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Abstract

Shipboard microgrids are inherently weak systems due to their limited inertia and high impedance, mak-
ing them prone to voltage and frequency fluctuations during faults and load changes. These challenges
are further intensified by highly dynamic load conditions and the ongoing hybridization of shipboard
power systems, where conventional diesel generators, functioning as synchronous generators, are in-
creasingly being replaced by renewable energy sources (RES) and energy storage systems (ESS). As
a result, the overall rotational inertia of the system is reduced, degrading its frequency stability.

This thesis proposes a method to emulate inertia using an ESS by implementing a virtual synchronous
generator (VSG) control scheme. The ESS, interfaced through a power converter connected to the
microgrid, replicates the kinetic energy behavior of a synchronous generator, providing both frequency
and voltage support. A detailed Simulink model of a shipboard microgrid was developed, including
converters, loads, synchronous generators, and grid-connected and islanded configurations. The VSG
control scheme was designed and tuned based on system parameters, and its performance was eval-
uated through simulations and experimental testing.

Results demonstrate that a VSG control scheme based on the swing equation successfully provides
virtual inertia, improving frequency stability by improving the frequency nadir and reducing the rate
of change of frequency (RoCoF) by 85%. In addition, the integration of integral Q-U droop control
effectively regulates voltage, ensuring deviations remain within acceptable limits. The proposed control
strategy is particularly beneficial for load variations exceeding 1 kVA/s and maintains stable operation
even in islanded mode when synchronous generators are disconnected.

The study also identifies key design trade-offs, including the balance between frequency settling time
and nadir, as well as between RoCoF reduction and power oscillations, which are influenced by the
damping and inertia parameters. Similarly, voltage performance depends on the tuning of reactive
power droop parameters, affecting both voltage deviation and dynamic response.

In conclusion, the use of VSG-based virtual inertia significantly enhances the stability of low-inertia
shipboard microgrids, particularly in the context of increasing system hybridization. Future work should
focus on optimal ESS selection, higher-level energy management strategies, and adaptive tuning of
control parameters.
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Nomenclature

Abbreviations

Abbreviation Definition

AVR Active Voltage Regulation

ESS Energy Storage System

GFL Grid-following

GFM Grid-forming

PCC Point of Common Coupling

PLL Phase Locked Loop

PSC Power Synchronisation Control

RES Renewable Energy Sources

RoCoF Rate of Change of Frequency

SG Synchronous Generator

SVPWM Space Vector Pulse Width Modulation

VSC Voltage Source Converter

VSG Virtual Synchronous Generator

Symbols

Symbol Definition Unit
Vy d-axis voltage V]
Vq g-axis voltage V]
V,|V| Voltage magnitude V]
Ve DC voltage [V]
iq d-axis current [A]
iq g-axis current [A]
Psq Mechanical input power [W]
P, Electrical output power [W]
Q Reactive power [VATr]
t Time [s]
L Inductance [H]
C Capacitance [F]
R Resistance [©2]
J (Virtual) inertia coefficient [kg - m?]
D Damping constant [N-m - s/rad]
k., Voltage droop coefficient [VAr/V]
kq Reactive power droop coefficient [VI(VAr - s)]
kp Proportional gain Pl controller -
k; Integral gain PI controller -
w Angular frequency [rad/s]
Wy Grid frequency [rad/s]
We Cut-off frequency [rad/s]
f Electrical frequency [HZ]
0 Phase angle [rad]
0 Load angle (rotor angle) [rad]




Introduction

The shipping industry is experiencing sustained growth. This expansion is driven by traditional global
trade, which accounts for 80% of global commerce volume, as well as the increasing demand for spe-
cialized logistics supporting offshore wind energy infrastructure. However, this growth relies heavily on
diesel generators as the primary power source for shipboard microgrids. The resulting combustion of
fossil fuels accounts for roughly 2.5% of global greenhouse gas emissions, a figure that is projected
to increase [18]. In response to this trend the International Maritime Organization (IMO) has published
emission reduction policies which state that greenhouse gases must be reduced by 20% by 2030.
Among other solutions, to achieve these goals, diesel generators are replaced by renewable energy
sources (RES) in combination with energy storage systems (ESS) [17]. Currently studied RES include
solar panels, small wind turbines and wave energy conversion systems [5]. Utilizing alternative power
sources and a hybrid system reduces the environmental impact, while maintaining the capacity nec-
essary to meet fluctuating loads. However, this integration leads to operational challenges, regarding
both system stability and power management.

The microgrid on a marine vessel is already considered a weak grid. Firstly, a microgrid has a high
impedance with respect to its generation capacity, due to the overall smaller size of the system. High
impedance levels lead to limited short-circuit capacity [1]. Secondly, compared to a standard grid, a
microgrid operates with limited inertia. Defined as the kinetic energy stored in a synchronous genera-
tor’s rotating mass, inertia allows the machine to respond to power imbalances by resisting its change
in speed [1]. The inertia of a synchronous generator (SG) is dependent on the mass of its rotor. Ship-
board diesel generators possess inherently less inertia because they are significantly smaller than the
generators connected to the main grid. Limited inertia leads to restricted capacity to manage power fluc-
tuation, making the microgrid more susceptible to frequency instability, especially during load changes.
This vulnerability is critical on ships as the shipboard’s microgrid is exposed to abrupt load changes due
to external disturbances. Take for example changes in propulsion requirements due to the influence of
waves and wind on the ship. Thus, the fluctuating power demand and limited inertia causes frequency
fluctuations in the system that are difficult to stabilize.

Replacing the diesel generator with inverter-based RES further reduces system inertia, as power elec-
tronics lack the inherent inertial response of a SG. However, inertia can still be implemented via the
ESS used in hybrid architectures. By integrating the mathematical equations that define the behavior of
an SG in the converter control loop, the ESS can be commanded to release or absorb power, thereby
emulating the kinetic energy stored in the rotating mass of the SG. Consequently, the grid converter
mimics the behavior of the SG [1]. Thus, the proposed solution is to implement a controller for a grid-
converter connecting the ESS to a shipboard microgrid such that the ESS can provide the required
inertial response for frequency stabilization.

To illustrate the integration of the proposed solution, the hybrid architecture of a shipboard microgrid
is shown in Figure 1.1. The diesel generators (G) supply power to the system and are connected
to a common bus, which forms the main distribution node of the shipboard microgrid. Various loads
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are connected to the bus, including propulsion systems, pumps and compressors, heating, ventilation
and air conditioning (HVAC) systems, control and communication equipment, and hotel loads. The
propulsion system is driven by a motor (M) connected to the grid via a drive, while other loads are con-
nected through a transformer and represented as L1 and L2 [8]. The proposed ESS-based solution is
connected at the Point of Common Coupling (PCC). Through a grid-connected converter and its asso-
ciated controller, the ESS provides a virtual inertia response based on measured system parameters.
The red connections indicate the measurements and control signals required for the implementation of
this solution. The virtual inertia control strategies found in literature are applied based on this micro-
grid architecture. The controller should therefore be tuned based on the grid characteristics and the
behavior should complement the operation of the diesel generators.

Solution

Grid with Power Supply

ESS
O

Controller Converter

PCC

Measurements

Loads

Drive 8

Figure 1.1: Shipboard grid architecture with proposed solution [8]

1.1. Motivation

The weak and unstable nature of a microgrid, due to its large impedance and limited inertia, imposes
challenges in stabilizing the grid. Especially on a ship where large loads abruptly change in demand,
generators must react quickly to compensate for a mismatch in power, causing voltage and frequency
fluctuations. A common approach to mitigating these fluctuations is by providing extra inertia through
over designing and maintaining a spinning reserve. These methods however, are costly, and require
a lot of space and weight [8]. Therefore, applying the additional inertia virtually through an ESS can
be beneficial. Especially with the current research in the hybridization on shipboard microgrids, where
the integration of RES in combination with an ESS is becoming a preferred solution [12]. Furthermore,
the fast response of these storage systems is ideal for quickly compensating power mismatches during
load changes, thereby enhancing grid stability. To ensure a quick response the converter connecting
the ESS to the grid must be controlled properly. It cannot rely on communication protocols between
SGs, loads and the converter, as this would cause delays slowing down the response. Therefore, the
controller should ideally rely on measurements from the system such as frequency or power deviations.
This is achieved by mimicking the physical inertial response of an SG. By doing so the converter is
controlled to quickly respond to load changes and cooperate with the rest of the grid without any initial
communication.
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1.2. Research Objective

The objective of this thesis is to implement virtual inertia control using an ESS based DC supply in com-
bination with a grid converter to aid frequency recovery after load changes on a ship’s microgrid. The
controller that controls the grid converter is programmed using ABB’s Crealizer™controller software.
Implementing inertia virtually will not only improve frequency stability, but also facilitate the integration
of RES by overcoming the barriers associated with low-inertia grids. The goal of my thesis can be
summarized in the following research question.

What is the value of implementing inertia virtually to the stability of a ships microgrid?
To help answering the main research question the following five sub-questions are derived.

» How is frequency stability defined?

* Why are grid-forming converters instead of grid-following converters becoming more important
for microgrids?

» How does VSG control help stabilize frequency?
» What are the advantages and disadvantages of implementing inertia virtually?
» How is virtual inertia based on an ESS implemented in a grid-tied converter?

1.3. Structure of this thesis

This thesis is structured as follows. Chapter 2 provides background information on grid stability, the
SG and the fundamentals of converter control. Chapter 3 presents a rigorous analysis of the prominent
inertia control strategies. Chapter 4 describes and analyzes the shipboard microgrid in which frequency
stabilization is implemented. This is followed by Chapter 5 which outlines the controller structure used
to achieve this objective. Furthermore, Chapter 6 details the MATLAB Simulink model of the system
and presents the corresponding simulation results. Chapter 7 describes the test setup and reports the
test results. The findings are subsequently discussed and summarized in Chapter 8, while Chapter 9
provides the main conclusions of this thesis.



Grid stability and grid-tied converter:
Background knowledge

In this chapter, grid stability is first defined, followed by an outline of the associated requirements.
Subsequently, the fundamental concepts of the SG and grid-tied converters are presented.

2.1. Grid stability

To determine whether the virtual inertia implementation has established grid stabilization, grid stability
must first be defined. Grid stability is defined within three main categories: rotor angle stability, fre-
quency stability and voltage stability.

Rotor angle stability refers to the ability of the generator to remain in synchronism. The rotor angle
is the difference between the phase angle of the SGs field voltage (across the rotor windings) and
terminal voltage (across the stator windings). When a load is connected, the field voltage leads the
terminal voltage and the load angle is positive. The size of the load angle depends on the size of the
load connected. Thus, a higher load means a larger load angle. If the load increases past a certain
threshold at which the load angle deviates past 90 degrees, the field voltage falls out of synchronism
from the terminal voltage and the SG is disconnected from the system, hence losing system stability.
Besides the rotor angle displacement, an acceleration of the rotor angle can also lead to instability.
According to the swing equation, the rotor angle is said to be stable if it does not accelerate, thus when
the net power is zero. The swing equation, presented in Equation 2.1, is the fundamental relation gov-
erning the dynamic behavior of the synchronous generator (SG). In this equation, Psg and P represent
the mechanical power supplied by the SG and the electrical power demanded by the load, respectively,
in Watts (W). The term ws denotes the synchronous speed (rad/s), which corresponds to the grid fre-
quency under steady-state conditions. The variable § represents the rotor angle (rad), and J is the
moment of inertia of the rotor (kg-m?), also referred to as inertia coefficient. If there is an unbalance
between demand and supply the rotor angle will accelerate or decelerate [28]. The power supplied by
the generator must therefore change to match the demanded power by the load to ensure a steady
state condition where the acceleration is brought to zero. Lastly, according to [9] the system is said to
be stable if the rotor angular differences from all SGs connected to the system decrease after a load
switch.

dé
Psg — P, = Jws— 21
SG Jw 7 (2.1)
Furthermore, frequency stability is a key factor in power system stability. It reflects the system’s ability
to restore a balance between generated power and load power with minimum loss of load. The initial
frequency response following a disturbance is determined by the systems inertia, which influences the
Rate of Change of Frequency (RoCoF) as defined in Figure 2.1. A high RoCoF can trip protection
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relays, disconnecting the generator from the system. Another critical parameter is the frequency nadir,
defined as the lowest frequency reached following a disturbance. System inertia indirectly affects nadir
as well, since higher RoCoF leads to a deeper frequency dip. If the frequency nadir of the system falls
below acceptable limits, it may activate low-frequency load shedding mechanisms [26].

RoCoF

ul
(=]

Frequency (Hz)

[ T R

Time (s)

Figure 2.1: The effect of a load change on system frequency

Lastly, voltage stability should also be taken into consideration. This is the ability of the system to
maintain the same voltage levels after a disturbance [28]. The main factor causing instability in voltage
levels is the inability of the system to meet the reactive power demand [21]. In an SG the voltage is
controlled using the active voltage regulation (AVR). The AVR sets the voltage across the field windings
based on droop control. Equation 2.2 presents a basic form of droop control. Fundamentally, droop
control determines the voltage across the field windings V' (V) based on a voltage setpoint V. (V)
and the error between the measured reactive power @) (var) and the reactive power setpoint Q.. (var).
The extent to which the voltage deviates from its setpoint in response to the reactive power error is
determined by the droop constant k4 (V/VAr). In principle the droop constant determines the weight of
the reactive power error. Droop control is implemented, because it ensures all SGs connected to the
network deliver the required reactive power to achieve the same field voltage.

V= ‘/;et - kq(Q - Qset) (22)

2.1.1. System requirements

Now that power system stability is defined, the requirements of the proposed solution can be derived.
The system and its proposed solution are shown in Figure 1.1. The grid line-to-neutral rms voltage is
230 V and the power capacity of the system is 85 kVA. The proposed solution is shown where the red
components represent the externally connected components to the system. This indicates where the
voltage and current are measured and sent to the controller. A more in-depth analysis of the system
is presented in Chapter 4. The requirements are in terms of voltage and frequency stability and are
defined in Table 2.1. These requirements are set based on the grid compliance code [16] and the IEEE
guide [6].

Parameter Requirement
Power step (AP) 20 kVA
Maximum RoCoF 0.5 Hz/s
Maximum Nadir 2%
Maximum Frequency peak 2%
Maximum frequency settling time | 30 seconds
Maximum voltage deviation 1%
Maximum voltage recovery time | 10 seconds

Table 2.1: The system requirements of the proposed solution

The frequency settling time is defined from the moment the frequency changes (so at the point of the
disturbance) until the frequency is back within 0.1% of its original value. For a frequency of 50 Hz this
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would mean 49.95 Hz in case of an increase in load and 50.05 Hz in case of a decrease in load. The
same definition holds for the voltage recovery time. The requirements are set for a power step of 20
kVA. In addition to these requirements the converter must operate in two scenarios defined below.

Scenario one (Islanded mode): Following grid initialization, the synchronous generator (SG) discon-
nects, forcing the converter to switch to islanded mode. During this isolation period, which is mostly
brief, the converter must autonomously regulate its own voltage and frequency while dynamically man-
aging load changes until the generators reconnect.

