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Implementation and Stability Analysis of Synthetic Inertia for Inverter-Based En-
ergy Resources

Arvid Karlsson, Carl-Johan Vickstrom
Department of Electric Power Engineering
Chalmers University of Technology

Abstract

Inverters are being integrated into power systems around the world at a rapid pace
due to the shift from traditional energy sources to renewable sources such as wind
and solar power. As the number of inverters increases, the inertia in the system
with respect to the power level decreases. Since frequency stability in power sys-
tems heavily relies on the kinetic energy stored in rotating masses to provide inertia,
such as synchronous generators which are now being partly phased out, it may be-
come necessary for inverters to provide synthetic inertia as well.

This thesis work includes the implementation of grid following and grid forming
inverters together with an external grid of variable strength and an island grid con-
stituted of a hydro power generator. The simulations are carried out in Matlab
and Simulink. The implementation is based on the theory of existing methods and
includes an important definition of synthetic inertia, namely that it is proportional
to the rate of change of frequency. Contrary to fast frequency response which is
proportional to frequency deviation. The models were then tested against grid fre-
quency disturbances to analyze how aggressively the system could be tuned while
still maintaining stability.

The results showed that grid following inverters are highly dependent on the strength
of the external grid, mainly because of their need to synchronize their own frequency
with the grid. When operating in synthetic inertia mode, the grid following inverter
stability region increased linearly between proportional gain and the filtering time
constant. When providing active power based on frequency deviation, the stability
decreased as the filtering increased. The grid forming inverter was highly dependent
on its droop constant to remain stable where as the droop constant increased, the
stability decreased.

Keywords: Grid Forming, Grid Following, Synthetic Inertia, FFR, Island Grid,
Weak Grid, PLL, Simulink, Virtual Synchronous Machine, RoCoF
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Below is the list of acronyms that have been used throughout this thesis listed in
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Variables
H Inertia constant
D Damping constant
R Droop constant
Rasu Copper resistance of generator step-up transformer (p.u.)
Xasu Leakage reactance of generator step-up transformer (p.u.)
Ry Filter resistance (Ohm)
Ly Filter inductance (H)
C Filter capacitance (F)
Tier Servo motor time constant (s)
Aser Servo actuator ramp rate limit (p.u./s)
Ty Water starting time constant (s)
T Time constant in ROCOF control (s)
Ky pn Proportional gain of PLL
Kipn Integral gain of PLL
Ko e Proportional gain of current controller
K; Integral gain of current controller
Ky pe Proportional gain of power controller
Ki pe Integral gain of power controller
Kyvr Proportional gain of voltage regulator
Kivr Integral gain of voltage regulator
Tivr Integration time constant of voltage regulator (s)
Tevr Exciter delay time for static exciter (s)
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Exciter delay time for brushless exciter (s)
Maximum exciter output voltage (p.u.)
Minimum exciter output voltage (p.u.)
Initial exciter voltage (p.u.)

Generator terminal voltage reference (p.u.)
Base apparent power (VA)

Base line-to-line RMS voltage (V)

Base phase voltage (peak, V)

Base current (phase peak, A)

Base impedance (Ohm)

Nominal grid frequency (Hz)

Switching frequency (Hz)

Nominal angular frequency (rad/s)

Total power rating of hydro generator (VA)
Generator voltage level (kV)

Grid voltage level (kV)

Line positive-sequence resistance (Ohm/km), inductance (H/km),
and capacitance (F/km)

Line zero-sequence resistance (Ohm/km), inductance (H/km), and
capacitance (F/km)

Generator reactances (p.u.)

Initial mechanical power input (p.u.)
Initial field voltage (p.u.)

Gain in ROCOF control
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1

Introduction

1.1 Background

The incorporation of Renewable Energy Sources (RES) such as wind power, solar
Photovoltaic (PV), and Battery Energy Storage Systems (BESS) are rapidly increas-
ing in power grids around the world [1]. This means that the percentage of total
power that is provided by synchronous-based production decreases, while converter-
based power generation increases which leads to new challenges in the power system.
A key issue is that these RES do not contribute to system inertia as its default set-
ting[2]. Taking wind power as an example, where the generator is connected to the
grid via inverters that synchronously decouples the rotating mass of the generator
from the grid [3]. Although this may not be a major concern in the Nordic syn-
chronous area due to the large number of hydro plants, it could become problematic
in other synchronous areas with low systemic inertia. To address this, there will be
a growing importance for ancillary services, which typically include fast frequency
reserve, reserves for frequency containment, frequency restoration, synthetic inertia
and voltage regulation [4].

A potential solution is to provide synthetic inertia which can be implemented either
through Grid Forming (GFM) or Grid Following (GFL) inverters. The GFM con-
trol strategy enables inverter-based energy sources to mimic the dynamic behavior
of synchronous machines [5]. This type of inverter can regulate the grid voltage and
frequency, meaning that it can operate in island-mode without any preexisting grid
and provide ancillary services such as frequency containment reserve. On the other
hand, the GFL control strategy requires an existing grid to synchronize its voltage
and frequency output, which means that it cannot operate in island-mode without
the presence of other GFM generators [6]. Although this simplifies the control algo-
rithm compared to the GFM, it also limits its usage.

This thesis will be carried out during the winter and spring of 2025 at Solvina AB,
a Swedish energy consulting company located in Mélndal. As many customers have
similar systems, Solvina will through this project gain a better understanding of
whether synthetic inertia is a feasible solution in weak grids, regarding frequency
stability. In addition to having access to the model itself.
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1.2 Aim

This master’s thesis aims to evaluate the performance of GFM and GFL invert-
ers’ synthetic inertia and FFR capabilities in electrically weak grids. This will be
achieved by developing a simulation model that can replicate grid frequency distur-
bances. The goal is to determine the effectiveness and stability margins of the GFM
and GFL with respect to the stability of the grid frequency.

1.3 Limitations

The focus of this thesis lies on modeling control loops for GFM and GFL invert-
ers connected to a RES, which are used to provide synthetic inertia to mitigate
frequency disturbances. The system components will not be modeled in extensive
detail, such as transformers or transmission lines. Instead, standard Simulink blocks
will be used, as they are sufficient for the purpose of the simulations.

In Matlab and Simulink, an Electromagnetic Transient (EMT) model will be inves-
tigated. However, in most cases, the values of the Root Mean Square (RMS) will be
taken into account to simplify the work [7]. The RMS analysis, although not as ac-
curate as an EMT analysis, will provide acceptable accuracy and faster simulations.

Since the thesis is limited to disturbances in the grid frequency, such as frequency
dips and phase angle jumps, there will be no voltage stability analysis carried out.
The current provided from the RES to restore the frequency will therefore only be
used to provide active power. Reactive power compensation will not be provided.
Additionally, we assume that the RES has enough energy available to meet the de-
mands of the synthetic inertia implementation.

Finally, the thesis work will not include any Frequency Restoration Reserve (FRR)
to mitigate the steady-state error between the actual and the system frequency. This
is assumed to be taken care of and is beyond the scope of consideration.

1.4 Specification of the issue being investigated

This thesis aims to investigate both technical and operational aspects of different
control strategies for voltage source inverters, specifically with the goal of support-
ing grid frequency. The purpose of this thesis is also to consider the social, ethical,
and ecological dimensions of these areas. The objective is to build and implement
an inverter model in Simulink to explore the effectiveness of the synthetic inertia
and Fast Frequency Response (FFR) produced, mainly in weak and island grids.

Initially, the concept of synthetic inertia and how it can be implemented in inverters
connected to an external grid or operating in an island mode will be examined. An
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important distinction based on the literature between inertia, synthetic inertia, and
FFR will be made to recognize the factors that differ between each concept. In
this context, FFR is defined as the injection of active power proportional to the
frequency deviation, and not as Fast Frequency Response as defined by Svenska
Kraftnét.

The thesis will describe the implementation of an external grid with variable strength
and an island grid constituted by a hydro power plant and a resistive load in the
simulation environment. The implementation of inverter controllers will also be
demonstrated, including mathematical descriptions of the parameters within the
system. The different methods used to measure the frequency and filter signals in
the simulation will be highlighted.

An evaluation of different GFL and GFM control strategies will be carried out.
Based on the synthetic inertial response, Rate of Change of Frequency (RoCoF),
and frequency nadir, the models will be evaluated to determine which is most suit-
able for specific cases. The different control strategies will also be pushed to find
where they can no longer maintain stability. This will be achieved by a combination
of increasing proportional gain, based on either RoCoF or a frequency deviation,
and increased filtering. The goal is to use these findings to optimize inverter control
schemes to help minimize frequency disturbances.

Additionally, the thesis will consider aspects other than the technical ones mentioned
above. It will consider how synthetic inertia could affect the reliability of power sys-
tems in regions with low inertia and how it might change the public perception of
reliability in the power system. The work will also include an examination of the
environmental impact that increased synthetic inertia in power systems worldwide
might have, such as an excessive need for mineral extraction.
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Theory

This chapter presents the fundamental concepts and theoretical background relevant
to the study. It begins with an overview of inertia in power systems, followed by
different frequency estimations used today, operation and background of GFM and
GFL inverters and passive filtering.

2.1 Inertia in Power Systems

The general term of inertia refers to the tendency of an object in motion to remain
in motion for a short while after losing its propulsion. For instance, a car does not
stop immediately as the gas pedal is released. In power systems, rotational inertia
can be found in traditional power plants with rotating components, such as turbine
rotors and flywheels.

Synchronous areas typically consist of several generators that rotate at different
Revolution Per Minute (RPM) depending on the number of pole pairs, which typi-
cally results in a grid frequency of either 50/60 Hz depending on the region. During
normal operation, the supply of active power and the load demand are of equal
size, which results in a stable frequency in the grid. However, during a disturbance,
such as the tripping of a generator or loss of a load, the difference between load
and production is introduced, causing the frequency to deviate from its nominal
value. Governors, the control system that regulates the mechanical input, responds
to frequency changes by increasing or decreasing the active power. However, this
adjustment takes time to apply due to several delays in the process. For instance,
in a water turbine, there are delays such as the governor time constant itself and
delays that are dependent on how quickly the water flow in the turbine’s penstock
can respond to changes in the guide vane position. Therefore, during frequency dis-
turbances, inertia plays an important role in maintaining the frequency momentarily
at its rated value while allowing enough time for the generating units to adjust to
the change [8].

The difference in frequency due to the imbalance between load and generation is
mathematically governed by the swing equation (2.1) [9].

dw
2H— =1, — T, 2.1

Where H is the inertia constant in seconds, w is the frequency in rad/s, t is the
time in seconds, T, is the mechanical torque from a turbine in one direction and
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T. is the electrical torque from a generator, opposite direction of T,,. From (2.1),
it can be seen that if the mechanical and electrical torque are equal, there can be
no acceleration or deceleration of the rotor, the frequency must be constant. This
relationship is important because it describes how well a generator is working in sync
with the grid. However, it is often easier to interpret the meaning of this equation in
relation to active power instead of torque. To express the equation in active power,
the following relationship is used:

P=T-w (2.2)

Assuming that the rotor speed w is approximately constant and close to synchronous
speed, in p.u. equal to one. Then the swing equation can be rewritten as:

dw
2H— =P, — P, 2.3
o (2.3)

Acceleration of the frequency is now represented by a change in the balance between
the mechanical power input and the electrical power output to a Synchronous Gen-
erator (SG). From (2.3), the name swing equation becomes clear; the rotor angle of
a machine accelerates, or swings, during a disturbance [9].

