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Abstract:

Denmark has set to a full renewable
energy system for electricity and heat-
ing in the coming years where RE
share in Denmark has reached 68% in
2020. However, there are challenges to
realize the green transition as the re-
newable energy sources may prompt
to disturbances in the system com-
pared to conventional energy plant.
One of the ideas is by deploying en-
ergy storage that converts electricity
into other form of energy. This is
known as power-to-x (PtX) technology.
However, the deployment of PtX in the
grid system may affect the stability in
case disturbances occur in the system.
Thus, this project is intended to model
the PtX technology and its dynamic
behaviour to investigate the impact of
the PtX integration in the grid system.
Several schemes to study the response
of the system due to the integration of
PtX is simulated, such as symmetrical
fault and asymmetrical fault injection
and loss of generation unit. The re-
sults obtained show that the developed
PtX model could provide services to
the system and improve the frequency
and voltage performance.
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Readers’ Guide

This thesis report is written systematically, meaning that the chapters and sections
are in order for the readers to understand the topic clearly. Citations used in this
report is based on the IEEE format where the bibliography is placed after the last
chapter of the report. The figures, tables, and equations are named chronologically30

based on its appearance in the report. DIgSILENT PowerFactory software is used
to model and simulate the test cases in this project.
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Chapter 1

Introduction

1.1 Background

The energy transition to carbon-neutral system has attracted the world’s attention140

in the past few years and will continue in the coming years. The European Union
(EU) aims to reduce 80% of its domestic emissions in 2050 compared to 1990 [1].
In line with the EU goal, Denmark through its government and parliament set
an ambition to lower the carbon emission by 70% below the 1990 level at 2030 as a
step to reach carbon-free in 2050 [2]. To support this action, the Danish government145

is targeting a 100% renewable energy (RE) system for electricity and heating [3],
where already RE share in Denmark’s electricity supply has reached 68% in 2020
[4].

The transition to green energy sources will result in a better environment for
mankind to live; however, this also requires technical support as it faces challenges,150

mainly due to the varying power of RE sources, such as wind and solar, making
it hard to predict the output power [5]. This phenomenon happens because RE
varies depending on the weather and season leading to the mismatch between the
demand and supply of energy. Thus, it would be beneficial to deploy different
type of energy storage, taking into consideration the advantageous and disadvan-155

tageous of each type, to enable higher penetration of RE on the system. This action
helps in realizing green and sustainable energy systems.

Pumped hydro energy storage (PHES), compressed air energy storage (CAES),
batteries, flywheel, Power-to-X (PtX) are the example of energy storage applica-
tions. Focusing on the PtX, the technology could satisfy energy demand, not only160

for electricity, but also for heating, transport, and industry. As a promising technol-
ogy to store energy for long term solutions, PtX has several characteristics such as
high storage capacity, high volumetric storage density, ability to provide grid ser-
vices, and storage duration compared to the traditional energy storage, like PHES
[6].165
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Chapter 1. Introduction Aalborg University

Denmark, in particular, has been focusing on PtX technologies as part of its
future energy system implied by the strategies for PtX and hydrogen and also
the number of PtX projects, where PtX is seen crucial to further de-carbonize the
energy system [7–10]. The report from Danish Government stated that Denmark
could potentially become a global player in PtX technology as many Danish in- 170

dustries working on the research and development of PtX and carbon capture,
utilisation, and storage (CCUS) technology involving universities and institutions.
This collaboration could lead to inventions and innovations at the study of the re-
spective technology and make the technology mature rapidly. Also, the abundant
amount of wind resources in Denmark benefits the condition of PtX implementa- 175

tion, that could be used for producing green hydrogen and other gasses, which
requires large amount of electrical energy [11].

One of the on-going projects utilizing PtX technology in Denmark is the energy
island projects located in the North sea and Baltic sea with total capacity of 5GW
initially. Denmark plans to create these artificial energy islands exploiting the wind 180

energy resources to power the grid and also transform the electricity produced
from renewable energy to other energy carriers with the help of PtX technology
[12].

Power-to-X as energy storage

PtX is a technology converting molecules, such as water, into other energy carriers 185

with the help of electrolysis process. The products of this chemical reactions from
electrolysis acts as energy storage where it can be deployed to meet the energy
demand of electricity, transport, heating and helps in further decarbonization of
energy systems [13]. The "X" term stands for the product obtained from electrol-
ysis, like hydrogen and ammonia. Figure 1.1 illustrate the schemes of PtX tech- 190

nologies in several applications. To help the transition of energy into green energy,
the electricity used in the process may be generated from renewable power plants,
such as wind and solar. The feedstock used in the electrolysis process can be water
or carbon dioxide or nitrogen dioxide captured from the environment.

PtX technology offers many possibilities as it can produce hydrogen, synthesis 195

gas, ammonia, and hydrogen peroxide depending on the feed stock. Furthermore,
the produced chemical molecules in the primary stage could be used for other re-
actions to obtain another form of energy carriers. The produced hydrogen could
be used for process of methanation, hydrogenation, Fischer-Tropsch for hydrocar-
bon production, and Haber-Bosch for generating ammonia. The same also goes for 200

the produced synthesis gas where it is used for chemical reaction for producing
methane and Fischer-Tropsch process.

The main component of PtX system is the electrolysis which can be used for
water electrolysis, methanol electrolysis, and other applications of electrolysis. Sev-
eral types of electrolyzer have been developed, such as alkaline electrolyzer, proton 205
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Figure 1.1: Power-to-X possible schemes [13]

exchange membrane electrolyzer, and solid oxide electrolyzer [13, 14]. The perfo-
mance of these technologies also differ depending on the feedstock, e.g water and
methanol [15]. The detail explanation of these technologies are presented in chap-
ter 2.

The PtX system requires an AC-DC converter to be integrated to the grid as210

PtX operates at DC power [16]. Thus, the whole PtX system can be considered as
converter-based technology where it is used to store electricity into other energy
carriers and for particular electrolyzer technology, it can also be used to power
the grid back. Integration of such technology to the power systems is challenging
as from the system perspective, the concern is related to the inertia, voltage and215

frequency fluctuations, fault current contribution, to ensure the grid stability and
security of supply [17, 18]. Thus, controllers are necessary for the energy storage
to be connected so that it could operate at the allowable operation range as reg-
ulated by the system operator. Also, the controls of energy storage would help
the equipment to remain connected to the system without losing synchronisation220

if disturbances occur in the system. Studies also mentioned that PtX or hydro-
gen storage could provide ancillary service, such as voltage support and frequency
response, and enhance the flexibility of the grids [19–22]. Figure 1.2 shows the reg-
ulation from Energinet for balancing power where the energy storage should be
able to have such functionality to activate and deactivate an increase or decrease of225

power from and to the energy storage system [20].
In electrical modelling, the electrolyzer could be modelled as load connected

to the converter interfacing the electrolyzer to the grid where the controllers, such
as power and current control, are included as in [23–26]. The electrolyzer model
representation would be explained more in detail in Chapter 2.230
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Figure 1.2: Frequency containment reserve regulation from Energinet [20]

Grid code requirement

To deploy the PtX facilities to the electrical grid, the developer needs to fulfil
the grid code requirement regulated by the transmission system operator (TSO),
i.e. Energinet. PtX technology is considered as energy storage facility and thus,
it would have different requirements to be fulfilled compared to other types of 235

power-generating plants [27].
There are several requirements needed to satisfy for the energy storage to be

able to get connection to the grid where more detail information can be accessed
in [27]. The requirements needed to be fulfilled by the energy storage’s owner
depend on the energy storage’s site area, whether it is located at western or eastern 240

Denmark. This is because Danish’s electrical grid system consists of two grids:
DK1 (western) and DK2 (eastern). The requirements for both grid, in principal,
are the same where the difference is on the value range criteria. Below is the
requirement from Energinet for voltage deviation for energy storage facilities.

Figure 1.3: Requirements of tolerance to voltage dips (left) and supply of fast fault current (right)
[27]

Figure 1.3 shows the requirement needed for energy storage when the voltage 245
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dips occurs. The energy storage should maintain its normal operation inside area
A, while it also should be still connected to the grid system by providing voltage
support. Voltage support is realized by supplying reactive current to the grid and
the minimum criteria for supplying reactive current is shown on the right figure of
Figure 1.3. If the voltage at the POC falls to area C, it is allowable for the energy250

storage to disconnect from the grid.
Another requirement from the TSO is the frequency response regulation where

the energy storage should be able to increase its output power if the frequency
drops below its minimum frequency setting (under-frequency condition) and also
decrease its output if the frequency increases higher than its maximum setting255

(over-frequency). Moreover, there is a requirement for energy storage to have fre-
quency control (FSM) function implemented. Reactive power control and power
factor control should also be implemented with an addition of automatic power
factor control or voltage control functionality depending on the classification of
energy storage.260

The simulations required to be done in general are static, root-mean-square
(RMS), and harmonic simulation while for larger capacity of energy storage should
also provide transient simulation. Fault injection or the change of frequency in the
system could be taken to show the response of the energy storage towards such
conditions. The energy storage facility should be able to perform these studies and265

comply with the requirements [27].
This study project only discusses the simulation for dynamic (RMS) simulation

and investigate the response of such storage due to the integration to the power
grid system.

1.2 Problem statement270

As the electrical grid is experiencing a transition towards a dominant RE system
from the dominant conventional power plants, the technologies employed should
be able to have grid support services to support the grid in order to still operate
at the allowed operation ranges. These operation regulations are regulated by the
transmission system operator. One of the promising green technologies is PtX275

technology which can store energy by transforming electrical energy into other
energy carriers and later be used in many applications, such as transport, heating,
and electrification. In order to integrate the PtX system to the power systems, the
PtX needs to fulfill the grid code requirements determined by the system operator.
Hence, it is necessary to develop a general plant model that is able to show the280

behavior of the PtX plant. In this project, the model developed is intended to
be able to show the dynamic (RMS) response, such as the voltage deviations, by
performing grid stability studies.
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1.3 Project objectives and methodology

The aim of the thesis project can be described as to build a PtX dynamic simulation 285

model and later perform grid stability study to investigate the impact of the inte-
gration of the developed model on grid system, focusing on the voltage stability.