» Converter is connected to the microgrid.

* No SG is connected.

* A changing load is connected to the microgrid.

» The power demanded by the load changes after system is stabilized.

» Converter must set own frequency and voltage once SG is disconnected.
» Converter must reach a steady state frequency of 50Hz after load change.

Scenario two (Grid-Connected Mode): The converter operates in parallel with an SG to support a
common load. In this configuration, the converter is responsible for accurately sharing the load demand
with the SG.

» The grid is established by the SG.

» Converter is also connected to the same grid.

» The power demanded by the load changes after connection of converter is stabilized.
» Converter only supplies or absorbs load power during transient.

2.2. The synchronous generator and its influence on frequency
Mechanical power is converted to electrical power through the magnetic field of an SG. The power
conversion system from mechanical to electrical power using an SG can be split up into 5 main com-
ponents. The generator itself, its windings (field winding, armature winding and damper winding), the
AVR and the prime mover and its governor. An overview of these components can be seen in Figure
2.2a. How the SG is connected to the rest of the microgrid can be seen in Figure 1.1.

Damper Winding

Stator

Prime
Mover

Governor

Generator

ol

AVR
(a) The basic external components of a sychronous generator (b) The synchronous generator rotor and stator [29]

Figure 2.2: The synchronous generator
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The generator itself comprises a shaft, rotated by a prime mover, such as a steam turbine or diesel
engine, which is mechanically coupled to the rotor. The rotor is equipped with a field winding, denoted
by F and F’ in Figure 2.2b, which is energized by a DC voltage, setting a constant magnetic flux. The
DC voltage is regulated by the AVR. By setting the field winding voltage, hence influencing the ex-
citation current, the AVR can govern the terminal voltage of the generator. Rotating the shaft, thus
subsequently the rotor, generates a rotating magnetic field which induces an AC voltage in the arma-
ture windings. The armature windings, also referred to as stator windings, are coils wound around the
stator of the SG. These are denoted with aa’, bb’ and cc’ in Figure 2.2b, each representing one of the
three grid phases. Once the generator is synchronized and connected to the grid, the induced voltage
in the stator windings causes an AC current to flow, thereby delivering electrical power to the system.
The frequency of the grid is determined by the rotational speed of the rotor inside the generator. The
relationship between the rotational speed of the generator and the frequency is given by Equation 2.3,
where, ng is the synchronous rotational speed of the generator (rpm), f is the electrical frequency (Hz)
and P is the number of pole pairs.

_ 60f

ns = (2.3)

The SG can also include an extra winding around the rotor, namely the damper windings, denoted by
DD, and QQ’ in Figure 2.2b. These windings are used to dampen the frequency oscillations. When
the generator runs at synchronous speed, no current is induced in this winding. An increase in load
will cause a resultant magnetic flux inducing current in the damper windings. This current produces
a restorative torque to counteract the pulsating torque, restoring the synchronous speed, hence the
frequency of the system [20].

The dynamic behavior of the SG is governed by the electromagnetic interactions between its stator and
rotor windings illustrated in Figure 2.2b. The mathematical relationships are illustrated in Equations 2.4—
2.9. The subscript abc denotes the three-phase stator windings, f represents the field winding, and
D and @ denote the damper windings. U is the voltage (V) across the winding and i (A) the current
through the winding. Furthermore, M represents the mutual inductance (H), L the self-inductance (H),
A the magnetic flux linkage (Wb), and R the winding resistance (£2). There is no mutual inductance
between the D and Q damper windings as they are perpendicular to each other. Additionally, because
these damper windings are physically short-circuited, they exhibit zero terminal voltage and experience
no induced electromotive force (EMF) during steady-state operation [15].

dAabe
Uabc = Rabciabc + —Cabe (24)
dt
Cd
Ur=Rysi — 25
f fif + a (2.5)
. dA
0=Rpip+ 7" (26)
Cd)g
0=R —= 2.7
Qi+ — (2.7)
Aabc Labc Mabc,f Mabc,D Mabc,Q iabc
)‘f — Mgb@f Lf MfD 0 if (2 8)
AD Mgbc,D MfD Lp 0 D ’

AQ MZI}C,Q 0 0 Lg 1Q
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In steady state conditions, the power supplied by the SG is equal to the power demanded by the load.
The rotor of the SG thus rotates at the synchronous speed and the net frequency is at nominal frequency.
This can be seen up until t=0 seconds in Figure 2.1. At t=0 seconds a sudden change in load occurs,
hence a change in power demanded by the system. However, the power supplied by the SG cannot
instantly respond, so there is a mismatch between power demanded and supplied. This causes the
rotational speed of the rotor to increase, in the case of a positive net power imbalance, or decrease in
case of a negative power imbalance and as shown between t=0 seconds and t=5 seconds in Figure
2.1. The inertia, so the amount of kinetic energy stored in the mass of the rotor, determines the rate at
which the rotor speed increases or decreases therefore determining the initial response of the system.
This therefore has a direct influence on the RoCoF of the system and frequency nadir. After the change
in frequency is detected, the governor, using droop control, determines a new power setpoint for the
prime mover. The prime mover then produces this additional power, causing the rotor to accelerate
until a new stable frequency setpoint is established, as can be seen between t=10 seconds and t=40
seconds in Figure 2.1. After the steady state is reached, secondary frequency control ensures the
frequency is brought back to its grid value [26]. The frequency is initially brought back to a lower value
due to the droop control in the governor. The droop control is required such that the load can be shared
among multiple generators. This is further explained in Chapter 3.2.

2.3. Converter Control

Before introducing the prevailing converter control schemes, it is important to understand the communi-
cation between the controller and the system. This is summarized in Figure 2.3. The architecture of a
hybrid shipboard microgrid consists of a diesel generator acting as the primary power source, modeled
as an ideal voltage source V (V) connected to the grid through a grid impedance Z, (2). The converter
comprises an IGBT bridge and an LCL filter, which is used to attenuate voltage and current ripple. The
voltage Vpcc (V) and current Ipcc (A) used for control are measured at the PCC, where the converter is
connected to the rest of the grid. Based on these measurements, the controller determines the required
output voltage magnitude |V| (V) and phase angle 6y (rad) at the converter output. These reference
signals are then supplied to a pulse generator, which generates the appropriate switching signals for
the IGBTSs.

The control architecture of the prevailing control schemes used for grid converters can be seen in Figure
2.4. In essence, the voltage and current of the grid are measured and transformed to a dg-reference
frame using the Park transform. The dq values are then, depending on the type of control, compared
to voltage and current references which are derived from a power control loop. From this, a setpoint
voltage is determined. This value is sent to the pulse generator which then generates the pulses for
the IGBTSs to ensure the correct converter output voltage.

The voltage, current, power and synchronization control loops differ for grid forming (GFM) and grid
following control (GFL). A rigorous comparison between the two control strategies is made in Chapter
3.1. However, some simple differences between the two, with regard to their control architecture, will
be touched upon in this chapter.
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Proposed solution

Controller

Vpc(;7 Ip(:(:

Logic Measurements

|V‘>9V

Pulse
Generator

The system

Converter Grid with Power Supply

IGBT
bridge

ESS

LCL Filter

PCC

Load

Figure 2.3: The architecture of a hybrid ship microgrid
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Current Control
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Control
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2.3.1. Clarke and Park transform

A controller determines the state of an electric system by measuring the currents and voltages. To sim-
plify the dynamics of the controller it is beneficial to transform the three phase sinusoidal measurements
to steady state values. This is achieved by transforming the values from the abc reference frame to
a dq reference frame. First, by applying the Clarke transform, the system is transformed from a three
variable to a two variable system, from the abc reference frame to the o5 reference frame. Then the
Park transform is applied to transform the system from a sinusoidal reference to two steady state values
in the dq reference frame. In Figure 2.5 the transformations are shown. The Clarke transform converts
a three-phase sinusoidal input to a two phase sinusoidal input by projecting each phase vector onto

the af reference frame. This can be seen in Figure 2.5b. Assuming the system is balanced, the of

components are 90 degrees shifted instead of 120 degrees. If the system is not balanced, there is also

a zero component present. For the rest of this thesis the system is considered to be balanced, hence

the measured signal is transformed from three to two parameters. The Park transform considers a ro-
tating dg-reference frame, as seen in Figure 2.5c. This ensures the reference value is constant as the

reference frame rotates with grid frequency such that the reference value relative to the frame remains

constant. By transforming the three-phase measured voltages and currents to two steady state values

the controller is simplified and can control the system more accurately [15].

Xp X8
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120
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| | | | 0.4
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(a) System in abc reference frame (b) System in the a3 reference frame

0
0 001 002 003 004 005 006 007 008 009 0.1
Time (s)

(c) System in dq reference frame

Figure 2.5: A three phase system represented as vectors and over time in different reference frames

The transformation matrices for the combined Clarke and Park transformation, which converts vari-
ables from the abc reference frame to the dqg reference frame are shown in Equation 2.10. In this
transformation 6 is the phase angle of the output voltage phasor of the converter.

d 9 cos(d)  cos(6 — %) cos(f + &) a
q| =< |—sin(9) —sin(d — %) —sin(@+ )| |b (2.10)
o| 3| 1 1 1

2 2 2

The voltage and current phasors in terms of d- and g-axis components are represented in Equations
2.11 and 2.12 respectively. The power calculation from these d- and g-axis components is shown in
Equations 2.13 and 2.14. The factor % is present in the power calculation, because the amplitude
invariant Park transform is used [32]. Furthermore, the calculated power signal is passed through a
low-pass filter to eliminate noise on the voltage and current measurements.

Vi) = %wd(ﬁ) + jug(t) (2.11)
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I(6) = —=(iat) + Jig(1) (2.12)
P(t)=3-Re{V(t)I"(t)} = %(vd(t)id(t) + vg(t)iq(1)) (2.13)
QU) =3+ Im{VOT ()} = 5 (v (0)ialt) — va(t)ig(1) (2.14)

2.3.2. Voltage and current control

The most inner control loops are the voltage and current control loops. These determine the setpoint
voltage at the output of the converter. A GFL converter only uses current control. The simplified control
algorithm is shown in Figure 2.6a. It is evident that the current error is derived by comparing the mea-
sured current Imeasured t0 @ current reference I,s derived from the power control loop. A PI controller
then determines the voltage V' required to set the current error to zero. This voltage setpoint is sent to
the pulse generator.

In a GFM converter, represented in Figure 2.6b, the measured voltage Vieasured iS cOmpared to a ref-
erence voltage Vi derived from the power control loop. A Pl controller then determines the required
current to set the voltage error to zero. This current reference I* is then compared to the measured
current Ineasureds @nd again using a Pl controller, a voltage setpoint, V', by which the current error is
brought to zero, is derived. A simple PI controller will provide error-free operation, because the param-
eters are controlled in the dq reference frame [30]. In both controllers the acquired voltage setpoint, V,
is transformed to the o3 stationary reference frame and sent to the pulse generator. The pulse gener-
ator uses Space Vector Pulse Width Modulation (SVPWM) to generate the gate signals for the IGBTs
such that the desired output voltage is achieved.

vV Vier I | N\ \%
I’r‘e - + Pl _@_ Pl + Pl
T : S

Voltage Control Current Control
Current Control v g
measured Imeasured
Imeasured | |
V&l Measurements V&l Measurements
(DQ-axis) (DQ-axis)
(a) Current controller of a GFL converter (b) Voltage and current controller of a GFM converter

Figure 2.6: The simplified voltage and current control schemes for a GFL and GFM converter

2.3.3. Power and synchronization control

The power and synchronization control loop is where GFM and GFL converters differ the most. Namely,
in GFL control the power control loop sets the reference current. While in GFM control the power con-
trol loops sets the reference voltage amplitude and phase angle.

In GFL control the active power control loop sets the d-axis current reference, and the reactive power
control loop sets the g-axis current reference. This is done again using a Pl controller and shown in
Figure 2.7. The synchronization to the grid is established using a phase locked loop (PLL). A PLL
estimates the grid frequency and corresponding voltage phase angle based on the measured system
voltage. The phase angle in turn is used to synchronize the reference frame of the Park transform to
the grid. The most common method of determining the system frequency is using a synchronous refer-
ence frame-PLL (SRF-PLL). This method is shown in Figure 2.8. The voltage at PCC is measured and
converted to the dq reference frame using the Park transform and predicted phase angle. The Park
transform outputs the d-and g-axis voltages. If the phase angle derived by the PLL is correct the g-axis
voltage V, should equal zero. If this is not the case there is a deviation in the voltage phase angle. The
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PI controller than filters the signal and determines the change in frequency to set the phase angle error
to zero. This frequency deviation is then added to the reference grid frequency and later integrated to
determine the new voltage phase angle 0y [25].

In GFM control the voltage reference is set by the reactive power control loop, while the voltage phase
angle is set by the active power control. There are different control schemes to determine the volt-
age phase angle from an active power measurement and a voltage reference from a reactive power
measurement. These are discussed more in detail in the next chapter. The eventual power and syn-
chronization control used by the GFM developed in this thesis is explained in Chapter 5.2.

Pre Idre
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Active Power Control

Qre I re
f (+-) Pl gref

Reactive Power Control

Pmeasured Qmeasured 7
measured
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Figure 2.7: The power control loop of a GFL converter
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Figure 2.8: Structure of the PLL



Grid-forming and Supporting Control
Strateqies

Traditional control strategies for voltage source converters (VSCs) lack inertia and grid forming ability.
These capabilities have become essential with the increase of converter dominated microgrids. That
is why, over the past decades, researchers have proposed new grid forming and supporting control
strategies which do have these necessary characteristics [14]. A overview of the key strategies is pre-
sented in Figure 3.1 and will be discussed in this chapter.

First, the differences between grid-forming and grid-following control strategies will be discussed. Ad-
ditionally, the differences between droop and VSG control will be explained. Finally, a comparison on
the three main VSG control strategies, the synchronverter, Ise Lab’s and VSYNC, will be realized.

Grid forming and supporting
control strategies

Droop based control VSG based control

Synchronous - . Power frequency
Swing equation based
generator based response based

Figure 3.1: An overview of the grid forming and supporting control strategies
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3.1. Grid-forming and Grid-following control

Inverter control strategies for VSCs are transitioning from grid-following (GFL) to grid-forming (GFM)
control. This transition is driven by the need for grid-supporting capabilities, usually provided by the
diesel generators, which are now being replaced with RES.

The GFL control strategies are designed such that the inverter operates as a current source extracting
maximum power from RES [27]. To remain synchronized with the grid, GFL control tracks the grid
voltage phasor rather than establishing its own. As a result, its reliance on existing grid conditions
limits its ability to provide additional inertia and, consequently, frequency support to the grid [4]. It must
be noted that research has explored grid-supporting control strategies for GFL converters, such as
the VSYNC controller, which is covered in Chapter 3.3. However, this approach relies on frequency
deviations and therefore provides inertia support only in response to changes in frequency rather than
variations in power. Moreover, it requires frequency derivative measurements which are difficult to
obtain in practice. This further illustrates the challenges associated with implementing effective inertia
control in GFL converters [7].

