV inverter, PACMVg is affected

as well. This may prevent the f (∆PMV) droop controler of adjusting ∆ωt∗ to the

necessary equilibrium point to stabilize the reference angular position ωt (and thus,

the reference frequency). The FRT mechanism continues to enforce the active current

limitation, which tends to increase as the phase shift between the ST and the upstream
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AC power system increases due to the lack of stabilization of the reference ωt in a

new equilibrium point. But the f (∆PMV) is waiting PACMVg to increase in magnitude

(which implies no limitation of the active current by the FRT mechanism) in order to be

able to stabilize the reference ωt. The f (∆PMV) droop controller becomes deadlocked

with the FRT mechanism. If such circumstance persists, the ST will eventually lose the

synchronism with the upstream AC power system.

In order to prevent this occurrence, the signal ∆P/∆θ determined by equation (4.30)

is added to PACMVg and PMVsp. ∆θ is the phase angle obtained from the positive

sequence of VACMVg, which effectively corresponds to the phase shift between VACMVg

and VACMV, and is obtained through the set of Equations in (4.31). ∆θMin and ∆θMax

are respectively the minimum and maximum dead-zone limits for the phase angle in

the positive sequence of VACMVg, beyond which the deadlock of the f (∆PMV) droop

controller may occur. Gt is a gain tuning which is function of the amplitude of the

positive sequence of VACMVg, and Kp is the gain coefficient to produce the active power

contribution ∆P/∆θ. In the set of Equations in (4.31), Vdq0+ is the positive sequence of

VACMVg in the dq0 referential, and AP is as defined in Equation (3.13).

∆P/∆θ =


KP Gt(∆θMin + ∆θ) if ∆θ ≤ ∆θMin

0 if ∆θMin < ∆θ < ∆θMax

KP Gt(∆θ − ∆θMax) if ∆θ ≥ ∆θMax

(4.30)

∆θ = tag−1
(

Vq+

Vd+

)
; Vdq0+ = Vdq0 =


Vd+

Vq+

V0+

 ; Vdq0 = APVACMVg (4.31)

∆θMin and ∆θMax are calculated according to Equation (4.32). RMVf and LMVf

are respectively the resistance and inductance of the MV LC filter, |VAC+
MVg| is the

module of the positive sequence of VACMVg and I2
dg

is as defined in the set of Equa-

tions in (4.21) and (4.22). ∆θMin and ∆θMax relate to the maximum current IACMVn,

and correspond to the minimum and maximum phase shift between the ST and the up-

stream AC power system to which no deadlock occurs in the f (∆PMV) droop controller.

Outside that interval, ∆P/∆θ becomes non-zero in order to prevent the deadlock of the

f (∆PMV) droop controller. VACMVg is used in this calculation because the phase shift

to be calculated is always referenced to VACMV. The positive sequence of VACMVg is

used in order to avoid the oscillations in ∆θMin and ∆θMax resulting from the presence

of the negative sequence in VACMVg.
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∆θMax = −∆θMin =

∣∣∣∣∣∣tag−1

 |2πfMVLMVf IACMVn|+ |RMVf

√
IAC2

MVn − I2
dg
|

|VAC+
MVg|

∣∣∣∣∣∣ (4.32)

The gain tuning Gt improves the response of ∆P/∆θ Compensation mechanism,

by adjusting the Kp gain as a function of the magnitude of VACMVg, as described in

Equation (4.33). |ZMVf | is the scalar value of MV LC filter impedance and IACMVn is

the nominal current of the MV inverter. The phase shift between VACMVg and VACMV

required to obtain IACMVn in the MV inverter output is divided by its counterpart

obtained using VACMVn, because the phase shift corresponding to IACMVn is inversely

proportional to the magnitude of VACMVg. As such, Gt adjusts ∆θ′ for an enhanced

∆P/∆θ compensation, as a function of the magnitude of VACMVg.

Gt =

∣∣∣∣∣∣∣
sin−1

(
IACMVn|ZMVf |
|VACMVg|

)
sin−1

(
IACMVn|ZMVf |

VACMVn

)
∣∣∣∣∣∣∣ (4.33)

Equations (4.30) to (4.33) show that the ∆P/∆θ compensation only actuates when

the phase shift measured in VACMVg goes outside the interval defined by ∆θMin and

∆θMax, beyond which the deadlock of the f (∆PMV) droop controller can occur.

4.2.2.2 Chain of Events induced by the FRT Control Strategy

The reaction chains triggered by the actuation of the FRT control strategy proposed for

grid-forming ST is illustrated Figure 4.18.

The current limitation imposed by the FRT control (blue arrow) impacts directly the

power balance in the MV DC bus. Simultaneously, the variation of VACMVg following a

fault disturbance in the upstream AC system also impacts the power balance in the MV

DC bus, even if the FRT control does not actuate, because the active power exchanged

by the ST with the upstream AC system is impacted by variations in VACMVg. Also, the

active power exchanged by the ST with the upstream AC system impacts the actuation

of the f (∆PMV) droop controller, which impacts the power balance in the MV DC bus.

These active power reaction chains (thin red arrows) converge in the MV inverter,

affecting VDCMV (light green arrow). The deviation of VDCMV from the set-point

defined by the DC Voltage Control (illustrated in Figure 4.17) immediately prompts

its regulation (dark green arrow) through the control of the current reference I∗ESS of

the local ESS which acts as a power buffer by injecting the necessary power (bold red

arrows) in the DC buses in order to stabilize VDCMV around the reference value.
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Figure 4.18: Reaction chain triggered in the grid-forming ST and its derived grids following
a fault disturbance in the MV AC grid. Positive values for the active power
correspond to consumed active power.

4.3 Reconfiguration Capabilities on Hybrid Multi-

Microgrids

The control functionalities proposed in this section aim to enable the reconfiguration

of grid sections within a HMMG in order to allow the permutation of grid sections

between radial and meshed configurations without interruption of supply. The main

purpose is to enable a ST-based LV AC subgrid to be reconfigured to operate in radial

configuration or in meshed configuration jointly with other LV AC grids connected to

other ST or fed from the MV AC grid through a conventional magnetic Low-Frequency

Transformer (LFT). The novelty of the proposed approach is that it does not rely on

communications to perform the synchronization of the LV grids to reconnect, in contrast

with the solutions proposed in the literature so far which are reliant on communications

and remote measurements [123, 225]. It solely relies on the electrical quantities

measured locally at the ST level. The rationale of the proposed approach is conceptually

illustrated in Figure 4.19, and its implementation in the control structure of the LV

inverter is illustrated in Figure 4.20. The proposed synchronization mechanism is based

on the assumption that all LV AC grids to be synchronized and reconnected are under

the same MV AC grid. Existing LV grids are typically operated in a radial configuration

with limited or no reconnection capabilities to neighboring LV grids. Nevertheless, in

neighboring LV grids, the frequency at the connection point of the MV AC grid with

the LFT or ST related to the LV AC grids to be synchronized and connected in a ring

or meshed configuration is the same, with the phase angle differences among them
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being usually small and depending on load profiles and line impedances in the MV

AC side. As such, the synchronization phase and frequency to impose on LV AC grids

amid its synchronization in a ring or meshed configuration can be solved by using the

phase and frequency at the ST’s connection point with the MV AC grid. This approach

does not require communications between LV AC grids or distribution substations,

nor detection mechanisms for phase crossing between LV AC grids. Follows a detailed

description of the proposed synchronization mechanism. The parameterization of the

synchronization mechanism is presented in Appendix A.
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DC/DC
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LV Inverter
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Figure 4.19: Conceptual representation of the proposed synchronization mechanism for the ST’s
LV inverter.
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Figure 4.20: Block diagram of the ST’s LV inverter incorporating the proposed synchronization
mechanism.
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As shown in Figure 4.20 it is possible to select between the reference angular

position generated by the controller of the LV inverter (ωLVt+∆ωLVdt) and the reference

angular position determined according to Equation (4.34), where ωMVt is the reference

angular position of the MV inverter, ∆θTVG is the phase adjustment related to the

transformer vector group to be considered, and ∆θD is a phase adjustment function

of PACLVg and QACLVg. ωMVt constitutes the base signal to equal the frequency in

both MV and LV inverters. ∆θTVG is required since the ST-based LV AC grid can be

connected to another LV AC grid based on a LFT with a characteristic transformer

vector group whose phase shift in relation to the MV AC grid is not zero.

ωLV0t = ωMVt + ∆θD + ∆θTVG (4.34)

The calculation of ∆θD is based on the droop-based controller discussed in sec-

tion 4.1.1, illustrated in Figure 4.2 and expressed by Equation (4.1). Based on Equa-

tion (4.1), ∆θD can be expressed according to Equations (4.35) and (4.36). mdp and

mdn are respectively the positive and negative droop slopes, and KθP and KθQ are

respectively the coefficients for the active and reactive power components contributing

to ∆θD. KθP and KθQ should be determined according the typical X/R impedance ratio

in the LV AC grid for an optimized performance.

∆θD =



∆θDmin if X ∈ ]−∞, Xmin]

mdn(X− Xmin) + ∆θDmin if X ∈ ]Xmin, Xmin_db]

0 if X ∈ ]Xmin_db, Xmax_db[

mdp(X− Xmax_db) if X ∈ [Xmax_db, Xmax[

∆θDmax if X ∈ [Xmax, ∞[

(4.35)

X = KθPPACLVg + KθQQACLVg; KθP, KθQ ∈ [0, 1]; KθP + KθQ = 1 (4.36)

It is worth to mention that the LV inverter continues to operate in grid-forming

mode under the proposed reconnection approach. Moreover, also using the aforemen-

tioned droop-based control approach, the magnitude of the reference voltage for the LV

inverter (|VACLV|) is also adjusted as a function of PACLVg and QACLVg, in order to min-

imize the mismatch of voltage magnitudes in the LV AC grids to be connected, in the

connection point. The voltage adjustment is expressed by Equations (4.37) and (4.38).

KVP and KVQ are respectively the coefficients for the active and reactive power com-

ponents contributing to ∆|VACLV|. KVP and KVQ should be determined according the
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typical X/R impedance ratio in the LV AC grid for an optimized performance.

∆|VACLV| =



∆|VACLVmin| if X ∈ ]−∞, Xmin]

mdn(X− Xmin) + ∆|VACLVmin| if X ∈ ]Xmin, Xmin_db]

0 if X ∈ ]Xmin_db, Xmax_db[

mdp(X− Xmax_db) if X ∈ [Xmax_db, Xmax[

∆|VACLVmax| if X ∈ [Xmax, ∞[

(4.37)

X = KVPPACLVg + KVQQACLVg; KVP, KVQ ∈ [0, 1]; KVP + KVQ = 1 (4.38)

4.4 Final Remarks - Summary

In this chapter, the advanced control functionalities for ST proposed in this thesis are

presented and described. The integration of the proposed control solution with the

baseline computational models previously described in chapter 3 is also discussed.

The present chapter is summarized as follows:

• Power-frequency support strategies for grid-following and grid-forming ST are

described. The power-frequency support strategy for a grid-following ST exploits

ST’s local ESS and the power–voltage and power–frequency sensitivities of the

ST-based hybrid AC/DC grid in order to modulate its active power, and thus,

provide power-frequency support to the upstream AC system. The power-

frequency support strategy for a grid-forming ST exploits the ST’s local ESS

for immediate power provision and the power–voltage and power–frequency

sensitivities of the ST-based hybrid AC/DC grid to extend the longevity of the

storage capacity of the local ESS. The power-frequency support strategies rely on

droop-based controllers (in the ST and controllable DER) and on the exploitation

of load-voltage and load-frequency sensitivities of non-controllable loads.

• FRT control strategies are proposed for grid-following and grid-forming ST. The

FRT control strategy for grid-following ST relies on a dump-load and on the

exploitation of the power–voltage and power–frequency sensitivities of the ST-

based hybrid AC/DC grid in order to modulate its active power. Alternatively,

relies on the ST’s local ESS if available. The FRT control strategy for grid-forming

ST relies on a virtual impedance complemented with supplementary mechanisms

which limit the magnitude and phase angle in the voltages generated by the

MV inverter, based on the maximum voltage drop in the ST’s MV LC filter
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corresponding to the maximum currents permissible in the MV inverter.

• A communication-free reconnection mechanism enabling the islanding and re-

connection of ST-based LV AC grids with other LV AC grids in ring or meshed

configurations is also described. The proposed strategy is suitable for LV AC

grids under the same MV AC grid. The frequency and angular position of the

MV AC grid measured locally by the ST are used to synchronize and reconnect

the ST-based LV AC grid with other LV AC grids.

The effectiveness of the proposed solutions are to be tested on selected test grids

described in chapter 3 and parameterized as specified in appendix A. The underlying

results for different test cases and operating conditions are presented in the next

chapters.



122 advanced control strategies for smart-transformers



Chapter 5

Providing Power-frequency Regulation

from Smart-Transformer connected

Hybrid Microgrids - Numerical Results

Using the computational models presented and described in chapter 3 and in section 4.1,

the effectiveness of the proposed control strategies for power–frequency support to

the AC power system enabled by Smart-Transformers (ST) feeding hybrid AC/DC

distribution grids is evaluated through computational simulation. As previously stated

in chapter 3, the International System of Units (SI system) is adopted for all developed

computational models. Nevertheless, for depicting some results alongside this chapter,

the per-unit system (p.u.) is also used in order to facilitate the interpretation of the

presented results.

5.1 Case Studies

In order to evaluate the effectiveness of the proposed control strategies for power–

frequency support to the upstream AC power grid from ST-connected hybrid AC/DC

grids, four case studies were considered for grid-following and grid forming ST:

• Over-frequency disturbances in the upstream AC power system and a net-load

scenario in the ST-based Hybrid AC/DC grid.

• Over-frequency disturbances in the upstream AC power system and a net-

generation scenario in the ST-based Hybrid AC/DC grid.

• Under-frequency disturbances in the upstream AC power system and a net-load

scenario in the ST-based Hybrid AC/DC grid.
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microgrids - numerical results

• Under-frequency disturbances in the upstream AC power system and a net-

generation scenario in the ST-based Hybrid AC/DC grid.

The under-frequency and over-frequency disturbances in the aforementioned case

studies result from load steps applied to the equivalent load considered for the

upstream AC power system.

The computational models for the considered case studies follow the overall rep-

resentation illustrated in Figure 5.1. The AC power system (including the equivalent

load and generation) is modeled as described in subsection 3.3.1. The hybrid AC/DC

grid is constituted by a Hybrid AC/DC Microgrid (HMG) and a MV DC grid. The

HMG is modeled using the radial LV AC grid and the LV DC grid described in

subsection 3.3.2. The MV DC grid is modeled using the MV DC grid described in

subsection 3.3.3. Regarding the ST model, grid-following and grid-forming units were

considered according to the respective models described in sections 3.2 and 4.1.

