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Abstract 

Amidst global efforts towards carbon neutrality and energy transition, offshore wind 

power has emerged as a critical source of clean energy, attracting significant attention from 

governments and investors worldwide. This thesis provides an in-depth exploration of 

Floating Offshore Wind Turbines (FOWTs), focusing on their dynamic performance and 

power quality under varying wind and wave conditions. The overarching goal is to optimize 

the design, operation, and integration of FOWTs into renewable energy systems, thereby 

enhancing their contribution to sustainable energy generation. 

By integrating mechanical and electrical models, this research deepens our 

understanding of FOWT dynamics, facilitating more accurate power system analysis. The 

study introduces fully coupled mathematical models that address existing research gaps, 

particularly in the context of Wind Power Ramp Events (WPREs). The investigation 

highlights the distinctive dynamic responses of FOWTs, which are markedly different from 

those of conventional bottom-fixed turbines, due to their floating nature. These findings 

underscore the importance of considering wave-induced loading and pitch motion in FOWT 

design and operation, as these factors significantly influence power output and operational 

stability. 

In addition, the research tackles the challenges associated with the low-frequency 

power fluctuations and reduced power generation efficiency in FOWTs. A novel bus 

extension scheme is proposed, incorporating a sea wave band stop filter and a Hybrid 

Energy Storage System (HESS) under Real-Time Coordinated Control (RTCC). This 

approach maximizes the potential of energy storage systems, improves power quality, and 

ensures better compliance with grid dispatch commands. The study's innovative control 

strategies, particularly the dynamic adjustment of Kalman filter parameters, offer significant 

advancements in mitigating WPREs and optimizing FOWT performance. 
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Furthermore, the thesis explores the integration of wind and solar power on a novel 

catamaran FOWT platform. Through dynamic simulations and control strategies, the study 

demonstrates the platform's robust dynamic stability and its ability to maintain consistent 

power generation under adverse sea conditions. The research also delves into the 

effectiveness of various wind-solar capacity ratios and PV system configurations, 

highlighting their potential to enhance power quality and energy complementarity. These 

insights pave the way for the development of integrated renewable energy systems, 

particularly in coastal environments. 

In conclusion, this thesis makes significant contributions to the understanding of 

FOWT dynamics, the optimization of power quality, and the integration of wind and solar 

energy on floating platforms. The findings provide valuable guidance for policymakers, 

researchers, and industry stakeholders, driving the advancement of offshore renewable 

energy technologies. As the world continues its transition towards sustainable energy, the 

insights and innovations presented in this research will play a crucial role in shaping the 

future of offshore wind power and its integration with other renewable energy sources.  
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Chapter 1:  Introduction 

In the context of the global push towards carbon neutrality and energy transition, wind 

power has emerged as a key player, garnering significant attention from governments and 

investors worldwide. In 2019, wind power accounted for more than 8% of the total global 

power generation, second only to hydropower in renewable energy power generation [1]. In 

response to the challenge of global warming and climate change, there has been a 

significant surge in renewable energy production worldwide. Among these renewable 

options, wind energy stands out as one of the most efficient choices due to its widespread 

accessibility across the globe [135]. In addition, wind energy potential in deep water at 

offshore locations is up to 1.9 times that of onshore sites [136], leading to a notable increase 

in the deployment of offshore wind farms on available water bodies, particularly in nations 

with extensive deep coastlines. However, the increasing penetration of wind power poses 

significant challenges for grid operators in maintaining a safe, reliable, and cost-effective 

power system, owing to the uncertainty and variability associated with wind energy [137]. 

While onshore wind power has reached a level of maturity and cost competitiveness 

with traditional energy sources, offshore wind power has seen rapid development in recent 

years, driven by abundant and high-quality wind resources at sea. Major economies like the 

European Union, the United States, and China have set ambitious targets for offshore wind 

capacity expansion, recognizing its potential as a crucial component of the renewable 

energy landscape. Traditional fixed-bottom offshore wind turbines have been deployed 

extensively in shallow waters, while floating turbines have emerged to tap into deeper 

offshore wind resources, offering expanded geographical possibilities and potentially higher 

and steadier wind characteristics. However, the floating turbine technologies are still in 

their developing stages, with limited knowledge and simulation tools available, particularly 

in integrating detailed mechanical and electrical models. This has led to wind farm 

operators having a limited or even underestimated understanding of the impact of dynamics 
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on the power output of floating offshore wind turbines (FOWTs), which further affects 

optimization decisions under wave and wind conditions. Addressing this gap is critical to 

reducing uncertainty and risks in power generation from FOWTs. 

1.1 Motivation and Knowledge Gaps 

Until the finish of this PhD thesis (May 2024), for the far offshore in Europe, there are 

still few commercial cases of floating wind farms. Limited notable instances of offshore 

floating wind power projects include the Hywind Scotland [2], which is recognized as the 

inaugural offshore wind farm located in the North Sea, and the WindFloat Atlantic [3], a 

25.2MW floating offshore wind initiative situated off the coast of Portugal in the vicinity of 

Aguçadoura. Despite the indisputable advantages such as larger unit capacity and lower 

material and installation costs [4], there is still limited mass adoption of FOWTs for large 

scale applications. 

One of the major factors is the complex dynamic characteristics of FOWTs under 

harsh wind and wave conditions [5] and power performance in conditions characterized by 

high wind speeds and wave intensities [6]. It was initially found that the power output of a 

FOWT is significantly different compared to a bottom-fixed offshore wind turbines (OWT) 

due to the added complexity of the floating platform and the harsh offshore environment in 

which they are installed [7]. It is noteworthy that, the impact of wind turbine aero-hydro-

servo-elastic dynamics on the output power quality represents a crucial performance 

indicator for power systems that cannot be disregarded [8]. In general, this is related to two 

aspects of dynamic analysis of FOWTs, aerodynamics and hydrodynamics. 

For FOWT aerodynamics, [9] emphases that periodic power pulsations can be 

attributed to various wind turbine aerodynamic factors, including wind speed, wind 

turbulence, wind shear, and tower shadow effects. Since this aspect of the dynamics has 

been comprehensively studied on onshore bottom-fixed wind turbines, the corresponding 

compensation and optimization strategies have been widely discussed and practiced [10]. A 
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number of studies [11][12] have already demonstrated the efficacy of implementing 

generator torque control on a per-turbine basis as a means of mitigating power oscillations.  

For FOWT hydrodynamics, the motion of the floating platform, caused by waves and 

currents can affect the mechanical loading on the turbine and its foundation, which can also 

in turn significantly impact the electric power output of these turbines [13]. Within existing 

literature, considerable attention has been devoted to exploring protective measures aimed 

at countering the deleterious effects of wave impact and enhancing the stability of floating 

structures. On the one hand, spar-type [14], semi-submersible [15], barge-supported [16][17] 

FOWTs have been proposed as optimized designs which obtained improved stable 

hydrodynamic characteristics. On the other hand, the incorporation of wave energy 

converters (WECs) into a floating wind platform has been found reducing maximum 

horizontal force and pitch moment, leading to the development of a hybrid system [18]. 

Additionally this combination proves to be attractively economical and grid-complementary 

[19]. To date, however, it appears that no grid-connected operational standard specifically 

tailored for FOWTs has been established. Even for fixed OWTs, the utility grid connection 

standards are contingent upon the grid specifications and unique to each country [9]. 

Moreover, research efforts in investigating the performance of FOWTs under conditions of 

high wind and wave, particularly with regard to satisfying the power quality requirements 

of power systems, have been limited as far as the author is aware. 