To achieve the objectives of the project, the following actions need to be taken:

1. Investigate and describe the state-of-the-art for PtX technology with respect 290

to the grid integration with a focus on a dynamic model for studying the
impact on the power system stability

2. Design a generic dynamic PtX model based on the functional and model
requirements

3. Implement the model in PowerFactory 295

4. Perform stability studies to see the response of the system towards the inte-
gration of PtX for different selected study cases

5. Discuss and evaluate the generic dynamic PtX model and draw general guide-
lines on PtX impact on system stability

The software used for the electrical simulation studies is DIgSILENT Powerfactory. 300

1.4 Scope and limitations

There are some limitations taken into consideration in working on this project. As
the project only aims to see the dynamic response (RMS) on the system due to the
integration of PtX plant, the physical chemical reactions of the plant is not a matter
in this project. The limitation of the project includes: 305

• Electrolyzer of the PtX system is modelled as generic load with its corespond-
ing dynamic model

• The loads modelled in the PtX system are passive loads

• Converter parameters are taken from existing data/template

• The grid system used for test study is generic grid 310
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1.5 Outline of project report

The outline of this report is structured as follows:

Chapter 1: This chapter gives the introduction of the project, motivation, and its
scope and constraints.315

Chapter 2: This chapter describes the state of the art of PtX technology and the
power electronics used to interface the electrolyzer to the grid syste. Besides, back-
ground theory of the stability the simulation techniques are discussed.

320

Chapter 3: In this chapter, the explanation on the modelling of the system test in
this project, IEEE 9-bus system, is explained. This includes the modelling of the
dynamic behaviour of the generators.

Chapter 4: The main discussion of this chapter is the modelling of the PtX model325

which includes the modelling of the controller of the PtX.

Chapter 5: This chapter discuss the impact of the PtX integration on the IEEE 9-
bus system. Several simulation schemes are presented in this chapter to show the
response of the system towards the integration of the PtX.330

Chapter 6: This chapter summarizes and concludes the result obtained and also
the future work or study could be done based on this project.

7





Chapter 2335

State-of-the-Art

In this chapter, the development of PtX technologies is discussed where the control
strategy used for the converter connecting the electrolyzer stack to the grid system
is also presented. The control of the electrolyzer converter includes the power
and current control to give reference to the converter. The stability issue in the340

power system is covered in this chapter with a focus on voltage stability. Lastly,
the simulation techniques, like RMS and transient simulation, that can be used to
help showing the response of such technologies in large scale system is covered.

2.1 Power-to-X system

As energy system transitioning to green energy, energy storage plays an important345

role enabling higher renewable energy sources integration to the electrical grid sys-
tem. One of potential technologies to store energy for a long time is PtX technology
where the energy stored can be used for many applications, like heating, transport,
and re-electrification [28].

PtX system is consisted of two main parts: electrolyzer and power converter.350

Electrolyzer splits water into hydrogen and oxygen by electrolysis process. The
electrolyzer operates by taking DC power and thus it is necessary to have converter
interfacing the electrolyzer to the electrical grid system.

2.1.1 Electrolyzer

In principal, electrolyzer technology is similar to fuel cell but it works in its re-355

verse process. Fuel cell needs hydrogen and oxygen as the feedstock to generate
power while electrolyzer utilizes water as the source and with electricity, it pro-
duces hydrogen and oxygen. The feedstock of the electrolyzer does not have to
be water, it can also be hydrocarbon; however, the utilization of water electrolyzer

9
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could also help in avoiding the emission of carbon dioxide as the end product of 360

the electrolysis process [29].
There are various types of electrolyzer have been developed worldwide. Three

most-known electrolyzer tecnologies are alkaline electrolyzer, proton-exchange mem-
brane (PEM) electrolyzer, and solid oxide electrolyzer cell (SOEC) [30]. In the
following subsections, a brief explanation of the electrolyzer technologies is pre- 365

sented.

Alkaline electrolyzer

Alkaline electrolyzer has been used for decades for large-scale industrial applica-
tions and it is the most mature technology for hydrogen generation, operating at
low temperature and atmospheric pressure. The anode and cathode are separated 370

by diaphragm conducting hydroxide ions OH− with potassium hydroxide KOH
solution [31, 32]. The chemical process of the alkaline electrolyzer is described in
Figure 2.1 (a). In the cathode, the water is decomposed to hydroxide ions and
hydrogen while the hydroxide ions gain energy from the electron and compose to
oxygen and water at the anode. 375

Although its possibility to build large-scale hydrogen facility with this type
of electrolyzer, it has a downside where the diaphragm causes losses and thus
limits the current density. It also cannot fully separate the hydrogen and oxygen.
However, alkaline technology offer an affordable cost to construct the electrolyzer
[31]. 380

PEM electrolyzer

The development of PEM electrolyzer is still new compared to alkaline electrolyzer,
where PEM electrolyzer has an anode and cathode separated by a polymer elec-
trolyte membrane. Similar to alkaline electrolyzer, PEM electrolyzer also operates
at low temperature. The difference of PEM technology with other electrolyzers on 385

the electrolysis process is the water fed to the anode instead of the cathode. PEM
electrolyzer was developed to overcome the disadvantage of alkaline electrolyzer
as PEM electrolyzer has high power density and cell efficiency and flexibility oper-
ation. Nevertheless, the initial cost to utilize PEM technology becomes the obstacle
as it is quite expensive [32]. 390

Mostly, PEM electrolyzer is applicable for small applications; however, in recent
years, Siemens have developed hydrogen generation facility with PEM technology
operating at MW-scale power, called Silyzer 300 [33]. The chemical reactions of
PEM electrolyzer is shown in Figure 2.1 (b). The anode decomposes the water into
hydrogen ions H+ and due to the conducting characteristic of the electrolyte used 395

in the process, it enables the ions to travel to cathode side and forms hydrogen.
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SOEC electrolyzer

Solid oxide electrolysis (SOEC) electrolyzer is the latest developed electrolyzer
compared to alkaline and PEM electrolyzer as SOEC is still in the research stage.
The difference between SOEC and other electrolyzers is it operates at high temper-400

ature [29]. The electrolyte used as the medium in the electrolysis process might be
oxygen-ion conducting electrolyte and proton-conducting electrolyte where these
electrolytes are expected to have a high conductivity and enable the electrolyzer
to operate at high temperature [34]. The reaction process of SOEC electrolyzer is
shown in the Figure 2.1 (c).405

The cathode of SOEC is feed with gas water where it gets ionized and split
into hydrogen and oxide ions. While the hydrogen is formed in the cathode, the
oxide ions goes to the anode and forms oxygen molecules. The advantages of this
type of electrolyzer is it has high electrical efficiency, lower material cost and the
flexibility to operate reversely as a fuel cell, where other electrolyzers do not have410

this functionality [32]. However, as its high-temperature operation, it may have
some challenges, such as longer start-up/break-in times, mechanically unstable
due to thermal stress, and also degradation of the equipment [34].

Figure 2.1: Chemical reactions of (a) Alkaline (b) PEM (c) SOEC electrolyzers [30]

Overview of electrolyzer technologies

According to [32], experts believe that the use of PEM electrolyzer will increase415

and shift out the alkaline electrolyzer due to the reduction of cost coupled to its
operations flexibility and higher efficiency. Whereas, SOEC can be also the promis-
ing technology utilized in the coming years as it offers possibility to operate as
both electrolyzer and fuel cell where the other two technologies cannot provide
this functionality.420

Dynamic characteristics of electrolyzer for providing grid services are load flex-
ibility and the response time under sudden change conditions.The electrolyzer
should also be able to provide grid services with certain response time. Normally,
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the response time of the electrolyzer is determined by the power electronic’s ca-
pability interfacing the electrolyzer to the electrical grid as it is not limited by the 425

stack capability [35]. This means the power electronic used for the electrolyzer
should be adequate characteristic of the electrolyzer.

The report of [35] also stated that PEM technology would have quicker response
time compared alkaline electrolyzer. Table 2.1 summarizes the characteristics of the
three electrolyzer technologies based on report from [30, 32]. It shows that recent 430

developments of electrolyzer technologies (PEM and SOEC) are able to have faster
response and also having higher efficiency compared to alkaline electrolyzer.

Table 2.1: Characteristics of Alkaline, PEM, and SOEC electrolyzer

Characteristic Alkaline PEM SOEC

Charge carrier OH− H+ O2−

Current density [A cm−2] 0.2 - 0.4 0.6 - 2.0 0.3 - 2.0
Cell voltage [V] 1.8 - 2.4 1.8 - 2.2 0.7 - 1.5
Operating temperature [◦C] 60 - 80 50 - 80 650 - 1000
Operating pressure [bar] <30 <200 <25
System efficiency [%] 55 - 67 60 - 70 90 - 95
Minimum load [%] 30 - 40 0 - 10 0 - 10
Dynamic response Slow Fast Fast
Phase Mature Commercial Demonstration

The equivalent electrical circuit of electrolyzer can be modelled as in Figure 2.2.
This model can represent electrolyzer in general as each technologies mentioned
are similar for their electrochemical model. There is a bit difference for SOEC 435

electrolyzer as it operates at high temperature enabling it to have lower voltage
and thus have a better efficiency [30].

Figure 2.2: Equivalent electrolyzer model [16]
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Ure f and RΩ represent the reverse voltage and membrane resistance where these
variables are temperature and pressure dependent to electrolyzer stack [16, 25].
The minimum energy required due to the reaction on the electrolyte defines the440

reverse voltage Ure f . On the other hand, the irreversible voltage is the required
extra energy to make the electrolysis process occur, represented by other branches
in Figure 2.2 [30].

The charge transfer resistance and double layer capacitor, which are dependent
to temperature, are denoted with Cdl and Rct. These components cause delay in445

the response of the electrolyzer as they behave like a limiter to electron flowing
in the stack. However, it can be assumed that the delay in the control system or
the chemical process of the units is negligible [36]. This is due to the small time
constant leading to fast response of electrolyzer.

