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VSM Implementation

Implementation of Virtual Synchronous Machine to Allow High Penetration of
Converter Connected Generation

OBAI BAHWAL

Department of Some Subject or Technology

Chalmers University of Technology

Abstract

Growing demand on producing clean energy and the increasing use of HVDC lines,
in power systems, in the recent years, led to magnifying issues that come with it,
which were deemed insignificant before. RES and HVDC technologies are interfaced
with the grid through converters that does not contribute to the system’s inertia,
which leads to making the system vulnerable to instabilities. This thesis implements
and test converter control as a Virtual Synchronous Machine (VSM) to allow high
penetration of converter connected generation. The VSM model is simulated in
load step and short circuit events to verify the ability of this technology to emulates
synchronous machines and, also, to test the current control functionality of the VSM.
The technology proved to be successful in strengthening the system inertia, with the
need for more research on more practical test system.

Keywords: VSM, Converter Connected Generation, High Penetration of RES,
RoCoF, Inertia Emulation, Swing Equation, Current Control.
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1

Introduction

This chapter provides background motivating the study, objective of the thesis, and
the scope of it.

1.1 Background

With the desire to have higher renewable energy penetration in the power grid, it
is required to study the implications of such increased penetration. Many countries
around the world are already moving towards eliminating synchronous generation [1].
For example, in the United Kingdom, a future energy scenario, called Gone Green
(GG), where Non-Synchronous Generation (NSG) reach up to 100% is planned to
be running by 2030 [1]. Studies has shown that penetration of NSG, also referred to
as converter connected generation (CCG), to more than half of the demand will lead
to deteriorated system operation, such as; loss of synchronism or reducing critical
clearing time [2]. This is due to connecting renewable energy sources (RES) and
other NSG to the grid using converters with complex control schemes, which at such
penetration levels will severely impact the stability of the system [1]. Consequently,
a number of issues will occur in the different stability classes of a power system,
namely; frequency stability, voltage stability, and rotor angle stability [1]. These
are usually managed through the inherent parameters of a synchronous machine
physical design, whereas, converters may not have these parameters or have them
as variables set according to economical consideration for the converter solution
[1][2]. Therefore, there is a need for a new converter model to resolve the issues
with conventional converters. A paper published by the UK national grid claims
that Virtual Synchronous Machines (VSM) have the potential to resolve problems
associated with CCG for their GG energy scenario [2].

1.2 Objective

The objective of this thesis is to implement and test VSM control model to address
the challenges posed by conventional converter control methodology. Furthermore,
the VSM model and the test system will be implemented in PowerFactory and will
use RMS studies there to test different system events. Mainly, this thesis will focus
on load step events to verify similar or improved frequency response when replacing
Synchronous Generators (SG) with VSM. Also, it will test short circuit events to
verify the function of the VSM current controller, which assure an feasible converter
solution.



1. Introduction

1.3 Scope

The thesis work will investigate VSM operation using PowerFactory, a power system
simulation tool. Meaning it will not consider the component level of VSM implemen-
tation. This is because the aim of this paper is to demonstrate that VSM can allow
high penetration of RES and the physical implementation study is a secondary step.
Moreover, the study does not include protection schemes, since it can be done in a
different study on converter protection and fault detection when NSG is connected.
However, the VSM controller will include current controller to limit the converter
output current from reaching dangerous levels that could damage the converter.

1.4 Thesis outline

This thesis paper starts by providing background information to motivate the im-
portance of the work and define the objective and scope of work to address the
problem. The second chapter explains supporting and background theory to con-
duct the thesis work. After that, literature review is presented in the third chapter
to demonstrate different approaches taken to allow high penetration of CCG. Then,
the fourth chapter illustrate how the work is carried to achieve the objective of the
thesis. The fifth chapter reports the results obtained by carrying the thesis study
with supporting analysis. In the sixth chapter, discussion about the study results
and the sustainability aspects of the VSM solution is presented. Finally, the seventh
chapter conclude the thesis project and provide recommendation for future work.
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Supporting Theory [3]

In the following sections, supporting Theory about swing equation and power-angle
curve are presented, as well as, system behaviour during load step.

2.1 Swing equation

The resultant torque acting on the rotor of a synchronous machine is given by
T,=T,—T. (2.1)

where Ty, is the accelerating (or decelerating) torque in [N.m], T,, is the mechanical
torque in [N.m], and T, is the electromagnetic torque in [N.m|. During unbalance of
torques, the prime mover is accelerated proportionally to the inertia of the generator

resulting in the equation

dw,,
J—=1T,=1T,, — T, 2.2

where J is the moment of inertia of the generator and prime mover in [kg.m?|, w,,
is the angular velocity of the rotor in [rad/s|, and t is the time in [s]. The kinetic
energy stored in the rotor expressed in terms of J and wy, is

_ !

Wi 5

Jw?, (2.3)

where W), is the kinetic energy in [W.s]. The moment of inertia .J can be expressed
in terms of the per unit inertia constant H as

2H
J — WTSbase (24)

m

where Spse is the rating of the machine in [V A]. Substituting 2.4 in 2.2 results in

2H dw,,
WT base dt =T, —T. (25)

m

which can be represented in per unit as

dw,
dt

where w, is the angular velocity in [p.u.]. Since the relationship between power P
and torque is given by

2H

~T, T, (2.6)

P =Tuw, (2.7)

3



2. Supporting Theory [3]

and w, is assumed to be equal to the synchronous speed, i.e. w, = 1 p.u., which
will result in T and P being equal in per unit; equation 2.6 divided by 2H can be

written as

dw, 1

=—(P,—P,). 2.8

o = g bm — Fe) (2.8)
The above equation shows that the relation between the rotor acceleration (or decel-
eration) is inversely proportional to the inertia constant H. Deriving the expression
yields the angular position of the rotor in reference to the reference machine in elec-
trical radians, thus, equation 2.8 can be written in terms of swings in rotor angle
as

d?5  dw, 1

= =—(P, — P.). 2.9
dt? dt 2H ( ) (29)
Given that the above equation models the swings of a machine rotor during distur-
bances, it is referred to as the Swing equation.

2.2 Power-angle curve

Consider the following single-machine infinite bus system in its reduced form

Figure 2.1: Equivalent circuit of a single-machine infinite bus system.