Compared to GFL control, GFM control is designed so that the inverter operates as a voltage source.
This enables the converter to set its own voltage phasor. Specifically, GFM control strategies, such as
VSG control, use this capability to provide frequency support [14]. Hereby, the voltage phasor is set
such that the converter can supply the required power to compensate for the frequency dip.

By setting their own voltage, GFM converters can also operate in islanded mode. To achieve this the
converter must establish the grid voltage and frequency without being dependent on an existing grid.
Using GFM control this is often done by mimicking the behavior of an SG. However, in GFL control this
cannot be achieved as the setpoints are derived based on the grid measurements.

Furthermore, GFL control performs poorly in weak grids because it relies on a PLL for grid synchro-
nization. According to [7], PLLs are known to exhibit instability in terms of frequency changes, voltage
sags/swells, and harmonic distortion. In addition [14] mentions that the PLL structure loses stability in
weak grids due to the asymmetric positive feedback mechanism. As a ship’s microgrid is considered a
weak grid, the instability issues of GFL control must be prevented.

GFM control addresses this by providing power synchronization without a PLL, hence bypassing in-
stabilities caused by it. [24] introduces a power synchronization mechanism that mimics the power
sharing capabilities of SGs for a GFM converter. [22] further mentions an improved synchronverter
control strategy capable of synchronizing with the grid by itself without a dedicated synchronization
unit. This would remove the non-linearity of the PLL improving the speed and accuracy of the syn-
chronization. The ability of the GFM control to synchronize to the grid without a PLL makes it more
applicable for weak grids.

3.2. The difference between droop control and VSG control

Droop control strategies utilize the steady state power sharing droop capabilities of an SG [7]. For
multiple generators to operate together, conflicting frequency and voltage setpoints must be avoided.
To ensure quick regulation this is achieved using P-f droop and Q-U droop. By tuning the frequency (f)
or voltage (U) set points along a droop line with gradient equal to the droop coefficient, each generator
sees the same frequency and output voltage and adjusts its active (P) and reactive (Q) power output
accordingly. The active and reactive power droop equations are shown in 3.1 and 3.2 respectively,
where 6§ is the voltage phase angle with 6t the phase angle setpoint. V' is the voltage amplitude,
with Vet the voltage setpoint. k, and kq are the droop constants and P, and Qm are the measured
active and reactive power which are first filtered with a low-pass filter before being sent to the con-
troller. Reactive power control in both VSG and conventional droop control is based on Q-U droop,
hence they exhibit the same behavior with respect to voltage regulation. Therefore, in this chapter,
the comparison is focused on the active power control in P-f droop control and VSG control. Figure
3.2 illustrates the control structure of P-f droop control, where T is the low-pass filter time constant.
From this figure it can be observed that the input to the controller is the measured active power P,
while the output is the voltage phase angle 6. The frequency is inherently related to the phase angle, it
can be obtained by taking the time derivative. Therefore, the droop mechanism effectively adjusts the
system frequency through modulation of the voltage phase angle based on the measured active power.
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0= Oset — kp(Pm - Peet) (31)
V= Vier — kq(Qm - Qset) (32)
SO0
14+Ts
Pset eset

Figure 3.2: Standard P-f droop control

VSG control offers better frequency stabilization abilities than droop control. While droop control pro-
vides steady state frequency regulation, VSG control provides dynamic frequency support [26]. This
distinction stems from the integration of the swing equation, the main principle governing the behavior
of an SG, in VSG control. Consequently, droop control ensures that the correct steady state frequency
is achieved, but may lead to frequency spikes due to sudden load changes, while VSG control, imple-
mented using the swing equation, alters the frequency more smoothly. This results in an improved
RoCoF and overall system stability [13].

Conversely, the presence of the swing equation in VSG control can lead to more oscillatory behavior
in output power than using droop control. This is a common phenomenon in SGs, but is undesirable
for converters as they have weaker overloading capabilities. Therefore, careful tuning of the damping
and inertia factors is required in VSG control schemes [13].

Furthermore, [13] states and proves that droop control is a specific type of VSG control where the
damping and inertia parameters (D and J) are set to zero. This further confirms that the steady state
power sharing capabilities of droop and VSG control are the same if parameters are tuned correctly,
but the dynamic performance differs as droop control provides no inertia or damping.

[2] further argues that inertia can be implemented in droop control as well by tuning the time con-
stant of the low-pass filter and the droop coefficient. The time constant of the low-pass filter mimics
the inertia in the swing equation, as both parameters filter frequency changes. Thus, by correctly tun-
ing the time constant of the low pass filter, virtual inertia can be implemented. The droop coefficient
emulates the damping characteristic of the swing equation and should be tuned inversely proportional
to the damping constant. Therefore, by tuning the low-pass filter time constant and droop coefficient
correctly, droop control can demonstrate the same characteristics as VSG control. In [13] inertia droop
control is compared with VSG control for distributed generation sources connected via converters to
the grid. From the results presented in Figure 13 of [13], it is evident that even with the added inertia
to the droop control, VSG control still has a smoother change in frequency.

To conclude, standard droop control mimics the steady-state behavior of an SG, while VSG control
also takes into account the transient behavior. Although droop control can also be tuned to provide
damping and inertia support, VSG control is regarded as a more effective approach.

3.3. VSG control schemes

VSG-based control strategies emulate the dynamic and steady state characteristics of an SG to pro-
vide frequency support for the grid [14]. The control strategies can be divided into three main categories:
synchronous generator based, swing equation based, and power-frequency response based. In this
chapter one control strategy from each category is discussed and compared. Namely, the synchron-
verter, Ise’s lab and VSYNC, respectively. Each VSG control strategy varies in complexity depending
on the level of sophistication required for the system [26].
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3.3.1. Synchronverter

The synchronverter controller is derived from the dynamic model of a round rotor synchronous machine.
The eddy currents and magnetic saturation have been neglected for simplification. The basic dynamics
of an SG are captured in Equations 3.3-3.5, where T, is the output torque of the SG, M; and i; are the
mutual inductance and current of the field windings which, when multiplied, represent the flux linkage
Ma. @ is the reactive power output of the SG, ¢ is the excitation voltage and 6 is the angle between the
rotor axis and one of the phases of the stator winding. The input voltage and current measured at PCC
remains in the abc reference frame. The variables i, cos(0) and sin(@) are given by Equation 3.6.

Amplitude
Calculation

T. = Myig(i-sin(0)) (3.3)
e = O0M issin(8) (3.4)
Q= —0M;yif(i- cos(9)) (3.5)
la cos(6) sin(6)
i= |ip cos(6) = |cos (6 — 2F) sin(6) = |sin (9 — 2F (3.6)
ic cos (6 — %’“) sin (6 — %’r
Frequencyloop _____________
| |
1 n,]| |
\ | |
| |
1 1
P : —C.
777777777777777777777777 I
To PVWM
Generator
Equations
3.3-35
e
. |
Q : : Feedback
I | From
I ; Inverter
i |
| I

Voltage Loop

Figure 3.3: The synchronverter control scheme [26]

In Figure 3.3 the control of the synchronverter is summarized according to [26]. The voltage and current
at PCC is measured and used as input for the control scheme. The control scheme consists of two main
control loops, the frequency control loop and the voltage control loop which are coupled together. In the
frequency control loop, the output torque T, calculated in Equation 3.3, is compared to the reference
torque to determine the system frequency w. The frequency is derived using the swing equation. By
integrating the frequency reference, the voltage phase angle ©® = 6y is calculated and sent to the pulse
generator.

The flux linkage A\¢, = M;is is calculated through the voltage control loop. The voltage control loop
employs integral droop control, shown in Equation 3.10 to determine the required flux linkage for setting
the excitation voltage to resolve the voltage and reactive power error. The excitation voltage is based
on the flux linkage as evident from Equation 3.4. The reactive power error is derived by comparing the
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reactive power () calculated by Equation 3.5 to a setpoint Q*. The voltage amplitude and phase angle
setpoint are sent to the pulse generator.

3.3.2. Ise's lab

The Ise’s lab controller strategy is a simplified version of the synchronverter mentioned above. Instead
of modeling the SG fully, it mainly focuses on solving the swing equation to determine the frequency
setpoint based on a power reference [7]. The swing equation is given by Equation 3.7. Where J is the
moment of inertia or inertia coefficient, D, is the damping constant, wn, is the virtual angular frequency,
wg is the grid frequency and P, and Py are the input and output power respectively.

Pin — Pout = me%m + Dy (W — wy) (3.7)
Using the swing equation, by comparing the reference power P, to the measured power P, the fre-
quency setpoint can be derived. The damping characteristic D, (w,, — w,) mimics the behavior of the
damping windings in an SG. Both J and D, need to be tuned based on the system requirements and
behavior.

The voltage reference is set based on Q-U droop and varieties thereof, as is done by the AVR of
an SG. The Q-U droop is derived from Equation 3.2 and shown in Equation 3.8. Equations 3.9 and
3.10 are varieties of this droop control, where V¢ is the reference voltage sent to the voltage control
loop of the controller, kpq and kiq are the proportional and integral constants of the Pl controller, &, and
kq are the voltage and reactive power droop constants, Qset and Vet are the reference reactive power
and voltage respectively and @, and V, are the measured reactive power and voltage respectively.

The standard droop control as shown in Equation 3.2 has low complexity and high stability. However,
the steady state error is not resolved to zero. Thus, at higher loading conditions the voltage level lowers.
To prevent this a PI controller can be used to resolve the voltage and reactive power error, whereby
the integral term ensures zero steady state error [14]. This is shown in Equation 3.9. However, a PI
controller is a stiff control, making it less applicable for a microgrid where multiple SGs and controllers
must cooperate. Conversely, integral droop control, shown in Equation 3.10, ensures the steady state
error is set to zero due to the integral and retains the power sharing capability of the droop controller,
lending itself to parallel operation [24]. The integral droop controller is hence a more applicable reactive
power controller for this application.

Vtref - [(‘/set - Vm)ku + Qset - Qm]kq + ‘/rated (38)
k;
eref = (kpq + ?q)[Qset - Qm + (Vset - Vm)ku] + Viated (39)
k
eref = ?q[Qset - Qm + (‘/set - Vm)ku] + ‘/Tated (310)

The behavior of an SG is thus emulated using the swing equation and Q-U integral droop. The swing
equation mimics the physics of the SG and sets the frequency reference for the grid converter. The
Q-U droop mimics the behavior of the AVR of an SG and sets the output voltage of the converter.

3.3.3. VSYNC

As briefly touched upon in Chapter 3.1, the VSYNC control scheme is developed to implement additional
grid support for a GFL converter. The VSYNC control is the most simple control scheme, because it
does not include the complex equations used to mimic an SG, but instead solely mimics the inertial
response of an SG [7]. In this scheme, the converter is seen as a current source which adjusts its
output based on frequency variations in the system [14]. The current reference for the grid converter
is based on the reference power. The power reference is set by Equation 3.11. Where, Kp and K, are
the damping constant and inertia coefficient and Aw and dﬁ—;" are the change in angular frequency and
RoCoF respectively.
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dA
Pysc = KpAw + K,Tt‘" (3.11)
The control scheme can be seen as a droop control with a derivative term, employed to minimize the
frequency fluctuation. The damping coefficient Kp ensures the system reaches steady state. The fre-
quency derivative term ensures that the system can provide quick dynamic frequency response. The
change in frequency and RoCoF is measured using a PLL.

3.3.4. Comparison

The main advantage of the VSYNC control strategy is that it is a relatively simple control strategy. This
makes it easy to implement. In addition, it controls the converter current, which means it has inherent
over current protection. However, one of the biggest flaws of this control strategy is that it is not a grid
forming control strategy. It therefore cannot set its own grid and relies on a PPL to synchronize with
the grid. As mentioned in Chapter 3.1 using a PPL deteriorates the stability of the system. Further-
more, because the control strategy uses a frequency derivative, it is also susceptible to noise. Due to
the above mentioned points this control strategy is not suitable for application on a shipboard microgrid.

The synchronverter and Ise’s lab strategy are both grid-forming. They have their own power synchro-
nization loop, bypassing the disadvantages of a PPL and can work in islanded mode. The main dif-
ference between the two control strategies is their complexity. The synchronverter is more complex,
which can lead to numerical instability. Furthermore, the voltage and frequency control loops are cou-
pled, which makes it difficult to control them separately. In contrast, Ise’s lab strategy implements
decoupled control loops for voltage and frequency and has a simpler implementation. While this ap-
proach requires precise tuning of the swing equation coefficients to prevent power, hence frequency,
oscillation, its simplicity and effectiveness makes it well suited for a shipboard microgrid. Specifically
the Ise’s lab strategy with the integral droop voltage control provides the robust response necessary
for a weak grid.



Description of the microgrid

This chapter focuses on modeling the DC ESS, the converter and the connected microgrid to analyze
their steady state response. It is essential to model the behavior of the system to design and tune the
controller effectively.

4.1. Model of the microgrid

The system is simplified and modeled in Figure 4.1. The ESS is modeled by a DC voltage source. The
inverter is a three-phase, 6 pulse inverter, whose output is filtered using an LCL filter. The system is
connected at the PCC to the rest of the grid. For now, the grid is assumed to be an infinite bus and
can therefore be represented by an ideal voltage source and a series impedance. An overview of the
system parameters can be found in Table 4.1.

Parameter | Lj; | Lps | ¢ | L, | Ry | Rated power | Grid voltage (Vr.rms) | Grid Frequency | ESS Voltage (Vac)
Value | 569 uH | 376 uHl | 61 uF | 3mH | 0.18 ) | 85 kVA 400V 50 Hz 600 V

Table 4.1: system parameters

{ %{ L Ly2 pcc z,=R,+L, Crid
Y YY) [YYNYN__o ]

Ve —— YN Y,
- o

Figure 4.1: Simplified system model including the ESS modeled by a DC voltage source and the microgrid modeled with a line
impedance and an ideal voltage source

4.1.1. State-space representation

The equivalent circuit of the system represented in Figure 4.1 is shown in Figure 4.2. The system can
now be described using three simple equations as shown in Equations 4.1-4.3. Vi is the DC voltage
of the ESS, i and V are the output current (A) and voltage (V) of the converter, Cf, Ly and Ly, are
the capacitance (F) and inductances (H) of the LCL filter, Zg is the grid impedance, with R4 the grid

19
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resistance (£2) and Lq the grid inductance (H). Uz is the voltage (V) across the capacitor, 44 is the current
(A) to the grid and F is the grid voltage (V).