Changes in mechanical power input or electrical power output from a synchronous
generator can occur for various reasons and are often difficult to predict. However,
grid frequency instability is primarily caused by sudden changes in load demand or
the disconnection of generation units, which lead to an imbalance in active power
as described in (2.3).

From (2.3), the role of inertia in power system stability becomes very clear. As
the inertia constant increases, the rotor angle accelerations decrease, resulting in
smaller grid frequency deviations. The inertia of an entire synchronous area can be
represented by the total system inertia constant.

> Kinetic energy

Hs s —
Y Z S’/‘ated

(2.4)

Where S, 4eq is the base power of the system in MVA. The constant Hy,, represents
the total kinetic energy stored in all rotating objects, in p.u. of the rated capacity.
In other words, it indicates for how long generators can produce power at their rated
capacity using only the stored rotational kinetic energy [10]. Typical values for the
inertia constant in different production sources, as reported by ENTSO-E [11], are
presented in Table 2.1.

6
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Table 2.1: Typical inertia constants for different production types.

Production type Mean H(s)
Nuclear 5.9
Fossil 4.2-4.3
Hydro 3.5-3.7
Biomass 3.3
Wind (onshore/offshore) 0
Solar 0

It can be observed that synchronous-based production units have relatively large
inertia constants, reflecting their large rotating masses. In contrast, Inverter-based
Resources (IBRs) such as wind and solar energy have inertia constants of zero.

2.2 Synthetic Inertia & FFR

As seen in the previous section, synchronous-based production units rely on the ki-
netic energy stored in rotating masses to provide an inertial response. IBRs, on the
other hand, need to implement other strategies to mimic this behavior, which has
been named synthetic inertia or FFR.

The term "synthetic inertia" has not been consistently defined within the industry.
Initially, it was used to describe the rapid power injection from IBRs in response to
grid disturbances [8]. However, many Transmission System Operators (TSO), such
as SVK and Fingrid, now use the term FFR to describe ancillary services designed
for rapid power injection during quick frequency deviations [12].

In contrast, this thesis uses the definition introduced by Robert Eriksson in [13],
where the definition and distinction between FFR and synthetic inertia were coined.
According to his definition, FFR refers to the controlled contribution of electrical
torque from a unit based on frequency deviation. While the definition of synthetic
inertia is defined as the controlled contribution of electrical torque from a unit that
is proportional to the RoCoF'. To clarify, this definition is not used by SVK but will
be used in this thesis and can be summarized as:

dAf
dt
Note that Af is the frequency error (fref — factuar) and not the time derivative.

FFR: P, < =Af Synthetic inertia : Pyp; o< —

2.3 Frequency & RoCoF

As explained in previous sections, when deviations occur between generation and
load demand, there will be a deviation in frequency from the nominal value. The

7
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RoCoF is the time derivative of the frequency deviation, and it is an important mea-
surement of power system stability, which can be derived from the swing equation.
From a frequency perspective, it is an indicator of the system’s state of health [11].

dAf AP, - AP,
dt 2H
where Af is the frequency deviation, P,, is the mechanical power, P, is the electri-

cal power, and H is the inertia constant. Equation (2.5 shows that a large RoCoF
indicates a large power disturbance or a low inertia constant in the system.

RoCoF =

(2.5)

According to the Swedish TSO Svenska Kraftniat (SVK), RoCoF during frequency
events in the Nordic synchronous area is normally low. As an example, in events
of large production losses, it can reach values of 0.1 — 0.2 Hz/s, on rare occasions
it may reach 0.3 Hz/s, and it would then be considered an extreme event. During
these events, it is of great importance to keep power production running as further
loss of production would increase RoCoF and could lead to the disconnection of
units [14].

In other synchronous areas, where the penetration of inverter-based energy is greater,
RoCoF values can be significantly higher. This causes problems as generating units
are often equipped with RoCoF-based protection. For example, many wind farms
are equipped with 2Hz/s RoCoF protection and would disconnect if this value is
ever reached [15].

Many protection schemes that are used to regulate grid frequency rely on RoCoF
to detect disturbances in the system. Since RoCoF is the time derivative of the
frequency, this imposes strict requirements on the accuracy of the frequency mea-
surements. However, RoCoF measurement includes an important trade-off between
accuracy and the length of the measurement. For example, if a longer time period
is utilized to measure RoCoF, it decreases the risk of false detection of frequency
events. If a rapid response is necessary, the measurement window time period might
have to be decreased, sacrificing some stability margins [16].

2.3.1 Frequency Estimation

It is important to have a robust and accurate estimate of the frequency in the grid
to ensure complete system stability. Within the Nordic power system, consisting of
Sweden, Norway, Finland, and Denmark, the normal frequency band is within 50
Hz + 0.1 Hz. The frequency is allowed to deviate up to £+ 0.5 Hz for a maximum of
5 minutes or £ 0.25 Hz for up to 15 minutes. After this time period, if the frequency
does not settle, the system goes into alert state. In case of severe disturbances, the
frequency is allowed to deviate up to + 1 Hz for a maximum of 60 seconds. If the
frequency does not settle, the system goes into the emergency state. In this state,
load shedding may occur to prevent total system shutdown [17]. With this in mind,
the importance of precise frequency measurement is evident. There are different
methods used to estimate grid frequency; the following chapters will further explain

8
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the functionality and their advantages and disadvantages.

2.3.1.1 Zero Crossing Detection

The traditional and one of the most common approaches to measuring frequency is
Zero Crossing Detection (ZCD) [18]. This method measures three-phase grid voltage
or current and clocks the time between zero crossings. Since frequency is defined
as the inverse of one time cycle, it is relatively easy and does not require much
computational power to determine the frequency using this method. However, ZCD
has proven not to be as reliable as other methods during faults in which phase an-
gle jumps occur, or the voltage waveform is heavily distorted [19]. Cases have been
recorded where, during faults, phase angle jumps have altered the time between zero
crossings up to £+ 33 % [20]. The ZCD method also requires significant filtering.

2.3.1.2 Phasor Measurement Unit

Another widely used measuring method is by using phasor measurement units
(PMU). As the name indicates, a PMU is capable of measuring a voltage and/or
current phasor consisting of a magnitude and phase angle. Based on phasor infor-
mation, it can also provide operators with frequency and RoCoF estimations. PMUs
can be synchronized via universal time-stamping and the use of a Global Position-
ing System (GPS). In the Nordic grid, PMUs are used in multiple substations as
part of a Wide Area Monitoring System (WAMS). Nordic TSOs have committed
to a goal in which WAMS is implemented throughout the entire grid by 2027 [21].
Since electric power grids are often spread across large geographical areas, it makes
PMU:s the first choice of many TSO:s to monitor the grid. Problems related to
PMU:s often relate to differences between manufacturers, such as different filtering
methods [19]. Depending on the measuring algorithm, different units may produce
variable results.

2.3.1.3 Phase Locked Loop

To estimate the grid frequency without relying on excessive filtering, which can dis-
tort the phase angle due to delays, Phase Locked Loops (PLL) are commonly used.
The PLL itself introduces an internal delay due to its control structure, which means
it can also act as a low-pass filter. As the name indicates, it functions by locking
onto the phase angle of a sinusoidal three phase signal; how this is achieved is further
explained in chapter 2.6. Since the frequency is the derivative of the phase angle, it
becomes easy to estimate and is not as sensitive to disturbances as other methods,
provided that the grid is strong enough. PLLs are advantageous to use for frequency
estimation, as they are very fast and easily implemented without requiring a lot of
computational power [22]. However, studies have found that PLLs may contain a
steady state error unless they are tuned properly [23].

It is also important to clarify that while it is often stated that PLLs perform poorly
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in weak grids, the issue does not stem from the PLL itself. But instead, the problem
arises when the voltage waveform that the PLL is measuring, becomes affected by
active power injection, creating an unstable feedback loop. In the results section,
this will be demonstrated.

2.3.1.4 Positive Sequence Phasor

Recent studies and reports have presented a frequency estimation method named
Positive Sequence Phasor (PSP). The method is based on extracting the PSP of
a three-phase sinusoidal signal, which can be a grid voltage or current. The PSP
contains the fundamental component of the frequency harmonics, which makes it
important for accurate frequency measurement. The three-phase signal is trans-
formed into the af frame using the Clarke transformation, and the PSP is then
extracted using the symmetrical component transformation. Once the phase of the
three-phase signal is extracted, the frequency can be estimated by its derivative over
time.

According to [19], the PSP method provides a simple and robust frequency esti-
mation which is suitable for power systems with high penetration of IBR. In [19],
the PSP method was simulated using real-world frequency events and compared it
with conventional frequency estimation methods. The results showed that the PSP
method provided far superior frequency estimations during faults compared to ZCD,
PMU, or PLL. However, this method has not been tested in real-world applications,
as could be found in the available literature.

2.3.2 RoCoF Estimation

There are also various methods to implement RoCoF estimations. When using a
PLL or zero-crossing detection, a commonly used implementation is to use the finite
difference method (FDM), described in Figure 2.1 and (2.6).

10
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A Backward difference
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Figure 2.1: Backward difference (FDM).

f(t) = f{t = At)

F p—
RoCo At

(2.6)

This approach, used later in the simulations, estimates the derivative by taking the
frequency measurement f(¢) at time ¢, comparing it with the previous measurement
f(t—At), and dividing the difference by the time interval At. Although this method
is straightforward to implement in Simulink, it presents challenges, especially in low-
inertia systems.

The FDM method relies on the assumption that the measured frequency between
several time steps are relatively smooth. However, this is not the case in both reality
and simulation, primarily due to the rapid change in frequency and the presence of
noise in the system. As a result, two consecutive measurements could therefore dif-
fer significantly and lead to unstable or spiky RoCoF measurements. Furthermore,
this method is highly sensitive to sudden phase angle jumps. To mitigate this, the
use of low-pass filters or moving average filters is needed to smooth the data.

2.4 Grid Following Inverter

As indicated by the name, a key component in IBRs is the use of an inverter between
the source and the grid. The purpose of the inverter is simply to convert DC
power from the source or storage system to AC power, which can be used in the
transmission network. What separates one inverter from another is mainly the
control strategy or its mode of operation. A commonly used inverter in today’s
transmission systems is the GFL inverter [24][25], with its control strategy shown in
Figure 2.2.

11
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Figure 2.2: General model of a GFL inverter.

The GFL inverter operates similarly to a current source. It is not capable of gener-
ating its voltage or frequency at its Point of Common Coupling (PCC), but rather
measures the voltage on the grid and synchronizes with its frequency. This is com-
monly achieved with the use of a PLL, which can extract both the frequency and
the phase angle of the grid [26]. When locked to the frequency of the grid, it can
adjust its active and reactive current according to the requirements of the grid.

As mentioned in the limitation section, this thesis focuses on frequency stability.
Therefore, only active power injection is considered, making it redundant to include

a reactive power reference value. However, the active power reference has to be
calculated based on the grid frequency. The block diagram can be seen in 2.3.

fref

+
&>
{dffdt}—»{Fnter @

Figure 2.3: Power controller reference.

The power controller reference calculation is where the GFL inverter operation is
decided. If it is calculated based on the frequency deviation the inverter is oper-
ating in FFR mode. If it is calculated based on the frequency derivative then the
inverter is operating in synthetic inertia mode. The filter block is used to attenuate
high frequency noise. The gain block is used to calculate the active power reference,
based on the relationship described in section 2.2

12
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The second component of the power controller is a PI regulator, which generates
its output signal for the current controller, as illustrated in Figures 2.4a and 2.4b,
respectively.

