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Abstract

As the world faces the urgent need to reduce greenhouse gas emissions and combat climate
change, renewable sources of energy have emerged as a viable solution. However, integrating
renewable energy into existing power grids poses unique challenges. The availability of solar
power depends on sunlight, wind power on wind speed, and this variability can cause
instability and fluctuations in the grid, affecting its reliability and performance. Grid-forming
converters can overcome this challenge by emulating the behavior of synchronous generators.
They control the voltage, frequency, and phase angle of the electricity generated by renewable
sources, allowing them to operate in a grid-independent manner. Due to its complex power
system dynamics, it is useful to test the systems behavior, which can be achieved with a real-

time simulator.

In this thesis a study upon four grid-forming converters mathematical model, power
dynamics, frequency regulation through a control application and their ability to reach
stability is addressed within a nine-bus system. Testing of the research models is done in
MATLAB/Simulink and RT-LAB to achieve a broader understanding of the grid-forming

converters contribution.

Keywords: RT-LAB, Simulink, Grid-forming converters, nine-bus, renewable energy,

power system stability.
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1 Introduction

1.1 Background

UIT the Arctic University of Norway — Campus Narvik has a real-time simulator from Opal
RT. This device enables testing of dynamic power system simulations from
MATLAB/Simulink models to assess their performance in real-time scenarios before
integrating them into a grid. This capability is particularly valuable for grid owners
worldwide who are planning to incorporate a significant portion of renewable energy sources
like wind and solar. Furthermore, this real-time simulator can greatly enhance our
understanding of the behavior of grid-forming converters in real-time situations. Additionally,
analyzing complex power systems through problem-solving in a real-time simulator provides
valuable insights into the behavior of power dynamics which can give valuable learning

outcomes for further work on this topic at this faculty.

1.2 Problem description

Due to the increasing number static power electronics converters of renewable energy sources
in a distribution network, the grid will have low inertia grid. The limited amount of inertial of
the grid make the system vulnerable to uncertain network dynamics. Grid-forming converters
are one of the solutions in solving the problem by providing the virtual inertia to the grid. In
this project work, a framework for real-time application of grid-forming converter is
proposed. Application of grid-forming converter on IEEE 9 bus system will be modeled and

tested on Opal RT in real-time.
Obijectives

o Literature survey of different types of grid-forming converters in smart distribution
network.

e Classification of different type of control schemes implemented in grid-forming
converter and different setups for real-time simulations.

e Implement a control application in grid-forming converter.

e Propose a real-time implementation of grid-forming converter in nine bus system.
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1.3 Previous work

A literature study based upon four different grid forming converters was done in the fall, it
had the same general problem as the description of the master thesis except implementing a
control application in the grid-forming converters and proposing a real-time implementation
of converters in the nine-bus system. The models were provided by A. Tayebi and tested in
Simulink [1]. The main goal was to dig deeper into how the grid forming converters will
operate in smart distribution networks and how they can provide virtual inertia to the grid.
Due to the short amount of time, there were only provided a small literature survey, this thesis

will take a broader approach to this.

1.4 Scopes and limitations

The task of this thesis is to develop real-time simulations of grid-forming converters, which
have been achieved using RT-LAB software. The focus is on integrating a nine-bus system
with a control application that is compatible with this software. All the dynamics and models
are built in a MATLAB/Simulink environment, and their restraining is closely connected to
the entire project. The main tasks of the project have been attempted to be fulfilled within the
limitations imposed by the RT-LAB software. These limitations are associated with

experiences to these software and power dynamics behavior.
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2 Theory

2.1 Power system Stability

In order to have grid forming converters to operate smoothly and integrate it to a grid it is
necessary to investigate power system stability. Power system stability refers to the ability of
a power system to maintain a steady state or return to a steady state after a disturbance or
change in the operating conditions. The stability of a power system is critical to its reliable
operation and is an important consideration for transmission system operators [2], [3, p. 9].

Essential power system stability features to obtain stability for grid-forming converters:

power system stability |

]

rotor angle frequency voltage
stability stability stabality
smmall —— large small
transic ) ;
disturbance tability disturbance disturbance
stability o " ) e
angle stability b voltage stability voltage stability

Figure 1 - Classification of power system stability

e Steady-state stability: This refers to the ability of a power system to maintain a steady-
state operating condition when there are no disturbances.

e Rotor angle stability: This refers to the ability of a power system to maintain
synchronism and stability under small disturbances, such as small changes in load or
generation.

e Transient stability: This refers to the ability of a power system to maintain

synchronism after a large disturbance, such as a fault or a sudden change in load.

e Frequency stability: This refers to the degree to which an oscillating signal

produces the same frequency for a specified interval of time.

e Voltage stability: This refers to the ability of a power system to maintain a steady

voltage profile under changing operating conditions.
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Maintaining power system stability requires careful planning and operation of the system.
This can include the use of automatic voltage regulators, load shedding schemes, and other
control measures to ensure that the power system remains stable and reliable. Additionally,
transmission system operators must continuously monitor the system and respond quickly to

any disturbances through various regulations to prevent instability and potential blackouts [2],

[4]

2.1.1 Rotor angle stability

Rotor angle stability is a type of dynamic stability that refers to the ability of a power system
to maintain synchronism between its generators and the power grid. In other words, it refers
to the ability of the generator sources in a power system to maintain a constant relative phase
angle with respect to each other and the grid. This is important for the smooth and stable
operation of the power system and to prevent disturbances from causing large power swings

or blackouts.

When a disturbance occurs in the power system, such as a fault or a sudden change in load,
the generators may experience a change in rotor angle due to the transient response of the
system [5, pp. 18-27]. If this change in rotor angle and power is large enough, it can lead to a
loss of synchronism between the generators and the power grid, which can cause the
generators to fall out of synchronism and trip offline from the grid, resulting in a blackout.
This is often referred to the transient stability [5, p. 827].

2.1.2 Frequency stability

In a power system, the frequency is determined by the balance between the power generation
and the power consumption. If the power consumption increases, the system frequency will
decrease, and if the power generation increases, the system frequency will increase.
Therefore, maintaining frequency stability is important for the reliable and efficient operation

of the power system.

If the frequency deviates too much from the nominal frequency, it can cause damage to
equipment and may result in power outages. In extreme cases, large frequency deviations can
lead to cascading failures that can cause blackouts over wide areas. To maintain frequency
stability, transmission system operators use various control measures, such as load shedding
and frequency regulations to achieve equilibrium between generation and consumption [3],
[6, pp. 335-340].
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2.1.2.1 Dynamic performance metrics

Two key metrics for measuring frequency dynamic performance are the rate of change of
frequency and frequency nadir. Rate of change of frequency measures the speed of frequency
change resulting from a sudden load-generation imbalance. It is calculated by dividing the
difference between two frequency measurements taken over a window of time typically 0.1-
0.5 seconds. Rate of change of frequency is expressed in Hz/second and is used as a trigger
index for generator protection. The chosen window of time is such that the response to the
disturbance is mainly influenced by the system inertia response before the majority of turbine
governors react. Meanwhile, frequency nadir represents the lowest frequency reached after
the disturbance and is important for evaluating frequency dynamic performance, particularly

in relation to underfrequency load shedding schemes [7].