Based on the above review, it can be concluded that the characteristics of FOWTs 

under a full range of wind and wave conditions require research effort to ensure confident 

and mass applications. The following aspects of academic research require attention: 

1. To improve theoretical yield analysis of FOWTs: both wind and wave conditions 

should be fully investigated for the turbines and their floating platforms. By 

simulating the power quality and characteristics of FOWTs under different wind 
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and wave conditions, researchers can gain a better understanding of how these 

factors affect the performance of the turbine and the floating platform.  

2. To identify and address potential issues that may affect the stability and supply 

quality of the generation systems as well as that of the connected power grid. 

Understanding the power quality and characteristics of FOWTs under different 

wind and wave conditions can help to identify and address any potential issues 

that may affect the stability of the power grid [20], ensuring the smooth 

integration of floating offshore wind energy into the power grid and avoid 

disruptions to the power supply. 

3. The simulation platform facilitates the seamless exchange of spatial-physical data 

between a FOWT and the Internet of Things (IoT) infrastructure. This exchange 

of data contributes to the intelligent and sustainable development of Power 

Energy Systems (PES). It is crucial to address the substantial fluctuations in 

FOWT aero-hydro-servo-elastic dynamics to prevent potential risks to the power 

output and ensure grid stability. The power grid can gain comprehensive insights 

into the spatial-physical state and characteristics of various FOWT dynamics. By 

intelligently collaborating with energy storage systems and other power sources, 

the grid can significantly enhance its stability and improve the overall power 

utilization rate of large-scale access to floating wind farms. 

 

Studies toward these new knowledge gaps could help researchers optimize the 

design and operation of FOWTs with improved efficiency and reliability. By 

optimizing the design and operation of FOWTs based on simulations of their power 

quality and characteristics under different wind and wave conditions, it may be 

possible to reduce the costs associated with their construction, operation, and 
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maintenance [21]. This can make floating offshore wind energy more economically 

viable and help to accelerate its deployment. 

 

1.2 Research Objectives 

In response to the above, first of all, this PhD study focused on the development of a 

comprehensive simulation model to evaluate the dynamic performance of large-scale 

FOWTs under varying wind and wave conditions. The full model consists of an FOWT 

dynamics module and a Permanent Magnet Synchronous Generator (PMSG) featured Type 

4 wind turbine generator (WTG) and converter module [22]. Real-time dynamic 

performance and electrical power outputs were obtained through extensive testing. The 

impact of FOWT on power quality was assessed in relation to varying wind and wave 

conditions. 

Based on the established coupled model of FOWTs, the second step involves 

conducting comprehensive tests to address various knowledge gaps regarding the 

characteristics of floating offshore power. Key questions include understanding the 

differences between the output power of FOWTs and bottom-fixed OWTs, elucidating the 

relationship between floating wind power and platform motion, and assessing the quality of 

floating wind power. These inquiries necessitate answers obtained through simulation 

experiments. 

Upon confirming the primary characteristics of floating wind power, the third step 

shifts research focus towards designing a targeted energy storage control scheme. 

Challenges arise due to the presence of ultra-low-frequency harmonic components in the 

output power that cannot be effectively separated by low-pass filters. Additionally, 

strategies must be devised to address disparities between the actual output power and 
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dispatch commands. Real-time coordinated control schemes must confront these potential 

challenges and address corresponding knowledge gaps. 

Finally, to fully harness energy resources in remote offshore areas, the thesis will 

conduct comprehensive tests on the integration of floating wind energy with solar energy. 

This endeavour will address a research gap by evaluating the power characteristics of solar 

energy systems integrated onto spar-type FOWTs and optimizing tilt control strategies for 

the integrated floating wind-solar systems. 

 

1.3 Thesis structure 

The remaining parts of this thesis are organised as follows: 

 

Chapter 2 - Background and Literature Survey 

The integration of complex dynamics within FOWTs necessitates a comprehensive 

approach in electrical engineering analysis. Alongside the development of detailed electrical 

models, the establishment of intricate mechanical models is equally imperative. While fully 

coupled models for FOWTs remain scarce in current research literature, the requisite 

elements for constructing such models are present. Significant strides in mechanical 

modelling for FOWTs' AHSE dynamics have been made possible through codes refined 

over a decade of exploration. Simultaneously, the evolutionary trajectory of electrical 

design in FOWTs closely mirrors that of bottom fixed OWTs, allowing for the adaptation of 

electrical models from the latter. This chapter offers a comprehensive examination of 

research advancements in relevant fields applicable to detailed modelling of FOWTs, 

focusing on both mechanical and electrical aspects. Finally, this chapter consolidates and 

discusses the state-of-the-art advancements in the development of fully coupled 

mechanical-electrical models for FOWTs. 

Chapter 3 - Characterizing ramp events of Floating Offshore Wind Power 
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Building upon the groundwork laid in Chapter 2, this chapter delves into the dynamic 

response of FOWTs, particularly focusing on wind power ramp events (WPREs). The 

developed fully coupled FOWT model integrates mechanical and electrical factors to 

analyse the impact of wind and wave loads on power stability and reliability. Results 

indicate that FOWTs exhibit a notable nonlinear low-frequency dynamic response during 

various wind-wave scenarios, leading to significant WPREs. Unlike bottom-fixed OWTs, 

FOWTs experience a supplementary decline in power output during these events, 

highlighting the critical role of pitch motion and wave load impact. This chapter 

underscores the importance of understanding and mitigating WPREs for ensuring grid 

stability and reliability in FOWT operations. 

Chapter 4 - Optimized Real-Time Coordination Control of Hybrid Energy Storage 

Systems for Floating Offshore Wind Power 

Addressing the challenges identified in Chapter 3, this chapter proposes a novel control 

scheme for managing power quality and dispatch disparities in FOWTs through Hybrid 

Energy Storage Systems (HESS). Leveraging Kalman filters and parameter optimization 

design, the developed control system aims to enhance power output quality and match 

dispatch commands in real-time. Experimental data demonstrate significant improvements 

in power quality under Real-Time Coordinated Control (RTCC). Additionally, 

recommendations are provided for optimizing Kalman filter parameters to address multi-

objective optimization challenges. This chapter highlights the potential of HESS-based 

control systems in optimizing power output and quality in FOWTs. 

Chapter 5 - Optimal Control for Enhancing Power Quality in Floating Wind 

Turbines Integrated with Photovoltaic Power Plants 

Building upon the concepts introduced in Chapter 4, this chapter explores the potential 

of co-locating Floating Solar Farms (FSFs) with FOWTs to enhance overall power 

generation reliability. A novel design combining a barge-type FOWT with a compact solar 
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farm is proposed, facilitating wind-solar power complementarity across various motion 

states of the platform. Through comprehensive investigations, the study demonstrates the 

effectiveness of the proposed approach in fostering high levels of wind-solar coupling and 

ensuring overall output power reliability. This chapter offers insights into the operation of 

co-located wind-solar power generation systems, suggesting avenues for enhancing 

sustainable energy production. 

Chapter 6 - Conclusions and Future Work 

In the final chapter, the main research findings and contributions are outlined, followed 

by conclusions and suggestions for future research. This chapter synthesizes the insights 

gained from the preceding chapters, highlighting the significance of integrated mechanical-

electrical modelling, understanding wind power ramp events, and optimizing control 

strategies for enhancing power quality and reliability in FOWTs. Suggestions for future 

research directions are provided, emphasizing the importance of continued exploration in 

advancing floating offshore wind technology. 
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Chapter 2:  Literature review 

2.1 Introduction 

In recent years, the massive consumption of fossil energy and the environmental 

problems caused by climate change have caused human society to try to change the energy 

structure, from fossil fuel-based to renewable clean energy. As the cost rapidly fallen into a 

competitive level [23], wind energy is currently considered to be an ideal renewable energy 

source for achieving global emission reduction targets, and it is also the main driving force 

for the growth of renewable energy. In 2019, wind power accounted for more than 8% of 

the total global power generation [1]. The rapid expansion of the global wind power market 

has driven the continuous advancement of wind turbine technology. Variable-speed 

operation instead of constant-speed operation [24], variable pitch instead of fixed pitch [25], 

etc. have become the general development trend of wind turbines. The emergence of FOWT 

placed on floating platforms allows human society to capture more abundant wind energy 

resources in the far offshore [26].  

