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Nykyaikainen sahkojarjestelma on jatkuvan muutoksen alla, silla muun muassa ilmastonmuutok-
sen tuomat haasteet ovat pakottaneet meidat luomaan uudenlaisia ratkaisuja, jotta nykyinen tek-
nologian kehitystaso voitaisiin yllapitaa ilman katastrofaalisia vaikutuksia maapallollemme. Sah-
kon tuotannossa tama muutos nakyy lisdantyvana uusiutuvien energiavarojen, kuten tuuli- ja au-
rinkovoiman, hyddyntamisend. Naiden teknologioiden lisdantyessa, vakaan sahkojarjestelman yl-
l8pitoon tarvittavat keinot muuttuvat ja uusia haasteita voidaan havaita.

Yksi ndista haasteista on transienttitilanteissa havaittu taajuusstabiilisuus, jonka luomat ongelmat
ovat yhd enemman osa sahkojarjestelmaa, kun uusiutuvat teknologiat korvaavat tavanomaisia
sahkdenergian tuotantomuotoja. Tama johtuu siita, ettd konventionaalisessa sahkén tuotannossa
hyédynnetaan isoja pyodrivia massoja, jotka tuovat inertiaa sahkojarjestelmaan, mika puolestaan
parantaa stabiilisuutta esimerkiksi jarjestelman tehomuutoksissa. Uusiutuvat teknologiat sen si-
jaan ovat tyypillisesti kytketty verkkoon tehoelektroniikkaa hyodyntaen, mika efektiivisesti erottaa
niiden tuoman inertian verkosta. Taman lisaksi, matalan inertian tuomat haasteet voidaan havaita
erityisesti niin sanotuissa mikroverkoissa, joissa jarjestelma muodostuu pienemmista tuotantore-
sursseista. Tyypillisesti ndma jarjestelmat kykenevat saarekekayttoéon, jolloin kantaverkon tuoma
inertia ja stabiilisuus haviavat. Taman kaltaisissa matalan inertian jarjestelmissa, taajuuden muu-
tokset jarjestelman tehon muuttuessa ovat entista isompia ja nopeampia, mika voi aiheuttaa mo-
nenlaisia ongelmia verkkoon kytketyille laitteille.

Matalan inertian tuomia haasteita voidaan pyrkia minimoimaan hyédyntadmalla tehoelektroniikkaa
seka energiavarastoja. Erilaisten saatdometodien avulla, nailla laitteilla voidaan luoda ikdan kuin
virtuaalista inertiaa, ja taten parantaa jarjestelman taajuusstabiilisuutta. Tassa tydssa tutkitaan
keskeytymattoman virtasyottdjarjestelman (engl. Uninterruptible Power Supply, UPS) hyddynta-
mista transientti taajuusstabiilisuuden parantamiseksi. Erityisesti tyd keskittyy erittdin matalan
inertian saarekekaytettavaan mikroverkkoon, jossa sahkon syo6ttd saadaan diesel-varavoima-
generaattorilta.

Tybssa kehitetdan saatdalgoritmi UPS-laitevalmistaja Eatonin 93PM 200 kW kolmivaiheiselle
UPS-laitteelle, minka tarkoituksena on saataa laitteen tulotehoa mitatun tulotaajuuden (ja taajuu-
den muutosnopeuden) mukaan. Kehitysty6 tehdaan aluksi simulaatioymparistéssa vertaillen eri
metodeja, minka jalkeen kaksi sdatdémetodia (linear droop and ROCOF-control) implementoidaan
oikeaan laitteeseen. Taajuussaatdoa testataan sahkdlaboratorioon rakennetussa saarekever-
kossa, jossa UPS-laitetta syottaa dieselgeneraattori. Taajuussdadoén suorituskykya arvioidaan
kytkemalla kuorma-askelia jarjestelmalle ja mittaamalla taajuuden muutosta kuorma-askeleen ai-
kana.

Taajuussaadon kehitys onnistui hyvin ja kuorma-askelien taajuuspoikkeamia saatiin kompensoi-
tua erittdin tehokkaasti. UPS-laite oli selvastikin riittdvan nopea vastaamaan rajuihin kuorma-as-
keliin, mink& ansiosta, esimerkiksi 160 kW kuorma-askeleessa, taajuuspoikkeamaa saatiin pa-
rannettua noin 8 Hz. Lisdksi UPS-laitteen taajuussaatd mahdollisti 200 kW kuorma-askeleen kyt-
kemisen kerralla, mihin generaattori ei pystynyt ilman laitteen apua. Sdatémetodeista lineaarinen
droop toimi riittdvan vakuuttavasti ja oli helpompi asetella toimimaan stabiilisti.

Avainsanat: UPS, taajuusstabiilisuus, inertia, virtuaalinen inertia, mikroverkko, generaattori,
taajuussaato, PLL, droop, taajuuden muutosnopeus, RoCoF
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The modern electrical power system is changing rapidly, as the global climate change forces us
to implement new solutions, so that the present technological advancement can be maintained
without catastrophic damage to the globe. In terms of power generation, this can be observed by
the increasing amount of renewable energy sources, like wind and solar power. As the penetration
of these technologies increases, the control of a power system changes, and new challenges are
introduced.

One of these challenges is transient frequency stability, which is more evident as more and more
renewables replace the conventional generation methods. This is because conventional genera-
tion utilizes large rotating masses that introduce inertia to the system, which in turn improves the
stability. Renewable technologies on the other hand are grid-connected via power electronics and
thus the inertia is decoupled from the system. Additionally, low inertia is also present in the so-
called microgrid applications, where the system consists of small resources. Typically, these sys-
tems can operate in islanded mode, meaning that the stability and inertia of the utility grid is
disconnected. In these systems, frequency deviations due to power imbalances are much faster
and more severe, which may cause damage to grid-connected devices.

Power electronics and energy storage solutions can be utilized to mitigate the challenges that low
inertia introduces. With proper control methods, these devices can be used to provide “virtual
inertia” to the system, which enhances the stability. This thesis focuses on utilizing Uninterruptible
Power Supplies (UPSs) to improve transient frequency stability, specifically in an extremely low-
inertia islanded system, in which the generation is provided by a single diesel generating set.

A control algorithm for UPS manufacturer Eaton’s 93PM 200 kW three-phase UPS is developed
that aims to control the device’s power based on the present input frequency (and rate of change
of frequency). The development is first done in a simulation environment by comparing different
control methods, after which two of the methods (linear droop and ROCOF-control) are imple-
mented into a real device. The control is tested in a small-scale islanded system, where the UPS
is fed by a diesel generating set. The performance is evaluated by analyzing the frequency devi-
ations during load steps.

The simulation and the laboratory testing results showed that the developed control methods were
successful, and the studied UPS device was able to compensate the applied load steps effec-
tively. For example, the frequency nadir improved by approximately 8 Hz during a 160 kW load
step with the linear droop and ROCOF-control methods. Additionally, the control methods enabled
the system to survive a 200 kW load step without the generator tripping to underspeed. Both
control methods showed promising results, but all in all the linear droop method was superior due
to a more straightforward parametrization process.

Keywords: Uninterruptible power supply, UPS, frequency regulation, power system stability,
microgrid, inertia, virtual inertia, generator, PLL, droop, RoCoF
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1. INTRODUCTION

The modern society is currently undergoing a critical period in terms of development of
new technologies, especially in the energy sector. The evident implications of global cli-
mate change have transformed our way of thinking about energy production to a more
sustainable way. The use of fossil fuel-based energy production has been decreasing
and as a consequence of this development, the amount of renewable energy production
is increasing [1]. Higher penetration of these technologies e.g., solar and wind power,
will transform our power system in many ways. It will present new kinds of challenges as
more and more of the conventional power generation units, large synchronous genera-

tors (SG), will be replaced by smaller, power electronics based distributed units. [2] [3]

The conventional synchronous generators are based on large rotating masses of which
the kinetic (rotational) energy is converted into electrical energy. The combined amount
of rotating mass in these generators can be observed as a total rotational inertia in the
power system. Power system inertia can be defined as the opposing force that resists
the impact of power imbalances on frequency changes. It is proportional to the stability
of the system and the rate of change of frequency (ROCOF) in the event of transient

changes, such as external disturbances, changes in load, etc. [2] [4] [5]

As the conventional synchronous generators are replaced by generators interfaced with
power electronics, a decrease in power system inertia can be observed, as these tech-
nologies have limited (or no) inertia-factors [2]. In a low-inertia power system, a faulted
generator or a sudden increase in the load could lead to an increased frequency devia-
tion which may damage grid-connected equipment and even end in a complete collapse
of the system. This kind of collapse situation is not a real concern in utility-scale grids
since they still mainly consist of large generation units interconnected within vast areas

and are dimensioned such that a loss of a single unit shall not lead to a collapse.

However, significant issues introduced by low inertia could be a problem in so-called
microgrid applications [3]. A microgrid can be defined as a grid-connected entity that
consists of an aggregation of small energy resources, energy storages and loads. A mi-
crogrid provides flexibility and controllability to the main grid via for example demand

response services. Additionally, microgrids are typically designed to work autonomously



in islanded mode, which severely changes the nature of the power system. [6 — 8] When
the microgrid transfers to islanded mode, the system is no longer benefitting from the
stability of the main grid. The system inertia is now majorly decreased and mismatches
between generation and consumption of electrical energy in the microgrid can be ob-
served more evidently. Therefore, there is an apparent need for precise and fast control

of the system to compensate for the lack of inertia.

One solution to maintain the power system stability and to contain the frequency is to
introduce virtual inertia via power electronic devices and energy storages. Virtual inertia
is a control method that transforms for example grid-connected energy storages into de-
vices that emulate the inertia in synchronous generators by providing a similar response
to power imbalances. This essentially can be seen as an increase in the power system

inertia and thus the severity of frequency deviations can be mitigated. [3] [9]

As far as electrical storages and controllable power electronics are concerned, the unin-
terruptible power supply (UPS) has a lot of potential in this regard. Currently, Eaton En-
ergyAware UPS systems in data centers have shown to be capable of participating in
primary frequency regulation using the energy from the batteries to add dynamical flexi-
bility to the loading of the grid. [10 — 12] Additionally, Hansson conducted an initial study
on the possibility of using UPS devices to provide virtual inertia and concluded that UPSs

are well-suited for this kind of application [13].

The next step is to research the possibilities of these UPS systems to provide frequency
support in islanded or isolated microgrids that could for example be a part of a data
center facility. Figure 1-1 shows an example of this kind of microgrid with an UPS pro-
tected data center, renewable energy sources, battery storages and different types of
loads. As the system is cut-off from the utility grid, the inertia derives mainly from the gas
generating set (genset) and thus, the data center UPSs are used to provide frequency

regulation to the microgrid, as well as their primary objective of protecting the data center.
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Figure 1-1: Example of an islanded microgrid with renewable energy sources, bat-
tery energy storage, back-up generator, different types of load and a data center
equipped with UPSs providing frequency regulation to the grid.

1.1 Objective of the thesis

This thesis aims to study and develop a control method for UPSs that enables the de-
vices to react to input voltage frequency deviations in the context of low inertia islanded
or isolated microgrids. As the current Eaton EnergyAware UPS is intended for utility-
scale grid frequency regulation, the control platform is relatively slow in the context of
island/isolated systems. Thus, a faster control method is required. The goal is to achieve
a fast enough response, that a power system with only a single diesel genset can be
supported in large load steps and the frequency deviations are mitigated. The control
method or algorithm is developed with the existing UPS control structure in mind and
thus, it simply aims to calculate power commands for the UPS rectifier and charger based
on the measured input frequency. The research question then is: is the studied UPS
device (Eaton 93PM 200 kW) capable of providing fast enough power responses to mit-
igate the frequency deviations in the input? Different methods to calculate these power
commands are considered and compared. As the control methods require fast tracking
of the input frequency, the frequency measurement functionality of the UPS is improved

as well.



The development of these controls is done in a simulation environment (MATLAB Sim-
ulink), where the performances are benchmarked by simulating load steps and evaluat-
ing the frequency deviations. In addition to the simulation work, the control system is
verified by testing the operation in a small-scale islanded system constructed into a test
laboratory. The developed control system is implemented for an Eaton 200 kW 93PM
UPS device. A 250 kVA AGCO Power AG250 diesel generating set is utilized as the
supply that feeds the UPS device and the resistive load banks in parallel. The perfor-
mance is evaluated by applying similar load steps as in the simulations to the input-side
of the UPS and measuring the voltages and currents which are later analyzed to gather
frequency and power data. The control parameters are optimized in the process and

different control modes and configurations are compared.

