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Abstract
In order to reduce emissions and achieve sustainable energy systems, renewable energy is in-
creasingly being integrated into the power grid. However, the integration of renewable energy
into the grid poses several challenges, including maintaining a stable power supply under chang-
ing and unpredictable conditions. Low Voltage Ride Through (LVRT) assesses a generator’s
ability to maintain stable voltage during grid voltage drops, which is crucial for renewables
due to their low inertia and vulnerability to voltage disruptions caused by changes in wind or
sunlight. LVRT requirements are defined by regional grid codes and regulations, which vary in
their diversity.
A study was conducted using Matlab Simulink to model and simulate the LVRT phenomenon
on Siemens Energy’s medium gas turbine generator. The entire power system generation sys-
tem was simulated to observe the system’s response and the generator’s behavior during LVRT
events. A previous gas turbine power plant project in Romania, delivered by Siemens Energy
in Finspång, was simulated for analysis and compared against the grid code requirements. The
findings indicated that the Siemens Energy gas turbine model SGT-750 satisfies the Romanian
LVRT grid code requirements.
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1 Introduction
The integration of renewable energy sources into the power grid has been increasing steadily
in recent years. This revolution is driven by the Sustainable Development Goals and the need
to reduce greenhouse gas emissions and move towards a more sustainable and environmentally
friendly energy system. The integration of renewable energy into the grid, however, poses sev-
eral challenges, including maintaining a stable power supply under changing and unpredictable
conditions.

A critical challenge to integrating renewable energy sources into the grid is low voltage ride-
through (LVRT). The LVRT capability describes a generator’s ability to maintain a stable out-
put voltage during a temporary drop in grid voltage. Especially for renewable energy sources,
which often have low inertia and are more susceptible to voltage disturbances caused by sudden
changes in wind or sunlight, this capability is critical. When more renewable power is injected
in to the grid, traditional energy sources that depends on fuel combustion and rotating turbines
have to compensate for the lack of inertia from renewable energy sources. Therefore, several
grid codes and regulations define LVRT requirements, which vary according to the region and
country [1].

Siemens Energy is a leading manufacturer of gas turbines, including medium gas turbine gener-
ator (GTG) systems. These systems are widely used for power generation in various industries,
including the oil and gas, marine, and power generation sectors. To comply with the LVRT
grid codes requirements, Siemens Energy has developed a range of solutions, including advanced
control systems and grid support functions [2].

The aim of this master thesis is to model and simulate the LVRT capability of Siemens En-
ergy’s medium GTG systems, as well as to evaluate their compliance with the LVRT grid codes
requirements at the point of connection. This research is particularly relevant as it contributes
to the understanding of the LVRT capability and grid codes requirements for Siemens Energy’s
medium GTG systems, which are critical components of the power generation infrastructure.

This master’s thesis starts with an introduction to gas turbine complete systems, followed
by LVRT capability and grid code requirements. The theory chapter begins with an overview
of integrating renewable energy sources into the power grid, the theory behind the working
principle of gas turbines and generators, and the challenges associated with this integration,
such as maintaining voltage stability under variable and unpredictable conditions. The chap-
ter also introduces the concept of LVRT capability and provides an overview of modeling and
simulating using Matlab.

The method section focuses on the development of a simulation model to evaluate the LVRT
capability of medium GTG systems. The chapter provides a detailed description of the simula-
tion model, including the mathematical models of the components and sub-systems of the GTG
systems, as well as the control systems and grid code requirements. The chapter also explains
the simulation software selection and the simulation parameter validation against real-world
data.

The Results section presents the outcome of the model and provides an overview of how the
GT system components collaborate with each other and respond before, during, and after a
fault ride-through (FRT) event.
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Finally, the thesis concludes with a discussion of the key findings and implications of the
research, as well as suggestions for future research in the field of LVRT capability and grid code
requirements for power generation systems. The thesis is intended to contribute to the knowl-
edge base and understanding of the LVRT capability and grid code requirements for medium
GTG systems, as well as to provide insights into the challenges and opportunities associated
with the integration of renewable energy sources into the power grid.

2 Theory

2.1 Gas turbines

Gas turbines are internal combustion engines that use high-temperature and high-pressure gases
to power a rotating shaft, which can be used to generate electricity, drive mechanical equipment,
or propel aircraft. They are widely used in various applications, including power generation,
aviation, marine propulsion, and oil and gas production [2], [3].

Fundamentally, gas turbines operate on the Brayton cycle, a thermodynamic process for con-
verting heat into mechanical work. Compression, combustion, expansion, and exhaust are the
four major phases of the cycle. In the compression stage, the air is drawn into the compressor,
compressed to higher pressure and temperature. The turbine is powered by a high-temperature
gas created during the combustion stage when fuel is introduced into compressed air and burned.
The turbine in the expansion stage absorbs energy from the hot gas and uses it to produce me-
chanical work. At the final phase, the exhaust stage, the gas is recycled back into the combustion
chamber, expelled from the turbine, or released into the atmosphere [3].

The two primary categories of gas turbines are simple cycle and combined cycle. Simple cycle
gas turbines run on a single thermodynamic cycle and consist of a compressor, combustor, and
turbine. They are usually applied in maritime propulsion, industrial process applications, and
power generation. Combined cycle gas turbines combine a gas turbine, a steam turbine, and a
heat recovery steam generator (HRSG), are more sophisticated and efficient. They can achieve
higher efficiencies and lower emissions than simple cycle gas turbines because they work on two
thermodynamic cycles, one for the gas turbine and one for the steam turbine. Gas turbines
with a combined cycle are frequently used to generate electricity, particularly in large-scale
power plants [2], [3].

Gas turbines are one of the most well-known power sources in the world due to their high
power-to-weight ratio, small size, and quick response. They are perfect for peak and backup
power generation since they can start up and reach full output in minutes. In comparison
to other types of internal combustion engines, they also produce less nitrogen oxides (NOx),
carbon monoxide (CO), and particulate matter (PM) [2].