Compared with traditional fossil energy power generation and hydropower generation, 

the cost of offshore wind power is still at a high level [27]. In 2022, the fixed-bottom 

offshore wind estimate is $95/MWh, and the floating substructure reference project estimate 

is $145/MWh. In order to prove the technical feasibility of the proposed FOWT, three 

methods are usually used, including onsite measurements, scaled model test and numerical 

analysis. Relatively speaking, although field measurement and scale model testing could 

obtain more reliable data of FOWT operation, these approaches usually require a lot of 

money and time. In addition, most of these experimental projects rely heavily on industrial 

investment, which prevents ordinary researchers from obtaining valuable measurement data. 

In contrast, the numerical analysis method of FOWT based on mathematical model is 

cheaper, faster and more convenient. Therefore, after modelling the dynamics and response 

of the floating wind turbine platform in a fully and fully integrated manner, the design and 

manufacturing of FOWT can be more optimized and cost-effective [28]. 



Integrated Energy Operation Solution Customized for Floating Offshore Wind Power Characteristics 
Chapter 2: Literature review 
 

  

Lingte Chen  2024  Page 10 

The main contributions to the knowledge gap in FOWT numeral modelling is summarized 

as follows: 

(1) In most current investigations, due to different research purposes and the function 

simplifications of single software, the FOWT model is simplified when simulating 

for specific research topics, including mechanical model and electrical model. As a 

result, these simplified models built cannot fully consider all of the factors such as 

aerodynamics, hydrodynamics, mechanical transmission, and electromagnetic 

transient response in FOWTs, which causes certain limitations during simulation 

[7]. The end of this chapter proposes a method to develop the fully coupled 

mechanical-electrical detailed model (FCMEDM). Through cross-software co-

simulation, high-precision FOWT system dynamics can be obtained at a lower 

computational cost, so it is easier to extend to O&M research. 

(2) For all types of OWT, including FOWT, the field of control theory is mainly used 

by researchers to model the electrical and electronic dynamics of wind turbines. 

However, the application research field of this FOWT modelling scheme and the 

research significance in the power system are very limited. From an O&M 

perspective, there is a great need to model all aero-hydro-elastic-servo (AHSE) 

aspects of FOWT. This review The FCMEDM proposed in this article focuses on 

the O&M stage and is the first review that discusses the mechanical model and the 

electrical model in a highly correlated manner. 

(3) Although there are projects represented by The Offshore Code Comparison 

Collaboration (OC3) dedicated to verifying the technical feasibility of FOWT 

numerical tools [29], due to the scarcity of FOWT test data to the public, detailed 

code to experimental comparisons are still relatively few [30]. Summarizing the 

modelling scheme will help researchers in this field understand the dynamic theory 

of coupled FOWT, and promote the development, integration and optimization of 

FOWT numerical codes. 
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The remainder of this chapter is organized as follows. Section 2 provides the majority 

research results of bottom fixed wind turbine modelling that can be inherited during FOWT 

modelling, including modelling theories and solutions related to AHSE models and wind 

energy conversion system (WECS) models. Section 3 introduces the coupling scheme of the 

mechanical model and electrical model of the wind turbine and related simulation research 

cases. Section 4 summarizes and proposes the state of the art in feasible FOWT FCMEDM 

modelling scheme. Section 5 summarizes findings in the sections above, proposes the 

limitations of the current modelling program, and proposes ideas and prospects for future 

research. The Graphic outline is summarized in Fig. 2.1 Compared with vertical axis wind 

turbines (VAWT), horizontal axis wind turbine (HAWT) has more advantages on floating 

platforms [31]. As a result, all the wind turbines mentioned in the article are contained in 

HAWT. 

 

Fig. 2.1 Graphic outline of the review 

 

Inheritance

Contributions to 
FOWT mechanical 

modelling

Contributions to 
General FOWT 

electrical modelling

Aero-elastic 
coupled model

Aero-servo-elastic 
coupled model

Common research 
AHSE model

Advanced AHSE 
model

FOWT & HAWT model 
comparisons

Generator-convertor / 
WECS model for FOWT

Existing mechanical-
electrical coupled 

WT models

State of the art in FOWT fully 
coupled modelling

Inspirations from the fully 
detail coupled models

Scheme of fully coupled 
FOWT modelling

Fully coupled mechanical-electrical FOWT model

Integration

Innovation



Integrated Energy Operation Solution Customized for Floating Offshore Wind Power Characteristics 
Chapter 2: Literature review 
 

  

Lingte Chen  2024  Page 12 

2.2 General FOWT model design developments & achievements 

From the modelling point of view, a FOWT is a multi-scale and multi-coupled 

complex dynamic system. It includes the mechanical vibration part of the large time scale 

(ms level time step) and the electromagnetic transient part of the small time scale (μs level 

time step). The modelling of FOWT is mainly divided into a mechanical model reflecting 

the dynamic state and an electrical model reflecting the operating state of the power system. 

In previous early studies on bottom fixed wind turbines, the two fields of mechanics and 

electrical are independently considered and analysed when modelling and simulating. 

On the one hand, scholars have established fully coupled AHSE models to investigate 

the force of each module of the HAWT in detail. These studies often have limited 

connections with the electrical characteristics, so only a minimalist induction generator 

model is included in the mechanical model [32]. The simplified model of induction 

generator is based on (2.1)- (2.3), which simplifies the relationship between electromagnetic 

torque 𝑇௘ and slip rate 𝑠 to a proportional relationship, that is, the slope 𝑘 of the function in 

the linear region of Fig. 2.2. This equivalent method can efficiently simulate the wind 

turbine in normal steady-state operation, but it also means that the generator model cannot 

be accurately calculated outside the linear region within Fig. 2.2. This significantly affects 

the reliability of this type of model simulation under extreme operating conditions. 

 𝑠 = GBR ∙ Ω௟௦௦ − Ω௦ (2.1) 

 𝑇௘ = 𝑘 ∙ 𝑠 (2.2) 

 𝑃௘ = 𝑇௘ ∙ Ω௦ ∙ 𝜂 (2.3) 

where 𝑠 represents induction generator slip ratio; GBR represents gearbox ratio; 

Ω௟௦௦ is angular speed of low-speed shaft; Ω௦ is rotor angular speed; 𝑇௘ is generator 

electrical torque and 𝜂 is generator efficiency. 
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Fig. 2.2 The torque-slip characteristic of induction generator 

 

On the other hand, scholars have established detailed WECS models to explore the 

steady-state and transient characteristics of wind turbines or wind farms, and control 

strategies in response to grid dispatching requirements during operation. Because towards 

the bottom fixed HAWTs, the mechanical modules have only a limited impact on the 

research in the field of power systems, a large number of studies often only establish a very 

simplified power coefficient (𝐶௣) equivalent aerodynamic model, based on (2.4)- (2.7). 𝐶௣ 

represents the conversion efficiency of wind turbines converting wind energy into electrical 

energy, which is a function of the wind turbine tip speed ratio 𝜆 and the pitch angle 𝛽. With 

power coefficient 𝐶௣ , blade sweeping radius 𝑅 and average wind speed 𝑉௩ , the absorbed 

mechanical power from the wind 𝑃௧ can be calculated. With the deepening of research and 

the iteration and update of simulation codes, a series of fully detailed models based on 

bottom fixed HAWTs have emerged, which includes a detailed Aero-Servo-Elastic 

mechanical model commonly used in the dynamic analysis and a detailed WECS model that 

reflects the electrical characteristics of the generator and convertor. 
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௏ೡ
 (2.7) 

 

In general, the aerodynamics, elastic dynamics, control strategies and generator models 

in the FOWT model are all developed based on the OWT model [33]. For the design of the 

FOWT FCMEDM, it is mandatory to absorb and transform the design scheme of the OWT 

model. 