Equivalent Z
MV AC

Network

Smart
Transformer

Hybrid AC/DC
microgrid

Equivalent 
Generation

LV AC network

MV DC 
network

LV DC network

Equivalent 
load

AC
Power system

Figure 5.1: Overview of the computational models adopted for the evaluation of the advanced
control functionalities for power–frequency support using ST.

Regarding the considered case studies, only the most relevant parameters for the

ST and test grids are presented in this chapter. The complete parameterization of the

ST and test grids can be found in Appendix A. The most relevant parameters for the

ST are summarized in Table 5.1. The results in p.u. presented in section 5.2 use the

nominal values presented in Table 5.1 as base values.

Table 5.1: Smart-Transformer: main parameters

Nominal Power 1 MVA
Nominal MV AC Voltage (ph-ph) 15000 V (RMS)
Nominal MV DC link Voltage 27000 V
Nominal LV DC link Voltage 720 V
Nominal LV AC Voltage (ph-n) 230 V (RMS)
Nominal frequency (MV and LV inverters) 50 Hz

Table 5.2 summarizes the relevant parameters for the upstream AC power system.

The under-frequency and over-frequency disturbances were generated by applying
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load steps (connection and disconnection) equivalent to 10% and 20% of the total

generation capacity of the upstream AC power system (1GW) indicated in Table 5.2,

which are always relative to the total load presented in Table 5.2.

Table 5.2: Upstream AC power system: main parameters

Generation capacity 1 GW
Total load 600MW/200Mvar
Equivalent system inertia (H) 2 s
Equivalent impedance (seen from MV connection) 0.04 + j0.63 Ω

The most relevant parameters for the ST-based Hybrid AC/DC grid are presented in

Table 5.3, where the steady-state conditions for net-load and net-generation scenarios

and the installed capacity considered for the controllable resources are presented.

Positive values correspond to consumed power, and negative values correspond to

injected/generated power.

Table 5.3: Steady-state power and operation limits in the ST-based hybrid AC/DC grid

non-controllable load PV generation EV charging Energy Storage
Net-load scenario

LV AC network
202 kW / 64 kvar -75 kW (-210 - 0) 23 kW (0 - 86) 15 kW (± 42)

LV DC network
105 kW -150 kW (-420 - 0) 105 kW (0 - 140) 37 kW (± 84)

MV DC network
175 kW -500 kW (-1400 - 0) 525 kW (0 - 525) –

grid-forming ST
– – – 450 kW *

Total hybrid AC/DC grid
482 kW -725 kW 653 kW 52 kW

Net-generation scenario
LV AC network

202 kW / 64 kvar -180 kW (-210 - 0) 23 kW (0 - 86) 15 kW (± 42)
LV DC network

105 kW -360 kW (-420 - 0) 105 kW (0 - 140) 37 kW (± 84)
MV DC network

175 kW -1200 kW (-1400 - 0) 525 kW (0 - 525) –
grid-forming ST

– – – -450kW *

Total hybrid AC/DC grid
482 kW -1740 kW 653 kW 52 kW

* Grid-forming ST only: imposed on the ST local ESS by the f (∆PMV) droop offset.
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The steady-state values presented in Table 5.3 were obtained by applying multi-

plication factors to the load and generation profiles presented for the base test grids

parameterized in Appendix A in order to obtain the desired net-load and net-generation

scenarios. The base steady-state PV generation was multiplied by 2.5 and 6 for net-load

and net-generation scenarios respectively. The installed PV generation capacity was

multiplied by 7 in both net-load and net-generation scenarios. The base power profile

for the remaining Distributed Energy Resources (DER) and non-controllable load was

multiplied by 3.5 in both net load and generation scenarios. The impedance of the

cable sections in the modeled test grids, whose base parameterization is presented in

Appendix A, was divided by 3.5 to reflect the multiplication factor adopted for the

non-controllable load and DER units excluding PV generation.

Table 5.3 also indicates that, for the scenarios involving the grid-forming ST, the

active power in the ST MV inverter was adjusted by applying an offset to the f (∆PMV)

droop controller in such a way that the steady-state active power exchanged by the MV

inverter with the upstream MV AC grid approximates the net-power in the ST-based

Hybrid AC/DC grid. Since the net-power in the ST-based Hybrid AC/DC grid is

cushioned by the ST’s local ESS, this power adjustment intends to consider a more

realistic operation scenario for the ST, where most of the net-power in the ST-based

Hybrid AC/DC grid is transferred to the upstream MV AC grid.

Regarding the droop-based controllers embedded in the ST and controllable DER,

they are parameterized as described in Appendix A.

5.2 Simulation Results

The frequency disturbances resulting from the 10% and 20% load steps in the upstream

AC power system are illustrated in Figure 5.2. The variable fMV corresponds to the

frequency measured at the ST connection point with the MV AC grid. As expected,

larger load-steps result in larger frequency excursions. The reactions of the grid-

following and grid-forming ST and its respective hybrid AC/DC grids are presented

in the following subsections. The results presented in p.u. use the nominal voltages

and frequency presented in Table 5.1 as base values. In the presented results, the

start of the frequency disturbance occurs at time (s) = 0, and positive values for the

active power correspond to consumed power whereas negative values correspond to

injected/generated active power.
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Figure 5.2: Over-frequency and under-frequency disturbances in the upstream AC power system
for 10% and 20% load step-up and step-down variations in the upstream AC grid.

5.2.1 Grid-Following ST

In order to demonstrate the aggregated response of the active power – frequency

support functionalities proposed for the ST and downstream hybrid AC/DC system,

the presented results were obtained with the simultaneous operation of all droop

controllers incorporated in the ST designed for that purpose. In response to the

frequency disturbances illustrated in Figure 5.2 and considering net-load and net-

generation scenarios, the operation of the droop-based controllers in the ST modulates

the voltage and frequency levels in the ST-based hybrid AC/DC grid as depicted in

Figure 5.3. The voltage and frequency levels in the LV AC sub-grid (VACLV and fLV) are

modulated by the VACLV(fMV) and fLV(fMV) droops respectively. The voltage levels in

the MV and LV DC sub-grids (VDCMV and VDCLV) are modulated by the VDCMV(fMV)

droop. The voltage regulation performed over the MV DC network affects the voltage

in the LV DC network since a fixed transformation ratio is defined for the isolated

DC/DC converter in the ST. It is also possible to observe that the voltage and frequency

curves expressed in Figure 5.3 stabilize before the frequency in the upstream AC grid

(shown in Figure 5.2) returns completely to its nominal value. This results from the

existence of dead-band limits in the aforementioned droop controllers responsible to

modulate the voltage and frequency levels in the ST-based hybrid AC/DC grid.

From the modulation of voltage and frequency levels in the ST-based hybrid

AC/DC distribution network, a response in terms of net active power is obtained from

the hybrid distribution network. The global active power response to the frequency

disturbances illustrated in Figure 5.2 is aggregated at the MV inverter of the ST and is

shown in Figures 5.4 and 5.5. The results illustrated in Figures 5.4 and 5.5 include not

only the contribution from the ST-based hybrid AC/DC grid but also the contribution

of the local ESS integrating the ST, and are discriminated by sub-grid and type of

resource constituting the hybrid AC/DC grid respectively. The contribution from the

local ESS integrated in the ST for the overall power – frequency support is due to the

actuation of the P(fMV) droop controller embedded in the ST.
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Figure 5.3: Frequency and voltage modulation in ST-based sub-grids following frequency dis-
turbances in the upstream AC grid.

As expected, the active power consumed by the non-controllable loads scattered

throughout the ST-based hybrid AC/DC grid is modulated according to its sensitivity
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to voltage and frequency variations. Regarding the DER units, their embedded droop

controllers react accordingly to the voltage and frequency modulations in the various

sub-grids constituting the ST-based hybrid AC/DC grid. The PV generation is also

able to respond to under-frequency disturbances by using its 10% deloading capacity

and therefore increase its power output. It is also possible to observe in Figure 5.5 that

the contribution of the PV generation is higher during over-frequency disturbances.

The PV generation can be curtailed down to zero if necessary in order to help to

counteract the temporary excess in generation in the upstream AC grid, while during

under-frequency disturbances the PV generation can only be increased as far a the

previously defined deloading operation margin of 10% permits.
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Figure 5.4: Active Power response in the ST’s MV inverter following frequency disturbances in
the upstream AC grid, discriminated by sub-grid contribution.

In general, the results illustrated in Figures 5.4 and 5.5 show that the provided

power-frequency support increases with the magnitude of the frequency disturbance.

In face of under-frequency disturbances in the upstream AC grid, the active power

in the ST-based hybrid AC/DC grid decreases for net-load scenarios and increases

for net-generation scenarios, thus contributing to the power – frequency regulation
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Figure 5.5: Active Power response in the ST’s MV inverter following frequency disturbances in
the upstream AC grid, discriminated by resource type contribution.

of the upstream AC power grid. By other hand, the active power in the ST-based

hybrid AC/DC grid increases for net-load scenarios and decreases for net-generation

scenarios when a over-frequency disturbance in the upstream AC grid occurs, thus

contributing to reduce the temporary over-generation affecting the upstream AC grid.

The distribution observed per sub-grid and resource type for the contribution in

the provision of power – frequency support shown in Figures 5.4 and 5.5 is naturally

determined by the parameters selected for the droop controllers (embedded in the

ST and in the DER connected to the ST-based hybrid AC/DC grid), constitution in

terms of loads and resources of the various sub-grids and the voltage and frequency

sensitivities of the various sub-grids. Different grids and parameterization of the droop

controllers would produce different distributions per sub-grids and type of resources.

5.2.2 Grid-Forming ST

Distinctively from the grid-following ST, the reaction of the grid-forming ST in terms

of active power to frequency disturbances in the upstream AC power system is solely
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determined by the f (∆PMV) droop controller embedded in the controller of its MV

inverter. This means that the power – frequency support provided to the upstream AC

grid by the grid-forming ST is independent from the active power response occurring

in the ST-based hybrid AC/DC grid. In fact, any discrepancy between the net-active

power in the MV inverter and the ST-based hybrid AC/DC grid is cushioned by the

local ESS, as illustrated by the chain of events in Figure 4.7 (subsection 4.1.2).

Nevertheless, the involvement of the ST-based hybrid AC/DC grid can considerably

reduce the power and energy required to the local ESS to provide power – frequency

support to the upstream AC power system. Such impact in the local ESS is illustrated

in Figure 5.6, where it is possible to observe how a proper coordination between the

f (∆PMV) droop controller in the ST’s MV inverter and the active power modulation in

the ST-based hybrid AC/DC grid can greatly reduce the intervention of the local ESS

in the power – frequency support to the upstream AC grid.

-400

-200

0

P
E

S
S

 (
kW

)

10% load step
20% load step 0

100

200

300

-300

-200

-100

0

100

P
E

S
S

 (
kW

)

0

200

400

-400

-200

0

P
E

S
S

 (
kW

)

0

200

400

-5 0 5 10 15 20 25 30 35 40
time (s)

-300

-200

-100

0

100

P
E

S
S

 (
kW

)

-5 0 5 10 15 20 25 30 35 40
time (s)

100

200

300

400

Under-frequency Over-frequency
Net load scenarios

Net generation scenarios

Net load scenarios

Net generation scenarios

With hybrid AC/DC grid contribution

No hybrid AC/DC grid contribution

Figure 5.6: Active Power response in the local ESS in the absence of response in the ST-based
sub-grids, following frequency disturbances in the upstream AC grid.

Thus, the global active power support provided through the ST’s MV inverter

remains unchanged whether the ST-based hybrid AC/DC grid participates or not
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in the provision of power – frequency support to the upstream AC power system.

When the ST-based hybrid AC/DC grid is not involved in the provision of power –

frequency support, the transient power modulation in the ST’s MV inverter is practically

supported by the local ESS of the ST. This is illustrated in the results presented in

Figures 5.7 and 5.8, which relate to under-frequency and over-frequency scenarios

respectively, and illustrate the provision of power – frequency support through the

ST’s MV inverter discriminated by provenience (local ESS and ST-based sub-grids) and

compares between the scenarios where the ST-based hybrid AC/DC grid participates

or is absent from the provision of power – frequency support.
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Figure 5.7: Active Power response in the ST’s MV inverter following under-frequency distur-
bances in the upstream AC grid, discriminated by resource type.

Moreover, it is also possible to observe that the power reaction of the local ESS is

not always aligned with the overall response of the ST-based hybrid AC/DC grid. If

the reaction of the ST-based hybrid AC/DC grid in terms of active power to frequency

disturbances in the main power system surpasses the active power reaction dictated by

the f (∆PMV) to the MV inverter of the ST, the local ESS will compensate the difference

by reacting in the opposite direction. This can be observed in the results presented



simulation results 133

450

500

550

600

650

P
M

V
 (

kW
) total

local ESS
LV AC grid
LV DC grid
MV DC grid

450

500

550

600

650

-500

-400

-300

P
M

V
 (

kW
)

-500

-400

-300

400

500

600

700

800

P
M

V
 (

kW
)

400

500

600

700

800

-5 0 5 10 15 20 25 30 35 40
time (s)

-600

-400

-200

P
M

V
 (

kW
)

-5 0 5 10 15 20 25 30 35 40
time (s)

-600

-400

-200

With hybrid AC\DC grid local ESS only
Net load scenarios

Net generation scenarios

Net load scenarios

Net generation scenarios

10% load step

20% load step

Figure 5.8: Active Power response in the ST’s MV inverter following over-frequency distur-
bances in the upstream AC grid, discriminated by resource type.

in Figures 5.7 and 5.8 specially in the net-generation scenarios. The aggregate active

power response is given by the curve labeled total, which is the sum of the contributions

from the local ESS and ST-based sub-grids. It is possible to observe that there are

instants where the active power in the local ESS is opposite to the total active power

reaction, which means that the local ESS is absorbing part of the active power reaction

originating from the hybrid AC/DC grid.

When the contribution of the ST-based hybrid AC/DC grid is considered for the

provision of power – frequency support, the modulation of the voltage and frequency

levels in the ST-based hybrid AC/DC grid is very similar to the results already exposed

in Figure 5.3, as shown in Figure 5.9. The reason is that the parameterization of the

common droop controllers embedded in the ST itself and the adopted hybrid AC/DC

grid (including the parameterization of the droop controllers embedded in DER units)

are similar to what was adopted for the grid-following ST. As described for the grid-

following ST, is the also the modulation of voltage and frequency levels in the ST-based

hybrid AC/DC distribution network by the droop controllers embedded in the ST that
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originates the response of the hybrid distribution network in terms of net active power

observed in Figures 5.7 and 5.8.
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Figure 5.9: Frequency and Voltage modulation in ST-based sub-grids for 10% and 20% load
step variation in the upstream AC grid.
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Figure 5.10 presents the global active power response of the grid-forming ST and

its hybrid AC/DC grid already shown in Figures 5.7 and 5.8, but now discriminating

by contribution from each type of resource in the ST-based hybrid AC/DC grid. The

active power consumed by the non-controllable loads is modulated according to its

sensitivity to voltage and frequency variations, and the droop controllers embedded

in the DER units react the the same voltage and frequency modulations. The PV

generation is also able to respond to under-frequency disturbances by using its 10%

deloading capacity, being possible to observe that the contribution of the PV generation

is higher during over-frequency disturbances, for the same reasons already mentioned

in the analysis of the results related to the grid-following ST.
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Figure 5.10: Active Power response in the ST’s MV inverter following frequency disturbances
in the upstream AC grid, discriminated by resource type contribution.

