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Abstract

Regarding high penetration of distributed energy resources into the medium and low

voltage level, power systems undergo challenges with respect to their reliability, security

and stability. Aspects of microgrids, including their architecture, distributed genera-

tion, storage, and control schemes, are widely researched across the globe, as they have

a promising future to integrate distributed energy resources into power systems, thereby

reducing greenhouse gas emissions and increasing the reliability and security of power

systems with a large amount of distributed generation. Microgrids can be described

as decentralized electrical power systems comprising distributed generation, local loads

and storage. They can be operated both in grid-parallel and islanded mode. Frequency

stability is a common issue to be addressed, especially in islanded microgrids. The fo-

cus of this thesis is the development and investigation of a control method for islanded

microgrids to regulate their frequency.

In islanded mode, microgrids tend to have a low inertia in comparison to large tradi-

tional power systems, especially when there is a high penetration of power electronic

interfaced power sources in the microgrid. Thus, frequency changes more quickly when

there is a power mismatch between generation and demand. In large power systems,

frequency control is an important task. For this thesis, its implementation in islanded

microgrids to regulate and maintain the frequency is investigated. However, frequency

control is much more difficult to be achieved without the support from the utility grid.

An additional control method, including load step pre-announcement and a bang-bang

controller, is developed in this thesis to assist frequency control to keep frequency stable

within islanded microgrids. The concept of the proposed control method is to anticipate

active power changes, which result in imbalances between load and generation, by proac-

tively delaying them for a specific time interval, so that any dynamic effect on frequency

deviations caused by them is smoothed. Active power infeed of conventional generation

based on directly coupled rotating machines can be controlled, and thus, frequency con-

trol in islanded microgrids is supported.

In this thesis, a simulation model of an islanded microgrid, including a conventional
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generator, a photovoltaic generator and a lumped load, is used as a study case. Dy-

namic simulation results of the islanded microgrid are presented and analyzed. The

results between the islanded microgrids with and without the proposed control method

are compared. The feasibility and effectiveness of the implementation of load step pre-

announcement and bang-bang controller are validated using simulation results. Set

values of the two time parameters, preset and total time, of the control method regard-

ing different cases are optimized. A discussion regarding still existing problems is given.

This includes the influence of frequency measurement time delay on the proposed control

method as well as frequency oscillation that may be caused by repeated reconnection of

distributed generation.



Kurzfassung

Die zunehmende Integration von erneuerbaren Energien in das Mittel- und Niederspan-

nungsnetz in den letzten Jahren führt zu Herausforderungen an die Energiesysteme in

Bezug auf die Zuverlässigkeit, Sicherheit und Stabilität. Verschiedene Aspekte von Mi-

crogrids, insbesondere ihre Architektur, dezentrale Stromerzeugung, Speicher und Rege-

lungstechniken, werden global erforscht, da sie ein großes Potential bezüglich der Inte-

gration dezentraler Stromerzeugung in elektrische Netze bergen und damit eine Verrin-

gerung des Treibhausgasausstoßes bei zugleich zuverlässiger und sicherer Energieversor-

gung ermöglichen. Microgrids können als dezentrale elektrische Energiesysteme beschrie-

ben werden, die dezentrale Stromerzeugung, lokale Lasten und Speicher umfassen. Sie

können sowohl parallel zum Netz als auch als Insel betrieben werden. Frequenzstabilität

ist dabei ein häufiges Problem, vor allem in Inselnetzen. Der Schwerpunkt dieser Arbeit

liegt auf der Entwicklung einer Frequenzregelungsverfahren für Inselnetze.

Aufgrund der geringen Trägheit von Inselnetzen im Vergleich zu großen konventionel-

len Stromnetzen sind Frequenzänderungen schneller, wenn es ein Leistungsungleichge-

wicht zwischen Erzeugung und Last in Inselnetzen gibt. Frequenzregelung ist eine wich-

tige Aufgabe in großen Stromnetzen. In dieser Arbeit wird ihre Umsetzung in einem

Inselnetz untersucht. Allerdings ist die Frequenzregelung ohne die Unterstützung des

Versorgungsnetzes schwierig umzusetzen. Es wird ein zusätzliches Regelungsverfahren,

einschließlich Load Step Pre-announcement und eines Bang-Bang-Controllers, entwi-

ckelt, um die Frequenzregelung zu unterstützen und die Frequenz in Inselnetzen stabil

zu halten. Das Konzept besteht darin, Wirkleistungsänderungen zuvorzukommen, die

zu einem Ungleichgewicht zwischen Last und Erzeugung führen, indem sie künstlich

verzögert werden, so dass dynamische Frequenzabweichungen, die dadurch verursacht

werden, geglättet werden. Die Wirkleistung des Generators wird reguliert und somit

kann die Frequenzregelung in Inselnetzen unterstützt werden.

In dieser Arbeit wird ein Modell eines Inselnetzes, bestehend aus einem Generator, einer

Photovoltaik-Anlage und einer kumulierten Last als Fallstudie simuliert. Die Ergebnisse

der dynamischen Simulationen des Inselnetzes werden vorgestellt und analysiert. Die Un-

VII



VIII

terschiede zwischen den Inselnetzen mit und ohne das vorgeschlagene Regelungsverfahren

werden aufgezeigt. Die Machbarkeit und Effektivität von Load Step Pre-announcement

und Bang-Bang-Controller werden durch Simulationsergebnisse validiert. Die Werte der

beiden Zeitparameter des Regelungsverfahrens werden für verschiedene Fälle optimiert.

Eine Diskussion über noch bestehende Probleme wird geführt. Dazu zählen der Einfluss

einer Frequenzmessungsverzögerung auf das vorgeschlagene Regelungsverfahren und Fre-

quenzoszillation, die durch Wiederverbindung von verteilten Erzeugungsanlagen verur-

sacht werden kann.
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Chapter 1

Introduction

1.1 Background

Electrical power supply (or energy supply) is an indispensable requirement for house-

holds, industry, business, services, research, information technology and communication,

technical advance and many more, and therefore, basis to maintain and further develop

modern society. Electricity provides people lighting and heat and is essential for many

appliances in households, such as ovens, refrigerators, washing machines, televisions and

computers. It makes transportation and worldwide communication possible. Electricity

is also fundamental in modern health care. Furthermore, power supply plays a key role

to keep commercial and industrial facilities running, and thus, ensures smooth produc-

tion and services in business and industry. A 30% rise of global energy demand in the

year 2040 in comparison to the year 2016 is expected [1]. This growing demand of energy

will result in increasing the size and complexity of electrical power systems. Since mod-

ern technology and its further development are strongly dependent on electrical power,

social and industrial development will benefit from more efficient, secure and reliable

power systems.

The continuous increase of global temperature in the last 136 years has been recorded

by the National Aeronautics and Space Administration (NASA) [2]. This increase is

above the level of natural variability, due to greenhouse gas (GHG) emissions [3]. Since

an unstopped increase of average global temperature is expected to have dramatic ef-

fects on the world’s ecosystem [4], climate change has become an increasingly important

issue, especially in energy generation. Therefore, countries across the world set up their

own energy policies to decrease GHG emissions. Also, renewable energy resources are

essential for decreasing the dependence on fossil fuels. For example, in Europe approx-
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2 Chapter 1. Introduction

imately 53.5% of gross energy consumption was dependent on the imported sources in

2014 [5]. Meanwhile, European citizens focus greatly on issues of climate change and

pollution [6]. Thus, the European Commission proposed headline targets in 2010 which

should be achieved for smart, sustainable and inclusive growth by the year 2020 - Eu-

ropean “20/20/20” targets [7]. The goals that are set in the field of energy production

and consumption, are stated as following:

• GHG emissions should be reduced by at least 20% in comparison to 1990 levels

(or by 30% if the conditions are right);

• the share of renewable energy should be increased to 20%;

• energy efficiency should be improved by 20%.

More recently, the Paris Agreement, which makes a global action plan to avoid dan-

gerous climate change by limiting global average temperature increase well below 2◦C,

was reached in December 2015 [8]. In order to achieve these goals, one important mea-

sure is to develop and implement renewable energy generation, which is often based on

distributed generation (DG) technologies. DG, which also refers to distributed energy re-

sources (DER), covers a wide range of renewable energy and storage technologies, such as

photovoltaic (PV) generation, wind power systems, fuel cells and combined heat power.

It is typically small scale power generation and is located close to the end users [9, 10].

Electrical energy then can be generated and stored at the consumption points, which

is a way to meet customer demands with an emphasis on reliability and power qual-

ity, providing economic, environmental and technical benefits [11, p. 3]. However, with

the high penetration of DG, electrical power systems go through challenges regarding

their operation, stability and control. In contrast to conventional power systems with

centralized large generation, deployment of DG into the distribution networks changes

the traditional pattern that power flows from a high voltage (HV) level to a low voltage

(LV) level. Due to integration of DG, the power flow may be reversed in the distribution

network and additional power flow may appear in the transmission level [12]. These

challenges of integrating DG require changes in control schemes and operation methods

of power systems, which stimulates the interest in microgrid (MG) research.

1.2 Development of Installed Renewable Energy Re-

sources

Since renewable energy resources are able to provide an environmentally friendly and

increasingly economical way to produce electrical energy, they have become mainstream
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4 Chapter 1. Introduction

energy sources. The latest renewable energy data book [13] published in December 2017

gives an overview of development in global installed renewable energy resources. The

cumulative global installed renewable electricity capacity was 2,016 gigawatts (GW) in

2016, which grew by 9.1% in comparison to 1,848 GW in 2015. This continued the

steady growth of 7.5% per year of the compound annual growth rate from 2006 to 2016.

Figure 1.1 presents the global installed renewable electricity capacity in recent years.

Until 2016, China had the most cumulative total renewable installed capacity, cumu-

lative wind and hydropower capacity and grid-connected solar PV capacity, while the

United States led in installed geothermal and biomass capacity. In 2016, renewable en-

ergy resources accounted for nearly 26% of all electricity generation worldwide, which

was 6,211 terawatt-hours (TWh) [13].

Integration of renewable energy resources in power systems is a way to react on chal-

lenges like climate change and finite fossil resources along with a growing demand of

power generation. Hence the amount of renewable energy resources installed in total

electricity generation is expected to rise further. As shown in Figure 1.1, installed hy-

dropower capacity is the largest among all globally installed renewable energy resources,

while installed PV and wind capacity grew fastest in the past years. Global cumulative

installed PV capacity and wind capacity increased by 33% and 12% in 2016, respec-

tively [13]. This shows the growing interest in PV and wind generation, especially in

regions like China, North America and Germany. The global cumulative PV and wind

installation of different regions in 2016 are shown in Figure 1.2 [14,15].

1.3 Challenges of Microgrid Control

PV generation, which is one of the most important renewable energy sources apart from

wind and hydro power generation, had the most dynamic growth in the global market in

the recent years as presented in section 1.2. Germany had the world’s biggest installation

of PV generation until 2014. Germany accounted for about 13% of the global cumulative

installed PV capacity and approximately 7% of German electricity demand is covered

by PV generation in 2016 [14]. Thus, as an example, installation data of PV in the

electrical network in Germany is presented.

Figure 1.3 shows the distribution of PV generation over the typical voltage levels of the

German power system. The installed PV capacity in the distribution network (medium

voltage (MV) and low voltage (LV) levels) accounts for approximately 92.8% of the total

installed capacity. Only around 7.2% of the total installed PV generation is integrated

into high voltage (HV) and extra high voltage (EHV) levels. PV generation behaves

differently than conventional generation, e.g. it normally has no rotating mass and does
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not contribute to the total system inertia as will be described in chapter 4. High pen-

etration of PV generation and other kinds of DG into electrical distribution networks

causes technical challenges, for instance, reversing power flow in power systems, addi-

tional power flow in transmission networks and grid instability problems [12].

The MG concept has been introduced as an effective solution for the control of grids

under high penetration of DG. Although a more detailed definition of MGs is still under

discussion, MGs can be described as decentralized electrical power systems comprising

DG, local loads and storage, plus necessary control [16]. An example of a MG is pre-

sented in Figure 1.4.

The most important characteristic of MGs is that they can be operated both in grid-

parallel and islanded mode [17]. Under normal operation conditions, MGs are connected

to the utility grid as a single controlled and coordinated unit. Once disturbances occur

either in the utility grid or in local networks, MGs have the possibility to automatically

disconnect from the utility network. When the faults are cleared or the disturbances

are overcome and operation can be resumed, MGs can connect to the utility grid again.

Operation of MGs will be further described in chapter 2.

On one hand, MGs can make effective DG integration possible and ensure energy sup-

ply during an emergency case. During both grid-parallel and islanded mode, DG can

provide power supply continuously. Therefore, loads that can be supplied by DG in-

side MGs would not necessarily suffer from power supply interruptions. In addition,

DG includes various renewable energy resources and can provide energy to end users
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locally within MGs. Therefore, DG does not suffer from large power lines’ operating

costs and losses [18]. On the other hand, the control of MGs is a major challenge.

Unlike large conventional power plants, DG commonly has low or no inertia [19]. The

inertia of power systems decreases with increasing the amount of inverter based DG. In

grid-parallel mode, system frequency is controlled by the main grid. When MGs operate

in islanded mode, there is no additional support from the utility grid, hence frequency

has to be controlled via coordination of DG within MGs. The low inertia of MGs can

cause fast frequency change if there is a mismatch between power generation and load

demand. Thus, balancing load and generation and frequency stability within islanded

MGs are major concerns.

Utility Network

PV Storage
Wind 

Generator

Conventional
Generator

Loads

Figure 1.4: An example of a microgrid, self-created based on [18]

1.4 Outline of Thesis

This thesis focuses on frequency control and stability of islanded MGs. A novel control

method, including load step pre-announcement (LSP) and a bang-bang (BB) controller,
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is introduced to improve dynamic behavior of islanded MGs when there is a power

mismatch between generation and consumption. This leads to the following essential

research questions:

• Can the proposed control method benefit frequency stability of islanded MGs?

• Which parameters influence the control effect of LSP and BB controller?

• How can those parameters be adapted to obtain the optimal performance of the

proposed scheme?

• Would the control effect of LSP and BB controller be worsened if MGs are not

operated under ideal conditions, e.g. in case the system has measurement and

communication delay?

This thesis is structured as following:

Chapter 2 gives a review of the existing control strategies used in worldwide microgrid

projects. The part of the control strategies review has been published in an earlier pa-

per [20]. Besides, the basics of the swing equation as well as frequency control, including

primary, secondary and tertiary control, are presented.

Chapter 3 introduces the concept of the proposed control method - LSP and BB con-

troller. LSP and BB controller have been firstly introduced and published in [17]. A

further development of this method, including its control algorithm, control architecture

and communication infrastructure, is illustrated.

Chapter 4 presents the simulated islanded MG model that is based on the swing equa-

tion. The whole set-up of the simulated model is given. Different parts of the islanded

MG, consisting of a conventional generator, a PV generator and lumped load, are intro-

duced separately.

Chapter 5 gives an analytical contemplation. Important parameters that are defined

in the simulation are described. The steady state limit of the simulated MG is given

based on the system settings. The dynamic behavior of the islanded MG is presented

in order to analyze its dynamic limit. In addition, the approximation of the frequency

nadir caused by load change in the MG is given. The relation between the preset time

of the BB controller and system frequency is described. Three optimization criteria for

the two time parameters are given.

Chapter 6 presents and analyzes the simulation results. A comparison between the is-

landed MG with and without the proposed control method is made. The effect of LSP

and the BB control is illustrated. An approximation of optimal set values of the two

time parameters for the control method regarding different incidents is presented. A

discussion regarding still existing problems, like the reliability of the control method in
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an islanded MG with time delay on frequency measurements and frequency oscillation

can be caused by repeated PV reconnection, is given. Parts of simulation results and

the discussion of PV reconnection issues have already been published in [21,22].

Chapter 7 gives a conclusion that summarizes the simulation results and an outlook of

possible further development.
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Workshop 2018 ”Microgrids and local energy communities””, (2018), Paper-Nr.

0086, 4 pages.



Chapter 2

State of the Art

2.1 Review of Control Strategies of Microgrids

Different countries around the world have their own interests to develop the MG con-

cept. As mentioned in chapter 1, the European Commission has proposed European

“20/20/20” targets. The United States of America was the largest greenhouse gas (GHG)

producer in the world before 2004 [23]. In 2009, the goal to reduce GHG emissions in

the USA by around 17% in 2020 in comparison to 2005 was committed. Moreover, a

big part of energy demand was supplied by imported petroleum [24], therefore, change

of energy supply patterns was required. Likewise, China became the leading emitter of

greenhouse gases due to its rapid economic growth after 2004. Lots of countries have

made energy policies to push green energy supply technologies forward. Since Microgrids

(MGs) have a promising future to a more secure, reliable and environmentally-friendly

power system, they gained great research interest and plenty of projects regarding the

concept and operation of MGs have been carried out worldwide.

The earlier work [20] published during the elaboration of this thesis reviews control

strategies that are applied in worldwide MG projects. More than 50 existing MG projects

in regions like Europe, America and Asia have been surveyed. A general topology of

MGs is shown in Figure 2.1. MGs are normally connected to the utility grid via a point of

common coupling (PCC), from where MGs are also able to disconnect from the utility

grid. Islanded MGs, which are MGs without PCC, constantly operate independently

from the utility grid because of either technical or economic constraints [16].

Information, including MG configuration, amount of PCCs, voltage level, total installed

capacity of distributed generation (DG), storage capacity and maximum load demand,

have been collected in the survey. The current state of control strategies used in the

9
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Figure 2.1: A general topology of MG

MGs is presented in [20]. It also gives the correlation between volatile DG and storage

systems, and between loads and storage systems. Three control architectures, including

centralized, decentralized and multi agents system (MAS), are illustrated in the work.

2.1.1 Centralized Control

Centralized control, which can also be called hierarchical control, normally includes a

microgrid central controller (MGCC), which controls all the components of the MG,

and local controllers (LCs). The MGCC gathers locally measured data from LCs and

performs calculations. It determines control actions for the LCs and provides the LC

instructions, such as set points of active and reactive power. The centralized control

has been used to control frequency in large electrical power systems for years and was

implemented in MGs for voltage and frequency restoration in recent years [25].

Information between the MGCC and LCs is exchanged regularly in a centralized control

architecture, thus special attention should be paid to the communication systems. A

failure in communication paths could lead to huge problems in the grid operation and

control, which would lower the system reliability. Hence, fast and reliable communication

systems are strongly required [16,26]. Additionally, the MGCC is the essential element.

If the MGCC fails, the whole control system cannot work. The upper-left side of Figure

2.2 presents an example of a centralized control structure.
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Figure 2.2: Centralized control (upper left), decentralized control (upper
right) and multi agent system (bottom) [20]

2.1.2 Decentralized Control

Decentralized control, which features peer-to-peer communication, was firstly proposed

by Piagi and Lasseter in [27]. In a fully decentralized control architecture, each compo-

nent should be equivalent. There is no single device, like the MGCC, that is critical for

the MG operation. A MGCC may exist to monitor the MG, but its presence does not

influence the operation of the peer devices.

Different from the centralized control architecture, each device operates independently

from the others. Hence, it can achieve the “plug and play” function. This means

that MGs can continue their operation although any generation would connect to or

disconnect from the grid as long as the energy requirements are still satisfied [28]. Com-

munication infrastructure, thus, is not necessary for decentralized control. This control

structure is presented on the upper-right side in Figure 2.2.
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2.1.3 Multi Agents System

The implementation of a fully centralized approach can be infeasible because of the

large data exchange and extensive communication. On the other hand, due to the

strong link between elements in power systems, a fully decentralized cannot be achieved

by only using local data [16]. A multi agents system (MAS) is a compromise between

entirely centralized and fully decentralized control. Agents, which have a certain level

of autonomy based on limited local information, are the main elements in a MAS. This

means that they have the ability to make decisions and commands without the MGCC.

Additionally they can communicate with each other to exchange information. There

could also be an agent playing the role as the MGCC in the MAS, which only coordinates

local tasks and records final power exchanges between the agents periodically [29].

The aim of MAS is to control complicated power systems with minimum data exchange

and computational demands. Even though agents are able to communicate with each

other, most of the control actions should be taken locally based on their autonomy

[16, 29]. Communication infrastructure is needed in this control structure. A common

communication language is normally required, since agents should be able to interact

and communicate with each other to exchange information [30]. The bottom picture in

Figure 2.2 shows structure of MAS.

2.1.4 Comparison of MG Projects

These surveyed projects include, for example, European Microgrids and More Microgrids

projects, American CERTS Microgrid project, Canadian Hydro Boston Bar MG and

Hydro-Québec, Japanese NEDO projects, and the Microgrid testbed in Hefei University

of Technology (HFUT) in China [20]. The MG research activities cover a wide range

from small to large scale MGs, which can be classified by their maximum load demand.

For example, small scale MGs’ types can vary from small single apartments to large

buildings or farm houses, whereas the upper limit of the medium scale MGs reflects

the maximum size of a distribution LV network. Large scale MGs can represent MV

networks. Three groups of MGs classified according to the maximum load demand are

as follows:

• Small Scale Microgrids: 1 VA < Pload ≤ 30 kVA

• Medium Scale Microgrids: 30 kVA < Pload ≤ 1 MVA

• Large Scale Microgrids: Pload > 1 MVA

A comparison between the maximum load demand and total installed DG capacity of the

surveyed MGs is presented logarithmically in Figure 2.3. Most of the surveyed projects
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Figure 2.3: Comparison between the maximum load demand and total
installed capacity of DG [20]

are on-grid MGs and some are off-grid MGs1. According to the picture, the majority

of MGs have enough installed capacity of DG to run in islanded mode without load

shedding and the rest needs to be supported by the utility network for covering the

full load. Among all the investigated MG projects, the installed capacity of the DG

cooperated with the backup diesel generation and batteries are sufficient for the demand

of consumers in the off-grid MG projects. Most on-grid projects are able to use the DG

to support their local loads, and some exceptions need to get the energy from the utility

grid.

Existing control techniques have offered a lot of possibilities for the operation of MGs.

Parameters like power quality and stability, installed storage capacity, requirement of

a communication infrastructure and types of installed distributed generators affect the

choice of control strategies. Figure 2.4 shows the percentage of the utilization of applied

control strategies in the surveyed MG projects. The centralized control approach is

widely adopted from small scale to large scale MGs, when there is a central storage

system installed. The MAS is implemented mostly in the small and medium scale

MGs, as long as there are controllable loads and generation. The decentralized control

1On-grid MGs: Microgrids are operated in grid-parallel mode; off-grid MGs: Microgrids run
in islanded mode
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Figure 2.4: The utilization of control strategies in the surveyed MG
project [20]

technology is applied in medium and large MGs, since utilizing the decentralized control

strategy is easy to achieve the plug-and-play function of MGs and would not influence

architecture and the communication structure of energy systems. There are also test

grids, which have the ability to be reconfigured, allowing to test out both centralized

and decentralized control strategies for their systems.

The correlation between the installed capacity of volatile DG sources, like PV and wind

power plants, and the storage capacity based on the available data of the survey is given

in Figure 2.5(a). The more volatile DG sources are installed in the MGs, the larger the

used capacities of the storage systems are. Storage capacity rating related to installed

volatile DG sources is usually between 1 kWh/kW and 10 kWh/kW, which means that

storage charging duration is normally between 1 hour and 10 hours when volatile DG

sources work at their rated power. Most storages can be fully charged within 6 hours.

The correlation between the maximum load demand and the storage capacity is presented

in Figure 2.5(b). As can be seen, most MGs have enough storage to provide energy to

the customers for at least 1 hour. In the worst case, if any failure would occur during a

time period with a lack of volatile DG sources, those MGs would only last for a black-out

of several hours, but for sure not days.

Although there are differences among MG control structures, they all intend to ensure

the reliability and security of networks when a large number of DGs are integrated into
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utility grids. To conclude the findings of the surveyed MG projects, centralized control

is currently dominant. In off-grid MGs, total installed capacity of DG sources usually

exceeds maximum load demand, while in around 38% of on-grid MGs, load shedding

would be necessary in a situation of reaching maximum load demand and depleted

storage. Due to the use of the storage in the MGs, a long-term black-out over days can

be avoided. Further information about the surveyed MG projects can be found in [20].

2.2 Swing Equation

To analyze stability of power systems with synchronous generators that are driven by

prime movers, the swing equation is important. The swing equation, which relates the

differential equation that describes the acceleration and deceleration of the synchronous

generator and turbine (prime mover) caused by imbalance between mechanical and elec-

trical torque, is the basis of the simulated system. In this section, a review of swing

equation is given on the basis of [31, p. 9-17] and [32]. In rotational movements, the

net accelerating or decelerating torque (τa) when there is an unbalance between torques

acting on the rotor is:

τa = J × dω

dt
(2.1)

where J is combined moment of inertia of generator and turbine. dω/dt is the angular

acceleration of the rotor, in which ω is the angular speed of the rotor of the synchronous

generator including turbine and t is the time. This applies similarly to the relation

between force, mass and acceleration in linear movements. τa is accelerating or decel-

erating torque, which is equal to the difference between mechanical torque (τmech) and

electrical torque (τel),

τa = τmech − τel (2.2)

For rotational generators, rotational kinetic energy (Erot) is given as:

Erot =
1

2
× J × ω2 (2.3)

The difference between the supplied mechanical power Pmech (turbine) and the dissipated

electrical power Pel (generator) is calculated by:

Pmech − Pel =
dErot

dt
= J × ω × dω

dt
(2.4)
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According to equations (2.1), (2.2) and (2.4), mechanical and electrical power difference

causes torque unbalance for angular acceleration or speed change:

Pmech − Pel = (τmech − τel)× ω (2.5)

The moment of inertia may vary from small to large power plants. Therefore, only the

system starting time constant is often used nowadays in system analysis. The moment

of inertia is thus determined by the system starting time constant (TA). The starting

time constant of a generator refers to the time, which a generator needs to reach its

rated speed (ωn) from standstill based on its rated torque (τn):

J =
τn × TA
ωn

=
Pn × TA
ω2
n

(2.6)

where Pn is the nominal power or rated power of the generator. Therefore:

TA =
J × ω2

n

Pn
(2.7)

To specify the moment of inertia J in equation (2.7) if different generators are connected

to the electrical power system,

JGi × ω2
i =

JGi × ω2
n

(ωn/ωi)2
= Ji × ω2

n (2.8)

where JGi is the combined moment of inertia of ith generator and turbine under the

angular speed of ith generator ωi. Thus, the normalized moment of inertia (Ji) of ith

generator that is connected to the electrical grid operating at the nominal angular speed

can be expressed by,

Ji =
JGi

(ωn/ωi)2
(2.9)

Since generators may have different system starting time constants, the overall system

starting time constant should be calculated as:

∑
i
Ji × ω2

n =
∑

i
TAi × Pni (2.10)

it results:

TAoverall =

∑
i TAi × Pni∑

i Pni
(2.11)
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where TAi is mechanical starting time constant of ith generator and Pni is the rated

power of ith generator. By substituting the difference between mechanical and electrical

torque (τmech− τel) according to equation (2.5) and J from equation (2.6) into equation

(2.1), it results as following:

Pmech − Pel

ω
=
Pn × TA
ω2
n

× dω

dt
(2.12)

Frequency (f) is proportional to the angular speed:

ω = 2× π × f (2.13)

Equation (2.12) is then:

df

dt
=
Pmech − Pel

f
× f2n
Pn × TA

(2.14)

where fn is the nominal frequency. As Pmech presents the power which is produced by

generators and Pel is the power that is consumed by electrical loads, swing equation can

also be written as:

df

dt
=

∑
PG −

∑
PL

Pn
× f2n
f × TA

(2.15)

where
∑
PG is the sum of power output from all generating units and

∑
PL is the sum

of load demand in the electrical network.

2.3 Frequency Control

There are many reasons to keep frequency stable and not to deviate too much from

nominal frequency. For example, one reason is that lots of connected devices work best

at nominal frequency. In case of a non–nominal frequency situation in power systems,

the power output of generation can be impaired. Besides, large frequency deviations

can reduce lifespans of steam turbines or cause direct damages of them. In a worst case

steam turbines need to be disconnected from the grid, which can result in a further

frequency instability and end up with a black-out [33].