1.2 Structure of the thesis

First, in Chapter 2, a basic overview of double-conversion UPS devices and the relevant
technologies and methods are given. This includes the UPS topology, the rectifier circuit,
basics of the controls, grid-synchronization via phase-locked loop and some electrical
energy storage considerations. The inverter or the output of the UPS device is not con-

sidered in this chapter, since it is not within the scope of this thesis.

Next, the theoretical background proceeds from power electronics to power system en-
gineering and in Chapter 3, electrical grid stability is discussed. The chapter focuses on
frequency stability and control in power systems and introduces essential matters such
as power system inertia and frequency regulation. Virtual inertia methods and Eaton En-

ergyAware/UPS-as-a-Reserve (UPSaaR) features are also briefly discussed.

Chapter 4 focuses on developing the actual control system for the frequency regulation.
This is done by extensive simulation work in MATLAB Simulink environment where a
model of a diesel genset feeding a microgrid that consists of a resistive load bank and a
UPS device is utilized. The performance of different regulation configurations is evalu-

ated, and this is used as a guide for the implementation part of this thesis in Chapter 5.

In Chapter 5, a case study is conducted to verify the operation and performance of the
developed control. A small-scale islanded power system with a diesel genset as the grid-
forming unit is constructed, and measurements from load step tests are discussed and

compared.

Lastly, in Chapter 6, the results and the entirety of the thesis is summarized, and some

future research topics are discussed.



2. UNINTERRUPTIBLE POWER SUPPLY

There is an ever-rising need for continuous supply of electrical power, as the amount of
electricity dependent technologies keeps increasing. Even though there are many invest-
ments made for improving the reliability of electricity transmission and distribution [14],
there is still a need for technologies that keep the supply uninterrupted. These technolo-
gies are especially important for sensitive or critical loads such as data centers, medical
facilities, and cell towers. Even a short voltage dip can cause significant losses to a man-

ufacturing facility and damage the equipment. [15]

To maintain the reliability and the quality of the electricity supply, UPS systems are used.
A stable voltage can be provided to the critical load, even in the case of an interruption
of the utility grid. UPS systems need to respond quickly to the transient changes in the
power system voltage, and supply power until the utility grid is restored to normal oper-

ation or until the back-up generators have started.

In this chapter, the double-conversion UPS is briefly introduced and some basic insight
into the active rectifier technology used in the UPSs is provided. As for the controls of
the rectifier, the grid synchronization via a phase-locked loop is discussed as this plays
an integral part of the frequency regulation algorithm studied later in the thesis. Other
components of the UPS, like the inverter are not included in the theoretical background
as the focus of this thesis is on the input-side. Lastly, a brief introduction to different
storage technologies used in UPS systems is given, so that the capabilities and limita-

tions of UPSs in frequency regulation can be understood.



2.1 Double-conversion UPS

UPSs can be classified into static or rotary systems. Static UPS systems, which are the
most frequently used, are purely based on power electronics (rectifiers and inverters)
instead of motors and generators as in rotary systems. There is also a combination of
the two, called a hybrid UPS system. [16] [17]

The basic functionality of a static UPS is that it rectifies the supplied alternating current
(AC) to direct current (DC). The DC is used to charge the battery and thereafter, the DC
is converted back to AC to the load through an inverter. When the supply is cut off by a
fault, the battery starts discharging its energy and supplying the load through the inverter.
[16] Static UPS systems can be divided into three different topology/configuration types:
online, offline, and line interactive UPS. Each of these have the same above-mentioned
functionality but differ slightly in the operation and performance. [17] [18] The topologies
are the very basic configurations of UPS systems and there is a multitude of different

variations based on these.

Online UPS, also as known as double-conversion UPS or inverter-preferred UPS, basic
topology is shown in Figure 2-1. A distinctive feature of the online UPS is that the elec-
trical power from the connected AC system is continuously supplied through the rectifier
to the DC bus, where a steady DC link voltage is maintained. This means that the rectifier
needs to be fully rated for the protected load and the charging of the battery. As can be
seen from the block diagram in Figure 2-1, the inverter is connected in series with the
protected load. With this configuration, a seamless transition from normal mode to bat-
tery supplied mode can be made. The battery is typically interfaced with a charger circuit
to control the charging current and add protection. A static bypass switch is also typically
included in these systems to introduce redundancy of the supply. The switch can be used
to bypass the whole converter configuration in the event of malfunction, overload, or

maintenance without interrupting the supply of the protected load. [17 — 21]

The two previously mentioned alternative static UPS topologies, offline and line interac-
tive UPS supply their output load without the back-to-back conversion and thus are not
capable of seamlessly transferring to battery mode. Most of the high-power UPS systems
and the UPSs studied in this thesis use the double-conversion topology, and thus no
further description of other topologies is discussed here. In [18], a comprehensive review
of different topology and circuit configurations of UPSs is presented. These topologies
include transformers, additional power electronics converters and different switch con-

figurations. A lot of customization can be made to the UPS systems depending on the
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Figure 2-1: Typical double-conversion or online UPS topology block diagram.

application and requirements. Selecting the right topology and type of UPS system is a
sophisticated problem which requires exact knowledge about the application and re-
quirements in order to make the trade-off between different specifications and features

optimized.

The system level topology in for example a data center UPS system depends on the
desired level of redundancy and protection. To ensure high uptime and reliability, the
UPS systems are over dimensioned in terms of normal operation. N, N+1, 2N and 2N+1
topologies shown in Figure 2-2 are the most common. The N topology has no redun-
dancy as the UPS capacity (3 x 1 MW) is exactly the rated load amount (3 MW). N+1
topology on the other hand provides an additional redundant UPS to the system, and
thus a single unit failure can be tolerated. Moreover, 2N topology provides even more
redundancy with a completely independent secondary power path that can supply the
rated load. Lastly, the 2N+1 topology adds a redundant UPS to both power paths. [10]
[15]
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Figure 2-2: Typical system-level UPS topologies to provide redundancy.




2.2 UPS active rectifier

A crucial component in the operation of a UPS device is the rectifier that is used to con-
vert the AC mains supply to DC voltage, and which in turn is used to charge the battery
by a charger. This is also the technology that enables the frequency regulation scheme
that is described in Chapter 4, and thus it is now briefly introduced. However, as the
focus of this thesis is not on the design and control of the rectifier and/or battery charger,
the matter is discussed more generally to describe the platform that the frequency control
is used on. Additionally, as the thesis only extends to dealing with the input-side of the

UPS, no further introduction to the inverter/output-side is given.

In state-of-the-art UPS systems, the rectifier is based on insulated gate bipolar transis-
tors (IGBTs) that act as voltage-controlled switches [22]. A rectifier which utilizes IGBTs
instead of for example diodes, can also be called an active front end (AFE) or an active
rectifier. The converter is connected to the supplying grid through a passive filter, usually
an inductor, or capacitor and inductor combination, to ensure lower harmonic disturb-
ances and noise caused by the inherent switching actions in the converter. Power quality
issues such as harmonics are a very crucial part of the UPS input-side design because
the AC to DC conversion affects the feeding grid, as the devices are grid-connected. [21]
[23] [24] Different standards and requirements set by e.g. the customer need to be com-
plied with. For example, the IEC 61000-3 standard specifies limits for total harmonic cur-
rent emissions and the IEC 62040-3 sets performance and test requirements for UPSs
specifically [25] [26]. This is mostly why, even though more expensive, active rectification
has replaced passive rectification with e.g., diode rectifiers in most of the applications.
By utilizing active rectification topologies, the input current waveform can be made close

to sinusoidal even in partial, unbalanced, or non-linear loading operation. [24]

As in most power electronic equipment, there exists multiple different topologies, config-
urations, and control methods for rectifiers. Depending on the DC link voltage level, the
energy storing component and the switch type, active rectifier topologies can be split to
voltage source rectifiers (VSR) and current source rectifiers (CSR) [24]. In the scope of
this thesis and in the context of the UPS systems studied in this work, the so-called three-
phase three-level neutral point clamped (NPC) converter topology is considered. Addi-
tionally, the rectifier can be classified as a VSR, due to the boosted DC link voltage,

bidirectional switching arrangement and DC link capacitor elements.

An NPC converter, shown in Figure 2-3, consists of four switching modules, split into

positive and negative rails, and two clamping diodes, per each phase. Each of the input
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phases on the AC side are connected to their own converter leg. The switching modules
in the legs consist of a transistor (e.g. IGBT for low voltage applications) and an anti-
parallel diode. In the DC link of the converter, two DC capacitors, C1 and C2, are con-
nected to the neutral point (0) of the system. The voltages of the capacitors, V., and V,,,
make up the net DC link voltage V,;. =V, + V. The purpose of the diodes is to clamp

the voltage in the switching modules so that the voltage across the module is the same
as in one of the capacitors, i.e. % = V., =V, in a balanced situation. The three-level

NPC is a multi-level converter, which have gained a lot of popularity for example due to
their low THD input current and reduced voltage stresses on the switching modules. The

three levels refer to the possible phase voltage levels, with respect to the neutral point

potential, generated by the switching actions of the converter: i% and 0. [21] [27] [28]

Due to the bidirectionality and controllability of the IGBT switch configuration, the active
rectifier can handle reverse power flow i.e., it can be used as an inverter. The IGBT itself
cannot conduct in the reverse direction, but the anti-parallel-connected freewheeling di-
ode is used for this purpose. [24] This way, when the load side of the system has excess
energy, it can be supplied back to the grid without letting the DC link voltage rise over
the rated limit of the DC link capacitors. As for the rectifiers used in UPS devices, the
bidirectionality of the system can be utilized to feed energy from the energy storage back
to the grid when needed. This feature is the main enabler of the technology that is being

studied in this thesis.
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Figure 2-3: A three-phase three-level neutral point clamped converter. [29]
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The control system for the rectifier usually consists of multiple control loops and may be
implemented in various ways, but the aim is to achieve regulated and stable DC link
voltage and minimize the input current THD. Generally, the DC link voltage control is a
feedback loop that ensures that the DC link voltage is kept at the reference value by
controlling the power drawn from the input. The reference value for the DC link voltage
needs to be set higher than the peak voltage in the clamping diodes to prevent passive
rectification through the diodes. In addition to controlling the DC link voltage amplitude,
the DC offset, or the neutral point potential, must also be controlled. The DC link voltage
control forms a reference for the inner loop that controls the rectifier current. Here, dif-
ferent control techniques such as vector control, instantaneous active and reactive power
control and power factor correction can be implemented. Regardless of the control tech-
nique, the switching of the transistors is then controlled by pulse width modulation
(PWM), which can also be implemented in various ways. [18] [23] [29] In the context of
UPS applications, the rectifier also needs to work in unison with the battery charger com-
ponent. Additionally, the control system generally includes protective functions, for ex-

ample a current limit for the rectifier to prevent overloading the components.

2.3 Grid synchronization and phase-locked-loop

When dealing with devices connected to the grid, it is essential that the state of the grid
is somehow monitored, and this can be challenging when the grid is dynamic in its na-
ture. The load and the generation capacity of the grid is constantly changing and non-
linearities are present. In three-phase systems, the voltages are not independent of each
other, rather they should be considered as a vector that consists of three voltage com-
ponents. In normal conditions, the voltage components have constant and equal fre-
quency, amplitude and relative phase shifting. However, this is not always the case since
disturbances in the grid produce unwanted changes in the voltage vector, which could
lead to damaged equipment or increased power losses. Therefore, these non-idealities
should be considered when designing the controller for a grid connected converter, since

they are especially sensitive to distorted voltages.