Contrasting with the results verified for the grid-following ST (see Figure 5.5), the

contribution provided by the combined energy storage capacity (including the ST’s

local ESS) differs significantly for the grid-forming ST and its hybrid AC/DC grid,

since the local ESS can assume a power flow contrary to the total active power reaction

observed in the hybrid AC/DC grid, as already shown in Figures 5.7 and 5.8.
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5.3 Final Remarks - Summary

This chapter describes the case studies adopted and the respective results demonstrat-

ing the capability of ST and ST-based hybrid AC/DC grids to provide active power –

frequency support to the upstream AC power system:

• It is demonstrated that a grid-following ST is capable to modulate the active

power in its local ESS and in the resources available in its hybrid AC/DC grid in

order to obtain the active power contribution required for the provision of power

– frequency support.

• It is demonstrated that a grid-forming ST can rely solely on its local ESS to

provide immediate power – frequency support to the upstream AC grid, but can

exploit the active power sensitivity of its hybrid AC/DC grid in order to reduce

the power and energy required to the ST’s local ESS to perform such task.

The proposed control strategies rely in a set of droop-based controllers incorporated

in the ST power conversion stages that are responsible to modulate its electrical

variables (DC grids voltage, LV AC grid voltage and frequency) as well as the local

ESS active power. Moreover, droop based controllers are also associated to controllable

DER available in the hybrid distribution network, making them responsive to electric

variables generated by the ST. The load-voltage sensitivity of AC and DC connected

loads is also exploited as a possible contribution within the scope of the active power-

frequency regulation.

The presented numerical simulation results, illustrated in different operating sce-

narios of a hybrid AC/DC network connected to a ST and showing the effectiveness of

the proposed approaches, provide support to the possibility of further exploiting the

proposed solution in ST connected hybrid AC/DC distribution grids regarding the

need of providing active power - frequency regulation services to the upstream power

grid.



Chapter 6

Validation of Advanced Control

Strategies for Fault-Ride-Through and

Grid Reconfiguration on Hybrid

Multi-Microgrids

This chapter presents the evaluation and performance assessment of the advanced

control strategies for Fault-Ride-Through (FRT) and grid reconfiguration on Hybrid

Multi-Microgrids (HMMG), proposed for Smart-Transformers (ST) and hybrid AC/DC

grids supported by them. Numerical simulation results presented in this chapter

were obtained using the computational models described in chapter 3 and in sec-

tions 4.2 and 4.3. The International System of Units (SI system) is adopted for all

developed computational models, but the results presented in this chapter are partially

represented using the per-unit system (p.u.) in order to facilitate the interpretation of

the presented results.

6.1 Case Studies

In order to evaluate the proposed control strategies, the following case studies were

considered involving the grid-following and grid-forming ST.

1. A fault disturbance occurs in the MV AC grid between a grid-following ST and

the upstream AC power system, without suitable energy storage capacity locally

available for the ST.

2. A fault disturbance occurs in the MV AC grid between a grid-following ST and
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the upstream AC power system, with suitable energy storage capacity locally

available for the ST.

3. A fault disturbance occurs in the MV AC grid between a grid-forming ST and

the upstream AC power system.

4. A fault disturbance occurs in the MV AC grid between a HMMG and the

upstream AC power system, followed by the islanding of the HMMG.

5. A LV AC grid integrating a HMMG and operating in ring configuration suffers an

interruption of supply in one of the two available feeding points. The disrupted

feeding point corresponds to a MV/LV substation based on a low-frequency

transformer (LFT) while the feeding point remaining connected is provided

by a grid-forming ST. After this occurrence, the LV AC grid is automatically

reconfigured to operate in radial configuration, with the ST being responsible

to feed it. Afterwards, the MV/LV substation based on a LFT is made available

to start operating, and the ST performs the required pre-synchronization of the

LV AC grid in order to allow the reconfiguration of the LV AC grid to ring

configuration again.

As it was previously discussed, in a grid-following type ST (may include or not

an energy storage device), the MV-side power converter operates in a grid following

mode. Conversely, a grid-forming type ST includes an energy storage system in the

DC bus, allowing the MV side power converter to operate as a grid forming unit.

The case studies 1 and 2 are related to the control strategies presented in subsec-

tion 4.2.1,while case study 3 is related to the control strategies presented in Section 4.2.2,

and case study 4 relates the control strategies presented in subsections 4.2.1 and 4.2.2,

aiming to exploit them in the context of an islanded operation of a HMMG. Case study

5 is related to the control strategies presented in Section 4.3.

6.1.1 Case Studies 1, 2 and 3

The computational models for the first, second and third case studies follow the overall

representation illustrated in Figure 6.1.

The upstream AC power system is modeled as described in subsection 3.3.1. The hy-

brid AC/DC grid is constituted by a Hybrid AC/DC Microgrid (HMG) and a MV DC

grid, where the HMG is modeled using the radial LV AC and LV DC grids described

in subsection 3.3.2, and the MV DC grid is modeled as described in subsection 3.3.3.

Grid-following and grid-forming ST units were considered according to the respective

models described in sections 3.2 and 4.1. An additional MV cable was also considered
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Figure 6.1: Overview of the computational models adopted in case studies, 1, 2 and 3 for the
evaluation of the advanced control functionalities for FRT provision.

between the ST and the simulated faults, reflecting the electrical distance between the

fault location and the point of connection of the ST. In order to simulate the fault dis-

turbances, the Three-Phase Fault model available in the library of MATLAB®/Simulink®

software was adopted. This block allows to simulate symmetric and asymmetric faults

with a pre-defined time duration and to configure the phase-phase and phase-ground

fault impedance.

Regarding the equivalent impedance (Equivalent Z) in the upstream AC power

system, the considered parameters are presented in Table 6.2. A single equivalent

impedance scenario was considered for case studies 1 and 2, but two scenarios are

considered for case study 3. The purpose of this distinction is to evaluate the influence

of frequency excursions occurring in the upstream AC power system (resulting from

the simulated fault disturbances) in the performance of the FRT mechanism and

operation of the grid-forming ST following a fault disturbance. Contrarily to the grid-

following ST in case studies 1 e 2, the grid-forming ST does not resort to frequency

tracking mechanisms (such as PPL) to synchronize with the upstream AC power

system, relying instead on its f (∆PMV) droop controller, sensitive to the active power

exchanged with the upstream AC power system. As a result, the grid-forming ST is

more sensitive to frequency excursions in the upstream AC power system specially

if facing severe voltage sags originated by faults disturbances in the upstream AC

power system. Different values for the equivalent impedance result in different power

unbalances in the upstream AC power systems (since the short-circuit power changes),

and thus, in different frequency excursions in the upstream AC power system.

As a result, a total of 30 fault disturbance scenarios were evaluated for case studies

1 and 2, while for case study 3 a total of 60 fault disturbance scenarios were eval-

uated, resulting from all combinations possible from the parameters presented in

Tables 6.1 and 6.2. The large number of considered operating scenarios, network and

fault conditions, constitutes a large-scale sensitivity study with respect to the proposed
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solutions, being the associated results presented and discussed in this chapter.

Table 6.1: Simulated fault disturbances: main parameters

R phase-phase / phase-ground * Fault type Time duration
0.02Ω / 0.001Ω Phase-ground 0.2s
0.06Ω / 0.001Ω Phase-phase 0.5s
0.2Ω / 0.001Ω Three-phase
0.5Ω / 0.001Ω
1.5Ω / 0.001Ω
* phase-ground impedance applies only to ground faults

Table 6.2: Equivalent impedance: main parameters

Case study Equivalent Z
1 an 2 0.02 + j0.23 Ω

3 0.4 + j0.94 Ω
0.02 + j0.23 Ω

Regarding the parameterization of the ST and test grids, only the most relevant

parameters are presented in this chapter. Its complete parameterization can be found in

Appendix A. The most relevant parameters for the ST are summarized in Table 6.3. The

results in p.u. presented in section 6.2 use the nominal values presented in Table 6.3 as

base values. Table 6.4 summarizes the relevant parameters for the upstream AC power

system.

Table 6.3: Smart-Transformer: main parameters

Nominal Power 1 MVA
Nominal MV AC Voltage (ph-ph) 15000 V (RMS)
Nominal MV DC link Voltage 27000 V
Nominal LV DC link Voltage 720 V
Nominal LV AC Voltage (ph-n) 230 V (RMS)
Nominal frequency (MV and LV inverters) 50 Hz

Table 6.4: Upstream AC power system: main parameters

Generation capacity 1 GW
Total load 600MW/200Mvar
Equivalent system inertia (H) 2 s
Equivalent impedance (seen from MV connection) 0.04 + j0.63 Ω

The most relevant parameters for the ST-based hybrid AC/DC grid are presented in

Table 6.5 for the case studies 1 and 2 and in Table 6.6 for the case study 3. Positive values
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correspond to consumed power, and negative values correspond to injected/generated

power. The steady-state values presented in Tables 6.5 and 6.6 were obtained by

applying multiplication factors to the load and generation profiles presented for the

base test grids parameterized in Appendix A in order to obtain the desired net-load

and net-generation scenarios.

Table 6.5: Steady-state power and operation limits in the hybrid AC/DC grid based on the
grid-following ST for case studies 1 and 2

fault type * non-controllable load PV generation EV charging Energy Storage
Net-load scenario

LV AC network
p-g

202 kW / 64 kvar
-30 kW (-210 – 0)

23 kW (0 – 86) 15 kW (± 42)p-p -45 kW (-210 – 0)
p-p-p -75 kW (-210 – 0)

LV DC network
p-g

105 kW
-60 kW (-420 – 0)

105 kW (0 – 140) 37 kW (± 84)p-p -90 kW (-420 – 0)
p-p-p -150 kW (-420 – 0)

MV DC network
p-g

175 kW
-200 kW (-1400 – 0)

525 kW (0 – 525) –p-p -300 kW (-1400 – 0)
p-p-p -500 kW (-1400 – 0)

Total hybrid AC/DC grid
p-g

482 kW
-290 kW

653 kW 52 kWp-p -435 kW
p-p-p -725 kW

Net-generation scenario
LV AC network

p-g 144 kW / 64 kvar
-180 kW (-210 – 0)

17 kW (0 – 86) 11 kW (± 42)
p-p 173 kW / 64 kvar 20 kW (0 – 86) 13 kW (± 42)

p-p-p 202 kW / 64 kvar 23 kW (0 – 86) 15 kW (± 42)
LV DC network

p-g 75 kW
-360 kW (-420 – 0)

75 kW (0 – 140) 27 kW (± 84)
p-p 90 kW 90 kW (0 – 140) 32 kW (± 84)

p-p-p 105 kW 105 kW (0 – 140) 37 kW (± 84)
MV DC network

p-g 125 kW
-1200 kW (-1400 – 0)

375 kW (0 – 525)
–p-p 150kW 450 kW (0 – 525)

p-p-p 175 kW 525 kW (0 – 525)

Total hybrid AC/DC grid
p-g 344 kW

-1740 kW
467 kW 38 kW

p-p 413 kW 560 kW 45 kW
p-p-p 482 kW 653kW 52 kW

* p-g: phase-ground; p-p: phase-phase; p-p-p: three-phase;

As shown in Table 6.5, different steady-state power profiles were adopted according

to the fault type for case studies 1 and 2. The purpose was to identify different



142 validation of advanced control strategies for fault-ride-through and grid

reconfiguration on hybrid multi-microgrids

Table 6.6: Steady-state power and operation limits in the ST-based hybrid AC/DC grid for case
study 3

non-controllable load PV generation EV charging Energy Storage
Net-load scenario

LV AC network
202 kW / 64 kvar -75 kW (-210 – 0) 23 kW (0 – 86) 15 kW (± 42)

LV DC network
105 kW -150 kW (-420 – 0) 105 kW (0 – 140) 37 kW (± 84)

MV DC network
175 kW -500 kW (-1400 – 0) 525 kW (0 – 525) –

local ESS in ST
– – – 400 kW *

Total hybrid AC/DC grid
482 kW -725 kW 653 kW 52 kW

Net-generation scenario
LV AC network

202 kW / 64 kvar -180 kW (-210 – 0) 23 kW (0 – 86) 15 kW (± 42)
LV DC network

105 kW -360 kW (-420 – 0) 105 kW (0 – 140) 37 kW (± 84)
MV DC network

175 kW -1200 kW (-1400 – 0) 525 kW (0 – 525) –
local ESS in ST

– – – -400kW *

Total hybrid AC/DC grid
482 kW -1740 kW 653 kW 52 kW

* Imposed on the ST local ESS by the f (∆PMV) droop offset.

operating condition that, for each fault type, lead the MV inverter of the ST to reach

the maximum current limits, while in others the current in the MV inverter is kept

below the maximum value. This diverse set of scenarios and faults is intended to

demonstrate the effectiveness of the proposed approaches, namely in terms of its

actuation only if the currents limits in the MV inverter are in cause. Given this, the

base steady-state PV generation was multiplied by 6 for net-generation scenarios. For

net-load scenarios, the base steady-state PV generation was multiplied by 1 for phase-

ground fault scenarios, 1.5 for phase-phase fault scenarios, and 2.5 for three-phase

fault scenarios. Nevertheless, the installed PV generation capacity was multiplied

by 7 in all net-load and net-generation scenarios. Regarding the base power profile

for the remaining DER and non-controllable load, is was multiplied by 3.5 for net-

load scenarios, while for net-generation scenarios it was multiplied by 2.5 for phase-

ground fault scenarios, 3 for phase-phase fault scenarios, and 3.5 for three-phase fault
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scenarios. The impedance of the cable sections in the modeled test grids, whose base

parameterization is presented in Appendix A, was divided by the multiplication factors

adopted for the non-controllable load and DER units excluding PV generation. Worth

to mention that the ST’s local ESS is not represented in Table 6.5 because the local ESS

is considered non existent in case study 1, whereas for case study 2 the local ESS is

considered to have its steady-state active power at zero.

Regarding the case study 3, the steady-state values presented in Table 6.6 were

also obtained by applying multiplication factors to the load and generation profiles

presented for the base test grids parameterized in Appendix A, but no different

steady-state power profiles were adopted according to the fault type considered.