2.1.2 Power electronics450

Power converter is used to interface the electrolyzer stack with the electrical grid
system where the implemented power converter could be single stage (AC-DC
conversion) or two stages (AC-DC-DC conversion). The power converter should
include the control function of active and reactive power enabling the electrolyzer
to operate at its capability. The control of electrolyzer converter can be described455

with the power control and current control where the current reference is generated
from active and reactive power reference. Droop function also could be included
to enable reducing the power [24].

The active power of the electrolyzer could be controlled with droop character-
istics. As the electrolyzer is considered as a load, an inverse droop characteristic460

is used instead of the conventional droop characteristic for generation. Figure
?? shows the active power-frequency relation based on the droop function for elec-
trolyzer applications. If the frequency increases, the electrolyzers will absorbs more
active power and if the frequency decreases, the electrolyzer reduces its power con-
sumption.465

In [25], the active power of the electrolyzer is controlled based on the active
power-frequency characteristics.

Several configurations of converter for electrolyzer applications have been de-
veloped. Report [16] studied the performance of 12-pulse thyristor rectifier (12-TR),
12-pulse diode rectifier with multi-phase chopper (12-DRMC), 12-pulse thyristor470

rectifier with active shunt power filter (12-TRASPF), and active front-end (AFE)
rectifier for electrolyzer applications. The result shows that 12-TR has better per-
formance for efficiency, reliability, and less complex, and lower cost compared to
other topologies. However, 12-TR has an issue with the power quality, especially
for condition of large-firing angle. 12-DRMC has better performance on the power475

quality compared to 12-TR but it still needs harmonic filter to lower the input
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harmonics. The 12-TRASPF is a hybrid concept of the previous mentioned topolo-
gies so it has better power quality, but the cost of this technology is higher with
lower efficiency. The AFE rectifier address the power quality issue as it has the
best performance on this matter. However, the control mechanism for AFE is more 480

complex with higher cost too [16].
The converter model for electrolyzer could be modelled as grid forming con-

verter or grid following converter [37]. The control strategy implemented for these
converters would be different as the grid forming converter has purpose to "form"
the grid by regulating the voltage and grid following converter regulates the out- 485

put power. In this project, the model considered is grid following converter where
the regulation of this type of converter could be help with the implementation of
reverse droop characteristic, shown in Figure 2.3.
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Q

Figure 2.3: Power characteristic based on reverse droop control

2.2 Power system stability

The increasing growth of renewable energy technologies in the grid system brings 490

challenges such as the stability issue. Power system stability is seen to be crucial
matter in order to secure the operation of the electrical grid systems. By definition,
power system stability means the ability of a system to remain operating at the
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equilibrium under normal condition and recover to the acceptable state after a dis-
turbance. The stability of power system can be classified into rotor angle stability,495

frequency stability, and voltage stability [38].

Voltage stability

Voltage stability defines the ability to maintain steady voltage at all buses in the
system after disturbance from a given initial operating condition while rotor angle
stability is the ability of synchronous machine of an interconnected power system500

to remain in synchronism condition [38]. It can be said that voltage stability is load
stability while rotor angle stability is generator stability. There is a term known as
voltage collapse, a process following the voltage instability leading to blackout or
abnormal low voltage in the system. If the voltage collapses at the transmission
distant from the load area, it can assumed as the angle instability whereas if the505

voltage collapses in load area, it is determined as the voltage instability issue [38,
39].

Voltage stability can be classified into large disturbance and small disturbance
voltage stability. Large disturbance voltage stability is the ability to maintain steady
voltage due to large disturbance like system fault, loss of generation, or circuit510

contingencies. Small disturbance voltage stability indicates the ability to maintain
steady voltages after small disturbances, like an increase of system load. Based on
the time frame for voltage stability, it is divided into: short-term and long-term
voltage stability. The time interest of short-term is in the order of several seconds
involving fast acting load components, like controlled loads, induction motors,515

and converters. Whereas, the long-term is in the order of minutes involving slower
acting components, like tap-changing transformer and generator current limiters
[38].

The issue of voltage stability with dominant power electronic-interface tech-
nology in the grid system is mainly due to the limitation of reactive power and520

low short-circuit capacity following the curtailment of synchronous machines. The
grid system should have sufficient reactive power to deliver to the load to maintain
its stable condition, otherwise the system runs unstable. Equation 2.1 shows the
relation of the reactive power supply to the demand [40].

Qs(v) =

√
[
EV
XL

]
2
− [PL(v)]

2 − V2

XL
(2.1)

Qs(v) is the reactive power supplied to the load through a line with reactance525

of XL where E is the voltage source and VL is the load voltage and active power
demand of the load denoted as PL.
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2.3 Simulation modelling technique

With the increasing number of converter-based technology integrated into the
power system, the network becomes more complex than ever. To secure a reliable 530

operation of the system under such conditions, advanced power system modelling
and techniques are required. For instance, the developed simulation model can be
used to show the dynamic response accurately. In general, power system transient
can be classified into three time-frame categories [41]:

• Short-term (electromagnetic) transients 535

• Mid-term (electromechanical) transients

• Long-term transient

Figure 2.4 summarizes the phenomenon and control actions in the power sys-
tems based on its corresponding time-frame [42]. Lightning and switching events
in power system take very less time compared to other categories, making it con- 540

sidered as short-term transient. Transient stability is considered as mid-term tran-
sient as it involves the electromechanical capability of the system. In addition, the
measurement unit should be able to detect or measure the condition of the power
system fast enough so that the system do not fail.

Power system simulation model could be differentiate into static and dynamic 545

model where dynamic simulation helps in assessing stability and security of power
systems. There are two model types of dynamic model: RMS and electromagnetic
(EMT). RMS simulation is less time-consuming simulation compared to EMT mak-
ing it more convenient for simulation of large power system. However, it may be
insufficient to only conduct RMS simulation for dominant power electronics in the 550

power system as RMS may be unsuitable for low system strength and unable to
capture information for frequencies other than its fundamental [18].

The strength of a grid system can be described with short circuit ratio (SCR)
shown in equation 2.2 [43].

SCR =
SSC

PR
(2.2)

SSC refers to the short circuit power level at the point of connection where the 555

equipment with rated power PR will be integrated to the grid. Weak grid, indicated
with low SCR, becomes a concern as the control may not work properly (in stable
manner), leading to sub-synchronous phenomenon and control interactions among
neighboring power electronic devices. Thus, a low SCR means a high voltage
sensitivity due to disturbance occur in the system [44]. 560
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Figure 2.4: Time-frame classification for various transient phenomena

2.4 Conclusion

Electrolyzer and converter are the vital equipment of the PtX system to be con-
nected to the electrical grid. There has been many studies and development on
the equipments to have higher efficiency with also reducing the cost. This chapter
presents the state-of-the-art of the most known electrolyzer technologies: alkaline,565

PEM, and SOEC electrolyzer. This chapter also discusses the converter that can be
used for interfacing the electrolyzer to the grid system. Furthermore, the stability
theory as the relevant topic of this study also be explained with a focus on the
voltage stability.
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Chapter 3570

Modelling of Grid Test Study: IEEE
9-Bus System

This chapter describes the grid model used for studying the impact of the integra-
tion of PtX system in detail. The system is based on one of the benchmark power
systems, known as IEEE 9-bus system, where it is modelled in PowerFactory sim-575

ulation tool. Simulations of the base IEEE 9-bus system are also presented to show
the response of the system before PtX integration. The simulation tests include the
steady state and dynamic (RMS) simulation.

3.1 Model

Grid system enables power-generating plants to transmit electrical power to the580

loads through transmission and distribution lines. It consists of generators, trans-
formers, transmission lines, and loads. As been mentioned before, the grid system
studied for the project is IEEE 9-bus system.

PowerFactory has a built-in example of IEEE 9-bus system where the parameter
settings are taken from [45, 46]. The built-in IEEE 9-bus system is adapted to be585

used as the study test in this project with some modification in the model. The
single line diagram (SLD) of IEEE 9 bus system is shown in Figure 3.1.

Three synchronous generators (SGs) are connected to each corresponding trans-
former which also connected to the transmission system. There are 6 transmission
lines in the IEEE 9-bus system with nominal voltage of 230 kV and nominal fre-590

quency of 60 Hz [46]. As in Europe and in particular, Denmark, the nominal
frequency is 50 Hz, hence the nominal frequency of the system test is adjusted to
be 50 Hz. Lastly, the IEEE 9-bus system has 3 loads connected to different buses at
the system where the rated power of each load are different.

The type of buses in system is dependant on which equipment it is connected.595

There are 3 types of buses as the following [47, 48]:
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Figure 3.1: Single line diagram of 9-bus system

• Load bus, also known as PQ bus, is a term for bus that is connected to
non-generator. The power at this type of bus is defined in the beginning
and thus, the voltage and phase angle vary depending on the loading and
network condition. In the deployed grid system, bus 5, bus 6, and bus 8 are 600

considered PQ buses.

• Voltage-controlled bus or PV bus is bus which the voltage magnitude is con-
trolled to be constant. If the bus is connected to generator, the output power
can be controlled through its prime mover while the voltage is controlled
through the generator excitation. This type of bus does not necessarily need 605

to be connected the generator. It is possible to assign certain buses in which
the voltage is controlled. Bus 2 and bus 3 are considered to be PV bus as it is
connected to generator G2 and G3 respectively.

• Slack bus or swing bus is a bus designated to be the reference of other buses
in the system. The variables taken as the reference for other buses from the 610

slack bus are the voltage and phase angle with a value of 1 p.u. and 0◦

normally. Generator G1 of the IEEE 9-bus system is assigned to be the slack
machine meaning that the bus connected to it, bus 1, is a slack bus.
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3.1.1 Generator

SGs are placed in the IEEE 9-bus system with different rating for each power plant.615

From the built-in database of IEEE 9-bus system, generator G1 represents a hy-
dro power plant while the other generators, G2 and G3, are coal power plants.
However, to reflect more into the Danish grid system, all three SGs are assumed
to be steam power plants. The modification of this is adjusted with the generator
dynamic model. G1 operates with nominal voltage of 16.5 kV while G2 and G3620

operate at 18 kV and 13.8 kV respectively. The rated power of G1 is 247.5 MVA,
which is the highest compared to G2 and G3.