2.2.1 Development & contributions to AHSE modelling 

2.2.1.1 Aero-elastic coupled model 

In the early stage of research, the analysis theory of each mechanical module of the 

wind turbine was relatively simplified, while the academic circle has not formed a unified 

consensus on the design standard of the mechanical model of the wind turbine. Therefore, 

in the related research, the rotor/tower coupling dynamics modelling of the large HAWT 

was based on the improved model of helicopter coupled rotor/fuselage systems and tilt 

prop/rotor systems [34]. 

The aerodynamics of the rotor and the elastic dynamics of the tower are the first two 

components to be coupled. The earliest research on the coupling of wind turbine modules 

can be traced back to Friedmann around 1980, who discussed the aero-elastic modelling 

method [35] and aero-elastic coupling problem of the rotor/tower system [36] in 

considerable detail, based on Blade Element Momentum (BEM) theory for aerodynamic 

analysis and Euler-Bernoulli beam theory for elastic analysis. Based on this modelling 
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method, a large number of aero-elastic coupled HAWT models have been established and 

used for scientific research purposes. Hansen did in-depth model analysis [37] and 

refinements [38] on the issue of aero-elastic coupled methods and developed a model for 

the use of HAWT aero-elastic stability analysis. In his study, new theories FEM and multi-

body formulation (predecessor of MBS) are used to analyse elastic dynamics [39]. These 

theories are still widely used in the latest codes and models. The versatility of the model is 

very good as the eigenvalues and eigenvectors can be computed at any operation condition. 

Chattot [40] made further improvements to the aero-elastic model. When modelling, the 

aerodynamic model uses the Goldstein vortex model, while implicitly coupling the 

aerodynamic equations and structural equations through the modal decomposition method. 

This novel vortex model considering blade flexibility is compared with the National 

Renewable Energy Laboratory (NREL) experimental data, and the results show that the 

code can simulate the dynamics of the coupled fluid structure with low computational cost 

and high accuracy. Matha et al. [41] proposed a comprehensive high-fidelity aeroelastic 

MBS methodology. Compared with the model based on the traditional MBS theory, the 

aero-elastic model based on the improved MBS theory has lower blade deflections and 

bending moments in the statistical results of IEC DLC 1.3. Jørgensen [42] used the AHSE 

code Flex5 to validate an aero-elastic model and coupled a gearbox model with detailed 

design and visualization. Pedersen et al. [43] extracts inflow information from the 

measurement database and uses it for HAWT aeroelastic simulation. The results show that 

the simulation based on HAWC2 can predict the measured flaps and tower-bottom load 

scatter well. 

 Turbulent inflow realization (TIR), that is, the turbulent structure in the flow field is 

an important source of uncertainty in the model output prediction [44], which will cause the 

aeroelastic wind turbine model to have random/uncertain output, which is one of the main 

difficulties in establishing aeroelastic wind turbine model. Murcia et al. [45] defined and 

proved the polynomial alternative model of DTU 10 MW RWT, which could be used to 
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characterize the overall performance of the aeroelastic HAWT model under multiple 

uncertain turbulent flow parameters.  

As of today, in all mainstream simulation codes for HAWT dynamic modelling [29], 

aerodynamic calculations are based on BEM or General Dynamic Wake (GDW) theory, 

while elastic dynamics are based on FEM or MBS. The bottom fixed HAWT model based 

on these theories has high simulation accuracy and low calculation cost. However, currently 

in some situations, using BEM or GDW method does not seem to be accurate enough to 

analyse the aerodynamics under extreme conditions on FOWT. Therefore, more advanced 

aerodynamic analysis methods are then introduced into coupled modelling. In order to study 

the more complex motion of the rotor more accurately, from 2014, Tran and Kim [46] 

became the first research team to publish the research outcome on unsteady aerodynamics 

of FOWT platform motion using a computational fluid dynamics (CFD) model. The 

Computational fluid dynamic with rigid body motion (CFD-RBM) method proposed in the 

article is compared with the results obtained by the FAST code, showing good correlation, 

and can be used to accurately analyse the general horizontal and vertical axis FOWT 

models [47]. Lienard et al. [48] investigated the effect of typical pitch and surge motion on 

aerodynamic performance and wind turbine wake through CFD modelling. The CFD 

computations are performed using elsA CFD package [49], provided by ORENA. The 

effect of surge on the thrust of a floating turbine was investigated by Kyle et al. [50] with 

the open source CFD software OpenFOAM for conditions favourable to propeller and 

vortex ring state. Leroy et al. [51] introduced a new novel method Free Vortex Wake (FVW) 

to consider aerodynamic loads by coupling hydro dynamics code InWave [52] and 

aerodynamics code CACTUS [53]. Compared with FAST based on traditional BEM theory, 

the preliminary conclusions obtained show that FVW solver in CACTUS will obtain more 

accurate results in high TSR situations. Sayed et al. [54] even used the Fluid–Structure 

Interaction (FSI) coupling approach to introduce a CFD solver to calculate the aerodynamic 

blade loads in HAWT aeroelastic analysis. It is acknowledged that the many methodologies 
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applied above requires a very high computational resource and can therefore not be 

developed into a tool to simulate many wind turbines in an array for the many wave and 

wind conditions experienced by an installation. However, it serves to develop a better 

understanding of the specific aerodynamic behaviour and help develop the parameterization 

of these effects in a more realistic modelling framework. 

However, despite the shortcomings of the most traditional and common method - BEM, 

it has low computational cost and can give acceptable accuracy in many cases when 

compared with CFD methods [48]. The actuator disc model by Mikkelsen [55] has been 

lately adapted by de Vaal et al. [56], Micallef and Sant [57] to model FOWT aerodynamics. 

The research results show that in the overall dynamics analysis of FOWT, the wake 

dynamics engineering model based on the traditional analysis theory represented by BEM 

seems to have enough ability to deal with the additional unsteady surge motion of the wind 

turbine rotor. Sant [58] evidenced that BEM can obtain good accuracy in the research of 

some other specific situations if some corrective measures are used to compensate it. 

Fernandez-Gamiz et al. [59] developed an improved BEM-based solver to verify the NREL 

5MW wind turbine and determined the bending moment and thrust force in the blade root. 

Pirrung et al. [60] proved that the extended aerodynamic model based on BEM can simulate 

HAWT under static conditions. This overcomes the problem that BEM cannot simulate 

HAWT dynamics in a steady state because it assumes that the rotor can be approximated by 

a disk. The simulation results of this aeroelastic model agree with the results from the 

NREL/NASA Phase VI unsteady experiment. The above efforts have lent a hand to BEM to 

gain wider applicability and higher accuracy. 

2.2.1.2 Aero-elastic coupled model 

Based on the mature aero-elastic coupled modelling theory, many subsequent studies 

coupled more models of mechanical components during modelling. In 2000, NTUA 

developed a general aero-servo-elastic HAWT model named "General Aerodynamic and 

Structural numerical Tool for wind turbines" (GAST) [61]. At that period of time, the 
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establishment of this code serves a Greek national research activity to find wind turbine 

control strategies that optimize fatigue loads in complex terrain. It was the first time that the 

control system (servo dynamics) composed of pitch control and variable speed control is 

coupled with the areo-elastic model, and this modelling scheme has finally become the 

main mode of modelling rigid foundation HAWT in contemporary research. Riziotis et al. 