Such differentiation is not relevant in this case study because the MV inverter of the

grid-forming ST resorts to the ST’s local ESS to react to the fault disturbance in the

upstream AC power system independently of the active power response occurring in

the ST-based hybrid AC/DC grid, as illustrated by the chain of events presented in

Figure 4.18 (subsection 4.2.2.2). Moreover, since grid-forming ST are more sensitive

to the voltage levels in the upstream MV grid in comparison to what happens with

a grid-following ST, any significant voltage sag at the ST connection point with the

upstream AC grid will inherently lead to over-current phenomena in the ST’S MV

inverter, with the steady-state active power in the ST’s MV inverter being less relevant

in this regard. Given this, the base steady-state PV generation was multiplied by 2.5

and 6 for net-load and net-generation scenarios respectively, and the base power profile

for the remaining DER and non-controllable load was multiplied by 3.5 in both net-load

and net-generation scenarios. The installed PV generation capacity was multiplied by

7 in both net-load and net-generation scenarios. Nevertheless, the steady-state active

power in the ST’s MV inverter was adjusted by applying an offset to the f (∆PMV)

droop controller in such a way that the steady-state active power exchanged by the MV

inverter with the upstream MV AC grid approximates the net-power in the ST-based

Hybrid AC/DC grid. This power adjustment intends to consider a more realistic

operation scenario for the ST, where most of the net-power in the ST-based Hybrid

AC/DC grid is transferred to the upstream MV AC grid.

Yet for case study 1, the actuation of the FRT mechanism jointly with the power–

frequency support mechanism evaluated in chapter 5 is also analyzed, in order to

observe the influence of the power–frequency support mechanism on the performance

of the FRT provision. For this case, the droop-based controllers embedded in the ST

and controllable Distributed Energy Resources (DER) are parameterized as described

in Appendix A. For case study 3, this additional evaluation is irrelevant given the
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shielding effect provided by the ST’s local ESS.

6.1.2 Case Study 4

The computational models for this case study are based on the HMMG test grid

described in subsection 3.3.4 (illustrated in Figure 3.22), properly adapted to simulate a

set of fault disturbances intended to evaluate the effectiveness of the FRT mechanisms

proposed for grid-following and grid-forming ST performing together. The overall

representation of the resulting HMMG is illustrated in Figure 6.2. The grid-following

and grid-forming ST were modeled according to the respective models described in

sections 3.2 and 4.1. The LV AC grid connected to the grid-forming ST and to the

LFT in bus 3 is exploited in radial configuration, with the LFT disconnected. The

circuit breaker responsible to island and reconnect the HMMG to the upstream AC

power system (Breaker HMMG) and the circuit breaker after the LFT connected to bus

3 (Breaker) are modeled using the Three-Phase Breaker model available in the library of

MATLAB®/Simulink® software.
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Figure 6.2: Overview of the computational models adopted in case study 4 for the evaluation
of the advanced control functionalities for FRT provision.

In order to simulate the fault disturbances, the Three-Phase Fault model available

in the library of MATLAB®/Simulink® software was adopted. This block allows to

simulate symmetric and asymmetric faults with a pre-defined time duration and to

configure the phase-phase and phase-ground fault impedance. In this case study, only

the most severe fault disturbances considered in subsection 6.1.1 (presented in Table 6.1)

are adopted (fault resistance of 0.02Ω). This results on a total of 6 fault disturbance

scenarios to be evaluated, resulting from all combinations possible from the parameters

presented in Table 6.7. The parameterization of the ST and upstream AC power system

follows the same assumptions adopted in subsection 6.1.1 (Tables 6.3 and 6.4). The
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results in p.u. presented in section 6.2 use the nominal values presented in Table 6.3

as base values. Regarding the parameterization of the ST-based hybrid AC/DC grids,

identical configurations were adopted for both grid-forming and grid-following ST-

based grids. The most relevant parameters are presented in Table 6.8. Positive values

correspond to consumed power, and negative values correspond to injected/generated

power.

Table 6.7: Simulated fault disturbances: main parameters

Fault type R phase-phase / phase-ground * Time duration
Phase-ground 0.02Ω / 0.001Ω 0.2s
Phase-phase 0.5s
Three-phase
* phase-ground impedance applies only to ground faults

Table 6.8: Steady-state power and operation limits in a single ST-based hybrid AC/DC grid for
case study 4

non-controllable load PV generation EV charging Energy Storage
Net-load scenario

LV AC network
202 kW / 64 kvar -75 kW (-210 – 0) 23 kW (0 – 86) 15 kW (± 42)

LV DC network
105 kW -150 kW (-420 – 0) 105 kW (0 – 140) 37 kW (± 84)

MV DC network
175 kW -500 kW (-1400 – 0) 525 kW (0 – 525) –

local ESS in grid-forming ST
– – – 400 kW *

Total hybrid AC/DC grid
482 kW -725 kW 653 kW 52 kW

Net-generation scenario
LV AC network

202 kW / 64 kvar -180 kW (-210 – 0) 23 kW (0 – 86) 15 kW (± 42)
LV DC network

105 kW -360 kW (-420 – 0) 105 kW (0 – 140) 37 kW (± 84)
MV DC network

175 kW -1200 kW (-1400 – 0) 525 kW (0 – 525) –
local ESS in grid-forming ST

– – – -400kW *

Total hybrid AC/DC grid
482 kW -1740 kW 653 kW 52 kW

* Grid-forming ST only. Imposed on the ST local ESS by the f (∆PMV) droop offset.

The steady-state values presented in Table 6.8 were obtained by applying mul-
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tiplication factors to the load and generation profiles presented for the base test

grids parameterized in Appendix A in order to obtain the desired net-load and net-

generation scenarios. The base steady-state PV generation was multiplied by 2.5 and 6

for net-load and net-generation scenarios respectively, and the base power profile for

the remaining DER and non-controllable load was multiplied by 3.5 in both net-load

and net-generation scenarios. The installed PV generation capacity was multiplied by

7 in both net-load and net-generation scenarios. Nevertheless, for the grid-forming

ST, the steady-state active power in the ST’s MV inverter was adjusted by applying

an offset to the f (∆PMV) droop controller in such a way that the steady-state active

power exchanged by the MV inverter with the upstream MV AC grid approximates

the net-power in the ST-based Hybrid AC/DC grid. This power adjustment aims a

more realistic operation scenario for the grid-forming ST where most of the net-power

in the ST-based Hybrid AC/DC grid is transferred to the upstream MV AC grid.

Regarding the MV AC grid and remaining elements constituting the HMMG, the

main characteristics are presented in Table 6.9. Net-load and net-generation scenarios

are presented only for the bus bars involving the ST, where such scenarios were

considered for their respective hybrid AC/DC grids.

Table 6.9: Main characteristics of the HMMG considered for case study 4

Buses Lines
Bus number Load Bus in Bus out Line Z

6 350 + j355 kVA 1 2 1.35+ j1.1 Ω
DG -300 + j10 kVA 2 6 2.55 + j1.43 Ω
15 70 + j71 kVA 2 3 1.17 + j0.95 Ω
5 44 + j45 kVA 3 4 0.84 + j0.69 Ω

3 (LFT) 0 kVA 4 15 1.19 + j0.67 Ω
Net-load scenario 4 14 2.23 + j1.25 Ω

2 (ST) 462 kVA 4 5 1.53 + j0.85 Ω
14 (ST) 400 - j25 kVA
Net-generation scenario
2 (ST) -533 kVA

14 (ST) -400 + j60 kVA

Regarding the configuration of the grid-following and grid-forming ST incorporated

in the HMMG, this case study is also based on assumptions considered in case studies

1 and 3 described in subsection 6.1.1. The objective is to allow both ST to provide

FRT during fault disturbances, but also power-frequency support specially during

the islanded operation of the HMMG. The grid-forming ST operates with its FRT

mechanism activated, with f (∆PMV) droop controller embedded in the controller of
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the ST’ MV inverter responsible for the provision of power-frequency support. The

grid-following ST operates with its FRT mechanism activated but also with the power-

frequency support mechanism activated (but with no local ESS available) in order to

participate in the frequency regulation of the islanded HMMG.

6.1.3 Case Study 5

The computational models for this case study are based on the HMMG test grid

described in subsection 3.3.4 (illustrated in Figure 3.22), which was properly adapted

to evaluate the proposed grid reconfiguration mechanism based on ST described in

section 4.3. The resulting test grid is illustrated in Figure 6.3.
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Figure 6.3: Overview of the computational models adopted in case study 5 for the evaluation
of the grid reconfiguration mechanism.

A circuit breaker is added to the MV side of the LFT tied to bus bar 3 in order to

enable the reconfiguration of the LV AC grid tied to the aforementioned LFT and the

grid-forming ST between radial and ring configurations. By opening the circuit breaker,

the LV AC grid tied to the LFT is automatically reconfigured to radial configuration,

with a single feeding point maintained by the grid-forming ST. Afterwards, the MV/LV

substation based on a LFT is considered available to start operating again. Then, the

ST performs the required pre-synchronization of the LV AC grid in order to allow the

reconfiguration of the LV AC grid to ring configuration again by closing the circuit

breaker.

The grid-following and grid-forming ST were modeled according to the respec-

tive models described in sections 3.2 and 4.1. The parameterization of the HMMG

(including the ST) follows the assumptions adopted in subsection 6.1.2 and expressed

in Tables 6.3, 6.4, 6.8 and 6.9. The reconfiguration mechanism is evaluated for net-load
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and net-generation scenarios according to the data presented in Tables 6.8 and 6.9. The

LFT connected to the bus bar 3 is parameterized according to Table 6.10.

Table 6.10: MV/LV substation based on a low-frequency transformer: main parameters

Nominal Power 1 MVA
Primary nominal voltage (ph-ph) 15000 V (RMS)
Secondary nominal voltage (ph-n) 230 V (RMS)
Nominal frequency 50 Hz
Vector group Dy11

6.2 Simulation Results

6.2.1 Case Studies 1 and 2

The results related to the evaluation of the case studies 1 and 2 are presented in

this subsection. These case studies are presented together in order to allow a better

understanding how the availability of a local ESS in the grid-following ST impacts the

operation of the FRT provision mechanism over the ST-based hybrid AC/DC grid. A

third set of results is also presented for case study 1 considering the simultaneous

operation of the FRT mechanism with the power–frequency support mechanism already

evaluated in chapter 5, but still with no local ESS available. In order to facilitate the

reading of the presented results, the different sets of results are identified using

the labels No local ESS for case study 1, With local ESS for case study 2, and FRT

plus frequency support for the case study 1 including the power–frequency support

mechanism. The results presented in p.u. use the nominal voltages and frequency

presented in Table 6.3 as base values. In the presented results, the start of the fault

disturbance occurs at time (s) = 0, and positive values for the active power correspond

to consumed power whereas negative values correspond to injected/generated active

power.

The profiles of the voltage disturbances following the fault disturbances described

in Table 6.1 are illustrated in Figures 6.4 and 6.5, for fault disturbances with a duration

of 0.2 and 0.5 seconds respectively. The profile of the frequency disturbances following

the fault disturbances described in Table 6.1 are illustrated in Figure 6.6, for fault

disturbances with a duration of 0.2 and 0.5 seconds. The time evolution of the

frequencies depicted in Figure 6.6 are based on the equivalent generator rotational

speed.
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Figure 6.4: Voltage disturbances observed at ST’s MV inverter resulting from fault disturbances
in the upstream AC power system, for several fault impedances with a time duration
of 0.2 s.
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Figure 6.5: Voltage disturbances observed at ST’s MV inverter resulting from fault disturbances
in the upstream AC power system, for several fault impedances with a time duration
of 0.5 s.
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Figure 6.6: Frequency disturbances observed at ST’s MV inverter resulting from fault distur-
bances in the upstream AC power system, for several fault impedances with a time
duration of 0.2 s and 0.5 s.

The presented voltage and frequency profiles practically do not change as a result

of the different operation regimes considered for the ST and its hybrid AC/DC grid,

given that the ST-based hybrid is much smaller than the upstream AC system to which

it connects to (1MVA maximum in a 1GW power system). It is also possible to observe

that frequency disturbances are generally wider and more prolonged in time for the

more prolonged fault disturbances, as expected. As a result of the simulated fault

disturbances, the FRT mechanism incorporated in the grid-following ST is triggered

whenever the ST is not capable to preserve the power balance in its MV DC bus without

violating the maximum current limits of its MV inverter, except if the ST has a suitable

local energy storage capacity at its disposal. The main resources exploited by the FRT

mechanism to remove any excess net-load or net-generation from the ST-based hybrid

AC/DC compromising the active power balance in the ST are the exploitation of the

load-voltage and load-frequency sensitivities in the ST-based hybrid AC/DC grid (by

modulating its voltages and frequency profiles) and a dump-load (used only for tackle

excess net-generation).

The impact of the FRT mechanism over the voltages and frequency profiles in the ST-

based hybrid AC/DC grid for case studies 1 and 2 and considering fault disturbances

with time duration of 0.5 seconds are illustrated from Figures 6.7 to 6.10. In order

to not overburden this chapter, the results related to the fault disturbances with time

duration of 0.2 seconds are shown in Appendix B, from Figures B.2 to B.5. The results

related to the fault disturbances with time duration of 0.5 seconds are presented in this

chapter since they represent the most extreme scenarios, being thus the most relevant

regarding the evaluation of the effectiveness of the proposed FRT mechanism.

The results related to the modulation of the voltage levels in the ST-based hy-
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Figure 6.7: DC voltage in the ST-based MV DC grid for several fault impedances with a time
duration of 0.5 s.

brid AC/DC grid following a fault disturbance in the upstream AC power system

are presented in Figures 6.7 and B.2 for the voltage in the ST-based MV DC grid

(VDCMVg), Figures 6.8 and B.3 for the voltage in the ST-based LV DC grid (VDCLVg),

and Figures 6.9 and B.4 for the voltage in the ST-based LV AC grid (VACLVg), for fault

disturbances with time duration of 0.5 and 0.2 seconds. As expected, VDCMVg, VDCLVg

and VACLVg are modulated only in case study 1 for net-load scenarios where the cur-

rent limits in ths ST’s MV inverter are reached (as shown in Figures 6.20 and 6.21 to be

described later), remaining VDCMVg, VDCLVg and VACLVg around their nominal values

otherwise. During net-generation scenarios, yet in case study 1, the FRT mechanism

activates the dump-load which is capable to dissipate excess net-generation which
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Figure 6.8: DC voltage in the ST-based LV DC grid for several fault impedances with a time
duration of 0.5 s.

the ST cannot deliver to the upstream AC power system. The actuation of the dump-

load removes the necessity to modulate the voltage levels in the ST-based sub-grids,

thus minimizing the resulting impact in the normal operation of the ST-based hybrid

AD/DC grid by the FRT mechanism. Regarding case study 2, the FRT mechanism

does not actuate due to the presence of the local ESS, with VDCMVg, VDCLVg and

VACLVg remaining always around their nominal values. The brief transients observed

for the case study 2 are not related to the FRT mechanism, resulting instead from the

disturbance of the power balance in the ST originated by the surge and extinction of

the fault disturbances occurring in the upstream AC grid. Such transients are rapidly

eliminated by the DC voltage controller of the ST’s MV inverter. Regarding the brief
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transients observed for the net-generation scenarios in case study 1, the phenomena

aforementioned for case study 2 adds to the response delay of the dump-load, whose

control is performed by the FRT mechanism.
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Figure 6.9: AC voltage in the ST-based LV AC grid for several fault impedances with a time
duration of 0.5 s.