In figure 2.1, E’ is the internal voltage of the generator, F'5 is the infinite bus voltage,
0 is the leading angle of E’ with respect to Ez, Xt is the total reactance seen by
the generator, and P, is the electrical power output of the generator, which can be
given by the following equation

_ E'Eg

T

P, sin . (2.10)
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Using the above equation, P, with respect to the rotor angle § can be plotted,
figure 2.2, for a given system reactance, and the resultant plot is referred to as the
power-angle curve.

P

A J

o o0 )

Figure 2.2: Power-angle curve.

where P, represents the mechanical power input of the generator. Knowing that
P,, is equal to P. during steady-state, it is observed that there are two points in
which the equilibrium is satisfied. However, only 0 will result in a stable system,
while §° will result of loss of synchronization of the generating unit. Assuming
operating point at 0%; if P,, is increased, by application of equation 2.9, the rotor
will accelerate and that will result in advancing the rotor angle of the SG from the
reference machine angle. Thus, according to equation 2.10, P, will increase and a
new equilibrium point can be achieved. On the other hand, if the system is operating
at 8%, increasing P,, will lead to an increase in rotor angle, which will result in less
P,. As a result, the rotor will keep accelerating and synchronism between the SG
and the grid will be lost.

Using the power-angle curve shown in figure 2.3, SG behaviour during short circuit
faults can be demonstrated based on the swing equation 2.9 and equation 2.10. To
simplify the analysis, P,, is assumed to be constant during and after the fault. Also,
P, is reduced to zero during the fault and after the fault, it returns to the power-angle
curve value based on ¢ at the fault clearing instant. Initially, the SG is operating
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with §;, where P, is equal to P.. Then, the fault occurs, which will rapidly decrease
P, to zero, leading to accelerating the rotor and gradually advancing the rotor angle
to do. After clearing the fault, the power-angle characteristics return to its pre-fault
state, resulting in a sudden increase in P,, which will lead to decelerating the SG
rotor. But since the rotor speed is still higher than the grid speed, the rotor angle
will keep increasing until the rotor speed reaches the grid speed giving the maximum
rotor angle of §3. However, the surplus of P, at d3 will result in a further decrease in
rotor speed until equilibrium point is reached again. Notice that the speed is now
less than the synchronous speed, causing a further decrease of the rotor angle to dy.
the system will keep oscillating based on the swing equation unless dampers act on
the rotor, which will result in stabilizing the system at the initial operating point.

P

@ @
5, 0, 0, 0

A J

L5
V)

Figure 2.3: SG behaviour during faults.

2.3 System frequency response for a load step

In this section, load step resulting in frequency drop is considered, i.e. increase
in load. Following a large frequency imbalance, system frequency go through three
different stages. First, inertial response, which decides the RoCoF and the maximum
frequency drop (or nadir frequency). This is given by applying equation 2.9 with
P, increased, while P,, remaining constant, and H is the equivalent system inertia.

6



2. Supporting Theory [3]

After that, governing generating units in the system start acting to support the
frequency. Governors are machines that are equipped with turbine governors, which
makes them able to supply primary reserve power to compensate for the power
imbalance, within 30 s of the load step (or generation loss). However, Governors
normally allow a certain error in the frequency given by the droop setting R and is
given by Af

R= Ap" (2.11)
This definition entails that a certain percentage change in frequency will result
in a 100% change in output power. Finally, frequency is restored to nominal by
rescheduling of generating units in the system to balance generation and demand,

which is done within 15 minutes from the system event.
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Literature Review

This chapter provides an introduction to conventional converter control and followed
by a summarized review of problems regarding the inclusion of large amount of CCG
in the power system. After that, it presents how different system operators and
power planners addressed its consequences and gives motivation to adopt the VSM
control philosophy.

3.1 Conventional control of CCG

NSG are most commonly connected to the grid through grid-following power convert-
ers, where they operate as current sources and have the general structure depicted in
figure 3.1 [4][5][6]. Commonly, the converter will be controlled through two cascaded
loops, which are an internal current control loop and an external DC-link control
loop [5]. Protection against high converter current and mitigating power quality
issues is done through the internal current loop, which is characterized with high
bandwidth to allow prompt response during system events, by regulating the grid
current [4][5]. On the other hand, balancing of the power flow is handled by the
DC-link loop [5].

Voe | DClink igq_ref Internal Ugq
Control CcC Converter
Lab, Vab,
PWM
idq d q U I
abe
0 labe abc
Y dq dq
Vg
PLL

Figure 3.1: Conventional cascaded control structure of CCG.
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These converters output three-phase voltages with phase angles extracted from the
grid using Phase-Locked Loop (PLL) method [5]. Therefore, grid-following convert-
ers need a grid-forming SG, or converter, making an island mode operation not possi-
ble otherwise [4]. In the PLL control, the grid voltages and currents are transformed
from three-phase to dg-frame, as shown in figure 3.2, where proportional-integral
(PI) control is most effective [4][5][6][7].

qu PI @ 1 0
Regulator S

Figure 3.2: General structure of the PLL.

3.2 Effects of increasing CCG

As the vision of many countries around the world aim towards reducing greenhouse
emissions, A lot of investments have been made to improve and expand the use
of RES [8]. Germany, Ireland, Denmark, and Spain are example of countries that
already have a considerable amount RES integrated into their power system [8].
Although that the increased utilization of RES is beneficial from a sustainability
point of view, it results in added grid security risks and challenges that otherwise
would be avoided in conventional grids [9]. Challenges include; frequency control,
voltage stability, rotor angle stability, and active power recovery.

« Frequency stability:

frequency stability is a major concern in a converter dominated system, owing
to the fact that the system inertia will reduce significantly [1]. This is due
to the absence of rotating mass since the main sources of NSG comes from
photovoltaic, HVDC, and wind. While wind has significant rotational mass,
it is decoupled using power electronics and HVDC and photovoltaic have no
inertial influence, which will lead to similar system behaviour [10]. As a result,
the rate of change of frequency (RoCoF) will increase, leading to lower nadir
frequency [1]. Hence, it is required to address the system inertia reduction
and its consequences to avoid frequency instability.
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« Voltage stability:
In a system with the majority of generation being converter connected, voltage
support during faulty conditions will prove to be challenging. That is because
converters output current needs to be limited in order to obtain an economi-
cally viable converter solution [2]. In addition, protection may not operate or
malfunction, given the low levels of fault current contribution [2].