[62] designed a control system composed of a pitch controller coupled with an aeroelastic 

model to realize closed-loop operation. Compared with the aeroelastic model, the natural 

frequency and damping characteristics of the aero-servo-elastic model in certain structural 

modes will greatly change. Mauricio et al. [63] Proposed added a controller into the 

generator control system, which can quickly change the electromagnetic torque under gust 

conditions through auxiliary signals to reduce the torsional force. The research is based on 

an aero-servo-drivetrain model, which has detailed design control system and drive train 

model. However, the model ignores the elastic dynamics of the tower, uses a 6-mass model 

to analyse the aerodynamics of the rotor. Ahlström [64] developed a finite element aero-

elastic model with a simplified but comprehensive control system for simulation of the 

dynamic response of HAWT. Although the model shows acceptable accuracy during the 

verifications with measurements, it shows the limitations of simulation in extreme situations 

due to the small blade deflection. Jin et al. [65] established a flexible aero-elastic-drivetrain 

model of wind turbine blades and towers in the universal multi-body simulation calculation 

software ADAMS, built a BEM-based aerodynamic model and a drivetrain model in 

MATLAB and performed joint simulations. However, the design method of each 

mechanical module of this model is relatively simplified as well as the coupling level is 

poor. The computational efficiency of the model is very low, and there are a number of 

errors in the simulation results. NREL integrates the modelling methods and coupling 

schemes of various mechanical components. In 2005, NREL released the standard 

definition and modelling method of the 5MW wind turbine model based on FAST [32], and 

then released the version for OWT in 2009 [66]. In addition to the drivetrain, the modelling 
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solution includes detailed design solutions for all mechanical modules, including 

aerodynamics, elastic dynamics and servo dynamics. This leads to a mainstream solution 

for load analysis of HAWT with traditional rigid-fixed support structures using highly 

coupled aero-elastic-servo detailed mechanical models. 

2.2.1.3 Common research AHSE model 

Compared with bottom fixed wind turbine modelling, there is more attention to 

hydrodynamics and mooring dynamics when modelling FOWT, that is, the movement of 

the floating platform. The results of a systematic comparative study of multiple wind 

turbine dynamic codes emphasized that the floating platform and mooring system present a 

much more complicated force situation and movement than bottom fixed wind turbines [29]. 

In addition, the FOWT control system requires a specifically design to improve 

responsiveness and an effective mechanism to deal with the negative damping caused by 

pitching motion compared to classical OWTs.  

In the earliest research on FOWT dynamics, the coupling model of Hydro dynamics 

and mooring line dynamics was designed and discussed extensively. Among them, several 

“Floating platform & Mooring line” designs and definitions represented by Spar [67], Semi-

submersible [68], ITI barge [67], TLP [69] and V-shape [70] have been widely recognized, 

and extensive hydro-mooring coupled dynamic studies have been carried out on these 

common research models [71][15]. Properties of these common research models are 

summarized in Table 2.1. 

 

Table 2.1 Floating structure and mooring system properties in common research models 

Parameters 
OC3-Hywind 

Spar Buoy 

OC4-DeepCwind 

Semisubmersible 

MIT/NREL 

TLP 
ITI Barge 

V-shaped 

Semisubmersible 

Total draft (m) 120 20 47.89 4 28 

Water 8029.21 13433 12179 6000 10014 
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displacement 

(m3) 

Platform mass 

(kg) 
7.466×106 1.3473×107 8.6×106 5.452×106 9.503×106 

Number of 

mooring lines 
3 3 8 8 3 

Line diameter 

(m)  
0.09 0.0766 0.127 0.0809 0.138 

Line mass 

density (kg/m) 
77.71 113.35 116.03 130.4 117 

Line extensional 

stiffness (N) 
3.84×108 7.536×108 1.5×109 5.89×108 3×109 

 

Based on the mature OWT coupled dynamics model, these FOWT-specific mechanical 

components are tried to be coupled into partially coupled dynamic models of FOWT. 

Karimirad et al. [72] used hydro-elastic code USFOS/vpOne and HAWC2 code to build a 

hydro-elastic model of tension leg spar FOWT for coupled hydro-elastic stochastic time-

domain analysis. During the simulation, HAWC2 undertook wind turbine dynamic response 

analysis while USFOS/vpOne did dynamic response analysis of offshore structures. It is 

worth noting that this analysis is limited to the response caused by waves. Fylling et al. [73] 

conducted research on FOWTs using a aero-hydro-elastic coupled model, in which SIMO is 

used to simulate structural dynamics and hydrodynamics, and RIFLEX is used to model 

mooring lines with FEM technology. Withee [74] applies the ADAMS and the aerodynamic, 

hydrodynamic and mooring system subroutines to perform coupling calculations in the time 

domain through dynamic link library technology to simulate the dynamic response 

behaviour of FOWT. Similarly, Matha et al. [75] used the general multi-body simulation 

calculation program SIMPACK, combined with the subprograms AeroDyn, HydroDyn and 

the self-developed mooring-line subprogram, to study and analyse the dynamic 

characteristics of FOWT in the time domain. Cheng et al. [76] developed a fully coupled 



Integrated Energy Operation Solution Customized for Floating Offshore Wind Power Characteristics 
Chapter 2: Literature review 
 

  

Lingte Chen  2024  Page 21 

aero-hydraulic dynamics solver FOWT-UALM-SJTU, introduced CFD analysis method to 

establish a FOWT aero-hydro coupled model. 

However for FOWT, the platform floating motion indeed includes 6 degrees of 

freedom (DOFs) [77], enabling a great variety of sophisticated motion state. During the 

operation, FOWT bears complex environmental loads. The load is highly coupled with the 

basic motion, structural vibration and control system, which shows that its numerical 

simulation requires high-precision fully integrated calculation.  

Therefore, the establishment of the FOWT mechanical coupling model has 

concentrated the cooperation and efforts of the world's best research units, enterprises and 

universities. In 2007, Jonkman from NREL rewritten the simulation software FAST for 

FOWTs, and added the self-developed hydrodynamic and mooring-line subprograms, so 

that the FAST software has the ability to calculate FOWT [77], as shown in Fig. 2.3. The 

model established through FAST can perform loads analyses for a variety of rotor-nacelle 

assembly, tower, support platform and mooring system configurations, and has surprising 

accuracy in verification exercises. In his publication [78], Jonkman named this fully 

coupled FOWT model “aero-hydro-servo-elastic model”, also known as AHSE model. In 

addition to NREL's FAST, some research institutions and scholars in the academic circle 

also developed a number of calculation software based on their own research results and 

different modelling theories to build a general AHSE model, and have used this as a 

research platform to carry out research in related fields, such as GH Bladed, HAWC2, 

SIMA, etc [28]. 
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Fig. 2.3 Program flow of FAST software 

 

The five models in Table 2.2 are all mainstream simulation design forms that can be 

traced in the literature. OC3-Hywind is regarded as a classic sample, which has made a 

great contribution to the establishment of AHSE model of spar type FOWT [29]. A number 

of research on spar buoy FOWT commonly choose to develop on this basis. AHSE 

modelling codes that have also been benchmarked and verified are OC4-DeepCwind [79] 

and OC5-DeepCwind [80], with semisubmersible floating structures. 