Vd
Jﬁ
Pa ld,ref : /9 + s \""d,ref

» P

_ Ig decoupling
Pref + Id.ref tem
PI —>
Ig decoupling
Qref + Ig,ref term
}6\‘ » Pl —> )
lgref N s J oo Vg ref
- \2/
Qe Vq
(a) General model of a power control (b) General model of a current control
loop loop

Figure 2.4: Power and current control loops.

The power control loop measures the active and reactive power output of the inverter
and compares it to their respective reference values. A proportional-integral (PI)
regulator is then used to adjust the power injection. The resulting power control
output serves as the reference for the current control loop, which also employs a PI
regulator to regulate the active and reactive current components. The output of the
current control loop becomes voltage reference, which is used to generate the PWM
signals for the inverter [27].

2.5 Grid Forming Inverter

DC Side | t / e Filter v
... _L_| Inverter q (m\ ’ dq
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* ¢ ¢ ¢ Pmeas
PWM Grid forming Powe.r
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Qmeas
Tvabc,ref Vi* e '*¢ Wemd.
I
' Voltage [€——— Power ~ [€ Pmeas
Vd (—— T ‘ Pmax
> controller < o Limiting | 5"

Figure 2.5: General model of a GFM inverter.
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Another type of inverter is the GFM inverter, which has emerged as a potential solu-
tion to the growing stability challenges caused by the lack of voltage and frequency
regulating units. Although GFM technology began to appear as early as the year
1990, mainly to operate in island-mode, it was not until 2015 that GFM technology
took off and gained a lot of attention [28].

While GFL inverters measure the voltage at the PCC for synchronization purposes,
the primary objective of the GFM inverter is rather to form the PCC voltage and fre-
quency. This means that a GFM inverter operates as a controllable voltage source,
similar to synchronous generators, constantly “ready” to support the grid. The use
of GFM inverters can be advantageous from a frequency stability point of view. Due
to the fact that it continuously maintains the grid conditions, the GFM inverter can
respond effectively to disturbances with minimal delay, enabling a significantly faster
response in terms of power injection compared to GFL inverters [5].

GFM technology is an evolving area due to the rapid increase of RESs in power
systems. Many different control strategies have emerged as a result of this, all of
them with their strengths and weaknesses. The main objective of the control sys-
tem is often to provide inherent inertia, or synthetic inertia, similar to SGs [28].
According to [5], control strategies can be divided into droop-based control, syn-
chronous machine-based control, or other types of control, where every group has
several subgroups. Some of the available control strategies are listed below.

2.5.1 Frequency-Based Droop

Droop-based control is the oldest and most tested, and it is adopted from the control
strategy that allows for several SGs to operate in parallel. This type of controller
enables GFM inverters to operate not only in smaller island grids but also in large-
scale power grids. Droop-based control can be further categorized into groups such
as frequency-based, angle-based, or Power Synchronization Control (PSC). In Fig-
ure 2.6, frequency-based droop control is presented.
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AP
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Figure 2.6: Frequency-based droop control strategy.

When GFM control strategies emerged during the 1990s, droop-based control was
the preferred method. In this control strategy, a linear relationship between fre-
quency error and active power deviation is defined using a droop coefficient. This
relationship could also be reactive power against voltage, etc. As the frequency of
the grid fluctuates, the inverter regulates its active power output to mitigate distur-
bances. The droop coefficient, K00y, is the amount of active power injected into
the grid when it is subjected to a frequency disturbance and is calculated according
to (2.7). Frequency-based droop is common among GFM control strategies, while
other methods, such as the virtual synchronous machine (VSM), utilize a droop-
based active power error to calculate the output frequency.

AP
Kdroop = Tf (27)

Where Af is the frequency deviation in p.u. from f; and AP is the active power
injection in p.u. as a response to the frequency deviation. This control strategy
is very simple as it is based solely on local measurements [25]. As mentioned in
section 2.2, this control strategy is used to provide FFR as active power injection is
proportional to the frequency deviation, according to [13].

2.5.2 RoCoF-Based Synthetic Inertia

Compared to the frequency-based droop control, which is used to improve steady-
state frequency deviations, the RoCoF-based controller is used to mitigate large
frequency derivatives and improve the frequency nadir. This control strategy imple-
ments synthetic inertia according to sections 2.2 and [13] by injecting an amount of
active power which is proportional to the RoCoF, as seen in (2.8).
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AP

df
dt

K=— (2.8)
The main issue when implementing RoCoF-based droop is the accuracy of the mea-
surement, as mentioned in section 2.3.2. It is important to have robust and sophis-
ticated filtering when measuring RoCoF as it might introduce faulty estimations
otherwise. Figure 2.3, showed the power controller where filters (either low-pass
or moving average) are applied to minimize the high-frequency components from
the frequency and frequency derivative measurements. Studies in which low-pass
filtering has been applied to RoCoF measurements have shown that adjusting the
filter cutoff frequency may greatly improve the level of synthetic inertia, resulting
in better RoCoF and frequency nadir [29]. Similarly, the droop coefficient, K00y,
should be tuned along with the cutoff frequency to find an optimal solution to de-
termine how much active power can be injected compared to how much filtering is
necessary.

2.5.3 Virtual Synchronous Machine

As has previously been mentioned, due to the increase in IBRs in the grid, it has
become attractive for inverter control systems to emulate the behavior of SGs. Es-
pecially for the purpose of grid frequency stability [30]. The VSM control strategy
allows IBRs to operate similarly to an SG. VSM aims to provide the grid with iner-
tial power when it is subjected to disturbances. This is achieved through a control
structure that utilizes the speed dynamics of an SG (i.e., the swing equation, shown
in Figure 2.7) and, in many cases, also a frequency-based droop characteristic [31].

s >
gl | s
Dyswm [€—

Figure 2.7: Block diagram of the VSM swing equation.

Using software, the SG speed dynamics can be emulated so that both the inertial
power from the stored energy in the rotating mass and the damping provided by
friction and damper windings are included in the inverter control.

2.6 Phase Locked Loop

A PLL is a closed-loop control system that continuously monitors and adjusts its
output based on feedback. It is commonly used in many fields such as power elec-
tronics (e.g., GFL inverters), telecommunications, computers, and radio frequency

16



2. Theory

applications. The primary function of a PLL is to synchronize its internal oscilla-
tor with an external signal in terms of phase and frequency. Common applications
for PLLs can therefore be to generate stable frequencies, recover signals with a low
signal-to-noise ratio, and control clock pulses.

In GFL inverters, as mentioned in the previous chapter, the PLL plays a crucial
role by ensuring that the inverter stays synchronized with the grid, since the GFL
cannot generate its own frequency and voltage. This ensures that the inverter is
injecting active power at the same frequency as the grid. The basic structure of
a PLL consists mainly of three components: The phase detector, loop filter, and
Voltage Controlled Oscillator (VCO).

The PLL synchronizes the output signal V'’ with the external signal V. The phasor
detector block compares the phase difference between the input signal and the out-
put signal and outputs a voltage proportional to the phase error €,4. The error is
then sent to the second block, which is the loop filter, which consists of either a first-
order low-pass filter or a PI controller. The objective of this block is to attenuate
the high-frequency AC components that are produced from the phase detector. The
third and last block is the VCO, which can be thought of as a voltage-to-frequency
converter. This block generates an AC signal whose frequency is based on the out-
put voltage of the loop filter Vi, [32].

Additional techniques or modifications can be applied to the PLL depending on
its usage and application, and the model described above represents only a basic
version of the actual device. In addition, while the loop filter attenuates the high-
frequency components of the input signal, the VCO contributes to the unwanted
noise itself, which is called phase moise, which is not filtered out. However, this
is more significant at higher frequencies and therefore can be neglected for grid
frequencies [22].

2.6.1 The Synchronous Reference Frame PLL

The Synchronous Reference Frame PLL (SRF-PLL) is a commonly used PLL for grid
synchronization in three-phase systems. Due to its frequency insensitivity, meaning
its ability to accurately track the phase and amplitude of the grid voltage during
frequency events, it is suitable for this application [32]. The SRF-PLL converts the
three-phase voltage vector from the ABC frame to the dq rotating reference frame
using Park’s transformation, shown in (2.9).

[sin(f) sin (9 - %’r) sin (6 + %’T)
d 9 a
q| =3 |cos(f) cos (6 — 2%) Cos (0 - 2?”) b (2.9)
0
1 1 1 ’
L 2 2 ) 1

This transformation produces three components: The d-component that represents
the voltage aligned with the rotating reference frame, the ¢g-component that repre-
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sents the voltage orthogonal to the reference frame, and the zero sequence component
that represents any imbalance between the three phases. Although the zero-sequence
component can be significant during a grid fault or unbalanced condition, the sim-
ulations will assume a balanced grid, and it can therefore be neglected.

In the synchronous reference frame, the components of the d- and g-axis are decou-
pled, often in such a way that they can regulate active and reactive power separately.
The SRF-PLL can be designed to regulate the output of the d-component or the
g-component, depending on the application. In this case, setting the g-component
to zero is the normal operation mode, as shown in Figure 2.8, since injecting active
power is the main objective. In other applications where injecting reactive power is
the primary goal, such as the STATCOM, it is more common to set the d-component
to zero [33]. By setting the g-component to zero, the PI controller will adjust its es-
timated phase angle 6 so that, in a steady state, the reference frame will be perfectly
aligned with the grid voltage.

v, Va
a—3 >
Vv, Park
b——> Transformation v
q ] 1 el
; > PI w S o
C—> Controller e s ”

Figure 2.8: Block diagram of the SRF-PLL.
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Simulink model design and
implementation

This chapter provides a detailed description of the implementation of the MAT-
LAB/Simulink system for both the island operation and the strong grid. It will
cover the design process and the selection of system parameters. Given the simi-
larities between the two systems, the first section will go through the shared imple-
mentations in both grids. In the latter sections, the focus will shift to the specific
differences within each system. It should be noted that the implemented model is
fundamentally an EMT model, representing waveforms in individual phases. How-
ever, in this thesis, it is primary used and analyzed as an RMS model as focus lies
on the fundamental frequency behavior rather than EMT phenomena.

3.1 Shared system parameters

In this section, all shared system parameters are described. These include the in-
verter models, step-up transformer and the transmission line. The block diagram is
shown in Figure 3.1.

-
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Vb_LL rmsV Vinvﬁtrar}sformer
0.9946pu VgridV
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Ve c DTl “Yge c ¢ c b
Inverter +- 10MW Generator step-up Three-Phase Three-Phase
Transformer V-1 Measurement2 Pl Section Line1

30 MVA 10kV / 40kV

Figure 3.1: Shared system components.

3.1.1 Declaration of p.u. base quantities

In order to reduce computational load and simplify the evaluation of the system’s
performance, the controllers will be defined in per unit (p.u.). In short, the per unit
system normalizes the variables by expressing them as a fraction of a chosen base
value. This will also ensure that the PI controllers remain properly tuned regard-
less of the power levels in the system as they are instead tuned for the normalized
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interval.

The base quantities for voltage, current, power, and impedance were selected ac-
cording to standard practices for power systems, as described in Prabha Kundur’s
"Power System Stability and Control” [9]. However, the base power and line-to-line
voltage were chosen to mimic a typical regional network.