In islanded mode, any small change in supplied and demanded power of MGs can cause a

severe frequency deviation because of the small total size of the system. Hence control of

MGs is one of the main concerns for MGs operation. Frequency control is one important

control method to maintain the frequency within the nominal operating conditions.
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In a large power system, frequency control loops, including primary control, secondary

control, tertiary and emergency control activating frequency containment reserve (FCR),

frequency restoration reserve (FRR) and replacement reserve (RR), are usually available.

Among the four control forms, the primary and secondary control are the two basic

control loops in a power system [34, chapter 2].

2.3.1 Primary Control

Primary control provides a local droop control to generators [34, p. 65-67]. Its aim is

to stabilize power systems’ frequency close to the nominal value after a disturbance in

a time frame of seconds [35]. Each generating unit has its own droop characteristic to

respond to the frequency deviation of the power system within a few seconds without

any communication with other elements or a control center. In large conventional power

systems, primary control is activated in a time range from 0 s to 30 s, however this

activation time of primary control is much shorter in islanded MGs with low inertia [34,

p. 36]. The active power and frequency (P/f) droop control characteristic is formulated

as:

f − f0
fn

= −1

k
× P − P0i

Pni
(2.16)

f0 is the nominal set point of frequency and P0i is the dispatched power of the ith

generator when frequency is at the nominal set point. fn is nominal frequency and Pni

is the rated active power of generator i. 1
k is the frequency droop control setting, which

is the ratio of frequency deviation to the power output change of generator i. Droop

settings are usually described as % droop. For instance, when k equals 25, it indicates

that ith generator has a 4% frequency droop. This means that 4% frequency deviation

will cause 100% change in power output [36, p. 589-594]. With a 4% droop, the power

output will increase by 25% if the frequency drops by 1%.

The P/f droop characteristic is shown in Figure 2.6. If more load would be utilized in the

grid, frequency would decrease according to the swing equation (2.15). When the system

frequency drops from frequency set point f0 to f1, generators participating in primary

control should increase their power output from the set point P01 to P1 and from the set

point P02 to P2 as it is shown. fMin is the grid frequency at full load. The generators,

which participate in the droop control, should also reach their maximum power rating

at fMin, which are P1Max and P2Max, respectively. The droop control works the same

when less load would be applied in the grid. fMax is the frequency when there is no load

in the grid. When the frequency limit fMax is reached, active power that is produced

by generators participating in droop control should be at their minimum values P1Min
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Figure 2.6: P/f droop control characteristic [34, p. 67]

and P2Min. The primary control reserve shown in Figure 2.6 is the available power of

generating units that can be activated from the set points up to the maximum value, in

both directions, to respond to a frequency deviation.

The droop characteristic allows different generators to operate at the same frequency

with different power outputs, track the load change and stabilize the frequency. It is

necessary for the grid operation to have an adequate level of primary control reserve that

can be activated within a few seconds in case of a frequency deviation from the nominal

frequency. The system frequency stays at a certain value once a new balance between

power supply and demand is achieved. However, this new steady point of frequency

could be different from the nominal operating point, because of the proportional action

of the generators’ droop control.

2.3.2 Secondary Control

Primary control can react very fast to small frequency deviations in power systems.

However, it also allows the power systems to operate at a new set point of frequency,

which can be below or above the nominal value, once the balance is established between

power supply and demand. Therefore, secondary control (also called as load-frequency

control) [34, chapter 2] is required to replace primary control over minutes. It can modify

the set point values and restore the system frequency to the nominal value. Secondary

control takes place continually and parallel to primary control, however it should not

affect the actions of primary control. Both primary and secondary control can react to
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small disturbance under normal operation and big disturbance in case of failure of com-

ponents in power systems [37, p. 243-256]. It works in a timescale of several minutes and

should be completed in up to 15 mins after a disturbance at the latest [35]. In islanded

MGs, its control process can be shorter than that in large traditional power systems.

The secondary control behavior over time is achieved via a simple integral or proportional-

integral (PI) controller in real-world power systems [34, p. 23]. Secondary control uses

the measurements of system frequency and active power flows to calculate and change

the power set points of respective generators. Since system frequency and active power

of generators should return to their initial set points from stationary deviation after

primary control within the time duration of secondary control, an integral term is neces-

sary [37, p. 243-256]. The proportional term of secondary control provides a fast reaction

on deviation, however, it may result in a detrimental effect on the stability of intercon-

nected operation if an overly large value is chosen for proportional gain. Appropriate

values should be chosen for proportional and integral gain. In continental Europe, pro-

portional gain has a typical value between 0% and 50% and integral time constant is

normally between 50 s and 200 s [35].

2.3.3 Tertiary Control

Tertiary control is activated if frequency deviation lasts longer than the duration of

secondary control that should be activated. Under normal circumstances, tertiary con-

trol is used to replace secondary control reserves, and thus, to relieve and to allocate

secondary control reserves to the various generators in the most economical way [35].

Tertiary control can be either directly manually activated at any time or scheduled to

be automatically activated following the exchange schedules. The activation of tertiary

control is the responsibility of transmission system operators (TSOs) [35].

In a severe situation, emergency control and protection schemes, i.e. load shedding in

case of under-frequency and disconnection of generation in case of over-frequency, should

be considered to re-establish the nominal frequency and active power balance between

generation and load [34, p. 229-232].

Since activation of tertiary control works manually or follows schedules based on eco-

nomic offline optimizations automatically [33], it is not further discussed and included

in this work. Automatic frequency control of the islanded MG comprises only two basic

control loops, primary and secondary control.





Chapter 3

Control Method

This chapter presents the proposed method - load step pre-announcement (LSP) and

bang-bang (BB) control, including the basic principles, further development of the con-

trol method, the work process, the control structure and communication requirements.

3.1 Proposed Control Method

Frequency, voltage, active and reactive power are the main parameters to determine

the operation of power systems. Frequency change is closely related to active power

balance between power supply and demand, while voltage is correlated with reactive

power change in systems where rotating machines are present and dominate. Frequency

control is the focus of this thesis.

Microgrids (MGs) have a low inertia in islanded mode in comparison to large traditional

power systems, thus, frequency control of MGs is difficult to be achieved without the

support from the overall network. Other control methods should be implemented to

assist frequency control to keep frequency stable within islanded MGs. The proposed

control method - LSP and a BB controller - was designed for an islanded MG in the

earlier work [17] to anticipate active power changes which result in imbalances between

load and generation, so that any dynamic effect on frequency deviations caused by power

imbalances will be smoothed. Active power infeed of the conventional generation (CG)2

based on directly coupled rotating machines can be controlled, and thus, frequency

control in the MG is supported. In this chapter, the proposed control method and its

further development are introduced.

2Conventional generation means that generation based on directly coupled rotating machines
in this thesis

23
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3.1.1 Load Step Pre-announcement

As the name implies, LSP announces possible load changes in the islanded MG. When a

load requires to be switched on or off, this switch signal will be received by LSP. It will

then delay the switch signal for a defined short time period3 and maintain the previous

load status to the system. Within this preset time (tset) period, LSP notifies the BB

controller to control the power output of the CG preemptively, so that the CG starts

increasing or decreasing its power output before the load change is actually realized.

The active time ranges of LSP, BB control, primary and secondary control are shown in

Figure 3.1.

Bang-Bang 
Control

Activated
Primary Control

Activated

Secondary Control
Activated

Time

tset

Milliseconds Seconds Minutes

Load Change Signal to 
Bang-Bang Controller

Load Step Pre-announcement
Activated

Load Change
Realized

Load Step Pre-announcement
Deactivated

Figure 3.1: Active time ranges of LSP, BB control, primary and secondary
control

This preset time is one important parameter that defines the effect of the proposed

control method. In the earlier work [17], this preset time for releasing a load change is

set to be 40 ms. This means that LSP will delay this load change for the next 40 ms,

and meanwhile, send out the signal to the BB controller to control the power output of

the CG. After these 40 ms, load change will be allowed to be released and the control

action of the BB controller for the CG to ramp-up will stop. Depending on the system

inertia constant, shares and dynamics of generators that participate in primary control,

the preset time could be set differently.

3This defined time period of delay refers to preset time
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3.1.2 Bang-Bang Control

Bang-bang control [38] is often applied in the control of non-linear systems. A BB

controller can be used as a feedback controller, which switches between two states, on

and off. Therefore, it is also called as on-off controller. One example of BB controllers is

the common residential thermostat. It can be switched on or off automatically when the

ambient temperature reaches a certain point. A BB controller for the MG to enhance

the dynamic behavior has been designed based on this simple control concept [17].

Instead of the preset threshold of ambient temperature, the BB controller in the MG

reacts on the signal from LSP depending on whether there is a significant load change or

not. After receiving the signal from LSP, the BB controller commands the CG to change

its operating point within the preset time, e.g. it increases generation at maximum rate

in case of a load increase. Likewise, it requires the CG to start decreasing its power

output when a load decrease is announced by LSP. If no load change signal is sent, the

BB controller does not take any additional control action. However, in order to avoid any

instability that may occur in MGs and not to interfere with the function of the primary

and secondary control, this action of the BB controller should only be activated within a

certain time period and a secure limit. In this way, the rapid change in power generation

will not trigger over- or under-frequency protection of the CG, cause disconnection of

the photovoltaic (PV) generation or lead to load shedding action. A detailed description

of the designed BB controller can be found in [17].

3.1.3 Time Extension in Bang-Bang Controller

In the earlier designed control method [17], both LSP and BB controller work only within

the preset time period. This means that the control signal will stop immediately when

the load change occurs. If the initial state of the MG is assumed to show a balance

between generation and load at nominal frequency, the CG will have a power difference

from its initial value due to the effect of the BB controller. Thus, the MG’s frequency

will deviate from the nominal point. When the control signal stops and load demand

is smaller than the pre-generated active power from the CG, there may be a short time

that the CG tends to change its active power back to the initial value due to frequency

deviation. This will be further discussed and presented in chapter 6. In order to avoid

this and possibly improve the control effect of the proposed method, the time in which

the control signal of the BB controller requires the CG to preemptively change its active

power should be extended.

The operating time of the BB controller, which includes the preset time and an additional

time period, is called total time (ttotal) in this thesis. The active time ranges of LSP and

the BB controller are shown in Figure 3.2. When the preset time runs out, load step
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will be released by LSP. Due to the extension of its activation time, the BB controller

stays active after the load change is realized. When the total time period is over, the

BB controller will be deactivated and the CG will work again in its normal operation

mode. The total time of the BB controller is the second important time parameter along

with preset time. It is mainly influenced by the dynamics and share of the CG. It can

vary from several up to hundreds of milliseconds. Preset and total time should be set

individually as will be discussed in chapter 6.

Bang-Bang 
Control

Activated
Primary Control

Activated

Secondary Control
Activated

Time

ttotal

Milliseconds Seconds Minutes

Load Change Signal to 
Bang-Bang Controller

Load Step Pre-announcement
Activated

Load Change
Realized

tset

Load Step Pre-announcement
Deactivated

Figure 3.2: The time ranges of LSP and the BB controller with time extension

LSP and BB controller should support the frequency stability of islanded MGs while

not causing other instability issues as stated above. Therefore, a secure frequency limit

should be set up for activating the BB controller. The lower frequency limit is defined

based on the ENTSO-E RG CE general under-frequency load shedding (UFLS) scheme

[39]. The UFLS scheme is an emergency operation of a grid in case of a large frequency

drop. It recommends that load shedding should be triggered in the range between

48 Hz and 49 Hz to prevent a further frequency decrease that can lead to grid collapse.

According to [39], at least 5% of the total load should be disconnected at 49 Hz, while 45%

± 7% should be disconnected altogether between 48 Hz and 49 Hz. The UFLS scheme

should be carried out stepwise and 10% of the total load is allowed to be disconnected

at maximum for each step. Since load shedding action will be triggered at 49 Hz, the

lower frequency limit of the BB controller is set to be at this value. This means that

the BB controller will not be activated if the frequency would drop below 49 Hz. For the

upper frequency limit, 51.5 Hz is used in line with a frequency-dependent active power
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characteristic determined by the German VDE-AR-N 4105 standard [40] to avoid PV

disconnection caused by over-frequency, which will be described in detail in chapter 4.

3.2 Control Architecture

As stated in chapter 2, centralized control, decentralized control and multi-agents sys-

tems are the three main control architectures of MGs. The study case, which is going

to be presented in the next chapter, includes a conventional generator, a photovoltaic

generator and lumped load. Since there is only one dispatchable generator in the study,

a centralized control architecture is considered.

3.2.1 Centralized Control Architecture for LSP and BB control

In a fully centralized control architecture, one essential element is the microgrid central

controller (MGCC), which coordinates distributed generation (DG) and manages the

power balance in the MG system. It gathers data, performs calculations and determines

the control actions for the operation of the MG [20]. Besides, there are also local

controllers (LCs), which collect locally measured data from DG and load. They can

update the local information and receive instructions from the MGCC. The LCs can be

separate hardware devices or software installed in electronic meters or interfaces [41].

Communication between the MGCC and LCs is necessary. The overview of the control

system of the islanded MG including LSP and BB controller is shown in Figure 3.3.

MGCC

LC

LC

LC LSP
BB 

controller

tset

ttotal

∆PCG

Communication between MGCC and LC

Communication of LSP and BB controller

Figure 3.3: Centralized control architecture of the islanded microgrid

Both LSP and BB controller belong to the MGCC part and each element in the MG has

an LC as presented in Figure 3.3. The LC of the CG provides droop settings locally.
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The LC of the PV provides an active power control depending on the MG frequency

change, e.g. reduction at over-frequency. The load switch should be connected to its

LC that is able to collect any switch change information of the load. In the load LC,

there is a predefined setting that information about the load change should be sent over

to the MGCC as soon as the status of the switch button changes. An example of the

predefined setting applied in the LC is given in Table 3.1.

Table 3.1: Predefined information in local controller

Cases Actions
Communication

requirement

Non-critical load
change

Inform the MGCC about the
change

Communication
required

Critical load
change

Refuse to be switched on/off Not needed

The critical load change in Table 3.1 indicates the load step which exceeds the system

possible operating limit, and hence switch-on or -off is not allowed. The non-critical load

change is the load step change which can be sustained by the MG. After receiving a non-

critical load change information, the MGCC performs calculations as will be described

in section 5.4. It then sends out a delay request to the LC to hold the switch signal

for a duration tset and notifies the BB controller of the possible load change. The BB

controller then gives a control command to the CG LC that requires the CG to react

in advance to this potential load change for a defined operating time ttotal. When the

delay request runs out, the switch signal will be executed. After the total time that the

BB control is in charge, the BB control signal will be stopped. The blue dotted line

shows the communication path for LSP and BB controller to receive and send signals.

The green solid line represents the communication of the MGCC to gather data from

LCs and determine set points and control actions.

The work process of the control method in the centralized architecture is illustrated in

Figure 3.4. As can be seen, when a load switch-on or -off button is pressed, the LC

forwards this switch signal to the MGCC. The MGCC checks whether the load change

signal is delivered by the load LC. If yes, it performs calculations based on the given

information of the load change and starts a time counter; otherwise, it does nothing. As

long as the time is within the defined preset time, LSP should hold the switch signal.

The BB controller checks whether the load will rise or drop and commands the CG to

increase or decrease active power with its full rate for a time period which is referred to
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Figure 3.4: Work process of LSP and BB controller in a fully centralized
control architecture



30 Chapter 3. Control Method

as total time in the work process flow diagram.

3.2.2 Centralized Control with Less Communication

The MGCC is the key for normal operation of the MG in a fully centralized control

architecture. LCs have only limited information about the connected DG and load and

do not have any level of autonomy. Their actions rely on the instruction from the MGCC.

This could lead to needs of extensive communication and computation.

LCs can be predefined with more detailed information to take over some control actions

from the MGCC, and thus, reduce the need of communication. For example, the load

LC should determine what to do in case of a normal load change4 fluctuation or a

switch request from a critical load change5. The load LC receives predefined information

updates from the MGCC regularly in a time range of 10 mins to 15 mins. Frequent

information exchange between the LC and the MGCC can be avoided. The setting of

the load LC is illustrated in Table 3.2.

Table 3.2: Predefined information in load local controller

Cases Actions
Communication

requirement

Normal load
change

Continue operating under
normal frequency control

Not needed

Large load
change

Inform the MGCC about the
change and wait for further

instruction

Communication
required

Critical load
change

Refuse to be switched on/off Not needed

The work process of the control method in the centralized architecture with less com-

munication is shown in Figure 3.5. As shown in the work flow diagram, the load LC has

some autonomy to determine to switch on/off a normal load, and afterwards, continue

the MG operation following frequency control. It can also block a switch-on or -off ac-

tion of a critical load in the MG under the predefined setting. In case that a load size

belongs to the category of large load change6, the LC will forward the switch signal and

4Load can be carried out without leading to any frequency instability issues
5Load exceeds the possible system steady state operating limits
6Load can be carried out, however cause big frequency deviations
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Figure 3.5: Work process of the control method in a more decentralized
control architecture
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wait for further control instruction from the MGCC. Under a large load, LSP and BB

controller work the same as described above.

3.2.3 Communication Requirements

The proposed method can be implemented either in a centralized or decentralized way.

Different control architectures influence how much information is assigned to LCs and

what an autonomy level LCs have. Depending on the control requirements, type and

bandwidth of the communication as well as its cost should be taken care of.

In case of a centralized control architecture, LCs have only limited information, so they

have to communicate with the MGCC regularly and get instruction from the MGCC. As

stated in chapter 2, communication infrastructure plays a significant role in information

exchange between MGCC and LCs in centralized control architecture. Due to the use of

a centralized control architecture, reliable and fast communication between the MGCC

and LCs is required. The standard IEC 61850, which was designed by the International

Electrotechnical Commission (IEC) and is able to work over TCP/IP networks, can be

applied to meet these requirements [16].

In a more decentralized control structure, LCs have enough predefined information about

the load change so that they can make decisions by themselves to control local elements

like load and DG. Communication need between MGCC and LCs can be reduced con-

siderably and information congestion in communication network can be avoided. The

reliability of the proposed control method can also be improved, since it does not strongly

depend on the communication system as in the centralized way.
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Methodical Simulation

4.1 Overview of the Simulation Model

In order to understand frequency dynamic behavior in case of power imbalance and

study the effects of the designed control method in islanded Microgrid (MG) systems,

an islanded MG model with generators and load is needed. For the sake of simplicity,

only two generators, one rotating machine and one inverter coupled renewable energy

resource, are included. A simulation model of an islanded MG, which consists of a

conventional generator (CG), a photovoltaic (PV) system and lumped load, is built up

in the Matlab Simulink environment. The nominal frequency of the islanded MG is

assumed to be 50 Hz as defined for continental Europe in [35].

The schematic block diagram of the islanded MG system is shown in Figure 4.1. The

swing equation (2.15) described in section 2.2 is used as the fundament for the MG model

to show a realistic frequency response under power deviation. Primary control is applied

in the local controller (LC) of the CG with set points of active power and frequency, and

thus, no communication requirement with other elements is needed. Secondary control

is achieved via the microgrid central controller (MGCC) to adjust the active power set

point of the CG. The Bang-Bang (BB) control signal is only sent from the MGCC to

the CG LC to dispatch the active power output of the CG. For the PV generator, a

frequency-dependent active power characteristic is set up following the VDE-AR-N 4105

standard [40] locally, which does not require any communication with other units. Load

is assumed to be constant and has no dependency on frequency in the simulation model

as is normally the case of small islanded grids [42]. The load LC communicates with the

MGCC to allow load step pre-announcement (LSP) to act in case of load change. The

communication paths between the MGCC and the LCs are presented in Figure 3.3 in

33
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chapter 3. The islanded MG simulation model will be described in detail separately in

the following sections in this chapter.

Photovoltaic
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Primary Control
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fact
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Figure 4.1: Schematic block diagram of islanded microgrid 7

4.1.1 Per Unit System

The simulated MG model is set under per unit (p.u.) base. Per unit is commonly

used in the power system analysis field, because the quantities in power systems can be

normalized and calculations simplified. Per unit indicates system quantities expressed

in international system of units (SI) as fractions of a defined base value given also in the

SI units [31, p. 33], that is,

Xact (p.u.) =
Xact (SI)

Xbase (SI)
(4.1)

7PCG: the active power output of the conventional generator; PPV : the active power output
of the PV system; PLoad: the active power demand of the load; ∆P : the active power deviation;
fact: the current frequency; fref : the frequency set point; ∆f : the frequency deviation



Chapter 4. Methodical Simulation 35

where Xact (SI) is the actual system quantity and Xbase (SI) is the chosen base value of

that quantity. A well-chosen per unit system can minimize calculation effort. The base

values are normally chosen so that main variables, like frequency and voltage, are one

per unit under rated conditions [31, p. 33]. For example, nominal frequency is chosen as

the frequency base value (fbase (SI)) in the islanded MG. When system frequency is at

the nominal value, frequency presented in per unit base equals 1 p.u.

4.1.2 Total Size of Islanded Microgrid

The total size of the islanded MG is defined by the maximum load demand (Pn−L) that

can be served in the MG. This refers to Pn in equation (2.15). The rated power of the

CG and PV are represented by Pn−CG and Pn−PV respectively. Hence the maximum

load demand of the MG is given as:

Pn−L = Pn−CG + Pn−PV (4.2)

The maximum load demand Pn−L in the SI units is chosen as the base value of active

power generated or consumed in the simulated islanded MG. When load reaches its

maximum value Pn−L, load demand in the MG equals 1 p.u. The rated power of the

installed CG and PV in per unit base (pn−CG and pn−PV )8 are expressed as:

pn−CG =
Pn−CG

Pn−L
(4.3)

pn−PV =
Pn−PV

Pn−L
(4.4)

Shares of CG and PV (sCG and sPV ) in the islanded MG can be calculated based on the

rated power of the CG (Pn−CG), the rated power of the PV (Pn−PV ) and the maximum

load demand (Pn−L) accordingly:

sCG =
Pn−CG

Pn−L
(4.5)

sPV =
Pn−PV

Pn−L
(4.6)

8Lower case letters are used to represent the same quantities in per unit base
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Because only two generators are simulated in the islanded MG to supply load, knowing

either share of PV generation or share of CG in the MG, the other one can be obtained.

Based on equations (4.2), (4.5) and (4.6), the shares’ relation is given as:

sCG + sPV = 100% (4.7)

4.1.3 Starting Time Constant

In the simulation model, the CG represents a directly coupled rotating generator and

the PV generator is connected to the MG via an inverter. This means that the CG with

rotating mass has an inertia, whereas the PV provides no inertia to the MG. Therefore,

the CG needs a certain time (TCG > 0) to reach the synchronous speed from standstill

while the PV generator does not. Since the CG and PV have different values of starting

time constants, the islanded MG system starting time constant (TMG) is calculated

according to equation (2.11) as:

TMG =
TCG × Pn−CG + TPV × Pn−PV

Pn−L
(4.8)

where TCG and TPV represent the starting time constants of the CG and PV, respec-

tively. By substituting the right sides of equations (4.5) and (4.6) into equation (4.8), it

results as following:

TMG = TCG × sCG + TPV × sPV (4.9)

As the PV has no inertia without additional control scheme, its starting time constant

(TPV ) is equal to 0. Thus, the starting time constant of the islanded MG (TMG) can be

simplified and obtained as:

TMG = TCG × sCG (4.10)

With a change in the share of the CG (sCG), the system starting time constant of the

simulated islanded MG (TMG) changes proportionally if the starting time constant of

the CG (TCG) is assumed constant.

4.2 Conventional Generation

As mentioned above, the term CG refers to the generation with rotating mass, which can

convert mechanical energy into electrical energy. CG, such as steam turbine generators,
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diesel generators and gas turbine generators, is widely used in power systems to provide

energy supply. Modeling of CG plays an important role in the study of frequency control

and stability. The dynamics of the CG provides the initial response in the first moment

following a grid disturbance [43] as will be further described in section 5.4.1.

There are many turbine models developed for studies related to frequency stability and

control in power systems [42–45]. Some of these models and a CG model used in this

islanded MG frequency control study will be presented in this section.

4.2.1 Power and Frequency Regulation of Generators

Generators’ mechanical torque can be controlled by turbine governors via different con-

trol modes, such as speed, power and droop control, as shown in Figure 4.2, and thus,

their active power output is adjusted accordingly [37, p. 237-239].

_
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pref p.u.

pact  p.u.

Speed control

Droop control

Power control
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/
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Figure 4.2: Possible power and frequency control modes of generators [37]

As can be seen, the measured actual speed of rotation of the rotor (nact) of the syn-

chronous generator, which participates in speed control, is compared with its reference

value (nref ) in case of speed control mode. If the actual speed of rotation is smaller than

its set point, the mechanical torque of the turbine should be increased, and vice versa.

This control mode is used particularly in islanded networks with single large generators,

which regulate system frequency alone. If more than one generator with speed control

operate jointly in a grid, they should have the exactly same speed control setting. Oth-

erwise those generators participating in speed control try to correct the speed deviation

by following their own settings and interfere with each other [36, p. 587-589]. In case of

a delay or mistake in speed measurement, unique operation point is not even possible.

For synchronous generators, whose mechanical torque is controlled by power control,

the measured actual values of active power (pact) are compared with the desired values

(pref ). If the active power set point is greater than the measured value, the positive
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power deviation is forwarded to the turbine governor, which increases the mechanical

torque. The mechanical torque is reduced correspondingly in case of a negative power

deviation. For small generators and those that do not participate in frequency regulation

of the network, power control is normally implemented [37, p. 237-239].

In a grid with multiple generators participating in speed control, droop control as stated

in section 2.3.1 should be applied. Droop control allows different generators to find a

common operating point after a frequency deviation caused by load change [36, p. 591].

4.2.2 Steam Turbine Generator

Steam turbine generators use pressurized high-temperature steam to generate mechanical

energy, which is then converted into electrical energy. They are classified in two types,

tandem and cross compound. All sections are on the same shaft with a single generator

in a tandem compound steam turbine system, while two shafts exist in a cross compound

steam turbine system and each of them is connected to a generator [33]. Models, such as

TGOV1, IEEESO and IEEEG1, were developed as presented in [43–45]. Steam turbine

models include speed-governors and turbine systems. Speed-governors can regulate the

rotational speed of turbines to protect the turbines from over-speeding and trips the

turbines in case of a critical condition [46]. The turbine systems allow steam turbine

generators to adjust their active power output corresponding to load changes. A block

diagram of a general speed-governor model is shown in Figure 4.3 [44].
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Figure 4.3: General model of speed-governor of steam turbine generator [44]

Droop control is utilized in this speed-governor model. Gain K is the reciprocal of the

droop of the governor. T1, T2 and T3 are time constants of the speed-governor. Pref is

the initial power set point of the steam turbine. PGV is the total power of initial power

and increments caused by speed deviation at the valve outlet depending on time lag

T3 [44]. The speed-governor of a steam turbine generator senses speed (or frequency)
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Table 4.1: Parameters of speed-governor [45]

Parameter Description Range Unit

K
Total effective speed-governing

system gain (1/droop)
1 to 100 p.u.

T1 Controller lag compensation 0.001 to 50 s

T2 Controller lead compensation 0 to 100 s

T3
Valve position time constant

(servomotor mechanism)
0.01 to 5 s

Ṗup Limits of rate of change of power
imposed by control valve rate limits

0.01 to 2 p.u./s

Ṗdown -2 to -0.01 p.u./s

PMAX
Maximum power limit imposed by

valve or gate control
0.5 to 1.2 p.u.

PMIN
Minimum power limit imposed by

valve or gate control
0 to 0.4 p.u.

change to adjust the valve’s position that influences the steam flow into the turbine. The

speed-governor provides a steady-state power output setting for the turbine [34]. The

speed of the valve motion is constrained by Ṗup and Ṗdown. Besides, the valve position

is limited by PMAX and PMIN . A detailed information about parameters used in the

block diagram is presented in Table 4.1.
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Figure 4.4: General model of steam turbine system [45]

Steam turbine systems often comprise high-pressure, intermediate-pressure and low-

pressure turbines. A first-order element is usually used to model the delay between

different parts of the steam turbine. The time delay gets bigger as a re-heater is installed

[33]. An example of a turbine system including double reheat systems is shown in Figure
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4.4. T4, T5, T6, and T7 are the time constants of the turbine system, which represent

delays caused by the steam chest, two re-heaters and crossover piping, respectively. The

gains K1, K3, K5 and K7 are the portions of the total power developed at various turbine

stages. The sum of K1, K3, K5 and K7 is often equal to 1 [45]. The choices of these

parameters can be found in [43,45]

4.2.3 Diesel Generator

Diesel generators can convert chemical energy to mechanical energy and then electrical.