 

Table 2.2 Common research AHSE models of FOWT 

Common research AHSE 

models 

First 

appear 
Code Floating platform Turbine  

OC3-Hywind 2010 OC3 participants OC3-Hywind spar buoy 
NREL 5MW 

OWT 

MIT/NREL TLP FOWT 2010 FAST MIT TLP 
NREL 5MW 

OWT 

OC4-DeepCwind 2014 OC4 participants 
OC4-DeepCwind 

semisubmersible 

NREL 5MW 

OWT / DTU 

10MW RWT 

V-shaped semisubmersible 2015 FAST V-shaped semisubmersible NREL 5MW 
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FOWT OWT 

Barge-Supported FOWT 2019 FAST ITI Energy barge 
NREL 5MW 

OWT 

 

As of the year 2021, with the help of massive contributions of research carried out on 

scaled-down experimental models and mechanical simulation codes, two offshore floating 

wind farms have been successfully on the grid for power generation. The basic 

characteristics of these wind farms are summarized in Table 2.3.  

 

Table 2.3 Characteristics of floating offshore wind farms operating around globe 

Floating 

offshore wind 

farms 

Year of 

operation 
Location Depth (m) 

FOWT 

type 

Floating 

Structure 

Capacity 

(MW) 

Hywind 

Scotland 
2017 Scotland 120 

Siemens Wind 

Power SWT-6.0-

154 

OC3-Hywind 5 x 6.0 

Windfloat 

Atlantic 
2020 Portugal Around 100 

MHI Vestas 

V164-8.4MW 

Windfloat 

Semisubmersible 
3 x 8.4 

Hywind 

Tampen 
2022 Norway     

 

As for FOWT aero-hydro-servo-elastic models with other types of floating structure 

and mooring system, although there are limited international cooperation compared to OC3-

Hywind and OC4-DeepCwind model, some scientific research organizations and 

individuals still tried to develop their AHSE models. Based on the updated version of FAST, 

Matha and Jonkman [81], Ramachandran and Vasanta [82] presented the AHSE modelling 

method with the TLP-type floating structure by different codes. Karimirad and Michailides 

[70] proposed the concept of V-shaped semisubmersible FOWT and used the tool “Simo-

Riflex-Aerodyn” to establish an AHSE coupling model. He also specifically discussed the 
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impact of this special FOWT in the face of misaligned wave and wind [83], further proving 

the feasibility of this innovative solution. Qinwei [16] designed the Barge-Supported 

FOWT AHSE model based on FAST，in which the floating structure refers to NREL's ITI 

5MW barge design scheme[78]. These modelling methods still have room for improvement 

as little codes has been able to adopt the most refined theory in each sub-dynamic module, 

and imperfect coupling effects have resulted in additional errors. Thus, accuracy and 

effectiveness of the modelling codes need to be further proven. 

With certified and widely recognized mainstream codes such as FAST, HAWC2, and 

Bladed as benchmarks, more newly developed codes have simple and feasible verification 

and optimization methods. Based on the modelling theory of [84], Lemmer [85] developed 

an efficient AHSE reduced-order model SLOW. This model has only two DOFs, and pitch 

control is coupled into the aerodynamics model as the only part of servo dynamics. 

Compared with the AHSE model with the same properties run by FAST, the model with a 

full-module reduced-order design has a computational speed that is hundreds of times faster. 

Jiahao et al. [30] developed the code DARwind based on the coupled aero-hydro-servo-

elastic method and has passed the verification exercises. However, its improved 

aerodynamic model has inaccurate simulation results when violent motion occurs under 

severe sea conditions, and the performance of the control system does not meet the 

expectations at the beginning of the design. Y. Yang[86] developed a novel framework F2A 

based on OpenFAST and AQWA, which shows a high degree of consistency in comparison 

with OpenFAST. And compared to OpenFAST, F2A has the ability to simulate fully 

coupled FOWT supported by multiple floats connected by flexible elements and has the 

ability to obtain dynamic responses through decoupling methods. M. Leimeister [87] 

established an OC3-Hywind model based on the MoWiT Library to verify the accuracy and 

reliability of the code in AHSE simulation. All these novel simulation codes are 

summarized in the Table 2.4. 
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Table 2.4 Novel AHSE coupled modelling codes 

Refs Code 

Methods Verification model  

Aero Hydro Servo Elastic Platform Turbine 
Contr

ast 

[85] 
Concept-

level SLOW 
BEM 

Airy

+M

E 

UD 

FEM/M

odal+M

BD 

INNWIND.EU 

TripleSpar 

platform 

DTU 10MW 

RWT 
FAST 

[88] DARwind 

BEM 

Correction + 

DS 

LPF + 

SWF + 

ME 

UD 

FEM/M

odal+M

BD 

OC4-DeepCwind semi-

submersible ExpMdl 

FAST 

+ 

ExpM

dl 

[86] F2A 
BEM/GDW + 

DS 

Airy+ 

ME+ 

UD  

DLL, UD, 

SM 

FEM+M

BD+AB

M 

OC3-Hywind 

spar buoy 

NREL 

5MW 
FAST 

[87] MoWiT 
BEM/GDW + 

DS 

Airy+

WS+

ME/M

CF 

DLL, UD 

FEM/M

odal+M

BD 

OC3-Hywind 

spar buoy 

NREL 

5MW 
FAST 

 

2.2.1.4 Advanced AHSE model 

Due to the satisfactory accuracy and adaptability of the internationally recognized 

OC3-Hywind, OC4-Deepcwind framework codes shown in the research report [67][79], 

they have become the reference samples for scholars to model when conducting dynamic 

analysis of FOWT. At the same time, new or improved codes/models are designed to 

overcome the code-related problems that were originally pointed out in the project report. 

Therefore, these internationally recognized old codes have also become comparison objects 

in the verification process with new models with advanced concepts or detailed single-

module designs. 
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First of all, with the improvement of hydrodynamic research, the AHSE model is no 

longer exclusive to FOWT. Some studies have also begun to apply the AHSE model to 

OWT modelling. Research team from DTU[89] presents a novel aero-hydro-servo-elastic 

coupling framework, MIRAS-HAWC2. A solver based on multi-body vortex particles is 

used to predict the aerodynamics of the rotor, which increases the fidelity of the model 

compared to the traditional BEM method. Z. Lin[90] has extensively designed, verified and 

compared a series of reduced-order AHSE-DT models that specialize in offshore wind 

turbine O&M. The results show that some models capture the dynamics of the turbine for a 

specific failure well and have improved calculation efficiency, which are more suitable for 

application in wind field models. 

As for FOWT, with a full understanding of the theory of OC3-Hywind modelling, 

Karimirad [91] proposed a method to build a simplified AHSE model, which not only has 

acceptable accuracy, but also greatly reduces the amount of calculation required for 

simulation. For researchers working under wave-only cases, as well as for the wave- and 

wind-induced cases, this model can save a lot of time. Under the OC5 framework, 

Beardsell[92] improved the Bladed-based AHSE model, and fixed the problem that the low-

frequency excitation was not fully captured when the Bladed was used for numerical 

simulation. The results show that the advanced OC5-Deepcwind model has significantly 

improved the prediction of tower foundation shear force. Sethurama[93] designed a fully 

coupled AHSE model for spar buoy direct drive FOWT, which is characterized by coupling 

with a detailed direct-drive shaft model validated by FEA. In the analysis of FOWT 

structural dynamics, Okpokparoro [94] added uncertainty modelling to make the 

computational result more accurate using FEA. 

In addition to the above research on the comprehensive update of the modeling theory, 

there are many studies that supplement the common research AHSE coupled models 

illustrated in user’s manual of mainstream codes such as OpenFAST [95], HAWC2 [96] 

and GH Bladed [97]. In order to further control and optimize the operation of FOWT, many 
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scholars have enriched the control system (servo dynamics) based on the typical AHSE 

model mentioned in Section 2.1.3 and added advanced control strategies for wind turbines. 

Qinwei [16] equipped a TMD on nacelle to control the barge FOWT generator to improve 

its stability, and the results show that the stability has been significantly improved. 