V rms
Vi = Zpl, = —22LI5 /2 base voltage, phase peak (3.1)
V3
S,
I, = - ;)/2 base current, phase peak (3.2)
(3.3)
o V;)?LL,T’ITLS _ .
Iy = —g = wply €, base impedance (3.4)
b
wy = 21 f, rad/s, angular frequency (3.5)
Ly = Zy/wy pH, base inductance (3.6)
Variable Value
Sy 10 MVA
Sgen 40 MVA
%,LL,Tms 400 V
Vi 326.59V
Viyrid 40 kV
I 20.41 kA
Z 0.016 9
Wy 314.16 rad /s
Ly, 50.93 nH
A 50 Hz
fsw 5kHz

Table 3.1: Base values used in the system.

3.1.2 Voltage Source Inverter

The theoretical model of the GFL and GFM inverters includes a pulse width mod-
ulation (PWM) generator and insulated gate bipolar transistor (IGBT) switches
between the current controller and the output of the inverter. However, as stated in
the limitations chapter, although the model uses an EMT representation with ideal
switching, the analysis is based on RMS quantities, meaning that small-time-scale
phenomena, such as PWM switching and its associated harmonics, are considered
negligible. To simplify the model, a controlled voltage source block, shown in Fig-
ure 3.2, replaces the PWM generator and IGBT switches, reducing complexity and
computational effort.
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(2

Figure 3.2: Controlled voltage source block.

Here, the positive and negative terminals of the block correspond to those of a voltage
source, while the ”S” terminal represents the input reference signal. In other words,
the voltage source will take the input reference signal and output a physical voltage
source signal.

3.1.3 Filter

Due to the usage of the controlled voltage source, the harmonics that the real filters
would attenuate are more or less negligible in the simulation. Therefore, the filter
will not serve the purpose of harmonic attenuation but instead remain in the system
to ensure that the current controller operates as it would with a filter present.

The filter inductance and capacitance were designed as a typical value of 0.1 p.u.
The filter X/R ratio was chosen as 1/100, resulting therefore in a filter resistance of
0.001 p.u., in Figure 3.3, the Simulink block diagram is shown.

LC filter

li

—) by

Figure 3.3: RLC filter used in the inverter

3.1.4 Step response assessment

The controllers in the upcoming sections will follow a first-order response, described
by the following equation:

y(t) = K -ult)(1 —e"7)

where K is the gain, u(t) is the input, ¢ is the time, 7 is the time constant, and y(t)
is the output. Setting ¢t = 7, the formula simplifies as e~7/™ = 0.368:

y(1) =0.632 K - u(T) (3.7)
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This shows that after one time constant 7, the output will have reached 63.2% of
the final steady state value. This is a standard approach for determining the time
constant of a first-order system and will be used to help determine the proportional
and integral parameters.

The magnitude of the overshoot is denoted by the letter M and is expressed as a
percentage of the steady state value according to the formula:

Xea _X ea state
M = Dpeek — BSteady state 0 (3.8)

XSteady state

3.1.5 Current Controller

The objective of the current controller is to regulate the d- and g-axis currents of the
inverter to follow their respective reference values 74y and i4.c¢. It is included in the
GFL inverter and ensures that the inverter will provide adequate active and reactive
power to the grid. The Thevenin model can be described as shown in Figure 3.4. In
both practical implementations and the simulations, the filter can be an LC filter
which introduces a capacitance to the Thevenin model. However, for the current
controller, simplification is possible, as the Thevenin equivalent of the grid is seen
from the bus where the capacitor is connected to.

— Ve Vg
, > R¢ —/m\—l-@
/\/ IC Lf
Grid
Inverter
+10MVA

Figure 3.4: Thevenin grid model.

According to Kirchhoff’s voltage law, the model can be expressed in the ABC-frame
as

di
Vo= Rp-ic+ L f 4, (3.9)

Where V. is the terminal voltage of the inverter, Ry and Ly are the resistance and
inductance of the filter, and V is the voltage of the grid. The most common approach
to model a current controller is to have it operate in the synchronous reference frame
(dg-frame) in p.u. The strategy follows the approach presented in [34], which has
been adapted for inverter control. After first transforming (3.9) into a3, using the
Clark transformation, and then into dg-coordinates using the Park transformation
(2.9), (3.9) can be expressed as:

dic aq
dt

Vc,dq = Rfiqdq + ijfZ'qu + Lf + ‘/g,dq (310)
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To find the per-unit formulation of the equation, both the left-hand side and the
right-hand side have to be divided by the base quantity V,. To simplify calculations,
(3.1), (3.4) and (3.6) were used to express V; in terms of base impedance, inductance
and angular frequency.

. . . Ly ..
Vedg _ By tedq | Jw Lyicdq | T, Qledq | Vg

= 3.11
VE, Zb Ib Wy Lb Ib Wy dt ‘/b ( )
Simplifying this equation into p.u, where w%) equals to one, yields
VP = REPY + j LR +Lp“d6dq+V (3.12)
cdq — *Vf cdq J f cdq dt :
separating the equation into V™ and V.
pu
%4 :R’; Iy +jL’} I§“~|—Lf dt ng (3.13)
Vit = Rfc " —jL’} "+ Lf dt + V5 (3.14)

Here, it can be seen that the terms +L%5“IP" in the d-axis equation and — L5 I7" in
the g-axis equation introduce coupling between the two axes. In this case, coupling
refers to the unwanted interaction between the I; and /, currents where a change in
either of them will influence the other, resulting in worse performance for the con-
troller. Therefore, a cross-decoupling term needs to be introduced to compensate
for this, making the current controller able to control each axis independently.

To build the current controller, the transfer function of the grid model has to be
defined and will be designed to have a first-order response. From 3.12 in the Laplace
domain, this becomes

G(s) = e 9) - (3.15)
V dq( ) V dq( ) - jWL?ngZq(S> LI;US + R?u .
wp

c 9,

and the closed-loop transfer function, where F(s) is the transfer function of the
current controller, becomes
iP(s)  F(s)G(s) o
i (s)  F(s)G(s)+1 5+ o

(3.16)

where * denotes the reference value, from (3.15) and (3.16), the output and input
of the PI controller F(s) will then be

L VERs) V() — gL
Flo) = =y = )

and the current controller can then be designed as

: (3.17)

*pU KI,cc
V. gq ( ) (KP,CC +

C

Wicig(5) = ieaq(s)) + Vyaq(s) + 3L ica,(s)  (3.18)
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In Figure 3.5, the implementation of (3.18) is shown as a block diagram. Measure-
ments of voltage and current used as input to the current controller are denoted by
"B1" or "B2" in the figure, depending on where the measurements come from in the
grid model, this is to simplify the implementation work.

Figure 3.5: Block diagram of the Current Controller

It can also be observed that, in addition to the cross-decoupling term, two other
inputs not previously mentioned in detail are the feedforward terms V; and V,. A
feedforward regulator is a regulator that uses information from a measurable dis-
turbance to improve the regulation. In this case, by measuring the voltage V,, the
controller will be able to act fast against any changes in the voltage of the grid.
Thus, compensating for them directly without waiting for the PI controller to react
to changes in the reference currents.

The PI controller parameters K, and K; were calculated using a bandwidth (o) of
27100 rad/s to ensure a fast response from the inner control loop. This will be the
basis for calculating the bandwidth of the outer control loop.

KI ce Qe CYCCLZ}U @CCRZ}U
F - K ce ’ = =
(5) Pee ™t s G=1(s) Wp * s

Using these values resulted in a time constant 7, .., of approximately 1.65 ms.

(3.19)

3.1.6 Power controller

In figure 3.6 the block diagram of the power controller implemented in Simulink is
presented. It utilizes a PI controller to regulate its output according to the reference
input. If the frequency in the grid is stable, there will be no active power injection
from the GFL inverter. Therefore, the power reference is zero. However, during
frequency disturbances the power reference will change depending on the mode of
operation. The output of the controller is passed through a saturation block of +1 pu
to ensure that the GFL inverter does not inject more active power than it is capable
of. Normally, if active power is limited to 1 p.u. of the MVA rating, there will be
no space for reactive power. However, in this case, unity power factor is assumed as
Iqyey is set to zero. Also, a simple anti-windup function was implemented to prevent
integrator windup.
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Figure 3.6: Block diagram of the Power Controller

The power controller is used to determine whether the GFL inverter is operating in
FFR mode or in synthetic inertia mode. When operating in FFR mode, the active
power reference is calculated according to (3.20).

AP

In this equation AP is the active power reference in p.u., Af is the frequency
deviation in p.u. and K is the regulating strength. On the other hand, when the
GFL inverter is operated in synthetic inertia mode, the active power reference is
calculated according to (3.21).

AP
Ksynth = —Ta (321)

dt

Here, AP is the active power reference in p.u., % is the RoCoF in Hz/s and K is
the regulating strength in p.u./(Hz/s). Both signals, Af and RoCoF, are passed
through a filter with variable time constant.

The power controller in figure 3.6 is used to regulate I ,.r to the current controller.
It is the outer control loop of the system, and the current controller is the inner
control loop. Generally, it is desirable for the inner loop to be approximately ten
times faster than the outer loop. This was achieved by generating a step response
in the power controller and changing Kp,. and Kj,. until the time constant 7, .
was approximately equal to 107, .

3.1.7 PLL

The block diagram in Figure 3.7 illustrates the implemented PLL.
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Figure 3.7: Block diagram of the PLL

The input V,; represents the voltage across the filter capacitor, which is first nor-
malized by dividing by the base voltage Vb, resulting in the per unit value V ,,.
This signal is then sent to the PI regulator, where the angular frequency is derived
from the integral part only to avoid fluctuations from the proportional term. Divid-
ing the angular frequency by % then yields the estimated frequency at the inverter.
The phase angle is derived by integrating the summed angular frequency and, for
simplification, it is wrapped between 0 and 27, using a modulo block.

3.1.8 Transmission Line

The grid model was connected to the inverter model via a three-phase PI section
transmission line at 40kV with variable length. The positive sequence values of R,
L and C can be seen in table 3.2.

Variable Value
Ly 1.02 mH/km
4 0.011 F/km

Table 3.2: Transmission line resistance, inductance & capacitance

3.1.9 Transformers

Three-phase transformers (two windings) transform 10 £V voltages from the inverter
and the SG to the rated voltage of 40 kV. In the model, the step-up transformers
were configured with no saturation and were parametrized as follows:
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Variable Value Description

Sasvgen 20 MVA

SGSU,inv 10 MVA

Rasu 0.001  p.u. copper resistance
Xasu 0.15 p.u. leakage reactance
Ry,.asu 500 p.u. core losses resistance
Xm,asu 500 p-u. magnetizing reactance

Table 3.3: Base values used for the transformer.

3.1.10 Solver configuration

For the simulation of the system, the variable-step solver "ode23tb” was used. This
was selected because systems modeled using Simscape Electrical can include non-
linear components such as power electronics which require a stiff solver [35]. ode23tb
is, a solver that can solve differential equations in which some variables in the sys-
tem may change rapidly, whereas other solvers can become unstable. The maximum
step size was set to le~* seconds, relative tolerance of 1le~2, and absolute tolerance
set to auto.

3.2 Island grid

In this section, the system parameters and blocks specific to the island grid, shown
in Figure 3.8 are described. The island grid consisted of a hydro power plant in
parallel the inverter, connected to a load.