They are often used to supply electricity on small or medium size islands due to their high

efficiency and reliability. A diesel generator consists of three parts, speed governor, valve

actuator and diesel engine [42]. A schematic diagram of a widely used diesel generator

model created according to [47] is illustrated in Figure 4.5.
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Figure 4.5: Schematic diagram of diesel generator

The input signal of the model is the speed or frequency deviation and the output is the

active power change of the diesel generator. The speed control is used in the turbine

governor. The speed governor implements droop and integral control, in which Kp and

Ki are the proportional and integral gain. The amplified and integrated signal of the

speed deviation, which is produced by the speed governor to control the valve position,

can only reach a new steady state when the speed deviation equals zero due to the

integral controller [36, p. 587]. In the diesel generator model, first-order lag elements

represent the valve actuator servomechanism and the diesel engine. Their time constants

are TSM and TD, respectively. The values of the parameters can be found in [47].

4.2.4 Simulated Conventional Generator Model

Power systems have a nature of non-linearity and time-variability [34]. It is difficult to

provide an exact specification of model performance requirements for all possible systems
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and study conditions [43]. In order to achieve a certain frequency response of the MG

system and frequency control analysis in case of load changes, low-order elements are

utilized. The simulated CG model that is created in Matlab Simulink based on the

IEEEG1 model is illustrated in Figure 4.6. For a better overview, a schematic diagram

of the simulated CG model is given in Figure 4.7. Settings and description of parameters

of the CG model are presented in Table 4.2.

 

Figure 4.6: Simulated model of conventional generation
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Figure 4.7: A schematic diagram of CG model

As can be seen in Figure 4.6 and 4.7, simple first-order lag elements are applied for the

main control valve motion and turbine system of the CG, with time constants 0.2 s and

0.1 s as indicated in [44]. According to the measurements of a diesel generator, which
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Table 4.2: Parameters of CG model

Parameter Description Value Unit

pCGset
Power set point of CG in per unit

base
50% pn−CG p.u.

pCG
Actual power output of CG in per

unit base
Variable p.u.

fp.u.
Actual system frequency in per unit

base
Variable p.u.

f0p.u. Frequency set point in per unit base 1 p.u.

T1 Time constant of governor 0.2 s

T2 Time constant of turbine system 0.1 s

dp
dt

∣∣∣
max

Limits of rate of change of power
imposed by control valve rate limits

sCG p.u./s

−sCG p.u./s

pCGmax
Maximum power limit imposed by

valve or gate control
pn−CG p.u.

pCGmin
Minimum power limit imposed by

valve or gate control
0 p.u.

kp.u.
Primary frequency control droop in
per unit system on the base of Pn−L

25× sCG -

Kp Proportional gain of PI control 1 p.u.

Ki Integral gain of PI control 0.2 p.u.

had a capacity of 620 kVA, in the “SORGLOS” project9 [48], the rate limits of change of

power imposed by control valve rate limits of the CG, which are represented by dP
dt

∣∣
max

,

were -100% and 100% of its rated power (Pn−CG) per one second, respectively. This

means,

dP

dt

∣∣∣∣
max

=


100%× Pn−CG

1 s
, for power increase,

−100%× Pn−CG

1 s
, for power decrease.

(4.11)

9SORGLOS: Smarte Robuste Regenerativ Gespeiste Blackout-feste Netzabschnitte. It is a
project funded by the Austrian Klima- und Energiesfonds (KLIEN) and led by the Institute of
Energy System and Electrical Drives, TU Wien



Chapter 4. Methodical Simulation 43

Converting equation (4.11) into per unit base by dividing through the base values Pn−L

leads to

dp

dt

∣∣∣∣
max

=


100%× Pn−CG

Pn−L × 1 s
, for power increase,

−100%× Pn−CG

Pn−L × 1 s
, for power decrease.

(4.12)

By substituting the right side of equation (4.5) into equation (4.12), the rate limit of

change of power of the CG in per unit base is then expressed as

dp

dt

∣∣∣∣
max

=


sCG

1 s
, for power increase,

−sCG

1 s
, for power decrease.

(4.13)

As share of CG (sCG) is between 0 and 1, the value of dp
dt

∣∣∣
max

is within the acceptable

setting range as presented in Table 4.1. Therefore, equation (4.13) is considered to be

reasonable to represent the rate limits of change of power of the CG. The power limits

imposed by valve or gate control of the CG (pCGmax and pCGmin) are included in the

integrator 2 to avoid wind-up, which can cause unnecessary overshoot and oscillations.

Since the CG is the only controllable unit in both directions at nominal frequency in

the islanded MG, frequency control and the proposed control method are implemented

in the CG. The primary control has a 4% droop setting (k = 25 on machine base) with

a ±0.0004 p.u. (±20 mHz) deadband. Within the deadband, very small frequency devi-

ations should not activate the primary control. When the frequency deviation exceeds

the deadband, the primary control responds to the deviation within a few seconds. Con-

verting the droop setting into per unit system on the base of the maximum load demand

Pn−L according to equation (2.16) results in

kp.u. = − p− p0
fp.u. − f0p.u.

= −

P − P0

Pn−CG
× Pn−CG

Pn−L

f − f0
fn

= k × sCG = 25× sCG

In order to eliminate the steady state frequency error of the primary control, the sec-

ondary control loop uses a proportional-integral controller. As discussed in section 2.3.2,

a large proportional term may have a detrimental effect on the system stability and the

integral term must be limited in order to react immediately in case of large changes. A

typical value of proportional gain is between 0% and 50% and the integral time constant
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is normally between 50 s and 200 s [35]. Based on the given range, the proportional

and integral gains of secondary control applied in the MG are adjusted to be 1 and 0.2,

respectively. With these settings, the secondary control takes approximately 6 to 7 min-

utes to bring back the frequency to its nominal value if reserve capacity is sufficient. LSP

and BB controller are added into the feedback loop of the CG model. Activation time

duration of LSP and BB controller are tset and ttotal, which can be further optimized

for different incidents.

Except for the control system described above, protection schemes are also included

to avoid damage to the CG under emergency conditions. Over-frequency or under-

frequency issues can result in too fast or too low rotational speed of turbines, which

decreases the turbines’ lifespan or directly damages them. Thus, under-frequency pro-

tection (UFP) and over-frequency protection (OFP) are necessary for the CG. The set-

tings of UFP and OFP of the CG are those values also used in grid-connected mode,

e.g. 47.5 Hz for UFP and 52 Hz for OFP [49]. When frequency is between 47.5 Hz and

52 Hz, the CG operates following frequency control and provides active power that is

demanded by loads. As long as the MG frequency is above 52 Hz or below 47.5 Hz, the

CG should be tripped. UFP and OFP are configured in the look-up table in Figure 4.6.

4.3 Photovoltaic Generation

Regarding the grid instability issues that can be brought by increasing amount of PV

generation, specific technical standards for the grid connection, which differ from country

to country, are established [50]. The German regulations for PV operation are described,

discussed and implemented in this thesis.

4.3.1 VDE 0126-1-1 Standard

In May 2005, the DIN VDE 0126-1-1 industry standard has been introduced to provide

regulations for integrated PV generation in distribution networks [51]. This standard

regulated all PV generation in the grid against unacceptable frequencies, and thus, the

threat of unwanted islands could be mitigated. The regulation of infeed active power of

PV depending on the system frequency is illustrated in Figure 4.8.

As shown in Figure 4.8, the allowable frequency operating range for PV generation was

defined between 47.5 Hz and 50.2 Hz. When frequency is within the limits, integrated PV

generation feeds 100% of its currently available active power into the grid. PV generation

should disconnect automatically once the frequency is below 47.5 Hz or above 50.2 Hz.

It is only possible to reconnect to the grid, when the frequency is and has been within

the allowable operating range for at least 30 s. The actual active power infeed of a PV
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PPVact

f/ Hz

100%

0%
47.5 50.2

Figure 4.8: VDE 0126-1-1 frequency-dependent active power (P-f)
characteristic curve 10

generator based on the P-f characteristic defined by the VDE 0126-1-1 standard can be

expressed as:

PPV =

100%× PPV act , 47.5 Hz ≤ f ≤ 50.2 Hz,

0 , f < 47.5 Hz or f > 50.2 Hz.
(4.14)

VDE 0126-1-1 standard prevents unintentional islanding by disconnecting PV genera-

tion in the grid once frequency exceeds 50.2 Hz. In traditional power systems, frequency

deviation above 0.2 Hz is unlikely to happen under normal operations, however, it is pos-

sible to happen under unexpected big disturbances because of oversupply of electrical

power in the grid [52]. For islanded MGs, frequency changes fast due to their low inertia

when there is a mismatch between power supply and demand, thus frequency deviation

above 0.2 Hz can easily appear.

Installed capacity of PV generation in Germany already reached around 41.3 GWp until

2016 [14]. If such a large amount of PV generation would suddenly disconnect from the

overall grid at 50.2 Hz, this could lead to a significant decrease of the system frequency,

and thus cause load shedding actions; on the other side, if lots of PV generation simulta-

neously connects to the grid, frequency would increase substantially, which could result

in disconnection of other generating units or even cause a black-out. Except for the

mentioned problems that can occur, there could be another stability issue - frequency

swing - caused by disconnection and reconnection of PV generation at 50.2 Hz. These

issues regarding frequency stability are known as “50.2 Hz problem” [12].

10PPV act: currently available active power of photovoltaic generator
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Example
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1 0 0 . 0 0  %

0 . 0 0  °

L O 4
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Synchronous 
Machine

40.00 MW
0.0 Mvar

Photovoltaic
10.00 MW
0.0 Mvar

100.00%
0.0 ° 

Load1
-40.00 MW
-0.0 Mvar

Load2
-10.00 MW
-0.0 Mvar

Figure 4.9: A test microgrid

A MG test case, including a synchronous generator, a PV generator and two loads, is

presented in Figure 4.9 in order to understand the impact of applying the VDE 0126-1-1

standard. The synchronous generator utilizes a speed controller “TGOV1” [43] to adjust

its active power output depending on system frequency and the PV generator is regu-

lated following the VDE 0126-1-1 standard. The test MG has a balance between power

production of 40 MW from the synchronous generator and 10 MW from the connected

PV generator and power consumption of 50 MW total load initially. The initial frequency

of the test MG is 50 Hz. When t = 1 s, the switch connected with the 10 MW load is

switched off. Frequency response on this event in the test MG, including frequency swing

caused by repeated PV reconnection, is illustrated in Figure 4.10.

As can be seen, when 10 MW of load is disconnected at t = 1 s, MG’s frequency starts

to increase because power generation is greater than load demand. When frequency

reaches 50.2 Hz, the 10 MW PV generation is disconnected from the MG according to the

VDE 0126-1-1 standard. MG’s frequency is then decreased and stabilized by frequency

control of the synchronous generator after disconnection of the PV generator. If MG’s

frequency is stable between 47.5 Hz and 50.2 Hz for at least 30 s, the disconnected PV

generation starts to reconnect to the MG. However, this leads to the disconnect of

PV generation from the grid again because the frequency exceeds 50.2 Hz. Thus, PV

generation disconnects and reconnects repeatedly, which causes frequency oscillation.
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Figure 4.10: Frequency swing caused by repeated disconnection and
reconnection of PV generation

4.3.2 VDE-AR-N 4105 Standard

With concern of the instability that may happen due to the VDE 0126-1-1 standard, an

updated German VDE-AR-N 4105 standard has been implemented since 2011 [40]. It

provides guidance for PVs in medium and low voltage networks to respond smoothly to

frequency deviations when the system frequency exceeds certain limits [12, 52]. Instead

of sudden disconnection of PV generation at 50.2 Hz according to the VDE 0126-1-

1 standard, it provides a frequency-dependent active power control once frequency is

above 50.2 Hz. The frequency-dependent active power infeed (P-f) characteristic curve

of PV generation is presented in Figure 4.11.

According to the VDE-AR-N 4105 guide, the PV frequency-dependent active power

infeed characteristic is defined as following:

• when grid frequency is between 47.5 Hz and 50.2 Hz, PV generation feeds 100% of

its currently available active power (PPV act) into the grid;

• when frequency is between 50.2 Hz and 51.5 Hz, the active power infeed of PV

generation should be reduced by 40% per 1 Hz;
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PPVact

f/ Hz

100%

48%

0%
47.5 50.2 51.5

Figure 4.11: VDE-AR-N 4105 PV frequency-dependent active power
infeed characteristic curve [40]

• PV generation should disconnect from the grid when frequency is below 47.5 Hz

or above 51.5 Hz to avoid unwanted islands;

• after a disconnection, PV reconnection is allowed if the system frequency is be-

tween 47.5 Hz and 50.05 Hz for at least 60 s;

• the increase of active power infeed of PV generation after the reconnection should

not exceed 10% of its maximum active power per minute.

The formula of P-f characteristic defined by the VDE-AR-N 4105 standard is given as:

PPV =


100%× PPV act , 47.5 Hz ≤ f ≤ 50.2 Hz,

PPV act × (1− 40%

Hz
×∆fPV ) , 50.2 Hz < f ≤ 51.5 Hz,

0 , f < 47.5 Hz or f > 51.5 Hz.

(4.15)

where

∆fPV = f − 50.2 Hz (4.16)

The same example of the MG, in which frequency swing occurs due to the repeated

disconnection and reconnection of the PV generation, as shown in Figure 4.9 is used to

present the frequency behavior after applying the VDE-AR-N 4105 standard. The grid

frequency behavior is improved as shown in Figure 4.12.

MG’s frequency starts to increase, when 10 MW of load is disconnected from the MG

at 1 s. In comparison to the sudden PV disconnection happening at 50.2 Hz in the MG
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Figure 4.12: Improved frequency behavior in test islanded microgrid by
applying VDE-AR-N 4105

test case, in which the VDE 0126-1-1 standard is applied for the PV generation, the

active power infeed of PV generation shown in Figure 4.12 starts to decline smoothly by

implementing the defined P-f characteristic curve of the VDE-AR-N 4105 standard in the

PV generator when frequency is above 50.2 Hz. It only gets disconnected from the grid if

frequency exceeds 51.5 Hz. Hence the grid avoids such a sudden cutoff of PV generation

at 50.2 Hz, and afterward the system frequency is stabilized by frequency control of the

synchronous generator and the frequency-dependent active power regulation of the PV

generator.

4.3.3 Simulated Photovoltaic Generator Model

The VDE-AR-N 4105 standard is applied in the PV generation model in the simulated

islanded MG because of the improvement of frequency stability as described in sec-

tion 4.3.2. The detailed simulation model of the PV generation is presented in Figure

4.13. Figure 4.14 shows the schematic diagram of the PV model.

In Figure 4.14, pPV act is the power set point of the PV generation, which indicates how

much active power is currently available, e.g. in the simulation pPV act = 50% pn−PV
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 Figure 4.13: PV simulation model

× f pPV

p PVact

VDE - AR-N 4105
fset , gradient

Figure 4.14: A schematic diagram of PV model

means that 50% of the rated active power of the PV is available. The actual active

power infeed of the PV is represented by pPV . As can be seen in Figure 4.13, the VDE-

AR-N 4105 standard is built into the look-up table and implemented as a factor to be

multiplied with the available active power pPV act to obtain the actual power infeed of the

PV. The logic blocks and rate limiter in Figure 4.13 define the reconnection conditions

and maximum reconnection rate of the PV generation in the simulated model. The

Table 4.3: Parameters of PV generation model

Parameter Description Value Unit

pPV act
Power set point of PV generation

(available active power of PV)
50% pn−PV p.u.

pPV
Actual active power infeed of PV

generation
Variable p.u.

f Actual system frequency Variable Hz
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maximum reconnection rate is 10% of the rated active power pn−PV per one minute

according to the VDE-AR-N 4105 standard. The description of parameters of the PV

generation is illustrated in Table 4.3.

4.4 Load

Step response can be used to measure the dynamic behavior of a system, since a step

signal as input is generally considered to be a severe dynamic requirement for the system.

As long as the dynamic behavior of the system under a step signal input can fulfill the

expectation, the dynamic behavior would also be satisfactory under slower kinds of

input. Therefore, load change is presented by a step signal in the islanded MG model.

As shown in Figure 3.3, loads are connected with an intelligent switch and controlled by

its LC that can communicate with the LSP in the MGCC. When the load switch-on or

-off signal is given by the LC, the MGCC performs calculations and may activate the

BB control to support system frequency under active power disturbances.

In order to reduce extensive communication and computation in the MG control system

as described in section 3.2.2, the load step change can be classified into three categories,

including normal, large and critical load change. These types of load steps are classified

by frequency nadir during dynamic responses after power deviations that occur in the

MG.

4.4.1 Normal Load Step

Normal load step indicates those small load changes that can be carried out without

leading to any frequency instability issues. Frequency disturbances caused by this kind

of load step can be covered by frequency control directly. Under a change of normal load

step, LSP and the BB controller are not required.

Frequency deviation caused by the normal load step change in the islanded MG should

stay within a certain limit, e.g. the frequency drop nadir would not exceed 49 Hz in

case of load increase or the frequency increase nadir would not exceed 51.5 Hz in case of

load decrease. In this way, neither load shedding action would be triggered because of

under-frequency nor PV generation would be disconnected due to over-frequency.

4.4.2 Large Load Step

Large load steps, unlike normal load steps, are defined as load changes that can cause

severe frequency disturbance after occurring in the MG. The severe frequency distur-

bance means that the frequency nadir is below 49 Hz or above 51.5 Hz. Under a large
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load step in the MG, system frequency would not be stable any more without emergency

control, like activating load shedding if frequency is below 49 Hz or cutting off the PV

generation if frequency is above 51.5 Hz.

Despite causing severe frequency disturbance, large load steps may be conducted in

the MG with frequency control and, in addition, the proposed control method. By

introducing LSP and BB control into the control system is possible to limit the peak

frequency, and hence the dynamic behavior and frequency stability of the MG system

can be improved.

4.4.3 Critical Load Step

Critical load steps refer to the load changes which exceed the possible system steady

state operating limits. Therefore, no matter which kinds of control schemes are applied,

the load cannot be executed in the islanded MG under a stable condition. In case of

a change request from a critical load step, the control system refuses its switch action

directly. A more detailed description of the possible steady state operating limits will

be given in chapter 5.

Table 4.4 summarizes the three kinds of load steps.

Table 4.4: Definition of different sizes of load

Cases Definition

Normal load step
Load step causes frequency deviations in the range of

49 Hz ≤ f ≤ 51.5 Hz

Large load step
Load step causes frequency deviations f < 49 Hz, or

f > 51.5 Hz

Critical load step
Load step is greater than steady state limit that is

defined by the system settings



Chapter 5

Analytical Contemplation

In this chapter, the possible operating range, steady state limit and dynamic operating

limit of the islanded microgrid (MG) are presented.

5.1 Definition of Parameters in Islanded MG

Steady state limit, which is determined by the settings of the MG, defines the maximum

and minimum possible operating points of the islanded MG. Dynamic operating limit

represents a system’s ability to return to its steady state after a change occurs. Dynamic

operating limit is within steady state limit. In order to analyze the steady state and

dynamic operating limits of the MG system, some essential parameters are introduced

in this section.

As mentioned in chapter 4, the maximum load demand (Pn−L) indicates the total size

of the islanded MG. The rated power of the conventional generation (CG) and the

photovoltaic (PV) generation are Pn−CG and Pn−PV . The maximum active power of

the CG is PCGmax, which is the same as the CG rated power (Pn−CG) in the study. Its

minimum power is PCGmin, which is assumed to be 0 in the simulation model. PCGset

indicates the set point of the active power of the CG at initial state. The dispatchable

active power of the CG is between PCGset and PCGmin or between PCGset and PCGmax.

The loading status of the CG (lCG) is represented by the ratio of the CG’s current active

power generation (PCG) to its rated power (Pn−CG), which is given as

lCG =
PCG

Pn−CG
(5.1)

53
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PPV act presents the currently available active power of the simulated PV model as de-

scribed in section 4.3. Since the base value of active power is taken from the maximum

load demand, defined parameters as mentioned above in per unit base vary depending

on different shares of CG and PV, except for the maximum load demand Pn−L. These

parameters decide the steady state limit of the MG as will be described in section 5.3.

Two time parameters - preset time (tset) and total time (ttotal) - have been introduced in

chapter 3. The preset time indicates the time delay period that LSP holds an individual

load switch-on or -off signal. The total time represents the time duration that the BB

controller is activated and changes the operating point of the CG to let it generate or

reduce power as fast as possible after receiving a signal from LSP. These time parameters

can be different depending on the settings of the islanded MG, e.g. system inertia con-

stant and dynamics of the generators participating in primary control. Different settings

of the time parameters influence the dynamic operating limit of the MG.

5.2 Possible Operating Points of the Islanded MG

In non-linear power systems, stability depends on type and magnitude of the input and

their initial states [53, p. 181]. It is important to discuss about possible initial load that

can be supplied by the islanded MG before analyzing the steady state limit. In this

section, the possible operating points of initial load that can be handled by the MG are

presented.

5.2.1 Possible Initial Load Under PV Fully Available

Possible initial load (PL−in) implies the possible load states under initial steady condi-

tions. In other words, it reflects possible steady state operating points of the islanded

MG. It only depends on initial available active power of the CG and the PV generation,

namely the CG and PV power set points (PCGset and PPV act), as well as the initial sys-

tem frequency. The P-f characteristic curve according to the VDE-AR-N 4105 standard

is implemented in the simulated PV as described in chapter 4. If the initial frequency is

50 Hz, the PV generation provides 100% of its currently available active power to load.

Thus, the possible initial load can be formulated as following:

PL−in = PCGset + 100%× PPV act (5.2)

If the possible initial load changes, the two parameters PCGset and PPV act should be

adjusted depending on the share of CG and PV in the islanded MG. In the simulated
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model, the maximum load demand Pn−L that can be supplied by the islanded MG is

used as the base value for the whole system. Hence equation (5.2) can also be presented

in per unit base by dividing through the base value Pn−L,

pL−in = pCGset + 100%× pPV act (5.3)

The relation between the possible initial load and share of PV is shown in Figure 5.1.
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Figure 5.1: Possible initial load in % of total system in the islanded MG
when frequency at 50 Hz (PV fully available: PPV act = Pn−PV )

For example, the maximum load demand Pn−L is assumed to be 40 MW. If the share of

CG and PV generation (sCG and sPV ) are 50%, respectively, the rated power of them

are 20 MW each. This means that both pn−CG (or pCGmax) and pn−PV are 0.5 p.u.

If the CG is 50% loaded initially, its power set point (pCGset) is calculated following

equation (5.1) as

pCGset = lCG × pn−CG = 50%× 0.5 p.u. = 0.25 p.u.

This means that the CG provides 10 MW active power to the load under the initial

state. If the PV generation is fully available, then pPV act should be equal to the PV

rated power (pn−PV = 0.5 p.u.). As mentioned above, the PV generation feeds 100%

of its available 20 MW active power into the grid when frequency is 50 Hz. Hence the
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islanded MG is able to supply 30 MW (0.75 p.u.) load initially. Therefore, the possible

initial load is 75% of the total system loading capacity as can be seen in Figure 5.1.

Under the same conditions, in case that the CG is 100% loaded initially, the possible

initial load would have to be 1 p.u. So the MG can supply 40 MW load, which is 100%

of the total system size.

If the initial system frequency is not 50 Hz, the possible initial load that can be supplied

by the MG can be different than described above due to the PV P-f characteristic curve

presented in Figure 4.11. An extreme case occurs if initial frequency would be at 51.5 Hz.

When the system frequency is 51.5 Hz, the PV generation would feed 48% of its currently

available active power into the grid following the VDE-AR-N 4105 standard. Thus, the

possible initial load that can be supplied is as following:

PL−in = PCGset + 48%× PPV act (5.4)

Converting equation (5.4) into per unit base leads to,

pL−in = pCGset + 48%× pPV act (5.5)

A detailed relation between the percentage of the possible initial load in the total system

and share of PV, when the initial frequency is 51.5 Hz, is illustrated in Figure 5.2.
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Figure 5.2: Possible initial load in % of total system in the islanded MG
when frequency at 51.5 Hz (PV fully available: PPV act = Pn−PV )
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5.2.2 Possible Initial Load Under PV Partially Available

The simulated MG with partially available PV (i.e. 50% of its rated power) is given in

this section to compare the size of the possible initial load under different circumstances.

Except for a different set point of PV generation (PPV act) which is half of the set point

as described in section 5.2.1, the other parameters are the same as the islanded MG

with fully available PV. The size of the possible initial load is smaller in the islanded

MG with partially available PV than that with fully available PV, however, the possible

initial load is calculated just like in case of fully available PV. The calculation of the

operable initial load is as stated in equation (5.2) when system initial frequency is 50 Hz

and as in equation (5.4) when initial frequency is 51.5 Hz. A correlation between the

possible operating points of the initial load and shares of PV under the conditions that

PV is partially available and initial frequency is 50 Hz is presented in Figure 5.3.
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Figure 5.3: Possible initial load in % of the total system in the islanded
MG when frequency at 50 Hz (PV partially available:

PPV act = 50% Pn−PV )

As an example, the base value is the 40 MW maximum load demand just as for the MG

with fully available PV. In case that both shares of CG and PV (sCG and sPV ) are

50%, pn−CG (or pCGmax) and pn−PV are equal to 0.5 p.u. When the CG is 50% loaded

initially, meaning pCGset = 0.25 p.u., it feeds 10 MW active power into the islanded MG.

Meanwhile, as the PV generation is 50% partially available (pPV act = 0.25 p.u.), the
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PV generation can only provide 10 MW active power instead of its rated 20 MW active

power into the MG when frequency is at 50 Hz. The islanded MG, therefore, is able to

supply 20 MW load initially, which is 50% of the total system as shown in Figure 5.3.

Under the same conditions, if the CG is 100% loaded initially, the possible initial load

would be 0.75 p.u. So the MG can supply the 30 MW load, which is 75% of the total

system size.

If the system frequency is 51.5 Hz initially, possible initial load operating points based

on different shares of PV are presented in Figure 5.4.
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Figure 5.4: Possible initial load in % of the total system in the islanded
MG when frequency at 51.5 Hz (PV partially available:

PPV act = 50% Pn−PV )

5.3 Steady State Limit

The steady state limit indicates the maximum and minimum load limit that can be

supplied by the islanded MG system.

5.3.1 Possible Steady State Operating Range

As mentioned in section 5.2, the possible initial load is closely related to the operating

points of the CG and PV as well as the P-f characteristic curve of the PV generation.
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The possible initial load is defined by the settings and parameters of the MG system

itself, thus, it determines possible operating points, i.e. how much load can be supplied

under different circumstances. By combining these operating points of the initial load

when grid frequency is at nominal value and, in an extreme case, at 51.5 Hz, an absolute

operating range of possible load in the MG can be obtained. This operating range

indicates the steady state operating limit of the MG.

Possible operating points of the MG are calculated taking into account the availability

of PV generation as discussed in section 5.2. 50% partially available PV generation (this

means PPV act = 50% Pn−PV ) in the MG is chosen as the study case for the following

discussion and simulation in the later sections in this chapter and chapter 6. The possible

steady state operating range of the islanded MG with 50% partially available PV is

presented in Figure 5.5.
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Figure 5.5: Possible steady state operating points of islanded MG with
partially available PV

As can be seen, the possible steady state operating range shows the maximum and

minimum load that can be handled by the MG. The upper limit of the possible steady

state operating range is defined by the possible load when the CG generates its maximum

power (PCGmax) and the PV generator is able to feed 100% of its available active power

(PPV act) into the MG, namely, the CG is 100% loaded and frequency is at nominal value.