A detail worth to mention is the progressive increase of VDCMVg, VDCLVg and

VACLVg observed in several fault disturbance scenarios following the fault disturbance,

as illustrated from Figures 6.7 to 6.9. It is possible to infer that the level of power

curtailment in the ST-based hybrid AC/DC grid starts to reduce even before the fault

become extinct. This results from an increase in the voltage levels in the power system

as a result of the actuation of the voltage regulator of the upstream equivalent generator,

in an effort to mitigate the voltage sag originated in the power system by the the fault
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disturbance. As a consequence of the general increase in voltage levels, more active

power can transit through the ST’s MV inverter, resulting in a progressive reduction

of the active power needing to be curtailed, and consequently, in a reduction of the

intervention of the FRT mechanism over the voltage levels in the ST-based sub-grids.
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Figure 6.10: Frequency in the ST-based LV AC grid for several fault impedances with time
duration of 0.5 s.

Regarding the frequency modulation in the LV AC sub-grid (fLV), it takes place

in case study 1 for both net-load and net-generation scenarios, as shown in Fig-

ures 6.10 and B.5. The absence of frequency transients in case study 2 and for several

fault disturbances in case study 1 (where the FRT mechanism does not need to inter-

vene) is expected since fLV is immune to the transient power unbalances affecting the

ST (resulting from fault disturbances in the upstream AC power system). Indeed, fLV
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is solely affected by the FRT mechanism (case study 1) and by the power–frequency

support mechanism, as observed in Figures 6.10 and B.5.

It is also possible to observe that the power–frequency support mechanism is

compatible for simultaneous operation with the FRT mechanism. As shown in Fig-

ures 6.19 and 6.20 (to be described later) for fault disturbances with a time duration

of 0.5 seconds, the grid-following ST is capable to simultaneously provide FRT and

power–frequency support while respecting the maximum current limits of its MV

inverter. Nevertheless, a fundamental observation to be made is that the extent of the

modulation of the voltage and frequency levels in the various ST-based sub-grids is

inversely proportional to the impedance of the short-circuit characterizing the fault

disturbance, and directly proportional to the number of phases involved in the fault-

disturbance. This observation is in accordance with the expected results, given that a

lower short-circuit impedance will results in lower voltage levels at the ST’s terminals,

which means that the transferable active power in the ST’s MV inverter is lower. Also,

an increasing number of phases involved in the short-circuit (phase-ground, phase-

phase, and finally three-phase faults) also means a decreasing transferable active power

in the ST’s MV inverter given that the magnitude of the positive symmetric sequence

of the AC voltage at the ST’s terminals decreases.

The modulation of the voltage and frequency levels in the ST-based hybrid AC/DC

grid results in the modulation of the active power in the various sub-grids constituting

the ST-based hybrid AC/DC grid. Regarding this, the results obtained for case studies

1 and 2 considering fault disturbances with time duration of 0.5 seconds are illustrated

from Figures 6.11 to 6.13. The results related to the fault disturbances with time

duration of 0.2 seconds are shown in Appendix B (from Figures B.6 to B.8) in order to

not overburden this chapter. The results related to the fault disturbances with time

duration of 0.5 seconds are presented here since they present most extreme operation

scenarios for the proposed FRT mechanism.

Once again, it is possible to observe the actuation of the FRT mechanism over the

hybrid AC/DC grid for case study 1. For net-load scenarios in case study 1, the FRT

mechanism modulates the active power in all ST-based sub-grids by exploiting its

load–voltage and load–frequency sensitivities. Regarding net-generation scenarios in

case study 1, the active power modulation by the FRT mechanism is only observed

for the ST-based LV AC sub-grid (Figures 6.13 and B.8). This results from the fact

that only the load-frequency sensitivity in the LV AC sub-grid is exploited during

net-generation scenarios, with the remaining effort to balance the active power in the

ST being assumed by the dump-load.
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In case study 2, the local ESS accommodates the excess net load or generation in

the ST-based hybrid AC/DC grid. The actuation of the ST’s local ESS in case study 2

is illustrated in Figures 6.18 and B.1 for fault disturbances with duration of 0.5 and 0.2

seconds respectively.
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Figure 6.11: Active power in the ST-based MV DC grid for several fault impedances with a time
duration of 0.5 s.

A discrimination of the active power per type of resources being activated through

the proposed modulation strategies considering fault disturbances with time duration

of 0.5 seconds is illustrated from Figures 6.14 to 6.17. In order to not overburden

this chapter, only the results related to the fault disturbances with time duration of

0.5 seconds are presented here since they represent the most extreme scenarios. The

results related to the fault disturbances with time duration of 0.2 seconds are shown
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in Appendix B, from Figures B.9 to B.12. Given that only load-frequency sensitivity

is exploited in the ST-based hybrid AC/DC grid during net-generation scenarios (in

contrast to load–voltage and load–frequency sensitivities in net-load scenarios), a more

modest active power modulation in the ST-based hybrid AC/DC grid is obtained for

net-generation scenarios for all types of resources. Only the resources located in the

LV AC sub-grid are involved, because it is the only sub-grid where load-frequency

sensitivity can be exploited. The active power in PV generation can also be modulated

(increased) during net-load scenarios since it operates with a 10% deloading capacity.

Figures 6.15 and B.10 show that the active power modulation for PV generation during

net-load scenarios does not surpass 10% of the previous steady-state power generation.
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Figure 6.12: Active power in the ST-based LV DC grid for several fault impedances with a time
duration of 0.5 s.
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Figure 6.13: Active power in the ST-based LV AC grid for several fault impedances with a time
duration of 0.5 s.

The small transient responses observed for the case study 2 and even for case-

study 1, and the progressive decrease in the power curtailment in several disturbance

scenarios after the start of the fault disturbances (more prominent for fault disturbances

with a time duration of 0.5 seconds), have the same explanations already made for

Figures 6.7 to 6.10. The same is valid regarding the simultaneous operation of FRT and

the power-frequency support mechanisms.

Also important is the observation that the extent of the active power modulation in

the various ST-based sub-grids (and in the ST’s local ESS in case study 2) is inversely

proportional to the impedance of the short-circuit characterizing the fault disturbance,

and directly proportional to the number of phases involved in the fault-disturbance,
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for the same reasons already described for the results from Figures 6.7 to 6.10.
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Figure 6.14: Active power in total non-controllable load in the ST-based hybrid grid for several
fault impedances with a time duration of 0.5 s.

The aforementioned active power modulation in the various ST-based sub-grids

and/or dump-load originates a reaction chain of events with the fundamental aim of

modulating the active power in the ST’s MV inverter in order to preserve the current

levels in the ST’s MV inverter within its admissible limits. Such chain of events is illus-

trated in detail in Figures 4.14 and 4.15 (subsection 4.2.1.4). The resulting active power

modulation in the ST’s MV inverter is illustrated in Figures 6.19 and B.13, relating to

fault disturbances in the upstream AC power system with time duration of 0.5 and

0.2 seconds respectively. The RMS current profiles corresponding to the active power

profiles represented in Figures 6.19 and B.13 are illustrated in Figures 6.20 and 6.21
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respectively. It is possible to observe that the active power modulation in the MV

inverter of the ST is the strictly necessary to respect the maximum current limits in the

ST’s MV inverter.
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Figure 6.15: Active power in total PV generation in the ST-based hybrid grid for several fault
impedances with a time duration of 0.5 s.

Figures 6.19 to 6.21 and Figure B.13 show that the FRT mechanism withstands

all simulated fault disturbances, preserving the grid-following ST connected to the

upstream AC grid by imposing the currents limits in the ST’s MV inverter and by

ensuring the power balance in the ST-based hybrid AC/DC grid. For case study 2, the

observed active power modulation is endured by the ST’s local ESS, hence justifying

the active power modulation in the ST’s MV inverter without power modulation

occurring in the ST-based sub-grids. For net-generation scenarios in case study 1, the
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observed active power modulation is enabled by the actuation of the dump-load and

by the exploitation of the load–frequency sensitivity in the ST-based LV AC sub-grid.

Regarding the net-load scenarios in case study 1, the observed active power modulation

is enabled by the exploitation of the load–frequency and load-voltage sensitivities in

all ST-based sub-grids. For case studies 1 and 2, the oscillatory behavior observed in

the current profiles after the extinction of the fault disturbance is due to the voltage

regulation in the equivalent generator of the upstream AC grid.
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Figure 6.16: Active power in total EV chargers in the ST-based hybrid grid for several fault
impedances with a time duration of 0.5 s.

The simultaneous operation of the FRT and power–frequency support mechanisms

is also illustrated in Figures 6.19 and 6.20 for fault disturbances with a time duration

of 0.5 seconds. The inclusion of the power–frequency support mechanism modifies
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the power and current response observed in the MV inverter of the ST following the

occurrence and clearance of the fault disturbance, but the simultaneous operation of

the two mechanism is demonstrated to be possible and effective, always complying

with the maximum current limits of the ST’s MV inverter. The presented results

reflect the efforts of the power–frequency support mechanism in counteracting the

frequency excursions taking place during the fault disturbance and after its extinction

(illustrated in Figure 6.6). Longer and more severe fault disturbances originate longer

and more severe frequency disturbances, which in turn lead to stronger reactions of

the power–frequency support mechanism, as expected.
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Figure 6.17: Active power in total energy storage available in the ST-based hybrid grid for
several fault impedances with a time duration of 0.5 s.
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Figure 6.18: Case study 2 - Active power in the local ESS of the ST for several fault impedances
with a time duration of 0.5 s.

At last, the detailed AC voltage and current waveforms in the ST’s MV inverter,

around the time instants where the surge and extinction of fault disturbances in the

upstream AC power system take place, are also presented in Figures 6.22, 6.23 and B.14.

The presented voltage and current waveforms are related to symmetric and asymmetric

faults considering the lowest fault impedance presented in Table 6.1 (0.02Ω) and with

time duration of 0.5 and 0.2 seconds. It is possible to observe that the currents in the

ST’s MV inverter do not present relevant distortion after and before the surge and

extinction of the fault disturbances.

An increase in the voltage at the ST’s terminals above 1 p.u. is visible after

the extinction of the fault disturbances, which is more pronounced following fault

disturbances with a time duration of 0.5 seconds. This increase is temporary and

results from the voltage regulation performed by the equivalent generator in the

upstream AC power system during the fault disturbance (see RMS voltage profiles in

Figures 6.4 and 6.5). As long the fault disturbance is not cleared, the voltage regulator

of the equivalent generator in the upstream AC power system will keep trying to

increase the overall system’s voltage, reason why after the extinction of the fault

disturbance, the voltage increase is higher for fault disturbances with time duration of

0.5 seconds comparatively to fault disturbances with time duration of 0.2 seconds.
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Figure 6.19: Active power in the ST’s MV inverter for several fault impedances with a time
duration of 0.5 s.
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Figure 6.20: RMS current in the ST’s MV inverter for several fault impedances with a time
duration of 0.5 s.



166 validation of advanced control strategies for fault-ride-through and grid

reconfiguration on hybrid multi-microgrids

0.7

0.8

0.9

1

IA
C

M
V
 (

p.
u.

) 0.02 
0.06 
0.2 
0.5 
1.5 

phase-ground

0.6

0.8

1

IA
C

M
V
 (

p.
u.

)

phase-phase

0.2

0.4

0.6

0.8

1

IA
C

M
V
 (

p.
u.

)

three-phase

0.8

0.9

1

IA
C

M
V
 (

p.
u.

)

phase-ground

0.4

0.6

0.8

1

IA
C

M
V
 (

p.
u.

)

phase-phase

-0.5 0 0.5 1 1.5
time (s)

0

0.5

1

IA
C

M
V
 (

p.
u.

)

-0.5 0 0.5 1 1.5
time (s)

three-phase

-0.5 0 0.5 1 1.5
time (s)

No local ESS With local ESS FRT plus frequency support
Net-load scenarios

Net-generation scenarios

Figure 6.21: RMS current in the ST’s MV inverter for several fault impedances with a time
duration of 0.2 s.
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Figure 6.22: Three-phase voltage and current waveforms in the ST MV inverter during fault
surge: fault impedance of 0.02Ω and time duration of 0.5 s. Black: phase-phase A-B
voltage and phase A current; Red: phase-phase B-C voltage and phase B current;
Green: phase-phase C-A voltage and phase C current.
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Figure 6.23: Three-phase voltage and current waveforms in the ST MV inverter during fault
clearance: fault impedance of 0.02Ω and time duration of 0.5 s. Black: phase-phase
A-B voltage and phase A current; Red: phase-phase B-C voltage and phase B
current; Green: phase-phase C-A voltage and phase C current.

6.2.2 Case Study 3

The results related to the evaluation of the case study 3 are presented in this subsection.

The results presented in p.u. use the nominal voltages and frequency presented in

Table 6.3 as base values. In the presented results, the start of the fault disturbance

occurs at time (s) = 0, and positive values for the active power correspond to consumed

power whereas negative values correspond to injected/generated active power.

Different voltage and frequency disturbance profiles were obtained as a result
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of fault disturbances described in Table 6.1 and the equivalent impedance values

presented in Table 6.2. For the sake of simplicity, the equivalent impedance of 0.4 +

j0.94Ω is designated henceforth in this subsection by Zeq1, whereas the equivalent

impedance of 0.02 + j0.23Ω is designated as Zeq2.

The profiles of the frequency disturbances for fault disturbances with a duration

of 0.2 and 0.5 seconds are illustrated in Figures 6.24 and 6.25 for the equivalent

impedances Zeq1 and Zeq2 respectively. The profiles of the voltage disturbances for

fault disturbances with a duration of 0.2 and 0.5 seconds are respectively illustrated in

Figures 6.26 and 6.27 for the equivalent impedance Zeq1 and in Figures 6.28 and 6.29

for the equivalent impedance Zeq2.
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Figure 6.24: Frequency disturbances observed at ST’s MV inverter resulting from fault distur-
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Figure 6.26: Voltage disturbances observed at ST’s MV inverter resulting from fault disturbances
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Figure 6.27: Voltage disturbances observed at ST’s MV inverter resulting from fault disturbances
in the upstream AC power system, considering Zeq1 and fault impedances with a
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Figure 6.28: Voltage disturbances observed at ST’s MV inverter resulting from fault disturbances
in the upstream AC power system, considering Zeq2 and fault impedances with a
time duration of 0.2 s.
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Figure 6.29: Voltage disturbances observed at ST’s MV inverter resulting from fault disturbances
in the upstream AC power system, considering Zeq2 and fault impedances with a
time duration of 0.5 s.
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The time evolution of the frequencies depicted in Figures 6.24 and 6.25 are based

on the equivalent generator rotational speed. Comparatively to the results presented

in case studies 1 and 2 where the equivalent impedance Zeq2 is considered, the voltage

and frequency profiles presented in Figures 6.25, 6.28 and 6.29 are identical. This

results from the fact that the ST-based hybrid AC/DC grid is much smaller than the

overall upstream AC system (1MVA maximum in a 1GW power system), and thus,

any active power variations in the ST-based hybrid AC/DC grid have a very small

impact on the overall power system frequency and voltage levels.