Generator_Measurements

fpu 1 ﬂ
L Vgen Continuous E
VgenV
f@‘d m ?pu abc --> dq transformation Plots powergui I
0deg / Power calculation
Hydro turbine P m —»PQ Q

) A : A a A a A a A a A
@ B Bé é b B b B b B b s mp
J_ Vi cDT1 Yg C ¢ [¢] c Cec o]
Synchronous Gen Generator step-up ~ Three-Phase Three-Phase Three-Phase Three-Phase
40 MVA 10 kV Transformer V-l Measurement Pl Section Line V-l Measurement1 Dynamic Load

Voltage Exciter 40 MVA 10kV / 40kV1

Va A a A a A a
Vb B é b B b B b
Ve cD11 Yg CcC ¢ C c
Grid following inverter Generator step-up  Three-Phase Three-Phase
+-10MW Transformer V-I Measurement2 Pl Section Line1

30 MVA 10kV / 40kV

Figure 3.8: Block diagram of the island mode simulation.

3.2.1 Synchronous Generator

To simulate a realistic response in the island-mode operation case, a SG of 40 MV A
and 10 £V, modeled as a swing generator, was used to represent a hydropower sta-
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tion. In other words, when performing the load flow analysis, the generator will act
as both the reference point for the voltage magnitude and the phase angle. The
inputs to the generator are the mechanical power P, and the excitation voltage V.
The generator was characterized with an inertia constant of 2.5 s, which is a typical
value for a small to medium-scale hydro generator. The mechanical friction coeffi-
cient was set to 0 p.u., indicating that there were no damping losses. In summary;,
the generators were defined as follows:

Table 3.4: Synchronous generator parameters.

Parameter Value
Nominal Power 40 MVA
Line-to-line voltage 10 kV
Inertia coefficient H(s) 25s
Mechanical friction D,, 0 p.u.
Synchronous reactance Xy; 2.6 p.u.
Transient reactance X 0.28 p.u.
Subtransient reactance X 0.21 p.u.
Stator resistance R, 0.003 p.u.

The values provided in table 3.4, especially the reactances, are typical values for
turbo generators, such as a gas turbine generator. However, reactances in a wa-
ter turbine generator are typically smaller, making this a more severe operating
condition, and thus an acceptable one.

3.2.2 Hydro turbine

The hydro turbine controls the mechanical power inputted to the generator and was
modeled as three components: The governor, the gate actuator, and the penstock.

Gate/actuator

Water ——»| » Penstock

\ 4

/7 E‘U

Speed

Governor (<«

Figure 3.9: Block diagram of the turbine governor.

The gate actuator controls the flow of water into the turbine by adjusting the gate
position based on a reference signal from the governor. In Simulink, this block rep-
resents the time delay of the servo motor, Ty, = 0.2 s/rad, and the servo motor
speed limit, A, = 1 pu.

The penstock represents the waterway that leads to the turbine. When simulating
a load step, the actuators will open/close the guide vanes depending on the desired
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output power. In the case of opening the vanes, there will be an initial pressure drop
throughout the penstock due to the time it takes for the water to reach the turbine.
This results in a delay/temporarily reduced output power in the turbine until the
water pressure has had time to build up once again. In the Simulink model, the
water time constant 7;, was set to 0.5 s.

The generator frequency f,, was derived from the rotor speed wy, (from the generator
measurement block) and fed to the governor to find the frequency error Af. The
controller was defined as follows:

Grr(9) = (Ko + 722 - (AF = (Re (G~ Poo) (3.22)

and in Figure 3.10 the corresponding block diagram is shown.

-]

Gref

P Ki G 1
- £

Ti_hyr Integrator

Figure 3.10: Hydroturbine regulator

The hydroelectric power station utilizes a droop-based speed governor with a con-
stant of R, = 6%. P, is the initial steady state mechanical power and Ga is the
output signal from the gate actuator. The proportional and integral gains K, = 5 pu
and K; = 1 pu were selected based on the typical values used for similar hydropower
stations.

3.2.3 Excitation system

While the primary focus of this thesis lies in frequency and active power control, the
Automatic Voltage Regulator (AVR), or voltage exciter, is important to include for
the SG. The AVR ensures that the generator’s output voltage remains constant at
variable loads by adjusting the excitation voltage. Similarly to turbine mechanics,
the voltage exciter consists of delays, limiters, PI controllers, and sensor filters.
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Figure 3.11: AVR block diagram.

3.2.4 Three-phase Dynamic Load

The Three-Phase Dynamic Load block models a load with active and reactive power
consumption without any negative or zero-sequence currents. In the simulations,
external control of PQ using step blocks was used to set the initial and final active
power values at a specified step time.

3.3 External Grid Connected Model

This section presents the methodology used to model the inverter operation towards
an external grid with variable strength.

va u—\—n
A sp—da ap——da a a A a A

9 ch——ac c
veb Bus 1 Transformer Bus3 Transmission Line Bus4 Source Impedance Strong Grid

Inverter Model & Filter

Figure 3.12: Variable Grid - GFL Simulink Model

The inverter model is connected to an external grid represented by a three-phase
programmable voltage source block with a variable impedance connected in series.
According to 3.4, if the impedance is infinitely small, it would correspond to an
infinitely large base power. The programmable voltage source block can generate
three-phase sinusoidal voltages with a predetermined frequency, initial phase angle,
and amplitude. It is capable of introducing time-variable step or ramp signals of
frequency, phase, or amplitude, making it suitable for analyzing the inverter opera-
tion when disturbances occur in the main grid [36]. However, by using this model
it is not possible to analyze power or frequency oscillations, such that would occur
between two generators. The voltage source is an ideal stiff source, therefore the
stability analysis in these cases focuses on the stability of the GFL inverter control
system.
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3.3.1 Variable Grid Strength

To be able to change the grid model Short Circuit Capacity (SCC) and X R0 a
three-phase series impedance consisting of resistance and inductance was connected
to the programmable voltage source. The following method was used to calculate
the source impedance based on predetermined SCC and X R,q;0.

V2
Zsrc = Llé,RMS (323)

The source impedance should consist of resistance and reactance:

Zsrc = Rsrc + szrc — |Zs7‘c| =\ qunc + Xs27'c (324)

The X R,q40 is given by:

Xsrc
XRratio - R — Xsrc = Rsrc : XRratio (325)

sTrc

Combining (3.24) and (3.25) and solving for Ry,.:

ZST'C
Rype = ——le (3.26)

1+ XR?

ratio

Using (3.25), the source inductance is found:

Rsrc : Xerz 10
Xsrc = wnL = Rsrc : XRratio — L = e - Tabe (327>

Wn

It was decided to keep X R,410 = 10 and manipulate the SCC in (3.24) to change
the strength of the external grid. A very strong external grid is represented by a
source impedance calculated from S,. = 10.5;,, while a weak grid is considered to be
approximately 2Sg or less.

3.4 Virtual Synchronous Machine (VSM) imple-
mentation

The Simulink GFM inverter model illustrated in Figure 3.13, will emulate the dy-
namic behavior of an SG by implementing a digital representation of the swing
equation. The GFM consists of two outer control loops: The VSM controller and
the PI voltage controller.
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Figure 3.13: Block diagram of the GFM outer loop.

Starting with the VSM, the controller is based on the swing equation:

s
J— =T, —T, 3.28

Where J is the inertia (Kg m?), € is the angular speed (rad/s), T}, is the mechanical
input torque (Nm), and T, is the electrical output torque in (Nm). The inertia
constant H, which describes the number of seconds the SG can supply the nominal
power, is described as:

1.JO?
H=- n
2 S,

Here, €2, is the synchronous speed and .5, is the nominal apparent power. Substi-
tuting (3.28) into (3.29) yields the following:

(3.29)

Sy dS2
2H -~ —— =T, — T, — DQ 3.30
Q2 dt (3:30)
where the additional term Df) is the damping constant that is added to further
increase the damping effect. Rewriting the equation into per unit and solving for

dQ )
o leads to:

do 1
d—": = 557 (Pn = P. = DAw) (3.31)

This formula expressed in Simulink blocks becomes:

5
— +—
@ s + alpha_D fVSM [Hz)
2
W
Damping Term1
¢ b Ppu

1 1
P_ref 1 1 1
7 JPretpu. @ P error ’@ S Aw Vs ws,st% memvs’r@
Inertia1
1 2*pi
‘

w_n put

Regulating Strength1

Figure 3.14: Block diagram of the VSM.

A high-pass filter was included for the damping. This was implemented to ensure
that the damping is injected only during transients, avoiding continuous power losses
in steady-state. Additionally, a droop feedback was included to control the dynamic
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response as well as ensure proper power sharing with other units. The summation
block adds w,, ensuring that the VSM output oscillates around the nominal fre-
quency, and the following gain block then converts the p.u. signal to rad/s. The
result is then integrated to compute the phase angle §, which is used to generate
the waveform for PWM modulation. An extra constant shown as "-¢" was inserted
here as well to manually shift the angle. This was due to numerical issues where the
voltage waveform from the generator and the inverter was shifted from each other.

In figure 3.15 the block diagram of the voltage magnitude calculation can be seen.

V ref p.u. V error

—
P 1l

Figure 3.15: Block diagram of the GFM voltage controller.

The magnitude of the voltage is regulated by a PI controller. The reference value
is set to 1 p.u. and the actual voltage magnitude is subtracted. In summary, the
voltage controller now outputs the voltage magnitude V,,,, while the emulated swing
equation block outputs the angle 0, and the goal is to transform these into the
Vaberep voltage. These two signals are passed to the ampAngle2AlphaBeta block,
which converts the polar form to a/f3-coordinates using the formulas:

Vo = Vi - cos(0) Vg =V, - sin(0). (3.32)

The components V,, and V3 are then further passed to the alphaBeta2abc block,
which uses the Clark inverse transform (3.33), amplitude-invariant scaling (K = 1),
to calculate the three-phase voltage reference Vipe rey-

] .
10 X
Va Va
V| =K |5 %2 5| Vs (3.33)
V., 0
-1 V3 1
12 2 2l

3.4.1 VSM Swing Equation Transfer Function

To evaluate the frequency stability of the VSM, a Bode plot analysis of the emulated
swing equation was produced. To achieve this, it was necessary to derive the open
loop transfer function of the swing equation used in the simulation. In figure 3.14
the block diagram representation of the swing equation can be seen, where the input
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of the transfer function is P, and the output is Aw.

The swing equation of a Virtual Synchronous Machine (VSM) under power imbal-
ance is given by:

1 s
Aw(s) = o [Pref(s) — K - A(s) = Dy =+ D) (3.34)
Bringing all Aw(s) terms to the left-hand side:
s
2Hs + K 4 Dygy - - A = P 3.35
(285 4+ K + Do =" ) - D) = Pr(s) (3.35)
Final transfer function:
Aw(s) _ 1 (3.36)
Prer(S)  9Hs + K + Dygy - —
S+ ap
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Results

This chapter presents a dynamic performance and stability analysis of the systems.
This includes step response evaluations, stability margins, and the impact of grid
SCC on PLL performance.

4.1 Verification of controllers

The performance of the implemented control loops was evaluated according to the
procedure described in section (3.1.4). Step response tests were conducted for the
power controller, current controller, PLL, and the results are presented below. In
addition, a performance test was carried out for the water turbine to verify that it
worked. The results from this test are shown later in Figure 4.18.

4.1.1 Step Response - Current controller

Figure 4.1 presents the step response of the current controller in the GFL inverter.
The input step occurs at ¢ = 1 s and goes from 0 p.u. to 0.1 p.u.. The maxi-
mum overshoot of the output is approximately 0.108 p.u.. This corresponds to an
overshoot of M = 8 % (3.8) relative to the steady state value. This arises due to ag-
gressive proportional and integral gains in the PI controller as there is delay caused
by sampling and converter switching. Although overshoot is generally not desired,
this design choice is acceptable in this case as the current controller is significantly
faster than the outer power control loop. The time constant (63 % of the steady
state value, equation 3.7) was found to be approximately 1.8 ms.
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Current Controller Step Response
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Figure 4.1: Step response of the current controller. The solid line shows the
measured Iy, and the dotted line represents the reference I .