To gather information about the fundamental component of the feeding grid and achieve
synchronous operation, grid synchronization is used. Grid synchronization can be done
with an open- or a closed loop system, but zero crossing detection -based open loop
systems tend to be slow and very sensitive to frequency noise, voltage distortions and
imbalances [30] [31]. Closed loop grid synchronization is done with a phase-locked loop

(PLL) which is a feedback control system that yields much more precise results. The
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basic function of a conventional PLL is that the generated phase of the voltages is
matched with the grid input phase. [31] [32]

For proper and accurate grid synchronization, the system needs to reject high-order har-
monics and be capable of tracking the voltage even in transients. Most popularly, three-
phase grid synchronization is realized by utilizing the synchronous reference frame-
based phase-locked loop (SRF-PLL or dg-PLL). The SRF-PLL converts the three-phase
voltages a, b and c into two components, d and q, in rotating reference frame with the
so-called Park’s transformation. The transformation to SRF can be mathematically pre-

sented as:

[z;i] _ 2| cos () cos(8'— 2?”) cos (8" + 2?”) [EZ] 21)

3|=sin (8 —sin (@'~ —sin (8’ =) ||v,

where v, and v, are the voltage d and g components, respectively, and 6’ is the grid
voltage phase angle. The rotation of the reference frame is Pl-controlled (proportional-
integral) via a feedback loop such that the g-component is regulated to zero. The addi-
tional scaling factor of 2/3 is used in the reference frame transformation in Equation (2-
1) so that the actual amplitude of the input voltage vector remains the same in both
reference frames. This results in the d-component representing the amplitude of the volt-
age and the phase angle information is given by the output of the feedback loop, as seen
from the block diagram in Figure 2-4. [31] [32]

Tuning the SRF-PLL is a trade-off between speed and accuracy: with healthy input volt-
ages, a high bandwidth will yield a fast and accurate response, and even in the case of
voltages polluted by high-order harmonics, a reduction in the bandwidth and the use of
a filter will be enough to obtain good results. However, with unbalanced input voltages,
tuning of the PLL bandwidth is not an adequate measure to yield accurate results. This
is due to a mismatch between the positive sequence component' and the voltage d-
component which is the result of frequency oscillations in the grid [32] [1]. A more precise
grid synchronization method under unbalanced three-phase voltages is to use the de-
coupled double synchronous reference frame PLL (DDSRF-PLL). It utilizes two separate
reference frames for positive and negative synchronous speeds and a decoupling net-

work to cancel out oscillations. [31] In addition to this, there are several different PLL

1 Positive sequence component is a representation of the three-phase voltage from a symmet-
rical component transformation. The phase sequence is the same as in the original voltage signal.
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Figure 2-4: SRF-PLL block diagram. [31]

topologies with unique characteristics suited for different types of applications. Reviews

of different PLL topologies can be found from [32 — 38].

The conventional method for line frequency calculations from a digital PLL structure de-
rives from the phase information 6" which is the result of integrating the angular frequency
w' as shown in Figure 2-4. The frequency is then calculated based on the sampling fre-
quency of the digital controller and a counter which keeps track of the inner controller
loop during a line cycle. The accuracy of this type of frequency calculation is limited by
the sampling frequency of the digital controller since the incremental phase changes are
proportional to the sampling time. In [39], a direct frequency measurement based on the
angular frequency ' is proposed. The working principle in the proposed method is that
the angular frequency is summed up during a line cycle and after the line cycle ends, the
averaged frequency can be calculated by dividing the summed angular frequency with a
counter variable. The paper suggests that the proposed method is 80 times more accu-

rate in terms of frequency measurement error than the conventional method.

However, both described frequency measurement techniques sample the frequency
data every line cycle i.e., for 50 Hz system, the frequency is sampled every 20 ms. This
kind of performance is acceptable in a utility-scale grid as will be discussed later in Chap-
ter 3. In the implementation part of this thesis, the aim for the PLL is to achieve fast
dynamic response so that the rapidly changing frequency of the feeding grid can be used
as a control input for the frequency regulation algorithm. As will be demonstrated later in
the thesis, the line cycle —based frequency measurement sampling may not be fast
enough. Additionally, the frequency measurement cannot be too noisy, so that the con-
trol system remains robust, and stable steady-state operation is maintained. The use of
filtering techniques to suppress the impact of harmonics and noise causes even more
delays to the frequency measurement. These delays will limit the capability of the de-

signed frequency regulation control system and need to be considered [40].
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In the scope of this thesis, the presence of harmonics, unbalanced voltages and other
abnormalities are not fully considered in the performance of the PLL/frequency meas-
urement, thus a simple SRF-PLL can be utilized. The implementation of the frequency

measurement will be discussed more in detail in Chapter 4.

2.4 UPS storage technologies

When the AC mains supply falls out of the desired tolerance or gets interrupted, the UPS
starts feeding electrical energy to the protected load from the energy storage of the sys-
tem. The energy storage of the UPS can be for example a battery or a flywheel. In addi-
tion to this, supercapacitors are an alternative storage technology that has a lot of useful
qualities in UPS applications. The fundamental properties of electrical energy storages

from which a review of their capabilities can be done include, but are not limited to:
- Capacity (kWh) and energy density (Wh/kg),
- Charge/Discharge power (kW),
- Efficiency (%),
- Cyclability and ageing,
- Response time, i.e., the time it takes to start discharging the battery (s),
- Operational temperature range,
- C-rate, which is a measure of discharge speed,
- Depth-of-Discharge (DOD), and
- Cost

In this subsection, a basic overview of the two most common battery technologies, valve-
regulated lead-acid (VRLA) and Lithium-ion (Li-on), is conducted. The benefits of using

supercapacitors are also reviewed.
VRLA

In high power applications, lead-acid batteries are the most economical solution and they
have been under extensive research and development for over 100 years, making them
a reliable choice for UPS systems. However, lead-acid batteries suffer from a process
called sulfation, in which lead-sulfate crystals build up on the electrodes of the battery
and decrease the capacity. Lead-acid batteries should not be discharged too deeply
since this increases sulfation. [41] In addition, VRLA batteries benefit from strict thermal

control since the appropriate operational temperature is 20 — 25 °C. Higher temperatures
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will shorten the service life and lower temperatures will decrease the battery capacity.
The short cyclic life of the VRLA does not propose a problem in UPS applications, since
the amount of charge/discharge processes is relatively low, and most of the time the
batteries are fully charged. Lead-acid batteries are also heavier compared to other bat-

tery chemistries and the charging process is relatively slow. [42 — 44]
Li-ion

For improved cyclic characteristics and larger energy density, Li-ion batteries are a prom-
ising technology that have sparked a lot of interest in the recent years. Li-ion is still ini-
tially more expensive than lead-acid technologies, but the price has come down and is
predicted to continue decreasing. The initial cost of using a Li-ion battery can also be
justified due to their longer service lifetime and lower costs regarding the operation and
maintenance. Because of the high energy density of the Li-ion battery (~2.5 times higher
than VRLA), they are commonly used in portable applications for example mobile
phones. Li-ion batteries also have better discharge efficiency, and higher power charging
is tolerated. These properties, being able to keep the Li-ion battery partially charged and
the cyclability makes it a good candidate for demand response services. [42 — 44] A
comparative review between Li-ion and VRLA batteries is made in [42], where over 40

different technical specifications are compared.
Supercapacitors

As an alternative to electrochemical batteries, supercapacitors are a potential electrical
energy storage solution for UPS systems. A comparison between some characteristics
of a typical supercapacitor and a battery is shown in Table 2-1. As the properties in the
table indicate, supercapacitors have better peak power capabilities and power density.
Additionally, cyclic characteristics and response times are far superior. On the other
hand, supercapacitors have poor energy density (around 1 — 10 Wh/kg as opposed to
20 — 100 Wh/kg in chemical batteries) and thus a longer duration storage is not possible
[43]. For example, the supercapacitor strings that are utilized in Eaton UPS systems can

provide around 10 seconds of back-up time at 100 kW [45].

One possibility for UPS systems is to implement a hybrid storage system, where a su-
percapacitor is used for the initial power demand and a battery pack provides extended
supply during longer outages [18]. This kind of solution is used in the Eaton UPSG-ship-
ping container system, which consists of a generator and UPS system with supercapac-

itors as a storage [46]. As will be briefly discussed in Chapter 6, supercapacitors could
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also be suited for fast frequency regulation purposes in low-inertia grids, as only a short

burst of power is required.

Table 2-1: Typical characteristics of a supercapacitor and a battery. [43]

Energy density

Operating temp.

1-10 Whikg

-40-70°C

Supercapacitor Battery
Discharge time 1-30s 0.3-3h
Charge time 1-30s 1-5h
Cycle life >500 000 cycles 500 — 2000 cycles
Efficiency 90 -95 % 70-85%
Power density 1000 — 2000 W/kg 50 — 200 W/kg

20 — 100 Whkg

0-60°C
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3. ELECTRICAL GRID STABILITY

The main function of an electrical power system is to provide electrical energy for the
whole system reliably, and at the same time, keep the quality of the supplied power at
applicable limits. The power system needs to maintain constant frequency and voltage,
even in the event of sudden changes in loading or generation. The electrical grid is sub-
jected to continuously changing environment and when a transient disturbance occurs,
the reaction of the system is dependent on the type and magnitude of the disturbance
as well as the initial condition. [47] [48] The power system’s ability to recover from tran-
sient disturbances is defined as power system stability. It describes the system’s reaction
to a physical disturbance and how it can continue stable operation afterwards. For a
power system to be stable, all the generators and loads that are not directly subjected to
the fault need to continue operation without tripping and maintain supporting the grid.
Conversely, an unstable power system will not reach a state of equilibrium, and a major

fault could lead to a complete collapse of the system. [49]

Power system stability can be considered as a unified description of the system’s perfor-
mance. However, it is more practical to analyze stability in different categories and clas-
sifications since there is a lot of different influencing factors that may yield instability in
the system. The type of disturbance divides the classification of the system stability into
two: small-signal stability and transient stability. Small-signal stability addresses the sys-
tem’s reaction to small variations in e.g., loading and generation. Transient stability on
the other hand deals with larger disturbances that affect the system parameters in a
much larger scale. The transient stability of the system may differ heavily depending on
the origin of these disturbances (loss of generation or loading, faulted interconnections
etc.). This means that for a complete analysis of a power system’s transient stability, a
thorough investigation of different scenarios regarding disturbances and initial conditions
should be conducted. [48 — 50]

Another way of categorizing power system stability is by considering the variations in
different system parameters that indicate instability. This results in three different cate-
gories in which transient and small-signal stability can be analyzed: rotor-angle stability,
frequency stability and voltage stability. Rotor-angle stability focuses on interconnected
synchronous machines and how they can continue synchronous operation following a

disturbance in the system. Voltage and frequency stability describe the system’s ability
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to maintain steady voltages and frequency, respectively, throughout the whole system

after being subjected to a disturbance. [48 — 50]

In the scope of this thesis, the focus is on transient frequency stability and how a power
system reacts to sudden imbalances between generation and load. The response to im-
balances is directly related to the inertia of the power system and thus, the basic con-
cepts regarding inertia and synchronous generators are discussed in this chapter. Power
system frequency regulation and frequency standards are introduced, and the concept
of virtual inertia and current state of energy storage utilization in power system frequency
regulation is also presented. Even though the simulation and implementation part of this
thesis is about extremely low-inertia islanded/isolated microgrids, the following back-
ground theory includes discussion about utility-scale power systems so that some refer-

ence can be established.