 Rotor angle stability:

In power systems where converter control-based generation (CCBQG) is present,
SG and CCBG interact dynamically [11]. This interaction is, normally, small,
when the penetration level of CCG is low [11]. However, once the penetration
level gets higher, the impact of the dynamic interaction is significant and that
will greatly affect the small-signal angular stability [11]. Direct Quadrature
Current Injection (DQCI) is the converter type used for NSG, which have
normally control bandwidth of more than 100 Hz [2]. To model a complete
system and study the synchronous interaction between machines and convert-
ers at that frequency level, and when NSG is dominant, is not feasible [2].
Furthermore, having higher penetration of CCG will lead to an increase in ro-
tor angle deviation for SG and settling time, following a system contingency,
which will be more significant when NSG replaces SG [12]. Therefore, a new
converter control technique needs to be investigated to connect NSG to the
grid [2].

« Active power recovery:
Wind is one of the major RES being integrated into power systems. However,
wind turbine generators recover active power slowly compared to SG, with
response time between 1-4 s, after short-circuit faults [10]. This slow recovery
could lead to alarming frequency stability issues depending on the location of
the wind farm [10].

3.3 Suggested solutions

Primary control is used in power systems to prevent frequency from reaching low
level, i.e. 49 Hz as per European practice, following a disturbance to prevent more
extreme measures like under-frequency load shedding (UFLS) [13]. That is done by
fully activating primary reserve within 30 s from the disturbance [13]. A study shows
that systems with large penetration of wind should utilize wind turbines as primary
reserve, along with SG, and that should decrease the RoCoF. However, it is noted
that using wind turbines as primary reserve might be an expensive solution, since
they will have to operate at less than their optimum rating, and requires further
research [13].

Another solution suggested for Great Britain’s (GB) system operator is to raise the
limits for tripping relays that senses RoCoF and calibrate it so that it secure the
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system from the larger loss of generation or demand in a given grid [14]. Alterna-
tively, Synchronous Condensers (SC) have the potential to boost the system inertia,
which in turn will reduce the RoCoF [14]. SC is arguably an economic solution
especially for systems where NSG displaces SG; that is because displaced SG could
be transformed into SC and save construction costs, however further studies needs
to be considered to verify the effectiveness of this solution [15].

Other solutions include Demand Side Response (DSR) management and energy
storage [14]. with proper communication between consumers and suppliers and data
management, DSR could be a feasible solution to address imbalance of generation
and load, where consumers reduce their power consumption to compensate for lack
of generation [14]. Moreover, different energy storage technologies could be used
to store energy during peak production times and deploy it during low production
times in no more than a second [14]. Thus, energy storage is viable countermeasure
against the increase of RoCoF in low inertia power systems [14].

Virtual Synchronous Machine (VSM) is a widely emerging term in the research field
and vouched for as a promising solution for future power grids. In 2007, the leading
publication regarding VSM was presented to address new energy policies, includ-
ing displacing conventional generation with RES and moving towards decentralized
energy generation [16]. VSM is a control scheme for converters that make them be-
have, partly or fully, like a synchronous machine, depending on the implementation
[2]. [17] presents one of the initial models for VSM implementation where an inertia
emulation outer loop provides required references for the controller. But due to
the interaction caused by the cascaded control structure, an eigenvalues-sensitivity
based tuning technique was developed to maintain the controller effective operation
[17]. However, the model does not provide primary frequency control or consider
grid dynamics since it mainly tunes control parameters [17][18]. Alternatively, other
control methods that rely on PLL to sense voltage angle were reviewed in [19]. The
review explains that such methods do not deliver the capabilities expected from the
VSM concept since they would still require inertial presence in the grid [18][19].
There are many examples found in literature and some of them are presented briefly
in the following.

« SEBIR control:
The Swing-Equation Based Inertial Response (SEBIR) method compensate
with active power in case of power imbalance in the system [20]. While it
uses frequency measurement in order to determine the active power compen-
sation needed, it does not use PLL techniques to measure frequency [20].
Instead, Phase Measurement Units (PMU) of class P and M are employed,
where frequency is measured through symmetric filters over 3 and 11 cycles
respectively [20]. It is important to note that SEBIR control method only
adds an additional control loop, with PMU and inertia constant, to existing
DQCT converter schemes, meaning that the converter ultimately acts as bal-
anced sinusoidal current source [20]. Contrary to expectation, SEBIR proved

12



3. Literature Review

to decrease the penetration level of NSG to a power system before it loses
stability [20]. This is due to the slow frequency measurement that leads to
slower injection of active power to support the system. Also, the dynamics of
the DQCI controller still exist, since the DQCI is only equipped with SEBIR,
which leads to unpredictable interaction between the control loops [20].

VISMA:

Another approach is VISMA, which also refers to virtual synchronous ma-
chines, however, this inverter control represents a synchronous machines con-
trol by calculating different current references [21]. While VISMA is considered
a current source, similar to SEBIR, it is a standalone inverter control mim-
icking a synchronous machine. The controller has embedded virtual torque
and virtual excitation that are used for active and reactive power regulation
[21]. In addition, Inertial response, along with virtual damping, is setup in
the control to improve the frequency and power profile during disturbances,
similar to SG [21]. VISMA control strategy is simulated in a micro grid and
proven to exhibit the aforementioned properties [21].

VSMOH converter:

Virtual Synchronous Machine Zero Inertia (VSMOH) converter model works as
a voltage source similar to SG, however, the controller does not have an inertia
constant implemented [20]. The only necessary measurement needed as input
is the output current from the converter [20]. The model derives its voltage
phase angle from an integrator and it does not aim to produce a balanced
sinusoidal current through inner current control [20]. Due to the absence of
synthetic inertia in the controller, the VSMOH would lead to a rapid change
of frequency, to the new system frequency, after an active power disturbance
[20]. Thus, VSMOH control strategy does not decrease RoCoF, but it helps
preventing frequency from reaching UFLS level. It has been shown that this
method allows up to 100% penetration of NSG while maintaining a stable
system [20].