Zy=Ry+ L,

CrL=v-— 4.1
pln V —Us 4.1)
AU o
d—tfcf —=i—ig (4.2)
di .
%(Lf2 +Ly)+igRy=U;— E (4.3)

The parameters from Equation 4.1-4.3 are mapped from the stationary frame to the rotating dq refer-
ence frame. For this, the system’s phase angle is used to align the dq reference frame with the grid,
such that the control variables are synchronized with the grid frequency. Due to this transformation and
the derivative terms, the d- and g- axis components are coupled to each other with the grid frequency
wg. Equation 4.4 shows how the derivative of a measurement in a rotating reference frame leads to
coupled d- and g-components. How this coupling is established is mathematically derived in Appendix
A.

Xg=Xq+wyXgand Xy = Xy — wyXa (4.4)

The system is formulated into the state-space model of Equation 4.6 by combining Equations 4.1-4.3
and incorporating the dg-frame cross-coupling terms derived in Equation 4.4. A state-space model is
defined in Equation 4.5. Where z(t) = Axz(t) + Bu(t) is given by Equation 4.6, matrix C is given by
Equation 4.7 and D = 0. Furthermore, a subscript d indicates a d-axis component and a subscript ¢
indicates a g-axis component.

2(t) = Ax(t) + Bu(t) y = Ca(t) + Du(t) (4.5)
. r =1 7 - _
i U 0 0 0 i A 0 0 0 00
iy g 0 0 I 01 0 iy 0 7 0 0 00
Ua| _ |7 Y 0 W e O U |0 0 0 0 00
[{fq 0 & —iug 0 (1)3 fons qu 0 0 91 0 00
Zzgd 0 Lya+Ly 0 Lg+quz w}g ng 8 8 Lyo+Lg —01 8 8
1 R, S

oa L 0 0 L2+Lyg W Lg+Lj2l " ) e (4 é)
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010000
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4.1.2. Transfer function

From the state-space model the transfer function is derived using Equation 4.8, where matrices A and
B are given in Equation 4.6, matrix C is given in Equation 4.7, D = 0 and I is the identity matrix. The
cross-coupling between the d- and g-axis is neglected by setting wy to zero. This simplifies the systems
response and is justified as the system gets decoupled in the controller as well. How the d- and g-axis
are decoupled is explained in Chapter 5.1. The transfer function of the system is given in Equation 4.9.

Y (s) -1
H(s) = =C(sI—A)™'B+D 4.
(s) ) C(s ) + (4.8)
id 1+ CyRys+ CyLyas* + CyLys?

H(s) = (4.9)

Vd - Rg + (Lfl + Lf2 + Lg)S + CfolLfQS?) + CfoleSQ + Cfongs?’

4.2. Response of the microgrid

Now that the state-space matrices and transfer function of the system are defined, the system response
can be calculated. From the transfer function the bode plot, more specifically the magnitude response,
is calculated and from the state-space matrices the time domain response of the system is calculated.
Both are calculated in MATLAB.

The magnitude plot shows the system’s output response iq to the input V4 at different frequencies
and is shown in Figure 4.3. At two frequencies the gain of the system spikes, namely at 5801 rad/s,
where there is a positive gain peak, and at 2202 rad/s, where there is a negative gain peak. These are
the resonant and anti-resonant peaks respectively. The frequency at which the resonant peak occurs
wres, also referred to as the resonance frequency, is calculated using Equation 4.10 and the frequency
at which the anti-resonance peak occurs wy, also referred to as the anti-resonance frequency, is calcu-
lated using Equation 4.11. The bandwidth must be constrained to avoid the resonance frequency as
converter harmonics are amplified at this frequency [31]. The initial gain | H(0)| of the system is derived
in Equation 4.12 by setting the frequency component in the transfer function to zero and converting the
result to decibels.

Ly +Lpa+ Ly

Wres = = 5801rad/s (4.10)
VL (L2 +Lg) - Cy
1
wo = = 2202rad/s (4.11)
(Ly2 + Lg) - Cf
1
|H(0)] = 20log(—=) (4.12)

R,
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Magnitude response of the LCL circuit

50

Magnitude (dB)
=
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Figure 4.3: The magnitude response of the system represented in Figure 4.2

Besides the frequency response, the time-domain steady state response of the system is also important
to take into consideration. The steady state response of the system given by input 4.13 is shown in
Figure 4.4. In Chapter 6 this response is compared to the simulation results to determine whether the
controller is tuned correctly.

Va 324.2

v, 0.085

Eq|  [230-3

B = 0 (4.13)
0 0

0 0
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(a) The steady state current from the converter at input conditions given
by Equation 4.13
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(c) The steady state voltage across the filter capacitor at input conditions
given by Equation 4.13
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(b) The steady state current to the grid at input conditions given by
Equation 4.13

Figure 4.4: Steady state response of the system



Implementation and tuning of VSG

This chapter will walk through the process of developing and tuning the controller for the VSC connected
to the system analyzed in Chapter 4. The overall structure of a controller, represented in Figure 2.4 is
adapted for the specific VSG control scheme and presented in Figure 5.1. The controller is based on
the VSG implementation in [4] and adapted and tuned specifically for a shipboard microgrid.

VSG Algorithm

Reactive Power Control

(Excitation Controller) Vires

Voltage and

current control

Active Power Control
(Power-Frequency

0
Controller) v

Vi, V.
PQ Vice 1 @ Va

Y

Power Calculations Inverse Park
Vieed: Vpeeqs Transform

Ipccd ) Ipccq

Measurements Park Transform

‘/p(:(:a I pce

Switching
signals to
converter

Pulse Generator

Figure 5.1: An overview of the proposed controller with VSG control
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5.1. Voltage and current control

The most inner control loops, namely, the voltage and current control is represented in Figure 5.2.
Firstly, in block a4 the voltage error is derived through subtracting the reference voltage (Vyrer and Vrer)
by the measured voltage at the point of common coupling (Vpeed @nd Vpeeq). This is done separately
for both the d- and g- axis. Then using a PI controller the required current I* is determined to set
the voltage error to zero. In block a, the same principle is applied to determine the reference voltage
V*. Added to the reference values V* and [* is a virtual impedance indicated by block b in Figure 5.2.
The virtual impedance decouples the d- and g-axis components such that each axis can be controlled
separately. Otherwise, a transient on one axis will influence the other axis, which is undesirable [30].

How the virtual impedance is derived is shown in Appendix B.
-
B
a1 a9
+ > »(+ —>(+ > > P >
=/ Vierror ; \' I - Laerror
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p

Figure 5.2: The voltage and current control scheme, with error control (a), virtual impedance (b) and a virtual damping resistor
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To derive the voltage setpoints V4 and Vg, an additional virtual damping resistance term is added to
the reference value V* (see Figure 5.2 block c). Here ity and itq are the currents through the capacitor
of the LCL filter on the d- and g-axis respectively. Shown in Figure 5.3, this additional input acts as a
virtual damping resistor, with resistance K, to dampen the oscillations around the resonance frequency
of the LCL filter [4]. Placing a physical resistor would mean more losses in the system, which is why
it is often done virtually [23]. The control signals shown in diagram 5.2, are shown algebraically in
Equations 5.1-5.4.
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Figure 5.3: The symbolic virtual resistor represented in the controller by block ¢ in Figure 5.2

Vi = Vd* - ngflipccd - ifdkc (51)
V;] = V;;* + ngflipccq - iquc (52)

where V; id —ipcea) @NA V' = (iq —ipeeq). Where k, is the proportional constant of the
PI controller (V/A) and k; is the integral constant of the Pl controller (V/(A - s)).

- s s

ig = Z:; - wgcfvpccd (53)
iq =ty +wgCtVpeeq (5.4)
s kpst+k; -k kpstki H :
where i} = === (Virer — Vpcea) @and iy = 2= (Vyrep — Vpeeq). Where ky, is the proportional constant

of the PI controller (A/V) and k; is the integral constant of the PI controller (A/(V - s)).

5.1.1. Tuning the PI controller

To achieve the correct response of the system the PI controller must be tuned correctly. By tuning the
Pl controller parameters, the poles and zeros of the system’s transfer function are adjusted to achieve
the desired response. The system'’s transfer function provided by Equation 4.8 is a complex third order
system which is difficult to tune. Therefore, the system must first be simplified.

Firstly, because the frequency of the system is relatively low (50 Hz), the capacitor can be consid-
ered an open circuit. Secondly, because the switching frequency of the inverter is a lot faster than the
grid frequency, the grid voltage can be considered zero. This simplifies the circuit to Figure 5.4. Now
the transfer function of this system is that of a standard RL circuit (see Equation 5.5). Where Ry is the
grid resistance and L.q is the equivalent inductance thus, L., = Ly + Lgo + L

Leq RQ

Figure 5.4: The circuit in Figure 4.2 simplified further to tune the PI controller

Ve o1
STl e > (5.5)

P(s)
The response of this system is shown in Figure 5.6a. Ideally, the response has a unity (0dB) gain
at low frequencies and a -3dB attenuation at the cut-off frequency. However, as evident in Figure
5.6a, the uncompensated system deviates from this behavior. Specifically, at low frequency the gain is
governed by Equation 4.12. Fortunately, the desired closed loop response can be achieved by tuning
the PI controller. More specifically, this is done by tuning the open loop transfer function of the system,
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using the pole-zero cancellation method [19]. The open loop system is represented in Figure 5.5,
where the PI controller transfer function is shown in Equation 5.5 and the system transfer function is
shown in Equation 5.6. By tuning the proportional constant according to Equation 5.8 and the integral
constant according to Equation 5.7, the response of the system is governed by the transfer function
shown in Equation 5.9. The cut-off frequency, thus the bandwidth of the current control loop is set to
w. = 1750 rad/s. This bandwidth ensures the system has a fast settling time, while still being small
enough to filter out noise of the signal and avoid the resonance frequency of the LCL filter. The outer
voltage control loop is scaled with a bandwidth a factor 10 smaller. This allows the inner control loop to
settle faster than the voltage reference changes. The inner loop can now be treated as unity gain from
the perspective of the slower outer loop [11]. Figure 5.6b shows the closed loop magnitude response
of the PI controlled system and illustrates that the output is not attenuated until the cut-off frequency.
This is evident by the 0 dB gain up until 1750 rad/s, where the -3db gain is reached.

C(s) P(s)
X(S) PI Y(S)
—_— —
Controller
Figure 5.5: Definition of an open loop system
kps + k;
O(s) = 2T (5.6)
S
Where k, and k; are the proportional and integral gain respectively.
k’i = chg (57)
kp = weLeg (5.8)
ks + k; w
H(s)=C(s)- P(s) = —F—5~ = — (5.9)
$(Legs + Ry) s
Magnitude response of the simplified circuit Closed loop magnitude response of the simplified circuit
15 0
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£ ; 2
g £
-10
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(a) The response of the simple RL circuit without PI control (b) The closed loop response of the simple RL circuit with PI control

Figure 5.6: The magnitude response of the system with and without PI controller

5.2. Active and Reactive power control

The active and reactive power of the system is controlled by setting the converter output voltage mag-
nitude and phase angle. To understand how the output voltage of the converter determines the power
setpoints, consider a simplified system where a purely inductive reactance connects the PCC and the
grid as shown in Figure 5.7. Aligning the phasor reference frame with the grid voltage sets the grid
voltage angle 64 to zero and Equation 5.12 holds. Consequently, the active and reactive power across
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the reactance is governed by Equation 5.10. Where V¢ is the output voltage of the converter at PCC,
E is the grid voltage, ¢ is the load angle as given by Equation 5.11 and X is the load impedance, jwgL.
In the control loop the reactive power is set to a reference of 0, therefore the following condition must
hold Ve = E. In other words, by setting the voltage at PCC V|, equal to the grid voltage E the re-
active voltage drop across the reactance is eliminated, minimizing the reactive power exchange. The
active power delivered by the load can then be determined by setting the load angle of the system 4.
As evident from Equation 5.11, the load angle is dependent on the inverter voltage phase angle Oysg,
and the grid voltage phase angle 64. The grid voltage phase angle cannot be influenced by the con-
troller. However, by adjusting the converter output voltage phase angle with the active power control
loop in this VSG implementation, 6ysg can be set to achieve the desired active power response. Thus,
the required active power is delivered by setting the converter voltage phase angle relative to the grid.
Hence, aligning the grid voltage phasor with the reference frame such that 6, is zero is justified.

Vipee B sin(0) E? — Ve E cos(9)
p=-r——" = bee 1
< Q < (5.10)
5= 0yvse — 0, (5.11)
By choosing the reference frame such that angle §, = 0 the equation becomes
0 =0ysc (5.12)

Vpce 2 Buss
\
" Xeloee
5] \
s " Ele,
Xs

Vpcc £ Bvsa —JYW‘— E £ Bg

pce

Figure 5.7: The phasor of the voltage across an inductance

The reactive power control loop mimics the behavior of the AVR of an SG. As explained in section 3.3,
for this controller the integral droop control is used to set the required output voltage. The control loop
of the reactive power is shown in Figure 5.8, with the corresponding constants shown in Table 5.1. Vi
is calculated according to Equation 5.13.

Ve = \/ Vi + V2 (5.13)
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1 Vier

‘/rated

Figure 5.8: The reactive power control loop of the VSG implementation

The frequency of the system changes based on an imbalance between power supply and demand
according to the swing equation. This concept is used in the active power control loop. The swing
equation, equation 3.7, is re-written for clarity in Equation 5.14, P and Py, are the reference and
measured power respectively, in Watts. wysg and wy are the frequency set by the VSG and the grid
frequency in rad/s. .J is the inertia coefficient in kg - m? and D is the damping constantin N - m - s/rad.
The output of this differential equation is the frequency deviation wy s¢ —wy, = Aw required to stabilize
the power difference P,..; — P,, = AP. This loop is shown up until point 'A"in Figure 5.9. To derive
the load angle from this frequency deviation, first the grid frequency is added, (see Figure 5.9 point 'B’)
which then determines the new frequency setpoint wysg. Then according to Equation 5.15 the phase
angle is calculated by integrating the frequency at point 'C’.

d(wVSG _wg) _ Pref _Pm

J
dt Wy

— D(wvgg — wg) (514)

— = Wvsa (5.19)
Prey _.OA_P. N O A B C
»(+ -o——
>+ ° Aw Ewysa §=0vsa
<D - <z_| -

Figure 5.9: The active power control loop of the VSG implementation

=

@ =

5.2.1. Modeling the power control loop

To model the behavior of the grid in response to the power control loop the synchronizing power coef-
ficient should be taken into account. The synchronizing power coefficient defines the stiffness of the
grid. In other words it quantifies the sensitivity of power output, AP, based on the change in load an-
gle Aé. Equation 5.16 shows how the synchronizing power coefficient is calculated, where Vi, is the
output voltage of the converter at PCC, Vg4 is the grid voltage, Lg is the grid impedance between the
converter at PCC and the grid and ¢ is the load angle as given in Equation 5.12.

Assuming steady state operation, the load angle deviation AJ is relatively small so cos(d) can be con-
sidered 1. The amplitude invariant Park transform is used, which is why the factor % is present. Fur-

thermore, it is assumed that V,,, = Vjia = 230+ V2 = 325 V. Plugging these values into Equation 5.16
results in .S, = 168,110 W/rad.
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The power control loop with the system response can now be represented by the differential Equation
5.17. With AP = Pref — P, Aw = wyse — wg and wysg = % and S, is the synchronizing power
coefficient. The full response of the system is important for tuning the damping and inertia coefficients

and for determining the reference power.