In traditional power systems, rate of change of frequency is a critical factor because it is
directly related to the system's inertia level, which is closely tied to transient stability. The
slow response rate of most turbine-governor systems for synchronous generators is
responsible for the strong correlation between the inertia level and transient stability.
However, in an inverter-based resource dominated system, where inverter-based resources
have fast response capabilities and different dynamics, research upon it suggest the rate of

change of frequency may not always serve as an accurate indicator of system stability [7], [8].

The equation for rate of change of frequency can be expressed as follows.

RoCoF, = ”f’;—f"” (D
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Figure 2 - Frequency regulation [9].

2.1.2.2 Frequency regulations

The use of these frequency regulations is becoming increasingly important as more variable
renewable energy sources, such as wind and solar, are integrated into the power system.
These sources can cause rapid changes in the power output, which can lead to frequency
deviations. European transmission system operators, operates with a process when an
imbalance occurs in the grid with the following steps. The first process, Fast frequency
response, occurring seconds after the disturbance, then Frequency containment reserves is
activated to bring the frequency back to a new steady state. In order to bring the frequency
back to the nominal state, the Frequency restoration reserves are activated when the last
disturbance is handled. When designing frequency regulations, it is necessary to not use the
same generating source for two or more regulation to ensure enough reserves is available if

another disturbance occurs [10], [11].
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Figure 3 - frequency regulation over time [12, fig. 5].

2.1.2.3 Frequency containment reserves

Frequency containment reserves is the primary reserve, this reserve is used to address sudden
changes in the power demand automatically. This is provided with generators already online
and running in the grid at less of their full capacity. The frequency containment reserve in
Nordic system is operating with two different states, Frequency containment reserves for
normal operations and Frequency containment reserves for disturbances, to move the
frequency towards equilibrium during normal operation and disturbances. Consider the
nominal frequency for Nordic systems, then the frequency containment reserves for normal
operations, operates in the range of 49,5 Hz to 50,1 Hz and must be capable for up and down
regulation. Frequency containment reserves for disturbances, operates in the range of 49,5 to
50,5 for limiting the frequency deviation, this is divided into separate up- and downregulation
products [13].

2.1.2.4 Fast frequency reserve

Fast frequency reserve is a secondary reserve and is designed to respond to frequency
deviations that occur within a few cycles of the nominal frequency, typically on the order of a
few milli seconds after a disturbance depending on the deviation. It acts like a compliment to

the Frequency containment reserves and need to support for at least 5 seconds [10, p. 7].

Fast frequency reserve is provided by generators or energy storage systems that can rapidly
increase or decrease to handle low-inertia situations. In other words, this means the stored

Kinetic energy in the rotating masses in the generating system resists changes in frequency.
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This must be accordingly to the dimension principle to which the loss of a generation unit or
high voltage direct current link must not cause the frequency to drop below 49,0 Hz. Then the
volume needed for the Fast frequency reserve depends on the possible inertia from the size of
the reference incident. After handling the fault, the reserve unit must be able to reactivate in

short amount of the time to handle future disruptions [14].

2.1.2.5 Frequency restoration reserve

The main difference between automatic- and manual frequency restoration reserve besides
being categorized secondary and tertiary reserves, is the speed of their response time and
volume. automatic frequency restoration is constructed to respond very quickly and
automatically to frequency deviations, which makes it more effective at maintaining the
stability of the grid during sudden changes in demand or supply. and manual frequency
restoration reserve, on the other hand, is more constructed for responding to slower changes in
demand or supply that may require a more measured and deliberate response. Both get an
activation signal from the transmission system operator when and how much to contribute to
the grid [12], [15], [16].

2.1.3 Voltage stability

Voltage stability refers to the ability of a power system to maintain a stable voltage profile
under normal operating conditions and after a disturbance. In other words, it refers to the
ability of the power system to maintain a constant voltage at all buses in the system, despite

changes in the system load and generation.

In a power system, the voltage level at each bus is affected by various factors, such as the
power generation, the load demand, and the electrical impedance of the transmission lines and

transformers.

To maintain voltage stability, Transmission system operators use various control measures,
such as reactive power control through reactive compensation, voltage regulation, and load
shedding, to regulate the voltage level at each bus and ensure that it remains within acceptable
limits. Mostly this is achieved through the excitation of the synchronous machine, further
steps will be discussed about how the converter-based generation sources can achieve this [3],
[17].
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2.2 Generator control

2.2.1 Governor

A turbine governor is a device that regulates the flow of fluid into a turbine in a power plant
to maintain a constant generator speed and output power. It is typically a mechanical or
electronic system that senses the rotational speed of the turbine shaft and adjusts the position

of the turbine control valves to control the flow of fluid into the turbine.

The governor is an important component of the power plant control system, as it helps to
maintain system stability by responding to changes in power demand from the electrical load.
If the power demand from the load increases, the governor will increase the flow of fluid into
the turbine to maintain the generator speed and output power. Similarly, if the load decreases,
the governor will reduce the flow of fluid into the turbine to prevent the generator from

overspeeding.

There are various types of turbine governors, including mechanical-hydraulic governors,
electronic governors, and electro-hydraulic governors. Mechanical-hydraulic governors are
the oldest type of governor and use mechanical linkages and hydraulic actuators to control the
turbine valves. Electronic governors use electronic sensors and control systems to adjust the
turbine valves, while electro-hydraulic governors combine electronic sensors with hydraulic
actuators [3, pp. 25-34], [5, pp. 399-448].

In addition, a wind turbine “governor” is a control system that regulates the rotational speed
of a wind turbine rotor to optimize energy capture and maintain system stability. In other
words, the governor responds to changes in wind speed and power demand by adjusting the
pitch angle of the blades to maintain a constant generator speed and output power. This helps
to prevent the generator from overspeeding or underspeeding, which can lead to system
instability and potential damage to the generator unit and its power electronics [3, pp. 482-
484].
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Figure 4 - Static and dynamic properties of the turbine—governor system [3, fig. 2.14].

The mechanical power output in Figure 4 is provided with the change in speed through the
coefficient R, which corresponds to the gain the droop percentage and the transfer function is

the effective governor time constant [3, p. 32].

2.2.2 Excitation system

The excitation system of a generator is made up of two key components: the exciter and the
automatic voltage regulator. This system is essential for providing the necessary DC field
current to the generator. The exciters can be categorized into rotating or static exciters. The
rotating exciters consist of the output of a DC generator or rectified AC power source which
is used to supply the required DC current to the field winding. Modern high-power generators
often use static exciters, which are rectifiers that use thyristors or other solid-state components
such as diodes to provide the required DC current to the field winding. The Automatic
Voltage Regulator is responsible for controlling the amount of current supplied by the exciter

to the generator's field winding, which in turn regulates the terminal voltage of the generator

[3].

2.2.3 Power system stabilizer

The main idea behind Power System Stabilizer is to improve the stability of a power system
by modifying the excitation of the generator. As mentioned the excitation system is
responsible for controlling the voltage of the generator, and the Power System Stabilizer is
used to modulate the excitation system in response to changes in the system frequency or

other disturbances.