4.1.2 Step Response - Power controller

Figure 4.2 presents the step response of the power controller in the GFL inverter.
The input step occurs at ¢t = 1 s and goes from 0 p.u. to 0.1 p.u.. The response of
the output shows an initial rapid increase to around 0.05 p.u., followed by a smooth
rise toward a steady state. The time constant was found to be approximately 32 ms,
which corresponds to a ratio of 17 between the current and the power controller.
Thus, the system satisfies the requirement of an inner loop at least 10 times faster
compared to the outer loop.

0.12 Power Controller Step Response
. T T T

0.1
0.08 [

0.06 [

Power [p.u]

0.04 -

0.02 [

1 1.1 1.2 1.3 1.4 1.5
Time [s]

Figure 4.2: Step response of the power controller. The dotted line represents the
reference active power P, while the solid line shows the actual output power P.
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4.1.3 Step Response - PLL

The last response, shown in Figure 4.3, shows that the PLL follows a first-order
response without any overshoot. The input step, which is a frequency deviation,
occurs at t = 6 s and goes from 0 p.u. to 0.1 p.u.. A frequency deviation of 0
p.u. indicates that the grid frequency is operating at 50 Hz. The time constant is
approximated to be 72 ms, which means that the total time constant for the GFL
inverter, that is the current controller, power controller, and PLL is approximately
106 ms.

PLL Step Response
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Figure 4.3: Step response of the PLL controller, showing a first-order behavior
with no overshoot. The dotted line represents the reference input signal, while the
solid line shows the step response.

4.2 Stability margins

In this section, the stability of the different systems operating under various con-
ditions is examined. The focus is on how the filter time constant 7 and the pro-
portional gain K} influences the stability region for different methods, which are
low-pass, moving average, and pure delay, given as:

1

Low pass filter: H(s) = 1
TS

1—e— 5T
ST

Moving average: H(s) =
Pure delay: H(s) =e™*"

Plotting the Bode-diagrams for the low-pass filter and the moving average
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Figure 4.4: Bode-plots of low-pass and moving average filters.

we can see that the responses are different from each other as well. In Figure 4.4a,
the magnitude and phase response of the LP filter for three different time constants
is shown, while in Figure 4.4b the corresponding response of a moving average. The
LP filter shows a much more smooth response as the frequency increases, while the
moving average displays a response where with periodic passbands that could lead
to undesirable behavior for the control system.

Results from the time-domain simulations are also included to illustrate how the
instability affects the system when operating outside the stability boundaries.

4.2.1 GFL - External grid - FFR

The first case for the stability analysis included the GFL inverter connected to an
external grid with variable strength operating in FFR mode. The control system
included current, power, and PLL controllers, as illustrated in the control diagram
provided in Figure 2.2. A frequency deviation of -2 Hz/s for 1 second followed by 2
Hz/s for another second was programmed into the controllable voltage source. The
range + 2 Hz/s was chosen based upon EIFS-2018-2 requirements in [37] . This
case was used for all controller configurations to ensure full activation of the active
power output, making each test comparable. It is not a realistic frequency devi-
ation, it is rather an extreme case used to properly display the behaviour of the
controller strategy. The range of the power controllers proportional gain used was
decided to be 25-500. Where 25 corresponds to a 1 p.u. active power output when
the frequency deviates 2 Hz, and 500 corresponds to a 1 p.u. active power output
when the frequency deviates 0.1 Hz. All filters, applied in the power controller after
the frequency error has been calculated, were then tested for filter time constants
ranging from 0-1 seconds.

In Figure 4.5 the active power injected into the grid from the GFL inverter based on
the frequency deviation can be seen. The SCC of the external grid is 50 MVA, while
the inverter is 10 MVA, and the figure presents the toughest case in the FFR mode.
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The proportional gain is 500. The filter time constant is 1 second, corresponding to
a very long system delay. As can be seen in the graph, the stability of the system
is maintained. Due to the long time constant the GFL inverter is injecting active
power for several seconds after the disturbance has been cleared, which would not
be desirable in a real case.
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(a) PLL measured frequency (b) Active power from GFL inverter

Figure 4.5: GFL inverter in FFR mode - External grid at 50 MVA

Figure 4.6 presents the same GFL inverter setup as previously with a modified
external grid SCC, which in this case is 13 MVA. It can be seen that the PLL
tries to maintain synchronism with the grid but quickly becomes unstable, leading
to rapid oscillations throughout the system. These oscillations are likely occurring
because the large impedance connected to the external grid causes distortions in
the voltage phase and amplitude during power injections, which the PLL simply
misinterprets, and the measurement becomes faulty. After testing, approximately
13 MVA seen as the limit for when the GFL inverter would become unstable. These
results show that the GFL inverter can maintain stability and synchronism with
the grid, while providing aggressive FFR with high filter constants, as long as the
external grid is at least 1.31 times stronger than the inverter.
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Figure 4.6: GFL inverter in FFR mode - External grid at 13 MVA

Figure 4.7 displays the GFL inverter in FFR mode with a much less aggressive setup.
The proportional gain is 25, which corresponds to full active power injection at a
frequency deviation of 2 Hz. The filter time constant is 0.1 seconds, corresponding
to a short system delay. It can be seen that, similar to the previous case, the
system can not maintain stability under these conditions. These results show that
the strength of the external grid is the main factor to consider when providing FFR

from a GFL inverter.
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Figure 4.7: GFL inverter in FFR mode - External grid at 12.5 MVA

The results showed that if the grid strength were kept constant, there was no con-
figuration in proportional gain or filter time constant that could move the inverter
from stable to unstable, or the other way around. The resulting stability margins
of the GFL inverter operating in FFR mode can be seen in figure 4.8.
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Figure 4.8: Stability graph of externally connected GFL operating in FFR.

Three different filtering methods were tested, LP filter, moving average filter and a
pure delay. None of them could affect the stability margin. In the figure it can be
seen that if the external grid strength was greater than 13.5 MVA, the GFL inverter
would remain stable. The proportional gain was tested up to a value of 50000, with
a time constant of 1 second, which resulted in stability with a grid strength of 30
MVA. The only variable that affected stability was the strength of the external grid,
where the limit was found at 13.5 MVA.

4.2.2 GFL - External grid - Synthetic inertia

In figures 4.9 and 4.10 the stability range of a GFL inverter with different filtering
methods that provide synthetic inertia to a strong external grid is shown. In both
cases, the y-axis is represented by the RoCoF gain in p.u/(Hz/s) (3.21) and the
x-axis is represented by the filtering time constant, 7, in seconds. All tests were car-
ried out with two different levels of external grid strengths, 50 MVA and 30 MVA. In
Figure 4.9 the GFL inverter utilizes low-pass filtering after the RoCoF measurement.

It can be seen that the RoCoF gain and filtering have a linear relationship. As
the gain increases for the GFL inverter to be able to output the same amount of
active power for a smaller disturbance, the filtering must increase to smooth the
high-frequency signals. When the strength of the external grid decreases, so does
the RoCoF gain for a given time constant.
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Stability Graph - External Grid using LP-Filter
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Figure 4.9: Stability boundary of a GFL inverter with a low-pass filter providing
synthetic inertia

Therefore, in order for the GFL synthetic inertia inverter to be more aggressive, more
filtering (also making the GFL slower) was needed to filter out the high-frequency
components.

In Figure 4.10 the GFL inverter utilizes a moving average filter after the RoCoF
measurement. Initially, the relationship between the RoCoF gain and the filter time
constant is linear and similar to the previous case with a low-pass filter. However,
as the filter time constant increases above 400 milliseconds, the stability region
drastically decreases. The performance of the GFL inverter as the strength of the
external grid decreases is identical to the previous case. If the external grid is weak,
the GFL inverter can not provide as much synthetic inertia.
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Stability Graph - External Grid using Moving Avg Filter
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Figure 4.10: Stability boundary of a GFL inverter with a moving average filter
providing synthetic inertia

A third case was tested where the frequency derivative was passed through a pure
delay function. It was observed that the system could not maintain stability even
with the shortest delay possible. The delay function was removed; however, the
GFL inverter was unable to maintain stability. These results showed that to use the
GFL inverter for synthetic inertia production filtering has to be included.

In Figure 4.11 two cases where the GFL inverter could not maintain stability are
shown. The graphs show the active power regulation current I; in the inverter.
Figure 4.11a presents the case where the RoCoF measurement is passed through a
low-pass filter. With a gain RoCoF gain of 7.5 and a filter time constant of 200 mil-
liseconds, the configuration lands outside of the stability region in Figure 4.9. The
result is a fast oscillation in I; of approximately 120 Hz, propagating throughout
the system with a slight increase in amplitude.

Figure 4.11b presents the second case in which the RoCoF measurement is passed
through a moving average filter. The RoCoF gain is equal to 7 and the filter time
constant is equal to 200 milliseconds, which corresponds to a point outside the
stable region in Figure 4.11b. This configuration results in a rapid oscillation of
approximately 100 Hz with variable amplitude.
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Figure 4.11: System oscillation as a result of too high RoCoF gain

Figure 4.12 shows the voltage, V,, at the inverter bus during a frequency disturbance.
The GFL inverter is set to synthetic inertia, the proportional RoCoF gain is 1 and
the low-pass filter time constant, 7, is 500 milliseconds. The strength of the external
grid is swept, starting with a strong grid of 100 MVA and ending with a weak grid
of 13 MVA. It can be seen that a weaker grid results in a high frequency oscillation
in V,, which represents the quadrature component of the voltage at the PCC and is
directly related to the phase angle of the voltage.
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Figure 4.12: V, during disturbance at different external grid strength

Because the simulation was performed with an EMT model, it was possible to see
this 50 Hz oscillations. These kinds of fast oscillations would not show up in a RMS
model and therefore explains the reason why the system was modeled as EMT.

The observed poorly damped, resonance-like behavior is consistent with Control
Interactions between a Device and Network (CI-N), a phenomenon commonly as-
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sociated with power electronic systems. While CI-N is typically linked to sub-
synchronous oscillations at lower frequencies, the oscillations here occur near 50 Hz,
suggesting that weak grid conditions and insufficient damping are more likely the
root causes. Similar cases have been reported in wind farms, where fast control-loop
dynamics combined with weak grids leads to oscillation [38], [39]. Mitigation strate-
gies for such interactions are discussed also in [40], where it is shown that enhancing
the inner current control or upgrading the PLL can significantly reduce oscillation.
As highlighted in the paper, PLL bandwidth and design are crucial in regards to
the interaction between the inverter and weak AC grid and this could also be the
cause in this simulation.

4.2.3 GFL - Island grid - FFR

Figure 4.13 illustrates the stability region for a GFL inverter operating in island
mode. As previously described, the horizontal axis represents the filter time con-
stant, while the vertical axis shows the gain Kppgr. The stability boundaries for
three different filters are plotted: the low-pass filter (solid black), the moving av-
erage filter (dashed blue), and the time delay (dash-dot in red). Two cases where
the parameter combination lies just outside the stable region are also plotted with
purple crosses.

The graph indicates that the low-pass filter provides the largest stability margin
across the entire range, followed by the moving average filter, and with the time
delay being the least stable.