AP d SWnUVqrid . 3%anqrid
PAS dé[ 2wgLg sin(9)] 2wgLg cos(9) (5.16)
dA Ad AP
wvsa + Sp = — — DAwysc (517)

dt wgdJ N Jwy

The small signal dynamic behavior is characterized by the state-space model in Equation 5.18. Where
Aw represents the frequency deviation, Aé the load angle, hence phase angle deviation and § the
absolute phase angle, which is used to synchronize the control to the grid. The steady state time
domain response based on the inputs in Equation 5.19 is shown in Figure 5.10.

In Figure 5.10a, it can be observed that Aj does not converge to zero, but instead reaches a steady
state value at 5.9486 - 107 = s%) This is consistent with the systems response, which is given by %
and corresponds to the inverse of the synchronization power coefficient. In contrast, the frequency
deviation Aw converges to zero, indicating no steady state frequency error. The angle provided to the
Park transformation block for synchronization, varies between 0 and 27 every % = 0.02 seconds, as
illustrated in Figure 5.10b.

Aw —2 e 0] [Aw = 0 0] [aP
. wy wgJ w
Adl =1 1 0 O] |Ad]|+] 0 0 0f|wy (5.18)
) 1 0 o0]L|9 0 1 0][O
AP 1
wg | = |2nf (5.19)
0 0
5 X 10" Steady state response of the VSG control loop -118'5 7 The steady state phase angle response of the VSG loop
ol Aw
A, 6L
3
51
w 2 10.8 E ’2\
T 1 S S4r
— 06 L& £
[
@ 1 104 < <
2 L
-2
5 10.2 1t
4 . . . . 0 0
0 20 40 60 80 100 0 0.02 0.04 0.06
Time (s) Time (s)
(a) The steady state frequency and load angle deviation (b) The steady state load angle

Figure 5.10: The steady-state response of the frequency deviation, load angle deviation and load angle

5.2.2. Setting the reference power

The active power control loop compares the measured power to a reference value. This reference
value P, needs to be set correctly. There are two scenarios in which the converter needs to operate
as outlined in Chapter 2.1.1. Each scenario requires a different reference power.

First, the power reference for the converter operating in islanded mode is derived. To ensure the
system operates at a constant frequency, the reference power for the power control loop should change
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depending on a change in load. A change in load is detected by a change in frequency. To determine
a change in frequency the measured frequency is compared to the desired setpoint frequency. To
determine the power required to resolve the frequency error, the PI controller is tuned based on the
transfer function %. This is given in Equation 5.20. The control loop can be seen in Figure 5.11, where
wm is the measured frequency.

(5.20)

AP s
_ —
07

Aw_Q &
s+Jwg+w

Werror Prgf
Wg —> Pl |—

Figure 5.11: Control to determine the reference power based on the frequency error

To tune the Pl controller the repeated pole tuning method is used to account for the zero in the numerator
of the transfer function. The repeated pole tuning method tunes the closed loop response of the system.
The closed loop system is shown in Figure 5.12. The transfer function of the closed loop response is
given by Equation 5.21. The desired response of a second order transfer function with cut-off frequency
wc rad/s is given by Equation 5.22. By equating the denominators of Equation 5.21 and 5.22 the PI
constants can be set. The PI constants are shown in Equations 5.23. The cut-off frequency is taken to
be 500 rad/s.

C(s) P(s)

ﬂ»c—> Pl e SYystem —ﬂ»
I Controller

Figure 5.12: Definition of a closed loop system

Y(s) — H(s) = C(s)P(s) _ _ kps + k; (5.21)
X(s) L+C)P(s) 62+ (72 +kp)s + ki + 5,
1
H(s) = 52 + 2wcs + w? (5.22)
ki = w2Jw, — S, = 7.6857 - 10° k, = 2wgJw. — D, = 3.1416 - 10* (5.23)

In grid-connected mode, the purpose of the VSC connected ESS is now to only compensate during
transient load changes. The ESS should therefore not supply any power during steady state. The
reference power is hence set to 0 kW. For this scenario the SG is assumed to be in isochronous con-
trol with the frequency set at 50 Hz. When the load increases, the converter temporarily delivers the
required power to stabilize the system frequency at 50 Hz, effectively mimicking the natural inertial
response of the swing equation. Due to its superior dynamic response time, the converter handles the
transient power deficit. However, once the frequency stabilizes, the SG supplies the steady-state load
demand, allowing the converter’s active power output to return to zero
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5.3. Discretizing the control

The last step in the process is to discretize the system to facilitate digital control implementation. This
was achieved using the trapezoidal method, as defined in Equation 5.24. This method preserves the
stability of the system [10]. In this equation Z and s indicate the discrete z-domain and the continuous
laplace domain variables respectively and Ty denotes the sampling time. The sampling time is limited
to 250 us, which corresponds to the shortest sampling period available in the Crealizer™. Integration
blocks represented by % in the continuous laplace domain are expressed in discrete form, as shown in
Equation 5.25.

Furthermore, when converting the system from a continuous to discrete time domain it is important
to introduce delay blocks in signal paths. Specifically, delay blocks are added between the signals
sent from the control to the converter and between the feedback signals from a closed-loop system.
These delays ensures that the control action is based on previously sampled data, preventing signal
updates and measurements to occur simultaneously. Consequently, a delay of one sampling period is
introduced.

To determine the effect of discretizing the system on its response the bode plots are compared. The
bode plot of the full LCL model both in the discrete and continuous time domain are shown in Figure
5.13. It is evident from the figure that the response of the system is equivalent up until the resonance
frequency, where the response deviates with 800 Hz. This is sufficient as the fastest control loop has
a cut-off frequency of 1.75 kHz, which is lower than the 5 kHz at which the response starts to deviate.

B 1+ T%s
Z = = %58 (5.24)
Ti(z+1)
H(s) = 20z —1) (5.25)
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Figure 5.13: Comparison of the frequency response of the continuous and discretized system

5.4. Final Design parameters
The final design parameters discussed in this chapter are summarized in the table below. The design
parameters are selected based on iterative tuning of the system during the simulation and testing phase.
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Parameter Value

ky 2000 VAr/V

kq 0.001 V/(VAr - s)
Qset 0 VAr

Vet 400V

Vrated 400V

D 50N - m - s/rad
J 10 kgm?

Wy 314.15 rad/s
w, Voltage loop | 175 rad/s

w,. Current loop | 1750 rad/s

w. Power loop 500 rad/s

T, 250 pus

Table 5.1: The tuned parameters of the controller



Simulation and control validation

This chapter presents the simulation and validation of the developed control scheme. First the sim-
ulation models are introduced followed by the simulation results. The developed control scheme is
evaluated in three different simulation setups. These include the initial model, which incorporates a de-
tailed representation of the full IGBT-bridge, as well as the islanded and grid-connected configurations
described in Chapter 2.1.1.

6.1. Modeling the microgrid in Simulink

The system described in Chapter 4 is developed in Simulink as shown in Figure 6.1. The voltage and
current measurements are made using their corresponding sensor block, transformed to the dq refer-
ence frame and sent to the controller. The controller topology is explained in Chapter 5. The controller
determines the output voltage of the converter, both its magnitude and phase angle. This information
is sent to the SVPWM block which determines the required pulses for the IGBTs. A propagation delay
is applied to all pulses before being sent to the IGBTs to prevent an algebraic error.

Modeling the system with a detailed circuit including each IGBT and its corresponding signal allows
the full transient response of the system to be captured. This model is used when initially testing the
controller to check whether the correct current and voltage waveforms are formed after the LCL filter.
The results of this model are found in Chapter 6.3.
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Figure 6.1: System as described in Chapter 4 modeled in simulink
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Simulating the full switching behavior of the converter bridge is computationally intensive due to the
high-frequency gate signals required for the SVPWM. Since this research focuses primarily on the fun-
damental dynamic response of the system rather than high-frequency switching losses, a simplified
modeling approach is justified. Consequently, the converter bridge is approximated as an ideal con-
trolled voltage source, as illustrated in Figure 6.2. The voltage setpoint determined by the controller
is, after a propagation delay to avoid an algebraic error, transformed from the dq to the abc reference
frame using the inverse Park transform. The transformed setpoint voltage is in turn used as input for
the voltage controlled voltage source. Using this converter model the system described in Chapter 4
was simulated in the two scenarios described in Chapter 2.1.1. The simulation setup for each scenario
can be found in Appendix C.

Inverse Park Controlled voltage
Transform source

» 71 »
@/ z -’qu abe f—wp>— s e -
! &
[theta] > I e o

Voltage Magnitude

Voltage Phase

Figure 6.2: The voltage source converter modeled using a controlled voltage source

6.2. Modeling the synchronous generator

The SG used in the test setup consists of a diesel engine as prime mover connected to an SG which
transforms the mechanical power into electrical power. In Simulink this process is modeled with a
diesel engine model and the Simulink synchronous machine (SM) block. The SM block requires two
main inputs, the field voltage V;s and the simulated mechanical torque from the diesel engine T;,. The
field voltage is set by the AVR using Q-U droop control as shown in Equation 6.1. Where Qnom is the
nominal power of the generator, Qo and Vo are the output reactive power and voltage of the SG
respectively, Vs is the field voltage setpoint, k4 the reactive power droop constant and kp, ki and kq
are the PID constants. The PID controller determines the required field voltage V¢ to set the reactive
power and voltage error to zero. The droop constant kq is set at 0.05, hence at full load the voltage of
the system drops to 95% of its nominal value. At no load the voltage is at 100% of its nominal value.

The diesel engine sets the torque input for the SM block. It is governed by the governor which sets
the power setpoint P based on a reference frequency wres as shown in Equation 6.2. In isochronous
control the governor has a fixed frequency reference wys. In droop control mode the frequency setpoint
is set by Equation 6.3. Where wy is the nominal frequency, kq is the droop coefficient and P,y and
Prominal @re the output and nominal power of the SG.

kgs® + kps + k;
s

V:set = ((Qnom - kqQout) - ‘/out) (61)

kgs? + kps + k;
s

Pset - (wref - wmotor) (62)

deout

Pnominal

(6.3)

Wref = Wo +
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Figure 6.3: The simplified description of the diesel generator model in simulink

6.3. Simulation results

Three different situations are simulated. Firstly, the model as described in Chapter 4 is simulated
with the setup described in Figure 6.1. This simulation will conclude whether the system response
in Simulink corresponds to the calculated steady state response in Chapter 4.2. Then the model is
simulated in islanded mode. The Simulink setup is shown in Figure C.2. Lastly, the model is simulated
in grid-connected mode using the model of the SG described in Chapter 6.2. This full Simulink setup
can be seen in Figure C.3. The voltages that are measured are the line-to-neutral voltages.

6.3.1. Initial model

To validate the system’s performance, the Simulink model presented in Figure 6.1 is simulated. Initially,
the system is modeled with a zero-power baseline condition. This is achieved by setting the reference
power, P, for the active power control loop to zero.

Firstly, as shown in Figure 6.4, the grid frequency successfully settles at its nominal reference value of
50 Hz. Concurrently, Figure 6.5 indicates that both the active and reactive power setpoints are accu-
rately reached and maintained. A close-up view of the converter output voltage waveform is provided
in Figure 6.6, demonstrating the expected PWM profile. The peak voltage aligns with the theoretical
value of 400 V4 dictated by Equation 6.4. The three phase voltages at PCC are depicted in Figure
6.7a, verifying the LCL filter’s effectiveness.

Furthermore, the dg-axis components of the voltage across the capacitor is given in Figure 6.8. The
results are the same as calculated from the state space matrices of the system provided in Figure 4.4c.
Additionally, the dg-axis current at PCC is shown in Figure 6.9b and oscillates around zero, which is
equivalent to the steady state current calculated in Figure 4.4b. However, itis evident in Figure 6.9a that
the current is not sinusoidal, which is due to its low value. The capacitor of the LCL filter always draws
a small current. Usually in perspective to the current towards the grid this current is a small proportion
of the total delivered current. However, as the power reference is now set to zero, there is little current
flowing towards the grid and this current now predominantly goes towards the capacitor. The capacitor
current is shown in Figure 6.10. When setting the reference power to 42.5 kW, the nominal power of
one SG, the grid current is sinusoidal as evident in Figure 6.11a. The current through the capacitor
remains the same, but is now a smaller proportion of the total current.

At a power setpoint of 42.5 kW, the peak current injected into the grid is approximately 85 A, as demon-
strated in Figure 6.11b. The current reaches this steady-state value in 0.6 seconds. This settling time is
determined by the bandwidth of the tuned PI controller. While a higher controller bandwidth decreases
the rise and settling times of the current, it also increases the controller’s susceptibility to high-frequency
noise [3].
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Figure 6.4: The grid frequency upon initial connection of the converter
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Figure 6.5: The output power of the converter as measured at the PCC
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6.3.2. Islanded mode

The island mode capabilities of the converter were evaluated using the simulation architecture shown
in Figure C.2. At t=7.5 seconds a sudden load step is introduced, increasing the power demand from
65 kW to 85 kW. Figure 6.12a shows the power delivered by the converter to the load. Both before
and after the load change the power supplied by the converter is equivalent to the power demanded
by the load. The reference power set by the PI controller for the active power control loop can be
seen in Figure 6.12b. From this figure it can be concluded that the power reference follows the power
demanded by the load.

10 % 104 Power output of converter at PCC g X 104 Power reference set by the Pl controller
Active Power
Reactive Power 8r 1
8t 1 7r 1
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= 25
4
T 4 &
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0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time [s] Time [s]
(a) The output power of the converter as measured at the PCC (b) The reference power set by the PI controller for the active power
control loop

Figure 6.12: Power delivered by the ESS

Furthermore, the grid frequency remains constant at 50 Hz, both before and after the load change
as evident from Figure 6.13a. Figure 6.13b shows the frequency dip during the load change. The
frequency does not dip past 49.89 Hz, which is far within the requirements. However, the grid frequency
does show an oscillatory response after the load change. This phenomena is caused by the inertia in
the system. The inertia ensures the RoCoF is small, but causes a more oscillatory response. Tuning
of the inertia coefficient is further discussed in Chapter 7.3.4. The oscillations are well-damped and
decay rapidly within the 30 second requirement.