The minimum load to be supplied by the MG system is related to the minimum active
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power of the CG (PCGmin) and the lowest steady state point along the P-f characteristic

curve. Hence the lower possible steady state operating points are limited by the possible

load when the CG is 0% loaded and the PV generation feeds in 48% of its currently

available active power at 51.5 Hz. The possible steady state operating range, thus, can

be formulated as:

PLmax = PCGmax + 100%× PPV act

PLmin = PCGmin + 48%× PPV act

(5.6)

where PLmax and PLmin are maximum and minimum load that can be handled by the

islanded MG, respectively. The loads that are bigger than PLmax or smaller than PLmin

cannot be allowed to be operated in the MG. The possible steady state operating range

in per unit base is given as

pLmax = pCGmax + 100%× pPV act

pLmin = pCGmin + 48%× pPV act

(5.7)

5.3.2 Steady State Positive Load Change Limit

In this section steady state limits are investigated. For simplicity, any change (increase

or decrease) is referred to as “step” compared to the initial condition.

Another way to present the steady state limit is to use load change limits, including

steady state positive and negative load change limits. Steady state positive and neg-

ative load change limits represent the maximum possible positive and negative load

change that can be realized from the initial load. Both of them depend on the initial

state of the MG system, the CG operating points and the PV P-f characteristic curve.

Since power mismatch due to the load change causes frequency disturbance, the size of

possible load changes can be influenced. Steady state positive and negative load change

limits, which define a baseline for the MG’s dynamic operating limit as will be described

in section 5.4 and chapter 6, are introduced under ideal circumstances by neglecting

frequency instability problems that can be caused by the inability of the MG to reach a

possible stable operating point due to dynamical limitations.

The steady state positive load change limit (PLsmax), which is related to the maximum

load to be supplied in the MG, indicates how large a stepwise load increase can be toler-

ated by the MG. In case of load increase, increase of power generation is required in the

MG. According to the swing equation (2.15) in chapter 2, load increase can cause the

grid frequency to drop. A more detailed description about the system’s dynamic behav-

ior will be given in section 5.4. If the system frequency is assumed to be at nominal value
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initially, the PV generation feeds 100% of its currently available active power (PPV act)

into the MG, and thus, cannot increase its active power infeed any further. This means

that the steady state positive load change limit is only influenced by the amount of dis-

patchable active power of the CG. The dispatchable active power of the CG is calculated

from its power set point (PCGset) and the maximum active power (PCGmax) that can

be produced. Thus, the steady state positive load change limit is given as follows:

PLsmax |50Hz = PCGmax − PCGset (5.8)

To convert equation (5.8) into per unit base by dividing through Pn−L leads to,

pLsmax |50Hz = pCGmax − pCGset (5.9)

If the initial system frequency is 51.5 Hz, the PV generation provides 48% of its available

active power to the grid. It then has the possibility to increase its infeed up to 100% of the

available active power. Besides, the active power supplied by the CG is fully controllable

and can be increased between PCGset and PCGmax. The steady state positive load change

limit in case of non-nominal initial frequency can be formulated as:

PLsmax |51.5Hz = PCGmax − PCGset + PPV act × (1− 48%) (5.10)

Equation (5.10) is expressed in per unit base as follows,

pLsmax |51.5Hz = pCGmax − pCGset + pPV act × (1− 48%) (5.11)

Example

As an example, an islanded MG with 50% shares of installed capacity for the CG and

PV is used here to explain the steady state positive load change limit. The maximum

load demand Pn−L of 40 MW defines the total size of the MG and is used as the base

value. The MG can supply a 14.8 MW load initially. Some assumed values of the test

MG are given in Table 5.1.

The assumed values, including Pn−CG, Pn−PV , PL−in and PPV act, are converted into

per unit system by dividing through the base value Pn−L as presented in Table 5.2.

Case 1: steady state positive load change limit in the MG under initial state

of nominal frequency

According to Table 5.1 and 5.2, the rated power of the CG and PV in per unit base
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Table 5.1: Assumed values of an test microgrid

Parameter Description Value

Pn−L
Maximum load demand in the MG, which is the

base value of active power
40 MW

sCG Share of CG 50%

sPV Share of PV 50%

Pn−CG Rated active power of CG 20 MW

Pn−PV Rated active power of PV 20 MW

PL−in Initial load supplied by MG 14.8 MW

PPV act PV’s currently available active power 10 MW

Table 5.2: Assumed values of test microgrid in per unit base

Parameter Description Value

pn−CG or
pCGmax

Rated active power of CG in per unit base 0.5 p.u.

pn−PV Rated active power of PV in per unit base 0.5 p.u.

pL−in Initial load supplied by MG in per unit base 0.37 p.u.

pPV act
PV’s currently available active power in per unit

base
0.25 p.u.

(pCGmax and pn−PV ) are both 0.5 p.u. Besides, pPV act = 50% pn−PV , which means that

50% of the rated power of the PV generator is assumed to be available currently. If a

load of 0.37 p.u. is supposed to be supplied in the MG at nominal frequency initially, the

power set point of the CG can be calculated according to equation (5.3) as

pCGset = pL−in − 100%× pPV act = 0.37 p.u.− 0.25 p.u. = 0.12 p.u.

Hence from equation (5.1), the loading status of the CG is given as

lCG =
pCGset

pCGmax
=

0.12 p.u.

0.5 p.u.
= 24%
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This means that the CG is 24% loaded. The CG can increase its power generation from

the set point (pCGset = 0.12 p.u.) up to the rated power (pCGmax = 0.5 p.u.), therefore,

it allows a load increase of 0.38 p.u. Under the assumption of nominal frequency as the

initial condition, the PV generator feeds in 100% of its currently available active power

as described in section 4.3.2 and cannot contribute to balancing a load increase. Based

on equation (4.15), the initial active power infeed of the PV (pPV−in) is

pPV−in = 100%× pPV act = 0.25 p.u.

The load (pLmax) that can be supplied by the MG at most is, thus, calculated following

equation (5.7)

pLmax = pCGmax + 100%× pPV act = 0.5 p.u.+ 0.25 p.u. = 0.75 p.u.

Based on equation (5.9), the maximum possible positive load change (pLsmax |50Hz) that

can be realized is given as

pLsmax |50Hz = pCGmax − pCGset = 0.5 p.u.− 0.12 p.u. = 0.38 p.u.

Table 5.3 summarizes the calculated values of the test case under the initial conditions

with nominal frequency.

Table 5.3: Summary of calculated values of test microgrid under initial
conditions with nominal frequency based on given assumption

Parameter Description Value

pPV−in
The initial active power infeed of PV in per unit

base
0.25 p.u.

pCGset
The initial set point of active power of CG in per

unit base
0.12 p.u.

lCG The loading status of CG 24%

pLmax
The maximum load to be supplied by the MG in

per unit base
0.75 p.u.

pLsmax |50Hz

The steady state positive load change limit in per
unit base

0.38 p.u.

Case 2: steady state positive load change limit in the MG under initial state

of non-nominal frequency
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The same assumed values from Table 5.1 and 5.2 are taken for the test MG under initial

state of non-nominal frequency. If the initial frequency is 51.5 Hz, only 48% of the

currently available active power of the PV generator is fed into the MG according to

equation (4.15)

pPV−in = pPV act × (1− 40%

Hz
×∆fPV )

= 0.25 p.u.× [1− 40%

1 Hz
× (51.5 Hz− 50.2 Hz)]

= 0.25 p.u.× 48%

= 0.12 p.u.

Following equation (5.5), more active power is required from the CG to supply the

supposed 0.37 p.u. initial load in the MG if the initial frequency is 51.5 Hz, while the

initial active power infeed of the PV generator (pPV−in) is 0.12 p.u.

pCGset = pL−in − 48%× pPV act = 0.37 p.u.− 0.12 p.u. = 0.25 p.u.

Hence the loading status of the CG is calculated according to equation (5.1) as,

lCG =
pCGset

pCGmax
=

0.25 p.u.

0.5 p.u.
= 50%

which means that 50% of the total capacity of the CG is used initially. The CG can

allow an increase of generation from the 0.25 p.u. power set point pCGset to the rated

power pCGmax of 0.5 p.u. In addition, the power infeed of the PV generator is able to

be changed from 48% to 100% of the currently available active power. In this case,

according to equation (5.7), the maximum load can be supplied by the MG is given as

pLmax = pCGmax + 100%× pPV act = 0.5 p.u.+ 0.25 p.u. = 0.75 p.u.

From equation (5.11),

pLsmax |51.5Hz = pCGmax − pCGset + pPV act × (1− 48%)

= 0.5 p.u.− 0.12 p.u.+ 0.25 p.u.× (1− 48%)

= 0.38 p.u.

meaning a maximum of 0.38 p.u. positive load change (pLsmax |51.5Hz) can be realized.

Table 5.4 lists out all the parameters that are mentioned above in this test case under

initial conditions with non-nominal frequency.
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Table 5.4: Summary of calculated values of test microgrid under initial
conditions with non-nominal frequency based on given assumption

Parameter Description Value

pPV−in
The initial active power infeed of PV in per unit

base
0.12 p.u.

pCGset
The initial set point of active power of CG in per

unit base
0.25 p.u.

lCG The loading status of CG 50%

pLmax
The maximum load to be supplied by the MG in

per unit base
0.75 p.u.

pLsmax |51.5Hz

The steady state positive load change limit in per
unit base

0.38 p.u.

Figure 5.6 presents initial load, maximum load and possible positive load changes in

the exemplary MG under different shares of PV based on the assumption of the total

size of the MG being Pn−L = 40 MW. In both case 1 and 2, in order to supply the

same initial load, the power set point of the CG is adjusted depending on the different

possible power infeeds of the PV under the initial conditions of 50 Hz and 51.5 Hz while

the availability of the PV is assumed to be 50% of the rated power. Additionally, as

discussed in section 5.3.1, the maximum load to be supplied by the MG can be defined

following the installed capacity of the CG and PV and possible power infeed of the

PV. The initial frequency determines the initial share of load between CG and PV but

not the maximum load size, therefore, the maximum load that can be supplied by the

MG in the study cases under both initial conditions of 50 Hz and 51.5 Hz is 0.75 p.u. as

shown in Figure 5.6. The difference between initial load and maximum load represents

the possible positive load change. In both cases, the maximum possible positive load

changes that can be realized in the MG are 0.38 p.u.

The maximum possible positive load change of the test cases, shown in Figure 5.6, refers

to the steady state positive load change limit of the MG. If initial load, shares of PV and

CG are fixed in the MG, the steady state positive load change limits are independent

from initial frequency. This is also valid for steady state negative load change limit as

be will described in section 5.3.3. However, the frequency dynamic behavior of the MG

when there is a power mismatch due to a load step is dependent on the initial frequency.

Dynamic operating limits of a MG system are determined in a way that no violations of

frequency are caused during the frequency response on a load change as will be discussed
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Figure 5.6: Initial load and maximum load in the test MG

in section 5.4 and chapter 6. Hence the dynamic operating limits of the MG can vary

depending on different initial frequency conditions.

Figure 5.7 presents the steady state positive load change limits, including both initial

frequency being 50 Hz and 51.5 Hz, of the islanded MG with fixed 50% partially available

PV generation under different situations of shares of PV and CG loading. If the CG

constantly generates a certain percentage of its rated power and the available active

power of the PV generator to be fed into the MG is fixed, the initial load is different

under nominal and 51.5 Hz initial frequency for non-zero share of PV. The difference

in initial load is the reason for the increased possible positive load change of the MG

under 51.5 Hz in comparison to nominal initial frequency. The steady state positive load

change limits of test case 1 and 2 are presented by the squared point on the gray solid

line11 when the CG is 24% loaded at nominal frequency initially and the triangular point

on the blue dashed line when 50% of the CG power is used at 51.5 Hz in the exemplary

MG with a 50% share of PV in Figure 5.7.

11As the curve of 24% loading of the CG can be approximated by the 25% loading of the CG,
for the sake of clarity, the gray lines are used to show the approximate steady state positive
load change limit of the MG when CG is 24% loaded.
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Figure 5.7: Steady state positive load change limit

5.3.3 Steady State Negative Load Change Limit

The steady state negative load change limit (PLsmin) is related to the MG minimum

load operating points. It represents the maximum load decrease that is acceptable in the

MG. Load decrease requires a power decrease from generation and results in a frequency

rise at first according to the swing equation (2.15). The active power of the CG is

fully controllable and can be decreased between the initial power set point (PCGset) and

minimum active power (PCGmin). If the initial frequency is 50 Hz, the PV generation

feeds 100% of its currently available active power (PPV act) into the grid. The active

power infeed of the PV generation would be constant at 100% of its currently available

active power (PPV act) if the frequency stays below 50.2 Hz; otherwise, it would decrease

its active power infeed by 40% per 1 Hz and disconnect once frequency exceeds 51.5 Hz

according to the VDE-AR-N 4105 standard [40]. The lowest active power steady point

along the PV P-f curve is 48% of its available active power when frequency is 51.5 Hz.

Hence the steady state negative load change limit is determined by the dispatchable

active power of the CG and the changeable active power of the PV generation along its

P-f characteristic curve. The steady state negative load change limit can be expressed

as:

PLsmin |50Hz = PCGmin − PCGset + PPV act × (48%− 1) < 0 (5.12)
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Negative values are used to represent load change decrease. As for the per unit system,

equation (5.12) is given as,

pLsmin |50Hz = pCGmin − pCGset + pPV act × (48%− 1) < 0 (5.13)

If the initial system frequency is 51.5 Hz, above which the PV generator would be dis-

connected, the MG could only receive 48% of the PV’s available active power. This is

the lowest active power steady point along the PV P-f characteristic curve, so the active

power infeed of the PV generation cannot be reduced even more. Only the CG in the

islanded MG is able to decrease its power to react on a negative load change. The steady

state negative load change limit then is calculated as:

PLsmin |51.5Hz = PCGmin − PCGset < 0 (5.14)

Converting equation (5.14) into per unit base results in,

pLsmin |51.5Hz = pCGmin − pCGset < 0 (5.15)

Example

The same MG test case with assumption as given in Table 5.1 and 5.2 in section 5.3.2

is used again to explain the steady state negative load change limit.

Case 3: steady state negative load change limit in the MG under initial state

of nominal frequency

In order to supply the supposed 0.37 p.u. load at nominal frequency initially, the power

set point of the CG (pCGset) is calculated just as case 1 in section 5.3.2 based on equation

(5.3), while pPV act equals 0.25 p.u. Hence

pCGset = pL−in − 100%× pPV act = 0.37 p.u.− 0.25 p.u. = 0.12 p.u.

The CG has the potential to decrease its active power from the power set point (pCGset =

0.12 p.u.) to the minimum active power (pCGmin = 0), namely a power decrease of

0.12 p.u. As regulated by the VDE-AR-N 4105 standard, the PV generator feeds 100%

of its available active power into the MG if the initial frequency is at nominal value.

From equation (4.15),

pPV−in = 100%× pPV act = 0.25 p.u.
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Hence the active power infeed of the PV generator can be reduced to 48% at most to

contribute in case of a load decrease. In this case, the possible negative load change can

be calculated following equation (5.13) as

pLsmin |50Hz = pCGmin − pCGset + pPV act × (48%− 1)

= 0− 0.12 p.u.+ 0.25 p.u.× (48%− 1)

= −0.25 p.u.

According to equation (5.7), the minimum load (pLmin) that can be supplied by the MG

is given as

pLmin = pCGmin + 48%× pPV act = 0 + 48%× 0.25 p.u. = 0.12 p.u.

Table 5.5 presents the calculated data of the test MG under initial conditions with

nominal frequency based on the same assumption as in Table 5.1 and 5.2.

Table 5.5: Summary of calculated values of test microgrid under initial
conditions with nominal frequency based on given assumption

Parameter Description Value

pPV−in
The initial active power infeed of PV in per unit

base
0.25 p.u.

pCGset
The initial set point of active power of CG in per

unit base
0.12 p.u.

lCG The loading status of CG 24%

pLmin
The minimum load to be supplied by the MG in

per unit base
0.12 p.u.

pLsmin |50Hz

The maximum negative load change in per unit
base

−0.25 p.u.

Case 4: steady state negative load change limit in the MG under initial state

of non-nominal frequency

If the MG runs at 51.5 Hz initially, the PV provides an infeed of 48% of its currently

available active power to the grid based on equation (4.15), meaning

pPV−in = 48%pPV act = 48%× 0.25 p.u. = 0.12 p.u.
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According to equation (5.5), to supply the supposed 0.37 p.u. load at 51.5 Hz while pPV act

= 0.25 p.u., pCGset results in

pCGset = pL−in − 48%× pPV act = 0.37 p.u.− 48%× 0.25 p.u. = 0.25 p.u.

Since 48% of the available power to be fed into the MG at 51.5 Hz is the lowest steady

state point along the P-f characteristic curve defined by the VDE-AR-N 4105 standard,

further decrease is not possible and can cause unwanted repeated PV reconnection issues

as will be discussed in section 6.4.3. Based on equation (5.15),

pLsmin |51.5Hz = pCGmin − pCGset = 0− 0.25 p.u. = −0.25 p.u.

Therefore, a maximum load change of −0.25 p.u. can be realized as a result of the

dispatchable active power of the CG between its set point 0.25 p.u. and the minimum

power. The minimum load of this MG test case is calculated following equation (5.7),

pLmin = pCGmin + 48%× pPV act = 0 + 48%× 0.25 p.u. = 0.12 p.u.

The calculated values of the test case under the initial conditions with non-nominal

frequency are presented in Table 5.6.

Table 5.6: Summary of calculated values of test microgrid under initial
conditions with non-nominal frequency based on given assumption

Parameter Description Value

pPV−in
The initial active power infeed of PV in per unit

base
0.12 p.u.

pCGset
The initial set point of active power of CG in per

unit base
0.25 p.u.

lCG The loading status of CG 50%

pLmin
The minimum load to be supplied by the MG in

per unit base
0.12 p.u.

pLsmin |51.5Hz

The maximum negative load change in per unit
base

−0.25 p.u.

Initial and minimum load of the exemplary MG under different shares of PV are pre-

sented in Figure 5.8. The active power generation of the CG (pCGset) can be adapted

to the 0.37 p.u. initial load in case of the different infeed power of the PV under the
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initial conditions of 50 Hz and 51.5 Hz while 50% of the rated power the PV is assumed

to be available. Besides, the minimum load to be supplied by the MG in the study cases

with the assumption given in Table 5.1 and 5.2 is 0.12 p.u. under both initial conditions

of 50 Hz and 51.5 Hz. The difference between the initial load and the minimum load

indicates the possible negative load change. The possible negative load change limits of

the both test cases are −0.25 p.u. as marked in Figure 5.8.
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Figure 5.8: Initial load and minimum load

The steady state negative load change limits of the simulated islanded MG with fixed

50% partially available PV generation under different situations of shares of PV and CG

loading are shown in Figure 5.9. The values of the steady state negative load change

limits on the left-hand side y-axis are negative because they represent load decrease. If

both the CG loading and the available active power of the PV generator are fixed, the

initial load is different for the MG with non-zero share of PV under nominal and 51.5 Hz

initial frequency. The difference in initial load results in the decreased possible negative

load change of the MG under 51.5 Hz in comparison to nominal initial frequency. The

marked possible negative load change of the test cases in Figure 5.8 refers to the steady

state negative load change limit of the MG. In the MG with a 50% share of PV, it is

presented by the squared point on the gray solid line when the CG is 24% loaded at

nominal frequency initially and the triangular point on the blue dashed line when 50%

of the CG power is used at 51.5 Hz in Figure 5.9.
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Figure 5.9: Steady state negative load change limit

5.3.4 Steady State Load Change Limit

Steady state positive and negative load change limits together represent steady state

load change limit. The steady state load change limit introduced in section 5.3.2 and

section 5.3.3 only includes cases that the MG frequency will be stable at final states

and does not take into account which value the final stable frequency has. If there is

sufficient secondary control reserve, the final frequency can be regulated back to 50 Hz.

In that case, the steady state load change limit can be different from the ones described

in section 5.3.2 and section 5.3.3. This is because the change of the PV power infeed

that contributes to the load increase or decrease can vary if the final frequency is not

the same as the nominal value. Thus, following the PV P-f characteristic curve, the

PV generation provides 100% of its available active power when the MG frequency is

stabilized at 50 Hz after a load change. The initial frequency could be between 47.5 Hz

and 51.5 Hz, in which the PV infeed power varies within the range of 48% to 100% of

its available active power.

In case of a load increase, the system would requires a higher power generation. The

active power produced by the CG is fully dispatchable from its set point (PCGset) to

the maximum active power (PCGmax). To satisfy a maximum load demand, the CG
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increases its active power to the maximum and the PV feeds in 100% of its available

active power. The steady state positive load change limit is the same as in equations

(5.8) and (5.10) when initial system frequency is 50 Hz and 51.5 Hz, respectively. The

steady state positive load change limit would not be influenced by the secondary control

to restore the nominal frequency.

If load decreases, the generators in the MG need to reduce their power infeed corre-

spondingly. Considering that if the system frequency should be brought back to 50 Hz

after secondary control, the final active power infeed of PV should be 100% of its cur-

rent possible active power. The CG is fully controllable between its power set point

and minimum active power (PCGmin). If the initial frequency is 50 Hz, the steady state

negative load change limit only depends on the dispatchable active power of the CG. It

is calculated following equation (5.14). In case of a situation at a non-nominal initial

frequency, the PV generator may provide less than 100% of its actual active power. The

dispatchable active power of the CG includes the share that is needed to be reduced

because of load decrease and the one that can be decreased to ensure that the PV gen-

erator is able to feed in 100% of its active power eventually. The steady state negative

load change limit under this condition is given as:

PLsmin = (PCGmin − PCGset) + PPV act × (1− 48%) (5.16)

For the interest of this study, the steady state load change limit in the SI units is

represented by equations (5.8) and (5.12) under the condition of the initial nominal

frequency, and equations (5.9) and (5.13) are valid for the steady state load change limit

in the per unit base.

5.4 Dynamic Operating Limit

The dynamic behavior of a system shows the effects of the interaction of its elements. It

describes how a system reacts over time to a change that breaks the initial steady state

balance. Dynamic stability indicates a system’s ability to return to a steady state after

a change occurs without violation of the limits [54].

In case of a power mismatch between power generation and load demand in the MG,

frequency changes. If frequency deviations are within a certain range, e.g. between

47.5 Hz and 52 Hz for the simulated MG, frequency can be regulated and stabilized

by its control system; otherwise the MG undergoes frequency instability and this may

result in a black-out. In this thesis, the dynamic operating limit indicates the maximum

dynamically allowable positive and negative load steps that can be dealt with by the

islanded MG at one time. It is influenced by factors like initial loading status, shares of
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generators, system inertia and the MG’s control system. The dynamic operating limit is

restricted to the baseline defined by the steady state load change limit that is determined

by the MG settings under ideal conditions ignoring frequency deviations as described in

section 5.3. In other words, a load step must be supported dynamically and in steady

state, but system dynamics limits the path the steady state limits can be realized. In this

thesis, the stepwise change of load is investigated as most dynamically challenging change

to reach a new steady state operation. Introducing the proposed control method that

anticipates active power changes between power generation and demand can improve

the MG’s dynamic stability, and thus, can bring the dynamic operating limit closer to

its steady state limit as will be discussed in chapter 6. It is important to study the

system frequency dynamic behavior before analyzing control effects of LSP and the BB

controller in the MG.

5.4.1 System Frequency Dynamic Behavior - Frequency Response

Frequency response is an important aspect of power system performance [43]. In electri-

cal power systems, power generation and demand should be constantly in equilibrium.

If this balance is interrupted, frequency will deviate due to the power disturbance. Fre-

quency deviations in power systems, where rotating machines are present and dominate,

are closely related to active power changes according to the swing equation (2.15) in

chapter 2. Only two generators are used to supply load in the simulated islanded MG,

hence the active power that is produced by generators (
∑
PG(t)) is calculated as:

∑
PG(t) = PCG(t) + PPV (t) (5.17)

where PCG(t) and PPV (t) are the actual active power infeeds of the CG and PV, re-

spectively. Besides, since the control system of the MG continuously tries to match the

power generation to the load demand, if a stable point can be reached, the load change

is equal to the sum of the active power change of CG and PV (∆PCG and ∆PPV ) as

given below,

∆PL = ∆PCG + ∆PPV (5.18)

By placing
∑
PG(t) from equation (5.17), the system starting time constant of the MG

(TMG) and the base value (Pn−L) into the swing equation (2.15), the MG swing equation

is then formulated as:

df(t)

dt
=

[PCG(t) + PPV (t)− PL(t)]× f2n
Pn−L × f(t)× TMG

(5.19)
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where Pn−L is the maximum load demand that can be supplied by the MG and fn is

the nominal frequency, which is 50 Hz. Converting all parameters except for TMG in

equation (5.19) into per unit base by dividing through the base values Pn−L and fn

results in
dfp.u.(t)

dt
=
pCG(t) + pPV (t)− pL(t)

fp.u.(t)× TMG
(5.20)

where fp.u.(t) is the actual system frequency of the microgrid in per unit base. pCG(t),

pPV (t) and pL(t) are active power outputs of the CG and PV, and load consumption in

per unit base, respectively. This means,

fp.u.(t) =
f(t)

fn
(5.21)

pCG(t) =
PCG(t)

Pn−L
(5.22)

pPV (t) =
PPV (t)

Pn−L
(5.23)

pL(t) =
PL(t)

Pn−L
(5.24)

From now on, all power and frequency parameters in this section formulas are stated

in p.u. base. The islanded MG is assumed to have a balance between power generation

and load demand at the nominal frequency initially. So,

pCG(t) + pPV (t)− pL(t) = 0, for t = 0− (5.25)

There is no change in frequency, since rate of change of frequency (ROCOF, df/dt)

is zero under initial conditions. A load change (∆pL), which breaks the initial power

balance, occurs in the islanded MG when t equals 0, meaning

pCG(t) + pPV (t)− pL(t) = −∆pL, for t = 0+ (5.26)

For instance, ROCOF becomes negative in case of a load increase, which means that

frequency drops, hence more power generation is required. The PV generation feeds in

100% of its available active power if frequency is between 47.5 Hz and 50.2 Hz according

to the VDE-AR-N 4105 standard. So, the power infeed of the PV generation is already

at the maximum at the initial state and cannot be increased further. Therefore, this

disturbance can only be compensated by the CG, first by injection of kinetic energy
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and then by adapting the operating point. For a better understanding, a test MG

with no share of PV is given for the calculation of ROCOF. When the active power

output of the CG becomes equal to the load demand, ROCOF becomes zero. At this

point, the system frequency reaches its minimum, which is the nadir of the frequency

deviation. This behavior is the so-called inertia response [43, 55]. The initial rate of

frequency decline is influenced by the system inertia, e.g. cumulative inertia response

of all generators and loads. The higher this initial rate of frequency change is, the

bigger the frequency dip will be after the inertia response. In case of the initial state

of nominal frequency, which means fp.u.(t=0) = 1 p.u., with the load change ∆pL the

initial ROCOF can be calculated:

dfp.u.(t)

dt

∣∣∣∣
t=0

=
−∆pL
TMG

(5.27)

The initial ROCOF is taken as the ROCOF over the whole inertia response period to

approximate the frequency nadir. Rearranging equation (5.27) and integrating with

respect to time gives

fp.u.(t) ≈ −
∆pL
TMG

× t+ C (5.28)

Inserting initial conditions leads to C = 1,

fp.u.(t) ≈ −
∆pL
TMG

× t+ 1 (5.29)

The time that the CG needs to increase its mechanical power with full rate until it

provides the same amount of power as the increased load demand for the first time is

assumed as time (t) in equation (5.29). An approximation for the frequency nadir that

is reached at the end of the inertia response is thereby given by equation (5.29). The

real ROCOF is smaller than the initial rate of change but the real increase of the CG is

slower or equal to the maximum one assumed here. The adapting time (tadp) that the

CG needs to change its power to reach a certain value can be estimated based on power

deviation and rate of power change of the CG. The adapting time of the CG with full

rate, thus, is expressed as,

tadp =
∆pCG

dp

dt

∣∣∣∣
max

(5.30)

where ∆pCG is the power change of the CG. For t = tadp in equation (5.29), ∆pCG

equals the expected load change ∆pL. Therefore, equation (5.29) results in,
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fp.u.(t = tadp) ≈ − ∆p2L

TMG ×
dp

dt

∣∣∣∣
max

+ 1 (5.31)

Without considering additional governor action of generators within inertia response,

the frequency deviation nadir can be approximated following equation (5.31).