3.1 Power system inertia and synchronous generators

As stated in the introduction of this chapter, power system frequency is one of the pa-
rameters that should be maintained at a specified value or at least within a desired range.
In electrical power systems there are three different factors that attribute to the deviation
of frequency: power imbalance, inertia, and reserves. Power system inertia can be de-
fined as the opposing force that resists the impact of power imbalance on frequency
changes. This opposing force is caused by the kinetic energy stored in the rotating

masses in the generators connected to the power system. [4] [5]

In current electrical grids, the main source of electrical energy is provided by synchro-
nous generators. As the name suggests, these machines require to be in synchronous
operation, meaning that the average electrical speed of the generators needs to be main-
tained at constant throughout the whole interconnected system. In steady-state opera-
tion, a balance between mechanical input power and electrical output power is main-
tained and respective torques are produced. The direction of mechanical and electrical
torques are opposite to each other, the mechanical torque direction being in the direction
of rotation. [5] [47] [48]

When an interconnected system with synchronous generators is faulted or a power im-
balance occurs, a difference in the mechanical and electrical torques of the machines
can be observed. This torque difference leads to an increase or a decrease of the rotor
speed and if the speed deviates enough, the protection system will isolate the generator

from the system leading to another disturbance (loss of generation) observed by the
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other generators. However, generally power systems are dimensioned in a way that a
single disturbance should not lead to cascading faults. The variation of the speed and
the relationship to the torque difference can be expressed with the so-called swing equa-
tion as
2H d%8
onacz = Im—Te (3-1)
where wy is nominal angular speed of the rotor [rad/s], § is the rotor angle [rad] and T,,
and T, are the mechanical and electrical torques of the machine, respectively. A defining
parameter for synchronous generators and their stability is the inertia factor or inertia
constant H, which describes the amount of kinetic energy stored in the machine. It is
essentially the time in seconds, that the generator would need to operate with nominal
power to output the equivalent amount of energy. Inertia constant of a machine can be
expressed as

1jwh
H=350 s (3-2)
where J is the inertia of the machine [kgm?] and S, is the nominal apparent power of the
machine [MVA]. [5] As described before, and as can be seen from the swing equation,
the synchronous machine accelerates/decelerates when there is a torque mismatch, and

the accelerating torque can be expressed as

d
To=]=

(3-3)
By combining Equations (3-2) and (3-3), the accelerating power P, can be extracted as

P, = Tyw, = 225n. 22 (3-4)

Wy dat

Equation (3-4) can be solved for the ROCOF [Hz/s], i.e., the derivative of the system

frequency by replacing the angular speed [rad/s] with frequency f [Hz]:

df _ Pafa i
dt ~ 2HSy (3-5)

With this equation, the initial ROCOF of the system can be determined, if the power

imbalance i.e., loss of generation or addition of load is known, since

P = Pgen — Pioaa (3-6)
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where F.,, and P,,,, are the generation and connected load of the system, respectively.
From these equations, it can be deduced that higher inertia constant H decreases the
ROCOF of the system after a power imbalance event. The importance of inertia in a
power system is illustrated in Figure 3-1, where different frequency responses for differ-
ent system inertias are represented. The blue and green lines with system inertia around
3.5 show the highest initial ROCOF and the frequency nadir (minimum) is the lowest. As
the inertia is increased, the response improves in terms of decreased initial ROCOF and
increased nadir. The figure also shows that the recovery period after the nadir is slower

as the inertia is increased, and thus the settling time of the frequencies are similar.

The inertia constant can also be defined for the whole system by combining all the grid-

connected machine inertia constants:

Hyys = 550t (3-7)
It should be noted that also some loads have inertia, and they should be included in the
system inertia constant H;,,, since they affect the stability of the system in the same way
as generators. Furthermore, the frequency response of a system is expressed by the
swing equation for only the initial transient period (inertial response). After that, the fre-
quency of the system is affected by the control actions of the generators and inertia is

not the only defining parameter regarding frequency. Currently, and in the future, as more
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Figure 3-1: Frequency response of a power system with different system inertias. Y-
axis represents the frequency deviation from the nominal, in Hz. [51]
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and more large SGs are replaced by renewable energy sources, the overall power sys-
tem inertia decreases. This is because technologies such as wind turbines and solar
arrays are connected to the grid through power electronic converters which effectively

decouples the energy source from the grid and thus, no inertia is added. [4]

3.2 Frequency regulation and control

Primary frequency control in generators is done by controlling the active power output,
which in turn is controlled by the prime mover and its mechanical power output. Whether
the prime mover is a steam/gas turbine or a diesel engine, the mechanical output power
is regulated by controlling the input of the source of energy. For example, in steam tur-
bines, the input steam is regulated by opening and closing the valves that let the steam
flow into the turbine. A basic block diagram of a synchronous generator’s frequency con-
trol is shown in Figure 3-2. The figure shows that a supplementary frequency control loop
is also usually added into larger synchronous generators, which provides additional re-
storative capabilities by adjusting the load reference setpoint. The speed of the machine
is controlled by the speed governor, which controls the system by considering the power
command from the supplementary control loop and the change in rotor speed. [50] It
should be noted that in practical utility scale grids, especially in Europe, frequency regu-
lation is not this simple, as most of the generators are used to provide constant power,
and only some of them will participate in frequency regulation. These market-based ser-

vices are discussed in the next subsection.

The synchronous generators output power is controlled by the so-called speed governor,
that can be controlled in droop or isochronous mode. The difference between these two
modes is that the established frequency of generator output is fixed in isochronous mode

but varied in droop mode. In droop mode, the frequency changes as a function of the
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Figure 3-2: Block diagram of a synchronous generator’s frequency control loops. [560]
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load level in the system, which enables load sharing among parallel generators. The
output of the generator is inversely proportional to the frequency, for example, when the
droop setting of the generator is 5 %, the generator will output 100 % of its power when
the frequency has decreased by 5 %. This is essentially useful in power systems with
multiple generators and highly variable loading situations but will cause steady-state fre-
quency error in situations where the loading is off nominal. [52] Therefore, a supplemen-
tary control loop, as shown in Figure 3-2, is required. Figure 3-3 shows an example of
speed-droop characteristics in a 50 Hz grid with 4 % droop setting. In a power system
where the frequency is maintained at a constant, when the speed-droop curve of the
generator is changed from the lower (orange) to the upper (blue), the generator will pick
up more power. For example, at 50 Hz the lower droop setting corresponds to 75 % of

load power and the upper setting is at 100 %.

In isochronous mode, the speed of the generator is constant, and frequency is main-
tained at nominal regardless of the loading level. This is done by rapidly regulating the
energy input to the prime mover when the loading changes. Isochronous mode control
can be used when the generator is either the only generator supplying the system or the
largest unit, but problems arise when multiple generators are controlled isochronously in
parallel. Parallel operation would require communication between the generators which

becomes challenging and expensive when the number of generators increase. [50]

4 % Droop
T

52 T T

No-load frequency = 52
No-load frequency = 51.5

51.5 1
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495 . 5 .
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Figure 3-3: Speed-droop characteristics in a 50 Hz grid with 4 % droop
setting.
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3.2.1 Frequency operating standards and reserves

Power imbalances in a utility-scale grid are common, but typically they do not lead to any
significant issues as the magnitudes of the deviations are small. However, if a larger
deviation is to occur, different actions depending on the magnitude of the frequency de-
viation are to be realized to prevent significant harm to the operation of the system. The
characterization of different frequency deviation magnitudes and normal operating range
is a power system dependent problem. For example, in Finland and in the Nordics, the
frequency is maintained at 50 +0.1 Hz by the primary frequency control systems. The
regulation is realized by utilizing the frequency reserve market, where regulation services

are provided as such:

1. Frequency containment reserve for normal operation (FCR-N), aims to keep the
frequency in the normal range (49.9 — 50.1 Hz) by controlling power output as a
function of frequency. Max. dead band +0.01 Hz, full activation in 3 minutes after

+0.1 Hz step change.

2. Frequency containment reserve for disturbances (FCR-D), activation starts at
+0.1 Hz and full activation when frequency deviation is +0.5 Hz or more. In a
+0.5 Hz step change, 50 % activation in 5 s and 100 % activation in 30 s is

required.

In addition to these, there are automatic (aFRR) and manual (mFRR) frequency recovery
reserves, which are used for recovering the frequency back to the normal operating
range and freeing the activated FCRs. [53] [54]

Due to the implications of decreasing inertia discussed before, a need for even faster
frequency reserve has been recognized. The power system is dimensioned in a way that
a loss of a single generation unit or a HVYDC (High voltage direct current) link may not
deviate the frequency under 49.0 Hz. According to Fingrid, the Finland national TSO
(Transmission system operator), the fast frequency reserve (FFR) market was opened
in May 2020. This means that generating facilities can participate in fast frequency reg-
ulation by offering the capacity of the power plant to the market. The reserve units are
required to meet certain technical specifications and the compliance must be verified by
prequalification tests. The required activation times for the units are listed in Table 3-1,
where the reserve power provider can select any of the options that they want to provide.
FFR requires the reserve to be active for at least 5 s, and the deactivation power ramp
rate needs to be limited to 20 %/s, or if the activation time is 30 s or more, the ramp rate

is not limited. The frequency measurement requirement for FFR states that the accuracy
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must be within 10 mHz and the sampling time 0.1 s or less. Additionally, to better under-
stand the state of the power grid in terms of inertia, a real-time inertia monitoring/estima-
tion has been implemented throughout the Nordic TSOs’ grids. This way, the worst-case

power frequency disturbance can be evaluated beforehand. [2] [55] [56]

In a utility-scale grid, the grid ROCOF values even in larger disturbances are small
enough that frequency measurements can be implemented with relatively slow sampling
times and moving averages. For example, ENSTO-E suggests ROCOF withstand capa-

bilities for different grid-connected applications as follows [57]:

e HVDC systems: +2.5 Hz/s (average for the previous 1 s),

e DC-connected power park modules: +2.0 Hz/s (average for the previous 1 s),

e Demand response units: No specified ROCOF value, but 500 ms measurement

window allowed.

This means that, for example with 2.5 Hz/s ROCOF, the frequency has deviated only
0.05 Hz in 20 ms, which is well within the normal variation range of +0.1 Hz. This justifies
the “slow” frequency measurement techniques discussed in Section 2.3. Additionally, as
frequency, and especially ROCOF measurements typically include filtering, the initial
maximum ROCOF introduced in Equation (3-5) may not be detected by these units. As
stated in [57], ROCOF withstand capabilities are defined by analyzing a normative inci-
dent for the power system that led to a significant power imbalance / inertia loss. In
smaller power systems, this normative incident could be defined by e.g., the loss of the

largest generating unit.

Table 3-1: Activation options for fast frequency reserve units. [565]

Activation frequency (Hz) Maximum activation time (s)
<497 <13
<49.6 <1.0

<495 <07
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These operating standards and guidelines are well-defined for nation-wide electrical
grids but when the power system is reduced to an islanded/isolated microgrid, the defi-
nitions and performances change radically. A microgrid needs to be able to operate in
an islanded situation, where the main power grid has been disconnected. In islanded
operation, the microgrid has a grid-forming unit, usually a generating set, that the rest of
the system supports. However, diesel or gas —based gensets and the rest of the possibly
renewable-based grid have a radically reduced inertia and are usually not effective
enough in terms of frequency regulation in the presence of large power imbalances.
Standalone gensets will undergo a relatively large speed/frequency deviation under
these transients and this could introduce problems in the microgrid if no additional sup-
port is provided. Meeting conventional grid standard specifications for frequency (and
voltage) fluctuations can be rather difficult (or impossible) in microgrids fed by these gen-
sets [3]. Thus, these grid codes may not be applicable for islanded/isolated systems, but
instead the operating limits need to be defined individually depending on the character-
istics of the microgrid. For example, ISO 8528-5 standard specifies operating limit values

for gensets of different performance class that include [58] [59]:
o steady-state frequency band,
¢ transient frequency deviation from nominal,
o frequency and voltage recovery time and
e many more regarding voltage etc.

These limits are much more relaxed when compared to operating limits for utility grids,
for example, a G3 performance class genset’s steady-state frequency band is defined
as < 0.5 %. As for load step performance of the generator, defined as load acceptance
(increase) and load rejection (decrease), transient frequency deviation and recovery
times are specified individually for both cases. Load rejection is based on 100% step
load removal, but load acceptance is based on multiple load steps defined by the en-
gine’s break mean effective power (BMEP). BMEP is a theoretical performance param-
eter that describes the average pressure inside the cylinder. The ISO 8528-5 standard
specifies six different load steps for each BMEP-rating from which the transient perfor-
mance of the generator can be evaluated. For example, a G2 performance class genset
transient frequency deviation in load rejection is < +12 % (of initial frequency) and in
load acceptance the limit is < —10 % (isochronous mode) and < —15 % (droop mode).
[58] [59]
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Figure 3-4: Frequency deviation of a microgrid fed by gensets subjected to
a 70 % stepwise load increase. [60]

These genset specific limits can be used as a reference point for the islanded/isolated
microgrid. Additionally, the gensets are frequently required to operate within customer

expectations that might be even more demanding.