The efficiency and performance of a gas turbine are affected by an array of elements, including
the compressor and turbine blade designs, the fuel type, the combustion process, the operating
temperature, and the cooling system. Advancements in the technology used in these elements
have resulted on higher power, lower fuel consumption and lower maintenance requirement [2],
[3].

2
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2.2 Connecting to the power grid

In general, connecting an electrical power plant to the existing power grid means connecting to
a centralized, extensive power generation and distribution network. The power grid consists of
transmission lines, substations, and transformers that efficiently distribute electricity over long
distances [4].

Connecting to the power grid typically involves several steps, including feasibility studies, de-
sign and engineering, construction, and commissioning. These steps are necessary to ensure
that the power system can reliably and safely integrate with the grid and comply with relevant
regulations and standards [5].

Power plants must meet certain technical requirements to connect to the power grid. The
utility or grid operator sets these requirements and thereby it is ensured that each power plant
can function cooperatively and steadily with all others [4], [5].

In addition to technical requirements, connecting to the power grid necessitates meeting sev-
eral legal and regulatory obligations. These can vary depending on where the power system is
located and which policies and regulations have been adopted by the utility or grid operator
[5], [6].

Once a power system is connected to the grid, it can reap the advantages of grid integra-
tion. These include increased flexibility, efficiency, dependability and stability, and access to
more energy. However, grid integration also comes with challenges; managing power flows ef-
ficiently while maintaining stability in the face of fluctuations or disruptions is necessary for
success [6].

2.3 Low Voltage Ride Through

Low Voltage Ride Through (LVRT) refers to the ability of an electrical power generation sys-
tem to maintain its output voltage and frequency in the event of a significant reduction in
the grid voltage. A low voltage event can occur for various reasons, such as grid faults, grid
disturbances, and the connection of renewable energy sources (RES) to the grid. RES, such as
wind turbines and solar photovoltaic (PV) systems, can significantly impact the grid voltage
and frequency, particularly during high wind or solar irradiance periods [7], [8].

As the share of renewable energy in power generation increases, LVRT requirements becomes
increasingly complex. It is crucial that power generation plants can handle low-voltage events
in order to maintain grid reliability and stability. During an LVRT event, the power plant must
continue to supply power to the grid to prevent power outages or blackouts. In addition to
being able to ride through low-voltage events, power generation plants must maintain a min-
imum output voltage and frequency during LVRT events in order to comply with grid codes
and standards [8]. Recovery time needed for the power plant to come back to nominal voltage
after the clearance of the fault is also critical [7].

There are different methods to fulfill the grid codes during an LVRT event. One of the most
common methods used in wind and solar parks is to use power electronics devices such as Static
Var Compensators (SVCs), STATCOMs, and Active Power Filters (APFs). These devices are
connected to the grid and can control the voltage and frequency of the power generation system.
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They can also provide reactive power support to the grid, which is essential during periods of
low grid voltage [9], [10].

Another method used in wind parks to achieve LVRT is using the rotor-side converter (RSC)
control strategy. This strategy involves controlling the rotor-side converter of the wind turbine
to regulate the generator torque and ensure that the generator continues to supply power to the
grid during LVRT events. The RSC control strategy is particularly effective for wind turbines
as they have a variable speed and can operate over a wide range of wind speeds.

In addition to power electronics and RSC control strategies, there are other techniques for
achieving LVRT, such as using a flywheel energy storage system, a battery energy storage sys-
tem, and a synchronous condenser. These techniques can support the grid during LVRT events
and help maintain grid stability and reliability [11].

To ensure that power generation systems comply with grid codes and standards related to
LVRT, grid operators may require power generation plant engineers to perform LVRT test-
ing. LVRT testing involves subjecting the power generation system to low-voltage events and
monitoring the output voltage and frequency. The test results determine whether the power
generation system can ride through low voltage events and comply with grid code and standards
[7], [8].

LVRT is a critical aspect of modern power systems, particularly as the share of RES in power
generation continues to increase. The ability of a power generation system to ride through low-
voltage events is essential to ensure grid stability and reliability. There are different methods
to achieve LVRT, including power electronics devices, RSC control strategies, flywheel energy
storage systems, battery energy storage systems, and synchronous condensers. LVRT testing is
also essential to ensure that power generation systems comply with grid codes and standards
related to LVRT [9]-[11].

2.4 Siemens Energy

Siemens Energy is a leading manufacturer of gas turbines for power generation, oil and gas
production, and industrial applications. Gas turbine designs by the company include both sim-
ple cycle and combined cycle designs, with power outputs ranging from 25 MW to 593 MW [12].

The gas turbines produced by Siemens Energy are engineered for maximum efficiency, reli-
ability, and flexibility. They also include advanced combustion and turbine blade technologies.
As a result, they can achieve minimal emissions of pollutants and greenhouse gases and run on
various fuels, such as natural gas, oil, hydrogen, and biofuels [12].

Siemens Energy offers several remarkable gas turbine products for industrial and oil and gas
applications. One of them is the SGT-800, which can generate 62 MW of power. Its com-
pact single-shaft design uses an efficient compressor and low-emission turbine that can run on
different fuel types. Additionally, the engine incorporates advanced combustion technology,
including a dry low emissions (DLE) system and a dual fuel capacity that enables the switch
between gas and liquid fuels. The SGT-800 has a proven track record of outstanding perfor-
mance, reliability, and is commonly used for power generation, cogeneration, and mechanical
drive applications [13].

4
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Another gas turbine product in Siemens Energy’s portfolio is the SGT6-9000HL, designed
for large-scale power generation. It can generate up to 593 MW of power and uses a combined
cycle gas turbine that integrates a high-efficiency compressor, combustion system, and turbine,
along with a steam turbine and a HRSG. It can operate on various fuels, including hydrogen,
and achieve high efficiency and low emissions. The SGT6-9000HL is suitable for large-scale
power generation, particularly in regions with high electricity demand and limited space [12].

Siemens Energy also offers a range of services and solutions to support its gas turbine cus-
tomers, including maintenance, repair, and upgrade services and digital tools for performance
monitoring and optimization. The company’s advanced digital capabilities, such as its SGT-
800 Performance App and SPPA-T3000 control system, enable customers to optimize their gas
turbine performance and reduce operating costs [12], [13].