Example

For example, a test MG with a 0.6 s system starting time constant (TMG) and 0% share

of PV is operated at nominal frequency initially. Table 5.7 lists out some parameters of

the test MG.

Table 5.7: Parameters of an test microgrid

Parameter Description Value

sCG Share of CG 100%

sPV Share of PV 0%

∆pL Expected load change in per unit base 0.1 p.u.

TMG System starting time constant of the MG 0.6 s

f0 Initial frequency of the MG 50 Hz

From equation (4.13) in section 4.2.4, the full rate of power change of the CG in the

exemplary MG is given as

dp

dt

∣∣∣∣
max

=


sCG

1 s
= 1 p.u./s , for power increase,

−sCG

1 s
= −1 p.u./s , for power decrease.

According to equation (5.30), if load increases by 0.1 p.u., the duration of inertia response

can be approximated as

tadp =
∆pCG

dp

dt

∣∣∣∣
max

=
∆pL
dp

dt

∣∣∣∣
max

=
0.1 p.u.

1 p.u./s
= 100 ms

Then the frequency nadir is calculated following equation (5.31) as
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fp.u.(t = 100 ms) ≈ − ∆p2L

TMG ×
dp

dt

∣∣∣∣
max

+ 1

= − (0.1 p.u.)2

0.6 s× 1 p.u./s
+ 1

= 0.9833 p.u.

Hence the approximated frequency nadir is equal to 0.9833 p.u. (49.17 Hz). Table 5.8

gives a summary of the calculated values.

Table 5.8: Summary of calculated values of test microgrid based on given
parameters

Parameter Description Value

dp
dt

∣∣∣
max

Full rate of change of active power of CG ± 1 p.u./s

tadp

Adapting time of the CG with full rate,
which is used to approximate the duration of

inertia response
100 ms

fp.u.(t = tadp)
Approximated frequency nadir at end of

inertia response
0.9833 p.u.

The simulated frequency response under the mentioned conditions is presented in Figure

5.10. As can be seen, the approximated nadir is lower than the actual value because

the CG’s governor action is disregarded in the frequency time characteristic after the

load change. As long as the approximated frequency decrease or increase caused by load

change does not exceed the limit, e.g. where load shedding is required or PV generation is

required to be cut off, the MG continues to be operated under normal frequency control.

If estimated frequency deviation is out of the acceptable range of normal load step as

presented in Table 4.4 in section 4.4, the proposed control method - LSP and BB control

- should be implemented additionally. Since the given approximation of the frequency

nadir according to equation (5.31) is not a worst case scenario, a slow rate of active

power change of the CG may lead to that the actual frequency deviation is beyond the

estimated frequency nadir. However, in case of a large load change in islanded MGs, the

full rate of power change of the CG can be triggered due to control reaction on a big

frequency deviation.
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Figure 5.10: Simulated frequency response and approximated frequency
nadir following a frequency disturbance

For traditional large power systems the typical frequency deviation is below ± 1% with

an initial rate of change usually below ± 0.3 Hz/s. For islanded MGs, frequency deviation

may be as high as ± 5% with an initial rate of frequency change in the area of ± 1 Hz/s

to 1.5 Hz/s [43]. The inertia response dominates for a few seconds in large conventional

grids. In the simulated MG, it only covers some hundreds of milliseconds due to its

relative low system starting time constant. In parallel, primary control of the CG is

activated. It would continue to adjust the CG’s active power infeed until the frequency

reaches a new stable point and active power is again balanced between generation and

demand, which is defined by the droop setting of primary control. The new frequency

steady point at quasi-steady state12 (fqss) can be calculated based on the droop setting

of primary control of the CG and the regulation of the active power infeed of the PV

generation.

Converting equation (5.18) into per unit base by dividing through the base values Pn−L

on both sides gives

∆pL = ∆pCG + ∆pPV (5.32)

Based on the droop characteristic following equation (2.16), the relation between the

new frequency steady point at quasi-steady-state and the active power change of the CG

is given in per unit system as:

12In this thesis, quasi-steady state designates the state of the system after the required droop
reaction has been fully activated.
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fqssp.u. = f0p.u. −
1

kp.u.
×∆pCG (5.33)

where f0p.u. is the frequency set point at initial state and ∆pCG is the active power

change in the CG between initial state and quasi-steady-state. Hence the active power

change of the CG can be expressed as

∆pCG = −kp.u. ×∆fp.u. (5.34)

where

∆fp.u. = fqssp.u. − f0p.u. (5.35)

As for the PV generation, its active power can be regulated following the frequency

change as described in the VDE-AR-N 4105 standard and its P-f characteristic curve

is presented in Figure 4.11 in section 4.3. Therefore, according to equations (4.15) and

(4.16), the change of active power infeed of the PV generator between initial state and

quasi-steady-state is given as

∆pPV =



0 , 47.5 Hz ≤ f0 ≤ 50.2 Hz

∩ 47.5 Hz ≤ fqss ≤ 50.2 Hz

−kPf ×∆fPV 0p.u. × pPV act , 50.2 Hz < f0 ≤ 51.5 Hz

∩ 47.5 Hz ≤ fqss ≤ 50.2 Hz

−kPf ×∆fPV p.u. × pPV act , 47.5 Hz ≤ f0 ≤ 50.2 Hz

∩ 50.2 Hz < fqss ≤ 51.5 Hz

−kPf ×∆fp.u. × pPV act , 50.2 Hz < f0 ≤ 51.5 Hz

∩ 50.2 Hz < fqss ≤ 51.5 Hz

(5.36)

where

∆fPV 0p.u. = 1.004 p.u.− f0p.u.

∆fPV p.u. = fqssp.u. − 1.004 p.u.

In equation (5.36), kPf represents the active power reduction rate following frequency

change, which is 40% per 0.02 p.u. (1 Hz) as defined by the VDE-AR-N 4105 standard,

and pPV act is the currently available active power of the PV generator. Under initial
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conditions of nominal frequency, 100% of the available active power of the PV is fed

into the MG. If the frequency at quasi-steady-state fqss is between 47.5 Hz and 50.2 Hz,

there is no change in the active power infeed. If fqss exceeds 50.2 Hz and stays below

51.5 Hz, the active power infeed decreases with a slope of −kPf . By substituting ∆pCG

following equation (5.34) and ∆pPV according to equation (5.36) in equation (5.32), the

load change under initial conditions with nominal frequency is calculated as

∆pL =

−kp.u. ×∆fp.u. , 47.5 Hz ≤ fqss ≤ 50.2 Hz

−kp.u. ×∆fp.u. − kPf ×∆fPV p.u. × pPV act , 50.2 Hz < fqss ≤ 51.5 Hz

(5.37)

Example

For a better understanding, the MG with given parameters in Table 5.7 is used as an

example to present the calculation of the frequency at quasi-steady state (fqss). For

f0p.u. being set to be 1 p.u. and share of PV being 0%, only the droop setting of the

primary control of the CG influences fqss. This means that equation (5.33) is valid

for the frequency calculation. The CG’s power change (∆pCG) is the same as the load

change (∆pL), which is

∆pCG = ∆pL = 0.1 p.u.

The CG is assumed to have a droop of 4% on machine base in the islanded MG model

as mentioned in chapter 2 and chapter 4. According to equation (2.16), when the share

of CG is 100% in the MG, droop setting in per unit system (kp.u.) taking Pn−L as the

base value is given as

kp.u. = −∆pCG

∆fp.u.
= −

∆PCG

Pn−CG
× Pn−CG

Pn−L

∆f

fn

= k × sCG =
1

4%
× 100% = 25

Therefore, the MG frequency at quasi-steady-state can be calculated following equation

(5.33) as

fqssp.u. = f0p.u. −
1

kp.u.
×∆pCG = 1− 1

25
× 0.1 p.u. = 0.996 p.u.
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The frequency at quasi-steady state (fqss) of the exemplary MG being 49.8 Hz is illus-

trated in Figure 5.10. As shown in the investigated test case, the primary frequency

control needs approximately 2 to 3 s to settle frequency to a new steady state. The

primary control will usually result in that frequency is stable at a value different to

the nominal frequency. Therefore, secondary control takes over to mitigate frequency

deviation and restores the nominal frequency after 6 to 7 minutes in the test MG.

In case of initial conditions with non-nominal frequency, the PV generation may not

provide 100% of its available power to the grid according to equation (4.15). If the

frequency at quasi-steady-state fqss is between 47.5 Hz and 50.2 Hz, the active power

infeed of the PV changes from its initial value up to or stays at 100% of the available

active power depending on the initial frequency f0. If fqss is in the range of 50.2 Hz to

51.5 Hz, the active power infeed changes according to the VDE-AR-N 4105 standard.

The active power change of the PV under initial conditions of non-nominal frequency

can be expressed by equation (5.36).

Example

If the initial frequency is 51.2 Hz, the PV generation feeds in 60% of its actual power

following equation (4.15) if it is operated according to the VDE-AR-N 4105 standard.

This means that if frequency decreases due to a load increase in the MG, the PV gener-

ation is able to increase its power infeed up to 100% of the available power. The nadir of

frequency deviation including the effect of active power change of PV generation is more

difficult to be calculated. However, the initial rate of frequency change can be calculated

following equation (5.31) as well as the frequency at quasi-steady-state. Parameters of

one test MG is presented in Table 5.9.

Table 5.9: Parameters of an test microgrid

Parameter Description Value

sCG Share of CG 50%

sPV Share of PV 50%

∆pL Expected load change in per unit base 0.1 p.u.

pPV act
PV’s currently available active power in per

unit base
0.25 p.u.

pCGset
The initial set point of active power of CG in

per unit base
0.25 p.u.

f0 Initial frequency of the MG 51.2 Hz
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According to the parameters given in Table 5.9, pPV act and pCGset are both 0.25 p.u.

This means that the PV is 50% partially available and the CG is initially 50% loaded

in the MG with a 50% share of PV. Under initial conditions when frequency is stable

at 51.2 Hz, the load that can be supplied is calculated according to equations (4.15) and

(5.25) as follows

pL(t = 0) = pCG(t = 0) + pPV (t = 0)

= 0.25 p.u.+ [1− 40%

1 Hz
× (51.2 Hz− 50.2 Hz)]× 0.25 p.u.

= 0.4 p.u.

In the test MG model, the droop setting of the primary control of the CG is assumed to

be 4%. Thus, in equation (5.33), kp.u. = 25×sCG in per unit system having Pn−L as the

base value, where sCG represents the share of the CG. By substituting kp.u. = 25× sCG

in equation (5.34), the active power change of CG is then calculated as,

∆pCG = −25× sCG ×∆fp.u.

If the quasi-steady-state frequency fqss after primary control is assumed to stay between

50.2 Hz and 51.5 Hz, according to equations (4.15) and (5.36), the change of the active

power infeed of the PV generation is given as

∆pPV = − 40%

0.02 p.u.
×∆fp.u. × pPV act

By substituting ∆pCG and ∆pPV following equations (5.34) and (5.36) in equation

(5.32), the load change can be calculated. As for the test case,

∆pL = −25× sCG ×∆fp.u. −
40%

0.02 p.u.
×∆fp.u. × pPV act

= −25× 50%×∆fp.u. −
40%

0.02 p.u.
×∆fp.u. × 0.25 p.u.

= −17.5×∆fp.u.

As given in Table 5.9, the load is assumed to increase by 0.1 p.u. in the MG. Therefore,

∆fp.u. = −∆pL
17.5

= −0.1 p.u.

17.5
= −0.006 p.u.

According to equation (5.35), the quasi-steady-state frequency in per unit base is calcu-

lated as
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fqssp.u. = ∆fp.u. + f0p.u. = −0.006 p.u.+ 1.024 p.u. = 1.018 p.u.

Hence the frequency at quasi-steady state fqss is equal to 50.92 Hz. This frequency

response behavior is shown in Figure 5.11.
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Figure 5.11: Frequency response when initial frequency is not at its
nominal value

In the rest of this thesis, initial frequency is considered to be 50 Hz, as the aim is to

analyze frequency stability that is expected to be improved by the introduced control

method. With an initial system frequency not at the nominal value, the proposed method

could cause a series of problems. For instance, when the initial frequency is at 51.5 Hz

and the load is about to increase, LSP will send a signal to the BB controller to let

the CG generate more power and feed it into the grid, which would lead to a further

frequency increase. This could, then, result in the PV generation to be cut off. On the

other side, if frequency is 49 Hz and the load is about to decrease, active power of CG

reduces due to the BB controller, which can cause a frequency drop below 49 Hz and

result in unnecessary load-shedding. The proposed control method could then disturb

the frequency stability instead of benefits that it can bring. Besides, frequency would

be stabilized at a value elsewhere than its nominal value after primary control, and

afterwards, frequency can actually be regulated to 50 Hz by secondary control. The

proposed method can increase the time for secondary control to re-establish the nominal

frequency. Therefore, as discussed earlier in section 5.3, the steady state load change

limit is expressed by equations (5.8) and (5.12). The dynamic operating limit under the

initial condition of nominal frequency will be investigated and discussed in chapter 6.

5.4.2 Relation between System Frequency and Preset Time

As mentioned in chapter 3, preset time is one important parameter in the proposed

control method. It determines how long LSP delays the load switch signal and how
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much active power of the CG can be changed in advance corresponding to the potential

load change. Therefore, preset time influences the magnitude of the frequency deviation

caused by the active power change of the CG at the end of LSP delaying the load switch

signal. The relation between frequency and preset time is discussed in this section.

In the simulated islanded MG model, the CG is fully dispatchable between 47.5 Hz and

52 Hz as described in chapter 4. If frequency stays between 47.5 Hz and 50.2 Hz, the

PV generator remains steady at 100% of its generated active power. Hence if frequency

drops from the nominal value, the infeed of the PV generator is not influenced. In case of

frequency being between 50.2 Hz and 51.5 Hz, the PV generator decreases its power infeed

according to the VDE-AR-N 4105 standard. Taking this P-f characteristic of the PV

generation in to consideration increases the difficulty to calculate the system frequency

change in the non-linear islanded MG model caused by the active power change of the

CG during the time interval determined by the preset time. To make the calculation

simpler, the change of active power infeed of the PV generation is ignored. By doing

this, calculation of the frequency decrease from the nominal value caused by the power

reduction of the CG in advance is not influenced, because the infeed of the PV generation

does not change. Due to the PV active power regulation when frequency raises above

50.2 Hz, the calculated frequency increase is equal to or bigger than the simulated value.

However, acceptable preset time parameters can be determined in a safe way by limiting

the calculated frequency to a certain range. The system swing equation during the preset

time interval is calculated according to equation (2.15) in SI units as:

df(t)

dt
=
PCG(t) + PPV (t)− PL(t)

Pn−L
× f2n
f(t)× TMG

(5.38)

According to equation (5.20), equation (5.38) can be expressed in per unit base as:

dfp.u.(t)

dt
=
pCG(t) + pPV (t)− pL(t)

fp.u.(t)× TMG
(5.39)

At the initial state, power generation and load demand are equal as described by equation

(5.25). During the preset time interval, LSP holds the load switch signal and the CG

receives a signal from the BB controller to change the active power output with its full

rate ( dP
dt

∣∣
max

) before the load is released. During this time period, there is only an

active power change of the CG, as change of active power infeed of the PV generation

is neglected for simplicity, and no change in load demand, meaning13

13t = 0 means initial state, which is beginning of preset time interval here, in contrast to
earlier section, where t = 0 refers to the moment when load change, meaning the end of the
preset time interval
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pCG(t) + pPV (t)− pL(t) = ∆pCG(t), 0 ≤ t ≤ tset (5.40)

where ∆pCG(t) is the active power output change of CG. Therefore,

dfp.u.(t)

dt
=

∆pCG(t)

fp.u.(t)× TMG
(5.41)

The active power change of CG with full rate increase or decrease over the time span is

given as:

∆pCG(t) = t× dp

dt

∣∣∣∣
max

(5.42)

As described in section 4.2, the limit of rate of change of power ( dp
dt

∣∣∣
max

) imposed by

the control valve of the CG model in the islanded MG can have a positive or negative

algebraic sign as given by equation (4.13). Thus, ∆pCG(t) being positive indicates a

power increase of the CG and a negative ∆pCG(t) means a power decrease. Substituting

∆pCG(t) according to equation (5.42) in equation (5.41) leads to:

dfp.u.(t)

dt
=

t× dp

dt

∣∣∣∣
max

fp.u.(t)× TMG
(5.43)

Based on the assumption of the simulated MG model described in section 4.2, sCG/s

and −sCG/s represent the rate limits of power increase and decrease, respectively. When

the CG is required to increase its active power at full rate, rearranging equation (5.43)

and integrating with respect to time gives

f2p.u.(t)

2
=

sCG × t2

2 s× TMG
+ C1 (5.44)

and when the CG is required to decrease, equation (5.43) is expressed as:

f2p.u.(t)

2
= − sCG × t2

2 s× TMG
+ C1 (5.45)

For this consideration, at initial state t = 0, system frequency is 1 p.u. (50 Hz). Therefore,

C1 is equal to 1
2 . Thus, the system frequency time dependent function is:

fp.u.(t) =

√
1± sCG × t2

1 s× TMG
(5.46)

Inserting tset, equation (5.46) is given as:
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fp.u.(tset) =

√
1± sCG × t2set

1 s× TMG
(5.47)

This approximation of frequency at the end of the preset time interval is only valid for

such cases that the preset time period is equal to or longer than 0 and total time is equal

to or longer than preset time. Substituting TMG of equation (4.10) into equation (5.48)

leads to

fp.u.(tset) =

√
1± t2set

1 s× TCG
(5.48)

System frequency at preset time can be approximated by equation (5.48).

Example

For the simulated MG having a 100% share of CG, which has a starting time constant

of 0.6 s, the important parameters for approximating frequency at preset time are given

in Table 5.10.

Table 5.10: Parameters of exemplary islanded microgrid

Parameter Description Value

sCG Share of CG 100%

TCG CG’s starting time constant 0.6 s

f0p.u. MG’s initial frequency in per unit base 1 p.u.

tset
The time that LSP delays an individual load

switch-on or -off signal
70 ms

ttotal The time that BB controller is activated ≥ 70 ms

If preset time is set to be 70 ms and the CG increases its power with full rate during this

time, system frequency is calculated according to equation (5.48) as

fp.u.(tset) =

√
1 +

t2set
1 s× TCG

=

√
1 +

(0.07 s)2

0.6 s2
= 1.004 p.u.

Hence system frequency is approximately 1.004 p.u. (50.2 Hz) after the 70 ms preset

time. As there is no change in PV active power infeed if frequency is below 50.2 Hz, this

calculation is valid for all shares of PV.

Figure 5.12 shows the frequency limitations during the time interval determined by the
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preset time. As LSP and BB controller are introduced to provide dynamic support to

the islanded MG, their most important feature is that the frequency disturbance caused

by them does not create an instability issue. The frequency deviation resulting from the

BB control effect should be within a certain range similar to the one defined in Table

4.4. At the end of the preset time interval, system frequency should not rise higher

than 51.5 Hz or drop below 49 Hz due to the active power change of the CG, so that no

cutting-off of the PV generation or load shedding happens. Since the calculated system

frequency should be limited within 49 Hz to 51.5 Hz, possible settings of the preset time

in which LSP holds the load switch signal and the CG changes its active power output

following the BB control in advance can be determined.

48.5

49

49.5

50

50.5

51

51.5

52

0

f/
H

z

tset

Frequency limitations

Figure 5.12: Frequency limitations during time interval determined by
preset time

Example

As an example, the MG with sCG, TCG and f0 as given in Table 5.10 is used to calculate

the preset time limits regarding frequency boundaries. The approximated frequency at

preset time is limited within 49 Hz (0.98 p.u.) and 51.5 Hz (1.03 p.u.), thus, equation

(5.48) is as follows,

fp.u.(tset) =

√
1 +

t2set
1 s× TCG

≤ 1.03 p.u., for power increase of CG

fp.u.(tset) =

√
1− t2set

1 s× TCG
≥ 0.98 p.u., for power decrease of CG
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Substituting TCG = 0.6 s leads to

0 ≤ tset ≤ 191 ms, for power increase of CG

0 ≤ tset ≤ 154 ms, for power decrease of CG

Hence the maximum preset time that is allowed for delaying the load switch signal

and changing the power of the CG in advance in case of load increase is 191 ms in

the MG without PV. In the MG including PV generation, the amount of the active

power generation of the CG during the time interval determined by the preset time can

be increased, because the PV reduces its active power infeed if frequency raises above

50.2 Hz following the VDE-AR-N 4105 standard. Therefore, a preset time longer than

191 ms is possible in the MG with non-zero share of PV. As for a load decrease in the

MG without PV, the maximum preset time of delaying the load signal is 154 ms. Since

active power infeed of PV remains constant at 100% of its currently available power if

frequency drops from the nominal value, the power reduction of the CG in advance is

not affected in the MG including PV. The maximum preset time that can be used in

the simulated MG is 154 ms regardless of share of PV.

5.4.3 Optimization Criteria

LSP and BB controller allow the CG to generate or reduce the power in advance. This

means that the balance between power generation and demand at the initial steady state

can be interrupted, and thus, frequency can deviate from the nominal value. As men-

tioned in section 5.4.2, it is important to keep the frequency deviation caused by LSP

and BB controller within 49 Hz and 51.5 Hz.

The two time parameters of LSP and BB controller, preset and total time, determine

when the load step is about to be released, how much the CG active power is increased

or decreased before the load change, how much active power change of the CG is re-

alized during the entire total time, and the magnitude of frequency deviation. The

selection of these two time parameters influences the control effect of the proposed con-

trol method. Determining optimal time parameters for the proposed control method is

achieved through three different criteria.

Criterion 1: The dynamic simulation of the islanded MG implementing LSP and BB

controller with different combinations of time parameters is run. The frequency response

of each load step under different shares of PV is observed. Among each sample of fre-

quency response, the maximum and minimum frequency (fmax and fmin) that occurred

in the whole dynamic frequency response is recorded. A frequency deviation band, thus,

can be calculated,
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fband = fmax − fmin (5.49)

For the first criterion, the smallest value of the frequency deviation band (fband), while

limits are not exceeded, is sought-after. The frequency deviation band is shown in Figure

5.13. The smaller this frequency band between the maximum and minimum frequency

is, the better the dynamic behavior of the islanded MG is in case of a load change. Since

the minimum and maximum frequency have been limited between 49 Hz and 51.5 Hz as

described above, the maximum possibly admissible frequency band would be limited to

2.5 Hz.

m
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Figure 5.13: Time parameters optimization criteria

Criterion 2: The area between final frequency at quasi-steady state after primary control

and actual frequency in the time interval from when the load change occurs until the

end of primary control is calculated. This frequency deviation area is marked as the red

shaded regions in Figure 5.13. Since negative regions could cancel out positive regions

in the integral, the square of the frequency difference between system frequency and

frequency at quasi-steady state is integrated. This also ensures a high sensitivity to

large frequency deviations. So,

carea =

∫ tqss

t0

[f(t)− fqss]2dt (5.50)

where carea represents the size of the frequency deviation area after a load change. f(t)

is the actual frequency of the islanded MG and fqss, which can be calculated following

the droop setting according to equation (5.37), is the final frequency at the quasi-steady
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state. t0 is the time when the load change happens in the MG, which is 0 s in the example

shown in Figure 5.13. tqss is the end time of the primary control of the islanded MG,

which is approximately 2 s in the simulated model as shown in Figure 5.13.

A smaller value of the frequency deviation area index carea indicates a better dynamic

behavior of the MG system after a load change. The optimal setting of time parameters

regarding criterion 2 is, thus, determined by the smallest frequency deviation area index.

Criterion 3: The third criterion combines criteria 1 and 2 and searches for the smallest

sum of frequency deviation band and frequency deviation area index. Since the units of

frequency deviation band and frequency deviation area index are different, it is necessary

to use a reference value. Hence,

csum =
fband

fband−ref
+

carea
carea−ref

(5.51)

where fband−ref and carea−ref are the frequency deviation band and the frequency devi-

ation area recorded in simulations of the islanded MG without LSP and BB controller,

which is equivalent to that the preset and total time are 0. They are used as references for

the frequency deviation values of a MG with controller as presented in equation (5.51).

All the recorded values of frequency deviation band and frequency deviation area index

should be divided through their individual reference. For example, the reference point

of sum index (csum−ref ) is given as

csum−ref =
fband−ref

fband−ref
+
carea−ref

carea−ref
= 2

In criterion 3, csum is the sum index of these two relative values and, corresponding

to criterion 1 and 2, its minimum value indicates the optimal time parameters of the

proposed control method.





Chapter 6

Simulation Evaluation

In this chapter, the islanded MG model described in chapter 4 is used as a study case

to simulate, analyze and evaluate the dynamic behavior of the system in case of a

load change and frequency disturbances. In addition, the impact of time delay on the

proposed control method is viewed in section 6.4.2. A discussion regarding repeated PV

reconnection issues is given in section 6.4.3.

6.1 Dynamic Simulations

In order to find out what impact the proposed control method has on the microgrid

(MG) system and how the two time parameters - preset and total time - influence

the control effect of load step pre-announcement (LSP) and bang-bang (BB) controller,

dynamic simulation results of the MG system with only frequency control and the system

including LSP and BB controller with different time parameter settings additionally are

compared in this section.

Example

The simulated islanded MG consisting of 75% share of conventional generation (CG)

and 25% share of photovoltaic (PV) generation is used as a study case. The parameters

of the exemplary MG are given in Table 6.1.

As mentioned in section 4.1.2, the total size of the islanded MG is defined by the max-

imum load demand (Pn−L) that can be supplied by its installed capacity. If Pn−L is

assumed to be 40 MW in this example, Pn−CG and Pn−PV can be calculated following

equations (4.5) and (4.6) as

93
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Table 6.1: Settings of exemplary islanded microgrid in per unit base

Parameter Description Value

sCG Share of CG 75%

sPV Share of PV 25%

pn−CG Rated active power of CG in per unit base 0.75 p.u.

pn−PV Rated active power of PV in per unit base 0.25 p.u.

pL−in Initial load supplied by MG in per unit base 0.5 p.u.

pPV act
PV’s currently available active power in per unit

base
0.125 p.u.

pCGset
Initial set point of active power of CG in per unit

base
0.375 p.u.

∆pL Expected load change in MG in per unit base 0.15 p.u.

f0 MG’s initial frequency 50 Hz

Pn−CG = Pn−L × sCG = 40 MW × 75% = 30 MW

Pn−PV = Pn−L × sPV = 40 MW × 25% = 10 MW

From equations (4.3) and (4.4), the rated power of CG and PV in per unit base (pn−CG

and pn−PV ) are given as

pn−CG =
Pn−CG

Pn−L
=

30 MW

40 MW
= 0.75 p.u.

pn−PV =
Pn−PV

Pn−L
=

10 MW

40 MW
= 0.25 p.u.

50% of the rated power of the PV generation is assumed to be currently generated and

available, meaning

pPV act = 50%× pn−PV = 50%× 0.25 p.u. = 0.125 p.u.

When the initial frequency is 50 Hz, the PV generator feeds 100% of its currently available

active power into the grid, namely pPV−in = 100%×pPV act =0.125 p.u. The CG, having

a 0.6 s starting time constant, is 50% loaded initially, which means pCGset = 0.375 p.u.

According to equation (5.3), the load to be supplied by the MG under the initial condi-

tions is calculated as
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pL−in = pCGset + 100%× pPV act = 0.375 p.u.+ 100%× 0.125 p.u. = 0.5 p.u.

The load is assumed to increase to 0.65 p.u. at t = 0, meaning a positive load change of

∆pL = 0.15 p.u.

Dynamic simulation results are shown in Figure 6.114. The blue dashed line in the

diagram presents the frequency response of the islanded MG only with frequency control.