Stability Graph - Island Mode

500 Low-pass vs. Moving Average vs Time delay

LP Filter Stability
— — —Moving Avg Stability
————— Delay Stability

X 0.8s,Kh 60

X 0.15s, Kh 240

450 f

400 [

350 1

X
50 [ s T 1
.—— .. —— .. .

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Filter time constant (s)

Figure 4.13: Stability boundaries for a FFR operating GFL in an island grid,
plotted for three types of filters. The purple crosses indicate two parameter combi-
nations that are outside the stable region.

The first unstable case, shown in Figure 4.14, corresponds to a filter time constant
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of 0.8s and a gain of Krpr = 60. Here, the system shows a low oscillating frequency
with a relatively large amplitude in both the generator and PLL frequencies. The
oscillation of the frequency is approximately 0.35 Hz and the amplitude reaches
up to = 2 Hz within 14 seconds. The PLL frequency also appears to be slightly
phase-shifted behind the generator frequency but otherwise tracks the waveform
well.
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Figure 4.14: After fault PLL and generator frequency for a low-pass filter with
time constant 0.8 s and gain Kh = 60.

In the second case, illustrated in Figure 4.15, the system is now configured with
a shorter time constant of 0.15s and a higher gain of K'h = 240. This results a
in faster, oscillations of approximately 0.74 Hz and a smaller amplitude oscillating
at around £+ 0.5 Hz within 14 seconds. Unlike the previous case, the PLL now
performs noticeably worse at tracking the generator frequency accurately, showing
large deviations during both high and low peaks.
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Figure 4.15: After fault PLL and generator frequency for a low-pass filter with
time constant 0.15s and gain Kh = 240.

4.2.4 GFL - Island grid - Synthetic inertia

The results from the Island grid simulations with synthetic inertia implemented in
the GFL are presented in 4.16.

Stability Graph - Island Mode - Synthetic inertia
Low-pass vs. Moving Average vs Time delay
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Figure 4.16: Stability boundaries for a synthetic inertia operating GFL in an island
grid, plotted for three types of filters.

Similarly to the external grid case observed earlier, the relationship between the
synthetic inertia gain and the filter time constant shows an approximately linear
behavior with the low-pass filter used. As the gain increases, a greater filtering time
constant is required to maintain system stability.
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The stability characteristics of the moving average filter were also consistent to the
external grid. In both cases, the system remained stable as the time constant and
the gain increased linearly up until a certain point where instability rapidly occurred.
In the island operation however, this turning point occurred earlier at a smaller time
constant around 0.2-0.3 s compared to the external grid at around 0.4 s.

The moving average filter, as illustrated earlier in the bode plot (4.4), showed non-
linear magnitude and phase behavior. Unlike the low-pass filter, the moving average
introduces notches in the frequency response, by sharp phase shifts (visualized as
jumps due to wrapping). As the filter windows 7 increases, these notches and the
associated phase lags shift towards lower frequencies. Therefore not only affecting
the high-frequency components but also the system’s dynamics. This could be the
reason for the resulting instability in the synthetic inertia response as it was seen to
be more sensitive compared to the FFR strategy.

For the time delay case, all tested time constants within the range of 0-1 s led to
system instability. To further investigate this, the measured RoCoF before and after
filtering was plotted in an unstable case, shown in Figure 4.17.
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Figure 4.17: Rocof measurements before and after filtering

As observed in the case without any filtering / 0 s delay (the blue curve), the Ro-
CoF measurement showed a large high-frequency oscillation at approximately 230
Hz. This shows that the built-in filtering provided by the PLL is not sufficient to
the suppress high-frequency components in this scenario and therefore a pure delay
cannot be tested alone.

Also, compared to the FFR case, this stability plot showed the opposite behavior
between gain and filtering time constants. One possible explanation is due to the
RoCoF estimation that introduced such high-frequency components, thus leading to
instability for the synthetic inertia case for low filtering applied.
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4.3 GFL - FFR vs. Synthetic Inertia comparison

In the previous section, the stability margins for the various control strategies were
shown and cases where the system was unstable. In this section, the FFR and syn-
thetic inertia control strategies are evaluated for a stable case, with a filter time
constant of 7 = 0.2s and maximum gain applied according to the stability margins,
for a grid disturbance of 2Hz/s for 1s that occur at 1s and disappears at 2s. That
is, a gain of K} = 8 for the synthetic inertia and a gain of K, = 140 for the FFR-
Figures 4.18 to 4.20 show the system’s power and frequency inertial response for the
three different configurations, in all cases, the system reached steady state.

In Figure 4.18, the results from the island grid without any GFL inverter connected
are shown. In Figure (a), the generator frequency drops significantly following the
disturbance of a large load increase (Ps, = P * 1.6) , reaching a frequency nadir
of approximately 48 Hz. This corresponds to a RoCoF of 2 Hz/s, which was set
as the grid disturbance. In Figure (b), it can be seen that the SGs active power
(P,) instantly reacts to the disturbance (due to the inertia) as the mechanical power
(Py,) initially drops as the pressure in the waterways drops. The system in this
case solely relies on the SGs to uphold the frequency, however because the inertia is
used to inject active power, the rotor will slow down. As the frequency is directly
proportional to the rotor speed, the frequency will fall as well, resulting in a deep
nadir.
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(a) Generator measured frequency. (b) Active power from SG.

Figure 4.18: Island grid, no GFL connected

In Figure 4.19, the system is now equipped with a GFL inverter operating in FFR
mode. In Figure (a), it can be seen that the frequency dip is partly mitigated
compared to the previous case, with the frequency nadir reaching around 49.3 Hz.
The PLL tracks the generator frequency with some delay and deviation, but still
manages to follow the overall trend of the curve. In Figure (b), the inverter begins
slowly to inject active power, reaching 1 p.u. (0.25 p.u. of SG) of its nominal power
at around 2 seconds.
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Figure 4.19: Island grid, GFL inverter in FFR mode

Lastly, in Figure 4.20, the results from GFL operating with a synthetic inertia control
strategy are shown. In Figure (a), the plot shows the SG and PLL frequency where
the generator shows clear oscillation and reaches a lowest frequency of roughly 49.85
Hz as the PLL struggles to track the SG frequency. In Figure (b), the active powers
from both units are shown. The inverter now responds significantly faster to the
fault compared to the FFR case, reaching a peak output of approximately 0.9 p.u.
of its nominal power (equivalent to 0.22 p.u. of SG), around 1.4 seconds after the
disturbance.
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Figure 4.20: Island grid, GFL inverter in Synthetic inertia mode

Despite the difference in control strategy, the results show that both the FFR and
synthetic inertia injected a similar amount of active power to the system during
the disturbance. This means that the control strategies can be compared against
eachother fairly.
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4.4 GFM - VSM

To evaluate the behavior of the VSM, simulations were performed in the island grid
where parameters such as the inertia constant, damping coefficient, high-pass filter
time constant, and droop constant were varied, as discussed in 3.4. Among these, the
droop constant was found to have the most significant influence on system stability.
Figures 4.21 to 4.23 illustrate the results of three different droop settings, 4%, 2%,
and 1%. The system was subjected to a load step at 2 seconds, corresponding to a
2 Hz/s RoCoF for 1 second, until the load decreased again. It can also be seen that
then system for all cases are small-scale oscillating pre-disturbance, this is numerical
due to the fact that the simulation did not start completely in steady state at Os.

With a droop setting of 4%, the hydropower and the VSM inverter’s active power
output began to oscillate against each other. This led to unstable behavior with
increasing oscillations until the system ultimately loses synchronism. The frequency
of the oscillations was measured to be approximately 1.6 Hz.
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Figure 4.21: VSM results with a droop of 4%.

In the second case, with a droop constant of 2%, both the frequency and power
outputs continue to exhibit oscillations of similar characteristics as in the previous
case at 1.6 Hz. However, the system does not show increasing oscillations and
instability within the given time frame. The VSM inverter output power reaches a
peak of approximately 0.14 system p.u. (equivalent to 0.56 p.u of the inverter).
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Figure 4.22: VSM results with a droop of 2%.

In the third and final scenario, with a droop constant of 1%, the system exhibits a
damped response where the frequency successfully returns to the nominal value after
the load is reduced. The frequency nadir reaches ~ 49.72 Hz during the disturbance,
and the inverter outputs 0.15 p.u. after one second.
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Figure 4.23: VSM results with a droop of 1%.

In Figure 4.24, the Bode plot analysis of the emulated swing equation is presented.
As explained in the implementation of the VSM, the input of the transfer function is
Pt and the output is Aw. From the magnitude plot it can be seen that the system
includes a steady state gain. This is from the regulating strength, droop, of the
VSM. The regulating strength of the VSM is calculated as the inverse of the droop,
for example, a droop R = 1% equals the regulating strength K = 100. In dB,
this becomes:
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From the phase plot it can be seen that for a decreasing droop constant, the phase
lag decreases. The combination of increasing gain and decreasing phase lag is an
important relationship with respect to the stability of the VSM.
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Figure 4.24: Bode plot of swing equation in VSM with variable regulating strength.

4.5 PLL Operation - Phase Shift

The final tests covered the ability of the PLL to track the frequency of the grid during
phase jumps. The phase jump was programmed into the controllable voltage source.
At 8 seconds, the phase angle shifted -30 degrees and at 14 seconds, it shifted +30
degrees, as seen in figure 4.25. The GFL inverter is operating in synthetic inertia
mode, connected to the external grid. The proportional gain is 10, corresponding
to a 1 p.u. active power output when the RoCoF is £ 0.1 Hz/s, and the low-pass
filter time constant is 0.3 seconds.

When the phase shift occurs, the frequency deviates sharply from its steady state.
This is to be expected, as the phase jump introduces a transient frequency deviation.
As the strength of the external grid decreases, it takes a longer time for the PLL
converge back to 50 Hz. However, the amplitude of the frequency measurement is
greater when the external grid is stronger.
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Effect of external grid Strength on Frequency Measurement, K ocof = 10, 7=0.3ms
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Figure 4.25: PLL frequency during phase shift with variable grid strength.

The GFL inverter was able to maintain stability at lower external grid strengths,
with the same configuration, compared to the case in section 4.2.2. This is likely
due to the phase angle jump not being as severe of a disturbance as the frequency
deviation. However, if the external strength is low enough, the PLL is unable to
track the phase angle of the voltage, resulting in instability.
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Discussion

This chapter will interpret the results of the study. It will provide a discussion of
why the results are relevant, what the potential is, and what limitations there might
be. This will include analyzing the impact of different system variables in GFL and
GFM inverters, such as proportional gain, filter time constants, and the strength of
the external grid.

5.1 GFL - FFR & Synthetic inertia - External
grid

When operating the GFL inverter in FFR mode, a key finding was that the strength
of the external grid appeared to be the dominant factor for the inverter control sys-
tem to be able to maintain stability. If the GFL inverter provided frequency support
to a strong external grid (e.g. 5- S nv), it would maintain its stability even with
extremely aggressive and challenging settings. However, as the strength of the exter-
nal grid weakened, the GFL inverter, particularly the PLL, would lose synchronism
with the grid. The results showed that at an external grid strength below 1.3-Sp vy
the inverter could no longer maintain stability. This behaviour is expected since it is
known that PLLs tend to lose synchronism while tracking a weaker grid frequency.
The observations also align with expectations as a stronger grid would offer a better
and more rigid voltage and frequency signal, which is less prone to oscillations.