VSM converter:

Although results from using VSMOH were promising, there is still the issue
with RoCoF when there is a significant generation to load disturbance, due to
the lack of inertial response from the converter [22]. Hence, further studies were
carried out to obtain a dynamic converter behaviour similar to synchronous
machines by emulating inertia in its control [22]. It is argued that VSM might
have better performance compared to SG, since undesirable SG characteristics
could be disregarded in the control scheme of VSM [22]. Similarly, SG also
might outperform VSM in certain aspects depending on the converter design
limits like the maximum fault current allowed [22]. The control strategy is sim-
ilar to that of VSMOH, but with added inertia. Using the converter voltage
and current in the dg-frame, instantaneous power is computed and subtracted
from the reference [22]. The difference is passed through an integrator where
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the inertia constant applied to obtain slip speed. By integrating the slip, the
virtual rotor angle is obtained [22]. The controller outputs a phasor voltage
consisting of a reference voltage magnitude and the virtual rotor angle [22].
This means that during system events the only control signal affected is the
virtual rotor Angle, assuming no droop control on the voltage reference. Dy-
namic breaking is an additional control block after the power difference and
before the inertia emulation, which stops the virtual rotor angle from increas-
ing in case of nearby short circuit faults [22].

« ST-VSM

Providing inertial response entails injecting power to the grid during transient
events to stabilize the frequency [23]. For instance, in case of loss of generation,
the frequency will start to decrease until it reaches a minimum value depend-
ing on the inertia constant [23]. Then, the frequency will start to increase
and oscillate until it reaches steady state and the stabilizing time depends on
the damping power injection [23]. Self-Tuning Virtual Synchronous Machine
(ST-VSM) is an approach that aims to vary inertia and damping constants,
which are constants in SG, during Converter operation [23]. This is done
with the objective of reducing frequency transients and power injection from
the converter’s Energy Storage System (ESS) [23]. The control philosophy of
ST-VSM is that it searches for optimal inertia and damping constant during
frequency deviation, which are adjusted after every control cycle, but it only
tunes damping constant during normal operation while setting the inertia con-
stant to zero [23]. Positive results were achieved when applying this method in
simulation, where a reduction of 58% energy injection from ESS was reached
[23]. However, load type may result in greater energy requirement from the
ESS when adopting ST-VSM compared to constant parameters VSM [23].

3.4 Motivation to use VSM control

Given the precedent review, there are several points where the VSM technique has
the edge over the conventional cascaded control of converters in high penetration
levels. First, conventional control leads to an increased RoCoF, due to the absence of
inertia response, while VSM helps with RoCoF, by providing inertial response [2][22].
Second, since cascaded control relies on PLL to obtain the voltage angle from the
grid, then at high inclusion CCG there is a risk of losing synchronizing power and
reference voltage [2][5][22]. Whereas the VSM uses a pure integral control to derive
the voltage angle, thus, it can provide reference voltage and synchronizing power,
similar to SG [2][22]. Third, Contrary to the cascaded control, which require a high
bandwidth to guarantee fast controller response, the VSM can operate on a limited
bandwidth, which will reduce the risk of high frequency instabilities [2][5][4][22].
Also, the limited bandwidth of VSM control would reduce the sensitivity to load
imbalance and harmonics expected when using DQCI control, because it will lead to
absorbing the unbalanced currents to some extent[2][22]. However, further studies
are needed to confirm that limiting the control signals’ bandwidth would help when
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absorbing voltage unbalance, since that would require a larger capacitor and could
lead to power modulation in the converter’s DC side [22]. Fourth, Although the
VSM is constrained by the current limits of the converter’s switching devices, like
any common converter, it provides a fault current in-feeds (balanced or unbalanced)
within 1 control cycle at any power factor. This is faster than conventional control
and can help with fault detection and tackles protection operation challenges when
using CCG [2][22]. Fifth, the VSM naturally delivers reactive power during faults,
to support the voltage that clears away after the fault. This helps with mitigating
voltage instability issues faced with cascaded control, which usually do not deliver
any output during faults [2][22].
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Methods

The methodology used to conduct the thesis work is explained in this chapter.

4.1 VSM control

The VSM control is based on direct realization of the swing equation with the power
measurement, at the connected bus, as the only essential input control signal and
the output signals being the real and imaginary voltage settings of the converter.
In addition, power reference P,..; and voltage reference V,.¢ are required signals for
the control, while, frequency, voltage, and reactive power measurement could be
used to create power and voltage references based on droop settings. In the VSM
implementation used, P,y is the power settings of the converter and V,. is obtained
by passing the difference of the measured bus voltage and the voltage settings of the
converter through a PI controller.

The simple VSM control that was used for the initial study is shown in figure
4.1. First, the measured power is subtracted from the reference power, representing
(P, — P.) in equation 2.9, in per unit. Then, the difference is multiplied by the
inertia constant in the swing equation, i.e. 1/2H, and integrated to obtain the speed
deviation, or the slip speed, from the nominal. After that, the slip is integrated to
get the virtual rotor angle in per unit, which is then multiplied by 27 to obtain it
in radians. The slip is also fed back through a washout filter and subtracted from
the reference power. The feedback will act as an active damping that will work
only during power imbalance. Finally, the reference voltage is multiplied by the
cosine and sine of the virtual rotor angle to create the real and imaginary voltage
output signals. This simple implementation was used to verify the emulation of a
synchronous machine.

However, it was observed that during load step events there is almost no energy
delivered from the VSM. This contradicts equation 2.3 in the event where the settling
frequency is lower than the initial, nominal. To remedy that, another feedback, KG
was implemented in which the slip speed in multiplied by a constant and subtracted
from the reference power. The value of KG is proportional to H and can be tuned
to control the contribution of the VSM to the grid stability.
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Figure 4.1: Basic VSM control.

A more elaborate implementation was constructed to realize a safe operation of
a converter. The improved model includes; voltage reference limiter (VRL), cur-
rent reference limiter (CRL), power reference control (PRC), outer current control
(OCCQ), inner current control (ICC), and rotor angle generator (RAG). The control
block diagram is show in figure 4.2.