Mingming [98] designed an internal closed-loop deformable trailing edge flap (DTEF) 

control system based on the principle of smart rotor control and set the AHSE model of 

typical TLP-type FOWT on FAST [69] as the control object. The results show that the 

systematic implementation of intelligent DTEF control on the fatigue load of FOWT can 

effectively suppress the fluctuating load and relative movement of key components, and the 

fatigue load of turbine components. Wakui et al. [20] designed a new FOWT generator 

system feedback control in FAST servo dynamic module to reduce platform shaking and 

generator output power fluctuations. The main variables controlled by this study are blade 

pitch and generator torque. However, the generator model uses the first-order steady-state 

equivalent model, and the research in the electrical field only stops at the generator output 

power itself. In 2018, Tong et al. [17] teamed up with FAST and Simulink to explore the 

passive vibration control of FOWT AHSE models, because flexible turbine modelling and 

control can be performed in the Simulink environment. A bidirectional tuned liquid column 

damper (BTLCD) electrical model was built in Simulink to suppress the pitch and roll 

motion of the barge. This research only focuses on the hydrodynamic model of the floating 

structure and does not specifically design the aerodynamic model and electrical model. In 

the electrical field, only the change in the rotor speed and output power of the BTLCD itself 

are explored. All contributions mentioned in this section are summarized in the Table 2.5. 

 

Table 2.5 Contributions to advanced AHSE models 

Refs Codes Structure type Turbine 
Modified 

module 
Achievements 

[89] MIRAS, rigid foundation, the NREL 5MW Aerodynamics A novel aerodynamic analysis 



Integrated Energy Operation Solution Customized for Floating Offshore Wind Power Characteristics 
Chapter 2: Literature review 
 

  

Lingte Chen  2024  Page 28 

HAWC2 tripod and the jacket OWT/ DTU 

10MW RWT 

method with higher precision 

[90] FAST rigid foundation 
NREL 5MW 

OWT 
AHSE 

Reduced-order model applied to 

O&M research of offshore wind 

farms 

[91] FAST 
OC3-Hywind spar 

buoy 

 NREL 5MW 

OWT 
AHSE 

A simplified model with high 

computational efficiency 

[92] Bladed 
OC5-DeepCwind 

semisubmersible 

NREL 5MW 

OWT 
AHSE 

low-frequency excitation is able to 

be fully captured 

[93] HAWC2 
OC3-Hywind spar 

buoy 

NREL 5MW 

OWT 

Servo 

dynamics, 

drivetrain 

Control scheme and detailed 

drivetrain model for PMSG 

[94] FAST 
OC3-Hywind spar 

buoy 

NREL 5MW 

OWT 

Elastic 

dynamics 

A methodology for capturing 

uncertainties to improve the 

accuracy of elasticity analysis 

[98] 
FAST, 

Simulink 
MIT TLP-type 

NREL 5MW 

OWT 

Servo 

dynamics 

An internal closed-loop DTEF 

control system 

[16] 
FAST, 

Simulink 
ITI barge 

NREL 5MW 

OWT 

Servo 

dynamics 

A nacelle-based TMD method 

generator control 

[20] 
FAST, 

Simulink 

OC3-Hywind spar 

buoy 

NREL 5MW 

OWT 

Servo 

dynamics 

A new designed generator system 

feedback control 

[17] 
FAST, 

Simulink 
ITI barge 

NREL 5MW 

OWT 

Servo 

dynamics 

Adding a BTLCD control to 

suppress the pitch and roll motion 

of the platform 

 

2.2.2 Development & contributions to WECS modelling 

2.2.2.1 Bottom-fixed OWT & FOWT model comparisons 

The bottom-fixed OWT electrical model describe in detail the dynamic and transient 

characteristics of its WECS and provide convenience for the research on issues such as grid 

connection and converter control design. In the model, Generator, converter and control 

system are the core parts of the wind turbine electrical model. The generator-converter 

model of FOWT can be inspired by the generator-converter model of traditional rigid 
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foundation OWTs as they share the same design principles. However, due to the floating 

characteristics of the supporting structure, the stable operation of the FOWT requires a very 

comprehensive control strategy, including the mechanical and electrical fields. As shown in 

the Fig. 2.4, the variable speed wind turbine has different control strategies in different 

operating regions. Therefore, Type III and Type IV wind turbines are able to meet the 

requirements because these types of wind turbines can operate at variable wind speeds and 

result in improved power quality. 

 

Fig. 2.4 Operating region of the variable speed wind turbine 

 

 In addition, the capacity of a single FOWT tested or operated is commonly larger than 

that of the traditional rigid foundation wind turbines [99]. The reasons are as follows: ①the 

environment of open seas is not restricted by many objective factors like inland or offshore. 

②wind resources in the further offshore are much more abundant than inland or offshore, 

and higher average wind speeds are matched with more powerful wind turbines ③the 

FOWT with larger capacity per tower is more economical in construction and maintenance. 

Therefore, the generator-converter model of the FOWT can get inspired from generic type 

III and IV wind turbines with large single-unit capacity, which is being controlled by a 

more advanced control strategy. 
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2.2.2.2 Generic WECS model for FOWT 

The detailed design of generator and converter models adapted to the research needs of 

power systems, also known as WECS models. Such coupling models have been established 

in large quantities because of the demand for wind turbine research in the field of electrical 

engineering, and the purpose of simulation is often the study of pure power systems such as 

power system steady-state analysis, transient analysis, LVRT/HVRT, power control etc. A 

number of studies on bottom-fixed wind turbines could simplify dynamic modelling, which 

means only considering aerodynamics and directly linking active power to rotor speed. The 

design requirements of the wind turbine model corresponding to each research topic are 

summarized in the Table 2.6. 

Table 2.6 Common single HAWT modelling schemes for different research subjects 

Research Subject Dynamics Drivetrain Generator & Converter Grid 

Steady-state analysis Simplified Simplified Simplified Infinity bus 

Transient analysis Detailed Detailed Detailed Infinity bus 

O&M Detailed Detailed Detailed Infinity bus 

LVRT/HVRT Omitted Detailed Detailed Detailed 

MPPT Omitted Omitted Detailed Infinity bus 

Yaw/pitch Control Simplified Simplified Simplified Infinity bus 

Power Control Simplified Simplified Detailed Infinity bus 

Power transmission Omitted Omitted Detailed FACT/HVDC 

Hydrogen Production Simplified Simplified Detailed Omitted 

 

According to different WECS designs, a total of four types of wind turbines are 

officially defined and widely used. They can be classified into fixed speed wind turbines 

(Type 1, Type2) and variable speed wind turbines (Type 3, Type4) according to the 

characteristics of whether they can change the speed of the impeller. 

Fixed speed wind turbines are a relatively old type of wind turbine. Their models have 

very simple designs and use very limited and simple control methods. They have been 
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installed in large numbers because of their high economic advantages, but with the decline 

in the manufacturing cost of variable speed wind turbines and the lack of controllability, 

they gradually began to withdraw from the market [24]. For the electrical model of variable 

speed wind turbine, the current research can mainly divide it into detailed model, reduced-

order model, and steady-state model. The detailed model is generally a fifth-order model to 

reflect the electromagnetic transient characteristics of the wind turbine. The reduced-order 

model ignores the electromagnetic changes of the stator flux linkage and is generally a 

third-order model. The steady-state model further ignores the electromagnetic transient 

characteristics on the basis of the reduced-order model and is generally a first-order model. 