In a typical power system, the generators that are connected to the grid is required to maintain
a constant frequency and voltage. When there is a disturbance in the system, such as a sudden
change in load or a fault, the system can become unstable, leading to frequency and voltage

fluctuations. A Power System Stabilizer can help to dampen these oscillations by adjusting
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the excitation system of the generator by adding a measured feedback signal that is in phase

with the change in rotor speed [3].
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Figure 5 — power system stabilizer [3].
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The design of phase compensation needs carefully tuning, so it is important to consider the

phase shift caused by both the input signal and the low- and high pass filters. In certain

scenarios the filters can be designed in a such way that the output signal produces a total

phase shift of net zero for the frequency of rotor oscillations [3].
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Figure 6 - Block diagram of the excitation, AVR system and power system stabilizer [3].
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2.2.4 Reference frames

2.2.4.1 Park an inverse park

In power systems, time-varying phasor models are generally considered accurate as long as
the phasors change slowly relative to the system frequency. However, when examining rapid
dynamic events, quasi-static phasor assumptions may not be precise, and may require studies
on transient models based on abc or dq0 quantities. The dq0 transformation and time-
varying phasors maps sinusoidal signals to constants. Moreover, the dq0 transformation
offers an accurate representation of both transient and static signals at steady state and does
not rely on the assumption of a quasi-static network. The results produce well-defined
equilibrium points, and dq0 models are beneficial for analyzing complex transients in fast

dynamic phenomena [18].

The general form of converting the time-domain components of a three-phase system in
an abc reference frame to direct, quadrature, and zero components in a rotating reference

frame aligned to the g-axis.
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2 2 2
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a ) 2m 21 d
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0

c ) (9 4 27‘[) (0 4 27'[)
sin 3 cos 3
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Figure 7- Park transform a-axis align to g-axis

2.2.4.2 Clarke to park transform
Another approach to transferring between reference frames is the alpha-beta zero to direct-

quadrant-zero. This method refers to transforming the stationary a0 to dqO rotating
reference frame. In other words, it transfers the time variant- to time invariant states with the

angle 6 [19].

d sin(0) —cos(8) 0]«
Te_p = [q] = [cos(G) sin(6) 0] Iﬁl 4)
0 0 0 1110
b B

q <
120° =
A L a

120° a

\
d

Figure 8 - clarke to park transform
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2.3 Battery energy storage system

By deploying battery energy storage systems in weak grids, grid operators and utilities can
enhance the grid's reliability, stability, and overall performance. The problem can be
addressed with regulating voltage and frequency, enhances power quality, provides backup

power, and augment the stability in integration of renewable energy sources [20].

2.4 Software

2.4.1 MATLAB/Simulink

Simulink allows users to build models using a block diagram approach, where each block
represents a system component or mathematical operation. These blocks can create complex
systems, and users can define inputs, outputs, and parameters to simulate and analyze the
behavior of systems. Simulink provides a wide range of built-in blocks, including sources,
sinks, linear and nonlinear functions, mathematical operators, and more. It also supports the

creation of custom blocks using MATLAB code or other programming languages [21].

2.4.2 Opal-RT

RT-LAB is an industrial-grade software package which can be used for real-time simulations
of mathematical block diagrams developed for electrical circuit, control circuit and power
systems. To implement any Simulink model in RT-LAB, it is necessary to make certain
modifications for transferring the model into the RT-LAB simulation environment. Users
must restructure the block diagrams by organizing the models into certain subsystems and
integrating OpComm communication blocks between them. Hereby the RT-Lab can run
simulation based upon MATLAB/Simulink models in real-time without changing the models
behavior [22].

The structure of the subsystems that the model has be divided into is based upon what the
functionality is. The console system which the user interacts with under simulations is the
system with blocks related to acquiring and viewing data, this can be scopes and manual
switches. There can be only one of these in the whole system. The computational elements in
the system can be put into either slave or master subsystems. The difference is that the master
needs to exist in the system to work and there can only be one, like the console subsystem.
Slave subsystems can split up elements in the model, these will use one core of the CPU each.

This can make the execution of the model much faster depending on how much computations
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there is in the model [23], [24]. The OpComm block is used for communication link between
the subsystems, and in order for the RT-Lab OpComm blocks to work in the RT-Labs

software, the model has to be running in discrete time and fixed step solver to work properly.

In this thesis a OP4510 which is a FPGA board shown in [fig under] is used with the software
provided by RT-Lab to run real-time simulations. The Simulink model's supporting files and
test cases are imported into RT-LAB software edited, built, and then compiled, whereby each
component of the model is converted into executable C codes. Once the compilation process
is successful, the compiled model is loaded onto the target system that is available. The target
system handles the model initialization and synchronization, where communication links are
established, and then the run-time console becomes active. With the model execution, the
simulation begins, and the signals generated during the simulation can be viewed in the active
console which is loaded. The results can also be stored in the OpWriteFile block in RT-LAB

libraries for further analyses after the execution [23].

WINDOWS HOST PC
s ttsls OP4510 Ethernet
Multicore Solid
b
PCl- Express I I 2
KINTEX 7 FPGA
Carrier board
RS232
D/A A/D DO UsB

1111111

16ch 16ch 32ch 32ch &ch

Figure 9 - OP4510 [25].
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3 Grid-forming converters topology

Grid-following converters have been the most common way of implementing converter-based
sources to the grid. Grid-following converters are designed to inject current into the grid
while following the voltage of the grid as reference. This means that Grid-following
converters require to be synchronized to the grid by using a phase locked loop which
measures the voltage angle of the grid. In this case the Grid-following converter locks on the
gird and injects active or reactive power according to defined setpoints [26], [27]. Phase
locked loop is not suitable due to the impact of grid stability [28]. In other words, they do not
follow the grid frequency and lack the possibility to actively control it.

Unlike grid following converters, a more promising solution is Grid-forming converters due
to its behavior is more similar to a synchronous machine. Grid-forming converters are
designed to actively control the voltage and frequency of the grid. It possesses the ability to
restart the grid independently [29]. In other words, they do not need to be synchronized to the
grid before operating. This makes them particularly useful in island operation and in
situations where the grid is weak or unstable such as problems associated with low inertia. In
this practically manner they can help to stabilize the voltage and frequency of the grid, and
prevent blackouts or other disruptions. There are several different solutions to grid-forming
converters which are based upon the synchronous generator model and frequency response
[30].