Siemens Energy’s gas turbines are highly efficient, reliable, and flexible machines widely used
in various applications. The company specializes in a diverse selection of simple cycle and com-
bined cycle gas turbines, complemented by advanced digital capabilities and comprehensive
service offerings. This combination has positioned the company as a reliable supplier of gas
turbine solutions to customers around the globe. [12], [13].

2.5 Generators

High and medium-voltage generators are electrical machines that convert mechanical energy
into electrical energy. These generators are used in power plants and industrial facilities to pro-
duce electricity to be transmitted over long distances to supply power to homes and businesses.
The main components of high and medium-voltage generators include the stator, rotor, exciter
and voltage regulator, as shown in Figure 1 [14].

The stator is the generator’s stationary component and comprises a core, winding and frame.
The core is made of laminated steel sheets and provides the magnetic path for the generator.
The winding is a set of conductors wound around the core and connected to the generator’s
output terminals. The frame is a structural component that supports the core and winding
[14], [15].

The rotor is the rotating component of the generator and is made up of a shaft, field windings,
and slip rings. The shaft is a steel component that connects the rotor to the prime mover, such
as a turbine or engine. The field windings are a set of conductors that produce the magnetic
field that interacts with the stator winding to produce the output voltage. The slip rings are
electrical contacts that allow the field windings to be connected to an external source of elec-
trical power.

The exciter is a small generator that provides DC power to the field windings. The exciter
can be either a brushless or brush-type design and is typically mounted on the rotor shaft. In a
brushless exciter, the DC power is generated by a set of rotating diodes, while in a brush-type
exciter, the DC power is generated by a set of stationary brushes that make contact with slip
rings on the rotor shaft.

5
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The voltage regulator is a control system that maintains the output voltage of the generator
at a constant level by using feed-back control. The voltage regulator is typically a solid-state
device that monitors the output voltage and adjusts the DC power to the field windings to
maintain the desired voltage level. The voltage regulator can also provide protection for the
generator by shutting it down in case of an emergency or abnormal operation [14, [15].

High and medium-voltage generators can either be synchronous or asynchronous type. Syn-
chronous generators are used in applications such as industrial facilities where the output
voltage must be synchronized with an external electrical power source, such as a power grid.
Asynchronous generators are used in applications where the output voltage does not need to
be synchronized with an external electrical power source, such as in industrial facilities [15], [16].

In addition to the main components, high and medium-voltage generators may also include
cooling systems, bearings, and lubrication systems. Cooling systems are used to remove the
heat generated by the generator and are typically either air-cooled or water-cooled. Bearings
are used to support the rotor shaft and are typically either sleeve or rolling-element designs.
Lubrication systems are used to lubricate the bearings and other moving parts of the generator
and are typically either forced or splash lubrication systems [15].

Figure 1: Water cooled turbogenerator sectional view [17].

2.6 Inertia

The property known as the inertia coefficient, or moment of inertia, is a key physical attribute
that reflects an object’s resistance to changes in its rotational motion. This scalar value is
determined by an object’s mass distribution and axis of rotation, and it quantifies how chal-
lenging it is to initiate, halt, or alter the rotation of the object. Therefore, knowledge of this
characteristic is essential in areas such as physics and engineering, where the behavior of ro-
tating objects must be evaluated and anticipated. By comprehending the inertia coefficient,
researchers and engineers can accurately predict how rotating objects will perform [18], [19].

6
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2.6.1 Generator inertia

Generator inertia coefficient H is a key parameter in power system stability analysis. The H
coefficient represents the effective inertia of the generator rotor, which is a measure of its abil-
ity to store and release energy. This parameter is critical in determining the response of the
generator to disturbances such as sudden changes in load, faults, or switching events [19].

The generator inertia coefficient H can be derived from the fundamental laws of physics that
govern the behavior of rotating machinery. The kinetic energy of a rotating object is given by
the equation [15]:

E =
1

2
Jw2 (1)

Where E is the kinetic energy (measured in joules (J)), J is the moment of inertia (kg ∗m2),
and ω is the angular velocity (rad/s). In the case of a generator, the moment of inertia J
is the sum of the moments of inertia of the rotor and the attached load. The kinetic energy
of the generator is proportional to the square of the angular velocity ω, and the constant of
proportionality is the moment of inertia [15], [20].

When a generator is connected to a power system, it is subjected to mechanical and electrical
disturbances that cause changes in its speed and power output. The mechanical disturbances
include changes in the load or the input torque, while the electrical disturbances include changes
in the voltage and frequency of the power system or the auxiliary system. These disturbances
cause the generator to oscillate around its equilibrium point, and the oscillations can either
damp out over time or grow in amplitude, leading to instability [18].

The generator inertia coefficient H is a measure of the energy stored in the rotor of the gener-
ator, which determines its response to disturbances. The H coefficient is defined as the ratio
of the total moment of inertia of the generator rotor and its attached load to the generator’s
rated power output. Mathematically, H is given by the equation:

H =
Jpw

2

2S
(2)

Where Jp is the total moment of inertia of the generator rotor (kg ∗m2) and its attached load,
ω is the angular velocity (rad/s), and S is the rated power output of the generator (VA) [15].

The moment of inertia Jp is the sum of the moments of inertia of the generator rotor and
its attached load. The moment of inertia of the rotor can be calculated from the physical
dimensions and material properties of the rotor. The moment of inertia of the attached load
depends on the type and size of the load and how it is connected to the generator. The total
moment of inertia Jptot is determined by adding the moments of inertia of the rotor and the
attached load. In case of the gas turbine connected to the generator the gas turbine moment
of inertia Jpturb is added to the generators Jpgen [15].

The H coefficient is an important parameter in power system stability analysis. A power
system’s stability is determined by the generator’s ability to maintain synchronism with the
power system when disturbances occur. When disturbances occur, the H coefficient determines
how much energy is stored in the generator rotor that is available to maintain synchronism with
the power system. A higher value of H means that the generator has a greater ability to store
and release energy, and thus, is more stable. On the other hand, a lower value of H means that

7
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the generator has a lower ability to store and release energy, and thus, it is less stable [18]-[20].