Since LSP and the BB controller are not involved, the CG starts to change its active

power under primary and then secondary control to stabilize the system frequency and

the PV generation provides active power following the P-f characteristic curve based on

the VDE-AR-N 4105 standard when frequency deviates. The red dash-dotted, purple

dotted and yellow solid lines illustrate the frequency response of the MG implementing

not only frequency control but also LSP and the BB controller. The red and purple

lines indicate the frequency responses of the MG with the additional proposed control

method, in which both LSP and BB controller are activated before the load change

actually happens. This means that the preset time (tset) equals to the total time (ttotal).

The yellow line15 represents the dynamic behavior of the MG, whose BB controller still

continues to work for an additional defined time (ttotal− tset) after LSP releases the load

increase.

As shown in Figure 6.1, a frequency drop to approximately 48.2 Hz in the islanded MG

with only frequency control can be caused by a 0.15 p.u. positive load step (blue dashed

line). This can result in load shedding action to support the frequency stability. If

LSP and BB controller are implemented together with frequency control in the MG,

the frequency response of the MG can be improved. In case that the MG includes LSP

and BB controller, and besides, the preset time and total time are both set to be 40 ms

(red dash-dotted line), the CG is controlled by the BB controller to start to ramp up

40 ms before the load is released. After 40 ms, the BB controller signal stops, so the

CG operates again in its normal operation mode16. The system frequency increases

and reaches approximately 50.07 Hz at the end of the preset time and the CG already

started increasing its output, and therefore, the frequency decreases by approximately

0.5 Hz less than the frequency change in the MG without LSP and BB controller at the

minimum after the load change happens.

According to the dynamic behavior illustrated by the red dash-dotted line, the CG at the

14Under the same circumstances, simulation results over 800 s are presented in Figure A1 in
Appendix.

15The optimal settings of the preset and total time for the exemplary islanded MG are used
in dynamic frequency response illustrated by the yellow line.

16Normal operation mode means that the CG is only coordinated by frequency control.
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Figure 6.1: Dynamic simulations of the islanded microgrid without and
with implementation of the proposed control method under three

different settings of time parameters
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moment of actual load increase (t = 0) only generates a small percentage of the active

power that is required in quasi-steady state after droop control is fully activated. In order

to see the influence of more active power generated in advance at the end of the preset

time interval on the frequency dynamic behavior, longer activation time period for LSP

and BB controller are tested. For the purple dotted line, both LSP and BB controller

are activated for 80 ms, namely tset = ttotal = 80 ms. Within this period, the load switch

signal is delayed by LSP and the CG increases its active power at full rate under BB

control. After 80 ms, frequency raises and reaches approximately 50.25 Hz. Afterwards,

the load change is realized and the CG is again regulated by normal frequency control

since the BB control is deactivated. Following frequency droop control as described in

section 2.3.1, when the frequency raises from its nominal value, the active power of the

CG should decrease, and vice versa. However, the CG’s active power is increased while

the BB control dominates the active power regulation of the CG. Therefore, once the BB

control stops and the CG is operated under frequency control, the CG reduces its active

power until the active power meets the requirement of the frequency droop control. Then

the CG changes the power output following the droop setting. This is also observed for

the MG with LSP and BB controller having 40 ms preset and total time. In the MG

with the proposed control method having preset and total time of 80 ms (purple dotted

line), the system dynamic behavior is slightly improved compared to that with 40 ms

preset and total time (red dash-dotted line).

As illustrated by both the red dash-dotted and purple dotted lines in Figure 6.1, the

frequency nadirs are still below 49 Hz. This requires further optimization of the time

parameters of LSP and BB controller. The power reductions of the CG that occur after

the BB control signal stops during the dynamic process diminish the control effect of

LSP and BB controller because more active power than supplied at t = 0 is expected

to be required at quasi-steady state. Hence, based on the case that the purple dotted

line represents, the total time is extended. For the yellow solid line, the preset time for

LSP to hold the load switch signal is 80 ms and the total time for the BB controller to

be activated is 200 ms. Therefore, the CG is able to increase its active power at the full

rate for 80 ms before the load is actually changed. The load change is realized after the

80 ms preset time. Since the BB controller is still activated after the load change, it will

continue to command the CG to increase power at the full rate. When the total time of

the BB controller, namely 200 ms, is elapsed, it stops to override the control of the CG,

which then returns to the normal operation mode. Because of the CG’s preemptively

generated power controlled by the BB controller and the effect of LSP, the frequency

increases to approximately 50.25 Hz at the end of 80 ms preset time, which is the same

as that presented by the purple dotted line. After the load increase, the CG continues

to ramp up, which allows it to reach the amount of active power required by the load
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earlier than the MG without LSP and BB controller as well as the one with LSP and BB

controller but not optimal preset and total time settings. Frequency dip in the yellow

line is about 49.6 Hz, which does not exceed 49 Hz. Hence possible under-frequency load

shedding can be avoided. The CG keeps increasing its active power as long as the total

time of the BB controller does not run out. This avoids the power drops that occur in

the cases presented by the red dash-dotted and purple dotted lines after the 40 ms and

80 ms total time, respectively.

The exemplary islanded MG implementing LSP and BB controller (both red dash-dotted

and yellow solid lines) features a better reaction on power disturbances and show lower

frequency deviations than the one without LSP and BB controller (blue dashed line).

The designed LSP and BB controller, thus, enhance the performance of the MG control

system. In addition, the settings of two important time parameters – preset time and

total time – can influence the control effect of LSP and BB controller in the islanded MG.

A further investigation of the effect of LSP and BB controller and their time parameters

is given in sections 6.2, 6.3 and 6.4.

6.2 Dynamic Operating Limits with Fixed Time Pa-

rameters

In earlier work [17], the maximum dynamically allowable load step in the islanded MG

solely with frequency control is compared to the MG in which the proposed control

method is implemented additionally. In this section, the dynamic behavior of the is-

landed MG model in case of load changes with different shares of PV is simulated

further.

Example

The size of the islanded MG is defined by the maximum load demand Pn−L, which is

assumed to be constant at 40 MW. A load of 0.5 p.u. is supposed to be supplied at 50 Hz

by the islanded MG initially regardless of shares of CG and PV. The initial frequency

determines the initial share of load between CG and PV as discussed in chapter 5. If

50% of the rated power of the PV generation is assumed to be available, the CG is 50%

loaded initially according to Figure 5.3 in section 5.2.2. For those cases that LSP and BB

controller are applied, both preset and total time are fixed at 40 ms. The assumptions

of the islanded MG are given in Table 6.2.

The dynamic operating limits resulting from further simulations of the islanded MG
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under different system settings as well as a comparison between the steady state and

dynamic operating limits are shown in Figure 6.2.

Table 6.2: Assumptions of exemplary islanded microgrid

Parameter Description Value

Pn−L
Maximum load demand in the MG, which is the

base value of active power
40 MW

pL−in Initial load supplied by the MG in per unit base 0.5 p.u.

pPV act
Currently available active power of PV in per

unit base
50% pn−PV

pCGset
Initial set point of active power of CG in per

unit base
50% pn−CG

f0p.u. Initial frequency of the MG in per unit base 1 p.u.

tset

The time that LSP delays an individual load
switch-on or -off signal while starting BB

controller
40 ms

ttotal
The time that the BB controller is activated in

total
40 ms

As discussed in section 5.3, the steady state load change limit of the MG under ideal

conditions is mainly defined by the settings of the MG, e.g. the installed capacity of CG

and PV, initial power set points, the PV P-f characteristic curve and initial frequency.

For the investigated test cases under initial conditions with nominal frequency in this

chapter, the steady state load change limit can be calculated according to equation (5.8)

and (5.12) and is represented by the red solid lines in Figure 6.2. For example, if the

exemplary islanded MG has 0% share of PV, its steady state positive and negative load

change limits then are 0.5 p.u. and −0.5 p.u., respectively (points A in Figure 6.2).

The other curves in Figure 6.2 show the maximum dynamically allowable positive and

negative load steps in the MG system with different control conditions, starting time

constants and shares of PV generation under the circumstances of dynamic frequency

disturbances due to load changes. Among these, the solid curves represent the MG with

implementation of LSP and BB controller and the dashed lines stand for the MG without

them. For instance, when only frequency control is implemented and the system starting

time constant (TMG) is 0.6 s, the MG without LSP and BB controller has a maximum

allowable positive load step of 0.236 p.u. (point B in Figure 6.2). This means that the
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Figure 6.2: Steady state and dynamic operating limits

load can raise from 0.5 p.u. up to 0.736 p.u. If the MG includes LSP and BB controller

with 40 ms of both preset and total time additionally, the maximum allowable positive

load step is 0.269 p.u. (point C in Figure 6.2) As can be seen, all the dynamic operating

limits of the MG are within the steady state load change limits. The dynamic positive

load step limit is closer to the steady state positive load change limit in the MG with

LSP and BB controller than the one without under the same conditions. In addition, a

higher share of PV leads to a decrease in both the steady state and dynamic operating

limits, because the PV generation has low control possibility and no inertia. The results

of the islanded MG with shares of PV up to 62.5% were gathered.

Based on equation (4.10), the MG system starting time constant can easily be calculated

when the starting time constant and share of CG are given. When TCG is fixed, the

higher the share of PV is, the smaller the MG system starting time constant will be.

As can be seen in Figure 6.2, the maximum allowable load step of the MG with TMG =

0.6 s and TCG = 0.6 s are the same in case of no PV generation. This is because

TMG = TCG × sCG = 0.6 s× 100% = 0.6 s

From equation (4.10), when the share of PV is 50%, the TMG is calculated as follows
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TMG = TCG × sCG = 0.6 s× 50% = 0.3 s

Hence the maximum allowable load step in the MG with TCG = 0.6 s is the same as that

with TMG = 0.3 s. The dynamic positive load step limit in the MG with a TMG of 0.6 s

is generally greater than if TMG is 0.3 s, because a lower system starting time constant

results in faster frequency change which can lead to bigger frequency instability issues

in case of any power disturbance.

The implementation of LSP and BB controller can improve the maximum allowable

positive load step for all the cases that are shown in Figure 6.2. LSP and BB controller

enhance the MG’s control ability to limit its peak frequency under power deviation, thus

the dynamic behavior can be improved and the maximum allowable positive load step

can be brought closer to the steady state positive load change limit. The influence of

LSP and BB controller on the maximum allowable positive load step decreases when

there is more power generation of PV in the MG. In other words, the higher the share of

PV is, the less effective LSP and BB controller are. This is because the designed control

method is applied in the CG and only has impact on the active power of the CG. The

dispatchable power of the CG is less if there is a higher share of PV in a MG of the same

size.

Although LSP and BB controller improve the control ability of the MG, they do not

influence the maximum allowable negative load step, no matter how big the system

starting time constant is. The steady state load change limit is related to the operating

points of the CG and the variation along the PV P-f characteristic curve as mentioned

in chapter 5. If no stable point of the MG system can be reached after disconnection of a

large load that causes an over-frequency above 51.5 Hz, the PV generation is disconnected

instantly. The control system of the MG brings the frequency back to the acceptable

range - between 47.5 Hz and 50.05 Hz - for at least 60 s. Then the PV generation starts

to reconnect to the overall network. When the reconnection happens, due to the low

load demand, no dispatchable capacity of the CG and the integrated PV generation,

the frequency goes over 51.5 Hz before the PV generation reaches its steady operating

point along the P-f curve, which would trigger the disconnection of the PV generation

again. The PV generation may then repeatedly try to reconnect to the grid as long as the

frequency within the acceptable range for 60 s, which would lead to frequency oscillation.

Therefore, the maximum allowable negative load step cannot be improved due to the

possible repeated PV reconnection that can be caused by a large load decrease. Like

the steady state load change limit, the dynamic limit of the negative load step depends

on the capacity of the CG and the share of PV generation in the MG. In this case, the

utilization of LSP and BB controller does not improve the maximum allowable negative



102 Chapter 6. Simulation Evaluation

load step of the system. Other control schemes need to be considered. They will be

discussed in detail in section 6.4.3.

For a load decrease, both CG and PV participate in power reduction. However, for a

load increase, the PV generation feeds in at most 100% of its currently available active

power at nominal frequency. If that is the case, its power infeed cannot increase further.

Only the CG can react to the load increase in the MG. Hence the maximum allowable

negative load step is generally bigger than the maximum allowable positive load step.

6.3 Optimization of Preset and Total time

According to the results presented in section 6.2, LSP and BB controller cannot enhance

the dynamic operating limits of the simulated islanded MG in case of a load decrease.

However, the maximum allowable positive load step can be increased, to some extent,

by implementing LSP and BB controller with the same preset and total time under

all tested shares of PV. Different choices of settings of preset and total time affect the

behavior of LSP and BB controller in the MG and maximum allowable positive load

step. Therefore, optimal settings of the preset time, in which LSP holds on the switch-

on or -off signal, and total time, in which the BB controller controls the CG active power

output, are analyzed in this section. The analysis focuses only on the maximum allowable

positive load step and a discussion of maximum allowable negative load step will be given

in section 6.4.3. The optimal preset and total time indicate the best settings of time

parameters for LSP and BB controller, which result in the smallest dynamic frequency

deviation following the criteria as described in section 5.4.3 if load changes in the MG.

6.3.1 Simulation Results

Two examples of the simulated islanded MG with 25% and 50% share of PV, respectively,

are presented. Important parameters of the MG are listed out in Table 6.3.

Example: MG with 25% share of PV

In the first example, the MG has a 25% share of PV, meaning pn−CG and pn−PV being

0.75 p.u. and 0.25 p.u., respectively. As the starting time constant of the CG (TCG)

is 0.6 s, the overall MG system starting time constant (TMG) is calculated following

equation (4.10) as

TMG = TCG × sCG = 0.6 s× 75% = 0.45 s
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Table 6.3: Parameters of exemplary islanded microgrid

Parameter Description Value

pL−in Initial load supplied by MG in per unit base 0.5 p.u.

pPV act
Currently available active power of PV in per

unit base
50% pn−PV

pCGset
Initial set point of active power of CG in per

unit base
50% pn−CG

dp
dt

∣∣∣
max

CG’s full rate of active power change ±sCG p.u./s

TCG CG’s starting time constant 0.6 s

f0 MG’s initial frequency 50 Hz

According to Table 6.3, the 0.5 p.u. initial load is supplied by 50% of the CG’s total

capacity (pCGset = 0.375 p.u.) and 100% of the currently available PV power (pPV act

= 0.125 p.u.). At t = 0, the load increase from 0.5 p.u. to 0.6 p.u. takes place as in the

dynamic simulation presented in Figure 6.3. As can be seen, the frequency deviates

after the load change. For investigating optimal preset and total time settings, dynamic

simulations of the MG with implemented LSP and BB controller are carried out. For a

range of preset and total time values, maximum and minimum frequency are recorded.

The results are shown in Figure 6.4. The values of preset and total time are varied in

10 ms steps.

The two 3D diagrams in Figure 6.4 (a) show maximum and minimum frequency and

Figure 6.4 (b) illustrates their top views. The blue areas in the diagrams are where

frequency is within the tolerance. The darker the red is, the more severe the frequency

instability issues would be. A high frequency may cause an over-frequency problem,

which results in disconnection of PV as described in chapter 4, if both preset and total

time of LSP and BB controller are too long. In this case, the CG generates active power

before the load change. This causes frequency to raise over 51.5 Hz in advance. As shown

in Figure 6.4, in the minimum frequency diagrams the critical area is larger than that

in the maximum frequency diagrams. When both preset and total time are 0, meaning

that LSP and BB controller are not active, the minimum frequency is close to 49 Hz,

which is also presented in Figure 6.3. Along the black diagonal, preset time equals total

time. Above, preset time is bigger than total time. This means that LSP delays the load

step signal longer than the BB controller takes control actions. For the proposed control

method, this would not be useful in real practices, but this combination of time settings
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Figure 6.4: Maximum and minimum frequency in the islanded MG with
25% share of PV

is investigated for the sake of completeness. Hence the BB controller is turned off before

the load step is realized. Below the black diagonal, preset time is shorter than total

time. In these cases, the load step is released while the BB controller is still active. The

MG may collapse if either maximum frequency is above 51.5 Hz or minimum frequency

is below 49 Hz (dark red areas in Figure 6.4). For a better overview, those dark red areas

are eliminated as shown in Figure 6.517.

With implementation of the proposed control method in the MG, the dynamic positive

load step limit can be brought closer to the steady state positive load change limit.

17As can be seen, one area, where preset time is in a range from 100 ms to 270 ms and total
time is between 20 ms and 180 ms, is deleted. This is because minimum frequency is below
49 Hz, even though maximum frequency of the MG is in the acceptable blue area.
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The dynamic operating limit is defined by the maximum allowable dynamic load step

under optimal settings of preset and total time. To find optimal settings of preset and

total time, the three optimization criteria described in section 5.4.3 are used. Following

criterion 1, the smallest frequency deviation band (fband) between the maximum and

the minimum frequency that occurred in the MG during frequency response among all

combinations of time parameters is searched. According to section 5.4.3, after eliminat-

ing points with frequency exceeding either the upper or the lower limit, the maximum

frequency band is 2.5 Hz. A smaller value of fband indicates a better dynamic behavior

of the MG in case of a load change. The simulation results of the exemplary MG are

presented in Figure 6.6 following criterion 1.

For the shown example, e.g. if the load in the MG with a 25% share of PV is increased

by 0.1 p.u., the optimal settings of time parameters of the proposed control method are

located in the dark blue area. Obviously, total time is longer than preset time for opti-

mal settings, because otherwise the BB controller is turned off before load is switched

on. According to evaluation by criterion 1 of the simulation results, the optimal preset

time is 40 ms and the optimal total time is in the range of 140 ms to 150 ms. Dynamic

behavior of the MG with the proposed control method having the optimal settings of

time parameters is shown in Figure 6.3. The frequency band of 0.89 Hz in the MG solely

with frequency control (tset = ttotal = 0) after the load increase, is taken as the reference

value of fband in order to check the control effect of the proposed control method. By

applying the optimal preset and total time in the proposed control method, fband is
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approximately 0.36 Hz, which is 0.53 Hz lower than the reference value fband−ref with

only frequency control being implemented. Moreover, large load steps are possible.
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Figure 6.6: Frequency band following criterion 1 in the MG with 25%
share of PV

According to the second criterion, the smallest frequency deviation area index is searched.

The frequency deviation area index carea is calculated by integrating the square of the

difference between actual frequency and quasi-steady-state frequency in the time inter-

val from 0 s when the load change takes place to the end of the primary control action,

which is around 2 s. The smaller this frequency deviation area index is, the better the

dynamic behavior after load increase of the MG. The frequency deviation area index of

the MG with different time settings is presented in Figure 6.7.
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Figure 6.7: Frequency deviation area index following criterion 2 in the
MG with 25% share of PV
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For a load increase of 0.1 p.u. in the MG, carea−ref equals 0.0732 s−1 (tset = ttotal = 0).

The optimal settings of preset and total time of LSP and BB controller are 40 ms and

150 ms, respectively. The optimal carea is approximately 0.0089 s−1, which is 0.0643 s−1

smaller than the reference value.

The third criterion combines criteria 1 and 2 by searching for the smallest sum index of

frequency band and frequency deviation area index. Since the units of frequency band

and frequency deviation area index are different, the sum of their relative values (csum)

defines the optimal time parameters. The smaller sum index csum is, the less volatile

the MG’s frequency is.

All values of frequency band and frequency deviation area index under different settings

of time parameters are compared to their reference points (fband−ref and carea−ref )

when both preset and total time are 0. Following criterion 3, the absolute values of

fband and carea, which are presented in Figure 6.6 and Figure 6.7, are divided through

the reference points. Both the relative values of fband−ref and carea−ref equal 1. For

fband and carea being smaller than 1, LSP and BB controller can benefit the MG in

its dynamic frequency response. For other cases, the proposed control method cannot

improve frequency stability but rather undermine it. The reference point of the sum

index of the relative values of fband and carea is 2.
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Figure 6.8: Sum index of relative values of frequency band and frequency
deviation area index following criterion 3 in the sample MG

Figure 6.8 presents the sum index of relative values of frequency band and frequency

deviation area index (csum) under different combinations of time parameters for LSP

and BB controller in the MG. The optimum is located at where the time settings lead

to the smallest value of the sum index. This is the case for preset time being 40 ms and
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total time being 150 ms. The relative value of the optimal frequency band is 41% of

the frequency band reference fband−ref . The optimal frequency deviation area index is

approximately 12% of the frequency deviation area index in the MG without LSP and

BB controller. Therefore, the optimal sum index csum is equal to 0.53.

Example: MG with 50% share of PV

In the MG with 50% shares of installed capacity for the CG and PV, pn−CG and pn−PV

are both 0.5 p.u. Relevant parameters of the exemplary MG are given in Table 6.3. The

starting time constant of the CG (TCG) is 0.6 s, so the overall MG system starting time

constant (TMG) is calculated according to equation (4.10) as

TMG = TCG × sCG = 0.6 s× 50% = 0.3 s

The load changes from 0.5 p.u. to 0.6 p.u. at t = 0. Dynamic simulations of the exemplary

MG are shown in Figure 6.9. The MG with 50% share of PV faces a more severe

frequency instability issue compared to that with 25% share of PV under the same

amount of load increase. This is because the higher the share of PV is in the MG, the

less power can be dispatched from the CG to compensate the increased load demand and

the smaller the system starting time constant of the MG (TMG) is. The islanded MG

only has frequency control and no LSP and BB controller implemented for preset and

total time being 0. Minimum frequency, in that case, is 48.18 Hz. According to chapter 4,

this kind of load change, which causes a frequency drop below 49 Hz with only frequency

control, is categorized as large load step. Without LSP and BB controller, the load

change could not take place without load-shedding.

Maximum and minimum frequency depending on different combinations of preset and

total time that are varied in steps of 10 ms are shown in Figure 6.10 (a). The corre-

sponding top views are presented in Figure 6.10 (b).

The dark red areas, in which frequency is below 49 Hz or above 51.5 Hz, are deleted as for

the previous example. Maximum frequency and minimum frequency after eliminating

those dark red squares are shown in Figure 6.11. The minimum and maximum frequency

deviation are close to their limits in the areas, where both preset and total time are above

300 ms. As those results where frequency slightly exceeds the set limits are not shown,

while those where frequency is slightly within the limits are shown, the pattern in the

upper right corner of Figure 6.11 appears.

The implementation of LSP and BB controller with the time parameter settings shown

in Figure 6.11 allows the realization of 0.1 p.u. load increase without exceeding the

frequency lower limit. To find the optimal settings of time parameters of LSP and BB

controller, the same three criteria introduced in section 5.4.3 are applied.
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Figure 6.10: Maximum and minimum frequency in the islanded MG with
50% share of PV

The simulation results for the frequency band in the MG with different combinations of

time parameters are presented in Figure 6.12. If load increases by 0.1 p.u. in the MG

with a 50% share of PV, the frequency band is 2.19 Hz when preset and total time are

0. This is used as reference frequency band fband−ref . Since minimum frequency at the

reference point is below 49 Hz, this point is eliminated. The optimal settings of the two

time parameters are located in the blue area. In this area, the total time of the BB

controller is longer than the preset time of LSP. The optimal preset time is 80 ms and

the optimal total time is 200 ms according to criterion 1. Under optimal settings of time

parameters, the smallest frequency band is around 0.68 Hz, which is 1.51 Hz lower than

fband−ref .

Following criterion 2, the frequency deviation area index in the time interval from 0 s
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share of PV
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when the load changes to the end of the primary control action, which is around 2 s, is

presented in Figure 6.13.
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Figure 6.13: Frequency deviation area index following criterion 2 in the
MG with 50% share of PV

According to the simulation results, when no LSP and BB controller are implemented,

carea is 0.6491 s−1. The optimal preset and total time of LSP and BB controller are

80 ms and 230 ms following criterion 2. The smallest frequency deviation area index is

0.0686 s−1, which is 0.5805 s−1 lower than the reference value.

0
400

0.5

1

300 400

c su
m

1.5

3D view

t
set

 / ms

300200

t
total

 / ms

2

200100 100
0 0

0.6

0.8

1

1.2

1.4

1.6

0 100 200 300 400

t
total

 / ms

0

100

200

300

400

t se
t / 

m
s

Top view

0.6

0.8

1

1.2

1.4

1.6

Smallest csum

Figure 6.14: Sum index of relative values of frequency band and
frequency deviation area index following criterion 3 in the MG with 50%

share of PV

Following criterion 3, csum is shown in Figure 6.14. The optimal csum is obtained when

the preset time is 80 ms and the total time 200 ms. The frequency band and frequency

deviation area index of the MG only with frequency control after the load increase are
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taken as references. The relative values of fband and carea are obtained by dividing

through these reference points. For preset time being 80 ms and total time being 200 ms,

the optimal frequency band fband is approximately only 31% of its reference and the

optimal frequency deviation area index carea is approximately 11% of carea−ref . The

smallest sum index of relative values of fband and carea is about 0.42.

With increasing share of PV or load step size, the area of allowable preset and total time

gets smaller. As an example, simulation results of the MG with 25% share of PV under

a load increase of 0.25 p.u. are presented in Figure A2 and A3 in Appendix.

6.3.2 Sensitivity Analysis of Input Parameters

The simulation results of the islanded MG in section 6.3.1 show that the optimal preset

and total time may differ in the islanded MG depending on the properties of the MG.

These simulation results are obtained by changing two input parameters, share of PV

and load step. There are other input parameters that influence the choice of optimal

preset and total time. A common way to find out how the outcome of a model depends

on changes of input parameters and which input parameters are the most sensitive to

the outcome is to conduct sensitivity analysis [56]. The analytical method, in which

one parameter is changed at one time while other parameters remain constant at their

base values, is implemented. The MG with the parameters from Table 6.1 is used as a

study case for sensitivity analysis. Based on the collected data, the sensitivity of the

optimal time parameters to input parameters is presented, analyzed and compared in

this section.

In Table 6.4, the base values, ranges of variation and increments of the parameters

that are examined in the sensitivity analysis are stated. Figure 6.15 illustrates how the

optimal time parameters resulting from criterion 3, as described in section 5.4.3, change,

while the input parameters shown in Table 6.4 are varied stepwise in the given range.

Increment shows the step size. According to the dynamic simulation results shown in

Figure 6.1, the exemplary islanded MG without LSP and BB controller encounters a

frequency drop below 49 Hz after a 0.15 p.u. load increase under the parameters’ base

values given in Table 6.4. As presented in Figure 6.15, to achieve optimal fband and csum

in the MG following criteria 1 and 3, the preset and total time of the proposed control

method are 80 ms and 200 ms, respectively. For an optimal carea according to criterion

2, the preset and total time are 70 ms and 230 ms.

The choice of optimal time parameters is apparently independent from three input pa-

rameters, namely initial load status, total size of the MG and amount of active power of

PV being available. As discussed in chapter 5, the dynamic operating limits indicate the

maximum dynamically allowable positive and negative load steps that can be handled
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Table 6.4: Input parameters used in sensitivity analysis of time
parameters

Parameter Description Range
Base
value

Increment Unit

∆pL Load step
0.075 -
0.225

0.15 0.015 p.u.

dp
dt

∣∣∣
max

Full rate of CG’s
active power change

0.375 -
1.125

0.75 0.075 p.u./s

sPV Share of PV
12.5% -
37.5%

25% 2.5% -

pL−in
Initial load supplied

by MG
0.25 -
0.75

0.5 0.05 p.u.

Pn−L Total size of MG 20 - 60 40 4 MW

TCG
Starting time constant

of CG
0.3 -
0.9

0.6 0.06 s

pPV act
Currently available
active power of PV

0.0625
-

0.1875
0.125 0.0125 p.u.

by the islanded MG without violation of the frequency limits. According to equation

(5.20), frequency disturbances are caused by imbalances between power generation and

demand. In the simulated MG, which is assumed to have power balance initially, ini-

tial load status is not a reason for frequency deviation, but load steps are, as will be

discussed later. The initial load status is one factor determining the steady state load

change limit of the MG, which restricts the dynamic operating limits. However, it does

not influence the MG’s dynamic frequency behavior in case of the same load steps from

different initial load statuses as long as the load steps are within the defined steady

state load change limits. Therefore, for all parameters shown in Table 6.4, the optimal

settings of time parameters are independent from the MG’s initial load status. Total size

of the MG is defined by the maximum load demand that can be supplied by the MG.