In [60], the problem during transient load changes with these types of gensets is demon-
strated by a microgrid that has two natural gas gensets feeding the grid. The system is
subjected to a 70 % load increase and the frequency deviation is shown in Figure 3-4.
The figure also shows the frequency limits, f;_jin (transient frequency deviation, BMEP
load increase) and f;_;im_ss (Steady-state frequency low limit) specified in ISO 8528-5
for G2 performance class. The time t;_,.. is the allowed recovery time for the frequency.
It is clear from the figure that the requirements are not fulfilled as the system frequency
collapses. This type of failure could be prevented by oversizing the gensets (more inertia)
or for example using a underfrequency load shedding scheme. However, a 70 % load
increase is a rather extreme event and typically this kind of performance is not expected
from a system like this. A common approach for genset applications is to load the gen-
erator in multiple stages using automatic transfer switches or feeder switchgear. This
allows the generator to gradually take smaller load steps and meet the required perfor-
mance class specifications. Even though all the additional equipment will increase the
cost of the system, it is still generally more cost-effective than oversizing the genset. [58]
In the next section, an alternative way of improving the dynamics of the grid via energy

storage systems is presented.
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3.2.2 Frequency regulation with BESS and virtual inertia

High ROCOF situations may not be a concern in nationwide power grids with mainly
large synchronous generators feeding the grid, but in much smaller islanded microgrid
environments, the system’s response to a power imbalance is much faster. To combat
the stability problems in power systems introduced by low inertia, frequency regulation
utilizing battery energy storage systems (BESS) (or supercapacitors) have been the sub-
ject of extensive research in the recent years [3] [9] [61 — 65] (to name a few). The fun-
damental idea behind frequency regulation with BESS is to provide the same kind of
inertial response (as discussed in Section 3.1) that a conventional synchronous genera-
tor would have and thus essentially add virtual inertia. These systems are often called
virtual synchronous generators (VSG) or virtual machines (VM). In addition to emulating
inertia, the systems may be used for providing primary control of frequency. This is done
by controlling the system in such a way, that the actions of a generator’s prime mover
governor are imitated. The active power output of the system is controlled based on the
system frequency deviations and ROCOF, and thus supporting the grid stability in terms
of frequency. Inertia emulation can also be used to support a microgrid in islanding tran-
sitions and usually the same BESS is used to provide voltage support via reactive power
control. It should be noted that the source of the electrical energy does not particularly
need to be a battery, it can be anything interfaced with a converter e.g., solar, wind tur-
bines etc. [3] [9] [66] For example, some TSOs like Hydro-Quebec and EirGrid require

all grid-connected wind farms to be capable of providing inertia services [67].

There is a multitude of different approaches regarding the implementation of virtual iner-
tia, but the basic principle and function is the same. A sophisticated approach is to intro-
duce a high-order model of an SG through mathematical modelling techniques, and to
represent the dynamics of the generator as closely as possible. [3] For example, the
Virtual Synchronous Machine (VISMA) method uses an SG modelled in synchronous
reference frame and solves the underlying machine equations to imitate the dynamics
[68]. A simpler way to implement virtual inertia is to utilize the swing equation (Equation
3-1) introduced in Section 3.1 to produce an approximation of the SG dynamics. The
swing equation is solved for a phase command by the controller and the generated phase
signal is then used in the PWM of the converter. [3] [69]

A frequency-power response -based control scheme can be used to achieve dynamic
frequency control. The power command for the system is based on frequency deviation

and the derivative of frequency i.e., ROCOF, which makes the system provide similar
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response to that of an SG during inertial power release/absorption. The virtual inertia

system’s output power can be given as

Poue = Kphw + K; =2 (3-8)

where K, and K; are gains that represent damping and inertia, respectively, and Aw is
the angular frequency deviation of the system. Equation (3-8) consists of a droop part
that focuses on achieving the steady-state value of frequency and reducing the fre-
quency nadir after a transient power imbalance. The inertia-part or the derivative-part
aims to react to the ROCOF and add a fast dynamic response to the imbalance, which
is especially important in low-inertia microgrids since the ROCOF may rise to relatively
high values right after the transient change in power. The power command from Equation
(3-8) can be used to calculate the necessary current references for the converter control
and thus a controlled power exchange between the virtual inertia system and the grid
can be achieved. This scheme is relatively simple but requires accurate and fast tracking
of the system frequency, and thus a careful design of the PLL is important. [3] In low-
inertia islanded microgrids, the PLL performance may be inadequate, especially if the
power quality is poor (harmonics, unbalances, etc.) as the frequency tracking requires
filtering which then deteriorate the dynamics. Moreover, the derivative of the frequency
is a term that is especially sensitive to noise and requires careful filtering and dead bands
so that the system does not become unstable. As will be seen on the simulation and
implementation part of this thesis, configuring all the necessary control parameters of

this method is relatively difficult, at least in the case study.

Frequency droop-based control scheme is primarily developed for isolated microgrid op-
eration and does not include ROCOF as a control input. The frequency droop can be

presented as

Wy = w*— my (Pout — Pin) (3'9)

where w, and w* are the system and reference frequencies, respectively, P, is the
measured output active power, Py, is the active power reference and m,, is the power
droop gain. This scheme typically includes a low pass filter for the output active power
measurement, and as shown in [70], the system can then be approximated as a virtual
inertia system, as in Equation (3-8). In addition to controlling the active power flow and
subsequently the frequency, the microgrid droop methods typically include similar char-

acteristics for voltage-droop. [3]
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In [71], an improved droop-based topology was developed in which the droop gain in
Equation (3-9) is changed as a function of ROCOF. In normal conditions, the controller
acts as a traditional droop controller, but when ROCOF exceeds a certain threshold, the
droop gain is modified. The system showed promising results as the frequency nadir in
power imbalance situations reduced, as shown in Figure 3-5. However, as seen from the
figure, the frequency has much more ripple when compared to the traditional droop re-
sponse, which could indicate that the control gain for ROCOF was too high and this could
lead to unstable responses. Utilizing non-linear droop curves and adaptive schemes can
be more effective in low-inertia situations than traditional droop methods. For example,
in [72] an adaptable droop scheme showed increased stability versus a linear droop
method. The droop gain in this study is proportional to the frequency deviation which
made the output power response non-linear. Additionally, the scheme included a fast
secondary integral controller to move the power set point according to the changed sys-
tem conditions. A non-linear droop method is also considered in the simulation part of
this work in Chapter 4, which also shows some improvements when compared to the

traditional linear droop.
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3.3 Eaton EnergyAware UPS and UPS-as-a-Reserve

The importance and demand of data centers is increasing rapidly as data-oriented tech-
nologies advance. Consequently, as data centers require a lot of energy, currently ap-
proximately 1 % (205 TWh) of all consumed electricity world-wide [73], there is a clear
trend for energy demand increase. These data centers are very dependent on continu-
ous supply of power, as even sub 100 ms interruption may be critical, and therefore they
are always equipped with UPS systems to ensure reliable operation. As these UPS sys-
tems are designed to have redundancy and flexibility (see Figure 2-2), there is a lot of
potential for demand response participation and frequency regulation [74] [75]. UPS
manufacturer Eaton has developed their data center -oriented EnergyAware UPS sys-
tems with the so-called UPS-as-a-Reserve (UPSaaR) technology to enable the devices
to participate in primary frequency response. This way, the UPS investment for the data

center can generate some revenue by offering balancing services to the market. [12]

The basic idea of UPSaaR is to control the UPS power demand based on the present
power balance situation and frequency. When the system frequency decreases below a
certain threshold, the UPS can either shift the data center load to the battery by cutting
off the grid (islanding) or even supply power back to the grid through the bi-directional
converter (dynamic upwards regulation). The power shifting does not need to be com-
plete, meaning that the critical load can also be supported partially by the batteries and
thus reducing the load as a function of frequency. The power flow of the system during
full dynamic upwards regulation is presented in Figure 3-6, where the UPS has 50 %
critical load, and the rest of the available power is fed back to the grid. If the power
system frequency rises, the system can also enable down-regulation. In this case the
UPS increases its power demand by charging the batteries. The charging current can
also be controlled as a function of frequency. For the down-regulation to be possible, the
UPS batteries need to be only partially charged, in which case Li-ion batteries are pre-
ferred. [10] [12]

The regulation power may be requested by the TSO or an aggregator, or they may be
calculated based on the frequency measurements on site. In order to ensure reliability,
the state-of-charge (SoC) of the battery is first evaluated before any regulation actions.
Additional on-site back-up generators can be started, if the disturbance lasts longer and

the battery SoC gets too low.

The performance of the dynamic regulation ability of the UPS was demonstrated in Swe-

dish TSO’s prequalification tests for FCR-D. The frequency deviation was simulated by
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Figure 3-6: Power flow during full upwards dynamic requlation.

generating a test signal that decreased in frequency from 49.9 Hz to 49.5 Hz in 0.05 Hz
steps and increased back to 49.9 Hz in a similar fashion. The test showed that the UPS
fulfilled the FCR-D activation requirements. In addition to that, the reaction speed has
been benchmarked in a laboratory environment, where a 200 kW UPS fed 100 kW of
load and an activation signal via CAN burst was given to the system to activate the reg-
ulation function. An oscilloscope capture of the test is shown in Figure 3-7, where it can
be seen that quickly (within one 50 Hz cycle) after the CAN burst, the UPS started to
draw energy from the batteries (indicated by the battery current). In addition to supplying
the 100 kW critical load, the UPS fed the redundant 100 kW back to the grid, as seen

from the phase angle shift of the input current. [10]
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Figure 3-7: Results from the reaction speed benchmarking test of the UPSaaR func-
tionality in a 200 kW UPS. [10]
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4. DEVELOPING AND SIMULATING FREQUENCY
REGULATION METHODS IN A LOW-INERTIA
MICROGRID

The capability and performance of UPS devices in frequency regulation has been
demonstrated within the context of conventional, utility-scale power systems. However,
as discussed in the previous chapter, reducing the power system inertia makes the reg-
ulation task more challenging as the frequency transients get faster. Whether the re-
duced inertia is due to large SGs replaced by renewables or due to the reduced size of
the power system (microgrid), the control problem is the same: the regulation needs to

be faster.

As a continuum to the Eaton EnergyAware technology (UPSaaR), a faster regulation
algorithm is developed with extremely low-inertia power systems in mind. In this case,
the low-inertia system is a diesel genset feeding some arbitrary resistive loads and the
UPS. The case study power system could be a data center microgrid that either has been
islanded as a consequence of a utility fault, or an intentionally isolated system. Regard-
less, the idea is to support the UPS input-side generation capacity, i.e., the generators
to survive frequency deviations caused by load steps. The UPS input-side could for ex-
ample have some other auxiliary data center related loads that are not protected by the
UPS or the microgrid could also be a larger system with only some of the load being

protected by UPS systems, as presented in Chapter 1, Figure 1-1.

In this chapter, a simulation model of the isolated microgrid is constructed of which the
main components are the diesel generating set, the UPS rectifier circuit and its controls
and the loads. First, the model of the genset is described and some of the simplifications
are justified and explained. Secondly, the UPS rectifier model is briefly introduced, and
the entirety of the simulated power system is presented. After the simulation environment
is established, a frequency measurement method is implemented into the PLL function
in the rectifier. Lastly, a couple of frequency regulation methods are tested and bench-
marked by simulating resistive load steps in the feeding grid. These results can then be
used as a reference to the laboratory environment measurement tests later in Chapter
5.
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4.1 Diesel generating set model

The primary electrical energy source in the simulated system is a standby diesel gener-
ating set, which is used to feed the load and the UPS device. The genset and the rest of
the system is an isolated power system, meaning that there is no connection to an ex-
ternal electrical grid. This way, a low-inertia or weak grid can be emulated, and the back-
up operation and performance of the generator can be evaluated. It should be noted that
the focus of this thesis is not on simulating the generator system accurately, it is merely

a platform to benchmark the frequency regulation algorithm for the UPS device.

The generator modelling is first based on pre-existing measurement data from load step
testing of a 1000 kVA diesel genset. The measurement data is the generator output
three-phase voltages captured by an oscilloscope from different sized load steps. The
voltage measurements are used to calculate the frequency of the output voltage during
the load step, which is then used as a reference in constructing a generator model with

similar type of response.

The generating set system model is shown in Figure 4-1. It consists of a synchronous
generator block, 'Synchronous Machine pu Standard’, from MATLAB Simulink powerlib
block library, IEEE AC1A? excitation system block and a subsystem for the engine dy-
namics and speed governor. The SG is modelled in dg-reference frame and is set to
have its mechanical input as mechanical power B,,. The electrical parameters of the syn-
chronous generator are set according to the data sheet of the 1000 kVA generator, see

Appendix A.

The IEEE AC1A excitation and voltage regulator system was chosen as it seemed to be
accurate enough and no separate power system stabilizer circuit is implemented to the
excitation model as it does not provide any additional benefit to the simulation. A simple
under frequency roll-off (UFRO) feature is implemented to the voltage regulator by set-
ting the voltage reference to be directly proportional to the rotational speed (or the fre-
quency) of the generator. The UFRO feature essentially provides additional protection
against under-speed of the generator by reducing the output voltage amplitude when the
generator speed has slowed down below a certain threshold called a knee-point. The

Volts/Hz characteristics of the generator voltage regulator is shown in Figure 4-2.