In power system stability analysis, the behavior of the generator is modeled using a math-
ematical model that includes the H coefficient. The generator model is typically represented
by a set of differential equations that describe the dynamics of the generator. The H coefficient
appears in these equations as a parameter that determines the response of the generator to
disturbances.

2.7 Capability curve

The generator capability curve is a fundamental power system planning and operation input.
It is a graphical representation of a generator’s maximum output capacity versus its operating
conditions. This curve is necessary because it helps operators understand a generator’s perfor-
mance limits and make informed decisions about operating it safely and efficiently [21].

The generator capability curve is typically presented as a plot of the generator’s output ca-
pacity versus its operating parameters, such as the generator’s voltage, frequency, and reactive
power. The curve is generally a parabolic shape, with the maximum output capacity occurring
at the center of the curve. The area under the curve represents the generator’s total available
output capacity, and the curve’s shape determines how this capacity changes with variations
in the operating conditions [21], [22].

There are several factors that can affect the shape of the generator capability curve. One
of the most significant factors is the generator’s cooling system. Generators require a constant
flow of cooling air or water to prevent overheating and damage to the windings. The cooling
system’s capacity determines the maximum output capacity of the generator, and the generator
capability curve reflects this relationship [21]. Another factor affecting the generator capability
curve is the generator’s excitation system. The excitation system is responsible for maintaining
the generator’s voltage output within acceptable limits. If the excitation system cannot main-
tain the required voltage level, the generator’s output capacity will decrease. As a result, the
shape of the generator capability curve will change [21], [22].

Operators use the generator capability curve to make informed decisions about how to operate
a generator in a safe and efficient manner. For example, if the generator’s output capacity is
limited by its cooling system, operators may choose to reduce the generator’s output during
periods of high ambient temperature to avoid overheating. Similarly, if the generator’s excita-
tion system is limiting its output, operators may adjust the excitation system to maintain the
required voltage level and maximize the generator’s output capacity [21].

The Figure 2 presents a generator capability diagram obtained from a gas turbine project
delivered by Siemens Energy. The diagram illustrates the generator’s capability with reactive
power on the y-axis versus active power on the x-axis, enabling observation of its performance
under varying operating conditions and diverse power factors [23].

8
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Figure 2: Generator capability diagram obtained from a project delivered by Siemens Energy
[23].

2.8 Saturation curve

The generator saturation curve, also known as the magnetization curve, is a graph that shows
the relationship between the field current and the generated voltage and current (p.u) of an
electrical generator. The curve illustrates the excitation, or magnetic field strength, required
to produce a particular voltage output [24].

In an electrical generator, the rotor rotates within a stationary stator. The stator contains
a set of stationary windings that are used to generate the electrical output. On the other hand,
the rotor contains a set of windings that are used to create a magnetic field [24].

When an electric current is applied to rotor windings, a magnetic field is generated, result-
ing in a voltage in stator windings. The strength of the magnetic field depends on the amount
of current flowing through the rotor windings, which is controlled by the field current [24], [25].

A generator saturation curve is usually plotted with the field current on the horizontal axis
and the generator voltage on the vertical axis. When the field current increases, the voltage
generated increases as well, but only to a certain extent [25], [23].

At the saturation point, the generator’s magnetic core becomes fully saturated with magnetic
flux. Beyond this point, increasing the field current no longer increases generated voltage. In
fact, further increasing the field current can result in a decrease in voltage output as the mag-
netic core becomes less efficient at transmitting magnetic flux [24], [25].
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The saturation point is an essential operating parameter for electrical generators, as it de-
termines the maximum voltage output that the generator can produce for a given amount of
field current. Operating the generator beyond the saturation point can cause it to overheat,
damaging the generator and other equipment in the power plant [25].

Power plant operators and engineers use the generator saturation curve to ensure that the
generator is operating within its safe and efficient range. By adjusting the field current to the
appropriate level, operators can ensure that the generator produces the desired voltage output
without risking damage to the equipment.

The saturation curve shown in Figure 3 was obtained from a gas turbine project delivered
by Siemens Energy, and it represents the generator’s behavior under varying field current con-
ditions. The diagram presents the generator’s saturation curve, with armature voltage (p.u)
and current (p.u) on the y-axis and field current on the x-axis. The blue curve (1) illustrates the
generator’s short-circuit saturation behavior, while the red curve (2) depicts the open-circuit
saturation behavior [23].

Figure 3: Generator saturation curve obtained from a project delivered by Siemens Energy [23].
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2.9 Matlab

Over the world, gas turbine plants are a popular kind of electricity-generating equipment. These
facilities burn fuels like natural gas, diesel, bio-fuels or hydrogen to produce high-pressure, high-
temperature gases that power turbines and generate electricity [5]. Therefore, it is crucial to
have a precise and thorough grasp of a gas turbine plant’s operational characteristics and the
variables that can affect its efficiency and dependability to maximize performance. Using mod-
eling and simulation tools, such as those found in Matlab, is one effective way to accomplish this.

There are many benefits to using Matlab for gas turbine plant modeling and simulation. Some
of these include [26]:

Accurate prediction of plant performance: By constructing comprehensive models of a gas
turbine plant using Matlab, engineers can accurately predict the plant’s performance across
various operational scenarios. This capability enables them to optimize plant operations and
identify areas for potential improvements, such as reducing fuel consumption or increasing over-
all efficiency.

Improved control strategies: With detailed models of the gas turbine plant, it is possible to
develop more effective control strategies that can help to maintain optimal operation under
different load conditions.

Decreased costs and downtime: By utilizing simulation to test various operational situations,
it is possible to discover potential issues before their occurrence, which can aid in lowering the
costs and downtime related to maintenance or repairs. The danger of unplanned downtime can
also be decreased, and maintenance schedules can be optimized with simulation.

Improved training and education: It is possible to give plant operators and maintenance staff
beneficial training and education opportunities by employing simulation to build virtual models
of the gas turbine plant. This can assist them to have a better understanding of how the plant
works and boost their self-assurance in handling various scenarios.