« VRL:
The voltage reference control aims to limit the reference voltage V,.; during
severe grid voltage depression. V,.; is obtained by implementing the relation

kiv
‘/;"ef - (Vnom - VPCC)(kpU + ?)7 (41)

where V,,,,, is the nominal voltage setting, Vpcc is the measured voltage at
the point of common coupling, and k,, and k;, are proportional and integral
constant respectively, which . k,, and k;, are set to 1 and the PI controller is
used to derive Vs for the purpose of initialization in PowerFactory. That is
because simply setting V,.s to 1 p.u. could result in static error in RMS simu-
lations in the case the controller voltage is different from the converter voltage
resulting from the power flow solution. Furthermore, V,.; has a dynamic upper
limit that is reduced in the case of grid voltage depression.

« CRL [24]:
the purpose of this controller is to reduce 7, current, by prioritizing i, current,
during faults. The output of this control block is a limited current, ™, that
is used to limit P, s in the basic control scheme. This is done by setting

im = 12— i2, (4.2)
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where 4, is limited by I e and I,,q, is the maximum allowed current.

PRC:

Here, the reference power is modified based on the output from the VRL and
the CRL blocks. P,.f is obtained by first dividing the converter power setting
by Vies. the signal obtained represent a reference current that is limited by
iim which is then multiplied by V,.; to get P..;. Notice that during severe
fault conditions, V;..; will be reduced and ildim will be close to 0, resulting in a
reduction in the reference power that will be used to generate the virtual rotor

angle.

OCC:

Resonators can be added in the outer current control for harmonics and
negative-sequence control. The resonators are needed for practical implemen-
tation and were not required in the simulations, hence, there were omitted
from the controller.

ICC:

The inner current control acts during system faults, when the converter’s out-
put current exceed 1 p.u., i.e. it will saturate the output current of the con-
verter to 1 p.u.. Vp, which is the input to ICC, is subtracted from the measured
output converter voltage, then, divided by a virtual impedance R; = 2 to ob-
tain a current signal. Then, the current is summed with the converter’s ¢4,
and passed through a saturation block in which the saturation value is set to 1
p.u.. After that, the current is subtracted from ¢4, and multiplied by R; to be
added to the measured output voltage of the converter once again to obtain
V. It can be noted that during steady state, the ICC will have no effect, i.e.
Vo =V, but during system faults V5 > V.

RAG:
It generates the virtual rotor angle in a similar manner to figure 4.1, i.e. the
following equation is implemented;

_dé_PTef—p 1

Aw=D_Tra=pdy p
YT i ) D

(4.3)

where D is given by
SKdm
D = Aw(=—"" + KgH). 4.4
W5 4 KoH) (1.4

In the above relations, Aw is the virtual speed deviation from the nominal
speed, Kg4m, is the damping coefficient, and K¢ is a droop coefficient. The
parameters are set as follow:
— H is varied between 3, 5, and 7 during the study to observe the effects of
different inertia constants.
— Kamp is set to 50 as it was found to be suitable to obtain well-damped
signals for the simulations, but can be set differently as long as it is not
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lower 10, since that could lead to sustained oscillations in the system or
it will take a long time to stabilize.
— K¢ is set through trial and error to the value 0.003.
Note that the second term in (4.4) was found to have significant impact on im-
proving the frequency response during load to generation imbalance. Finally,
the virtual rotor angle is given as

1
0= Aw-. (4.5)
S
P Pret d ulr_in
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PRC RAG \inuﬁ -
u Vref
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OCC ICC
Iq ig_lim
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Figure 4.2: Block diagram of improved VSM control.

4.2 Test system

In order to conduct the thesis study, a simple 3-bus test system was built and differ-
ent test scenarios were simulated using PowerFactory’s RMS simulation. The system
consists of a SG with hydro governor connected at the slack bus -Terminal(4)-, a
constant power load connected at the PQ bus -Terminal(3)-, and a static generator
and a SG connected at the PV bus -Terminal-. Moreover, the slack bus and the
PV bus are connected to the load through a 50 km lines, which have a model taken
from the industry to simulate real lines. To represent CCG, the static generator was
used and the VSM control model was implemented in it, hence, it will be referred
to as VSM for the remaining of this report. Furthermore, the VSM and SG, at the
PV bus, has similar ratings and were used alternatively for comparison in different
test scenarios. The system schematics and specifications are shown in figure 4.3 and
table 4.1 respectively. Note that the SG,.s is connected to the system without a
transformer, hence, the unconventional V,.4.q of the machine (110 £V'). This is done
because the addition of a transformer will basically adds an additional impedance
after the SG,.y and will not impact the main purpose of the study.
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Figure 4.3: Test system used in simulations.
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Table 4.1: System settings.

Element || Viatea (KV) | Sratea (MVA) | P (MW) | Q (MV Ar) | X, (pu.)

SGhres 110 500 0.3
SG 10 50 20 2.5 0.3
VSM 10 50 20 2.5 0.3
Load 10 200 5

4.3 Load step (case study 1)

One of the main purposes of this research is to obtain a similar or improved frequency
profile, after a power imbalance, when there is high inclusion of CCG compared to
SG dominated power system. To test that, a load increase of 25% was simulated
in three different scenarios. First, only the governor machine is connected while the
SG and the VSM are out of service. Second, the governor and the SG are feeding
the load while the VSM is disconnected. Third, the VSM is in service while the SG
is disconnected. In the later two scenarios, the inertia constant is varied, for the SG,
and the VSM, between 3 s, 5 s, and 7 s to see the effect of inertia on the frequency
response and wither it will have different response from SG. The load step study is
conducted twice; initially, on the basic swing equation-based control, then, on the
improved version with current controller included. This is to investigate how the
current controller would affect the emulation of the synchronous machine.

4.4 Short circuit (case study 2)

The VSM is limited to what the converter can withstand, i.e. the current output
should not exceed the converter current limit, hence, it is important to simulate
extreme system conditions where high fault currents are expected. To achieve that,
a close by, at terminal(1), and far away, at terminal(2), short circuit faults were
carried on both the simple control and advanced control with a fault duration of
250 ms. Similar to load step events, the inertia constant was varied while connected
either the VSM or the SG and compared with each other. First, the test was run on
the basic control to confirm SG-like behavior during faults. After that, the improved
control was tested to verify current limitation to 1 p.u.. Also, a time constant of
0.003 s was used for slip speed integrator to obtain faster control action during the
short circuit fault, since it was observed that the controller will take too long to
stabilize the virtual rotor angle.
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Results

The results from the load step and short circuit simulation are presented in the
following sections in two different cases; VSM without current control and VSM
with current control.