Nevertheless, it is possible to notice that the voltage and frequency disturbances

observed considering the equivalent impedance Zeq2 are more severe comparatively to

the homologous disturbances considering the equivalent impedance Zeq1.

It is also observable that the voltage levels at the ST’s terminals are temporarily

raised significantly above 1 p.u. after the extinction of the fault disturbances, a

phenomena more pronounced following fault disturbances with time duration of 0.5

seconds and considering the equivalent impedance Zeq2. This phenomena results

from the voltage regulation performed by the equivalent generator in the upstream

AC power system during the fault disturbance. As long the fault disturbance is not

cleared, the voltage regulator of the equivalent generator will keep trying to increase

the overall system’s voltage, reason why after the extinction of the fault disturbance,

the voltage increase is higher for fault disturbances with time duration of 0.5 seconds

comparatively to fault disturbances with time duration of 0.2 seconds.

Following the aforementioned disturbances, the FRT mechanism incorporated in

the grid-forming ST actuates if the maximum current limits of the ST’s MV inverter

are violated. Contrarily to the grid-following ST in case studies 1 and 2, the actuation

of the FRT mechanism incorporated in the grid-forming ST is independent of the net

active power in the ST-based hybrid AC/DC grid, given that the local ESS incorporated

in the ST is the immediate responsible to preserve the power balance in the ST, as

illustrated by the chain of events presented in Figure 4.18 (subsection 4.2.2.2). The same

is valid regarding the exploitation of the ST-based hybrid AC/DC grid by the power–

frequency support mechanism, as already evaluated in chapter 5, since the immediate

power–frequency response provided by the grid-forming ST is solo determined by

the f (∆PMV) droop controller incorporated in the controller of the ST’s MV inverter.

For this reason, the results related to the ST-based hybrid AC/DC grid following a

fault disturbance in the upstream AC power system are not considered relevant at

this point. The ST-based hybrid AC/DC grid continues to operate in its steady-state

conditions (Table 6.6) as the ST’s local ESS will shield it against any fault disturbance
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in the upstream AC power system. Only the results related to the ST’s MV inverter

have relevance regarding the actuation of the FRT mechanism in this case study.

The results obtained for the three-phase current profiles in the ST’s MV inverter

(IACMV), considering fault disturbances with a time duration of 0.5 seconds and the

equivalent impedance Zeq1 and Zeq2 are illustrated in Figures 6.30 and 6.31 respec-

tively. In order to not overburden the chapter’s reading, the results related to the

fault disturbances with time duration of 0.2 seconds are shown in Appendix B, in

Figures B.15 and B.16. The results related to the fault disturbances with time duration

of 0.5 seconds are presented here since they represent the most extreme scenarios.
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Figure 6.30: RMS current in the ST’s MV inverter considering Zeq1 and fault impedances with a
time duration of 0.5 s.
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Figure 6.31: RMS current in the ST’s MV inverter considering Zeq2 and fault impedances with a
time duration of 0.5 s.

The nominal current of the MV inverter, which is defined as the maximum current

limit, is set at 1 p.u. Observing the results, the actuation of the FRT mechanism

presents in general two stages: a first stage between the surge and extinction of the

fault disturbance, and a second stage after the extinction of the fault disturbance. The

presented results show that for most of the simulated faults where the current limits

of the MV inverter are tested, the first stage is generally characterized by a IACMV

overshoot above 1 p.u. in the phases affected by the fault disturbance, followed by a

stabilization of IACMV at 1 p.u. in the phases affected by the fault disturbance. This

pattern is more evident for fault disturbances with a time duration of 0.5 seconds,

given that IACMV has more time to settle at the nominal value. The second stage can
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present a renewed IACMV overshoot or a saturation of IACMV around 1 p.u. in the

initial instants, but eventually IACMV always settles at the pre-fault levels.

This behavior of IACMV is explained as follows. The grid-forming MV inverter is

sensitive to the voltage drop in its output LC filter, and any sudden voltage or phase

change in the upstream MV AC grid will originate inrush currents which will test

the maximum current limits of the ST’s MV inverter. Such sudden voltage and phase

changes occur precisely at the surge and extinction instants of the fault disturbance,

being the cause of the overshoots or saturation at 1 p.u of IACMV observed at the

start of each stage identified for the actuation of the FRT mechanism. IACMV is

naturally composed by active and reactive components, relating to the active (PMV)

and reactive (QMV) power in the ST’s MV inverter. From Figures 6.32 to 6.35 and

from Figures B.17 to B.20 it is possible to infer that the observed IACMV overshoots

strongly correlate with the settling time delay observed for the phase shift (θ) and

voltage drop magnitude (∆V) in the output LC filter of the ST’s MV inverter. The

results related to the fault disturbances with time duration of 0.2 seconds are shown

in Appendix B (from Figures B.17 to B.20) in order to not overburden the chapter’s

reading. The results related to the fault disturbances with time duration of 0.5 seconds

are presented here since they represent the most extreme scenarios. Figures 6.32 to 6.35

and B.17 to B.20 show that the saturation of PMV after a fault disturbance extinction is

related to the settling time delay of the phase angle θ, which mostly coincides with

the saturation observed for IACMV in Figures 6.30, 6.31, B.15 and B.16. Meanwhile, by

comparing IACMV with Figures 6.34, 6.35, B.19 and B.20, it is possible to infer that the

IACMV overshoot observed in the first stage of the actuation of the FRT mechanism is

generally more impacted by the evolution of ∆V in the LC filter, but ∆V shows to have

a meaningful impact in the second stage of the actuation of the FRT mechanism as

well. It is worth to mention that PMV and QMV should not be erroneously considered

not saturated or not overshooted when IACMV saturates or overshoots during the first

stage of the actuation of the FRT mechanism, given that the voltage levels at the ST

terminals are not at the nominal values following the occurrence of a fault disturbance,

and the maximum limits for the active and reactive components of IACMV are defined

according to Equation (4.22).

Given the explanation regarding the IACMV profiles observed for the simulated

fault disturbances, important conclusions can be drawn regarding the operation of

the FRT mechanism. It is evidenced that the limitation of IACMV is more challenging

as the severity of the fault increases, whether by having a lower fault impedance or

involving more phases, and for more aggressive voltage and frequency excursions



176 validation of advanced control strategies for fault-ride-through and grid

reconfiguration on hybrid multi-microgrids

in the upstream AC power system. But overall, the FRT mechanism is able to limit

IACMV for all considered fault disturbances within reasonable levels. The overshoot

occurrences observed in IACMV after the surge and extinction of the simulated fault

disturbances are relatively brief and are generally limited below 1.5 p.u., except for the

symmetrical three-phase fault disturbances considering the equivalent impedance Zeq2

and fault disturbances with a time duration of 0.5 seconds, where brief over-currents

close to 2 p.u. are observed. This events, although not intended in this case, usually

represent manageable overload conditions in practical applications, being feasible

to dimension a power electronic converter to withstand such over-currents without

requiring the shutdown of a power converter [259].
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Figure 6.32: Active power and phase shift in the output LC filter of the ST’s MV inverter,
considering Zeq1 and fault impedances with a time duration of 0.5 s.
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Figure 6.33: Active power and phase shift in the output LC filter of the ST’s MV inverter,
considering Zeq2 and fault impedances with a time duration of 0.5 s.

Another important observation drawn from the presented results is the frequent

inversion of the active power flow in the ST’s MV inverter during the actuation of

the FRT mechanism, when the ST is absorbing power in the upstream AC grid (net-

load) comparatively to the homologous scenarios where the ST is injecting power

(net-generation). The occurrence of a fault disturbance affecting a ST operating as

a load, forces a change in the direction of the power flow in the ST’s MV inverter

(towards the ST during normal conditions and towards the grid during the fault),

which forces (comparatively) a larger phase shift in the ST’s MV inverter, except for

the most severe simulated symmetrical three-phase fault disturbances, as illustrated

in Figures 6.32, 6.33, B.17 and B.18. Among the most severe fault disturbances, phase
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"jumps" can be observed, specially visible in Figure 6.32, meaning that the phase

reference of the ST’s MV inverter "jumped" one or more laps in the trigonometric

circle. Still, the ST was able to synchronize with the upstream AC power system

after the fault extinction. This is evidence of robustness showed by the proposed FRT

mechanism, which was able to assure the successful synchronization of the ST in its

effort to limit IACMV. The reason behind a possible loss of synchronization during

the fault disturbance is the very low voltage at the ST’s terminals caused by the fault

disturbance, which poses an extremely challenging scenario for the grid-forming ST to

attain the synchronism with the upstream AC power system.
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Figure 6.34: Reactive power and voltage drops (per phase) in the output LC filter of the ST’s
MV inverter considering Zeq1 and fault impedances with a time duration of 0.5 s.

In order to further evaluate the effectiveness of the proposed FRT mechanism, the
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detailed AC current waveforms in the ST’s MV inverter, around the time instants where

the surge and extinction of fault disturbances in the upstream AC power system take

place, are also presented in Figures 6.36, 6.37, B.21 and B.22. The presented current

waveforms are related to symmetric and asymmetric faults considering the lowest

fault impedance presented in Table 6.1 (0.02Ω), being considered the respective fault

disturbances with time duration of 0.5 and 0.2 seconds for the scenarios considering

the equivalent impedances Zeq1 and Zeq2.
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Figure 6.35: Reactive power and voltage drops (per phase) in the output LC filter of the ST’s
MV inverter considering Zeq2 and fault impedances with a time duration of 0.5 s.

In order to not overburden the chapter’s reading, the results related to the fault

disturbances with time duration of 0.2 seconds are shown in Appendix B, in Fig-

ures B.21 and B.22. The results related to the fault disturbances with time duration of
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0.5 seconds are presented here since they represent the most extreme scenarios. It is

possible to observe the presence of significant current distortions during the actuation

of the FRT mechanism. The observed current distortions are more concentrated in the

instants immediately after the surge and extinction of fault disturbances, and are more

prominent in the scenarios related to asymmetric fault disturbances. In comparison,

scenarios related to symmetric fault disturbances present in general a much lower

distortions in IACMV, which are only significant after a fault extinction in the scenarios

considering the equivalent impedance Zeq2 and faults with a time duration of 0.2

seconds.
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Figure 6.37: Three-phase current waveforms in the ST MV inverter for faults with impedance of
0.02Ω and time duration of 0.5 s, considering Zeq2. Black: phase A current; Red:
phase B current; Green: phase C current.

Besides the current distortions, current unbalances are also observed but only fol-

lowing asymmetric fault disturbances, which is expected given the voltage unbalances

resulting from such faults. The predominance of current unbalances could be attenu-

ated through a dedicated control for the negative symmetric component of the voltage.

Also, IACMV distortions may also be partially attributed to the absence of a control

for the negative symmetric component of the voltage, since the unbalanced nature of

the voltage following an asymmetric fault disturbance forces a pulsating reaction of

the FRT mechanism, whose actuation is partially non-linear in nature. Nevertheless,

the inclusion of a control for the negative symmetric component of the voltage was
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discarded because the obtained benefits did not overweight the crucial disadvantage

of the time response delays it would introduce to the FRT mechanism, which severely

compromises its effectiveness.

6.2.3 Case Study 4

The results related to the evaluation of the case study 4 are presented in this subsection.

Starting with the voltage and frequency profiles in the HMMG side resulting from the

fault disturbances described in Table 6.7 and subsequent islanding of the HMMG, the

associated results highlighting the time evolution of different electrical quantities are

illustrated in Figures 6.38 and 6.39.

0

0.5

1

V
ol

ta
ge

 (
p.

u.
)

net-load

A-B
B-C
C-A

0

0.5

1

V
ol

ta
ge

 (
p.

u.
)

0

0.5

1

V
ol

ta
ge

 (
p.

u.
)

0

0.5

1

net-generation

0

0.5

1

-0.5 0 0.5 1 1.5
time (s)

0.99

1

1.01

F
re

qu
en

cy
 (

p.
u.

)

phase-ground
phase-phase
three-phase

-0.5 0 0.5 1 1.5
time (s)

Voltage

Frequency

Phase-ground

Phase-phase

Three-phase

Figure 6.38: Voltage and frequency disturbances observed at HMMG side in the connection
point with the upstream AC power system, resulting from fault disturbances in the
upstream AC power system. HMMG islanding at time = 0.2 s

Similarly to previous case studies, the results presented in p.u. use the nominal

voltages and frequency presented in Table 6.3 as base values, and the start of the fault

disturbance considered in this case study is assumed to be at time (s) = 0. It is possible

to observe that the islanding of the HMMG was successful for all simulated fault

disturbances, as the voltage and frequency in the HMMG did not collapse after the

islanding procedure. The islanded HMMG is sustained by the grid-forming ST which

is now responsible to preserve the power balance in the HMMG.
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Figure 6.39: Voltage and frequency disturbances observed at HMMG side in the connection
point with the upstream AC power system, resulting from fault disturbances in the
upstream AC power system. HMMG islanding at time = 0.5 s

The grid-forming ST uses the f (∆PMV) droop controller embedded in the controller

of the ST’ MV inverter to perform the power balance in the HMMG, notorious in

Figures 6.38 and 6.39 by observing the evolution of the HMMG frequency after the

islanding. The frequency in the islanded HMMG stabilizes below the nominal value for

net-load scenarios in the HMMG given the excess net-load in the HMMG, and above

the nominal value for net-generation scenarios as there is an excess net-generation in

the HMMG. This frequency deviation results from the deviation of the active power

in the grid-forming ST from its active power set-point defined by the offset in the

f (∆PMV) droop controller for the nominal frequency.