Before utilizing Matlab for gas turbine plant modeling and simulation, a complete mathe-
matical model of the plant’s components and how they interact is required. To do this, one can
employ first-principles modeling, system identification, or a combination of the two methods.
After it has been created, the model can be used to simulate how the plant would act under
different operating conditions, such as changes to the load, the environment, or the efficiency
of the equipment.

In order to produce an accurate model of the gas turbine plant, the thermodynamics of com-
bustion, the behavior of turbines and compressors must all be taken into account, as well as
environmental factors such as temperature, humidity, and altitude. In addition, it is also essen-
tial to examine how the plant’s control systems, feedback loops, and maintenance and repair
operations will affect its performance.

The model facilitates evaluations such as steady-state and transient simulations, sensitivity
analysis, and optimization studies. These assessments help identify issues, enhance perfor-
mance, and drive development in various operational circumstances.
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Overall, using modeling and simulation techniques in Matlab can significantly benefit the design,
operation, and maintenance of gas turbine facilities. These methods can aid in performance
optimization, cost and downtime reduction, and overall reliability and safety improvement by
thoroughly understanding the plant’s behavior under various operating conditions.

3 Method
The project work flow can be categorised as pre-processing, processing and postprocessing as
shown in Figure 4.

Start

Pre-processing

Processing

Post-processing

End

Figure 4: Flowchart for the Process.

3.1 Pre-processing

The Pre-processing method is described in Figure 5.

Pre-processing

Literature review
Expertise Improvement

Data Collection

Figure 5: Flowchart for the Pre-processing.
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3.1.1 Literature review

A review of existing research articles on the subject [27, 28, 29, 30, 31, 32, 33, 34, 35] was
conducted to begin the research process. Research involved a comprehensive search for schol-
arly articles and publications in relevant journals, as well as consulting databases and online
resources to gather as much information as possible about the theory and methodology.

As the topic being investigated was relatively new, public information about gas turbines ride
through capabilities was limited. This specific aspect of gas turbines was particularly difficult
for the researchers to obtain since it is often restricted to the research and development depart-
ments of the gas turbine manufacturers.

On the other hand, there was a plethora of information available on the topic of Low Voltage
Ride Through and grid code requirements for wind farm parks, which significantly contributed
to an enhanced understanding of the subject matter. This information aided in comprehending
the theory, as well as the purpose and objective of all the grid code requirements pertaining to
wind farm parks.

3.1.2 Expertise improvement

To achieve an enhanced ability to model and simulate in complex gas turbine systems, includ-
ing the turbine core, generator, step-up transformer, and grid connections, it was necessary
to develop a deeper understanding of the subject matter. This was accomplished through a
comprehensive literature review and the completion of a control systems Matlab course. By
utilizing advanced modeling and simulation techniques, a better comprehension of the behavior
and performance of these intricate systems was obtained.

To enhance comprehension of synchronous machine dynamics and power system control and
stability, an online course offered by NPTEL University in India was concurrently undertaken
during the initial weeks [15]. This allowed for the acquisition of academic knowledge to com-
plement practical experience. The course provided valuable insights into the principles and
concepts governing the behavior of synchronous machines within power systems, thereby en-
abling a more holistic understanding of the role and responsibilities as a professional in this
field.

3.1.3 Data collection

In order to obtain comprehensive data and parameters, a thorough review was conducted on
previous projects and databases within Siemens Energy. In some instances, specifications and
parameters for transformers and generators were sourced from external collaborative partners
to ensure the accuracy of the information. Meanwhile, data related to grid codes and their
requirements was gathered from publicly available national grid code documents to ensure
compliance with industry standards.
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3.2 Processing

The Processing method is described in Figure 6.

Processing

Prototype

Testing

FRT

Grid Codes

Figure 6: Flowchart depicting the processing section.

3.2.1 Developing a Prototype

To begin with, a prototype model was developed to observe the Low Voltage Ride Through
phenomena. In this prototype, neither the Siemens Energy gas turbines nor their excitation
systems were used. Instead, the mechanical power from the turbine was represented by the
hydraulic turbine block available in Matlab, and the excitation system was modeled using the
simple excitation system block also provided by Matlab. This prototype model is illustrated in
section 4.2.

3.2.2 Testing

In order to test the model, it was imperative to use actual parameters for the generator,
transformer, grid, loads, and other system components. These parameters were sourced from
a real-world project featuring an SGT-800 gas turbine from Siemens Energy, which had been
successfully implemented in the city of Brestanica in Ljubljana. The hydraulic turbine and
excitation system were carefully selected and configured to accurately replicate the performance
of Siemens Energy’s gas turbine and excitation system to the greatest extent possible.

3.2.3 Implementing FRT

In order to introduce Fault Ride Through, the “three-phase fault” Matlab Simulink block is
utilized to simulate a three-phase fault in the power grid. Multiple clearing times, which deter-
mine the fault duration, were tested to ensure proper functionality of the block and seamless
integration with the Simulink model.

3.2.4 Analyzing Grid Codes

In order to analyze the grid codes in Ljubljana, it was necessary to obtain a better understanding
of their requirements. After successfully identifying their specific requirements, the analysis
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could begin on various electrical parameters such as voltage, load angle, stator current, rotor
speed, active power, reactive power, and magnetization, among others.

3.3 Post-Processing

The Post-Processing method is described in Figure 7.

Post-processing

Implement Siemens Energy gas turbines

Implement Siemens Energy Excitation and AVR system

Analyze grid codes

Test and validate the model

Figure 7: Post-processing Flowchart.

3.3.1 Implement Siemens Energy gas turbines

Post-processing began with the installation of Siemens Energy’s SGT-800 gas turbine, which is
a 62 MW machine and is the most efficient and best-selling gas turbine from Siemens Energy
Finspång. All parameters and functions were obtained from the Development and Standard
Department at Siemens Energy Finspång. Later, the Siemens Energy SGT-750 gas turbine,
which is a 39.8 MW machine and is the second most efficient gas turbine of Siemens Energy
Finspång, was also implemented. As depicted in Figure 14, only the inputs and outputs will
be displayed in the model because the turbine model is highly restricted and safety-rated by
the company.