In the case of operating the GFL inverter in synthetic inertia mode, i.e. injecting
active power based on RoCoF, it was seen that the filtering method would greatly
affect the stability margins. At lower proportional gain and filter time constants,
the low-pass filter and moving average filter showed similar behavior with a lin-
ear increase in stability margin. However, when the filter time constant increased
above 400 milliseconds, the moving average filter displayed a rapid drop in stability
margin. This behavior occurs when the RoCoF signal becomes too delayed. The
controller tries to adjust its output based on a faulty measurement. This can cause
a feedback loop that reinforces the oscillations in the system. It can be seen that
even the smallest proportional gains can not maintain stability when the delay is
too great.

These results further highlight the importance of proper filtering when providing

synthetic inertia to ensure stable operation. Both filtering methods behaved simi-
larly when the strength of the external grid decreased; the stable region decreased.
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This is, as mentioned above, an expected behavior, since a weaker external grid is
not able to dampen oscillations as effectively as a stronger one.

5.2 GFL - FFR & Synthetic inertia - Island grid

From the simulations, it was seen that both the synthetic inertia and FFR imple-
mentations in the GFL inverter were fully functional and helped improve RoCoF
and frequency nadir performance. In the FFR vs. synthetic inertia comparison,
the power injections for the synthetic inertia control strategy occurred much earlier
compared to the FFR case, which resulted in a faster and more efficient operation
to reduce the frequency nadir. The results obtained in this simulation also align
well with the findings in Eriksson’s report [13]. There, it was found that synthetic
inertia showed better performance compared to FFR in mitigating the frequency
nadir for wind turbines without speed recovery for 20% wind power production.

However, in practice, GFL inverters are rarely configured to provide synthetic inertia
in island grids. This is primarily because synthetic inertia does not actively con-
tribute to restoring the system frequency to its nominal value. As a result, the island
grid would become heavily dependent on the SG to maintain frequency regulation.
Should the generator underperform, synthetic inertia alone would be insufficient to
stabilize the system, resulting in a blackout. Therefore, while synthetic inertia in
GFL inverters appears to be more effective in mitigating disturbances, it might be
less suitable for island operation. As it can be preferred to have a secondary source
to maintain the frequency.

5.3 GFM

The GFM inverter was modeled as a VSM. It achieved this by emulating the swing
equation that governs the active power balance between traditional SGs. A classic
PI controller was used to generate the output voltage amplitude of the inverter. By
doing it in this way, the VSM inherently produces synthetic inertia, and there does
not have to be any dedicated control strategy for active power injection based on
the RoCoF, contrary to the GFL inverter.

When analyzing the stability of the VSM with respect to frequency, it was seen that
the droop constant had the most influence. After a load step increase the VSM and
SG would start to oscillate against each other quickly, leading to system instability
unless the droop constant of the VSM was small enough. This behavior can be
explained by analyzing the Bode plot in Figure 4.24. It can be seen that the phase
delay increases as the droop constant increases. This indicates that a higher droop
constant produced a slower response from the inverter, leading to a more unstable
system.
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On the other hand, it was not evident why the oscillations between the SG and the
VSM started happening for higher droop settings in the VSM. It may be a result
from mismatched dynamics in speed between the fast inverter and slow SG. Since
the inverter are not limited by penstocks, inertia, delays. Or that the oscillation
could occur to any numerical errors.

5.4 PLL performance in strong/weak grids

From the simulations, it was observed that the overall system stability and the PLLs
ability to track the grid frequency were significantly affected by the strength of the
external grid and controller parameters. In the strong grid case, shown in Figure 4.5,
the PLL tracked the frequency well. In the weak grid condition in Figure 4.6, the
interaction between the PLL and the inverter control led to instability. This high-
lights that it is not the standalone performance of the PLL that becomes worse, but
rather the integration with the inverter control in weak grids that causes these issues.

Upon further investigation, it was seen in 4.12 that V,,, which the PLL relies on for
frequency estimation, began to oscillate as the SCC decreased. In addition, weak
grids, characterized by a higher grid impedance (R and L), the injection of active
power by the inverter causes a variation in the PCC voltage, as described by:

AVpe = R-ig+w- L-i, (5.1)

As R and L increase, this will result in a more distorted or varying V.., which the
PLL uses as its reference voltage. Since the PLL assumes a relatively stiff voltage
reference (V¢ ~ 0) to estimate the frequency, this implies that there will be a feed-
back loop feeding the PLL with inaccurate data, leading to estimation errors.

When the external grid model was subject to a voltage phase angle jump, the PLL
managed to track the frequency well, as long as the strength of the external grid
was large enough. Initially, when the phase shift occurs, a large transient can be
seen in the frequency measurement. The frequency of a signal can be calculated
from the derivative of the phase angle, and therefore the transient can be seen in
the measurement. When the phase angle jumps, its derivative becomes very large,
resulting in a spike in the frequency measurement. The PLLs ability to track the
frequency after the transient is seen to be dependent on the strength of the external
grid. When the grid is stronger, the time it takes for the PLL to converge back to
steady state is reduced, further emphasizing the importance of external grid strength
in PLL stability.

5.5 Filtering RoCoF for system stability

In the simulations for both the external and island grid scenarios, it was observed
that the system with synthetic inertia implemented led to instability for more or
less all sizes of time delay and without filtering. As shown in Figure 4.17, the unfil-
tered RoCoF signal showed heavy oscillations and high amplitude due to high-order
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frequency components in the measured signal. In contrast, the filtered RoCoF mea-
surement showed a large reduction in oscillation that leads to a more stable system.
This concludes that, for a GFL synthetic inertia inverter, filtering is rather a sta-
bility requirement and that the control strategy is highly sensitive to the RoCoF
measurement quality.

This conclusion also aligns well with findings reported by ENTSO-E in [11], where
the importance of proper RoCoF signal processing and filtering is discussed. In
their study, which included simulation results from real measurements (although
type of grid is not mentioned), they compare different filtered and unfiltered RoCoF
signals. Here it was shown that without filtering, the measured RoCoF reaches
peaks around +2 Hz/s, while filtering reduced these peaks to around +0.2 Hz/s.
Thus demonstrating the sensitivity to noise and high-frequency components that
the unfiltered signals typically carry.

5.6 Sustainability and Ethics

This thesis has explored the feasibility of using GFL and GFM inverters to provide
grid support, which is an important step toward enabling high penetration of RES.
From a sustainability perspective, the implementation of this would reduce the de-
pendence on fossil-fueled SGs and therefore lower emissions. In the long term, this
could positively affect the public perception of IBRs and strengthen people’s confi-
dence in its reliability.

On the other hand, increased integration of GFL and GFM inverters does come
with new challenges. For instance, batteries, often used as the energy source, are
highly suitable from a technical perspective due to their ability to deliver rapid ac-
tive power injection. However, a consequence of the growing demand for batteries
leads to a complex subject regarding materials.

Life-cycle assessments indicate that batteries have a significant environmental foot-
print during raw material extraction and manufacturing. As discussed in [41], mate-
rials that are commonly used in battery systems, such as lithium, cobalt, and nickel,
are associated with high energy and water consumption, and pose health and safety
risks to miners. In the Democratic Republic of Congo, which supplies approximately
9-12% of the world’s cobalt, there has been a dramatic increase in human exposure
to heavy metals, as well as reports of child labor, and elevated human toxicity among
workers and surrounding communities.

Although batteries do face several challenges, the concept of circular economy for
batteries offers a promising path forward. In short, circular economy aims to extend
the life-cycle of batteries through strategies such as remanufacturing, refurbishment,
and recycling. As highlighted in [42], several countries and unions such as EU, China,
USA, and Japan have already implemented regulations regarding the responsibility
of battery waste and production. For example, the European Union has set targets
for recovering 70% of waste batteries by 2030 and up to 90% recovery rate for ele-
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ments such as nickel, copper and cobalt.

These efforts show that, while there are issues currently with extraction and pro-
duction, battery handling and recycling have become growing priorities, which can
also help in strengthening public confidence for the energy transition.

5.7 Future work and possibilities for improvement

This thesis has demonstrated the implementation and analysis of synthetic inertia
through both GFM and GFL inverters. However, several areas remain open for
future work as there were also possibilities for improvement. In the case of the GFL
inverter, simulations were conducted only for PLL-based frequency measurements.
Although PLLs are effective estimators in strong grid conditions, they are known
to underperform in weak grids/during transients. Exploring other frequency mea-
surements in simulation, such as the ZCD, PMU, PSP, DFT-Kalman filter, would
be interesting to benchmark against the PLL.

Although the VSM control strategy was implemented in this thesis, there are several
other GFM control strategies such as frequency/angle-based droop, VISMA, PSC,
and augmented VSG control that are highly relevant today. A comparative study of
different strategies under the same grid conditions would give a good idea of their
functioning and applications.

In the simulations, the VSM demonstrated its ability to respond quickly to a fre-
quency event. This is consistent with the theoretical capabilities of inverters, as
they are not limited by mechanical delays such as the penstock, turbine inertia, and
governor time constants. However, in some cases, this speed might become a draw-
back if an inverter responds significantly faster than the SGs, leading to oscillations
between the fast and slow units. Future studies could investigate under what con-
ditions an overly fast VSM response could lead to system instability. Additionally,
testing with varying damping coefficients in the VSM high-pass filter could provide
insights into optimizing stability and dynamic performance.

The synthetic inertia response was seen to react more quickly to disturbances, ef-
fectively reducing both the RoCoF and frequency nadir. Meanwhile, the FFR con-
tributed to the restoration of the frequency back to its nominal value. Exploring
hybrid control strategies that integrate both synthetic inertia and FFR to see its
viability could be simulated.

59



5. Discussion

60



O

Conclusions

This thesis has successfully implemented and analyzed the stability margins of a
GFL and a GFM inverter in Matlab and Simulink. The models were tested in two
different grid configurations, an island grid composed of a hydroelectric power plant
and a resistive load, and connected to a larger external grid with variable impedance.
The motivation for conducting this thesis work was the rapid integration of RES
in power systems around the world, which makes it important to use inverters for
supporting grid frequency stability. Before the models were implemented, an im-
portant distinction between control strategies used to provide synthetic inertia and
FFR was established in the report. Synthetic inertia is the active power injected
into the grid which is proportional to RoCoF, and FFR is the active power injected
into the grid which is proportional to the frequency deviation. This definition was
based on the literature review in which there was no concise definition of synthetic
inertia.

During the simulations, fundamental differences were observed between the opera-
tion of GFL and GFM inverters. GFL inverters, regardless of operating mode, were
found to be highly dependent on external grid strength to maintain stability. This
is due to the reliance on the PLL to synchronize with the external grid. When the
GFL inverter was operated in FFR mode, the stability margin was seen to decrease
significantly as frequency measurement filtering increased. The delay introduced
by the filtering caused the GFL inverter to inject active power after the SG in the
island grid, leading to instability. When the GFL inverter was operated in synthetic
inertia mode, the stability boundary depended on how the RoCoF measurement
was filtered. Using a low-pass filter resulted in a linearly increasing relationship
between proportional gain and filter time constant. Other filtering methods, such as
moving average, could not maintain system stability other than at very small time
constants. The GFM inverter, which was implemented as a VSM, was able to form
its own amplitude and frequency at the PCC. The most important factor for the
GFM inverter to maintain stability was found to be the regulating strength. As the
droop percentage increased, the stability of the system decreased. This phenomenon
was also seen through a Bode plot analysis of the emulated swing equation, as a
decreasing regulating strength resulted in a greater phase delay.

The results of the simulations highlighted the real possibilities and challenges for
IBRs to provide synthetic inertia in systems with low inertia. However, this work
only touches the surface of a complex and evolving field and much remains to be
investigated.
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