In a system, there should be at least one source serving as the reference where
it provides the balance in power system [48]. This means that G1, as the slack
machine, adjusts its output power depending on the supply and demand of power625

in the system. This is achieved by regulating its governor and excitation which
corresponds to the active power and reactive power output of the generator. In the
test study, G1 is set to generate voltage of 1∠0 p.u. at bus 1.

In order to run the load flow simulation analysis, it requires the initial con-
ditions of power and voltage magnitude and angle for each generator. Table 3.1630

shows the initial conditions for each generator.

Table 3.1: Load flow initial conditions

Generator V [p.u.] δ [◦] P [MW]

G1 1.00 0 N.A
G2 1.025 N.A 163
G3 1.025 N.A 85

Aside from modelling the static model, it is also important to model the dy-
namic model of the SGs. This would enable the SGs to respond towards distur-
bances occurring in the grid. In case of fault condition, the power-generating plants
should be able to withstand and support the grid to remain stable after the fault is635

cleared by reaching steady state condition. The control of the SGs may include the
turbine-governor system, excitation system, power system stabilizers (PSS), etc.

Turbine-governor system

The modelling of turbine-governor system is important key in studying the the
power system stability, especially related to the frequency and transient angle sta-640

bility. Many types of turbine-governor system have been developed for different
power plants. As been mentioned before, all SGs in the test system are consid-
ered to be coal power plants, the turbine-governor model can be used are TGOV1,
IEEESO, and IEEEG1 [49]. This model could represent the steam turbine used in
coal power plant.645
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It is recommended to use turbine-governor type IEEEG1 as it includes the rate
limit of the valve control as well as the four steam-stages [49]. The block diagram
of IEEEG1 is shown in Figure 3.2.
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Figure 3.2: Block diagram of IEEEG1 steam turbine model

From the block diagram shown in 3.2, the model consists of the turbine sec-
tion for high pressure (HP) and low pressure (LP). Physically, the steam goes into 650

the HP section from the control valve and the inlet piping where the HP exhaust
steam flows to the LP turbine. The control valve controls the steam flow through
the turbine for load-frequency response. In case of change in the system causing
the speed of the governor to increase/decrease, the control valve will control the
speed by comparing the speed with its reference. However, this is only for normal 655

speed/load control. For an overspeed condition, a dedicated overspeed control of
the turbine is implemented to limit the speed and return to a steady state after
disturbance [50].

PowerFactory has turbine-governor models including the IEEEG1 in its database,
named "gov_IEEE_IEEEG1". This model is taken for the turbine-governor model 660

in all 3 SGs deployed in the IEEE 9-bus system. The parameter setting is set as the
standard values from PowerFactory. K1 − K8 represent the fraction of the mechani-
cal power of HP and LP of the turbine. T1 and T2 are the time constants for the lag
and lead of the steam controller and T3 is the time constant of the valve position.
T4 − T7 indicate the time constant for the steam inlet and 2nd, 3rd, and 4th boiler 665

pass [49]. The outputs of the turbine are in the form of mechanical power, both for
HP and LP section of the turbine.

Excitation system

An excitation system provides direct current to the field winding of the SG for
maintaining the voltage at the terminal. This could result in the enhancement of 670

the power system performance in regard to the stability where the control function
includes the control of voltage and reactive power flow [50]. Modern excitation
system should be capable to give instant response towards perturbation so that it
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could enhance the stability of the system.
The excitation system may include voltage transducer and load compensator,675

excitation control elements/regulator, exciter, and also power system stabilizer.
The excitation system are classified based on the power source of the excitation:
DC, AC, and static (ST) excitation system. In modern power system, most of the
SGs employ the AC or ST excitation system [51]. The excitation system chosen
to be implemented in the SGs under study is the ST excitation system. This type680

of excitation is powered with transformer or auxiliary generator windings and
rectifiers [51].

A simple model of ST excitation system, named ST1A, is adapted in the SGs in
the IEEE 9-bus system. The block diagram of the ST1A excitation system is shown
in Figure 3.3.685
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Figure 3.3: Block diagram of excitation type ST1A

ST1A is a potential-source controlled-rectifier excitation system where the recti-
fier regulates the excitation power supplied through a transformer from generator
terminal or auxiliary bus. The inherent time constant of the exciter is very small
which means that the excitation system may not require the exciter stabilization
[50, 51]. This model offers a flexibility to reduce its transient either through its690

forward path from the time constant TB and TC or through its feedback function
represented by KF and TF. The time constants TC1 and TB1 represent the transient
gain while a simple gain, KA, is used to show the relationship between the input
and output of the rectifier. KLR and ILR define the limiter function of the field
current to protect the generator rotor and its exciter.695

ST1A model has been defined in the database of PowerFactory including its
parameter setting under the name of "exc_IEEE_ST1A". This standard value is
adapted and implemented in all the 3 SGs in the IEEE 9-bus system.

A voltage transducer and load compensator has to be modelled to give input VC
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to the excitation system. Dedicated block diagram of voltage transducer and load 700

compensation can be found in the library of PowerFactory, named "vtc_IEEE_1".
The equation represents this model is shown in eq. 3.1.

VC = |VT + RCXC IT|
1

1 + sTR
(3.1)

As no load compensation is considered in the system, the RC and XC is set to
be zero. In general, the time constants TR of the transducer is relatively small and
thus it can be assumed to be zero [51]. This results in the input voltage to the 705

excitation system, VC, equals to the measured voltage at the terminal.

Power system stabilizers

A PSS might be included in the excitation system to improve the performance of the
power system by damping the oscillation occurring due to disturbance through its
excitation control [51]. A simple model of PSS known as PSS1A is implemented in 710

this project for all 3 SGs where this model can be found in the PowerFactory library,
named "pss_IEEE_PSS1A". Figure 3.4 shows the block diagram of the model where
the parameter setting of the PSS implemented in the project is based on the values
from the standard in PowerFactory.

VSI


VST


1

1+sT6


KS
 sT5

1+sT5


1

1+A1s+A2s2


1+sT1

1+sT2


1+sT3

1+sT4


VSTMIN


VSTMAX


Figure 3.4: Block diagram of PSS type PSS1A

The input signal of the PSS can be speed, frequency, and power, which is de- 715

noted as VSI . The time constant of the PSS is represented by T6 while the gain is
determined by KS with a time constant of T5 for the signal washout. Implement-
ing A1 and A2 would take the low-frequency effects of high-frequency torsional
filters into account. However, as this is not necessary in the study for this project,
these two parameters are set to be zero. This model also includes two-stages lead- 720

lag compensation, with time constants of T1 to T4. Lastly, the ouput of the PSS,
denoted as VST is limited with a limiter. VST becomes an input to the excitation
system, VS.
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3.1.2 Transformer

In PowerFactory, the IEEE 9-bus system is also equipped with transformers con-725

necting the transmission system to each SG. The transformer models used for the
study project are taken the same as with the examples from the IEEE 9-bus system
in PowerFactory. Each transformer has different rated power and nominal voltage
depending on the SG connected to the transformer. The connection for each trans-
former is YnD5 meaning that the HV-side of the transformer has Yn configuration730

while the LV-side has delta configuration with a phase different of 5·30◦ = 150 ◦.
The transformers are modelled as ideal transformers where the voltage-current

relation is linear (no saturation) and no losses due to magnetisation. The leakage
impedance is equally distributed for both HV- and LV-side of the transformers.
Table 3.2 summarizes the specifications of each transformer deployed in the system.735

Table 3.2: Transformer specification of IEEE 9-bus system

Parameter T1 T2 T3

SRated [MVA] 250 200 150
HVRated [kV] 230 230 230
LVRated [kV] 16.5 18 13.8

Vector group YnD5 YnD5 YnD5
Reactance X1 [p.u.] 0.144 0.125 0.0879
Resistance R1 [p.u.] 0 0 0

Tap position 0 0 0

3.1.3 Transmission line

Transmission line can be modelled as lumped (π) or distributed model. From the
benchmark IEEE 9-bus system in PowerFactory, the transmission lines are consid-
ered as π-model where each line has different impedance and susceptance speci-
fied in per km. The transmission lines are modelled as overhead line meaning it740

is bare conductor without insulation. The conductor material is aluminium with
rated voltage and current of 230 kV and 1 kA respectively.

The zero sequence of the impedance and susceptance of all transmission lines
is set to be 0 and the negative sequence is the same as the positive sequence.
The transmission line could operate with maximum temperature of 80◦C. Table745

3.3 summarizes the specification data of the transmission lines used in the project
study. The resistance data shown in the Table 3.3 is under the temperature condi-
tion of 20◦C.

The numbering of transmission line means that the transmission line connects
bus x to bus y i.e. Transmission line 5 - 7 means that bus 5 and bus 7 are linked750

through that line.
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Table 3.3: Transmission line specification of IEEE 9-bus system

Parameter
Transmission line

4 -5 4 - 6 5 - 7 6 - 9 7 - 8 8 - 9

Type OHL OHL OHL OHL OHL OHL
Material AL AL AL AL AL AL

Vrated [kV] 230 230 230 230 230 230
Irated [kA] 1 1 1 1 1 1

Length [km] 1 1 1 1 1 1
Resistance R’ [Ω/km] 5.29 8.993 16.928 20.631 4.4965 6.2951
Reactance X’ [Ω/km] 44.965 48.668 85.169 89.93 38.088 53.3232

Susceptance B’ [µS/km] 332.7 298.69 578.45 676.75 281.66 395.08

3.1.4 Load

Load can be classified into three categories: constant current, constant impedance,
and constant power [47]. In the load modelling in PowerFactory, general load
model are taken where these loads are balance loads. From the benchmark model 755

of IEEE 9-bus system, there are three loads existed in the system. The loads are
modelled to have constant active and reactive power demand and these loads are
independent to the voltage [46]. The load data is summarized in Table 3.4.