3.3.2 Implement Siemens Energy Excitation and AVR system

As Siemens’s energy gas turbines are highly advanced systems, they could not be effectively
integrated with Matlab’s basic versions of excitation and AVR systems. Consequently, it became
imperative to develop and implement a new excitation system that could meet the requirements
of the gas turbines. To achieve this, the AC11C excitation system (configured for voltage
regulation) and AVR system from the D&S department were adopted, optimized, and integrated
into the gas turbines, allowing them to function in tandem with the model.
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3.3.3 Implementing parameters

All the parameters required for the model were obtained from internal technical specifications
that are classified as confidential by Siemens Energy or their suppliers. Parameters, such as
moment of inertia were calculated using Matlab and then directly incorporated as functions
into a Matlab script. Since the simulation pertains to a complete power system, there were
several hundred parameters that needed to be input, necessitating multiple Matlab scripts with
constants, functions, equations, and loops. No scripts are displayed in this work due to the
information’s confidentiality.

3.3.4 Analyze grid codes

To begin with, an SGT-750 gas turbine project, delivered to a city in Romania, was selected to
analyze how the gas turbine and generator will behave during a fault duration of 250ms. This
duration is a grid code requirement for the generator in Romania to remain synchronized and
connected to the grid during voltage dips caused by low voltage events. A description of FRT
grid code requirements is provided in Figure 8 and Table 1:

The Fault Ride Through or Low-Voltage Ride Through requirements of the Romanian Grid
code are given in article 132 of the Grid Code. These requirements are similar to the Require-
ments for Generators (RfG) of the European Network of Transmission System Operators for
Electricity (ENTSO-E) specified in articles 53, 16, and 14, which define the FRT and LVRT
requirements that generators must comply with to connect to the European grid.

The diagram shown in Figure 8 shows the minimum level of the voltage over time at a connec-
tion point. This is measured by comparing the actual voltage to its normal level before, during,
and after a problem occurs. During a fault, the voltage at the connection point is referred to
as “Uret”. “tclear ” is the moment when the fault is cleared (has been fixed).

After the problem is resolved, there are specific points to pay attention when it comes to
restoring the voltage. These include “Urec1”, “Urec2”, “trec1”, “trec2”, and “trec3”. These points
help determine the minimum voltage levels at different times that the generator needs to tol-
erate during recovery after the problem has been cleared.

Figure 8: Romanian Grid Code voltage against time FRT requirements.
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Table 1 describes in numbers the various voltage levels at different times duration according
to grid code requests that must be kept in numbers, the objective of the Table is to make it
easier reading and understanding of the chart.

Table 1: Romanian FRT grid codes requirements.

Voltage Parameters (p.u) Time Parameters (s)
Uret 0 tclear 0.25
Uclear 0.25 trec1 0.45
Urec1 0.7 trec2 0.7
Urec2 0.85 trec3 1.5

3.3.5 Reactive power generation requirements

In the Romanian Grid code, there are specific requirements for the amount of reactive power
that needs to be generated. These requirements are outlined in Article 18(2) of the ENTSO-E
Requirements for Generators (RfG).

To help illustrate these requirements, Figure 9 below describes U-Q/Pmax-profile of a syn-
chronous power generation module. This figure shows the boundaries of a U-Q/Pmax-profile by
plotting the voltage at the connection point (expressed as a ratio of its actual value to its nom-
inal value in per unit) against the ratio of the reactive power (Q) and the maximum capacity
(Pmax).

The diagram includes an inner envelope, which is indicative of the position, size, and shape
of the U-Q/Pmax-profile. Essentially, this diagram helps ensure that the required amount of
reactive power is being generated in accordance with the Romanian grid code. Table 2 defines
the parameters for the inner envelope at different regions.

Figure 9: U-Q/Pmax-profile of a synchronous power-generating module.
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Table 2: Table 2 shows the parameters for the inner envelope in Figure 9 at different regions.

Synchronous area Maximum range of Q/Pmax Maximum range of steady state voltage level in P
Continental Europe 0.95 0.225
Nordic 0.95 0.150
Great Britain 0.95 0.225
Ireland and Northern Ireland 1.08 0.218
Baltic 1.0 0.220

3.3.6 The Rate of Change of Frequency

The Rate of Change of Frequency (RoCoF) requirements are specified in Article 124/125 of the
Romanian Grid Code (Ordin ANRE 51). These regulations define the acceptable RoCoF levels
for frequencies that are both above and below 50 Hz. RoCoF withstand capability is illustrated
in Figure 10 for overfrequency and Figure 11 for underfrequency.

Figure 10: RoCoF withstand capability for frequencies over 50Hz.

Figure 11: RoCoF withstand capability for frequencies under 50Hz.
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4 Results

4.1 Modeling

The Figure 12 below shows Siemens Energy general turbine governor model, which forms the
foundation of the gas turbine simulation. The turbine governor model plays a crucial role
in accurately simulating the dynamic response of the gas turbine to changes in load demand,
ensuring optimal performance and stability. By accurately representing the governor’s response
to load transients, frequency deviations, and grid disturbances, the model provides valuable
insights into the turbine’s ability to maintain grid stability and deliver reliable power.

Figure 12: Siemens Energy general turbine governor model.
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Table 3 provides a description of the functionalities and parameters of the turbine governor
model, while Table 4 provides a description of FC(max) and P at FC(max) at different
compressor inlet temperatures (t2).