In recent years, various grid-forming control strategies have been proposed, including droop
control which is based on the speed droop mechanism of Synchronous Machines and is
widely accepted as a baseline solution. Building on this, Virtual Synchronous Machines
strategies have been developed to emulate Synchronous Machines dynamics and control.
Additionally, matching control strategies have been proposed that take advantage of the
structural similarities between converters and Synchronous Machines and match their
dynamic behavior. In contrast to these approaches, Virtual Oscillator Control is a Grid-
forming control strategy that utilizes Grid-Forming Converters to replicate the synchronizing
behavior of Liénard-type oscillators [31], enabling the possibility for global synchronization
of a converter-based power system. Nonetheless, Virtual Oscillator Control has a drawback, it
does not allow for the specification of nominal power injection. This limitation is addressed
by dispatchable Virtual Oscillator Control that ensures synchronization to a prespecified

operating point which satisfies the ac power flow equations [32].
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Figure 10 - GFL vs GFM

3.1 Synchronous machine
Since the grid-forming converters is based upon the behavior of the synchronous machine, it
is suggested an eight-order balanced, symmetrical, three-phase synchronous machine with a

field winding and three damper windings on the rotor with two poles shown in Figure 11 [33].

d-AXIS

Figure 11 - two pole salient pole machine [33].
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dgshaft _ 2

dt p¢ ®)
2dw
par - m— Tl (®)
dAsq _ ]
dt = de — lfdrfd
dA, ) dA, ] dA, )
dt = Vg — lgTs W =Vp — T dt = Ve — LT (7)
dA1q . dAy . dA, .
dt = Via — la"a d_tq =Viqg — bghyg dtq = Vyq — l2qT2q (8)

Park’s transform can be used to convert the sinusoidal steady state of balanced symmetrical
machines power variant terms into constant states. By transforming equations [5]-[8] with
equations [2]-[3] the dq0 coordinates and considering a two-pole machine the results
becomes (note that Oy, = 6) [33]:

deshaft
gyt _ 9
' W 9
dw
JE=Tm_T6_Tf (10)
disa .
ar - Urd T lralra (11)
dAq ) 1 diq ) 1 ddo ] 12
F—vd—ldrs+ 4w, E—Uq—lqrs+ 4w, W—Uo—lors (12)
dA1q . di, . dA, .
dt = V14 — l1a"4a, dtq = Viqg — lighg d_tq = Vzq — l2qT2q (13)

Where w is the rotor angular velocity and becomes as extra term after transformation, Op,qs;
the rotor angle and is the same as & from Figure 7. ] is the inertia constant, and Ty, T, T is

representing the mechanical torque applied to the shaft, torque of electrical origin, and friction

windage torque. Moreover r; and 7y, is the winding resistance in the stator and field, the d-

axis field winding flux, voltage and current is represented as Asq, Vg and isq, and 44,40 is
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the winding fluxes, v, 4 ¢ the voltages, and i, 4 o the currents in the stator referring to the
dq0 - coordinate with the angle Oy, s¢. FUrthermore A4 1424, V1a,1q,2q @4 i14,14,2q
represents the linkage fluxes, voltages, and currents in the damper windings, and ry4 14 24 1S

the damper windings resistances in the rotor [32], [33].

3.2 Droop control

The droop control characteristic is used to regulate the output voltage and frequency of a
power inverter in a parallel-connected system without the need of communication between
them [34]. Each inverter in the system is assigned a specific droop coefficient, which
determines the rate at which the output frequency is reduced as the output active power
increases. Similarly, a droop in the voltage with respect to the reactive power. This ensures
that the load is shared evenly between all the inverters in the system, such that the grid

remains stable. Droop is a very common way to control active power and frequency [35].
[ V
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Figure 12 — Convential droop characteristics [36].

3.2.1 Droop model

Droop control shares similarities with the speed droop characteristic of the synchronous
machine governor and compensates for deviations in power injection from p* and frequency
deviations from w*. The droop gain is denoted by d,,. To emulate the Automatic Voltage
Regulations functionality in synchronous machines, a proportional integral controller is

utilized to address the output voltage error [32].
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—=w (14)

w= " +d,(p* —p) (15)

Figure 13 - Droop control P-w

To determine the direct axis reference v, for the underlying voltage loop, the reference and
measured voltage magnitude form the voltage source converter are represented by v, and
|vaq ||, respectively. It should be noted that ||v4,|| is transformed from abc- to dqoO -
reference frame, vy is set to 0 and the reactive power injection varies to ensure precise voltage
regulation. This will give a result for the v; to become vg,, Which is injected into the AC

voltage control loops in Figure 19 [32].

t
i = by (rey = [0aal) + i | (e = [0ag@I)e (16)
0
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ur.gf R]‘J‘ ?l U:iq'l]
Vel

Figure 14 - droop control Q-V

3.3 Virtual synchronous machine

The Virtual Synchronous Machine can be chosen as a synchronverter, the synchronverter has
a unique characteristic in that it models all the parameters of synchronous generator within it.
Therefore, any control strategies that have been developed for synchronous generator can be

applied to the synchronverter. Additionally, it has the same dynamics as synchronous
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generator and can function as a synchronous motor, which distinguishes it from other
machine-emulating techniques. Unlike other methods, the synchronverter can operate in Grid-
forming converter and Grid-following converter mode without adhering to a specific voltage

or current reference [34].

One of the key advantages of the synchronverter over the original synchronous generator is
the benefit of readily tuning the parameters such as inertia, damping, field inductance, and

mutual inductances [37].

3.3.1 Virtual synchronous machine model

For the virtual synchronous machine, a synchronverters frequency dynamics is evaluated as
follow.

d@_ 17
E_w (17)

da)_ 1 .
]TE_E(p _p)+Dp(w _w) (18)

Where D,,(w" — w) is called virtual damping, which is derived from the speed droop response
of a synchronous machine. However, the speed-dependent term in equation[wr] does not have
an exact analog in a synchronous machine. This is because the response of the damper
windings and turbine governor in a synchronous machine operates at different timescales and
does not act relative to the nominal frequency. In contrast, the speed-dependent term in
equation [18] provides both damping and steady-state behavior that is equivalent to
synchronous machine turbine governor droop with respect to the nominal frequency [32]. The

J- term is the virtual inertia constant, and when lirr(l) J»/Dy, the equation [18] reduces to the
n-

droop control equation [15].

The equations for the output voltages are questionable since it is represented with two times
the angular velocity of the synchronverter. Other research papers do not include it [37], [38]
and it is neither represented in the Simulink control scheme. Hereby the three-phase induced

voltage by the virtual synchronous machine is given by:
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By transforming the time-varying phasors [v; v; v;]" to dq0 — coordinates it will be in the
same reference frame as the low-level cascaded control system in Figure 19
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Figure 15 — block diagram of virtual synchronous machine model

3.4 Matching control

The Synchronous Generator and inverter model have structural similarities that enable the
implementation of a matching control topology. This topology controls the DC link in a
manner that is similar to controlling a mechanical rotor. However, matching control differs
from the synchronverter in that it employs a DC link to drive the harmonic frequency
oscillator instead of using a Synchronous Generator model. A controller drives the inverter
modulation based on the internal oscillator model embedded within it. The DC link voltage is
utilized to monitor power balance, and active power tracking is achieved by controlling the
DC current, resulting in oscillator frequency and voltage control. As only DC-side
measurements are utilized in matching control, there are no processing delays. In other words,
Matching control can be referred as the duality of the DC voltage of the converter and the
machines angular velocity. The DC-Link capacitor voltage is used for controlling the
frequency of the converter bridge, due to the DC-link capacitor is considered as a storage

device similar to the concept of inertia [30].
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3.4.1 Matching control model
The angle dynamics of matching control is represented by.

a6’
dt v}

C

Vac (21)

The ac voltage magnitude is controlled through the modulation magnitude by recalling
equation [16] and referring it as u. Then the reference voltage for the voltage controller in af8

— coordinates is given by:

= ko Cvrey = Ioaal) + s [ (e = g (22)
] = oty 23)
w® 1
S O s
{2z
||”dq||

Figure 16 - block diagram of matching control model.