Grid Frequenc Grid Frequenc
50.6 : quency ‘ ‘ rid Frequency
fPl_l_ 50.05 - fPLL i
50.4 — el fuse
i 502 § i 50 f(\wmwmw WA
> >
g g 49.95
T 49.8 ] T
49.6 499+
49.4 - - - - - - * - -
2 4 6 8 10 12 7.5 8 8.5 9
Time [s] Time [s]
(a) The grid frequency (b) The grid frequency zoomed in during the load change

Figure 6.13: The grid frequency in islanded mode at initial connection and during a load change

Lastly, Figure 6.15 shows the voltage at PCC, which is kept constant at 230 V rms or 325 V peak due to
the reactive power control loop. Figure 6.14 shows the reference voltage sent from the reactive power
control loop to the inner control loop. It is evident from this output that the voltage reference peaks
slightly but remains under the 4 volt deviation. To deliver the extra power required by the load, the
current injected to the grid is adjusted from 133 A to 174 A peak to peak. This is shown in Figure 6.16.
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The current increase is according to Equation 6.5 where P is the active power, V| is the rms line to

ground voltage and 1, is the rms phase current.
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6.3.3. Connected to Synchronous generator

The model as shown in Figure C.3 is simulated. The reference power of the converter is set to zero.
At first only the SG is connected to the load. At t=2.5 seconds the converter is connected and at t=10
seconds the load increases from 22.5 kVA to 42.5 kVA, with a power factor of 0.916. A single-generator
equivalent model is adopted to reduce simulation time. This simplification is valid under the assumption
that both generators are identical and operate synchronously, each consistently contributing half of the
total power demand.

The simulations are run with the SG in isochronous control mode. This means that there is no frequency
droop, hence only one frequency setpoint. In frequency droop control the converter frequency setpoint
and the frequency setpoint from the SG do not reach a consensus, hence the model runs into an error.

Figure 6.17b shows the frequency measured at the PCC with and without the virtual inertia implemen-
tation. It is evident that the frequency setpoint is at 50.05 Hz. This frequency, is set by the SG due to
the droop line. The SG has a droop line where at no load the frequency is at 50.05 Hz, and at 95%
load the frequency is at 50 Hz. As the SG now operates in isochronous control it holds the frequency
reference at no load. Which is why it has its frequency setpoint at 50.05 Hz. With the virtual inertia
implementation the frequency dip is improved from a 0.2 Hz dip to a 0.07 Hz dip. However, the time
it takes for the frequency to settle back to its setpoint value is nearly 2 seconds longer. This trade-off
depends on the tuning of the inertia coefficient and damping constant. Tuning these parameters can
influence the frequency settling time, the frequency nadir and oscillations. These parameters are tuned
in Chapter 7.3.4.

Figure 6.17b shows the frequency measured at PCC on the converter side of the breaker. This shows
how the VSG control sets its own frequency at 50 Hz. When the converter is connected the frequency
fluctuates as there are two different frequency setpoints. Eventually the SG and converter come to a
consensus at a frequency of 50.05 Hz. To achieve this frequency setpoint the converter supplies -5 kW
of active power. This additional power is compensated by the SG as evident in Figure 6.18b, the blue
line.

Itis evident from Figure 6.18a that during the load change at t=10 seconds, the converter supplies 12.5
kW of active power. As the ESS has a quicker response to the load change it mitigates the frequency
dip, as evident in figure 6.17a. After the load transient, the power supplied by the ESS reduces again.
However, instead of settling at 0 kW, it settles at -5 kW due to the high frequency setpoint.
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Figure 6.17: Grid frequency in grid-connected mode
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Figure 6.18: Power delivered by the converter and SG during a load change

The grid voltage during the load change both with and without VSG control is compared in Figure 6.19.
Both the VSG control and the SG operate with their own Q-U droop characteristics. Without the VSG
control the SG droop alone determies the voltage setpoint. This results in a voltage of 318 V at a load
of 22.5 kVA and 310 V at a load of 42.5 kVA at the SG terminals. However, due to the voltage drop
across the line impedance the voltage measured at PCC is reduced to 298 V and 275 V respectively,
as illustrated in Figure 6.19.

When the VSG control is enabled the combined droop characteristics of both the SG and VSG establish
new voltage setpoints of 322 V at 22.5 kVA and 316 V at 42.5 kVA. To maintain these higher voltage
setpoint the VSG control requires the ESS to supply reactive power. Before the load change, the ESS
delivers approximatly 0.7 kVAr of reactive power as observed between 2.5 and 10 seconds in Figure
6.18a. The SG contributes an extra 0.2 kVAr. The resulting 0.8 kVAr required to meet load demands
is dissipated across the line impedance. As the power produced by the SG is measured after the line
impedance this is not visible in the plotted results.

When the load increases the ESS produces excess reactive power to maintain the voltage setpoint
at 316 V. The SG compensates by providing capacitive power. This is an undesirable response as
producing an excess reactive power contributes to system losses. The trade-off between the amount
of reactive power provided by the ESS and the amount the voltage deviates from its set value depends
on the droop constants &, and kq of the reactive power control loop. Tuning these constants and their
influence on system voltage and reactive power contribution is discussed in Chapter 7.3.3. Figure 6.20
illustrates the voltage reference set by the reactive power control loop. By comparing it with the output
voltage in Figure 6.19 it is evident that the system follows its voltage reference. All simulation results
are summarized in Appendix F.
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Deployment and field testing

This chapter describes the test setup and identifies the load profiles used for testing. It further explains
the adaptations to the controller developed in Chapter 5. Finally, the test results are analyzed and
controller parameters are tuned accordingly.

7.1. Setup

The test setup is shown in Figure 7.1. The load and ESS are modeled using an inverter connecting the
common DC bus to the grid. The SGs, ESS and load can all be disconnected and connected from the
grid using a switch. At first, only one SG and a load of 5 kVA are connected to the grid. The SG now
initializes and sets the grid. Before the second SG connects its phase sequence, phase, frequency
and voltage must be synchronized with that of the grid. After synchronization the second generator is
connected. Before connecting the ESS, the reset signals, parameter 106.50 bits 2,3 and 4 must be
set to high. By doing so the integrators are reset to zero causing the reference voltage and frequency
to be set at 400 V and 50 Hz respectively. Now the ESS is safe to connect. Once connected, the
reset signals are set to low, and the converter can synchronize with the grid. When the converter is in
islanded mode the SGs are disconnected. The measurements for the controller of the converter are
taken at the PCC by an auxiliary measurement unit from ABB named the BAMU. The voltage measured
by the BAMU is the rms line-to-line voltage.

7.1.1. Load profiles

On a shipboard microgrid different types of loads are connected. At connection the rate at which the
loads consume power varies depending on the type of loads. A DOL motor for example would consume
a large amount of power quickly, mainly due to the inrush current. A thruster motor connected via a drive
can demand power at a controlled rate. Pumps and compressors on the other hand have a starting
up time depending on the mechanical load. To replicate these varying loading conditions different load
ramps are used during testing. These load ramps are represented in Figure 7.2. The load increases
with 20 kVA with a power factor of 0.916.
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Figure 7.2: The different load rates

7.2. Controller Adaptations

Figure 7.3 illustrates the adaptation and implementation of the controller explained in Chapter 5 within
the Crealizer™ environment. The converter used in the test setup is the ABB drive, ISU ACS880, set
in power control mode, with the optimal grid control (OGC) functionality. In this operating mode the
converter operates based on a set frequency and voltage input. Thus, only the outer VSG control
loops are implemented as these determine the reference voltage and frequency to the converter.

The corresponding system parameters are summarized in Tables 7.1 and 7.2. Upon initial connection
of the drive, reset signals are required to mitigate the large error present before synchronization. Since
integrators (including those in the PI controller) would otherwise retain this accumulated error during
future calculations, they must be reset to zero. The system remains in the reset state if the reset signal
is high. Additionally, the reference power is determined by Bit 1 of the parameter 106.50, which can be
turned on and off based on the scenario of the system.

Parameter | Name | Value/unit
Set parameters
147.80 fref 50 Hz
147.81 Override frequency 50 Hz
147.82 Pref ow
147.83 D 50N - m - s/rad
147.84 1 0.1kg 'm~2
147.85 Weg 315 rad/s
147.86 ky 2000 VAr/V
147.87 kg 0.005 V/VArs
Inputs

101.09 Measured grid voltage V
101.14 Measured reactive power | kVAr
101.35 Measured power kW
190.15 Measured frequency Hz

Outputs
127.01 Voltage Vv
128.01 Frequency Hz

Table 7.1: The definitions of the different parameters used in the final controller
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Parameter | Bit | Functionality
1 Selects which power reference
106.50 2 Resets the integrator of the active power loop
' 3 Resets the PI controller
4 Resets integrator of reactive power control loop
110.01 1 Digital input, overwrites reference frequency
Table 7.2: The reset and selector signals
Reset and selector signals
bit 3 i
‘ 106.50 —2it4
Pl <—®<— 147.80 bit 2
bit 1
110.01
a 147.84 147.81 bit 1
\4 L 2 \4
. AP —I_. ~ @
147.85
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) X |
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ere f
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Figure 7.3: The controller schematic implemented in Crealizer

7.3. Testing results

The response of the system during the different load changes indicated in Figure 7.2 will be analyzed
in terms of voltage, frequency, active and reactive power deviations. When in islanded mode the ESS
and converter form the grid. Thus, the converter must set its own grid frequency and voltage. During
a load change the voltage and frequency deviations must be minimal. When in grid connected mode
the converter must only provide power during loading transients to help mitigate large frequency and
voltage fluctuations.



7.3. Testing results 49

7.3.1. Islanded mode

The converter is tested in islanded mode as described in Chapter 2.1.1. The power provided by the
ESS through the converter is shown in Figure 7.4, where 7.4a and 7.4b present the acive and reactive
power respectively. The load connected to the grid is initially 5.6 kVA with a power factor of 0.89. The
reference power for the active power control loop is set by the Pl controller based on the frequency
deviation from its setpoint, 50 Hz. At t=0 seconds the load increases from 5.6 kVA to 29 kVA with a
slope of 6 kVVA/s after which it decreases back to 5.6 kVVA at approximately t=65 seconds.

Figure 7.4 shows the power delivered by the converter to the load, Figure 7.4a illustrating the active
power and Figure 7.4b the reactive power. In Figure 7.4a, the orange curve shows the power delivered
to the load filtered by a low-pass filter with time constant - = 10 ms. During the load increase, the
active power delivered by the converter follows the load demand. The reference power, indicated by
the blue curve, tracks the load variation accordingly. However, notable fluctuations of the reference
power around the reference value are observed. These oscillations are due to the tuning of the PI
controller gains.

In Figure 7.5 the frequency as measured by the PLL in the BAMU is shown. The frequency deviation
is approximately 0.02% from its steady state value. This deviation is amplified by the proportional gain
in the PI controller, which is reflected in the fluctuations of the power reference. Although reducing
the proportional gain could reduce these oscillations, it would also weaken the system’s response to
frequency deviations and potentially lead to a larger frequency dip. Since the power output remains
stable, further tuning of the PI controller is not considered necessary.

Furthermore, Figure 7.5 demonstrates that the grid frequency deviates minimally from it set value during
the load change. The frequency namely dips to 49.95 Hz (0.1%), during a load increase and it peaks
at 50.04 Hz (0.08%), during a load decrease. The RoCoF is 0.057 Hz/s. The frequency settling time is
2.79 seconds. This is far within the requirements.
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Figure 7.4: The active and reactive power supplied to the load
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Figure 7.5: The transient frequency of the grid during a 24 kVA load change at a rate of 6 kVA/s

Figure 7.6 shows the grid voltage during the load transition. The blue curve represents the grid voltage
for a voltage droop constant k,= 20000, while the orange curve corresponds to k,= 2000. In grid-
connected mode, the droop constant is set to k,= 2000. However, with this tuning, the voltage in
islanded mode deviates beyond the specified limits, which is undesirable. Therefore, the droop constant
is increased in islanded mode to ensure the requirements are satisfied.

The reference line-to-line grid voltage is 400 V. As shown in Figure 7.6, the steady-state voltage remains
close to this value at approximately 399.9 V. During the load change, the voltage settles at 399.16 V,
corresponding to a deviation of 0.189%, which is well within the specified limits. The settling time for
both load increase and decrease is approximately 4.7 s, also satisfying the requirements. A summary
of the system performance relative to the requirements is provided in Table 7.3.
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Figure 7.6: The transient voltage response during a 24 kVA load change. Load profile given by Figure 7.4a
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Requirement

Actual value

Limit

Maximim RoCoF
Frequency Nadir
Frequency Peak
Frequency Settling Time
Voltage Deviation
Voltage Settling Time

Table 7.3: Testing results for the grid forming response of the converter controller compared to the requirement values.

0.057 Hz/s
0.05Hz=0.1%
0.04 Hz = 0.08%
2.79 seconds
0.189%

4 seconds

0.5 Hz/s
2%

2%

30 seconds
1%

10 seconds
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7.3.2. Grid-connected mode

The converter is tested in grid-connected mode, as described in Chapter 2.1.1. In this operating mode,
the converter supplies power only during load transients to mitigate frequency nadir and reduce RoCoF.
The response of the system is evaluated both with and without the ESS connected, hence, with and
without the virtual inertia implementation. The load is increased with 20 kVA at a power factor of 0.916.
The response of the system was tested at various power ramps, which are indicated in Figure 7.2.

The resulting frequency deviations for the different load changes are shown in Figure 7.7. Figures
7.7a and 7.7b present the frequency response without and with virtual inertia, respectively. Figure 7.7a
shows that, in the absence of virtual inertia, the frequency deviation remains within the specified limits
for load ramps of 0.5 kVA/s and 1 kVA/s. However, for ramps steeper than 1 kVA/s, the frequency devi-
ation exceeds the allowable limits. In contrast, Figure 7.7b demonstrates that, with the implementation
of virtual inertia, the frequency response remains within the required limits for all tested load ramp rates,
including the steepest ramp of 6 kVA/s. Based on these results, the responses corresponding to the 1
kVA/s and 6 kVA/s load ramps are selected for further comparison between the cases with and without
virtual inertia.

Grid frequency during a 20kVA load increase without virtual inertia Grid frequency during a 20kVA load increase with virtual inertia
T T T T T T T T T T T T T T

50.5

T a9t ¥
= >49.7
4851 12
> 0%49.6
[0 L - =
= Ha05r ——0.5kVA/s| |
———05kVAs :
47.51 —1kVAs || 494 —— 1kVAis
2.5 kVA/s 2.5kVA/s
47 - ——5kVAs |7 493 ——5kVA/s
——6 kVA/s — 6 kVA/s
465 1 L 1 1 1 1 492 1 L L 1 1 1 L 1
-20 -10 0 10 20 30 40 20 -10 0 10 20 30 40 50 60 70
Time [s] Time [s]
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Figure 7.7: The frequency of the grid during a load increase at different rates, without and with virtual inertia

Figure 7.8a compares the grid frequency during a load change with and without virtual inertia. The
load is increased with 20 kVA at a rate of 6 kVA/s. The figure demonstrates that with virtual inertia
the RoCoF and consequently the frequency nadir is reduced significantly. Specifically, the RoCoF is
reduced from 1.14 Hz/s to 0.17 Hz/s and the nadir is reduced from 46.5 Hz to 49.25 Hz. However, this
improvement comes at the expense of a longer settling time. With virtual inertia, the frequency settles
in 25 seconds, compared to only 7 seconds without it. This longer settling time is due to the limited
RoCoF, causing the frequency to return to its equilibrium value at a slower rate. Figure 7.8b shows
the frequency of the grid after a load change at a rate of 1 kVA/s both with and without virtual inertia.
As the load increases more gradually, the system exhibits a better response to the load change, even
in the absence of additional inertia. Consequently, under conditions with slower load variations, the
supplementary inertia does not significantly improve performance.
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Frequency response during a 6 kVA/s load increase Frequency response during a 1kVA/s load increase
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Figure 7.8: A comparison of the transient response of the grid frequency during a 20kVA load increase at a rate of 6 kVA/s and
1 kVA/s

Figure 7.9 illustrates the grid voltage during a 20 kVA load increase at a rate of 6 kVA/s and 1 kVA/s
in Figure 7.9a and Figure 7.9b respectively. Without the VSG control implementation, the voltage
deviation exceeds 1% during a steep load increase. However, for load gradients of 1 kVA/s or slower,
the voltage remains within the requirements. The introduction of VSG control significantly improves
system performance under rapid load changes. More specifically, during a load increase of 6 kVA/s,
the voltage dip of 10 V is reduced to 4 V with the virtual inertia implementation. Furthermore, the voltage
level remains within the required limitations, reaching its lowest voltage level at 396 V which is a voltage
deviation of exactly 1%.