The active power throughout the HMMG, before the fault disturbance, during

the fault disturbance and after the islanding of the HMMG, is illustrated in Fig-

ures 6.40 and 6.41, for fault disturbances with time durations of 0.2 and 0.5 seconds

respectively. Positive values for the active power correspond to consumed power and

negative values correspond to injected/generated active power. Figures 6.40 and 6.41

show the active power in the MV inverters of each ST integrated in the HMMG, as well

the remaining load and generation in the HMMG. It is possible to observe that both ST

remained in operation following the fault disturbances and subsequent islanding of
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the HMMG, for all considered fault scenarios. During net-generation scenarios, the

DG unit in bus 3 suffers a transient following the islanding of the HMMG in some of

the simulated fault scenarios, but still, the grid-forming ST reacted accordingly and

sustained the islanded operation of the HMMG.
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Figure 6.40: Active power profiles in the ST and remaining generation and loads integrating
the HMMG for all types of fault disturbances. HMMG islanding at time = 0.2 s

The most important observation from the presented results is the redistribution of

the active power among the resources in the HMMG after the islanding of the HMMG

takes place, with both ST operating in a coordinated manner. For net-generation sce-

narios, the steady-state active power injected by both grid-forming and grid-following

ST reduces considerably, as most of it cannot be consumed in the HMMG. For net-

load scenarios, the grid-forming ST inverts its steady-state output power (from load

to generator) while the grid-following ST reduces considerably its consumed active

power in steady-state operation. This active power redistribution is a consequence

of the power-frequency sensitivity of the grid-forming ST, which changes its output

frequency (and hence, the frequency of the HMMG) in order to adjust its output power

to preserve the power balance in the HMMG (Figures 6.38 and 6.39). By other hand,



simulation results 185

the power-frequency sensitivity of the grid-following ST (and its hybrid AC/DC grid)

enables it to provide a precious contribution for the power balance in the HMMG.

The grid-forming ST achieves such reduction through its f (∆PMV) which indirectly

commands the ST’s local ESS as slack power unit, while the grid-following ST exploits

its power-frequency support mechanism to reduce the net-generation in its based

hybrid AC/DC grid. These mechanisms were already validated in case studies 1 and 3

(subsections 6.2.1 and 6.2.2), and thus, are not described in detail here. As expected,

this outcome is not influenced by the time duration or type of the fault disturbance

preceding the islanding of the HMMG. The different types of fault disturbances only

influence the settling time of the steady-state operation.
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Figure 6.41: Active power profiles in the ST and remaining generation and loads integrating
the HMMG for all types of fault disturbances. HMMG islanding at time = 0.5 s

The steady state operation of the DG unit remains unchanged (it operates as a

constant power source). The active power consumed by the load in buses, 5, 6 and

15 show a reduction because the voltage levels in the islanded HMMG are lower

comparatively to those observed with the HMMG operating connected to the upstream

AC power system. This results from the fact that the reactive power consumed by
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the load in buses, 5, 6 and 15 with the HMMG operating in islanded mode is now

provided by the grid-forming ST and not by the upstream AC power system, as

evidenced in Figures 6.42 and 6.43. In face of the increased reactive power demand,

the ∆VACMV(QMVg) droop controller integrating the MV inverter of the grid-forming

ST reduces the magnitude of the voltage generated by the grid-forming ST.
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Figure 6.42: Reactive power profiles in the ST and remaining generation and loads integrating
the HMMG for all types of fault disturbances. HMMG islanding at time = 0.2 s

6.2.4 Case Study 5

At last, the evaluation of case study 5 is presented in this subsection. This case

study considers that the LV AC grid with feeding points provided by the MV/LV

distribution substation in bus 3 (based on a LFT) and by the grid-forming ST (see

Figure 6.3) is initially operating in ring configuration. For the sake of simplicity, the

MV/LV distribution substation in bus 3 based on a LFT is designated henceforth in

this subsection simply by LFT.
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Figure 6.43: Reactive power profiles in the ST and remaining generation and loads integrating
the HMMG for all types of fault disturbances. HMMG islanding at time = 0.5 s

At a given moment in time, the LFT is disconnected, and the LV AC grid becomes

dependent on the grid-forming ST as the remaining feeding connection. This transition

is illustrated in Figure 6.44. It can be observed that the ST is capable to assume all

the LV AC grid with no noticeable difficulties in case of disconnection of the LFT. The

active and reactive power flows previously traveling through the LFT are now assumed

by the ST, with positive values for the active power corresponding to consumed power

while negative values correspond to injected/generated active power. Figure 6.44 also

shows the angular position difference between the voltages in the LV and MV AC

grids. It is possible to observe that the angular position difference between the voltages

in the LV and MV AC grids starts to increase following the disconnection of the LFR.

This results from the fact that the frequency in the LV AC grid is no longer coupled

to the frequency in the MV AC grid, and both start to drift apart. It is important to

mention that the illustrated angular position difference already have into account the

phase shift associated to the vector group of the LFT.

In a posterior moment, the LFT is ready to be connected again, and then, the pre-
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synchronization mechanism implemented in the grid-forming ST is initiated, in order to

prepare the LV AC grid to be reconfigured in ring configuration. This action is followed

by the effective reconnection of the LFR, thus concluding the reconfiguration of the

LV AC grid in ring configuration. This transition is illustrated in Figure 6.45. Prior to

the start of the pre-synchronization, the evolution of the angular position difference

between the voltages in the LV and MV AC grids indicates that the frequencies of

both AC grids were not correlated. After the Instant 1 a coupling process between the

two frequencies is initiated. In the Instant 2, the phase-shift associated to the vector

group of the LFT is introduced. Finally, in Instant 3, the LFT is reconnected. After

Instant 3 it is possible to observe a redistribution of the active and reactive power in

the LV AC grid among the two feeding points. Besides the influence of the voltage

levels in the MV AC grid, the active and reactive power flowing through the LFT

can be regulated by adjusting the parameters of the droop controllers integrating the

grid reconfiguration mechanism. It is important to mention that the reconnection

process does not cause severe transients following the instant the LFT is reconnected,

as illustrated in Figure 6.46 (LFT reconnection at time = 0).
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6.3 Final Remarks - Summary

This chapter describes the case studies and the respective results demonstrating the

effectiveness of the proposed FRT control and grid reconfiguration strategies, namely:

• The capability of a grid-following ST with no local ESS available to provide FRT

by exploiting the flexibility of its hybrid AC/DC grid. It is also demonstrated that

the proposed FRT is suitable for simultaneous operation with the aforementioned

power–frequency support functionalities demonstrated in chapter 5.
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• The capability of the grid-forming ST in provide FRT while operating in grid-

forming mode, and sustain the transition of wider HMMG to islanded mode after

a fault disturbance. It is also demonstrated that grid-forming and grid-following

ST can operate in a coordinated manner regarding the provision of FRT and

power–frequency support in an islanded HMMG.

• The incorporation of communication-free grid reconfiguration mechanisms in ST,

enabling the formation of meshed distribution grids.

The FRT control strategy for the grid-following ST relies on the exploitation of load-

voltage and load-frequency sensitivity on its based hybrid AC/DC grid (comprising

resources such as non-controllable load, ESS, EV chargers and PV generation), but also

on a dump-load for net-generaion scenarios in its hybrid AC/DC grid, to dissipate

its net generated power. The FRT control strategy for the grid-forming ST is based

on a virtual impedance combined with the exploitation of the voltage drop in the

output filter of the ST in order to enhance the current limitation capabilities of the

ST. The effectiveness of the proposed FRT strategies is demonstrated for symmetrical

and asymmetrical voltage sags, while considering also net load and net generation

scenarios in the ST-based hybrid AC/DC distribution grids.

The presented numerical simulation results, illustrated in different operating sce-

narios showing the effectiveness of the proposed approaches, provide support to the

possibility of further exploiting the proposed solution in ST regarding FRT provision

and grid reconfiguration capabilities.



Chapter 7

Conclusions and Future Research

7.1 Conclusions

The work presented in this thesis exploits advanced control functionalities for Smart-

Transformers (ST) integrating Hybrid Microgrids (HMG) and Hybrid Multi-Microgrids

(HMMG), aiming to enhance and consolidate the controlability of HMG and HMMG

concepts in face of the expected increasing penetration ratios of Distributed Generation

(DG), Electric Vehicles (EV) and Energy Storage Systems (ESS). After a careful literature

review presented in chapter 2, important literature gaps were identified in this regard.

Given the wide range of the potentialities offered by the ST, and the impossibility

to address all identified literature gaps with the deserved detail in this thesis, the

following research topics were selected given its prominence:

• Provision of power–frequency support functionalities to the upstream AC power

system by exploiting the flexibility available in a ST-based HMG, namely exploit-

ing the flexibility available in the fleet of distributed resources located in the

HMG.

• Provision of Fault-Ride-Through (FRT) capabilities by a ST with its MV inverter

operating in grid-following mode, in order to improve immunity to fault dis-

turbances within its hybrid HMG in events where energy storage capacity is

insufficient or unavailable.

• Evaluation of the capability of the ST to sustain the islanded operation of a

HMMG and sections of the legacy MV AC network following fault disturbances

in the upstream power system, by exploiting the operation of the MV inverter of

the ST in grid-forming mode and the incorporation of FRT capabilities enabling

the ST to remain connected during the fault disturbance and sustain the islanding

procedure.
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• The provision of on-line grid reconfiguration capabilities for ST-based and non-ST

based distribution grids enabling the reconfiguration of radial and meshes grid

structures within a HMMG.

The effectiveness of the advanced control functionalities proposed in this thesis (chap-

ter 4) to address the aforementioned research gaps were successfully demonstrated in

the work developed in this thesis (chapters 5 and 6).

The effectiveness of the advanced control functionalities to endow a ST and its

based HMG with the capability to provide power–frequency support to the upstream

AC power system is evaluated in chapter 5. The proposed control strategies rely on a

set of droop-based controllers incorporated in the ST power conversion stages that are

responsible to modulate its electrical variables (DC grids voltage, LV AC grid voltage

and frequency) as well as the local ESS active power. Moreover, droop based controllers

are also associated to controllable DER available in the hybrid distribution network,

making them responsive to electric variables generated by the ST. The load-voltage

sensitivity of AC and DC connected loads is also exploited as a possible contribution

within the scope of the active power-frequency regulation. It was demonstrated that a

ST with its MV inverter operating in grid-following mode is capable to modulate the

active power in its local ESS and in the resources available in its hybrid AC/DC grid

in order to obtain the active power contribution required for the provision of power

– frequency support. Regarding a ST with its MV inverter operating in grid-forming

mode, it is shown that although it relies on its local ESS to provide immediate power –

frequency support to the upstream AC grid, the active power sensitivity of its hybrid

AC/DC grid can slso be exploited in order to reduce the power and energy required

to the ST’s local ESS to perform such task.

The advanced control functionalities proposed to endow ST with FRT capabilities

are evaluated in chapter 6. It was demonstrated that a ST with its MV inverter

operating in grid-following mode and without local energy storage capacity available

is capable to exploit the flexibility of its hybrid AC/DC grid in order to make the

provision of FRT possible. During net generation scenarios, the proposed FRT control

strategy relied successfully on a dump-load do dissipate the excessive net generation

in the hybrid AC/DC network, but also exploited the load-frequency sensitivity in

the LV AC sub-grid. Regarding net load scenarios, the proposed FRT control strategy

modulated the electrical quantities in the hybrid AC/DC grid (voltages in DC grids

and LV AC grid, and frequency in LV AC grid), thus exploiting its power-voltage and

power-frequency sensitivities in order to eliminate its excessive net load. It is also

demonstrated that the proposed FRT is suitable for simultaneous operation with the
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aforementioned power–frequency support functionalities demonstrated in chapter 5.

The effectiveness of the FRT control functionalities for ST with its MV inverter operating

in grid-forming mode is also demonstrated in chapter 6. It is demonstrated that a grid-

forming ST can withstand fault disturbances without changing its control architecture,

and sustain the transition of wider HMMG to islanded mode after a fault disturbance.

It is also demonstrated that grid-forming and grid-following ST can operate in a

coordinated manner regarding the provision of FRT and power–frequency support in

an islanded HMMG. The effectiveness of the proposed strategies are demonstrated

against symmetric and asymmetric fault disturbances while considering also net load

and net generation scenarios in the ST’s hybrid AC/DC distribution grid.

At last, the incorporation of communication-free grid reconfiguration mechanisms

in ST, enabling the formation of meshed distribution grids, is also demonstrated in

chapter 6. It is shown that the synchronization of several LV AC grids under the same

MV AC grid in a meshed configuration is possible by resorting solely to the angular

position and frequency in the MV AC grid, which are easily measured by the ST from

the upstream MV AC grid in the point where it is connected.

7.2 Future Research

Several interesting research topics related with the presented work, but not limited to,

should deserve a proper evaluation in the future. They are enumerated as follows:

• The FRT control approach proposed for grid-following ST successfully exploits all

the available resources connected downstream the ST together with complemen-

tary solutions at the ST level. However, the parameterization of the FRT controller

as a function of the existing resources in the hybrid AC/DC distribution network

is not addressed. This topic is relevant since the performance of the proposed

FRT control approach is dependent on the characteristics of the hybrid AC/DC

grid in question.

• The coordination of several ST incorporating the proposed FRT control approach

but taking into account the influence of synthetic inertia in the ST remains to

be evaluated. This aspect is of upmost importance regarding transient stability

given the interaction not only among ST but also with conventional generation

units.

• FRT capabilities for meshed distribution LV AC grids involving several ST also

deserves further attention.

• The implementation of black-start capabilities using ST in HMMG requires
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further evaluation as well. In this context, DC grids may play a fundamental role

in a quick setup of distribution grids following a catastrophic blackout, since DC

grids based on ST do not require frequency synchronization and may operate as

flexible power buffers among AC grids.
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Appendix A

Parametrization of Smart-Transformers,

Hybrid Microgrids and Hybrid

Multi-Microgrids

A.1 Smart-Transformers

Table A.1: Smart-Transformer: general parameters

Nominal Power 1 MVA
Nominal MV AC Voltage (ph-ph) 15000 V (RMS)
Nominal MV DC link Voltage 27000 V
Nominal LV DC link Voltage 720 V
Nominal LV AC Voltage (ph-n) 230 V (RMS)
Nominal frequency (MV and LV inverters) 50 Hz
Switching frequency (All power converters) 20 kHz

LC filter in the MV inverter
Capacitance (F) / Resistance capacitor (Ω) 1.6x10−7 / 1x10−3

Inductance (H) / Resistance inductor (Ω) 3.95x10−2 / 1

LC filter in the LV inverter
Capacitance (F) / Resistance capacitor (Ω) 3.3x10−4 / 1x10−2

Inductance (H) / Resistance inductor (Ω) 8.5x10−6 / 1x10−3

ST DC buses
MV bus Capacitance (F) / Resistance capacitor (Ω) 1.008x10−5 / 1x10−3

LV bus Capacitance (F) / Resistance capacitor (Ω) 1.42x10−2 / 1x10−3
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Table A.2: Grid-Following MV inverter: Control parameters

VDC Control / P Control
PI Control P = 50; I = 10000

Current Control
PI Control for IdMV P = 0.5; I = 800 PI Control for IqMV P = 0.5; I = 400

P( fMV) droop controller
Slope 4000 Dead-band: high / low 50.025 / 49.975

Offset 0 Saturation: min / max 5000 / -5000

VDCMV( fMV) droop controller
Slope 30000 Dead-band: high / low 0.025 / -0.025

Offset 0 Saturation: min / max 1x105 / −1x105

FRT Control
kdl -0.1 kLV 0.014

kMV 0.014 k f -0.028

IDLmax 80 ∆ fmax 2

∆ fmin -2

Table A.3: Grid-Forming MV inverter: Control parameters

f (∆PMV) droop controller
Slope 1x10−6
Offset see case studies in chapters 5 and 6

Dead-band: high / low 0 / 0
Saturation: min / max 1x106 / −1x106

First-order low-pass filter
Time constant 0.25

∆VACMV(QMVg) droop controller
Slope 0.002
Offset 0
Dead-band: high / low 0 / 0
Saturation: min / max 1x106 / −1x106

VDCMV( fMV) droop controller
Slope 4000
Offset 0
Dead-band: high / low 50.025 / 49.975
Saturation: min / max 5000 / −5000

FRT control
Virtual impedance (ZV): Rd / Rq / R0 1000 / 500 / 500
kp 5x105

miscellaneous
PI Control for VDCMV P = 0.2; I = 50
kθd (damping coefficient) 0.03
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Table A.4: Hypothetical Supercapacitor Bank (not modeled). An illustrative example of a
supercapacitor bank using a commercially available solution as reference [260]. The
required capacitance was determined according to Equation (3.29) for the following
assumptions: A maximum DC voltage ripple of 0.5% in the ST’s MV DC bus due to
unbalanced voltage sags in the MV AC grid, and a maximum 90% drop in the LV
DC bus voltage during a voltage sag in the MV AC grid.