2 |EEE AC1A is an excitation system from the IEEE 421.5 standard, which is used to produce
the field voltage for the generator [76].
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Figure 4-1: Diesel generating set model.

The most important part of the genset simulation in the context of this thesis was the
engine dynamics and speed governor as they relate to the frequency regulation of the
system. The inputs of this subsystem are the reference rotational speed and actual
measured rotor speed. The speed governor is controlled in isochronous mode by a PI-
controlled feedback loop such that the rotational speed is maintained at 1500 RPM. The
engine dynamics are simply represented with a delay block and dynamic rising rate limit,
which were parametrized by trial and error. After passing through the regulator and the
engine dynamics, the resulting torque can be used to calculate the mechanical power of

the engine as the output of the subsystem.
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Figure 4-2: Volts/Hz characteristics of the generator voltage regulator.
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The 1000 kVA generator model is first used as a placeholder and reference so that the
operation of the UPS and the frequency regulation system can be initially verified. After
that, as measurement data is captured from the laboratory testing of the smaller 250 kVA
generator, the model is updated accordingly. The 250 kVA generator is modelled the
same way as the 1000 kVA generator, only some of the parameters are adjusted to

match the performance. The relevant genset parameters are presented in Appendix A.

4.2 UPS rectifier and power system model

The power system Simulink model is presented in Figure 4-3. The UPS system model
consists of a three-level converter as discussed in Chapter 2, its control system, input
capacitors and chokes (inductors) and the DC-link with DC capacitors and the load. Ad-
ditionally, the BESS is connected to the DC-link, and is simply represented by an ideal
controllable current source. The inverter and output side of the UPS is not included in
the simulation, rather the resistive loads LOAD+ and LOAD- connected to the DC-link
represent the UPS output load. The feeding grid of the UPS system simply consists of
some line impedance and the resistive load step bank which is implemented by control-

ling a three-phase circuit breaker to connect and disconnect the load.

The top-level control system of the UPS is presented in Figure 4-4. Three measurements
are taken from the power system circuit: rectifier input voltage (Vrec), input choke current
(Irec) and DC link voltage (Vlink). These measurements are passed through analog and
digital filters, and eventually used to control the UPS rectifier. The PLL uses the three-
phase voltage as an input and extracts phase angle data for the rectifier control system.
The PLL is also used to calculate the frequency and the ROCOF of the input voltage for

the actual frequency regulation algorithm. The PWM gate signals are also passed
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Figure 4-3: Power system circuit model in Matlab Simulink
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through a gate drive block in Figure 4-3 and the rectifier current can then be limited by

the hardware current limit block.

The UPS model is controlled as a singular unit even though in reality this type of UPS

consists of multiple power modules that each has its own rectifier circuits and control

systems. For simplicity’s sake, the power modules in this simulation are assumed to op-

erate identically and no internal load sharing problems are considered. As for the fre-

quency regulation algorithm, the power/current command includes a small delay that

represents the inherent CAN-bus delay that could be present in the real-world applica-

tion. No additional dynamics are considered in the BESS or the control system.
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4.3 Frequency measurement and filtering considerations

The frequency measurement that is used as a control input to the frequency regulation

algorithm is calculated in the dg-PLL function. The PLL function is run in a 2250 Hz loop
meaning that the frequency is sampled every ﬁ = 444 us. The frequency calculation

frast is based on the angle correction adjustments to the base frequency as follows:

GCOTT fSW
ffast =T+fbase ) (4-1)

where 6., is the angle correction made by the PLL function, f,, is the switching fre-
quency of the converter, in this case f;,, = 8" fp;;, = 82250 Hz = 18 kHz and fj4. iS
the base frequency of the PLL. This allows very fast tracking of the input frequency but
may also introduce unwanted noisy ripple to the measurement, which could jeopardize
the robustness of the control algorithm. The noise originates from any harmonics or un-
balances in the tracked voltage. Figure 4-5b shows the estimated frequency directly cal-
culated from the angle corrections in a stepwise change in two cases: with and without
voltage harmonics. Table 4-1 shows the harmonic content in the “harmonic-polluted” ex-

ample case, and the related three-phase voltage waveform is shown in Figure 4-5a.

Table 4-1: Harmonic content in the tracked voltage.

Harmonic order | Magnitude (%)
1 (fundamental) | 100
2 2

3 5

4 1

5 6

6 0.5
7 5

8 0.5
9 1.5
10 0.5
11 3.5
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The frequency measurement has a large amount of high frequency ripple that renders
the measurement unusable in the case of voltage polluted by harmonics. The situation
gets even worse if there are phase unbalances. Conversely, when the voltage is free of
harmonics, the frequency tracking is accurate as the steady-state error is negligible.
Also, the measurement settles within 0.1 Hz in less than 100 ms and the fall time (90 %

to 10 % of the step) is approximately 10 ms.

Even though the focus in this case study was not on harmonic-polluted voltages, they
are still considered to make the simulation more realistic. To attenuate the high frequency
noise caused by the harmonics, the calculated frequency needs to be low pass filtered.
A second-order Butterworth?® low pass filter (LPF) is designed with MATLAB. The cut-off
frequency of the filter is set to 40 Hz, which was determined to be suitable after some
testing. As the whole control structure is digital, the filter is discretized with the Tustin’s
method (bilinear transform) and a sampling frequency of 2250 Hz. From the discretized
transfer function model of the filter, a second-order section form is generated, and these
scalars can be used to construct a digital biquadratic filter in Simulink. The biquadratic
filter scheme is shown in Figure 4-6, and the filtered frequency with harmonic-polluted

voltages is shown in Figure 4-5c.

The main concern in implementing a LPF is that the dynamics of the measurement will
get slower and the advantages of the faster frequency measurement are diminished.
However, even with the added LPF, the frequency settling time in the 5 Hz step is just
over 100 ms and the fall time is approximately 13 ms. It should be noted that in the
context of this case study, the frequency measurement is not at all aimed to be optimal
and for example, even the filtered voltage in Figure 4-5c has a steady-state peak-to-peak
ripple of ~0.1 Hz. In the case of large frequency deviations in isolated microgrids studied
in this thesis, this does not cause issues, but the accuracy does not fulfill the require-

ments of for example the Fingrid FFR.

In addition to the frequency measurement, ROCOF is also used as a control input in the
frequency regulation algorithm. ROCOF is calculated by an additional differentiation of
the frequency and therefore is extremely sensitive to disturbances. Consequently, the
ROCOF measurement is implemented with an additional second-order LPF, which is

designed the same way as the frequency filter.

3 A type of signal processing filter that aims to have a flat passband frequency response.
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4.4 UPS frequency regulation methods and performance

Now that the sub-cycle frequency measurement is established, the frequency regulation
algorithm can be developed. As stated earlier, the goal is to calculate appropriate power
responses to the frequency deviations detected by the PLL. The response in the simula-
tion, and later in the actual implementation, essentially is a power command for the BESS
in the UPS, i.e., the algorithm tells the system how much power is drawn from the BESS.
The power from the BESS can be either fed back to the feeding power system, or it can
be used to support the critical load of the UPS, which in effect reduces the load experi-
enced by the feeding system. This allows the system to undergo much bigger load steps
and reduces the rapid frequency deviations, which could cause issues in the power sys-
tem. In the context of this thesis, only so-called up-regulation is considered which means

the algorithm only considers negative frequency deviations i.e., frequency dips.

The performances of the frequency regulation algorithms are evaluated by applying dif-
ferent sized load steps into the input side of the UPS device. The power system fre-
quency, ROCOF and three-phase voltages are measured and used as performance-
metrics. As a reference performance of the genset, three sets of resistive load steps are
simulated with the frequency regulation disabled. The frequency responses of the 100
kW, 160 kW and 100 to 200 kW load steps are shown in Figure 4-7, Figure 4-8 shows
the respective ROCOF measurements and Figure 4-9 shows the voltage d-component
(amplitude) during the event. Additionally, the amount of active power, or the energy,
injected into the input side of the grid is analyzed since it represents the effectiveness of
the regulation method. The regulation methods are also tested with different parametri-

zations to achieve the optimal response.

In the simulation part of the work, a couple of slightly different approaches were studied:
linear droop, virtual inertia or ROCOF-control, and piecewise linear-elliptic droop. These
methods have the same basic principle, but some differences can be seen in the perfor-

mance as described next.
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4.4.1 Linear droop

The simplest method to regulate power system frequency is to implement a linear fre-
quency droop control. This method only uses frequency as a control input, which is used
to calculate the necessary power commands, PTarget, as shown in the droop curve in
Figure 4-10. The droop curve includes a couple of key parameters that are used to con-
figure the frequency regulation algorithm. First of all, the nominal frequency can be con-
figured and a frequency dead band around the nominal frequency can be set so that
unnecessary power commands are not calculated when the frequency deviations are
small. This dead band is set with the parameters LowStart and HighStart but in this case,
the down-regulation side of the curve (right side of the Figure 4-10) can be forgotten as
only up-regulation is considered. When the frequency deviates out of the dead band, the
initial power command can be configured with RampStart. The actual droop curve is
defined by the maximum power that can be drawn for regulation, MaxDRPowerPercent-
age, and the respective minimum frequency, LowMax. The MATLAB Simulink implemen-

tation is done with a simple look-up table as shown in Figure 4-11.

The performance of the linear droop method is demonstrated in Figures 4-12 — 4-14,
where 100 kW, 160 kW and 100 to 200 kW load steps are applied, and the respective
system frequencies are plotted. The figures also show the frequencies during the same
load step when the regulation is disabled as in Figure 4-7, and the active power drawn
from the UPS. As can be seen from the figures, the system frequency response is greatly
improved as the frequency nadir is increased by 4.7 % (100 kW step), 17.8 % (160 kW
sand 6.3 % (100 to 200 kW step). The time it takes for the frequency to set back to within
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Figure 4-10: Droop curve for the frequency regulation algorithm.

0.1 Hz of nominal is also reduced. The active power drawn from the UPS has a quick
peak of around 75 % of the load step, after which it gradually decreases back to zero.
The entirety of the event only lasts for 1 — 2 seconds, which also means that not a lot of
energy needs to be drawn for the regulation to operate successfully. Figure 4-15 shows
the grid voltage d-component during the 160 kW step. Clear improvements can also be
seen in the voltage, but this is mainly due to the genset UFRO not decreasing the output

voltage so much, as the frequency dip is less extreme.
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FastFrequency
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CalculatePTarget

Figure 4-11: MATLAB Simulink implementation of the linear droop method.
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MaxDRPowerPercentage = 100% (200 kW).
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Figure 4-15: Grid voltage d-component after a 160 kW resistive load step.

The linear droop performance demonstrated in Figures 4-12 — 4-14 uses fairly reserved

configuration regarding the LowStart and LowMax parameters, but also all of the availa-
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ble UPS power is used in frequency regulation. Another way of approaching the config-
uration is to set MaxDRPowerPercentage to a lower value but allow the droop curve to
be steeper, i.e., setting the LowStart and LowMax parameters higher. It should be noted
that setting the LowStart parameter should be done carefully to prevent excessive regu-
lation during normal frequency deviations. Therefore, LowStart is left to the default value
of 49.9 Hz, but LowMax is now increased to 49.5 Hz. MaxDRPowerPercentage is low-
ered to 60 %, which means that only 120 kW is available for regulation purposes. The
results from a 160 kW load step are shown in Figure 4-16, which also includes another
parametrization with LowMax at 49.0 Hz and MaxDRPowerPercentage at 100 %. The
results show that only <1 % improvement can be achieved with the different settings and
in the case plotted with red color, the response starts to show oscillations, which indi-

cates possible instabilities.
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Figure 4-16: System frequency and active power from the UPS after a 160 kW resistive
load step with linear droop enabled. Three different parametrizations for the linear droop:
LowMax = 48, MaxDRPower = 100, LowMax = 49, MaxDRPower = 100 and LowMax =
49.5, MaxDRPower = 60. LowStart is set to 49.9 Hz in all the cases.
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4.4.2 Virtual inertia or ROCOF-control

In low-inertia power systems, for example in the islanded diesel genset driven system
this thesis studies, the frequency deviations due to load steps are fast and the frequency
regulation algorithm needs to respond immediately after the load is connected. The linear
droop method requires a dead band around the nominal frequency which means that
when a load step is applied, there is a short time before the regulation reacts to the event.
This delay is increased, if the system frequency before the event is above the nominal
and the gap to the LowStart frequency is bigger. This issue is illustrated in Figure 4-17,
where a delay of approximately 70 ms can be seen, before the LowStart frequency is

reached.