Reactive power sharing by the ESS and SG is governed by the droop control implemented in the
AVR of the SG and the reactive power control loop of the VSG. This coordinated control ensures both
components can operate at a common voltage setpoint. This determined voltage setpoint is 399 V at
5 kVA and 396 V at 25 kVA. In contrast, when only the SG is operating its droop determines a setpoint
of 400 V at 5 kVA and 396 V at 25 kVA.

Prior to the loadstep, without the VSG control, the combined reactive power from both SGs is approxi-
mately 2 kVAr, as shown in Figure 7.10b. Following a load increase of 20 kVA the total reactive power
is approximately 10 kVAr. This is consistent with the calculations derived from Equation 7.2, where S
is the apparent power of 5 kVA or 25 kVA, P is the active power, Q is the reactive power and PF is the
power factor of 0.916.

The reactive power response of the ESS under VSG control during a 20 kVA load increase is illustrated
in Figure 7.10a. At a low load of 5 kVA, the ESS supplies the full reactive power demand of 2 kVAr.
During the transient of the load increase the ESS provides the majority of the required reactive power to
reduce the voltage deviation from 10 V to 4 V. In steady state operation the ESS supplies 6.2 kVAr, while
the SGs contribute 4 kVAr. The distribution of reactive power is the results of the droop characteristics
implemented in both components.

0 = cos™ ' (PF) (7.1)
P = Scos(6) (7.2)
Q = Ssin(0) (7.3)
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Figure 7.10: Reactive power delivered to the loadby the ESS and the reactive power demanded by the load

Figure 7.11 presents the active power supplied by the ESS during a 20 kVA load increase at a rate of
6 kVA/s in Figure 7.11a and 1 kVA/s in Figure 7.11b. As illustrated in Figure 7.11a, the ESS initially
provides the majority of the additional power during rapid load increase. This behavior is due to the
faster dynamic response of the ESS compared to the SG. As a result the ESS compensates for a
sudden increase in demand, thereby reducing the magnitude of the frequency dip. In contrast, Figure
7.11b illustrates that at a lower loading rate the ESS does not exclusively supply the additional power.
Instead the SG contributes more significantly as it has sufficient time to respond to the change in load.
Consequently, the additional power demand is shared more evenly between the ESS and the SG under
slower loading conditions.
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Figure 7.11: Power delivered by the ESS during transient load increase

Lastly, Figure 7.12 shows the grid frequency and power supplied by the ESS during a load decrease.
By comparing Figure 7.12a and 7.7b it can be concluded that the frequency deviation and frequency
settling time for both a load increase and decrease is the same. Only for a load decrease the frequency
increases. Figure 7.12b indicates that, during a load decrease, the ESS absorbs the surplus power in
the system resulting from the temporary mismatch between demand and supply. Further test results
can be found in Appendix G.
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Figure 7.12: Frequency of the grid and power supplied by the ESS during a load decrease

7.3.3. Tuning the droop constants

Tuning the voltage and reactive power droop constants, k., in VAr/V and, k,, in V/(VAr-s) respectively,
is beneficial for controlling the voltage response of the system. These parameters were tuned such that
the voltage requirements were met. The voltage requirements are as follows:

» Voltage dip <4V
* Voltage settling time <10 seconds

As mentioned earlier the droop control allows the SG and the ESS to share the reactive power load
at a common voltage level. The voltage setpoint and the reactive power supplied by the ESS can be
determined by tuning the k, and k4 droop constants. £, determines how much the voltage deviates
from its set value and k4 determines the rate at which the voltage changes.

Figure 7.13a presents the grid voltage during a 20 kVA load increase for different values of k,. With a
higher droop constant, the voltage deviation from its setpoint value, 400 V, becomes smaller. However,
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minimizing the voltage deviation by setting &, to a high value causes the reactive power supplied by
the ESS to increase, as can be seen in Figure 7.13b. If a stricter voltage control is required, the droop
must be more lenient on the reactive power error. This is the trade-off for tuning this parameter. In this
thesis, the design approach was selected to ensure operation remained within the established system
requirements, therefore increasing the droop constant to maintain the voltage deviation below the 1%.
The droop constant k, was hence chosen to be 2000. Scaling the droop constant larger than this would
lead to the ESS supplying more reactive power which is undesirable.

Grid voltage at different voltage droop constants Reactive power from the ESS at different voltage droop constants
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Figure 7.13: The effect of different voltage droop constants on the grid voltage and the reactive power supplied by the ESS

Figure 7.14a, illustrates the grid voltage following a 20 kVA load increase for different values of k4. It can
be observed that higher values of kq result in a lower rate of change of voltage. A lower rate of change
of voltage is beneficial as it prevents overshooting and large voltage fluctuations. The droop constant
at 0.5 for example leads to a large fluctuating voltage output as evident in Figure 7.14b. However, a
slower rate of change of voltage also means a slower voltage settling time. To achieve constrained
rate of voltage variation while satisfying the settling time of 10 seconds, the droop constant ik, was set
to 0.005.
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Figure 7.14: The effect of different reactive power droop constant on the change of grid voltage during a load increase of
20 kVA/s

7.3.4. Tuning the inertia coefficient and damping constant

When tuning the active power control loop, two keep parameters must be configured: the inertia coeffi-
cient, .J, in kg-m? and the damping constant, D, in N-m-s/rad. These parameters should be tuned such
that the response falls within the requirements. More specifically the frequency requirements during a
20 kVA load change. These requirements are as follows:
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* RoCoF < 0.5 Hz/s
* Frequency deviation <1 Hz
+ Settling time < 30 seconds

The inertia coefficient and damping constant were adjusted, and the frequency settling time, nadir
and RoCoF were recorded. The complete set of results is provided in Appendix E. A summary of
these results is presented in Figure 7.15, which identifies the number of requirements that are met with
different combinations of inertia and damping parameters.

It is observed that three combinations meet all requirements, these are summarized in Table 7.4. From
the table it is evident that a configuration with an inertia coefficient of 1 and a damping constant of 50
results in the longest frequency settling time and largest frequency deviation. For an inertia coefficient
of 10, it becomes apparent that there is a trade-off between damping constants. A higher damping
constant leads to a longer settling time, but reduced RoCoF and nadir. In this control design, prioritizing
a minimal frequency deviation was favored over a rapid response to ensure robust grid stability. To
achieve these performance objectives, the virtual inertia coefficient and damping constant of the VSG
were parameterized as J = 10 and D = 50, respectively.

Tuning inertia coefficients and damping constants
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Figure 7.15: The number of frequency requirements met at different damping and inertia coefficients

J(kg-m?) | D(N-m-s/rad) | RoCoF (Hz/s) | Frequency deviation (Hz) | Settling time (seconds)
10 35 0.21 0.89 22

50 0.19 0.76 25
1 50 0.39 0.95 28

Table 7.4: The three inertia and damping parameter combinations that meet all requirements

It is further evident from Figure 7.15 that, for inertia values of J = 0.1 and J = 100 in combination with
damping constants D = 50, D = 35 and D = 25, no requirements are met. In both cases this is due to
the disconnection of the SG from the system.

For low inertia (J = 0.1), the frequency exhibits high fluctuations as a result of large RoCoF. This
behavior is illustrated in Figure 7.16a. In this figure, the load connected to the grid decreases from 25
to 5 kVA. The frequency therefore increases, however, when the frequency returns to its steady state
value it starts to fluctuate significantly causing the SG to disconnect at t=15 seconds. Following this
event, the ESS supplies the required load power, settling at a new steady state frequency of 49.7 Hz.

The effect of excessive inertia is presented in Figure 7.16b, which depicts the power supplied by the
ESS during a load decrease from 20 kVA to 5 kVA. It can be observed that, at high inertia levels, the
power oscillates and overshoots its equilibrium value of 0 kW. Specifically, the ESS supplies up to 9 kW,
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exceeding the required active load power of 4.5 kW, as observed at t=50 seconds. This excess power is
absorbed by the SG. However, the SG only has limited capacity to do so. This capacity is exceeded at
t=52 seconds and the SG disconnects. Subsequently, the remaining load of 4.5 kW is entirely supplied
by the ESS.

These results indicate that selecting damping constants below 35 in combination with excessively high
or low inertia leads to instability. This instability is either because the large RoCoF causes frequency
fluctuations or because of the large power oscillations, both resulting in disconnection of the SG.
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(a) Frequency of the grid during a 20 kVA load decrease when damping (b) Power delivered by the ESS to the grid during a 20 kVA load
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Figure 7.16: The effect of a wrongly tuned inertia on the grid frequency and power

Based on the data available in Appendix E an analysis of the effect of the inertia and damping constants
can be derived. Figure 7.17 shows the settline time, frequency deviation and RoCoF during a load
increase of 20 kVA at a rate of 6 kVA/s for different inertial and damping parameters. In Figure 7.17a
the response time and frequency deviation is shown for J = 10, at different damping constants. It
is evident from the figure that as the damping constant increases the settling time increases, but the
frequency deviation decreases. Figure 7.17b show the RoCoF at different inertia coefficients while the
damping constant is kept at 75. From this figure it is evident that as the inertia of the system increases
the RoCoF decreases.
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Figure 7.17: The effect of tuning J and D on the frequency of the system

7.4. Comparing simulation and testing

By comparing the results of the VSG implementation in simulation and experimental testing, the strengths
and limitations of the simulation model can be identified. Firstly, the grid frequency response during
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a load change is analyzed, as shown in Figure 7.18a. In the simulation, the frequency deviation is
both smaller and shorter compared to the experimental results. Specifically, the simulated frequency
dip is approximately 0.1 Hz and the system settles within 1.8 seconds. In contrast, during testing, the
frequency drops by approximately 0.78 Hz and requires around 30 seconds to reach steady state. This
discrepancy is primarily due to the model of the SG.

To further investigate this, Figure 7.18b shows the grid frequency response to a load change without
the virtual inertia implementation, allowing direct observation of the SG behavior. During testing, the
frequency decreases to approximately 46 Hz, whereas in the simulation the frequency decreases to
49.98 Hz. Additionally, the response time in the experiment is around 7 seconds, compared to only 0.2
seconds in the simulation. These results indicate that the SG model exhibits idealized dynamics and
does not accurately capture the system behavior, particularly with respect to inertia characteristics.
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Figure 7.18: Comparison of grid frequency during a load change during testing and in simulation

Furthermore, a steady-state frequency offset is observed between simulation and experiment. In the
simulation, the steady-state frequency stabilizes at approximately 50.05 Hz, while during testing the
system returns to 50 Hz. This discrepancy leads to a steady-state power difference. In the simulation,
the ESS supplies approximately -5 kW, whereas during testing the power supplied by the ESS returns
to zero.

Next, the voltage response in simulation and testing is compared. The voltage measured in the simu-
lation is expressed as the peak line-to-ground voltage, whereas the voltage measured during testing is
represented as the RMS line-to-line voltage. To ensure a correct comparison the simulated voltage is

scaled by a factor \/g .

As shownin Figure 7.19a, a discrepancy in voltage setpoints between the simulation and the experiment
is observed. This behavior is mainly caused by the line impedance of the grid. To further investigate
this, Figure 7.19b presents the grid voltage response to a load change with only the SG connected,
allowing the SGs behavior to be analyzed. The voltage at the output of the SG is compared with the
voltage after the line impedance, at PCC. The results show a voltage drop of 30 V across the line
impedance in the simulation. This drop is caused by the high currents required to supply the 42.5 kVA
load combined with the relatively high line impedance that is intentionally used to emulate a weak grid.

In testing the voltage drop across the line is significantly smaller, because both the line impedance
is lower, and because the current is lower, as the power supplied is limited to a maximum of 25 kVA.
Consequently, the PCC voltage in simulation is notably lower than in the experimental case. As a
result, the VSG control in the simulation requires the ESS to provide excess reactive power which is
not observed during testing.
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Figure 7.19: Comparison of grid voltage during a load change in simulation and testing and the voltage drop in simulation over
the line impedance

In addition to the modeling inaccuracies of the SG, the simulation does not account for measurement
noise and distortion in voltage and frequency signals, which can influence the system behavior and
may cause drift in the operating point during testing. Despite these limitations, the simulation model
remains useful for analyzing general system behavior and parameter trends. For example, it correctly
demonstrates that the VSG control limits the frequency nadir, but leads to a larger frequency settling
time. Additionally, the influence of changing the droop parameters k, and kq is clearly observable, as
shown in Appendix F.2.1. However, accurate fine-tuning of these parameters should be performed
experimentally, as the test setup more reliably represents the true behavior of the SG.



Discussion

This chapter discusses the test results of the developed control scheme. The advantages and limi-
tations of the VSG control are identified and potential improvements are proposed. In addition, the
assumptions and simplifications made during the study are addressed, and the relevance of the VSG
control in practical applications is evaluated.

8.1. Effectiveness of VSG control

The results show that the VSG implementation is beneficial for improving frequency stability in a ship-
board microgrid. This is evident from a 78% improvement in frequency nadir and 85% improvement
in RoCoF as shown in Figure 7.8a. More specifically, the virtual inertia implementation is beneficial
for load changes at a rate faster than 1 kVA/s. The virtual inertia implementation is hence beneficial
in weak microgrids exposed to rapid load fluctuations. All frequency measurements including RoCoF,
frequency nadir, frequency peak and frequency settling time fall within the requirements. However, it
is important to note that the frequency settling time of the system increases with the virtual inertia im-
plementation. As mentioned earlier, this is in response to limiting the RoCoF. The settling time can be
improved by tuning the damping constant and inertia coefficient, at the expense of a larger frequency
deviation. Improving settling time would be beneficial, as it reduces the time the system spends in an
unstable state, where it is more vulnerable to further disturbances.