By alpha beta zero to dg0 with equation [4], the desired reference frame is obtained like

previous discussed for other control methods.

3.5 Dispatchable virtual oscillator control

Proposed solutions based on Virtual Oscillator Control have shown improved dynamic
performance and maintained an embedded droop control law close to steady-state. This
implies superior voltage regulation performance compared to standard droop control, while
also retaining load-sharing capabilities. Furthermore, the ease of synchronization makes
Virtual Oscillator Control a promising option for microgrids. However, it remains unclear
how to dispatch Virtual Oscillator Control in such systems. For example, how to reconfigure

the inverters power injections as they have no programmable power set-points.
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Dispatchable Virtual Oscillator Control is a control strategy designed to achieve
synchronization of an inverter-dominant grid, while maintaining a level of control on the
power injections and voltage level of each inverter which can be set by its user. When
applying Dispatchable Virtual Oscillator Control, each inverter monitors its output current
and by using a Pulse Width Modulation strategy, it can regulate the terminal voltage vector at
the output bus by [39].

3.5.1 Dispatchable virtual oscillator control model
The dynamics of the dispatchable virtual oscillator control in a8 — coordinates

d *
Zfﬁ = 0 JVap + N(Kvgg — R()iag + ad(vap)vap (24)
_ [cos(3) —sin(x)
R() = [sin(z) cos () ()

is a 2D rotaion matrix, J = R(m/2) which gives:

s (D) (3

R (2) sin (E) cos (g) [1 0 ] J (26)
K= 1 RGO [ P’ q*] ¢(v* ) . vzef B ”v;ﬁllz 27)
o = -q pl apl Vit

a and n represents the postive control gains, » is the design paramerter and ranges from 0 <
xn <  where 0 refers to resitive lines and 7 /2 to inductive lines. The p*, g*and v* represents
the active power, reactive power and voltage magnitude set-points, when Kv,z — R(3)iap =
0 and ||v;4|| = vres the dynamics in equation [24] reduces to a harmonic oscillator [39].
Moreover the research indicates that if all inverters in the grid comply with the AC power-
flow equations and if additional technical requirements is met, the inverter-based grid
achieves (almost) global asymptotic stability refered to the desired power-flows. This implies
that the inverters synchronize and reach the desired set-points regardless of the initial
conditions. Additionally, the dipsatchable virtual oscillator control behave with droop-like
chractersitcs when the set-points deviate from the power flow equations [39]. By rewriting
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equation [24] to the polar coordinates and with inductive lines, the droop characterstics of the
dVOC becomes:

ao D
a = +”<vzef vz |2> o
dl Vaq | =7 q 4 n na (vz B | o |2) o (29)
dt Urzef | v:lq |2 vrzef ref 4 4

Figure 17 - Block diagram of dispatchable virtual oscillator control

3.6 Voltage source converter

A voltage source converter is an electronic device used in power electronics to convert
electrical power from one form to another. VVoltage source converter is suitable for grid-
forming converter due the ability to convert electrical power from one voltage level to

another, and can also convert AC power to DC power, or vice versa.

Converter model in aff — coordinates illustrated in Figure 18 given by
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dvdc

dc 7 = lge — GacVge — ix (30)
di
af ,
Lyc % =Vap — RACls,aﬂ — Vap (31)
dvaﬁ . .
7 =lsap — lap (32)

In the model it is considered that the DC-supply current i, and the AC-grid voltage v, 44 is
external inputs, hereby the model of the VSC is based upon certain network dynamics shown
under. The C,. is dc-link capacitance, G, block is the parallel conductance modeling
(switching) losses in the dc link, while Ry , Ly¢ and C is the filters for the VSC. Further the
v4c and iy, represent the voltage and the current flowing out of the controllable DC energy

source model in Figure 18. mg is the modulation signal from the full-bridge average
switching stage model. i,, = %mgﬁis,aﬁ represent the net dc current delivered to the switching
stage to the converter, while i o5 and v, 55 = %maﬁvdc are the AC side switching current

and voltage from the converter before the filter, and after the filter i,z and v,z are the output

current and voltages to the AC grid [32].

Iy s,af I:I m\ iaﬁ

e B S o e

maﬂ

Figure 18 - DC energy source for Voltage Source Converters
Looking into the response time for the first order system to calculate and make a realistic
model of the DC energy source.

Tacly = lge — iz (33)

Where i} is the DC current reference injected by the set values of power and voltage
references. 74, is the time constant in the dc-link, and the saturation limits for controlling the

current limitation is modelled in such a way that it does not get an over current [32].
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% if lirl < iz

.. oo . (34)
sgn(iy)ify, if izl = i35,

lac = Sat(lr» lmcax) - {
Where the i<, from equation[above] is the maximum dc source current. It is also in the

model implemented and considered the dc-losses for the limits [32].

3.6.1 DC voltage control
The controllable dc source in equation [33] the current reference i, is given by the dc
voltage control and feed- forward terms based on the nominal ac power injection p* and the

filter losses.

lge = kac(Wge — vac) + p_** + <Gdcvdc + M) (35)
Vac Vac
In equation [above], v,.i, represents the DC power flowing into the switches, while p is the
AC power injected into the grid. The final term on the right side of the equation is a
feedforward power control that compensates for filter losses. The compensation is necessary
to ensure exact tracking of the power reference by matching control, this improves the dc

voltage regulation for all the control strategies suggested in this paper [32].

3.6.2 Low-level cascaded control design

ig vy
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™ \ ial g K. 1
K,p+ % —= Kip +—2 —D>vig
g — o+
&
3 e
—Crw _§ —Lrw
~
\e A 8] _
— ES —
%G E
Fw = +Llrw
]
§ S
ky,i 5 K +
Kv,p + T Q Ki,p + % '(Z/ > VUsq
- > J +1
v,

i
‘ i |i5.aq |

Figure 19 - The control loop for Voltage Source Converter

3.6.2.1 AC voltage control
The chosen grid-forming model provides the reference voltage with its angle and magnitude
by measuring the voltage at the AC side of the converter and feed it through a park transform
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to get dq0 reference frame, resulting in v, t0 v44. In order to get the reference current i ;.
for the switching node current i 4,, the voltage tracking error vg, — v4, needs to be applied.

The equations for each axis in Figure 19 can be described as follows.

dqbv,d * dd’v,q %
7r ~VaTVa. 7t - Vi Ve (36)
i;,d = id - Cf(‘)vq + kv,p(v(; - vd) + kv,i¢v,d (37)
lsq = lqg + Crovg + ky)p (v{; — vq) + koyq (38)

The measured currents i, , and the filters is the feed forward terms, while the two last terms

for the proportional-integral controller, to get the reference current at the time domain [32],
[40].