Table 3.4: Load data of IEEE 9-bus system

Load Connected to P [MW] Q [MVAr]

Load A Bus 5 125 50
Load B Bus 6 90 30
Load C Bus 8 100 35

Load flow calculation determines the initial condition for dynamic simulation
in PowerFactory. During the dynamic simulation, the loads are considered to be 760

equivalent as impedance [46].

3.2 System response

The existed model of IEEE 9-bus system with some adjustification of the dynamic
model is simulated to show the result is according to what is expected. This val-
idation include the load flow calculation and also the RMS simulation to enable 765

showing the result.
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3.2.1 Load flow under normal condition

Load flow calculation is done to show the power flow from the SGs to the loads and
this can show the losses in the system. The calculation for the load flow simulation
by considering balance condition in the system.770

The loads consume 315 MW and 115 MVAr in total which is in line with the
load data specified in Table 3.4. There is losses of 4.79 MW and -87.28 MVAr in
the transmission lines and also the transformers. Hence, the SGs should be able
to supply power, both active and reactive, to cover the demand from the loads
and also the losses in the grid. It can be seen that the SGs have reserve power of775

199.71 MW meaning that these SGs can increase the power generation in case of
the increase of demand.

It is noted that G1 adjust its production, as can be seen in the initialisation
in Table 3.1, that G1 is the reference machine. It produces 71.8 MW where this
generator regulates the voltage at the generator terminal to be 1∠0 p.u. Table780

3.5 shows the voltage magnitude and the phase angle at each bus during normal
operation.

Table 3.5: Voltage profile of IEEE 9-bus system under normal operation

Bus u, magnitude [p.u.] u, angle [deg]

Bus 1 1.000 0.0
Bus 2 1.025 9.0
Bus 3 1.025 4.3
Bus 4 0.995 147.6
Bus 5 0.972 145.7
Bus 6 0.989 146.0
Bus 7 1.019 153.4
Bus 8 1.009 150.4
Bus 9 1.026 151.6

Bus 2 and Bus 3 have voltage magnitude of 1.025 p.u. This is due to the setting
of the generators connected to the buses. G2 and G3 are set to control its terminal
voltage level to be constant. The active power supplied by these SGs is also set785

to be constant. Thus, the SGs adjust their reactive power supply so that it could
maintain the voltage terminal as wanted.

Overall, the result shows that there is no over- and under-voltage condition
occurring during normal operation. The loading of each component in each com-
ponent of the IEEE 9-bus system is also not violated as it is not overloaded.790
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3.2.2 Short-circuit calculation

The short-circuit level is calculated to see the short-circuit power at each bus of
IEEE 9-bus system containing the specified SGs. From the calculation of short-
circuit power, it determines how strong the grid system is. The method of calculat-
ing the short circuit is based on IEC 60909. Table 3.6 shows the short-circuit power 795

in MVA for each bus of the system.

Table 3.6: Short-circuit power of IEEE 9-bus system

Bus Short-circuit power [MVA]

Bus 1 1629.3
Bus 2 1488.7
Bus 3 1156.0
Bus 4 1216.2
Bus 5 898.7
Bus 6 855.0
Bus 7 1227.4
Bus 8 978.2
Bus 9 1104.2

The result shows that the short-circuit power is higher if it is closer to the
generator and the highest short-circuit power is at the generator terminal with the
highest rating power. This calculation helps in determining which bus will be
connected to the PtX system. 800

3.2.3 RMS simulation

The RMS simulation is run to obtain the response of the system of pre-fault, during
fault, and after fault condition. The model is run by injecting symmetrical 3-phase
short-circuit fault at the middle of transmission line 6-9. The fault impedance is
assumed to be 1mΩ resulting in large voltage dips. During pre-fault condition, the 805

system should be in steady state condition. The fault is cleared at 100ms after the
fault injected as stated in [52]. In the simulation, The 3-phase fault is injected at
30s and cleared at 30.1s. This is done by opening the circuit breaker at both end of
the transmission line. The RMS simulation is run under balance condition with a
step size of 10ms. Figure 3.5 and Figure 3.6 depict the response of one of the SGs 810

in the system towards the occurrence of a fault.
Figure 3.5 shows the frequency and voltage measurement at bus 6. It can be

seen that the voltage and frequency are steady before the fault injection. The pre-
fault voltage profile also match with the load flow calculation shown in Table 3.5.
During the fault condition, voltage dip occurs due to the low fault impedance 815

while the frequency measured increases as the effect of fault occurrence. After the
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Figure 3.5: Response of the system on the frequency and voltage due to fault injection

fault clearance, the system tries to reach new steady-state point. The new voltage
level reached after the fault is cleared is lower than the pre-fault because there is a
change in the power flow. This is due to the opening of the circuit breaker for both
side of the transmission line, meaning that the faulted-line is removed from the820

system. On the other hand, the frequency measured after fault is higher compared
to the pre-fault condition as there is loss of line in the system.

Before the fault injected, the SGs supply power to the load as initiated. This is
reflected in the result shown in Figure 3.6 which is showing the response of G1.
At pre-fault condition, its speed is 1 p.u. and supplying active and reactive power825

of 71.8 MW and 10 MVAr. This is equal to the result obtained in the load flow
calculation. It is also the same for the steady state point for the mechanical torque.
This can be validated by using eq. 3.2.

τmech =
Pmech

ω
(3.2)

Mechanical torque, τmech, is the ratio between the mechanical power of the gen-
erator, Pmech, to the rotor speed. In steady state, the actual rotor speed equals to the830

rated speed of the generator. This means that the mechanical torque is the ratio of
the actual power generated to the rated power of the generator. This gives τmech of
0.29 p.u. at pre-fault condition.

During fault condition, the speed of the generator increase vastly while the
torque drops. As the turbine-governor model of the generator has been imple-835
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Figure 3.6: Response of G1 due to fault injection

mented, it controls the generator speed by comparing it with the reference speed
so that it could reach new steady state condition after the fault is cleared.

The active and reactive power oscillates during the fault and these reach steady
state after the clearance of fault with the help excitation system. The PSS helps
in damping the power swing and achieve steady state faster compared to without 840

PSS implemented. This result also reflected in the voltage measurement in Figure
3.5 where the oscillation of the voltage is damped rapidly.

3.3 Conclusion

This chapter shows the model implementation of IEEE 9-bus system used for the
study project. The simulation shows that the model works properly as the it yields 845

the same result for the load flow calculation and RMS simulation at pre-fault con-
dition. The response of the system is shown where the system could control the
governor of the generator based on the speed and with the help of excitation sys-
tem and PSS, the system is able to reduce the impact of the fault and damp the
oscillation faster to reach steady-state condition quicker. 850
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Chapter 4

Modelling of Power-to-X

This chapter discusses the modelling of PtX in PowerFactory. The PtX model capa-
bility is described in this chapter. Following this, the dynamic model representing
the PtX is explained in detail i.e. the control strategy of the PtX model. Lastly,855

validation of the PtX model is presented at the end of this chapter.

4.1 Base model

PtX is represented by converter model in PowerFactory where the parameter set-
ting of the power converter in this project is dedicated for an electrolyzer con-
verter. PEM electrolyzer technology is used as the benchmark for modelling the860

electrolyzer converter model in the simulation. Silyzer 300, one of the electrolyzers
from Siemens Energy has rated power of 17.5 MW [33]. The rated power of the
converter model is assumed to be the same as the electrolyzer. In order to compare
the impact of the PtX integration to the system with before the integration, the PtX
is integrated to the IEEE 9-bus system to substitute one of the existing loads in the865

system.
In determining which load should be substituted by PtX, the SCR is first deter-

mined to know which bus of the system are the weakest part of the grid. Using eq.
2.2 and the result of short-circuit calculation shown in Table 3.6, the lowest SCR
obtained is at bus 6. Thus, the PtX is integrated at bus 6 to substitute the existing870

load connected to this bus.
Bus 6 originally is connected to load B, which consumes 90 MW. To substitute

this load, the PtX is set to consume 90 MW. As the benchmark model of PtX is as-
summed to have rated power of 17.5 MW, the model is defined to be aggregated so
that it could supply 90 MW at the point of connection. This is achieved by increas-875

ing the capability of the model to be 105 MVA (6 sets of 17.5 MW electrolyzer).
From the information obtained from Siemens Energy as shown in ?? in Ap-

pendix A, the PQ capability of the electrolyzer could operate with power factor
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> 0.95. This PQ capability is set to be the limiter of the operation of the model
developed in the simulation. 880

4.2 Dynamic model

Dynamic model of the converter is used to represent the behaviour of the con-
verter’s controllers for dynamic simulation. The control strategy used to model
the converter is based on the grid following converter as described in [53]. The
converter is controlled using current control mode to generate active and reactive 885

power by taking the synchronized phase from the grid where this strategy can help
in regulating the bus voltage and frequency.

Figure shows the frame of the converter’s dynamic model implemented in Pow-
erFactory.
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Figure 4.1: Dynamic model of PtX in PowerFactory

The dynamic model consists of measurement devices, reverse droop control, 890

and current control. The output of the controller is the voltage, real and imaginary
part where these signals becomes the input of the converter.
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4.2.1 Reverse droop control

Current control mode used by grid following converter regulates the active and
reactive power through its inner current loop. Droop control cannot be applied for895

grid following converter as the output of this control is the voltage and frequency.
Instead, reverse droop control can be implemented to regulate the bus frequency
and voltage. The relationship of the active power-frequency and reactive power-
voltage can be described with eq. 4.1 and eq. 4.2.