Table 3: Description of the turbine governor model’s functionalities and parameters.
Parameter/Signal Comment Unit Value
db (FSM) Frequency dead band for FSM (Frequency Sensitive Mode) Hz 3e2

db (LFSM) Frequency dead band for LFSM (Limited Frequency Sensitive Mode) Hz 0.5
df Droop factor ((fnom/Prate)’0.01) Hz/(%*MW) -
DLL Droop signal lower limit Hz -10
DUL Droop signal upper limit Hz 10
FC(max) Frequency controller output max limit MJ/s See table
FC(min) Frequency controller output min limit MJ/s 10
f(grid) Actual grid frequency Hz -
f(nom) Nominal frequency Hz 50
f(ref) Frequency reference Hz 50
IC Turbine idle consumption MJ/s 25
Inveff Inverted turbine efficiency, feed forward strength - 0.9
Isoch Isochronous operation - -
KC Frequency controller gain - 12
Keff Turbine efficiency value used in feed forward signal - 0.54
Kff Feed forward strength - 1.2
KS Servo position controller gain - 1.5
KT Turbine efficiency constant - 0.54
P at FC(max) Maximum output power at actual compressor inlet temperature MW See table
PC(max) Servo position controller output max limit - 200
PC(min) Servo position controller output min limit - -200
P(e) Generator electrical active power MW 37
P(m) Turbine mechanical shaft power MW 39.8
P(rate) Turbine output power rating MW -
P(ref) Load (power) reference MW 37
Synch State Synchronized state, generator connected to large external grid - -
TC Frequency controller integral time s 4
TF Fuel system time constant s 0.4
Tpow Power measurement filter time constant s -
TS Servo and valve travel time s 0.3
TT Turbine time constant s 0.1
T1 Lead time constant in droop lag circuit s 1.2
T2 Lag time constant in droop lag circuit s 2.4
T3 Lead time constant in controller lead circuit s 2.4
T4 Lag time constant in controller lead circuit s 1.2
x(max) Valve stroke upper limit MJ/s 200
(xmin) Valve stroke lower limit MJ/s 0
δ(FSM) Load droop when operating in FSM % 5
δ(LFSM) Load droop when operating in LFSM % 5
- There are two ways of limiting the frequency dependent load change in FSM: 1. Limited by setting ∆P(max) in the formula shown in Figure 12. 2. Limiting ∆f to a fixed value. - -
∆P(max) Maximum load change in FSM MW 1.2
∆f(max) Maximum frequency change in FSM Hz NA
t2 Compressor inlet temperature °C See table

Table 4: Description of FC(max) and P at FC(max) at different Compressor inlet temperature
(t2).

t2 FC(max) P at FC(max)
-30 164 68
-10 164 68
0 162 67
15 153 63
30 142 57
50 124 47
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4.2 Simulation model

A prototype model (Figure 13) was built in Matlab Simulink to observe the Low Voltage
Ride Through phenomenon and ensure that the generator is reacting to the feedback from the
turbine and the excitation system. In this prototype, the mechanical power is provided by
the hydraulic turbine block available in Matlab. The excitation system is also modeled using
Matlab’s simple excitation system block. However, this simulation model provides satisfactory
results in understanding the LVRT phenomenon and the system’s response to low voltage faults.

Figure 13: Power system prototype model.

After validating the prototype, it was time to implement the Siemens Energy gas turbine,
excitation system represented by AC11C model and the AVR system (Figure 14). After im-
plementation and validation, the fault could be introduced. The Matlab simulation runs for
100 seconds, and the fault occurs at second 55 and is cleared at 55.250 seconds, which gives
a fault duration of 250 milliseconds. The simulation time is long (100 seconds) to ensure that
all components have time to collaborate and stabilize, which provides better and more reliable
results. As previously mentioned, due to the confidential nature of the content, it is not possi-
ble to present the Simulink block models in their entirety. However, Figure 15 offers a limited
insight into the content of specific blocks.

The model of the entire gas turbine system was built using the Romanian project’s single-line
diagram [36]. A single-line diagram is a graphical representation that displays the electrical
distribution of a power system. It illustrates the system’s primary components, including
generators, transformers, transmission lines, distribution lines, loads, and sources, as well as
their interconnections and associated protective devices.
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Figure 14: Power system model.

(a) PSS + Limters. (b) Limeters.

(c) Conversions. (d) Simulation Results.

Figure 15: The content within specific simulation blocks.
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4.3 Simulation results

The simulation results of the model were obtained using the following conditions: Fault Dura-
tion of 0.250 seconds, Residual Voltage of 0.0 per unit, Short Circuit Level of 2381.57 MVA,
Active Power of the Generator at 37.00 MW, Reactive Power of the Generator at 0.0 MVAr,
and a Power Factor of 1.0.

The Romanian grid code pertaining to the minimum voltage level requirements over time at a
specified connection point, as stated above in Figure 8, the operator is obligated to provide a
minimum of 25% of the pre-fault voltage within 200 milliseconds after fault clearance (Uclear),
at least 70% of the pre-fault voltage within 450 milliseconds after fault clearance (Urec1), and
not less than 85% of the pre-fault voltage within 1250 milliseconds after fault clearance.

4.3.1 Voltage profile

The data presented in Figure 16 confirms that the Siemens Energy SGT-750 gas turbine is
capable of satisfying the minimum voltage level prerequisites specified by the Romanian grid
code. The graphs illustrates that the system attains 75% of the pre-fault voltage within 150
milliseconds after fault clearance, 80% of the pre-fault voltage within only 284 milliseconds post
fault clearance and achieves full recovery to 90% or higher within 350 milliseconds post fault
clearance. Notably, the graph indicates that the system will operate at a voltage range above
100% of the pre-fault voltage before reaching steady state indicated by point 2 in Figure 16.b.
This voltage range is totally acceptable according to the Romanian grid codes given above,
Appendix A and the generator’s Short Time Voltage/Frequency capability graph (Appendix
B).
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(a) Voltage profiles with a PF=1 and LVRT duration T=250ms.

(b) Voltage profiles with a PF=1 and LVRT duration T=250ms (zoomed Figure).

Figure 16: Voltage profiles.

4.3.2 Load angle

According to simulation results in Figure 17, when the power factor (PF) is set to 1, the
generator rotor angle stabilizes at approximately 30.5° during steady-state operation. This
steady-state rotor angle is influenced by various factors, including the grid impedance at the
point of connection, transformer and generator impedance, and the operating conditions (active
and reactive power) of the generator. Figure 17 shows that after the fault is cleared, the rotor
angle reaches its maximum transient value of approximately 179° but returns nearly to its
original pre-fault value (where post-fault steady-state load angle (SCL) equals pre-fault SCL)
within 15 seconds.
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(a) Generator’s load angle with a PF=1and and LVRT duration T=250ms.