3.6.2.2 AC current limitation

The stability margins and dynamics of grid-forming power converters can be significantly
affected by restricting the ac current. Developing a reliable strategy that can handle load-
induced overcurrent and grid faults remains an unresolved research challenge. Due to the
complexity of current limitations strategies as they need careful tuning of the controllers, it is

suggested a straightforward ac current limitation strategy [32].

for protection of the converter, it must be implemented current restriction at the AC side. A

proposed solution is to scale down the reference current i4¢ .. by these settings.

i;,dq' if ”is,dq” < irl;ll%x
ge =13 ins 39
oda =) g if il > i B9
ls,dq”

Where 1 4, denotes the limited reference current and preserves the direction of i 4.

3.6.2.3 AC current control

On the right side of Figure 19 shows the current controller structure. The same control
strategy for the voltage control is applied, here is the output filter inductor current control
achieved with a standard proportional integral controller. k; ,, and k; ; represents the

proportional and integral gains, the current has a reference frame that is used for practical
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similarities. The equations for the gains and voltages represented in their respective axis for
the reference frame [32].

Avia _, . dviq _, .
7 =lgg —lsd » dt =lgg —lsg (40)
Vg = Vg — Lrwisg + kip(Tog — isa) + KiiVia (41)
Us*’q = Uq + wais,d + k(f_;q - iS,q) + ki,iyi,q (4‘2)

Then for the modulation signal to voltage source converter shown in Figure 20 is given by.

B VA,

ma/g = (43)

Vac
Where the vg .5 = Vg 44 In af- coordinates and vy, is the set reference dc voltage for the

converter. The complete model with control loops and voltage source converter in Figure 20.

The gain m,,, represent the features possessed in meg, While k;, k. and kg o ¢ referring

to the terms in equation [35]
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Figure 20 - Voltage source converter with control loops and Grid-forming converter
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3.7 Network

Ok 1 1®

Figure 21 — IEEE nine-bus [41].

Connecting all these different methods of providing power to the grid can be achieved with an
nine-bus system for understanding how they will operate under different conditions. The
IEEE nine-bus system is a simplified representation of a small power system, and it is used
for evaluating power system analysis and for comparing the performance of different control
strategies. The system consists of nine buses, three generators and transmission lines between.
The transmission lines are represented as impedance values in per unit, and they connect the
different buses. The per-unit values are based on the line length, the -resistance, and the -
reactance, it also possesses three shunt capacitances. The nine-bus system as a single-line
diagram shown in Figure 21, where each bus is represented as a node, and the transmission

lines are represented as branches connecting the nodes.

The nine-bus test system can be used for various power system analysis techniques, such as
load flow, transient stability, and fault analysis. The results obtained from the analysis can be
used to evaluate the system's performance, such as voltage stability, frequency behavior,
power sharing and fault response. This makes it suitable for testing grid-forming converters
topology [42].
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4 Model

4.1 Initial model
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Figure 22 - Network of model

The decision upon building the models from research paper and dynamic modeling where
concerned, but building such a big and complex system within a short amount of time would
take too much time. Therefore, a decision was made to take advantage of premade models
from A. Tayebi, which included four grid-forming converters. These particular models were

chosen because they have already been implemented in a nine-bus system.

The model consists of grid-forming converters that are made up of 200 commercial converter
modules rated at 500 KVA each. The total capacity of the these are rated at 100 MVA, which
is the same as the synchronous machine rating in the models. Each converter module is
connected to a medium level high voltage line through a transformer (see Figure 22) and with
100 commercial transformers rated at 1.6 MV A are connected in parallel. The grid itself
consist of real and reactive elements to imitate realistic grids, and parameters for the system
can be found in table 1 in [32].
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All the loads in the nine-bus system only consume real power and have a constant impedance,
it consists of three loads, but an additional load representing a disturbance has been added to
the setup. The Simulink RLC load block does not allow for modifications to the impedance or
power rating during a simulation, but this is not a concern because all loads, except for the
disturbance load, are met with power production. The disturbance load is connected behind a
switch, which is preferable because sudden big changes in power demand mimic real-time
situations seen as a fault. When power demand slowly changes, the synchronous machine and
the dynamics in the grid-forming converters can handle it by adjusting the power input,

resulting in less deviation in frequency compared to when a big disturbance occurs.

The synchronous machine is behind a delta star connection. This can be explained with, when
a delta is on the primary side you will always achieve magnetomotive force balance. In other
words, the current does not flow to neutral like in a star connection. This will make the angle
and magnitudes from the synchronous machine precise in terms of feedback. The machine

itself is equipped with a governor, a generic power system stabilizer and an excitor.

Voltage [p.u]
;

Frequency [Hz) Active Power [p.u]
T T T

Figure 23 - Responses to the system without changes
Figure 23, only nadir and rate of change of frequency features are employed when the fault
occurs. It is clear that the grid-forming converters dynamics are faster compared to the

synchronous machine, as seen in the active power deviations.
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4.1.1 Governor
The governor is modeled by proportional speed droop and turbine by a first order transfer

function.
p=p +d,(0" — w) (44)
Tghe =P — Pe (45)

Where p is the output power, p* the reference power set point. d,, is the droop gain and
w* — w is the error in rotational speed. p, and z, is the turbine outpower and time constant,

respectively [32]. The figure 24 block diagram is based upon the models for governor derived
in [1].

P

Figure 24 - Block diagram of governor control

4.1.2 Excitor
The exciter in the model is a ST1A excitation system. The model is described in Figure 25

and its ratings in Table 1 [5].

Fmar

Uy rmar .o avaA L yrma T
Low-filter ' l Vi Main regulator Vi
Ve —— T 1T —-@ @ /7 1+TCS_—> l+;cl“’:—> Ka _'@ ErpD
+Tos | =\ N/ J 1+ Tgs 1+ Tp,s 1+Tas | +
N FMin — rmin
VUpss I 1/1 V";n'zn I/R
Damping filter
Krs
1+ TFs

Figure 25 - ST1A Excitation system [43].
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Table 1 - Exciter data

Exciter

Low- pass filter 0.02
Voltage regulator (KA, TA(S)) [210, 0.001]
Voltage regulator input limits (min, max) [-999, 999]
Voltage regulator internal limits (min, max) |[-999, 999]
Voltage regulator output limits (min, max) |[-6, 6.43]
Damping filter gain and lag time [0.001, 1]
Transient gain reduction Lead and lag time

constants (TB, TC, TB1, TBC1) [0,0,0,0]

4.1.3 Generic power system stabilizer

The power system stabilizer in the model is damping the rotor oscillations of the synchronous

machine by controlling the ST1A excitor. The model is described in Figure 26 and its ratings

in Table 2.
dw _\\—
Sensar Crverall
Gain

Figure 26 — PSS [44].