In order to speed up the power response, ROCOF is added as a control input to the
regulation algorithm and the power command is now calculated as in Equation (3-8). The
frequency droop part of this method stays the same as described above, and the same
type of droop curve is used for the ROCOF as well. The regulation can now be set in
such a way, that even if the system frequency is above nominal before the load step, the

regulation can react to the event before the frequency has decreased to LowStart.
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Figure 4-17: Linear droop “delay” as seen from a 160 kW resistive load step when
the system frequency is 51.5 Hz before the step and LowStart is set to 49.9 Hz.
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In addition to the dead band parameters (RocofLowStart), maximum ROCOF values
(RocofLowMax) and power thresholds (MaxRocofTerm), the ROCOF-based power com-
mand has a configurable rate limited response, which is configured by the parameters
FallingRampRate and RisingRampRate. This way, a more restrained and stable re-
sponse is achieved, as the frequency, and consequently the power, tend to oscillate after
a fast active power injection, as seen with the more aggressive linear droop parameters
in Figure 4-16. Though the RisingRampRate parameter should not be limited too much,
as then the response speed would diminish, which is the main advantage of the method.
FallingRampRate setting mainly depends on the feeding generators response speed. If
the parameter is set too high, and the power command is let to decrease quickly after
the frequency has started recovering, the generator may still be ramping up which would
cause the frequency to drop again. On the other hand, setting the parameter too low will
decrease the effectiveness of the regulation method as excessive energy would be uti-

lized in the response.

The ROCOF-control performance in load steps is shown in Figures 4-18 and 4-19, which
is now compared to the linear droop method, instead of the no regulation responses. The
100 to 200 kW load step is left out of the tests as the performance is very similar to the
100 kW load step. The control parameters in the figures are as shown in Table 4-2. First,
the ROCOF-control's frequency droop is parametrized as in linear droop 1 case. With
MaxDRPower set to 100 % and MaxRocofTerm set to 50 %, it means that the ROCOF-
based response can only contribute to 50 % (100 kW) of regulation power and the rest
(100 kW) are controlled by the frequency droop, if required. The RocofLowStart and
RocofLowMax values are first set based on the ROCOF values seen in the load steps
with no regulation (Figure 4-7). In the context of this thesis and the small-scale power
system being tested, there are no reference values for maximum ROCOF, so the param-
eters are chosen using trial and error. However, if this control method would be utilized
in a larger scale power system with more inertia, these parameters could be more easily
selected analytically (see subsection 3.2.1, ROCOF withstand capabilities, inertia esti-
mation). Additionally, if the worst-case scenario load imbalance in the power system can
be estimated, it is possible to calculate the maximum ROCOF using Equation (3-5). This
estimate could then be used as a reference for the RocofLowMax parameter. Moreover,
as the system only consists of a single generating unit, the genset performance class

target values could provide some reference, as discussed in subsection 3.2.1.
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Table 4-2: Control parameters for the frequency regulation performance demonstra-
tion in Figures 4-18 — 4-20.

Parameter Linear Linear ROCOF-con- | ROCOF- ROCOF-
droop 1 | droop 2 trol control 2 control 3
(Fig. 4-20) (Fig. 4-20)

NominalFrequency 50 50 50 50 50
(Hz)

LowStart (Hz) 49.9 49.9 49.9 49.9 49.9

LowMax (Hz) 48.0 49.5 48.0 49.0 49.0

RampStart (%) 0 0 0 0 0

MaxDRPower (%) 100 60 100 100 100

RocofLowStart - -3.5 -1.5 -1.5
(Hz/s)

RocofLowMax - -30 15 -20
(Hz/s)

MaxRocofTerm (%) - 50 50 60

FallingRampRate - -100 -25 -Inf
(%l/s)

RisingRampRate - Inf Inf Inf
(%l/s)

160 kW resistive load step
T

51
50.75
50.5
50.25

3

49.75
49.5
49.25

Frequency [Hz]

A
©

T T T T T T T T T 1T

48.75
48.5

48.25

I T N

35

Active Power [W]
o
T

35

Figure 4-18: System frequency and active power from the UPS after a 160 kW resis-
tive load step, comparison between linear droop and ROCOF-control.
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Figure 4-19: System frequency and active power from the UPS after a 100 kW resis-
tive load step, comparison between linear droop and ROCOF-control.

As can be seen from the load step performances in Figures 4-18 and 4-19, the ROCOF-
control method has some advantages when compared to the linear droop method. The
ROCOF-control reacts faster to the load step: for example, in the 100 kW step, the
ROCOF-control has reached 50 kW of regulation power approximately 32 ms earlier than
the linear droop method. Additionally, the frequency nadir increased by 0.3 Hz. The fig-
ures also show that even though the performance increased, the amount of power used
for regulation is nearly the same as with linear droop. The best way to show the ad-
vantage of the ROCOF-control method is shown in Figure 4-20, where the system fre-
quency before the load step is above nominal. The ROCOF-control starts almost imme-
diately limiting the ROCOF, and especially with the more aggressive parameters in
ROCOF-control 2, a much steadier response is achieved as the frequency settles to 50
Hz without much undershoot. However, it should be noted that the ROCOF-control 2
case has FallingRampRate parameter set to relatively low value (25 %/s), which could
introduce problems, if the power imbalance recovers faster than normal, for example due
to increased generation or decreased load. This highlights the importance of correct pa-
rameter settings for the control and the fact that the parameters are highly dependent on

the nature of the generation capacity. Moreover, ROCOF-control 3 demonstrates that
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the FallingRampRate parameter is not necessarily required, and sufficient performance

can still be achieved.
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Figure 4-20: System frequency and active power from the UPS after a 160 kW resis-
tive load step, comparison between linear droop and ROCOF-control configurations.
Abnormal system frequency before the load step.

4.4.3 Piecewise linear-elliptic droop

The linear droop method works effectively, even in fast frequency deviations, and imple-
menting a secondary ROCOF-based response improved it slightly more. These two
methods are chosen for the implementation part of this thesis as they are relatively easy
to implement and seem to achieve good performance. As a final consideration, a slightly

advanced non-linear droop method is tested in the simulation environment.

The piecewise linear-elliptic (PLE) droop control was introduced in [77], and a similar
control scheme is now implemented into the simulation model. The PLE droop curve
shown in Figure 4-21 has a linear region near the nominal frequency and outside of that,
the power trajectory is elliptic. The elliptic up-regulation power response of the PLE droop

can be formulated as:

— 2_(f— 2
PPLE=\/(fn fLowMax)Rz(f fLowMm ) , (4_2)
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where f,, is the nominal frequency, fi,wmax IS the minimum frequency, fis the measured
frequency and R is the droop coefficient. The droop coefficient R represents the amount
of power used for regulation as a function of the frequency. Thus, it can be chosen based
on the maximum frequency deviation (f;,wmax) @nd the desired regulation power at that
point. Decreasing the value of R leads to a more aggressive response (more injected

power) but may also lead to instability.
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Figure 4-21: The implemented PLE droop curve.

The performance of the PLE-droop is demonstrated in Figure 4-22 where the system
frequency response to a 160 kW load step is shown. As seen from the figure, the elliptic
trajectory results in a more aggressive initial power response when compared to linear
droop and as result, the frequency nadir is improved by approx. 0.5 Hz. Additionally, the
recovery period after the initial frequency drop is superior with PLE, as the frequency is
well above of those in the linear droop or ROCOF-control cases. In Figure 4-22, the PLE
is configured with f; . max = 48.0 Hz and R = 0.0186. The linear region is between nom-
inal frequency and 49.85 Hz with droop coefficient set to 0.022. These parameters

seemed to give an effective response without leading to instability. The values indicate
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that the UPS regulates at its maximum (approximately) when the frequency has de-
creased to 48.0 Hz.

As discussed in [77], decreasing the linear region makes the response faster and this
will result in better dynamic performance. However, this might introduce problems when
dealing with smaller deviations as the control might react too abruptly. Also, a too small

linear region resulted in an unstable recovery, when the frequency approached its nom-

inal value.
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Figure 4-22: System frequency and active power from the UPS after a 160 kW resis-
tive load step, comparison between linear droop, ROCOF-control and PLE-droop.
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5. IMPLEMENTATION OF THE FREQUENCY REG-
ULATION AND LABORATORY TESTING

Now that the frequency regulation algorithms have been designed and evaluated in a
simulation environment, they are implemented for an Eaton 200 kW 93PM double-con-
version UPS, shown in Figure 5-1a. In this chapter, the firmware implementation of the
frequency regulation algorithm is described, and the algorithm is tested in a laboratory
environment. Only the linear droop and ROCOF-control methods are tested in this case

study with few different parametrizations.

5.1 Implementing the algorithm into a UPS device

The 93PM is a modular UPS that consists of multiple (four in this case) power modules
(UPMs) that each has its own control firmware. However, the frequency regulation is
implemented into the system-wide controller, machine control unit (MCU), that communi-
cates through CAN-bus* to the UPMs. This means that the calculated power command
sent through CAN for each UPM is identical, and the load is shared evenly between the
50 kW UPMs. After the UPM receives the power command, it sets the power target for
the battery converter, which then controls its output power towards the target. Addition-
ally, the demand response scheme includes different protection functionalities, for ex-
ample checking that the battery capacity is enough for the regulation to continue and

checking that the UPS is operating normally.

The implementation of the fast frequency regulation algorithm is done by using the pre-
existing UPSaaR control firmware for the 93PM as a platform and adding a separate
control mode for the ROCOF-control. Additionally, the sub-cycle frequency measure-
ment is added into the dg-PLL in the UPS MCU firmware. Originally in the 93PM prod-
ucts, the UPSaaR functions have been implemented into a 100 ms periodic task, which
essentially means that the power command could only be updated every 100 ms. This
renders the faster method useless, as there would be no benefit with the faster frequency
measurement, if the sampling is done every 100 ms. This was also verified by simulation;
the 100 ms sampling interval for the regulation algorithm was not fast enough in the load
steps as the ROCOF values are so high. Additionally, the original/pre-existing 100 ms

UPSaaR droop-mode was tested with the laboratory setup and the results are discussed

4 CAN-bus (Controller Area Network) is a common communication network protocol used in
various applications, for example vehicles, industrial automation etc.
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later in Section 5.3. Thereby, the entirety of the UPSaaR control platform was reimple-
mented into a faster control loop that is run every 5 ms. The 5 ms sampling interval

seemed to be fast enough for the intended purposes.

As discussed in Chapter 4, the regulation algorithm has a lot of different parameters that
significantly affect the performance of the system. To make the practical testing with
different parameters easier, the configurable parameters are implemented into electri-
cally erasable programmable read-only memory (EEPROM). This allows the user to
change the relevant control parameters on the fly via a service tool designed for the UPS

that is capable of reading and writing these EEPROMSs.

5.2 Test setup specifications

The performance of the frequency regulation is tested in a laboratory environment where
an isolated diesel generator fed test network is constructed. The schematic diagram of
the test network is shown in Figure 5-1b. The generator G1, shown in Figure 5-2, is a
250 kVA AGCO Power AG250 diesel generating set, and the UPS1 is the previously
described 200 kW Eaton 93PM. The UPS has two sets of VRLA battery packs connected
to it. There are also two different sets of resistive load banks: LOAD1 is connected in
parallel with the UPS1 i.e., in the input side of the UPS. LOADZ2 is connected to the output
of the UPS and it can provide up to 100 kW of resistive load.

The input voltage and current of the UPS are measured with a digital oscilloscope and
the frequency of the grid is separately calculated with MATLAB after the tests. During
the tests, the UPS is set to operate in double conversion mode, i.e., the input voltage is
rectified and inverted back to form the output voltage. One of the requirements for fre-
quency regulation with UPS is that the protection of the critical load should not be com-
promised, and the UPS should be able to operate normally. Even though the test setup
does not have UPS output measurements, the continuity of UPS operation can be veri-
fied by checking the logged data and the active alarms in the display of the UPS, which

will indicate possible faulty situations, e.g., DC link overvoltages or output undervoltages.
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Figure 5-1: a) Eaton 93PM UPS [78], b) Schematic diagram of the test laboratory
setup.