It is chosen as the base value of active power. Since all the quantities, e.g. frequency

and active power, in the MG are normalized to per unit base, changing the total size of

the MG does not affect the relation between any of them as well as the system dynamic

behavior. The available amount of active power of PV is a percentage of the PV rated

power that is currently available to be fed into the MG. It is assumed to be constant
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in the simulated MG. A different available PV active power results in the power im-

balance between generation and load demand being compensated by the CG as can be

seen in Figure A4 in Appendix. Since the PV reacts on frequency deviation following

the P-f characteristic curve defined by the VDE-AR-N 4105 standard as described in

chapter 4, time periods of frequency exceeding 50.2 Hz during frequency response on the

load change have a different impact on frequency behavior for other amounts of available

PV active power. However, as these time periods are short in the tested cases, this effect

can be neglected. Therefore, the available active power of PV has basically no influence

on the system dynamic behavior as well as the optimal settings of preset and total time,

at least for the given cases.

However, the other four parameters listed in Table 6.4 have an influence on the optimal

settings of the time parameters. For example, the optimal preset and total time should

be set to be higher than the base value in case of a load step increase, and vice versa.

This is because a higher load step requires a larger power increase from the CG in the

MG, which results in a longer time of power change. If the CG has a bigger full rate

of power change ( dp
dt

∣∣∣
max

), it needs a shorter time to reach the expected load demand.

Thus, both optimal preset and total time are shorter while full rate of CG’s power change

increases. In Figure 6.15, varying share of PV also changes the parameter dp
dt

∣∣∣
max

, since

full rate of power change of the CG is assumed to be ±100% of its rated power per second

as described in section 4.2.4. For a fixed MG total size, a higher share of PV means a

smaller rated power of CG. In this case, dp
dt

∣∣∣
max

in the used p.u. base becomes smaller,

while the absolute gradient remains the same. This leads to the CG needing a longer

time to increase its power generation to match the same amount of load change. If the

MG has a higher share of PV, the optimal time parameters are longer in comparison to

that having a lower share of PV. However, if dp
dt

∣∣∣
max

is fixed and independent from share

of PV, the time that the CG needs to meet a certain change in load demand is the same

regardless of share of PV. This means the optimal settings of preset and total time are

independent from share of PV if full rate of power change of the CG is kept constant.

To keep dp
dt

∣∣∣
max

constant, share of PV and percentage of the rated power change of CG

per second have to be adapted accordingly in the MG with a fixed total size.

The bigger the starting time constant of the CG (TCG), which slows down the frequency

change of the MG in case of a power deviation, is, the smaller the optimal preset time.

However, the optimal total time does not vary strongly while the starting time constant

varies on either side of the base values. Table 6.5 presents the best functional approxi-

mation for each parameter in the given range. The three input parameters - load step,

share of PV and system starting time constant of the CG - show a near linear relation

to both preset and total time. An exponential behavior is observed for the full rate of

active power change. The goodness of the functional approximation is described by R2.
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Figure 6.15: Sensitivity of input parameters to optimal outcomes 18

R2 being closer to 1 means that the approximation fits the data better. Since the values

18When the initial load is increased by 50%, the initial set point of the CG is increased by
66.7% from 0.375 p.u. to 0.625 p.u. Due to the system dynamics of the simulated MG, there is
no stable point that can be reached after a load increase of 0.15 p.u. So this point is left out.
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of preset and total time are varied in steps of 10 ms, R2 may be artificially worsened

and several R2 appear to be exactly 1. Furthermore, there are small fluctuations that

are caused by the nature of criterion 3. They lead to a low R2 value, especially for weak

dependencies, e.g. in case of optimal total time regarding share of PV and TCG. Also,

TCG has a very small impact on ttotal, such that a linear dependency cannot be shown

faultlessly.

Table 6.5: Best functional approximation for each input parameter

Parameter Best approximation R2 for tset R2 for ttotal

∆pL Linear, positive slope 1 0.99

dp
dt

∣∣∣
max

Exponential decay 0.99 0.93

sPV Linear, positive slope 0.94 0.74

TCG Linear, negative slope 0.89 0.06

pL−in Constant 1 1

Pn−L Constant 1 1

pPV act Constant 1 1

The four input parameters that exhibited a detectable influence in Table 6.5 have dif-

ferent degrees of sensitivity to the optimal preset and total time. A comparison of them

is shown in Figure 6.16. The maximum change of the input parameters is ± 50%. For

a decrease from the base value, the full rate of power change of the CG has the biggest

impact on the optimal preset and total time; for an increase, the size of load step is most

sensitive. Table 6.6 gives an overview of the overall sensitivity of the four parameters

presented in Figure 6.16. Additionally, the influence of the input parameters on the

optimal settings of preset and total time is also shown in Figure 6.17.

The sensitivity analysis shows similar results for criteria 1 and 2 as for criterion 3. The

data regarding criteria 1 and 2 is presented by Figures A5, A6, A7 and A8 in Appendix.

The four input parameters listed in Table 6.6 are relevant regarding optimal settings of

time parameters. If a MG system is set up including LSP and BB controller under the

given parameters in Table 6.4, the preset and total time should be adapted to the change

of these parameters. The other three parameters, namely pL−in, Pn−L and pPV act, do

not need to be considered. A further analysis of the influence of preset and total time

on the frequency stability in the MG will be discussed in section 6.3.4.
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Table 6.6: Sensitivity of four input parameters

Sensitivity
ranking

Parameter
Time difference

between two
extremes (tset)

Time difference
between two

extremes (ttotal)

1
dp
dt

∣∣∣
max

140 ms 300 ms

2 ∆pL 100 ms 220 ms

3 sPV 40 ms 60 ms

4 TCG 30 ms 40 ms

0 50 100 150 200 250 300 350 400 450 500

Share of PV (+50%)
Share of PV (base value)

Share of PV (-50%)

Load step (+50%)
Load step (base value)

Load step (-50%)

dp/dt max (+50%)
dp/dt max (base value)

dp/dt max (-50%)

T_CG (+50%)
T_CG (base value)

T_CG (-50%)

Time in ms

Criterion 3: sensitivity of input parameters

Preset time Total time+

Figure 6.17: Influence of input parameters on optimal settings of preset
and total time

6.3.3 Analysis of Optimal Time Parameters

As discussed in section 6.3.2, optimal preset and total time are influenced by share of

PV, load step, starting time constant and full rate of power change of CG. For one CG,

starting time constant and full rate of power change are constant, therefore, they are

not in the focus of this investigation. The impacts of share of PV and load step are

further analyzed while other input parameters are fixed in this section. The MG with

the parameters from Table 6.3 is used as a study case. The full rate of power change

of the CG is assumed to be 100% of its rated power per second and its starting time



Chapter 6. Simulation Evaluation 121

constant 0.6 s. The initial load to be supplied is 0.5 p.u. at 50 Hz and the available active

power of the PV is 50% of its rated power.

To test how the share of PV influences the optimal settings of the preset and total time

of LSP and BB controller in the islanded MG, the load increase is assumed to be 0.1 p.u.

Figure 6.18 presents the relation between share of PV and optimal preset time. The

blue, green and red curves represent the optimal preset time determined by criteria 1, 2

and 3, respectively. Since criterion 3 is a combination of criterion 1 and 2, its results are

expected to always lay within the range of results of criterion 1 and 2. As can be seen,

for all three criteria described in section 5.4.3, the optimal setting of preset time should

be larger with an increase in share of PV for the same size of load step.
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Figure 6.18: Correlation between preset time and share of PV

Figure 6.19 shows the correlation between optimal total time and share of PV as well as

between adapting time and share of PV. As discussed in section 5.4, the adapting time of

the CG refers to the time that it needs to change its mechanical power at full rate until

it matches the amount of power that the increased or decreased load demand requires.

It can be calculated following equation (5.30). In the exemplary MG, the PV generator

feeds 100% of its actual active power into the MG when frequency is 50 Hz, therefore,

the load increase can be compensated only by the CG, which means ∆pL = ∆pCG. All

three criteria show that optimal total time is close to the adapting time of the CG.

Both preset and total time have a non-linear relation to the share of PV in the MG

as shown in Figures 6.18 and 6.19. Based on equations (5.30), (4.13) and (4.7), the
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Figure 6.19: Correlation between total time and share of PV

adapting time of the CG (tadp) in case of load increase ∆pL under the assumption of
dp

dt

∣∣∣∣
max

=
pn−CG

1 s
results in

tadp =
∆pCG

dp

dt

∣∣∣∣
max

=
∆pL × 1 s

sCG
=

∆pL × 1 s

1− sPV
(6.1)

Therefore, tadp shows an inverse relation to 1−sPV and a linear relation to the load step

∆pL. As optimal total time is close to the adapting time of the CG as shown in Figure

6.19, tadp and optimal total time have a similar relation to share of PV in case of a load

increase of ∆pL, as can be seen in Figure 6.19. Equation (6.1) is also valid for the optimal

preset time to some extend, however, the optimal amount of active power generated by

the CG during the preset time interval regarding expected load change ∆pL cannot be

pre-determined with the proposed control method. Since the load step is kept constant

while the share of PV varies in the tested cases, the preemptively generated active power

of CG is expected to be constant as well. Hence the relation between optimal preset

time and 1− sPV is also expected to be an inverse function. This can be seen in Figure

6.18.

For analyzing the relation between preset time and load step as well as between total

time and load step, the share of PV is kept fixed, e.g. at 25% and 50%. The results are

presented in Figures 6.20 and 6.21, respectively.
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Figure 6.20: Correlation between preset time and load step
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In the islanded MG with both 25% and 50% share of PV, optimal preset and total time

depend almost linearly on the load step. A larger load step requires higher preset and

total time in both MGs to achieve a better dynamic behavior, as more active power is

required from the CG. The optimal total time is again shown to be close to the adapting

time of the CG to reach the expected load demand change, independent from share of

PV in the MG.

According to the simulation results, optimal total time of the proposed control method

is estimated to be the same as the adapting time of the CG (tadp) to match its active

power to the expected load change. This is because it is practical for the BB controller

to command the CG to increase its active power up to the amount that is required by

the load demand. The CG generating too much or too little active power according to

the BB control signal may result in the need of a further change of power in the MG

due to power imbalance.

Unlike total time, mathematical prediction of optimal preset time was found difficult

to be made. Optimal preset time is only determined by simulations. Since LSP and

BB controller are implemented in the CG, they can only influence the active power

generation or reduction of the CG. A further analysis between optimal preset time and

loading status of the CG is conducted. As discussed in section 6.3.2, the optimal settings

of preset and total time are independent from the initial load status. This is also valid

for the initial loading status of the CG under the assumption of linear behavior of the

CG as can be seen in Figure A9 in Appendix. Therefore, the relation between optimal

preset time defined by the optimization criterion 3 and expected change of CG loading19

is presented in Figure 6.22. Each optimal preset time is obtained while total time is set

to be at its optimum.

As can be seen, optimal preset time shows a nearly linear dependency on the expected

change of CG loading for all test cases. However, if the expected change of CG loading is

smaller than 5%, optimal preset time is 0. For load steps that require less than 5% change

of CG loading, the proposed control method does not need to be implemented in the

MG, as the frequency deviation that is caused is small. These load steps can be carried

out only under frequency control without leading to frequency instability. However, LSP

and BB controller with preset time being 0 and total time being at its optimal value can

improve frequency dynamic behavior. In this case, the BB control makes the CG change

its active power at a faster rate once the load changes in comparison to the CG only

being regulated by frequency control. Therefore, system frequency response is enhanced

as will be discussed in section 6.3.4. If preset time is not equal to 0 while total time is at

19This refers to the difference between CG loading after a load step occurs and its initial
loading status.
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optimum, the proposed method changes active power of the CG before the load change,

and thus, increases system frequency by the end of the preset time interval. As for small

changes, the frequency maximum is the peak when positive load steps occurs. Its size

increases for growing tset and it is expected that a higher peak at this moment results

in a lower frequency nadir in a given setup. Therefore, frequency dynamic response in

the MG may be worse than if preset time is 0, while total time is at its optimum. This

means that the control effect of LSP and BB controller is worsened for non-zero preset

time. Hence optimal preset time is expected to be 0 if load steps cause small change of

CG loading.
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Figure 6.22: The relation between optimal preset time and expected
change of CG loading in case of a load change

As shown in Figure 6.22, if load steps require more than 20% change of CG loading, a

higher share of PV results in a longer optimal preset time for the same expected change

of CG loading. As discussed in section 5.4.2, preset time being longer than 70 ms leads

to a frequency increase over 50.2 Hz in the MG regardless of share of PV if the CG has

the dynamic properties as described. Optimal preset time is approximately 70 ms when

the expected change of CG loading is 20%, see Figure 6.22. In case of the preset time

being higher than 70 ms, the PV reduces its active power infeed following the frequency

change by the end of the preset time interval according to the VDE-AR-N 4105 standard

under the assumption of the PV generation reacting to frequency deviations instantly.
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This requires the CG to further increase its active power before the load step takes place.

Therefore, if the expected change of CG loading is higher than 20%, it takes longer for

the CG to meet the load demand in the MG with a higher share of PV, meaning a

longer optimal preset time. This effect gets bigger if the expected change of CG loading

increases. For larger load steps, change of CG loading is required to be larger as well.

This leads to a higher frequency increase by the end of the optimal preset time interval.

Corresponding to larger frequency increase, the PV reduces its active power infeed more

strongly. Hence the influence of share of PV on optimal preset time increases when the

expected change of CG loading is higher.

Figure A10 in Appendix shows a similar relation between optimal settings of preset time

determined by criteria 1 and 2 and expected change of CG loading after a load increase.

6.3.4 Influence of Time Parameters

It is important to examine the effect of time parameters being set to be longer or shorter

than their optima on frequency deviation of the islanded MG. Thus, a sensitivity analysis

is conducted. In order to observe the influence of preset and total time on frequency

deviation, all parameters of the exemplary MG are assumed to remain constant at their

respective base values in Table 6.4, except for preset and total time. For the investigation,

optimal preset and total time of LSP and BB controller in the MG with parameters at

their base values are determined by criteria 1 and 3. This results in the preset time being

equal to 80 ms and the total time being 200 ms. The base values, ranges of variation and

increments of the tested time parameters in the sensitivity analysis are given in Table

6.7.

Table 6.7: Time parameter values in sensitivity analysis

Parameter Description Range
Start
value

Increment Unit

tset Preset time 0 - 210 80 10 ms

ttotal Total time 0 - 380 200 20 ms

The influence of the preset time of the proposed method on the frequency deviation is

presented in Figure 6.23. It is analyzed by changing the optimal preset time with an

increment of 10 ms, while the other parameters including the total time are fixed at their

base values. Following criterion 1, the frequency deviation band between the maximum

and minimum frequency during the dynamic frequency response fband is approximately

0.69 Hz, when the preset time is set to be 80 ms and the total time 200 ms. In the
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same MG without LSP and BB controller, meaning both preset and total time being

0, the frequency deviation band fband−ref is around 2.23 Hz. In this case, fband is

approximately 30.9% of fband−ref when preset and total time are at their optimal values.

This percentage is used as the comparison value for criterion 1 as shown in Figure 6.23.

Changing preset time results in a different fband, which is then compared with the

reference fband−ref . The same procedure is carried out for criteria 2 and 3 to obtain

carea/carea−ref and csum/csum−ref . The optimal preset time under the three introduced

optimization criteria is marked by purple circles in Figure 6.23.
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Figure 6.23: Sensitivity of preset time to optimized outcomes

According to the results, frequency deviation obviously becomes worse when preset time

is changed into either direction from its base value. Furthermore, frequency deviation

is more sensitive to a change of preset time towards smaller values than towards longer

ones. If the frequency index ratio is below 100%, the three variables fband, carea and

csum are smaller than their reference values that occur in the MG without LSP and

BB controller. If so, LSP and BB controller have a positive effect on the frequency

deviation caused by power imbalance in the islanded MG, although preset time is not

at its optimal value. In addition, even if preset time is 0, meaning no pre-announcement

before a load change and only the CG changing the active power at its full rate, the

frequency performance of the MG can be enhanced. Only when the preset time becomes
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higher than 190 ms, which is very close to the optimal total time, the frequency deviation

band (fband) defined by criterion 1 becomes worse than if no LSP and BB controller are

applied.
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Figure 6.24: Sensitivity of total time to optimized outcomes

Figure 6.24 shows the influence of the total time of the proposed method. In the analy-

sis, all parameters except for total time remain constant at their base values. The base

value of the optimal total time is given as 200 ms following criteria 1 and 3 and the

increment of the total time is 20 ms. The optimal total time defined by the three crite-

ria is presented by purple circles in the diagram. The same calculation applied in the

sensitivity analysis of the preset time is performed and the three frequency index ratios,

namely fband/fband−ref , carea/carea−ref and csum/csum−ref , are obtained for different

settings of total time. As shown in Figure 6.24, a higher or lower total time worsens the

frequency behavior in comparison to that of the islanded MG with optimal total time.

However, the dynamic frequency behavior is improved by implementation of LSP and

BB controller with a total time near its optimal setting. The total time at 0 ms and

360 ms for the test case are the limits, within which LSP and BB controller can benefit

the dynamic behavior of the MG.

The three optimization criteria determine how long preset and total time should be so

that the system dynamic behavior is improved. If one of the three frequency index ra-
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tios exceeds 100%, the respective setting of preset and total time should not permitted,

because the situation is deteriorated. Comparing the two time parameters of the pro-

posed control method, the frequency deviation is less sensitive to the total time near its

optimal value than the preset time. In addition, the total time can variate in a wider

range, within which the control effect of LSP and BB controller is barely compromised,

than the preset time.

6.4 Discussion

6.4.1 Effects of LSP and BB Controller on Dynamic Limits

A comparison of dynamic operating limits of the simulated islanded MGs having different

shares of PV is presented in this section. Table 6.8 lists out the related parameters of

the MG.

Table 6.8: Parameters of exemplary islanded microgrid

Parameter Description Value

Pn−L
Maximum load demand in the MG, which is the

base value of active power
40 MW

pL−in Initial load supplied by MG in per unit base 0.5 p.u.

pPV act
PV’s current available active power in per unit

base
50% pn−PV

pCGset
Initial set point of active power of CG in per

unit base
50% pn−CG

f0p.u. MG’s initial frequency in per unit base 1 p.u.

The dynamic limits of the simulated islanded MG with shares of PV of 25% and 50%

are shown in Figure 6.25. As can be seen, both the steady state and dynamic limits

in the islanded MG with 25% share of PV are higher than the one with 50% share of

PV. This is because less dispatchable active power is available to supply load demand if

more PV is integrated. The maximum dynamically allowable negative load step limits

are greater than the maximum positive load step limits. This is because both CG and

PV participate in stabilizing frequency during frequency rise in case of load reduction

whereas only the CG is able to increase its power if frequency drops due to more load

to be supplied.
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Figure 6.25: Dynamic limit improvement by implementing LSP and the
BB controller

If only frequency control is applied in the islanded MG, the allowed maximum positive

load step is 0.177 p.u. in the MG with 25% share of PV while the allowed maximum

positive load step is 0.119 p.u. in that with 50% share of PV. If LSP and BB controller

with optimal preset and total time settings are included in the system, the maximum

allowable positive load steps of both MGs are 0.34 p.u. and 0.23 p.u. respectively. In

comparison to the MG only with frequency control, the maximum allowable load steps

can be brought closer to the steady state limits of the MGs with both 25% and 50%

share of PV by implementing the proposed control method. The improvement of the

dynamic positive load step limit with LSP and BB controller is larger in the MG with

25% share of PV than with 50% share of PV. Since LSP and BB controller only have

an influence on the active power output of the CG, their control effect is stronger and

more active power can be dispatched if the MG has a higher share of CG and a lower

share of PV.

In the exemplary MG model, the frequency does not exceed 52 Hz, independent from the

size of the negative load step. This would probably not trigger over-frequency protection

(OFP) action of the CG. However, the situation for a positive load step is different. A
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large load increase in this test MG can cause under-frequency protection (UFP) action

of the CG at 47.5 Hz.

The reason for the MG not to be stable in case of a large load decrease, although no

OFP is triggered, is repeated PV reconnection if the MG’s load demand is small. This

has been briefly described in section 6.2 for LSP and BB controller having fixed time

parameters and the PV reconnection issues will be further discussed in section 6.4.3.

Therefore, the dynamic negative load step limits are equal to the steady state negative

load change limits. Implementing LSP and BB controller with optimal time parameters

can reduce the peak frequency and improve the dynamic behavior at inertia response,

but it does not allow dynamic operating limits to exceed steady state limits. Hence the

dynamic negative load step limits of the MGs with 25% and 50% share of PV are the

same as their respective steady state limits as shown in Figure 6.25. However, in case of

a higher initial load, or a lower share of CG, or no immediate reaction to the frequency

change from the PV [57], frequency increase may still exceed 52 Hz and trigger the over-

frequency protection of the CG. In such a case, the dynamic limits of load decrease can,

thus, be different from steady state limit.

6.4.2 Impact of Time Delay

As stated in section 4.3.2, if frequency is above a certain value, according to the VDE-

AR-N 4105 standard, PV changes its active power to support stabilizing the system fre-

quency. This behavior is specified as limited frequency sensitive mode at over-frequency

(LFSM-O) in the ENTSO-E network code on requirements for grid connection of gener-

ators (NC RfG) as well. According to Article 13(2)(e) of the NC RfG, during LFSM-O

operation, power generating modules shall be capable of activating a power frequency

response with an initial delay that is shorter than 2 s [58]. These 2 s are considered to be

the maximum allowable time duration that generators need to react and control their

active power output accordingly, without informing related network operators.

In control systems of electrical networks, time delay can degrade system performance

and even cause system instability [34, p. 89-91]. As described in chapter 3, under imple-

mentation of LSP and BB controller, the CG changes its power generation in advance.

In case of pre-generated power from the CG, system frequency increases. The PV re-

duces its active power infeed to enhance system frequency stability if frequency raises

above 50.2 Hz. In conventional power systems with large inertia, the initial delay of 2 s

for the PV to activate its power frequency response in LFSM-O is not expected to have a

strong impact on system frequency stability. However, it can cause frequency instability

issues in islanded MGs, especially if long preset and total time are necessary for them to

carry out large load steps. As frequency changes fast in case of a power imbalance due
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to low inertia, frequency limits are more likely to be violated during the preset time pe-

riod because of the delayed power reduction of the PV. Therefore, a shorter maximum

time delay for the PV to regulate its active power in response to frequency increase

in LFSM-O is beneficial to have a tolerable system dynamic behavior in islanded MG

under the implementation of the proposed control method. According to section 5.4.2,

the maximum allowable preset time to make frequency reach its upper limit during the

CG pre-generating period is 191 ms for the test MG, without considering the frequency-

dependent PV power reduction. As this is equivalent to an infinite LFSM-O time delay

for the PV, a shorter time delay may allow a longer preset time setting as shown in

Figure 6.20. In such a case, load step limits are extended. Therefore, the investigations

in this thesis can be used as a definition of the following extreme cases:

• no time delay: perfect frequency measurement and LFSM-O implementation;

• very long time delay: current state of the art of frequency measurement.

There are two kinds of delay considered in this thesis, namely measurement and com-

munication delay. As described in [57], frequency measurement in 50 Hz systems can

be updated at a rate between 10 and 50 frames per second with available phasor mea-

surement unit devices. In case of a rate of 10 frames per second, the measurement is

updated every 100 ms. This means that control systems keep previously measured fre-

quency until a new measurement is reported. Communication infrastructure plays a key

role for operation and control of electrical power systems. Communication delay refers

to the duration of the transmission of measured signals to the control center. For large

power systems, communication delay cannot be avoided due to long distances between

their elements. This delay is usually in the range of 0.1 s to 1 s [34, p. 89-91]. In islanded

MGs, as distances are shorter, the communication delay of measurements tends to be

smaller. However, overhead may cause a constant “offset” communication delay which

may be significant depending on the used technology. As communication between micro-

grid central controller (MGCC) and local controllers (LCs) is necessary for the proposed

control method, the impact of communication delay cannot be neglected.

In this section, the impact of time delay, involving both measurement and communica-

tion delay, as one potentially severe problem in the operation of LSP and BB controller

is analyzed. For the investigation, the measurement of the actual MG’s frequency is

assumed to be reported to the PV generator with different settings of time delay20. The

defining parameters of the simulated MG are listed out in Table 6.9.

20This time delay is realized by adding one first-order lag block between the actual system
frequency signal and the look-up table for PV’s frequency-dependent active power characteristic
curve in the PV model in Simulink as shown in Figure 4.13.
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Table 6.9: Settings of exemplary islanded microgrid in per unit base

Parameter Description Value

sCG Share of CG 50%

sPV Share of PV 50%

pn−CG Rated active power of CG 0.5 p.u.

pn−PV Rated active power of PV 0.5 p.u.

pL−in Initial load supplied by MG 0.5 p.u.

pPV act PV’s currently available active power 0.25 p.u.

pCGset Initial set point of active power of CG 0.25 p.u.

∆pL Expected load change in MG 0.15 p.u.

f0 MG’s initial frequency 50 Hz

TCG CG’s starting time constant 0.6 s

According to Table 6.9, the test MG with 50% share of PV is supposed to supply 0.5 p.u.

load initially at nominal frequency. At t = 0, a load step increase of 0.15 p.u. is expected.

In this case, the nadir of the frequency deviation can be approximated based on equations

(4.13), (4.10), (5.30) and (5.31) as

fp.u.(t = tadp) ≈ − ∆p2L

TMG ×
dp

dt

∣∣∣∣
max

+ 1

= − (0.15 p.u.)2

0.6 s× 50%× 0.5 p.u./s
+ 1

= 0.85 p.u.

The approximation indicates that frequency drop caused by a 0.15 p.u. load increase

in the MG without the proposed control method is far below the lower limit 0.95 p.u.

(47.5 Hz). Without LSP and BB controller, the load step increase cannot be carried out

in the MG with the parameters given in Table 6.9. A simulation of this event shows

the same result. Therefore, LSP and BB controller should be applied additionally to

improve MG’s frequency stability. Following optimization criteria 1 and 3 as mentioned

in section 5.4.3, the optimal preset and total time are 140 ms and 300 ms, respectively.

To investigate the impact of delay, dynamic simulation results of the exemplary MG,
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in case of instant PV reaction on frequency changes, reaction with 100 ms delay or no

reaction at all, are presented in Figure 6.26.

As can be seen, the system’s dynamic behavior of the islanded MG under three different

settings of time delay does not show significant differences. Because of preset time being

140 ms, the preemptively increased active power of the CG causes frequency to exceed

50.2 Hz. If PV reacts immediately on frequency changes, PV decreases the active power

by approximately 8% of its rated power at most. For the case of PV not reacting on

frequency deviations, there is no active power reduction of PV in the MG. If there is

a 100 ms delay in updating frequency measurement, the power reduction of PV is also

delayed for 100 ms and the highest decrease is 3% of the rated power. Since the active

power of PV is decreased most in the MG without measurement and communication

delay, its frequency at the end of the preset time interval is lowest. At t = 0, the load

step is carried out. The rate of change of frequency (ROCOF) stays negative until power

generation equals load demand. This means that frequency continues dropping till the

end of the total time interval, if total time is optimized, and therefore, runs out when

power balance is reached. For the MG without delay, PV reduces its active power as a

reaction on frequency exceeding 50.2 Hz, and thereby, limits the frequency peak at the

end of the preset time interval (blue solid curve). The peak value of frequency is, thus,

lower in comparison to the other two cases with time delay as can be seen in Figure 6.26.

The effect of instant active power reduction of the PV generation is responsible for the

slightly smaller MG frequency after the load step is carried out. Therefore, when the

BB control signal ends, the MG’s frequency is nearly at the value defined by the settings

of the CG’s droop control. If there is a time delay in updating frequency measurement

to the PV, frequency at the end of the total time interval is higher than it should be

corresponding to the amount of active power generation of the CG following its droop

settings. Hence, after activation of BB control, there are further frequency deviations

caused by droop control as shown by yellow dashed and red dotted lines. The longer the

measurement and communication delay are, the bigger the frequency deviations after the

total time interval are. However, this does not lead to a frequency instability in the MG

under the given parameters, because the frequency deviations are small in comparison

to those caused by the load step.