P∗ =
1

mr
(ω∗ − ωg) (4.1)

Q∗ =
1
nr
(E∗ − Eg) (4.2)

The measured frequency and voltage are denoted with ωg and Eg and the re-900

verse droop characteristic by mr and nr. The reverse droop control maintains the
voltage and frequency by comparing the measurement to its reference.

ugd

ugq
√(ugd

2+ugq
2) LPF

Eg -+

E*

1/nr

Q*

Current 

reference 

calculation

LPF
ωg -

+

ω*

1/mr

P*ω

Iqref

Idref

Figure 4.2: Reverse droop control block diagram

The block diagram of reverse droop control is shown in Figure 4.2. It shows
that the measurement of the voltage and phase are sent to low pass filter (LPF)
block. The LPF determines the bandwidth of the loop control. The output of the905

LPF then compared to the voltage and phase reference. The difference between
the measurement and the reference are taken to calculate the power reference by
multiplying the difference with the droop characteristic. The calculated power
references, P∗ and Q∗, are used to determine the current reference idre f and iqre f by
using eq. 4.3 and eq. 4.4. The output of reverse droop control is delivered to the910

inner current loop control.
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idre f =
ugd · P∗ + ugq · Q∗√

ugd
2 + ugq2

(4.3)

iqre f =
ugq · P∗ − ugd · Q∗√

ugd
2 + ugq2

(4.4)

The implementation of the reverse droop control in PowerFactory is shown in
Figure 4.3. The inputs of the implemented reverse droop control model are the
active and reactive power measured, real and imaginary part of the voltage, the
nominal voltage, phase angle in term of cosϕ and sinϕ, and the nominal frequency. 915

2

3

4

5

1

0

1

7

8

0

9

10

11

6

0

1

2

3

4

0

1

0

1

0

1

2

3

0

1

012
3

-
012
3

012
3

012
3

-

q

p

u

udq

pref

Fm..

Fnom o2

yi

o3

o1 yi4 o5

p_s..

q_set

u_ref

sinp..

ui

cos..

ur

idref

qref

o6

iqref

yi2uq
ud

Reverse droop control: Calculation in dq reference frame

Current ref..

udq calculation
Low pass..

w_c

Frequency to angular speed

Frequency to angular speed Low pass..
w_c

dq Transfo..
Multiply..

nr

Multiply..
mr

Figure 4.3: Implementation of reverse droop control in PF

The PQ measurement is used to be the power setpoint during the dynamic
simulation. If this is not set beforehand then the PtX model will not consume any
power initially. The nominal voltage and frequency are set to be the reference of
the calculation. As the calculation is done in dq-reference frame, the measured
voltage has to be transformed into dq-frame. Eq. 4.7 and eq. 4.8 transform the real 920

and imaginary part of the voltage into dq-frame with the help of cosϕ and sinϕ.

ud = ur · cosϕ + ui · sinϕ (4.5)
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uq = −ur · sinϕ + ui · cosϕ (4.6)

The model also has the electrical frequency of the grid as an input variable.
The frequency measured is used for calculating the difference in frequency be-
tween its nominal. Thus, the model can regulate its active power output based
on the frequency deviation. The parameter setting of the reverse droop control is925

listed in Table B.1 in Appendix B. The droop characteristic is adjusted to be in the
range determined by the system operator as stated in [27] and the corner frequency
parameter of the LPF is taken from [54].

4.2.2 Current control

The innerloop control is intended to regulate the output power of the converter.930

The block diagram of the current control is shown in Figure 4.4.
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Figure 4.4: Current control block diagram

The innerloop control model calculate the difference between the current refer-
ence with the measured current, where the calculation is in dq-frame. By deploying
PI controller, the model could obtain the voltage value.

The implemented current control in PowerFactory is shown in Figure 4.5. The935

model inputs are the current reference idre f and iqre f from the reverse droop control,
the real and imaginary part of the measured current, and cosϕ and sinϕ.

The current control model transform the input current measured into dq-frame
so that this measured current could be subtracted from the reference current. To
transform the current from real and imaginary into dq-frame, eq. 4.7 and eq. 4.8940

are applied, which are the same way for transforming the voltage described in
reverse droop control.
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id = ir · cosϕ + ii · sinϕ (4.7)

iq = −ir · sinϕ + ii · cosϕ (4.8)

As the electrolyzer modelled is based on PEM technology, the elecrrolyzer
should not be able to supply active power to the grid. This can be set by putting
limiter to the idre f . The current reference iqre f is also subjected to a limiter to 945

limit the reactive power output where the PtX model could operate by supply-
ing/consuming reactive power of 0.312 p.u. from its rated power. The difference
of the current reference and the measured current is applied to the PI controller to
gain the voltage. The calculated voltage is transformed back to real and imaginary
part to give input to the converter model. The parameter setting of the current 950

control is listed in Table C.1 in Appendix B where the PI controller is adjusted
according the report from [54].
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4.2.3 Measurement devices

There are four measurement devices implemented to give input to the controllers
of the PtX model: PQ measurement, voltage measurement, current measurement,955

and phase-locked loop (PLL). All measurement devices measure their variables at
the terminal of the converter connection to the corresponding bus. The unit of the
measured power is in MW and MVAr where these parameters are set to be the
power setpoint.

The voltage measurement measures the voltage at the point of connection.960

Three variables of voltage are taken to be used in the calculation, the total volt-
age u and its real and imaginary part of the voltage, ur and ui. The measure
voltage unit is in p.u. of its nominal voltage. Besides, the voltage measurement in
PowerFactory is able to measure the nominal grid frequency, denoted Fnom. This
paramater is used for setting up the frequency reference. The nominal frequency965

has a unit of Hertz.
Current measured from the terminal is composed of real and imaginary part

of the current, ir and ii respectively. These variables are used to be the input of
the innercurrent loop. The implementation of PLL is to measure the phase angle
where the variables considered are cosϕ and sinϕ. Also, the PLL can measure the970

the electrical frequency, denoted Fmeas. Frequency Fmeas is different from Fnom as
Fmeas is used to measure the frequency of the system over time. This means that
Fmeas value can change if the system is subjected to disturbances. The measurement
of Fmeas is in Hertz.

4.3 Conclusion975

This chapter describes the modelling of the PtX model in PowerFactory both for
its static and dynamic model. The PtX is defined to be aggregated so that it has
rating power of 105MVA and could operate to power factor of 0.95. Later, the
dynamic model of the PtX is explained where it consists of the measurement de-
vices, reverse droop control, and current control. The objective of this control is for980

the implemented model could regulate its power based on reverse droop control
strategy.
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Chapter 5

Impact of Power-to-X integration to
the system985

This chapter discusses the impact of the integration of PtX in the IEEE 9-bus sys-
tem. Several simulation cases are simulated to observe the response of the PtX
and also the system when disturbances occur in the system. This chapter also
shows the response of the system if one of the SGs is replaced with wind turbine
generator (WTG).990

5.1 PtX integration in IEEE 9-bus system

As been explained in Chapter 3, the PtX model is defined to have rated power of
105 MVA. The PtX under normal condition is set to consume 90 MW at the point
of connection, which is at bus 6. This is to match the replaced existing load B
connected to bus 6 where load B consumes 90 MW and 30 MVAr. PtX is assumed995

to only consume active power under normal condition. To be able to compare the
result between before and after the integration of PtX, load B power consumption
is adjusted to only consume active power with the same amount as PtX.

Several simulations are performed to investigate the impact of PtX integration
in the system, such as fault and loss of generation. The fault simulations are varied1000

depending on the type of fault and the fault location. The fault impedance con-
sidered for all simulations is1 mΩ The following sections describe the simulations
obtained for each simulation scheme.
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5.2 Study test 1: Symmetrical fault at the middle of trans-
mission line 6-9 1005

A symmetrical fault is injected at the middle of transmission line 6-9 where the
fault is cleared at 100ms after the fault injected. The fault is cleared by opening the
breaker at both end of the transmission line 6-9. The response of the PtX due to
symmetrical fault is shown in Figure 5.1.
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Figure 5.1: PtX response towards symmetrical fault

The response of the PtX model is compared with the response of the replaced 1010

load B at bus 6 (before PtX integration) as shown in Figure 5.1. The PtX model
reduces its active power consumption due to the fault occurring in the line. The
PtX model provides active power reduction when the fault occurs with a slope
lower than the load. The Ptx model is also able to provide reactive power during
the fault occurrence. Due to the provision of active and reactive power control from 1015

the PtX model, this affect the voltage and the frequency response of the system.
The voltage behaviour is similar to before the integration of PtX. However, it

can still be seen that the voltage is more damped after the fault is cleared for the
simulation with PtX integrated. The frequency measured is also showing similar
response. The frequency deviates due to the fault occurrence in the system. But the 1020
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PtX helps in keeping the frequency to not deviate as large as without the control of
the PtX. Hence, the frequency reaches its steady state faster compared to without
PtX implementation.

As PtX model gives an impact to the system, the dynamic of the system is also
changed reflected by the response of the SGs connected in the IEEE 9-bus system.1025

Figure 5.2 shows the response of G1 towards the symmetrical fault.
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Figure 5.2: G1 response towards symmetrical fault

The active and reactive power out G1 are relatively similar for with and without
PtX model in the system. G1 reduces its generation during the fault condition as
the demand of active power is reduced. On the other hand, the reactive power
is increased drastically during the fault. This happens as the response of G1 to1030

support the grid voltage. After the fault is cleared, the power output oscillates for
a moment before reaching steady state. The mechanical torque and speed variables
of G1 are different for simulation with PtX and without PtX implemented. As the
implemented model of PtX is able to provide power regulation, the deviation in
the mechanical torque and speed are smaller compared to without PtX. This result1035

shows that the PtX contributes to maintain the stability of the system by regulating
its power output.
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5.3 Study test 2: Loss of generator

One of the SGs in the IEEE 9-bus system is simulated to be disconnected to show
the response of the implemented PtX towards sudden loss of generation unit. The 1040

SG that is simulated to be disconnected is G3. Figure 5.3 shows the response of the
PtX compared to result with load B existed in the point of connection.
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Figure 5.3: PtX response towards loss of generation

Due to sudden loss of G3, the frequency, mainly, and the voltage are affected.
To help in stabilizing the frequency and voltage to not deviate too large from its
normal pre-fault condition, the PtX reduces its active power consumption and sup- 1045

ply reactive power to the grid. This results in the system frequency to not drop so
large as without PtX where the frequency reaches the new steady state faster. Sim-
ilar result is also observed for the voltage measurement where the implementation
of the PtX improve the voltage performance on the system. The voltage profile
is close to its pre-fault condition with PtX integrated in the system as the model 1050

could supply reactive power to the grid while the load is not controlled to provide
this functionality.