Tin.g+1 T2n.s+1
_//_ Tid.g+1 T2d.s+1
Wash-out
Lead-lag #1 Lead-lag #2

Table 2 — Generic power system stabilizer data

Power system stabilizer

Sensor time constant 0.003
Overall Gain 2.5
Wash-out time constant |2

Lead lag #1 time constant |[0.1, 0.002]
Lead lag #2 time constant |[6, 0.54]
Output limiter [-0.3,0.3]
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4.2 Control application

The main idea behind this control application is to increase or decrease power into the system
in steps over desired time to meet the production and consumption, where the frequency
regulations is highly considered. This is achieved with triggers that detects when a load is

changing in the bus.

A three phase V-1 measurement is used to the detect the power in the bus where predefined
load disturbance occurs, this is compared to the set-power to meet the actual demand.
Furthermore, the abc to dq0 transformation on the measured voltages and currents is applied
for getting the reference instantaneous powers. The reactive power output is terminated for
the reason of only active power in the loads. In this branch a low pass filter for the measured
instantaneous power is employed, this is a filter that attenuates high-frequency components of
the signal while allowing low-frequency components to pass through. The first order digital
filter smooths out the rapid changes in the signal when using the switches, resulting in making

the system response better when simulating.

There are two states for the triggers in the system, 0 and 1. When one of these changes state,
an output signal is sent through a Boolean logical operator to set a signal to a reset integrator,
this activates the step response of power injections. A truth table of an XNOR logic operator

is shown in Table 3 and Figure 27 shows the controller.

Table 3 - Logic table XNOR Operator

A B Out
0 1 0
1 1 1
1 0 0
0 0 1

[LOAD1}—‘ 1
o0og > 1
A (Big distrubance) )D;)—. double »ltoo > ﬂ;[ ) |ul LOAD3J]

Integrator1 Abs load fallout1

[LOADZ2 XNOR Signal
Generator1

B (Load 0.75 p.u)

Figure 27 - Control application of the trigger signal.
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By Table 3 it is shown that for all the combination a rising or falling edge is achieved based
upon only one trigger event a time, which control the reset signal for the integrator in Figure
27.

e TN S
t —u.T\‘ |—D'—| {cwitch10]
255 ‘ —aoF
1
outputpower] }—I_’ | —
o |2 e
.

A 4

{orFc_z)

L

Figure 28 - Timing events for power injections

The idea behind Figure 28 is to inject the power deviation in steps as discussed, first 1/3 of

the output power is passed through, then 2/3 and finally the whole signal through the 3/2 gain.

The Goto blocks “switch 10” and “GFC_2” represent the controller signal that is passed
through when LOAD_3 is activated and a signal to timing events for the second generator
unit, respectively (see Figure 28). After the execution of the timing events, one grid forming
converter contributes with 2/3 of the load and the other 1/3, in normal condition the error
power is passed through a 2/3 gain and will only contribute with a small amount of power,
this is regulated by the synchronous machine. The arrangement is such that one unit takes care

of fast frequency- and the other frequency containment reserves.

The magnitude of the disturbance has been increased to 2.5 p.u to induce more frequency
deviation, hereby enabling the clarity of this control application. While it may be a cheap
approach, it effectively achieves the desired outcome.

It was considered to use a phase locked loop block to detect the angular position at reference
frame, but when employing grid-forming converters, a phase locked loop free grid is
desirable. Moreover, the power signal is injected into the grid-forming converter. Hereby, the
angular position can be taken from the first grid-forming converter. Another solution is to
take advantage of the droop, which is a suitable option because the present of powers in the
control application. The droop control strategy was applied with the same droop gain
coefficient as in droop control in Figure 13. The whole control application is shown Figure 29
- w/droop in the controller Figure 29
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Figure 29 - w/droop in the controller
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For simplicity the PS constant and the step responses is placed in the control application, PS

is the input of power per unit and is the same as the load in the system. Hereby, as described

in the introduction of the model the loads are constant.
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4.3 RT-lab model

For the model to be compatible with RT-lab software it needs to be split into at least two
subsystems consisting of a master and console. Only the POWRGUI and subsystems of
master, slave and console needs to be kept at the top page in order for the RT-lab software to
be able to build the model in to its environment. To simplify the process of building models in
RT-LAB environments, the base workbench parameters, which are generated by scripts, have
been incorporated into the model workbench and remain with the model. This approach

eliminates errors and delays that may arise during data transfer, ensuring accuracy.

Discrete
0.0001 s.
powergui2
1 1 »| 1 1
— {2 12 P2 2
» 3 3 3 3
{ SM_GFC SC_GFC—‘

Figure 30 - Top page RT-lab

frg.mat ps ’{ :}

Pset

F_pwr.mat 0

¥

Y

(i r—» . - BigDisturbance
q= II'IH‘I _Ll_’ 1
CO—le N L
» Volt.mat
0.75 p.u load

Figure 31 - Console subsystem RT-Lab
The step responses are used to enable the comparison of the same models. For the step
response of the large disturbance output, the signal should initially be set to 0, but then it
becomes single, the datatype should be double since the other signals transferred through the

OpComm block is a double datatype. Hereby, the reversed step response. Moreover, the step

Page 38 of 66



blocks can be changed to constants, allowing the user to interact with the system live if

desired. The master subsystem consists of the model itself and the control application shown

in Figure 32
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Figure 32 - Control application in the Master Subsystem RT-lab
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Due to the complexity of the models, increasing the POWERGUI time Ts to slow down the
system was not possible, as there were too many interactions happening simultaneously,
which will cause the system to crash. However, in the RT-LAB environment, the system
responses did not manage to track Simulink simulations correctly, in contrast deviations
appearing to be correct, whereas response was four times faster than with Simulink. There
were also given a try to put the nine-bus system without generator sources in a slave
subsystem, to see if the system would behave differently, but running it over multiple cores
ran the system faster. Since the RT-LAB system requires fixed-step simulations, both the RT-

LAB and Simulink models are configured to run with a fixed-step ODES solver.

5 Simulations

The tests of the models will consist of these simulations in Simulink and RT-LAB

e One grid-forming converter handles fast frequency- and the other frequency
containment reserves.
- Frequency response
- Power ratings
- Voltages
e The synchronous machine handles fast frequency- and one grid-forming converter
frequency containment reserves.
- Frequency response
- Power ratings
- Voltages
e Combination of two different grid-forming converters
- Frequency response
- Power ratings
- Voltages
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6 Results

6.1 Grid-forming converters frequency regulations

6.1.1 Frequency RT-LAB

Time Series Plot:
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Figure 33 - RT-LAB the frequency response for droop control.
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Time Series Plot:
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Figure 34 - RT-LAB the frequency response for virtual synchronous machine.
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Figure 35 - RT-LAB the frequency response for matching control
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Time Series Plot:

50.5 . .

SM
504 GFC1|
GFC2
503 .

a1
o
N
T
1

[8)]
o
=
T
I

Frequency (Hz)
S

A A
© ©
© ©
T T
| |

49.7 i

496 4

49-5 1 1 | 1 | 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Time (s)
Figure 36 - RT-LAB the frequency response for dispatchable virtual oscillator control.