(b) Generator’s load Angle with a PF=1and and LVRT duration T=250ms (zoomed in).

Figure 17: Load angle.
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4.3.3 Frequency

The data presented in Figure 18 shows that the bus frequency undergoes oscillations deviating
from the standard Romanian frequency grid value of 50 Hz. However, it quickly reverts to
its original pre-fault value within a span of 5 seconds. The Romanian frequency grid code
requirements, specifically the rate f change of underfrequency requirements, is fulfilled. On the
other hand, the requirement for overfrequency is exceeded by 0.25 Hz, but only for a duration
of 150 milliseconds.

(a) Bus frequency with a PF=1 and and LVRT duration T=250ms.

(b) Bus frequency with a PF=1 and and LVRT duration T=250ms (zoomed in).

Figure 18: Bus frequency.
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4.3.4 Active power

The generator’s active power with a PF=1, at the generator terminals is shown in Figure 19,
the active power of the generator recovers to 55% of its pre-fault value within 5 seconds and
reaches around 80% of its initial pre-fault value within 15 seconds.

(a) Generator’s active power with a PF=1 and and LVRT duration T=250ms.

(b) Generator’s active Power with a PF=1 and and LVRT duration T=250ms (zoomed in).

Figure 19: Active power.
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4.3.5 Reactive power

The reactive power generated with a power factor of 1, at the terminals of the generator is shown
in Figure 20. The reactive power reaches approximately 200 MVAr when a fault is presented
but returns nearly to its original pre-fault value after 14 seconds. These results comply with
the requirements of the Romanian reactive power generation grid code.

(a) Generator’s reactive Power with a PF=1 and and LVRT duration T=250ms.

(b) Generator’s reactive Power with a PF=1 and and LVRT duration T=250ms (zoomed in).

Figure 20: Reactive power.
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4.3.6 Generator’s rotor speed

Figure 21 below displays the rotor speed. It is apparent that the rotor speed drops drastically
during the fault and increases once the fault is cleared. It takes nearly 5 seconds for the rotor
speed to return to a steady state.

(a) Generator’s rotor speed with a PF=1 and and LVRT duration T=250ms.

(b) Generator’s rotor speed with a PF=1 and and LVRT duration T=250ms (zoomed in).

Figure 21: Generator’s rotor speed.
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4.3.7 Magnetization current

When a fault is introduced to the system, the magnetization experiences an overshoot, as shown
in Figure 22, where it increases above steady state value. However, once the fault is cleared,
the magnetization decreases and returns to its pre-fault value after a few seconds.

Figure 22: Magnetization current with a PF=1 and and LVRT duration T=250ms.

4.3.8 Stator current

In Figure 23, the stator current and its response to a fault are depicted. The stator current
exhibits a considerable decrease upon the occurrence of the fault. During the fault duration, it
further increases before reaching a peak value of 5.5 p.u when the fault is cleared. Subsequently,
it oscillates before returning to the pre-fault steady-state value.

Figure 23: Stator current with a PF=1 and and LVRT duration T=250ms.

30



Ride through Capability for medium-sized Gas Turbine Generators Daniel Almailea

4.3.9 Turbine’s mechanical power

Figure 24 below illustrates the mechanical output of the turbine and depicts the behavior of
the SGT-750 turbine during the 250 milliseconds fault that occurred under the given starting
conditions.

Figure 24: Stator current with a PF=1 and and LVRT duration T=250ms.
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5 Conclusion
The objective of this project was to simulate and model the low voltage ride-through (LVRT) ca-
pability of Siemens Energy’s medium gas turbine generators, with a specific focus on a Siemens
Energy gas turbine project implemented in Romania. The simulation and modeling process
aimed to assess the extent to which the Siemens Energy gas turbine model SGT-750 complied
with the LVRT grid code requirements in Romania, particularly in terms of voltage profile,
active and reactive power, and frequency.

The comprehensive modeling and simulation efforts provided valuable insights into various
parameters related to the turbine and generator’s performance. The results indicated that the
Siemens Energy gas turbine SGT-750 successfully met the Romanian LVRT grid code require-
ments. Specifically, it demonstrated compliance in areas such as voltage profile, active and
reactive power, and frequency regulation.

Furthermore, the modeling and simulation process provided detailed information regarding
the turbine’s mechanical power, stator current, rotor speed, and magnetization current. These
findings offer a comprehensive understanding of the operational characteristics of both the tur-
bine and generator during low voltage ride-through events.

By utilizing simulation and modeling techniques, this project successfully assessed the LVRT
capabilities of Siemens Energy’s medium gas turbine generators. The results not only confirmed
the turbine’s compliance with the Romanian LVRT grid codes but also provided essential data
on various performance parameters. This data will be invaluable in the development of Siemens
Energy’s gas turbines and generators to meet future grid code regulations.
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6 Future work
Future work could include:

• Validation of simulation results: Validation of the simulation results by performing a
real-life LVRT study on the SGT-750 gas turbine.

• Investigating single-phase faults: Study the turbine and generator response during single-
phase faults.

• Enhancing LVRT capability: Improve LVRT capability of gas turbine generators through
advanced control techniques and energy storage systems.

• Comparing LVRT techniques: Compare effectiveness of LVRT techniques such as crowbar
protection, rotor-side converter control, and grid-side converter control.

• Optimizing LVRT response time: Minimize time taken to recover from voltage dips and
disturbances.

• Evaluating LVRT impact on grid stability: Conduct simulation studies to evaluate the
impact of LVRT on national grid stability.

• Studying LVRT impact on generator lifespan: Understand trade-offs between LVRT ca-
pability and generator lifespan and develop strategies to maximize both.
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Appendices
A Romanian grid codes requirements for type D power-

generating modules

Table 5: The Table shows the minimum time periods during which a power-generating module
must be capable of operating for voltages deviating from the reference 1 p.u value at the
connection point without disconnecting from the network, where the voltage base for p.u values
is from 110 kV to 300 kV.



B Generator’s Short Time Voltage/Frequency capability
graph

Figure 25
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