5.1 Case study 1

5.1.1 VSM without current control

The simulations presented here illustrate the basic control behaviour of the VSM
during load increase of 25% and compare it to a SG with similar ratings and pa-
rameters. Figures 5.1, 5.2, 5.3, and 5.4 show the voltage, active power, reactive
power, and frequency, at the connected bus, respectively, for H =3 s, H =5 s, and
H =7 s. Note that the frequency plot has the frequency when there is no machine
connected at "Terminal’ in figure 4.3. It is observed that voltage, reactive power,
and frequency exhibit similar characteristics when compared to the SG, with the
VSM having a slightly better performance. However, for the active power results,
it is assumed that the reason for difference in the signal is due to the controller of
the SG, since the oscillations seen from the VSM are what is expected based on the
swing equation.
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Figure 5.1: The voltage output of the VSM and SG during load step, when using
the basic control on the VSM, for different values of H (a) H =3 s, (b) H =15 s,
and (¢) H =717 s.
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Figure 5.2: The active power output of the VSM and SG during load step, when
using the basic control on the VSM, for different values of H (a) H =3 s, (b) H=5
s,and (¢) H =17 s.
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Figure 5.3: The reactive power output of the VSM and SG during load step, when
using the basic control on the VSM, for different values of H (a) H =3 s, (b) H=5
s,and (¢) H=7s.
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5.1.2 VSM with current control

Similar signals were considered when implementing the current control in the VSM,
i.e. voltage, active power, reactive power, and frequency, which are shown in figures
5.5, 5.6, 5.7, and 5.8. In general, the current control implementation did not affect
the behaviour of the VSM during the load step. However looking at the reactive
power plots and comparing it to figure 5.3, it is noticed that there is some changes
in the VSM signal resulted from the current controller. That is because the current
control acts during system transients and prioritize reactive currents; which led to
the changes seen in the reactive power plots. While the difference in signals is
minor, it is expected to observe different behaviour duo to the added control loops
for current control.

8
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Voltage (p.u.
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Figure 5.5: The voltage output of the VSM and SG during load step, when using

the improved control on the VSM, for different values of H (a) H =3 s, (b) H =15
s,and (¢) H=T7s.
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Figure 5.6: The active power output of the VSM and SG during load step, when

using the improved control on the VSM, for different values of H (a) H = 3 s, (b)
H=5s,and (¢c) H=T7s.
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using the improved control on the VSM, for different values of H (a) H = 3 s, (b)
H=5s,and (c) H="Ts.
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Figure 5.8: The frequency at the bus where the VSM and SG are connected during
load step, when using the improved control on the VSM, for different values of H
(a) H=3s,(b) H=5s,and (¢c) H=7 s.

5.2 Case study 2

5.2.1 VSM without current control

In this case study, the VSM is tested when applying a balanced 3-phase short circuit
fault, for 250 ms, at "Terminal(1)’ and 'Terminal(2)’ in figure 4.3. Moreover, the
SG and VSM were tested against an AC voltage source as the reference machine,
to represent an infinite bus. This is done to avoid interactions from the governing
machine and compare the VSM to SG in a simplified system. Six signals are con-
sidered for short circuit study; voltage, current, active power, reactive power, rotor
speed, and rotor angle. The study results for different H values are presented in
figures 5.9, 5.10, 5.11, 5.12, 5.13, and 5.14. The signals presented greatly match the
SG signals, with the VSM having more oscillations resulted from using low damping
coefficient in the basic control structure. It is important to note that the rotor speed
and rotor angle plots for VSM are taken by plotting wr and rad-pu, respectively,
from the controller in figure 4.1, which are control signal representing the virtual
rotor speed and virtual rotor angle. Also, the signal wr is the virtual slip speed, as
mentioned in section 4.1, thus, 1 p.u. is added to the signal in order to compare it
to the SG rotor speed.
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Figure 5.9: The voltage output of the VSM and SG during short circuit, when
using the basic control on the VSM, for different values of H (a)(d) H =3 s, (b)(e)
H =5s, and (c)(f) H =7 s. (a),(b), and (c) show results when applying short
circuit at "Terminal(1)’ and (d),(e), and (f) show results when applying short circuit

at "Terminal(2)

Figure 5.10: The current output of the VSM and SG during short circuit, when
using the basic control on the VSM, for different values of H (a)(d) H =3 s, (b)(e)
H =5s, and (c)(f) H =7 s. (a),(b), and (c) show results when applying short
circuit at "Terminal(1)’ and (d),(e), and (f) show results when applying short circuit

at "Terminal(2)

29



5. Result

S

Figure 5.11: The active power output of the VSM and SG during short circuit,
when using the basic control on the VSM, for different values of H (a)(d) H =3 s
, (b)(e) H =5 s, and (c)(f) H="Ts. (a),(b), and (c) show results when applying
short circuit at "Terminal(1)” and (d),(e), and (f) show
circuit at "Terminal(2).
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Figure 5.12: The reactive power output of the VSM and SG during short circuit,
when using the basic control on the VSM, for different values of H (a)(d) H =3 s
, (b)(e) H =5 s, and (c)(f) H="Ts. (a),(b), and (c) show results when applying
short circuit at "Terminal(1)” and (d),(e), and (f) show results when applying short
circuit at "Terminal(2)’.
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Figure 5.13: The rotor speed of the VSM and SG during short circuit, when using
the basic control on the VSM, for different values of H (a)(d) H = 3 s, (b)(e)
H =5s, and (c)(f) H =7 s. (a),(b), and (c) show results when applying short
circuit at "Terminal(1)” and (d),(e), and (f) show results when applying short circuit
at "Terminal(2)
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Figure 5.14: The rotor angle of the VSM and SG during short circuit, when using
the basic control on the VSM, for different values of H (a)(d) H = 3 s, (b)(e)
H =5s, and (c)(f) H =7 s. (a),(b), and (c) show results when applying short
circuit at "Terminal(1)’ and (d),(e), and (f) show results when applying short circuit
at "Terminal(2)
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5.2.2 VSM with current control