From Figure 33 to Figure 36, the rate of change of frequency and nadir are quite similar for
droop, dispatchable virtual oscillator control, and virtual synchronous machine. However,
there are more transient peaks in the Matching model when the load production is increased
by 0.75 p.u. The dispatchable virtual oscillator control method managed to track the Simulink
simulations more accurately compared to the other grid-forming converter methods. Although
the timing is not perfect, the converters seem to be able to follow the same frequency outside

the switching periods.
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6.1.2 Frequency Simulink

The frequency simulations of all grid-forming converter methods were quite similar, with the
only difference being the time it takes for settling when Nadir is reached. In this regard,
dispatchable virtual oscillator control stands out as it returns to steady state faster, although all
the regulations remain the same (the other plots are shown in the appendix). When there is a
loss of power in the system, the frequency amplitude exhibits a higher transient peak

compared to when introducing more load to the system.
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Figure 37 - Simulink the frequency response for dispatchable virtual oscillator control.
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6.1.3 Power injections RT-lab

Time Series Plot:
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Figure 38 - RT-LAB the real power response for droop control
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Figure 39 - RT-LAB the real power response for virtual synchronous machine.
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Time Series Plot:
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Figure 40 - RT-LAB the real power response for matching control
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Figure 41 - RT-LAB the real power response for dispatchable virtual oscillator control.
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Time Series Plot:
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Figure 42 — RT-LAB the reactive power response for dispatchable virtual oscillator regulator

6.1.4 Power injections Simulink

Time Series Plot:
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Figure 43 — Simulink the real power response for dispatchable virtual oscillator control.
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Time Series Plot:

GFC1
GFC2

—
W
1
1

N
1
L

o
v

Reactive Power (p.u)

P |

-1 ! 1 1 1
0 10 20 30 40 50

Time (s)
Figure 44 - Simulink the reactive power response for dispatchable virtual oscillator control.

The power response varies significantly in terms of injections among the different grid-
forming converter methods. All the different types exhibit rapid dynamics, except for the
Matching control, which attempts to mimic the slower inertia response of synchronous
generators. The dispatchable virtual oscillator control method shows a lot of oscillations in
both real and reactive power outputs. This behavior appears to be when the demand and
production are not fully balanced, not until the system settles at steady-state or when

production exceeds consumption.
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6.1.5 Voltages RT-Lab

Time Series Plot:
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Figure 45 - RT-LAB voltage response droop control.
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Figure 46 - RT-LAB voltage response virtual synchronous machine.

Page 49 of 66




Time Series Plot:
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Figure 47 - RT-LAB voltage response matching control.
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Figure 48 - RT-LAB voltage response dispatchable virtual oscillator control.
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In the first three grid-forming converters, the voltage appears to synchronize with the grid
when a fault occurs. This synchronization is achieved through the voltage loop control inside
the regulating loop. After the fault is resolved, the voltage remains synchronized, except in
the case of a load loss. During fault events, the transient peaks in voltage deviation are quite
large per unit. Additionally, the dispatchable virtual oscillator control method effectively
maintains stable output voltage at its bus despite deviations, although the synchronous
machine regulate more. This difference seems like it is related to the reactive power injections

from the dispatchable virtual oscillator control.

6.1.6 Voltages Simulink
There are more oscillations in the voltage before the fault occurs in the RT-LAB simulations

compared to Simulink. In contrast, the deviation in the Simulink model is larger.

Time Series Plot:
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Figure 49 — Simulink voltage response dispatchable virtual oscillator control
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6.2 Synchronous machine as main regulator
The synchronous machine is employed for fast frequency response, while the virtual
synchronous machine for frequency containment reserves. This can be seen from Figure 53.

6.2.1 RT-LAB simulation
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Figure 50 - RT-LAB frequency response Synchronous machine main regulator

An expected slope can be observed in the synchronous generator dynamics, indicating its
inertia properties, this can be seen in the Figure 50. In contrast, the virtual synchronous
machine converter exhibits a rapid response. Moreover, there are no transient peaks during

switching, which is an indication of stability compared to the other results.

Page 52 of 66



2.5

—
- w

Real Power (p.u)
o
&)

1.3

1.2

1.1

0.6

0.5

Time Series Plot:

SM
GFC1
L GFC2
1 1 1 | 1
2 6 8 10 12
Time (s)
Figure 51 - RT-LAB power response synchronous machine main regulator
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Figure 52 - RT-LAB voltage response Synchronous machine main regulator.
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6.2.2 Simulink simulation
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Figure 53 - Simulink frequency response synchronous machine main regulator.
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Figure 54 - Simulink power response Synchronous machine main regulator.
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Time Series Plot:
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Figure 55 -Simulink voltage response Synchronous machine main regulator.
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6.3 Combination of two different Grid-forming converters
The two best combinations of different grid-forming converters results are presented, which
consist of the synchronous machine with matching- and droop control applied as generating

sources.

6.3.1 RT-LAB simulation
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Figure 56 - RT-LAB frequency response of three different generating sources.

In Figure 56, the frequencies for the three different generating sources track each other quite
well after nadir, and the power injections closely resemble the behavior of the synchronous
machine (Figure 57). The voltage after the post-fault period appears to remain balanced
throughout the other events, indicating that the voltage loop has effectively maintained it at a
steady state. In contrast, the Simulink model exhibits a transient peak when the fault occurs.
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Time Series Plot:

2.5

—_
(&)

—_

Real Power (p.u)
o
(9]

Time (s)
Figure 57 - RT-LAB power response of three different generating sources.
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Figure 58 - RT-LAB voltage response of three different generating sources.
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6.3.2 Simulink simulation

Time Series Plot:
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Figure 59 - Simulink frequency response of three different generating sources
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Figure 60 - Simulink power response of three different generating sources
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Time Series Plot:
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Figure 61 - Simulink voltage response of three different generating sources
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7 Conclusion

7.1 Discussion

In this thesis, a study on the dynamic behaviors of four different grid-forming converters
under various conditions in a nine-bus system is analyzed. It is shown that grid-forming
converters can operate as frequency regulators, depending on the available power source and
careful tuning. To address this, a possible solution is to avoid running the generator sources at
maximum power and keep some in standby in case of sudden big changes, thus overcoming
outages in their area. The rapid dynamics of these converters have demonstrated that they do
not have the slow startup time characteristic of synchronous generators before reaching their
desired power output. Some applications exhibited rapid response, while others were slower,
with high transient peaks observed during disturbances in both Simulink and RT-LAB
simulations. The voltage loop control effectively managed the resolve the error during the
faults and synchronized the grid-forming converters to the grid voltage in the real-time
simulator. Timing events outside the loops were found to be up to 10 times faster in RT-LAB

compared to Simulink.

7.2 Future Work

For future work the models could be optimized in both RT-LAB and Simulink by simplifying
complex subsystems, remove unnecessary components to improve simulation performance
and computational error. Furthermore, investigate the integration of energy storage systems
with grid-forming converters to enhance their capability for grid support and stability. This
could involve studying battery energy storage systems with control strategies for coordination
between grid-forming converters and these storage systems. Additionally, introducing the
grid-forming converters to high voltage direct current transmission lines systems or augment

the system with more inductive loads.
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Appendix
Simulink and RT-LAB files and plots

There is provided a ZIP-file with the extra data.
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