Furthermore, with the implementation of VSG control, the grid voltage deviation is reduced by 60%.
This improvement is observed for load variations occurring at rates of 2.5 kVA/s or higher, as illustrated
in Figure 7.9a. The voltage regulation is achieved through the reactive power control loop, which
incorporates an integral droop mechanism. The droop constants were selected such that the voltage
deviation remains within the requirements. However, the large voltage droop constant required to
meet the constraints, results in the ESS supplying the majority of the reactive power. This behavior
is undesirable, as it would require significantly over-sizing the ESS. Therefore, while the implemented
voltage control is beneficial for improving voltage stability, it introduces a trade-off between voltage
deviation and reactive power sharing. Further investigation into alternative droop constants and droop
control strategies is recommended to ensure voltage requirements are met while enabling the reactive
power contribution of the ESS to return to zero in steady-state.

8.2. Islanded vs grid-connected mode

In both scenarios explained in Chapter 2.1.1, the requirements are met. In islanded mode the converter
implementation both in testing and simulation maintains the 50 Hz frequency and acceptable voltage
deviation. Maintaining the frequency at its 50 Hz setpoint is achieved by setting the reference power
correctly. This reference power is set by a Pl controller, which determines the power required to resolve
the frequency deviation caused by a load change. The Pl controller is tuned aggressively, as evident in
Figure 7.4a. However, this does not significantly influence the steady state output power. The voltage
requirements are also met, with the voltage deviating by only 0.189%. It is however important to note
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that the voltage droop constant is tuned to be more stiff. In islanded mode, the droop constant can
be tuned more aggressively as all the reactive power for the load is produced by the ESS. In grid
connected mode there is a trade-off between voltage deviation and reactive power production, as the
reactive power produced by the ESS ideally returns to zero.

In the grid-connected mode the converter reduces the frequency fluctuation during the load transient
by compensating for the power deficit or surplus. In steady state, no active power is provided to the
grid from the ESS. The voltage dip is also mitigated with the reactive power control. The converter
successfully fulfills its role in both modes. However, switching between modes must still be done
manually by selecting the reference power and changing the droop constant.

8.3. Limitations

The proposed VSG implementation successfully satisfies the voltage and frequency requirements.
However, a critical operational trade-off is observed. Although the active power contribution from the
ESS decays to zero following a load change, the reactive power supplied remains at a relatively high
value. This offset is a consequence of tuning the voltage droop to achieve the voltage requirements.
However, tuning this droop so aggressively causes the reactive power delivered to the load by the
ESS to remain at 6 kVAr. Furthermore, the SG operates under an isochronous governing mechanism,
maintaining a constant frequency reference. Although functional for this scenario, this control topol-
ogy presents significant scalability limitations for larger microgrids featuring more parallel SGs. In a
multi-generator architecture, minor deviations between frequency setpoints would induce severe con-
trol conflicts, potentially leading to system instability. Lastly, the J and D parameters require precise
tuning for the system. Tuning these parameters incorrectly can lead to the SGs disconnecting.

To mitigate these limitations, an improvement to the control scheme could be to tune the voltage droop
constant to k£, = 20 such that the voltage dips 2 V more, but the reactive power returns to zero. Alterna-
tively a comparison between the different types of droop control could result in a solution with a smaller
tradeoff. Additionally, an improvement would be to adjust the frequency setpoint of the active power
control loop such that it can operate in a droop control instead of isochronous control mode, making it
more scalable. Furthermore, the J and D tuning methods can be made dynamic by, for example, fuzzy
tuning algorithms. By doing this the parameters can adapt to the system’s response [12].

8.4. Model assumptions and simplifications

When tuning the PI controller of the inner voltage and current control loops several assumptions were
made. Firstly, an infinite bus topology was used and the SGs were modeled as an ideal voltage source.
Secondly, the grid impedance is assumed to be constant. In reality, the grid impedance changes de-
pending on the loads, the number of generators connected to the grid and temperature of the wires.
As the pole-zero cancellation tuning method was used and the constants are tuned based on the grid
impedance, a small variation in impedance can affect the response of the system. The effectiveness
of the inner voltage and current control loops was evaluated only through simulation, as these control
functions were already integrated within the ABB drives during experimental testing.

Furthermore, it is important to consider the selection of the ESS for this application. This choice should
be based on a trade-off between energy density and power density. Energy density signifies the size of
the storage system, while power density defines how quickly a system can release or absorb energy. If
the focus lies on the islanded mode capabilities of the ESS, a higher energy density is preferred, while
for large varying load conditions, in the grid-connected mode, a higher power density is preferred [8].

The implementation of virtual inertia through VSG control is effective in enhancing stability in weak grids,
such as microgrids with high converter penetration. It is especially beneficial under rapid load variations,
where the VSG can mitigate frequency and voltage deviations. This makes the approach relevant for
application on shipboard microgrids, where large and sudden load changes are inherent to system
operation. Furthermore, with the anticipated increase in RES, a reduction in physical inertia within
power systems is inevitable. In this context, VSG control offers a practical solution by emulating the
inertial response of conventional SGs, thereby contributing to improved system stability. Consequently,
the adoption of VSG-based control strategies is expected to play a key role in enabling reliable and
stable operation of future low-inertia power systems.



Conclusion and future work

This study addressed the primary research question: What is the value of implementing inertia virtually
to the stability of a ship’s microgrid? The results demonstrate that implementing virtual inertia through
a VSG control strategy enhances performance for both voltage and frequency stability. Key frequency
and voltage stability indicators, including RoCoF, frequency nadir and voltage deviation, remain within
acceptable limits. This indicates improved system response during load transients. The ESS plays a
critical role in this improvement, as it can respond more rapidly to power imbalances compared to a
conventional SG, thereby reducing RoCoF. Consequently, VSG control has the greatest impact during
fast load transients, while for slower disturbances its contribution is limited. Furthermore, the control
scheme enables operation in islanded mode, which ensures that in the absence of the SGs the con-
verter can maintain the grid frequency at 50 Hz and grid voltage at ~400 V.

The second research question, How is frequency stability defined?, was addressed by identifying three
categories of power system stability. These are rotor angle stability, frequency stability and voltage
stability. Frequency stability was further characterized using two key metrics: frequency nadir and
RoCoF. Their relationship was examined highlighting that system inertia determines the RoCoF, which
subsequently influences frequency nadir.

The third research question, Why are grid forming instead of grid following converters becoming more
important in microgrids? was addressed by comparing the GFM and GFL abilities. From this compar-
ison it was evident that the switch from GFL to GFM control strategies is based mainly on the ability
of a GFM converter to establish its own voltage and frequency reference. This capability facilitates the
implementation of advanced grid-supporting strategies such as virtual inertia.

Additionally, the fourth research question, How does VSG control help stabilize frequency?, was an-
swered through the testing results. The implementation of virtual inertia led to substantial improve-
ments, with frequency nadir improving by 78% and the RoCoF improving by 85%. These results con-
firm that the VSG control mitigates frequency deviations by rapidly compensating power mismatches
during load changes. This is achieved, because the response of the converter to a load change is
faster than that of a conventional SG.

Furthermore, the fifth research question, How is virtual inertia based on an ESS implemented in a grid-
tied converter?, was answered by detailing the control design and tuning methodology. Virtual inertia
was implemented by embedding the swing equation in the active power control loop. The resulting
frequency reference was then used in the Park transform to synchronize the dq reference frame. The
Pl controllers were tuned based on a developed system model.

Lastly the research question, What are the advantages and disadvantages of implementing inertia vir-
tually was explored and summarized. The main advantages include reduced frequency nadir, lower
RoCoF, decreased voltage dips, and improved steady-state voltage regulation. However, drawbacks
such as increased settling time, trade-offs in tuning the droops constants, sensitivity to the tuning of iner-
tia and damping parameters, and the potential for oscillatory behavior must be considered. Additionally,
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the effectiveness of the control is limited for slower load changes.

This research demonstrates that VSG-based virtual inertia, implemented via an ESS connected through
a VSC, provides a practical solution for mitigating frequency instability in shipboard microgrids sub-
jected to fast load transients. Furthermore, it shows how the inner and outer control loops can be
tuned based on system parameters, as well as the impact of inertia and damping parameter selection.
These findings are particularly relevant for modern vessels with increasing electrification and hybridiza-
tion, where the introduction of RES reduces system inertia and rapid load variations are common. For
system integrators, this approach represents a viable solution for enhancing system stability.

The results in this study are subject to certain limitations. The system model was simplified to tune
the inner control loops. However, in the test setup solely the outer control loops were tested. As a
result the full impact of the model’s assumptions has not been captured. Based on these findings and
limitations, several recommendations for future work can be identified.

9.1. Future Work

This work presents a foundational implementation of a VSG control loop for a VSC interfacing an ESS.
To further improve the control scheme and make it more complete, the following additional adaptations
and research investigations may be considered:

» Further investigation into alternative droop control strategies and their impact on system response
is recommended. Such approaches could enable improved reactive power control, ensuring that
voltage remains within acceptable limits while maintaining a zero reactive power setpoint.

» Extensive research on the type of ESS for this application is advised. This should consider factors
such as settling time, energy density, power density and integration complexity.

» Develop an additional outer control loop that accounts for the capacity and SOC of the ESS.
Incorporating these constraints would provide a more complete representation of the system’s
operation.

» Extend the VSG control scheme to converters interfacing RES within the microgrid. In this config-
uration the dc-link energy storage can be used to accommodate quick load changes, potentially
eliminating the need for an ESS. For this implementation adaptive tuning of the J and D parame-
ters should be investigated.

» Enable autonomous switching between islanded mode and grid-connected mode. This could be
achieved by detecting when a SG disconnects.

+ Validate the controller by testing using realistic ship load profiles to better assess performance.

Overall, virtual inertia is a promising solution for improving stability in low-inertia power systems. The
VSG control emulates the SG dynamics and by doing so enhances system resilience to disturbances
and improves performance during rapid load changes. As power systems transition towards a higher
penetration of RES, such control strategies will play a crucial role in ensuring reliable and robust oper-
ations of future shipboard power systems.
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Mathematical derivation of the
dg-reference frame coupling

The derivative of a d-axis components causes cross-coupling with the g-axis and vice versa. This is
mathematically presented in the following formulae.

dqu dque_j‘*’t

= A1
dt dt (A1)
. dXy . dwt _.
— —Jwt q —Jwt
e T deq—dt e (A.2)
Xg=Xs+wX,and X, = X, —wXy (A.3)
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Cross-coupling
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Figure B.1: The model from figure 4.1 simplified
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By setting the current as follows, the cross-coupling term is mitigated.

g = IdTef - Vpccdwgcf
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By setting the voltage as follows, the cross-coupling term is mitigated.

Va= Vdref - Ipccdngfl

Vg = Varef + IpccqwgLf2

69

(B.2)

(B.3)

(B.4)

iq
iq
Ly



Simulink Models

The Simulink models for the simulations are shown in this chapter. The models are represented for the
initial model, the islanded mode and the grid-connected mode.
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Figure C.1: Simulation model in Simulink of the system described in chapter 4
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Figure C.2: Simulation model in Simulink of the converter in islanded mode
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Discretization of the simple RL circuit

For the simple equivalent RL circuit as shown in figure 5.4, the state space matrix is given in equation
D.2. The transformation of these matrices from the continuous domain to the discrete domain, with a
sampling period of T, is shown in equations D.3-D.4. Here, the transition matrix ¢ and input matrix I"
are derived from the system matrices A and B [10].

_Rr 1
R L0
A= L(;q _R, |, B= L6q 1 ] (D.1)
Teq Leq
(D.2)
n,
LeqTs 0
p=et=|" Rap ] (D.3)
0 e fea ™7
h —9T,
1 [1—etea™
F:/ eAsdsp=— LT 0, (D.4)
0 R 0 1—eTea

72



o —

Results of tuning the inertia and
damping parameters

The measured frequency deviation at different inertia coefficients and damping constants is shown in
the following table.

Table E.1: Frequency deviation (Hz)

Damping constant

J 25 35 50 75 100
0.1 - - - 0.7 | 0.56
1 146 | 1.28 | 0.95 | 0.72 | 0.55
10 11 | 089 | 0.76 | 0.61 | 0.5
100 - - - 0.37 | 0.32

The measured frequency settling time at different inertia coefficients and damping constants is shown
in the following table.

Table E.2: Time (s)

Damping constant

J 25 35 | 50| 75 100
0.1 - - - 36 | 42.47
1 18.9 | 22.8 | 28 | 35.6 42
10 21 22 | 25| 33 41
100 - - - 88 89

The measured RoCoF at different inertia coefficients and damping constants is shown in the following
table.

Table E.3: RoCoF (Hz/s)

Damping constant
J 25 35 50 75 100
0.1 - - - 0.35 | 0.23
1 057 | 05 | 0.39 | 0.29 | 0.23
10 | 0.24 | 0.21 | 0.19 | 0.17 | 0.14
100 - - - 0.03 | 0.03
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F.1l. Islanded mode

This chapter contains all the simulation results when simulated in islanded mode. There is a load

increase of 20 kW at t=7.5 seconds.
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Figure F.1: Power delivered by the ESS
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Figure F.2: The grid frequency
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F2. Grid-connected
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Figure F.3: The reference voltage from the reactive power control loop
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(b) The d-and g-axis components of the converter output voltage
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Figure F.5: The current at the PPC both before and after the park transformation

F.2. Grid-connected

This chapter contains all the simulation results when simulated in grid-connected mode. The converter
is connected at t=2.5 seconds. There is a load increase of 20 kVA with power factor 0.916 at =10

seconds.



F2. Grid-connected
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F.2.1. Tuning Reactive Power Control Loop

The reactive power control loop uses integral droop control. For this control both the voltage and
reactive power droop constant, k,, and k, can be tuned. Tuning the voltage droop constant determines
the how much the reference voltage deviates from its setpoint depending on the reactive power error.
A larger voltage droop constant results in a smaller voltage deviation, but requires the ESS to supply
more reactive power. The reactive power droop determines the weight of the integrated error. Thus, it
determines the rate at which the voltage changes. A smaller weight would mean the voltage changes
with smaller steps from its rated value V,.,;.q4, hence a smaller rate of change of voltage. This is further
proved in figure F.11b.

Tgls%influence of Ku on the reference voltage set by VSG control loop The influence of Kq on the reference voltage set by VSG control loop
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(a) The voltage V;.. ¢ set by the reactive power control loop at different (b) The voltage V.. ¢ set by the reactive power control loop at different
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Figure F.11: The voltage V.. s set by the reactive power control loop at different voltage and reactive power droop constants,
k. and kq respectively



Test results

The grid voltage during a load increase of 20 kVA at a power factor of 0.916 at different loading rates
is shown with and without virtual inertia in Figure G.1b and Figure G.1a respectively.
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Figure G.1: The grid voltage during a load increase without and without virtual inertia at different load rates

The reactive power supplied by the ESS to maintain the voltage response as shown in Figure G.1b, is
represented in Figure G.2.

The reactive power delivered by the ESS during a load increase
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Figure G.2: Reactive power supplied by the ESS during a load increase
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