PtX integration affects the response of the system towards the loss of generation
unit G3. Figure 5.4 shows the response of one of the SGs, G1, towards the loss of
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generation for simulation with PtX and without PtX.1055
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Figure 5.4: G1 response towards loss of generation

The result shows that G1 increases its power generation both for active and
reactive power as the response due to the loss of generation. However, the increase
of power is not as high if the PtX is not implemented. This is because the PtX lower
its power consumption and the power comsumption by PtX is lowered larger than
without PtX. This result is also reflected on the speed and torque of the generator1060

where the speed of the generator decreases resulting in the increase in the torque.

5.4 Study test 3: Minimal operating load

This simulation is intended to show the response of the developed PtX model if
it operates at its minimum operating load where the fault type simulated in this
simulation is symmetrical fault. From table 2.1, it is assumed that the minimum1065

loading of the developed is 10% of its rated power. Thus the initial condition of
the simulation is adjusted so that the PtX operates at the minimum loading. The
result of this simulation is compared with PtX operates at its normal condition as
been simulated in the previous cases. Figure 5.5 shows the result of the simulation
for PtX model operates at its minimum loading where the transmission line 6-9 is1070
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subjected towards symmetrical fault at the middle of the line.

29,8 30 30,2 30,4 30,6 30,8 31 31,2 31,4 31,6 31,8 32[s]

-100

-80

-60

-40

-20

0

[MW]

PTX: Total Active Power - Minimum Loading PTX: Total Active Power

29,8 30 30,2 30,4 30,6 30,8 31 31,2 31,4 31,6 31,8 32[s]

0

1

2

3

4

5

[Mvar]

PTX: Total Reactive Power - Minimum Loading PTX: Total Reactive Power

Figure 5.5: PtX operates at its minimum loading

The result shows similar behaviour of the active and reactive power response
when symmetrical fault occurs at the line. The differences lies in the slope of
active power consumption. When the PtX operates at its lower consumption, its
capability to reduce the power consumption is limited. This is caused by the limiter 1075

implemented in the controller. This is to reflect the physical capability of PEM
electrolyzer as this technology cannot supply active power to the grid. The reactive
power values for both simulations, minimum loading and normal condition, yields
similar result as the initial condition for both condition are the same. The grid
response shows similar behaviour where the differences are in the magnitude of 1080

the values. This is due to the difference in power consumption between the two
simulation conditions.

5.5 Study test 4: Asymmetrical fault at the middle of trans-
mission line 6-9

Asymmetrical fault simulation is simulated to observe the response of the PtX due 1085

to this condition where the result obtained is compared to when symmetrical fault
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is injected to the system. The location of these fault simulations are the same,
at the middle of transmission line 6-9 and both simulations have the same fault
impedance. The type of asymmetrical fault considered in this simulation is line-
to-ground (LG) fault. Figure 5.6 depicts the comparison of the response of the PtX1090

due to the injection of LG fault and symmetrical fault
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Figure 5.6: PtX response towards LG fault

From the result obtained shown in Figure 5.6, the voltage dip is larger for
symmetrical fault. The frequency response towards LG fault do not deviate as
large as for symmetrical fault. It also can be seen that the reduction of active
power is less than for symmetrical fault. This is due to the phase affected is only1095

a single phase for LG fault resulting in higher voltage measured at the terminal.
This affects the output power regulated by the controller of PtX as described in
Chapter 4.

The difference effect of LG fault in the system compared to symmetrical fault
impact is shown in Figure 5.7. As the voltage do not drop drastically, the reactive1100

power response from G1 does not get increased as high as for symmetrical fault.
Whereas, the increase of measured frequency causes the active power to drop at
during the fault condition. However, the oscillation of power for LG fault is not as
large as symmetrical fault. The deviation on the speed and torque variables is also
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smaller for LG fault due to the smaller impact to the voltage and frequency caused 1105

by the fault. In addition, the oscillation in the system is damped and it reaches
steady state quicker for LG fault condition.
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Figure 5.7: G1 response towards LG fault

5.6 Study test 5: Fault close to PtX

The simulation is run to observe the response of the PtX if the fault subject in the
transmission line is closer to the PtX facility. The result obtained is compared with 1110

the result obtained for the fault injection at the middle of the transmission line.
The fault type simulated for both cases is symmetrical fault. Figure 5.8 shows the
comparison of the PtX response towards fault occurrence close to the PtX and at
the middle of the line.

The result shows that the voltage detected by the PtX is lowered for fault oc- 1115

curing near the PtX facility compared to fault at the middle of the transmission
line. This causes the PtX to decrease more its consumption of active power while
it provides reactive power support to the grid. The frequency response shown for
both simulation are relatively similar to each other as the fault type for both sim-
ulation are the same. As can be seen from the result of PtX response, the reactive 1120
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Figure 5.8: PtX response towards fault occurrence closer to PtX facility

power supported by the PtX is less for fault occurring near the PtX location. This is
because G1 has an availability to supply higher reactive power to support the grid
voltage.

The response of one of the SGs in the system, G1, is shown in Figure 5.9.
The response of G1 shows that the reactive power supplied is higher if the fault1125

is located closer to the PtX facility. This is because the closer the fault to the PtX
facility compared to the fault at the middle of transmission line 6-9, the fault is also
closer to G1. This can be interpreted by G1 that the voltage drop at its terminal also
is more lowered. Thus, G1 support the grid by supplying more reactive power.

Furthermore, the response on the speed of G1 is similar to for both simulations1130

as the fault type occurring in the system are the same. This can also be observed on
the torque and active power output of G1 as these variables are correlated to each
other as described with eq. 3.2. However, although it is not significantly different,
there still small difference on these measured variables. For instance, the small
difference in active power output of G1 is caused by the response of active power1135

output of the PtX during the fault injection. As the active power consumption is
reduced more in the fault closer to the PtX facility, G1 regulates its output power
to match the demand on the system,
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Figure 5.9: G1 response towards fault occurrence closer to PtX facility

5.7 Study test 6: Different location of PtX integration

The simulation is used to show the impact of PtX integration on the IEEE 9-bus 1140

system if it is located at different location/bus. The response of the PtX is different
if the PtX is located at strong or weak grid system. From Table 3.6 and eq. 2.2,
the SCR can be determined and thus, bus 4 is chosen to compare the impact of
PtX integration at bus 6 if the fault occur in the system. The integration of PtX
model at bus 4 holds higher SCR compared to PtX integration at bus 6. The fault 1145

injected is symmetrical fault located at the middle of transmission line 6-9, for both
simulations. The PtX model is also set to consume same amount of power during
pre-fault condition for both simulations.

Figure 5.10 shows the result of both fault simulations. During pre-fault condi-
tion, It can be seen that there is a small difference in the voltage magnitude mea- 1150

sured in bus 6 for both simulations. This is due to different power flow through
this bus of the two simulations. During fault, the voltage drop to very low value.
This causes the PtX to supply higher reactive power compared to if the PtX located
at bus 6.The measured frequency shown in the result explains the effect of the
PtX integration at stronger SCR damped more compared to integration of PtX at 1155
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weaker location. Thus, the active power response is less reduced for PtX located at
bus 4 compared to bus 6. This is to maintain the frequency so it does not fluctuate
largely.
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Figure 5.10: PtX response towards fault occurrence in transmission line if PtX is located differently

The impact of PtX integration at different location to the response of the system,
represented by one of the SGs (G1), is shown in Figure 5.11. It can be seen that1160

there is only slight difference of the response from G1 toward the fault occurring
in the system. This is due to the same type of fault injection and at the exact same
location. The difference for both simulations is mainly due to the contribution of
PtX model to support the grid.

As the PtX reduces its active power consumption less when connected at bus1165

4, G1 also reduces its generation less. This result in the higher torque value until
it reaches its steady state. However, the difference in the simulations is relatively
small.

5.8 Study test 7: WTG implementation

This simulation is done to observe the response of PtX integration on weaker grid1170

where the system consists of conventional power plants and renewable energy
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Figure 5.11: G1 response towards fault occurrence in transmission line if PtX is located differently

sources. This system is used to reflect more realistic grid system as it includes
renewable energy sources. WTG substitutes one of the SGs in the IEEE 9-bus
system where G3 is chosen to be replaced by the WTG. G3 is chosen to substituted
by WTG as it is not the reference machine of the system and the location of G3 is 1175

close to PtX facility.
WTG model implementation is based on the WECC WT type 4A. PowerFactory

has built-in model of this WTG with its dynamic model where the model from the
database is considered as the WTG implemented in this study case. The WTG has
an apparent power of 2 MVA. As the replaced G3 has a rated power of 128 MVA, 1180

the WTG model is aggregated so that the rated power of the WTG equals to G3 by
assuming there are 64 WTG in parallel. The WECC WT type 4A has several controls
including electrical control, named "REEC_A", for regulating its power, generator-
converter model, named "REGC_A", for current control, and drive-train model,
named "WTGT_A", for emulating the oscillation behaviour [55]. The parameter 1185

setting of WTG dynamic model is listed in Appendix C.
Due to the substitution of G3 with WTG, the SCR is different at each bus.