Pack: Assembling 63 (parallel) × 4 (series)
Pack: Nominal voltage 10.8 V Unit: Nominal voltage 2.7 V
Pack: Capacitance 7.88 kF Unit: Capacitance 500 F
Pack: Peak power 1.8 MW Unit: Peak current 400 A

Table A.5: Grid-Forming LV inverter: Control parameters

VACLV(PACLVg) droop controller
Slope 1.5x10−6

Offset 0
Dead-band: high / low 50.025 / 49.975
Saturation: min / max 25 / −25

fLV( fMV) droop controller
Slope 1.5
Offset 0
Dead-band: high / low 50.025 / 49.975
Saturation: min / max 0.5 / −0.5

VACLV( fMV) droop controller
Slope 80
Offset 0
Dead-band: high / low 50.025 / 49.975
Saturation: min / max 25 / −25

Grid reconfiguration mechanism
kVP 0.5
kVQ 0.5
kθP 0.5
kθQ 0.5
Slope θ(P : Q) droop 8.7x10−8

Slope V(P : Q) droop 1.5x10−6



200 parametrization of smart-transformers, hybrid microgrids and hybrid

multi-microgrids

A.2 Hybrid Microgrids and Hybrid Multi-Microgrids

Table A.6: Upstream AC power system

Equivalent synchronous machine
Nominal Power 1 GW
line-to-line voltage 15 kV
Nominal frequency 50 Hz
Inertia coefficient 2 s
Reactances: Xd; Xd’; Xd”; Xq; Xq’; Xq”; Xl 1.6; 0.7; 0.35; 1.55; 0.85; 0.35; 0.2 (p.u.)
Time constants: Td’; Td”; Tq’; Tq” 5; 0.06; 0.2; 0.06 (s)

Equivalent load
line-to-line voltage 15 kV
Initial active power 600MW
Initial reactive power 200Mvar
Nominal frequency 50 Hz

Equivalent impedance (default) 0.02 + 0.23Ω

Governor TGOV1
Droop constant 5%
Remaining parameters as default values according to original model available in
MATLAB®/Simulink®.

Governor TGOV1
Default values from the original model available in MATLAB®/Simulink®.

Speed Regulator
Integral gain 3

Table A.7: Base parameters for the simplified LV AC sub-grid: buses, lines and loads (per
phase)

Bus in Bus out Cable Bus Active Load Reactive Load
ST 1 0.019 + j0.003Ω 1 [0.9 0.4 0.0] kW [0.3 0.1 0.0] kvar
1 2 0.012 + j0.002Ω 2 [0.1 2.9 3.1] kW [0.0 0.9 0.9] kvar
2 3 0.004 + j0.001Ω 3 [0.2 4.5 0.9] kW [0.0 1.4 0.3] kvar
3 4 0.01 + j0.003Ω 4 [2.7 7.0 0.7] kW [0.8 2.2 0.2] kvar
4 5 0.011 + j0.003Ω 5 [12.7 14.7 1.3] kW [4.0 4.7 0.4] kvar
5 6 0.03 + j0.006Ω 6 [0.6 4.0 0.5] kW [0.2 1.2 0.2] kvar
6 end 0.029 + j0.004Ω
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Table A.8: Base parameters for the simplified LV AC sub-grid: DER units (per phase)

Bus PV EV charging Energy Storage

Installed capacity
1 [2.0 1.0 0.5] kW [0.0 0.0 2.0] kW [1.0 0.0 0.0] kW
2 [1.5 1.5 1.5] kW [2.0 0.0 0.0] kW [1.0 0.0 0.0] kW
3 [0.0 3.0 0.0] kW [0.0 2.0 0.0] kW [0.0 2.0 0.0] kW
4 [1.0 2.0 1.0] kW [4.0 0.0 2.0] kW [2.0 0.0 1.0] kW
5 [5.0 5.0 5.0] kW [6.0 6.0 0.0] kW [2.0 2.0 2.0] kW
6 [1.0 2.0 1.0] kW [0.0 0.0 2.0] kW [0.0 1.0 0.0] kW

Current consumption/injection
1 [-2.0 -1.0 -0.5] kW [0.0 0.0 1.5] kW [0.0 0.0 0.0] kW
2 [-1.5 -1.5 -1.5] kW [1.5 0.0 0.0] kW [0.5 0.0 0.0] kW
3 [0.0 -3.0 0.0] kW [0.0 1.0 0.0] kW [0.0 1.0 0.0] kW
4 [-1.0 -2.0 -1.0] kW [0.0 0.0 1.5] kW [0.0 0.0 0.0] kW
5 [-5.0 -5.0 -5.0] kW [0.0 0.0 1.5] kW [1.0 1.0 1.0] kW
6 [-1.0 -2.0 -1.0] kW [0.0 0.0 1.0] kW [0.0 1.0 0.0] kW

Table A.9: Base Simplified LV AC sub-grid: load-voltage and load-frequency sensitivity coeffi-
cients (per phase)

Coefficient Phase A Phase B Phase C
kpv 0.62 0.42 0.31

kqv 0.29 0.21 0.15

kp f 2.5 5 0

kq f 1.2 4 -2.5

Table A.10: Base Simplified LV AC sub-grid: droop controllers in DER units

Variable PV EV chargers Energy storage

P(VACLVg) droop controller
Slope (p.u) -2.5 -2.5 -2.5
Offset (p.u) -1 -1 -1
Dead-band: high / low na na na
Saturation: min / max 0 / mpp * -Pmax / Pmax ** -Pmax / Pmax **

P( fLV) droop controller
Slope (p.u) -50 -50 -50

Offset (p.u) -1 -1 -1
Dead-band: high / low na na na
Saturation: min / max 0 / mpp * -Pmax / Pmax ** -Pmax / Pmax **
* maximum power point available
** nominal power
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Table A.11: Base parameters for the LV DC sub-grid: buses, lines and loads

Bus in Bus out Cable Bus Non-controllable load
ST 1 0.03Ω 1 10 kW
1 2 0.03Ω 2 15 kW
2 3 0.03Ω 3 5 kW

Table A.12: Base parameters for the LV DC sub-grid: DER units

Bus PV EV charging Energy Storage

Installed capacity
1 25 kW 6 kW 10 kW
2 10 kW 20 kW 4 kW
3 25 kW 14 kW 10 kW

Current consumption/injection
1 -25 kW 4 kW 3.5 kW
2 -10 kW 16 kW 2 kW
3 -25 kW 10 kW 5 kW

Table A.13: Base Simplified LV DC sub-grid: droop controllers in DER units

Variable PV EV chargers Energy storage

P(VDCLVg) droop controller
Slope (p.u) -2.5 -2.5 -2.5
Offset (p.u) -1 -1 -1
Dead-band: high / low na na na
Saturation: min / max 0 / mpp * -0.25*Psp / 0.25*Psp ** Psp / Psp **
* maximum power point available
** power set-point

Table A.14: Base parameters for the MV DC sub-grid: buses, lines, loads and DER

Bus in Bus out Cable Bus load PV (installed) EV charging (installed)
ST 1 0.5Ω 1 0 kW 0 150 (150) kW
1 2 0.5Ω 2 50 kW 0 0

2 3 0.5Ω 3 0 kW -200 (200) kW 0

Table A.15: Base Simplified MV DC sub-grid: droop controllers in DER units

Variable PV EV chargers

P(VDCMVg) droop controller
Slope (p.u) -2.5 -2.5
Offset (p.u) -1 -1
Dead-band: high / low na na
Saturation: min / max 0 / mpp * -0.25*Psp / 0.25*Psp **
* maximum power point available
** power set-point
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Table A.16: Parameters for the HMMG

Buses Lines
Bus number Load Bus in Bus out Line Z

6 350 + j355 kVA 1 2 1.35+ j1.1 Ω
DG -300 + j10 kVA 2 6 2.55 + j1.43 Ω
15 70 + j71 kVA 2 3 1.17 + j0.95 Ω
5 44 + j45 kVA 3 4 0.84 + j0.69 Ω

3 (LFT) 0 kVA 4 15 1.19 + j0.67 Ω
Net-load scenario 4 14 2.23 + j1.25 Ω

2 (ST) 462 kVA 4 5 1.53 + j0.85 Ω
14 (ST) 400 - j25 kVA
Net-generation scenario
2 (ST) -533 kVA

14 (ST) -400 + j60 kVA
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Appendix B

Additional Results for Case Studies 1, 2

and 3 - Chapter 6

B.1 Case Studies 1 and 2
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Figure B.1: Case study 2 - Active power in the local ESS of the ST for several fault impedances
with a time duration of 0.2 s.
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Figure B.2: DC voltage in the ST-based MV DC grid for several fault impedances with a time
duration of 0.2 s.



case studies 1 and 2 207

0.95

1

1.05

V
D

C
L

V
g
 (

p.
u.

)

0.02 
0.06 
0.2 
0.5 
1.5 

phase-ground

0.8

0.9

1

V
D

C
L

V
g
 (

p.
u.

)

phase-phase

0.6

0.8

1

V
D

C
L

V
g
 (

p.
u.

)

three-phase

0.96

0.98

1

1.02

V
D

C
L

V
g
 (

p.
u.

)

phase-ground

0.95

1

1.05

V
D

C
L

V
g
 (

p.
u.

)

phase-phase

-0.5 0 0.5 1 1.5
time (s)

0.9

1

1.1

V
D

C
L

V
g
 (

p.
u.

)

-0.5 0 0.5 1 1.5
time (s)

three-phase

-0.5 0 0.5 1 1.5
time (s)

No local ESS With local ESS FRT plus frequency support
Net-load scenarios

Net-generation scenarios

Figure B.3: DC voltage in the ST-based LV DC grid for several fault impedances with a time
duration of 0.2 s.
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duration of 0.2 s.



case studies 1 and 2 209

0.994

0.996

0.998

1

1.002

f L
V
 (

p.
u.

) 0.02 
0.06 
0.2 
0.5 
1.5 

phase-ground

0.995

1

1.005

f L
V
 (

p.
u.

)

phase-phase

0.98

0.99

1

1.01

f L
V
 (

p.
u.

)

three-phase

0.995

1

1.005

f L
V
 (

p.
u.

)

phase-ground

0.995

1

1.005

1.01

f L
V
 (

p.
u.

)

phase-phase

-0.5 0 0.5 1 1.5
time (s)

0.99

1

1.01

f L
V
 (

p.
u.

)

-0.5 0 0.5 1 1.5
time (s)

three-phase

-0.5 0 0.5 1 1.5
time (s)

No local ESS With local ESS FRT plus frequency support
Net-load scenarios

Net-generation scenarios
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Figure B.6: Active power in the ST-based MV DC grid for several fault impedances with a time
duration of 0.2 s.
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Figure B.7: Active power in the ST-based LV DC grid for several fault impedances with a time
duration of 0.2 s.
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Figure B.8: Active power in the ST-based LV AC grid for several fault impedances with a time
duration of 0.2 s.
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Figure B.9: Active power in total non-controllable load in the ST-based hybrid grid for several
fault impedances with a time duration of 0.2 s.
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Figure B.10: Active power in total PV generation in the ST-based hybrid grid for several fault
impedances with a time duration of 0.2 s.
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Figure B.11: Active power in total EV chargers in the ST-based hybrid grid for several fault
impedances with a time duration of 0.2 s.
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Figure B.12: Active power in total energy storage capacity available in the ST-based hybrid grid
for several fault impedances with a time duration of 0.2 s.
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Figure B.13: Active power in the ST’s MV inverter for several fault impedances with a time
duration of 0.2 s.
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Figure B.15: RMS current in the ST’s MV inverter considering Zeq1 and fault impedances with
a time duration of 0.2 s.
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Figure B.16: RMS current in the ST’s MV inverter considering Zeq2 and fault impedances with
a time duration of 0.2 s.
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Figure B.17: Active power and phase shift in the output LC filter of the ST’s MV inverter,
considering Zeq1 and fault impedances with a time duration of 0.2 s.
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Figure B.18: Active power and phase shift in the output LC filter of the ST’s MV inverter,
considering Zeq2 and fault impedances with a time duration of 0.2 s.
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Figure B.19: Reactive power and voltage drops (per phase) in the output LC filter of the ST’s
MV inverter considering Zeq1 and fault impedances with a time duration of 0.2 s.
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Figure B.20: Reactive power and voltage drops (per phase) in the output LC filter of the ST’s
MV inverter considering Zeq2 and fault impedances with a time duration of 0.2 s.
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Figure B.21: Three-phase current waveforms in the ST MV inverter for faults with impedance
of 0.02Ω and time duration of 0.2 s, considering Zeq1. Black: phase A current; Red:
phase B current; Green: phase C current.
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Figure B.22: Three-phase current waveforms in the ST MV inverter for faults with impedance
of 0.02Ω and time duration of 0.2 s, considering Zeq2. Black: phase A current; Red:
phase B current; Green: phase C current.
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[136] T. Dragiičević, X. Lu, J. C. Vasquez, and J. M. Guerrero. Dc microgrids—part i: A review of control
strategies and stabilization techniques. IEEE Transactions on Power Electronics, 31(7):4876–4891,
July 2016. Cited on pp. 29 and 30.
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