The main purpose of using this kind of fault is to test the functionality of the current
controller in the VSM. Figure 5.16 demonstrate the ability of the VSM control to
limit the current to 1 p.u. for all the test scenarios. However, since the VSM control
ultimately outputs voltage settings to converter, the only way to obtain the reduced
current is to reduce the voltage and this can be seen in figure 5.15. Notice that
the VSM voltage closely matched the SG when the current controller was not used,
but that contributed to the high current observed at the previous test scenario.
Furthermore, figure 5.17 and figure 5.18 show the active and reactive power plots,
where the effect of saturating the current in the current control loop is clearly visible
in the VSM signals. Moreover, adding an improved power reference and increasing
the damping coefficient led to the results obtained in figure 5.19 and figure 5.20,
which show the rotor speed and rotor angle respectively. It can be seen that the
initial swing of the VSM’s slip speed is reduced duo to decreasing F,.¢ during the
faults and, also, having higher damping acting on the virtual rotor of the VSM.
As a result, the virtual rotor angle was reduced, given that it is obtained by direct
integration of the slip speed.
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Figure 5.15: The voltage output of the VSM and SG during short circuit, when
using the improved control on the VSM, for different values of H (a)(d) H = 3 s
, (b)(e) H =5 s, and (c)(f) H="Ts. (a),(b), and (c) show results when applying
short circuit at 'Terminal(1)” and (d),(e), and (f) show results when applying short
circuit at "Terminal(2).
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Figure 5.16: The current output of the VSM and SG during short circuit, when
using the improved control on the VSM, for different values of H (a)(d) H = 3 s
, (b)(e) H =5 s, and (c)(f) H="Ts. (a),(b), and (c) show results when applying
short circuit at 'Terminal(1)” and (d),(e), and (f) show results when applying short
circuit at "Terminal(2).
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Figure 5.17: The active power output of the VSM and SG during short circuit,
when using the improved control on the VSM, for different values of H (a)(d) H = 3
s, (b)(e) H=5s,and (¢)(f) H="7s. (a),(b), and (c) show results when applying
short circuit at 'Terminal(1)” and (d),(e), and (f) show results when applying short
circuit at "Terminal(2).
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Figure 5.18: The reactive output of the VSM and SG during short circuit, when
using the improved control on the VSM, for different values of H (a)(d) H = 3 s
, (b)(e) H =5 s, and (c)(f) H="Ts. (a),(b), and (c) show results when applying
short circuit at 'Terminal(1)” and (d),(e), and (f) show results when applying short
circuit at "Terminal(2).
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Figure 5.19: The rotor speed of the VSM and SG during short circuit, when using
the improved control on the VSM, for different values of H (a)(d) H =3 s, (b)(e)
H =5s, and (c)(f) H =7 s. (a),(b), and (c) show results when applying short
circuit at "Terminal(1)’ and (d),(e), and (f) show results when applying short circuit
at "Terminal(2)
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Figure 5.20: The rotor angle of the VSM and SG during short circuit, when using
the improved control on the VSM, for different values of H (a)(d) H =3 s, (b)(e)
H =5s, and (c)(f) H =7 s. (a),(b), and (c) show results when applying short
circuit at "Terminal(1)” and (d),(e), and (f) show results when applying short circuit
at "Terminal(2)

5.3 VSM inertial response

During the simulation of load step events, the settling frequency is found to be
49.808 Hz and equation 2.3 was used to calculate the theoretical energy that should
be injected to the system, as a result of the change in frequency. Then, the equation
is written as

m0

1
AW, = §J(w2 —w2)), (5.1)

where J is obtained using equation 2.4, for the different H values used in the simula-
tion, and w?,, and w?,; are the nominal frequency and settling frequency, respectively.
The energy can be calculated numerically from the power curves, obtained from the
simulations, by integrating the area under the curve with 20 MW as reference. The
results are compared to the theoretical values. Tables 5.1, 5.2, and 5.3 show the re-
sults obtained from the SG, the basic VSM control, and the improved VSM control,
respectively.

Table 5.1: Comparison of energy injected with the SG.

H (S) H leheoretical (MWS) H W];S'G (MWS) ‘ % errorsy

3 1.1498 1.1642 1.252
) 1.9163 1.9345 0.950
7 2.6828 2.7259 1.607
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Table 5.2: Comparison of energy injected with the basic VSM control.

H (s) H VW fheeretical (NI s) H WYSM (MW s) ‘ % errory s
3 1.1498 1.1466 0.278
5 1.9163 1.9143 0.104
7 2.6828 2.6827 0.004

Table 5.3: Comparison of energy injected with the modified VSM control.

H (s) H VW fheeretical (NI s) H WYSM (MW s) ‘ % errory s
3 1.1498 1.1478 0.174
5 1.9163 1.9184 0.110
7 2.6828 2.6894 0.246

Note that in the tables, the percentage error is calculated with the theoretical values
taken as reference. It is observed that both VSM implementations result in very
similar power injections to the theoretical values. Furthermore, the change in Wj
between the two implementation is small due to having the modified control mainly
working when there is a need for current limitation, otherwise, the synchronous
machine emulation is the major contributing part in the control, which is the same
as the basic control scheme. Moreover, in the load step simulations, current did not
reach any alarming level, hence, the aforementioned conclusion was possible -refer
to the Appendix A for a complete set of load step simulation results-.
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Discussion

6.1 Analysis

Promising results were obtained from the VSM implementations in this report. In
fact, the VSM exhibited better performance in some aspects like the reduction of
frequency nadir, during load step case, when compared to a SG. This improvement
was made possible by the addition of the inertia-dependant feedback K'G. More-
over, it is found that by increasing K'G, an even better frequency performance is
obtained. However, it comes at the cost of requiring higher contribution from the
ESS. Nonetheless, better results were delivered with less energy and closer matching
to theoretical values, as it was shown in tables 5.1, 5.2, and 5.3. But the reason
the addition of K was required remains unclear, since emulating a SG should be
possible by modelling the swing equation without the need for a feedback. Another
observation is the need for a time constant to be used in the slip speed integrator
and removing it would result in a slow oscillatory behaviour that would take 1 — 2
minutes to stabilize. This issue is observed when the VSM is subjected to short
circuit faults. To remedy that, a selective control approach could be used, but then
consideration of the delay to capture the fault type is necessary and further inves-
tigations are needed. Furthermore, VSM offered flexibility of control, since unlike
a SG, the control parameters of a VSM are virtual and can be optimized to gain
enhanced performance compared to SG. This can be realized, for example, by tuning
the control parameter depending on the system condition, i.e. adding more inertial
response from the VSM during critical system conditions. In addition, The inclusion
of the current controller did not, heavily, affect the operation of the VSM, that is
the VSM still emulates a general synchronous machine behaviour, as it was observed
from the virtual angle signals in the short circuit study.