According to the simulation results of the test cases, the improvement of the dynamic

behavior of the MG with time delay on frequency measurement and communication by

implementation of the proposed control method is similar to that of the MG without

delay. The optimal settings of preset and total time determined by criteria 1 and 3 if

PV reacts instantly are also valid for the cases if frequency measurements are updated

to PV with time delays. As discussed in section 5.4.2, system frequency at the end of

the preset time interval is approximated without considering frequency-dependent active
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Figure 6.26: Dynamic simulation results of the test islanded microgrid
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power reduction of PV, as shown by the yellow dashed line in Figure 6.26. Therefore,

regardless of share of PV in the islanded MG with measurement and communication

delay, preset time of the proposed control method should be set to be strictly smaller

than or equal to the values that are determined by frequency limits presented in Figure

5.12. Figure 6.27 shows the optimal settings of preset and total time determined by the

three criteria described in section 5.4.3 under different time delays.

As for the test cases, there is only a ± 10 ms difference for both preset and total time

between the MG with no delay and a large time delay. There is nearly no influence of

frequency measurement delay on the optimal settings of time parameters for LSP and

BB controller. Therefore, the optimal preset and total time applied in the MG without

measurement and communication delay are the optimum for the MG if there is small time

delay as well. However, if share of PV or load step is large enough, a preset time being

bigger than its allowable value, e.g. 191 ms for load increase or 154 ms for load decrease as

described in section 5.4.2, can be required. In such a case, disconnection of PV generation

or load shedding will be triggered. Those dynamically allowable load steps needing a

preset time above the limits in the MG without measurement and communication delay

may not be able to be realized in that with delay.

The impact of time delay on the optimal settings of preset and total time is presented

more in detail by Figure A11 in Appendix.

6.4.3 PV Reconnection Issues

This reconnection issue caused by the PV generation has been discussed and solution

is given in [22]. As stated above, by implementing LSP and the BB controller, the

maximum sudden load increase which can be handled by the system can be improved

to some extent. However, they cannot improve the response to a load decrease because

of an issue of repeated PV reconnection which is presented in Figure 6.28.

As it can be seen, LSP and the BB controller can reduce the transient peak frequency by

decreasing the CG active power before the load release. The PV generator still cannot

find a steady point along the P-f curve according to the VDE-AR-N 4105 even though

the CG would cut its power output and go to idle mode. This is because the islanded MG

has a high share of PV, low controllable capacity of the CG and low load demand. The

PV generator disconnects from the rest of the grid once frequency exceeds 51.5 Hz. When

the system frequency has returned to the range between 47.5 Hz and 50.05 Hz for more

than 60 s, PV starts to reconnect to the grid. However, before its infeed power reaches

the lowest active power steady point of the P-f curve, the PV generator disconnects again

because of over-frequency. It tries to connect to the grid repeatedly after disconnections,

when the system frequency is back to the reconnection range. Hence the frequency is
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Figure 6.28: Dynamic simulation results of islanded MG without adapted
reconnection schemes

not stabilized. The dynamic negative load step limit is closely related to the system

steady state load change limit. Other control methods are required in case of a large

load loss in MGs.

Scenario 1 : After the PV generator disconnects from the rest of the MG because of over-

frequency, it will reconnect to the grid when the reconnection conditions are fulfilled.

If the reconnection is not successful, it will be repeated after 60 s. The reconnection of

the PV generator will be stopped after twice trying to reconnect and failing to reach a

steady state. The PV generator can then only reconnect again when there is sufficient

load in the MG again.

Scenario 2 : The MGCC checks the available CG capacity and load demand regularly.

If the controllable CG capacity or load is smaller than the lowest active power steady
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point on the P-f curve from VDE-AR-N 4105, which is 48% of the PV actual possible

active power, PV should not reconnect after a disconnection. Otherwise, PV is allowed

reconnect to the MG.

Scenario 3 : Instead of the characteristic curve which is provided by the VDE-AR-N

4105 standard, a new PV characteristic curve between 50.2 Hz and 51.5 Hz is proposed

to be a linear function for islanded MG operation. The modified characteristic curve is

presented in Figure 6.29.

f/Hz0%
47.5 50.2 51.5

100%

48%

PPVact

PV characteristic curve in VDE-AR-N 4105

Proposed PV characteristic curve

Figure 6.29: Proposed PV characteristic curve in islanded MG operation

Scenario 4 : The MGCC gathers information of the available CG capacity and load

demand, and gives a command to the PV generator to only feed in a certain percentage

of the available PV active power to the grid. This percentage is the ratio of load to the

lowest active power steady point of the P-f curve. The amount of power supplied by the

PV generator should cover the load demand and ensure the grid stability.

To improve the system stability, four additional control scenarios for the reconnection

process are implemented in the islanded MG with LSP and the BB controller. The

simulation results are shown in Figure 6.30.

As shown in the graph, all 4 different control scenarios can prevent the frequency os-

cillation from the repeated PV reconnection shown in Figure 6.28. The possible steady

state operating points of the MG can be extended by applying these control scenarios,

so that the maximum negative load step that the system can support can be increased

from the previous limit 0.38 p.u. to 0.5 p.u. Both scenario 1 and 2 block the PV gen-

erator to reconnect to the grid, scenario 1 after two unsuccessful events, and scenario

2 right away. Hence, the CG supplies the load alone after PV disconnection. Scenario
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Figure 6.30: Frequency response under four different reconnection control
scenarios

3 changes the sharp switching off action of the PV generator at 51.5 Hz to a smooth

linear curve. It offers the possibility to the PV generator to always find a steady point

for its active power infeed along the modified P-f characteristic curve. Therefore, the

PV generator provides power to the load when the load decreases. Scenario 4 requires

a certain percentage of PV power to feed into the MG depending on the available CG

capacity or load demand. This solves the PV repeated reconnection problem, however,

the MG frequency is always close to the upper limit when the load demand is lower than

the lowest active power steady point on the PV P-f curve.

A comparison of the islanded MG with different control scenarios is presented in table

6.10. According to the table, all four scenarios can increase the possible system steady

state operating points, and hence extend the negative load step limit. Scenario 3 and 4

ensure that the PV generator is supplying power after the load decrease, which makes

maximum use of renewable energy sources, while scenario 1 and 2 utilize the CG power.

Scenario 1 and 3 do not require additional communication, while in scenario 2 and 4,

the MGCC collects data regularly from metering devices and sends out control signals

to local units. Thus, communication is needed for scenario 2 and 4.



Chapter 6. Simulation Evaluation 141

Table 6.10: Comparison of the islanded MG with different control
scenarios

Islanded
MG with
50% share

of PV

Dynamic
negative
load step

limit

Power source in
stable condition

after load
decrease

Communication
requirements

Original
system

(W&WO BB
controller)

−0.38 p.u. PV
Communication for the
coordination of MGCC

Scenario 1 −0.5 p.u. CG
No additional

communication needed

Scenario 2 −0.5 p.u. CG

Communication for
MGCC to collect data
from metering devices
and send control signal

Scenario 3 −0.5 p.u. PV
No additional

communication needed

Scenario 4 −0.5 p.u. PV

Communication for
MGCC to collect data
from metering devices
and send control signal





Chapter 7

Conclusion and Outlook

7.1 Conclusion

This thesis introduces a novel control method - load step pre-announcement (LSP) and

bang-bang (BB) controller - to improve frequency dynamic behavior in islanded mi-

crogrids (MGs). The proposed control method can be applied in either centralized or

decentralized control architectures depending on the MG’s control system structure. As

an example, an islanded MG, consisting of a conventional generator (CG), a photovoltaic

(PV) generator and a lumped load, is simulated in the Matlab Simulink environment.

The CG is regulated by frequency control, including primary and secondary control.

The PV generator is operated following a typical P-f characteristic curve as given in

the VDE-AR-N 4105 standard. LSP and BB controller are implemented in coordina-

tion with frequency control to regulate the CG in the islanded MG. As the main focus,

both steady state and dynamic operating limits of the MG under initial conditions of

nominal frequency are analyzed. In this section, the important findings of this work are

summarized. The main research questions raised in chapter 1 are answered

• Research question: Can the proposed control method benefit frequency stability

of islanded MGs? How?

In this thesis, the steady state limit of the MG represents the maximum possible positive

and negative load change that can be realized from the initial load. It is influenced by

the properties of the MG, such as the initial state of the MG system, the CG operating

points and the PV P-f characteristic curve. Unlike the steady state limit that neglects

dynamic frequency disturbances caused by the power mismatch, the dynamic operating

limit of the MG represents the maximum allowable positive and negative load step that

143
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can be dealt with by the islanded MG taking dynamic frequency deviations into account.

Beyond the dynamic operating limit, frequency instability problems can be caused by

the inability of the MG to reach a theoretically stable operating point due to system dy-

namic limitations. The MG’s dynamic operating limit is restricted to a baseline defined

by the steady state limit.

According to the dynamic simulation results, LSP and BB controller can improve fre-

quency stability of the islanded MG significantly. Preset and total time are the two

parameters that define the operation of LSP and BB controller. Different settings of

them influence the control effect of the proposed method. Optimal preset and total time

result in MG’s frequency being least volatile in case of a load change.

In the study case, larger positive load steps can be realized if the proposed control

method even with fixed preset and total time is implemented. The improvement of

the maximum positive load step depends on the share of PV. Generally, smaller load

changes are allowed in systems with a higher share of PV because of less dispatchable

generation. This is because only the CG can react to compensate the power imbalance

in case of a load increase, whereas both the CG and PV reduce their power when load

drops. Thus, the maximum allowable negative load step is greater than the maximum

allowable positive load step. Under the assumption that the PV generator reacts to

frequency deviations instantly, implementing LSP and BB controller does not have any

impact on a large negative load step. The maximum allowable negative load step is

mainly governed by the capacity of the CG and the share of PV.

• Research question: How can the time parameters be optimized to obtain the best

performance of the proposed scheme? Which parameters have an influence on the

choice of preset and total time of LSP and BB controller?

Preset and total time are optimized in this work following three criteria, which determine

the smallest frequency deviation band, frequency deviation area index and sum index

that combines both. For criterion 1, the frequency deviation band is the difference

between maximum and minimum frequency that occurs during the dynamic frequency

response. This criterion indicates the limit width of the frequency deviation. If it

exceeds a certain value, e.g. 2.5 Hz in this thesis, the setting of preset and total time is

not allowed. Regarding criterion 2, the integral of the square of the frequency difference

between final frequency at quasi-steady state after primary control and actual frequency

in the time interval from when the load change happens until the end of primary control

is calculated. Therefore, frequency deviation has a second-order influence and regulating

time a first-order influence on the frequency deviation area index carea. In criterion 3,

a sum index, which combines criteria 1 and 2, is calculated. This criterion is highly

sensitive to frequency deviation and slightly sensitive to the regulating time, however,



Chapter 7. Conclusion and Outlook 145

regarding regulating time not as much as criterion 2. Criterion 3 is applied as the

indicator to find the optimal preset and total time. Meanwhile, criterion 1 minimizes and

limits the absolute frequency deviation and criterion 2 minimizes frequency deviation

area. Any setting of time parameters leading to a worse system dynamic frequency

behavior in comparison to that of the MG without implementation of LSP and BB

controller is not permitted in the proposed scheme.

The choices of preset and total time are influenced by four parameters, namely size of

load step, full rate of CG’s active power change, share of PV, and CG starting time

constant. Optimal total time is found to be as long as the adapting time of the CG to

change its active power output to match the expected load change. Unlike total time, it is

rather unfeasible to get a reliable mathematical prediction for the optimization of preset

time. It nearly has a linear relation to the expected change of CG loading. According to

the optimization results, in order to have an optimal MG’s dynamic behavior in case of

a load change, optimal preset time should be set to be shorter than optimal total time in

general. Otherwise, the CG stops adjusting its active power before the load step takes

place.

• Research question: How is the performance of LSP and BB controller if the time

parameters are not at their optimal values? What if preset and total time are at

their optimal values?

Frequency deviation obviously becomes worse when preset or total time is changed into

either direction from its optimal value. However, according to the sensitivity analysis of

the test case described in section 6.3.4, implementing LSP and BB controller still has

a positive effect on the MG’s frequency dynamic behavior if preset time varies between

0 ms and 180 ms while total time is set to its optimum. Regarding the total time, any

values between 0 ms and 360 ms enhances frequency stability while preset time is at its

optimal value. Therefore, even if preset or total time is not at the optimal value, the

proposed control method shows a high tolerance to still benefit the dynamic behavior of

the MG for the test case.

Steady state and dynamic operating limit of sample MGs with 25% and 50% share of

PV are compared. The steady state limit of the MG with lower share of PV is larger

than that with higher share of PV, because more PV generation being integrated into

the MG with a fixed total size decreases the dispatchable active power. By applying

LSP and BB controller with optimal preset and total time, MG’s dynamic operating

limit can be maximized. However, optimal time parameters do not increase maximum

allowable negative load step, as dynamic operating limit is already as large as the steady

state limit in the test case.



146 Chapter 7. Conclusion and Outlook

• Research question: Would the control effect of LSP and BB controller be worsened

if MGs are not operated under ideal conditions, e.g. system has measurement and

communication delay?

Since choices of preset and total time define the control effect of the proposed method,

it is necessary to investigate what influence time delay of frequency measurement and

communication has. A sensitivity analysis of time delay in updating frequency to the PV

generator is carried out. According to the results of the study case, there is only a small

influence of frequency measurement and communication delay changing the optimal

settings of the time parameters for LSP and BB controller only slightly. If share of PV

or load step is large enough, a preset time being bigger than its allowable value as given

in section 5.4.2 can be required. In such a case, disconnection of PV generation or load

shedding will be triggered in the MG with frequency measurement and communication

time delay. Those dynamically allowable load steps needing a preset time above the

defined limit may not be able to be realized in the MG with delay.

• Research question: How can the dynamic negative load step limit be increased?

To improve the maximum allowable negative load step, four control scenarios for PV re-

connection in islanded MGs are presented and compared. According to the comparison

of the results as shown in Table 6.10, all four control scenarios are able to extend the pos-

sible steady state operating points to be handled by the system, and therefore, increase

the negative load step limit. Scenario 3 can be implemented by simply modifying the

P-f characteristic curve, hence no additional communication is required. Furthermore,

in this scenario, the load demand is supplied by the PV generator after a large load loss

instead of the CG.

In conclusion, frequency changes fast when there is a mismatch between power genera-

tion and demand in islanded MGs because of their commonly low inertia. LSP and BB

controller can support frequency control and improve system dynamic behavior in case

of load change in the MG. For a possible implementation, load changes are classified into

three categories, namely normal, large and critical load steps. Frequency disturbances

caused by normal load steps can be handled by frequency control directly, thus, the

proposed control method is not required. Critical load steps refer to the load changes

which exceed the system steady state operating limits. Therefore, no matter which kind

of control scheme is applied, the load step cannot be realized to reach a stable state.

Large load steps can cause severe frequency disturbances, meaning the frequency nadir

being below or above critical limits, e.g. below 49 Hz or above 51.5 Hz in this thesis, in

the MG. In these cases, the system frequency would not be stable without emergency

control, like activating load shedding or cutting off the PV generation. By implementing
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the proposed control method to limit peak frequency, large load steps can be conducted

though. LSP and BB controller are considered to improve system dynamic behavior in

case of large load steps occurring in the islanded MG. They are simple to be designed,

implemented and operated. It is the best solution to combine LSP and BB controller

and scenario 3 to improve frequency stability and avoid repeated PV reconnection in

islanded MGs. With the combination of the proposed control method and scenario 3,

bigger load steps, both positive and negative, can be realized without causing frequency

instability issues.

7.2 Outlook

As discussed in chapter 6, optimizing preset and total time can maximize the control

effect of LSP and BB controller. There is only a reasonable mathematical prediction

for optimal total time but none for optimal preset time. Therefore, optimal total time

can be directly calculated and applied in any MG setup. In the current situation,

optimal settings of preset time have to be obtained via simulations for every particular

case. Hence further investigation on an approximation for optimal preset time is highly

beneficial to the application of this proposed control method.

In this thesis, load change are simulated by step signals. Investigating the impact of

the proposed method on other kinds of load changes, e.g. ramp signals, may also be of

interest. In case of a load ramp signal, a comparison between full rate of CG’s active

power change and slope of load ramp signal may show an optimal switch-on and -off rate

of load signals as well as different optimization of preset and total time for the proposed

control method.

Maximum allowable positive load step limits are the main concern in this thesis. Because

of the setup of the study cases, maximum allowable negative load step limits are the same

as steady state limits. In case of different negative steady state and dynamic operating

limits, the influence of settings of time parameters on the control effect of LSP and BB

controller under load decrease may still be investigated. A comparison between optimal

settings of time parameters for the same positive and negative load steps in the MG may

help defining optimal preset time.

All study cases in this thesis are investigated assuming the initial frequency being at

its nominal value. However, realistically this often is not the case. An analysis of LSP

and BB controller implemented under initial conditions of non-nominal frequency is

necessary for a further application-related understanding of this control method.

In addition, since MGs can be operated both in grid-parallel and islanded mode, LSP

and BB controller should be further studied in both modes as well as during the transient
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period from one to another.

In this thesis, the analysis of the proposed control method is only based on simulation

results. A test of LSP and BB controller in a laboratory-based MG may give a deeper

insight to the implementation and real performance of this method.
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21Because of the system dynamics of the simulated MG, the nadir of the frequency deviation
gets critical to the system stability if a load step exceeds 0.5 p.u., even though the CG is less
than 50% loaded initially.
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List of Abbreviations

BB Bang-Bang

CG Conventional Generator

DER Distributed Energy Resources

DG Distributed Generation

EHV Extra High Voltage

FCR Frequency Containment Reserve

FRR Frequency Restoration Reserve

GHG Greenhouse Gases

HV High Voltage

IEC International Electrotechnical Commission

LC Local Controller

LFSM-O Limited Frequency Sensitive Mode at Over-frequency

LSP Load Step Pre-announcement

LV Low Voltage

MAS Multi Agents System

MG Microgrid

MGCC Microgrid Central Controller

MV Medium Voltage

NASA National Aeronautics and Space Administration

NC RfG Network Code on Requirements for Grid Connection of Generators

OFP Over-Frequency Protection

p.u. Per Unit

PCC Point of Common Coupling

PI Proportional-Integral

PV Photovoltaic
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ROCOF Rate of Change of Frequency

RR Replacement Reserve

SI The International System of Units

TSO Transmission System Operator

UFLS Under-Frequency Load Shedding

UFP Under-Frequency Protection
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∆ω Angular speed deviation

∆f Frequency deviation

∆fp.u. Frequency deviation between initial set point and the value at quasi-

steady-state in the islanded microgrid in per unit base

∆fPV Frequency difference between the actual frequency and 50.2 Hz

∆pCG Power change of the conventional generator in the islanded microgrid in

per unit base

∆pCG(t) The active power change of the conventional generator in per unit base

within the preset time

∆PD Active power change of diesel generator

∆pL Expected load change in the islanded microgrid in per unit base

∆pPV Power change of the photovotaic generator in the islanded microgrid in

per unit base

∆fPV 0p.u. Frequency difference between 50.2 Hz and the initial frequency in per

unit base

∆fPV p.u. Frequency difference between the frequency at quasi-steady-state and

50.2 Hz in per unit base

1

kp.u.
Droop setting on the base value of the maximum load demand Pn−L in

per unit base

1

k
Frequency droop control setting

dω

dt
The angular acceleration of the rotational body
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df

dt
The rate of change of frequency

dP

dt
The rate of the active power change of the conventional generator

dP

dt

∣∣∣
max

Limits of rate of change of power imposed by control valve rate limits

of the conventional generator

dp

dt

∣∣∣
max

Limits of rate of change of power imposed by control valve rate limits

of the conventional generator in per unit base

Ṗdown Maximum rate of power reduction imposed by control valve rate limits

Ṗup Maximum rate of power generation imposed by control valve rate limits

ω The angular speed of the rotor of the conventional generator

ωi Mechanical angular speed of ith generator

ωn The rated speed of a generator∑
PG The sum of power output from all generating units∑
PG(t) The sum of actual active power output from all generating units∑
PL The sum of load demand in the electrical network

τn The rated torque of a generator

τa The net accelerating or decelerating torque

τel Electrical torque

τmech Mechanical torque

C Arbitrary constant

carea−ref Reference point of frequency deviation area index when no LSP and BB

controller are used in microgrid

carea Frequency deviation area index

csum−ref Reference point of sum index when no LSP and BB controller are used

in microgrid

csum Sum index of frequency deviation band and frequency deviation area

Erot Rotational kinetic Energy
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f System frequency

f(t) The actual frequency of the microgrid

f0 Frequency set point

fn The nominal frequency

f0p.u.
The set point of frequency in per unit base

f act Actual system frequency in simulation model

f ref Nominal frequency in simulation model

fact Current system frequency

fband−ref Reference point of frequency deviation band when no LSP and BB con-

troller are used in microgrid

fband Frequency deviation between the maximum and minimum frequency

that appears in the MG dynamic frequency response after a load change

fbase Base value of frequency

fMax System frequency when there is no load in the grid

fmax The maximum frequency that appears in the MG dynamic frequency

response after a load change

fMin System frequency at full load

fmin The minimum frequency that appears in the MG dynamic frequency

response after a load change

fp.u. System frequency in per unit base

fp.u.(t) The actual system frequency of the microgrid in per unit base

fp.u.(t = tadp) Approximated frequency nadir at end of inertia response in per unit

base

fqssp.u. The final frequency at the quasi-steady state after primary control

fqss The final frequency at the quasi-steady state after primary control

fref The frequency set point

fset Set points of frequency of photovoltaic generator
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J Combined moment of inertia of generator and turbine

JGi Individual moment of inertia of ith generator

Ji Adapted individual moment of inertia ith generator

K1 Very high pressure turbine power fraction

K3 High pressure turbine power fraction

K5 Intermediate pressure turbine power fraction

K7 Low pressure turbine power fraction

Ki Controller integral gain

kPf The active power reduction rate depending on the frequency change

Kp Controller proportional gain

lCG The loading status of the conventional generator

nact The actual speed of rotation of the rotor of the synchronous generator

nref The reference speed of rotation of the rotor of the synchronous generator

P Active power

p Active power in per unit base

Pn The nominal or rated active power of a generator

P0i Dispatched power of ith generator defined at nominal frequency

p0 Dispatched power of the CG defined at nominal frequency

p actual Actual power output in simulation model

p ref Power set point in simulation model

pact Measured actual values of active power of synchronous generator

PCGmax The maximum power output of the conventional generator

pCGmax The maximum power output of the conventional generator in per unit

base

PCGmin The minimum power output of the conventional generator
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pCGmin The minimum power output of the conventional generator in per unit

base

PCGset The power set point of the conventional generator

pCGset Power set point of conventional generator in per unit base

PCG The active power output of the conventional generator

pCG The active power output of the conventional generator in per unit base

PCG(t) The actual active power output from conventional generator

pCG(t) The actual active power output from conventional generator in per unit

base

Pel The dissipated electrical power from generator

PGV Active power output of steam turbines after speed deviations

PiMax Maximum primary control power of ith generator

PiMin Minimum primary control power of ith generator

PL−in Possible initial load of the islanded microgrid

pL−in Possible initial load of islanded microgrid in per unit base

PLmax The upper possible steady state operating limit of the islanded microgrid

pLmax The upper possible steady state operating limit of the islanded microgrid

in per unit base

PLmin The lower possible steady state operating limit of the islanded microgrid

pLmin The lower possible steady state operating limit of the islanded microgrid

in per unit base

PLsmax The steady state positive load change limit

pLsmax The steady state positive load change limit in per unit base

PLsmin The steady state negative load change limit

pLsmin The steady state negative load change limit in per unit base

PL(t) The actual lumped load consumption in the microgrid

pL(t) The actual lumped load consumption in the microgrid in per unit base
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PMAX Maximum rate of change of power imposed by control valve rate limits

Pmech The supplied mechanical power from turbine
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[54] R. Antunes, V. A. González, and K. Walsh, “Identification of repetitive processes

at steady-and unsteady-state: Transfer function,”

[55] W. Gao, Z. Wu, J. Wang, and S. Gu, “A review of inertia and frequency control

technologies for variable speed wind turbines,” in 2013 25th Chinese Control and

Decision Conference (CCDC), pp. 2527–2533, IEEE, 2013.

[56] A. Saltelli, K. Chan, E. M. Scott, et al., Sensitivity analysis, vol. 1. Wiley New

York, 2000.

[57] “IEEE standard for synchrophasor measurements for power systems,” IEEE Std,

C37.118.1-2011.

[58] “Establishing a network code on requirements for grid connection of generators,”

COMMISSION REGULATION (EU) 2016/631, 2016.


	Dissertation
	Acknowledgement
	Abstract
	Kurzfassung
	1 Introduction
	1.1 Background
	1.2 Development of Installed Renewable Energy Resources
	1.3 Challenges of Microgrid Control
	1.4 Outline of Thesis
	1.5 List of Publications

	2 State of the Art
	2.1 Review of Control Strategies of Microgrids
	2.1.1 Centralized Control
	2.1.2 Decentralized Control
	2.1.3 Multi Agents System
	2.1.4 Comparison of MG Projects

	2.2 Swing Equation
	2.3 Frequency Control
	2.3.1 Primary Control
	2.3.2 Secondary Control
	2.3.3 Tertiary Control


	3 Control Method
	3.1 Proposed Control Method
	3.1.1 Load Step Pre-announcement
	3.1.2 Bang-Bang Control
	3.1.3 Time Extension in Bang-Bang Controller

	3.2 Control Architecture
	3.2.1 Centralized Control Architecture for LSP and BB control
	3.2.2 Centralized Control with Less Communication
	3.2.3 Communication Requirements


	4 Methodical Simulation
	4.1 Overview of the Simulation Model
	4.1.1 Per Unit System
	4.1.2 Total Size of Islanded Microgrid
	4.1.3 Starting Time Constant

	4.2 Conventional Generation
	4.2.1 Power and Frequency Regulation of Generators
	4.2.2 Steam Turbine Generator
	4.2.3 Diesel Generator
	4.2.4 Simulated Conventional Generator Model

	4.3 Photovoltaic Generation
	4.3.1 VDE 0126-1-1 Standard
	4.3.2 VDE-AR-N 4105 Standard
	4.3.3 Simulated Photovoltaic Generator Model

	4.4 Load
	4.4.1 Normal Load Step
	4.4.2 Large Load Step
	4.4.3 Critical Load Step


	5 Analytical Contemplation
	5.1 Definition of Parameters in Islanded MG
	5.2 Possible Operating Points of the Islanded MG
	5.2.1 Possible Initial Load Under PV Fully Available
	5.2.2 Possible Initial Load Under PV Partially Available

	5.3 Steady State Limit
	5.3.1 Possible Steady State Operating Range
	5.3.2 Steady State Positive Load Change Limit
	5.3.3 Steady State Negative Load Change Limit
	5.3.4 Steady State Load Change Limit

	5.4 Dynamic Operating Limit
	5.4.1 System Frequency Dynamic Behavior - Frequency Response
	5.4.2 Relation between System Frequency and Preset Time
	5.4.3 Optimization Criteria


	6 Simulation Evaluation
	6.1 Dynamic Simulations
	6.2 Dynamic Operating Limits with Fixed Time Parameters
	6.3 Optimization of Preset and Total time
	6.3.1 Simulation Results
	6.3.2 Sensitivity Analysis of Input Parameters
	6.3.3 Analysis of Optimal Time Parameters
	6.3.4 Influence of Time Parameters

	6.4 Discussion
	6.4.1 Effects of LSP and BB Controller on Dynamic Limits
	6.4.2 Impact of Time Delay
	6.4.3 PV Reconnection Issues


	7 Conclusion and Outlook
	7.1 Conclusion
	7.2 Outlook

	Appendix 
	List of Abbreviations
	List of Nomenclature
	List of Figures
	List of Tables
	Bibliography