Figure 5-2: AGCO Power AG250 diesel generator. [79]
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5.3 Measurement results with different control modes and pa-
rameters

As with the simulations, the first tests are done with the frequency regulation disabled to
benchmark the generator’s performance in different-sized load steps. It should be noted
that the generator is operated in speed droop mode with ~3 % droop. This means that
the no-load system frequency is about 51.5 Hz. Figure 5-3 shows the system frequency,
ROCOF and voltage d-component during 50 kW, 100 kW and 160 kW resistive load
steps. The performance is not exactly as in the simulated system, but the deviations are
in the same order of magnitude. The 50 kW step is small enough so that the frequency
stays within the droop range, i.e., it does not deviate below 50 Hz. The 160 kW step was
found to be the load step limit for the generator with the used settings, as any bigger load

step would cause the generator protection system to trip.

The next step was to test the UPSaaR frequency droop with the default, slower control,
i.e., 100 ms control loop and slower frequency measurement. However, the UPS was
not able to do any reasonable demand response actions with the slower control in this

kind of low-inertia microgrid and thus it was deemed useless.
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Figure 5-3: The system frequency, ROCOF and voltage d-component during 50, 100
and 160 kW resistive load steps. Frequency regulation disabled.
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Next, the droop-mode and ROCOF-control are tested with the sub-cycle frequency
measurement and the faster, 5 ms control loop. Even though the frequency is well above
50 Hz before the load step, the LowStart parameter is set to 49.9 Hz, as it realistically
cannot be set above 50 Hz to prevent unnecessary demand response. After a couple of
trial runs, it was found that the optimal setting for LowMax was 48.0 Hz as setting the

parameter any higher would result in an unstable response.

Parametrizing the ROCOF-control is slightly more intricate if the control needs to be more
aggressive, as the response is easily unstable. However, setting the RocofLowStart to
3.5 Hz/s, RocofLowMax to 100 Hz/s and limiting the ROCOF-based power response
falling ramp rate to 100%/s seemed to give a slightly improved response when compared
to the linear droop method.

Figure 5-4 shows the performance of the two control modes compared to no regulation
in a 100 kW resistive load step. The linear droop method improved the frequency nadir
by 0.29 Hz and the ROCOF-control by 0.72 Hz. The power responses in both cases are
two short bursts of power injections. The dynamics of the control delays, charger perfor-
mances etc. can clearly be detected. For example, at around t = 1.2 s, the ROCOF-
control regulation power has decreased to zero, even though the ROCOF is clearly neg-
ative. However, the delay is short enough (< 50 ms) that the control remains stable and
a fast response can be achieved. The 100 kW load step was just small enough that the
ROCOF-control achieved to keep the frequency above 50 Hz at all times, and therefore

the entirety of the power response is based on ROCOF.
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Figure 5-4: System frequency and UPS regulation power after a 100 kW resistive
load step, comparison between linear droop, ROCOF-control and no regulation.
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A more dramatic effect of the frequency regulation control can be seen in Figure 5-5,
where the performances of the control modes are compared to no regulation in a 160
kW load step. The frequency nadir improved by approx. 8 Hz, and the frequency settled
around 1 s faster. Additionally, the voltage deviation was reduced significantly. However,
the ROCOF-control does not show that much advantage over the linear droop as the
frequency nadir improved only by 0.04 Hz. The ROCOF-control reacts approximately 40
ms faster than the linear droop, but in terms of frequency, the improvement is insignifi-
cant. The ROCOF-control could not be configured to be more aggressive as it led to
unstable responses, but there might be possibility to enhance the response by decreas-

ing the FallingRampRate parameter to match the performance of the genset.

As stated earlier, the diesel generator’s load step acceptance limit was found to be 160
kW without supplementary regulation. However, with the added frequency support from
the UPS, the power system can undergo even bigger load steps, up to the kW-rating of
the generator. Figure 5-6 shows the system frequency and UPS regulation power during
a 200 kW resistive load step. Finally, in Figure 5-7, the performance of the regulation is
demonstrated in a more realistic case, where the UPS has 100 kW (50 %) of load and
the feeding grid undergoes a 100 kW load step. In this case, the UPS does not feed
power back to the input as it only takes power from the batteries to support the critical

load, thus reducing the power imbalance experienced by the generator.
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Figure 5-5: System frequency and UPS regulation power after a 160 kW resistive
load step, comparison between linear droop, ROCOF-control and no regulation.
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Figure 5-6: System frequency and UPS regulation power after a 200 kW resistive
load step, comparison between linear droop and ROCOF-control
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Figure 5-7 System frequency and UPS regulation power after a 100 kW resistive
load step with 100 kW UPS base load, comparison between linear droop, ROCOF-con-
trol and no regulation.
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6. SUMMARY AND CONCLUSION

The objective for this thesis was to study the capability of UPS devices in providing fre-
quency regulation in the context of low-inertia islanded/isolated microgrids. The back-
ground for this type of unusual UPS application comes from the Eaton EnergyAware and
UPS-as-a-Reserve features that enable the data center UPSs to provide frequency reg-
ulation services to the feeding grid. The EnergyAware UPS is intended for utility-scale
electric grids and the frequency containment reserve markets. In this context, the control
problem is relatively slow when compared to the possibilities that state-of-the-art power
electronics and energy storages provide. The utility grid generation capacity is primarily
based on large synchronous generators that bring inertia to the system, which makes
the frequency deviations less severe. However, as the system inertia decreases, for ex-
ample due to increasing amount of inertialess renewable energy sources, the frequency
deviations get faster (i.e., higher ROCOF) and bigger. To combat this problem, different
frequency regulation solutions have been studied and implemented, for example fast

frequency reserves (FFR) and virtual inertia methods.

As a continuity to these solutions and the EnergyAware UPS, the frequency stability
problem due to low-inertia was studied in the context of an isolated power system where
the generation capacity is provided by a back-up generator. This kind of system could
be used when a data center with UPS systems is temporarily islanded from the main
grid. Alternatively, the microgrid could also be intentionally isolated with its own genera-
tion capacity based on renewables and gensets. Regardless, the data center UPSs can
now be used to provide frequency support in the low-inertia grid and to help the genset(s)

survive larger load steps.

The frequency regulation methods for the UPS were first studied in a simulation environ-
ment utilizing MATLAB Simulink. A simple power system consisting of a diesel genset
and a double-conversion UPS was constructed, where the UPS model was represented
by an active rectifier circuit for simplification. The control algorithms utilize the frequency
measurement from the input voltage of the UPS and calculate appropriate power re-
sponses to regulate the frequency. The power response is used to control the power flow
from the UPS battery, either to supply the UPS load or to feed power back to the grid. In
addition to designing the regulation methods, a sub-cycle frequency measurement was

implemented into the PLL to achieve faster tracking of the input frequency.
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A few control modes were tested: linear droop, virtual inertia or ROCOF-control and PLE-
droop. These methods were tested by simulating resistive load steps to the UPS input-
side grid, which produced extreme frequency deviations. All the control modes improved
the load acceptance and frequency nadir significantly, when compared to the case where
frequency regulation was disabled. Additionally, the voltage drop of the generator was
also greatly reduced as the generator’s voltage regulator did not require under frequency
roll-off. For example, in the 100 kW load step, the linear droop improved the frequency
nadir by over 2 Hz. The ROCOF-control had some additional benefits to it by making the
response a bit faster and a slight improvement (0.3 Hz in the 100 kW step) in the fre-
quency nadir was seen. However, configuring the parameters for ROCOF-control was
found to be challenging, and the control mode was prone to instability. The PLE droop
performance was quite promising: the initial frequency drop was very similar to the
ROCOF-control, which indicates that the power response speed was equivalent. Addi-
tionally, the recovery period after the initial drop was superior. The advantage of this
method is that a better response is achieved without needing the ROCOF measurement,
which can be sensitive to all kinds of disturbances. All in all, it is concluded that the sub-
cycle frequency measurement enables the UPS device to achieve fast enough re-
sponses to react to the power imbalances in the low-inertia grid (regardless of the control
method).

To verify the performance of the control methods, a laboratory test setup was constructed
with a 250 kVA diesel genset feeding a 200 kW Eaton 93PM double-conversion UPS
with EnergyAware capabilities. As a reference test, the genset was subjected to relatively
large resistive load steps to benchmark the performance of the generator. The genset
could accept a maximum 160 kW load step without tripping its underspeed protection
and in this case, the frequency nadir was approximately 41 Hz with the initial maximum
ROCOF around 65 Hz/s. These values seem unreasonable in the context of conventional
power systems, but it should be noted that this type of genset is not designed to accept
load steps this big. However, as seen with the simulations, supporting the genset with
the UPS frequency regulation methods, the load steps could be achieved within reason-
able frequency deviations. A brief summary of the measurement results is presented in
Table 6-1. When looking at the results from the 160 kW load step, it is clear that the
ROCOF-control does not have a significant advantage over the linear droop. However,
some added benefit can be seen in the 100 kW load step results, as the nadir and the
mean value of the frequency are improved. It should be noted that as seen with the
simulations, the parametrizing of the ROCOF-control was challenging, and the method

was prone to instability.



63

Table 6-1: Summary of the UPS frequency regulation method performances from
the laboratory testing measurements.

Attribute No regulation’ Linear droop' ROCOF-control’
Frequency nadir| 49.4,40.8 49.7,49.2 50.13, 49.3
(Hz)

Max  ROCOF? | -40.5,-62.5 -42.2,-58.2 -39.5, -50.0
(Hz/s)

Mean frequency* | 49.9, 43.8 50.2,49.8 50.5,49.7
(Hz)

Voltage drop (%) | 4.1,22.0 46,6.2 4.3,6.0
Peak regulation | - 31.2,88.7 70.7,94.6
power (kW)

Active time (ms)® | - 312, 920 385, 1125

1 Values from 100 kW and 160 kW load steps, respectively. 2 Maximum initial ROCOF, no averaging. 3 Genset in
droop mode, steady-state frequency above 50 Hz, thus nadir could be maintained above 50 Hz. 4 The average
(mean) frequency from the whole event. 5 Represents the total time the UPS regulation was active.

Overall, the simulations and the laboratory testing were successful, and it was clearly
demonstrated that the Eaton EnergyAware 93PM UPS is capable of providing frequency
support in extremely low-inertia grids. From the two control modes tested, linear droop
was overall better as it achieved very similar results compared to the ROCOF-control
with less complexity. The linear droop method was much easier to parametrize to be
stable and does not require sensitive ROCOF measurements. However, utilizing the sys-
tem ROCOF as a control input is something that could be better suited for a larger scale
microgrid, as suggested by virtual inertia studies. Additionally, adaptive methods as dis-
cussed in subsection 3.2.2 would be an interesting topic to research in terms of these

kinds of low-inertia systems.

Lastly, as discussed before, these control methods are very dependent on accurate and

fast frequency measurements. Therefore, as a suggestion for future research, alternative
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frequency estimation methods should be considered, as the digital dg-PLL based fre-
quency estimation utilized in this work was sub-optimal. Furthermore, these low-inertia
frequency regulation methods should also be tested for ‘down-regulation’ and load rejec-
tion capabilities, which would require for example Li-ion batteries to enable higher power
charging. Utilization of supercapacitors as an energy storage solution for this kind of fast
regulation could also be worth considering, as the activation times shown in Table 6-1

were relatively short and only quick power peaks were required.
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APPENDIX A

Generating set parameters used in the simulations:

71

Parameter 1000 kVA 250 kVA
Generator system' Generator system?
Rotor type Salient-pole, 2 pole pairs Salient-pole, 2 pole pairs
Nominal voltage (V) 400/230 400/230
Nominal Power (kVA) 1000 250
Nominal frequency (Hz) 50 50
Xd dir. axis synchronous (%) 2.73 1.37
X'd dir. axis transient (%) 0.22 0.09
X"d dir axis subtransient (%) 0.15 0.05
Xq quad. axis reactance (%) 1.61 0.78
X"q quad. axis subtransient (%) 0.19 0.15
XL leakage reactance 0.08 0.08
Rs stator resistance (Q) 0.002 0.007
T'd transient time constant (s) 0.185 0.085
T"d subtransient time constant (s) 0.025 0.013
T'do open-circuit time constant (s) 3.03 1.3
Inertia constant H (s)3 0.28 0.12

1 Based on Stamford HCI634J 2 Based on Mecc Alte ECO381L4A, some parameters are slightly adjusted 3 Cal-
culated using H = WR? SL where WR? is rotor inertia in kgm?, C is a constant that considers running speed
k'

VA
and S,y 4 is the kVA-rating of the generator.