6.2 Sustainability aspects

With the advancement of technology to generate energy from environmentally friendly
sources, many countries have the ability to supply their demand through RES. But
one of the reasons this advancement is halted, is the risk when connecting a relatively
large contribution of inertia-less generation. The development of VSM technology
would make the domination of CCG possible, in which RES are a major part of. In
addition, the current converters that are used to to connect RES can be used for the
VSM technology, since it is a matter of control configuration. However, there is the
addition of ESS that is vital for the VSM operation, which basically consist of bat-
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teries, and may result in producing chemical waste. On the other hand, facilitating
the inclusion of CCG would eventually lead to replacing current SG. This means a
lot of scraps would be created that should be recycled, if possible. But replacing
SG also means reducing greenhouse gases, which is beneficial from an environmental
point of view.
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Conclusion and Recommendations

This chapter summarizes the thesis work done and provide recommendation of future
work to built upon this project

7.1 Conclusion

To summarize, The thesis started by motivating the study with background infor-
mation and defined the objective and scope of the work. After that, supporting
theory were presented in the second chapter for a better understanding of the basics
that this project needed to implement the VSM control. Then, previous studies re-
garding the effects of high penetration of CCG were demonstrated along with some
suggested mitigating approaches that could be taken. Also, papers regarding VSM
technology were reviewed and and differences in implementations were elaborated.
The fourth chapter explained the control philosophy and the work setup and pro-
cedure to conduct the study. Following that, the results were presented, in which
successful synchronous machine emulation was obtained, in two different case stud-
ies. Finally, analysis of the thesis results and discussion of sustainability aspects
were included in the sixth chapter.
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7. Conclusion and Recommendations

7.2 Recommendations

40

The study is conducted on a simple 3-bus system, which does not entirely re-
flect real system behaviour. Hence, the study should be done on more practical
systems, e.g. Nordic 32.

More research needs to be done to understand the underlying reason for the
need of adding A'G in the control; that is to obtain a more robust converter
control scheme.

Exploring the possibilities of improving the VSM technology to surpass con-
ventional SG in terms stabilizing the power grid.

The effects of controller delays were not considered in this thesis and should
be investigated for practical implementation.

ESS were not modelled in the converter and assumed availability of energy.
Future work should include ESS models with rating based on system require-
ments and feasibility.

Studying the effects of modelling governors in the VSM and how would it
impact the system.

Considering the effect of current limitation, in the VSM, on fault detection
and how it can be resolved to avoid blinding over-current relays.
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Appendix

A.1 Load step with basic VSM control

In the following plots, the results from conducting load step simulation on the SG
and and the basic VSM implementation are shown. The load step is 25% load
increase and is simulated for H values; 3 s, 5 s, and 7 s.
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Figure A.1: The voltage output of the VSM and SG during load step, when using
the basic control on the VSM, for different values of H (a) H = 3s, (b) H = 5s, and

(c) H="Ts.
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Figure A.2: The current output of the VSM and SG during load step, when using
the basic control on the VSM, for different values of H (a) H = 3s, (b) H = 5s, and
(c) H="Ts.
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Figure A.3: The active power output of the VSM and SG during load step, when

using the basic control on the VSM, for different values of H (a) H = 3s, (b) H = 5s,
and (c) H = T7s.
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Figure A.4: The reactive power output of the VSM and SG during load step,
when using the basic control on the VSM, for different values of H (a) H = 3s, (b)

H =b5s, and (c) H = Ts.
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Figure A.5: The speed of the VSM and SG during load step, when using the basic
control on the VSM, for different values of H (a) H = 3s, (b) H = 5s, and (c)

H=17s.
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Figure A.6: The rotor angle of the VSM and SG during load step, when using the
basic control on the VSM, for different values of H (a) H = 3s, (b) H = 5s, and (c)
H=7s.
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Figure A.7: The frequency at the bus where the VSM and SG are connected during
load step, when using the basic control on the VSM, for different values of H (a)
H =3s, (b) H=>5s,and (c) H=Ts.
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A.2 Load step with improved VSM control

In the below plots, the results from conducting load step simulation on the SG
and and the improved VSM implementation are shown. The load step is 25% load
increase and is simulated for H values; 3 s, 5 s, and 7 s.
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Figure A.8: The voltage output of the VSM and SG during load step, when using
the improved control on the VSM, for different values of H (a) H = 3s, (b) H = bs,
and (c) H = T7s.
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Figure A.9: The current output of the VSM and SG during load step, when using
the improved control on the VSM, for different values of H (a) H = 3s, (b) H = bs,
and (c) H = Ts.
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Figure A.10: The active power output of the VSM and SG during load step, when

using the improved control on the VSM, for different values of H (a) H = 3s, (b)
H =b5s,and (¢) H =T7s.
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Figure A.11: The reactive power output of the VSM and SG during load step,
when using the improved control on the VSM, for different values of H (a) H = 3s,
(b) H =5s, and (c) H = Ts.
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Figure A.12: The speed of the VSM and SG during load step, when using the
improved control on the VSM, for different values of H (a) H = 3s, (b) H = 5s,
and (c) H = 7s.
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Figure A.13: The rotor angle of the VSM and SG during load step, when using
the improved control on the VSM, for different values of H (a) H = 3s, (b) H = bs,
and (c) H = T7s.
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Figure A.14: The frequency at the bus where the VSM and SG are connected
during load step, when using the improved control on the VSM, for different values

of H (a) H=3s, (b) H="5s,and (c) H="Ts.
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