The calculation of short-circuit power with WTG implemented in the IEEE 9-bus
system is shown in Table D.1. Thus, it is determined that the PtX has weaker
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grid connection when the WTG is connected instead of G3. Transmission line1190

6-9 is short-circuited at the middle of the line to simulate this study case. The
result is compared to when G3 is connected as in study case 1. The parameter
for the simulation is the same as in study case 1, where the short-circuit type is
symmetrical fault. Figure 5.12 shows the response of the PtX when symmetrical
fault occurs in the system for both simulations, with WTG and with G3.1195
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Figure 5.12: PtX response towards symmetrical fault for system consisting of WTG/G3

From the result of the PtX response, the active and reactive power of the PtX
has more oscillations for system with G3 compared to the system with WTG. This
might be caused due to the response of other SGs in the system towards this con-
dition. However, the steady state point of the PtX after the fault clearance for
active and reactive power are similar for simulations with WTG and G3. From1200

the frequency measurement, it can be seen that for system using G3, although the
frequency deviates larger during the fault period, the system can bring back the
frequency to be close to its nominal frequency. Whereas, the frequency measured
at the steady state after fault clearance is higher for system with WTG. To be noted,
even though it can be seen that there is a difference on the frequency and voltage1205

behaviour when G3 or WTG installed in the system, the difference is relatively
small.
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Figure ?? shows G1 response towards fault injection for simulation with WTG
and G3. The result of G1 reflects the response of the PtX where the power supplied
by G1 also oscillates with larger deviation for system deploying G3 compared to 1210

system with WTG. Due to the fault, the speed of G1 is also deviates larger but it
could reach steady state closer to its pre-fault condition for system with G3 com-
pared to system with WTG. This reflects in the torque of the G1. As the nominal
speed of G1 at steady state after fault clearance for system with WTG is higher
than system with WTG, the change in torque of G1 is also larger for system with 1215

WTG compared to system with G3.
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Figure 5.13: PtX response towards symmetrical fault for system consisting of WTG/G3

The different behaviour on the system with WTG and system with G3 can be
explained by comparing the response of G3 and WTG towards the fault injection.
Figure 5.14 plots the active and reactive power response of WTG and G3.

During the fault, the active power supplied by WTG is drop to almost zero 1220

while G3 can still maintain to generate active power although it is reduced. At the
same time, G3 is capable to support the grid by supplying reactive power while
the WTG could provide reactive power too but it is not as high as G3. After the
fault is cleared, G3 and WTG operate as in pre-fault condition. However, due to
the characteristic of G3 defined by its controller, the output power oscillates for a 1225
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Figure 5.14: Comparison of WTG and G3 response response towards symmetrical fault

while. This results in better performance in the frequency as has been explained
previously.

5.9 Conclusion

This chapter presents the result of PtX integration in the IEEE 9-bus system. Several
schemes are undergone to observe the impact of the penetration of PtX in the1230

system. Due to the setting of the controller for PtX, the model is able to provide
services to the system to maintain the stability of the system by controlling the
output power regulation of the PtX. The impact of the PtX has towards the system is
it is able to maintain the voltage and frequency better compared to system without
PtX implementation.1235
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Chapter 6

Conclusion and Future Work

6.1 Result summary and conclusion

PtX technology is modelled in the simulation software to study the impact of the
integration of this technology in the system. As the converter interfacing the elec-1240

trolyzer to the grid should be able to operate based on the limitation of the elec-
trolyzer, the PtX is modelled based on the electrolyzer converter. A grid following
converter is considered to be the PtX model in this project.

As it is a grid following converter, the purpose of the controller of the model
is to regulate its power output so that it could support the grid voltage and fre-1245

quency. The control strategy implemented in the developed PtX model is through
its innerloop current control where it regulates the PtX power output based on the
implemented reversed droop control. The droop characteristic of the controller is
determined from the droop setting from the system operator. It is also found out
that PEM electrolyzer technology, as the benchmark in modelling the PtX, cannot1250

supply active power to the grid. Thus, limiters are implemented in the current
control model so that it would limit the PtX to not be able to supply power to the
grid. Also, the reactive power is also limited based on the power capability of the
technology used as the benchmark.

IEEE 9-bus system is used as the system for investigating the impact of the1255

PtX integration where this is a small system consisted of three loads and three
SGs. To represent the dynamic of the system properly, turbine-governor system
and excitation system are modelled for each generation unit. The turbine-governor
model helps in controlling the output power of the SGs while the excitation system
controls the voltages at the terminal. PSS model is also included in dynamic model1260

to damp the power swing due to disturbances occurring in the system. After
modelling of the system, short-circuit power level is calculated to determine the
location of PtX integration. It is found out that the the weakest part of the grid
system is at bus 6. Thus, the PtX is placed at this bus to study the impact of the
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PtX penetration. 1265

Several schemes are simulated to observe the response of the PtX and also the
impact to the system.

• The first simulation is comparing the response of PtX integration towards
symmetrical fault to the response of a system without PtX implemented. The
result shows that the the implementation of the developed PtX model could 1270

improve the performance of the system on the voltage and frequency of the
system. This is because the PtX model could control its output power, both
active and reactive.

• The second simulation is condition where the system loss one of its genera-
tion unit. The response of the PtX is compared to the response of the system 1275

without PtX. As the generation is disconnected from the grid system, the
system experiences a drop of sources and thus the frequency drop. With PtX
in the system, it could react fast enough to provide grid support service by
reducing its active power. This result in better performance of the system
frequency so that the frequency do not drop largely. Besides, it also provide 1280

reactive power supply to the grid so that it could maintain the voltage level.

• The third simulation is to show the response of the PtX model if it operates
at its minimum.The result shows that the developed model limits its power
output where it is constrained to not be able to supply active power to the
grid. 1285

• The remaining simulations show that the PtX could regulate the output power
of the electrolyzer to operate accordingly to the condition in the grid system
to help maintaining the stability.

Overall, the results show that there is an improvement in the performance of
the system when PtX model is implemented. Thus, the PtX technology based on 1290

the implemented control could provide grid services to support the grid, such as
the voltage and frequency, so that it could be stabilized faster towards disturbances
in the system.

6.2 Future work

Based on the modelling of PtX on this project, an improvement for future work 1295

could be done, including:

• The system test used in this project is relatively a small system with only 3
SGs and 3 loads where the length to each bus location is equal. Other grid
system can be used to investigate the impact of the PtX integration.
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• Other type of fault or other locations for the fault injection could be consid-1300

ered to investigate the impact PtX towards this condition.

• Varying the type of the generation unit could also be considered for the next
step of the project. As renewable energy plants are dominating the grid
system in the recent years, the system could be adjusted so that the it is dom-
inated by these sources where the impact of PtX integration will be different1305

compared to a system with dominant conventional power plant.

• Other control strategy of beside using droop control could be implemented
to see the response of the PtX system. For example, the control mode imple-
mented could be for voltage control or power factor control.

• The modelling of PtX model could also consider a grid forming converter1310

where it has different control structure to grid following converter.
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Appendix B

Parameter of Power-to-X Controller

Reverse Droop Control Paramater1520

Table B.1: Reverse droop control parameter

Parameter Description Value

mr Reactive power droop coefficient [-] 0.05
nr Reactive power droop coefficient [-] 0.05
wc Low pass filter cut-off frequency [rad/s] 75400

Current Control Parameter

Table B.2: Current control parameter

Parameter Description Value

Kd Gain active current controller [-] 0.62
Td Integrator time constant active current control [s] 0.01
Kq Gain reactive current controller [-] 0.62
Tq Integrator time constant active current control [s] 0.01

idrefmin Minimum reference current d-axis -105
idrefmax Maximum reference current d-axis 0
iqreflim Maximum/minimum reference current q-axis 32.786
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Appendix C

WECC WT Type 4A Control Param-
eter

Renewable Energy Electrical Controller (REECA)Parameter
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Appendix C. WECC WT Type 4A Control Parameter Aalborg University

Table C.1: REEC control parameter

Parameter Description Value

PfFlag Power factor control flag, 1 = pf ctrl, 0 = Q control 0
VFlag Voltage control flag, 1 = Q ctrl, 0 = voltage control 0

Tp Filter time constant for power measurement [s] 0.05
KqP Proportional gain [p.u.] 1
Kqi Integral gain [p.u.] 0.7

QFlag Q control flag: 1 = voltage/Q, 0 = const. pf or Q ctrl. 1
Kvp Proportional gain [p.u.] 1
Kvi Integral gain [p.u.] 0.7
Trv Filter time constant for voltage measurement [s] 0.01
db1 Voltage deadband for overrvoltage iq injection [p.u.] -0.05
db2 Voltage deadband for undervoltage iq injection [p.u.] 0.05
Kqv Gain for Reactive current injection during fault [p.u.] 2
Thld Reactive current injection delay after voltage dip [s] 0
Vdip Undervoltage condition trigger voltage [p.u.] 0.9
Vup Overvoltage condition trigger voltage [p.u.] 1.1
Tiq Time constant on lag delay [s] 0.01

Tpord Time constant [s] 0.01
PqFlag Priority flag on current limit: 1 = P, 0 = Q priority 0
Imax Maximum converter current limit [p.u.] 1.3
Thld2 Ipcmdmaxdelaya f ter f ault[s] 0
PFlag Power control flag: 0 = P,1 = Speed ref. 1
Vref0 Reference voltage, enter 0 for terminal voltage [p.u.] 0
Vref1 User-defined ref./bias on inner-loop voltage ctrl. [p.u.] 0
Iq f rz Value at which injection is held after voltage dip [p.u.] 0
Qmin Reactive power limit minimum [p.u.] -0.436
Vmin Voltage control minimum [p.u.] 0.9
Iql1 Minimum limit of reactive current injection [p.u.] -1.1

dPmin Ramp rate on power reference [p.u./s] -2
Pmin Minimum power reference [p.u.] 0
Qmax Reactive power limit maximum [p.u.] 0.436
Vmax Voltage control maximum [p.u.] 1.1
Iqh1 Maximum limit of reactive current injection [p.u.] 1.1

dPmax Ramp rate on power reference [p.u./s] 2
Pmax Maximum power reference [p.u.] 1
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Appendix D1525

Short-circuit Power for System with
WTG

Table D.1: Short-circuit power of IEEE 9-bus system with WTG

Bus Short-circuit power [MVA]

Bus 1 1582.2
Bus 2 1419.7
Bus 3 547.5
Bus 4 1129.3
Bus 5 855.8
Bus 6 754.7
Bus 7 1093.5
Bus 8 798.2
Bus 9 687.6

Bus WT 422.1
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