For type 3 wind turbines, both the stator and rotor can exchange power with the grid, 

as it shown in  Fig. 2.5(a). And power electronics (PE) converters control the active power, 

reactive power, and power factor output by the wind turbine. The converter control 

strategies of doubly fed wind turbines mainly include vector control, direct power control 

and direct torque control. The current technologies are relatively mature. Among them, 

vector control is relatively simple to implement, with high precision and robustness, and is 

the most widely used. J. Liu and Z Liu [100], Xu et al. [101], Yang et al. [102][103] and 

López's [104] research all established detailed WECS models. Ma [105] established a 

reduced order model suitable for small signal stability analysis. The common feature of 

these reduced-order models is that they significantly reduce the amount of calculation 

during simulation, but the accuracy is not high. Arachchige et al. [106] simplified the design 

of PE converters and built an average model with simulation speed 5 times faster than that 

of general detailed model. But when the system is unbalanced, the RMS bus voltage 

calculated by the model is slightly off. 

Type 4 wind turbines rectify and invert the electrical energy from the generator and 

connect to the grid, as it shown in Fig. 2.5(b). At present, there are two mainstream designs, 

and their inversion process is realized by grid side converter (GSC). One design of the 

rectifier is diode rectifier and boost converter. The rectification process cannot be controlled, 
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and the active power generated by the generator is adjusted by controlling the duty cycle of 

the switch of the Boost circuit. Sirichai[107] established a detailed model of the rectifier 

plus boost circuit. Another design of the rectifier is the machine side converter (MSC), 

which can effectively control the electromagnetic torque of the generator, and then 

effectively perform MPPT. Mohsen established a reliable detailed model, focusing on in-

depth stability analysis and operation control. 

 

Fig. 2.5 Variable speed WTG design 

 

The detailed electrical models of all four types of wind turbines contained in the 

Simscape Electrical library of Simulink have been summarized by NREL[108], which 

comprehensively introduces the theory based on the design of the generator model, the 

characteristics of the model and the existing problems. In order to compare the 

ferromagnetic resonance modes of the four types of wind turbines under overvoltage levels, 

Akinrinde et al. [109] designed detailed models of all four types of wind turbines. 

Honrubia-Escribano et al. [22] summarized the results obtained by the IEC and WECC 

working groups in the process of studying all four forms of Generic dynamic wind turbine 
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models. This article comprehensively reviewed the Generic dynamic wind turbine models 

used to analyse the stability of the power system. The aerodynamic, drivetrain and electrical 

components of the coupled model have a detailed summary. However, this review still only 

includes the efforts of electrical engineers. The aerodynamic and mechanical models 

summarized are simplified from the perspective of mechanical engineers. 

It is worth noting that although these electrical models also include mechanical 

modules and operates in grid, they are classified as simplified models. The mechanical 

model design method is usually: input the average wind speed to establish the power 

coefficient (𝐶௣) model and equivalently calculate the mechanical torque and connect to the 

detailed design generator-converter through the classic one-mass or two-mass drivetrain 

model. This is understandable, because not only the impact of mechanical models can be 

ignored in some electrical related studies, but also a partially detailed model could help 

researchers save calculation costs and resources. As for the grid design of the models, a 

step-up transformer and a terminal bus are commonly included [110]. Some single OWT 

models have coupled compensator, grounding transformers, long transmission line modules 

and protection circuit, to get the model be able to undertake LVRT/HVRT and power 

transmission related research. 

2.2.3 Scaled FOWT model experiments 

FOWT model experiments started as early as 2009 in Japan[111], in a 1/22.5 scale. As 

of the end of 2015, as many as 9 experimental scaled-down models have been installed, and 

all these early experimental models have been summarized by Gordon Stewart[112]. Early 

model experiments mostly used disc equivalent wind wheels, mainly based on the 

simulation of aerodynamic thrust, but this method ignored the aerodynamic characteristics 

of the wind wheel system such as torque and gyro torque. Started from 2011, some model 

experiments[113] gave up the similar wind speed setting and adjusted the wind speed to 

match the aerodynamic load of the model. However, this method cannot guarantee non-
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rotating substance, such as a pneumatic load and the water flow field state more similar to 

the platform and the tower. But soon, the mainstream research direction abandoned the 

geometric similarity of the blades and redesigned the model to adapt to the blade airfoil 

with low model Reynolds number, such as Fowler[114], Duan[115], Chen[88], etc. 

However, these scaled‐down models did not adequately consider the same material, 

construction methods, or deployment method as the full‐scale system[116], which leads to 

limited accuracy. In particular, a scaled‐down model experiment in a wave basin inherently 

has limitations on the simultaneous satisfaction of both Froude and Reynolds scaling 

laws[117][118]. An experiment on a FOWT is usually more expensive than a sophisticated 

design tool, which is preferred for cost‐effective solutions during the design process. So that 

the purpose of many latest experiment models built subsequently has become focusing on 

validating tools (code‐to‐data comparisons)[119] or start a real-time hybrid model test with 

simulation software[120], thus significantly helped improving the accuracy of the design 

models. 

 

2.3 Wind turbine mechanical-electrical coupled modelling 

Due to the limitations of a single simulation software or code, existing literature has 

proposed a cross-platform co-simulation strategy for wind turbine modelling. Hemeida et al. 

[121] respectively established electromechanical coupling models of direct drive PMSG 

with converters, but they did not verify the accuracy of the simulation results of this model. 

Shariatpanah et al. [122] built a 10kW PMSG fully coupled AHSE model with high 

accuracy. Ochs et al. [123] comprehensively designed and verified the electromechanical 

coupling model of the permanent magnet direct drive wind turbine, which is the first 

coupled direct drive PMSG model that includes high-detail, high-precision mechanical, and 

electrical parts. Malik and Mishra [124][125] even applies information processing systems 

including Probabilistic Neural Network (PNN), Artificial Neural Network (ANN) and 
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Empirical Mode Decomposition (EMD) to the wind turbine electromechanical co-

simulation model to verify the performance of wind turbine condition monitoring. However, 

the study only reached a preliminary conclusion, and the monitoring system could not 

identify the type of unbalanced fault. 

In 2008, from the perspective of electrical engineering, Fadaeinedjad et al. [110] 

summarized the modelling scheme of all aspects of the detailed model of the 

FAST+Simulink co-simulation platform. Subsequently, this co-simulation scheme quickly 

became the mainstream choice for building WECS models. Chen [126] applied the 

interaction between FAST and Simulink to identify the mechanical parameters of DFIG 

wind turbines that have been running for many years. In the simulation platform she built, 

FAST outputs source code MEX files written in C or Fortran language, and MEX can be 

called in Simulink in the form of s functions, so simple offline co-simulation can be realized. 

In 2014, the developer of FAST, NREL, published a guide [108] to the use of FAST and 

Simulink co-simulation wind turbine generator, which comprehensively introduced the four 

generator models in Simulink and the electromechanical co-simulation method. Yang [127] 

uses the co-simulation platform to in-depth study of pitch control and drivetrain load 

suppression strategies. Literature [128] compiles the electrical and control model built by 

Simulink into a DLL (Dynamic Link Library) file and performs co-simulation with Bladed. 

However, a new DLL must be regenerated and embedded in Bladed every time the working 

conditions are switched, which is cumbersome. Wang [129] writes s-functions in MATLAB 

and uses interface technology to establish data transmission with DLL files, which 

effectively solves the defects in Literature [128], but only explores the changes in rotor 

speed and output power, and the electrical model is still not detailed enough. Literature [130] 

establishes a refined wind turbine model based on Real Time Digital Simulator (RTDS) and 

Bladed. However, the communication interface of this platform uses analog signal channels, 

which limits the amount of interactive data. Miao [131] used Simulink to call FAST 

compiled files to realize co-simulation. On the one hand, based on the demo in the 
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Simpowersystem library in Simulink, a motor model based on the dq axis, and a converter 

control model are established. On the other hand, FAST has established models that include 

blades, towers, and drive shafts. Here FAST also communicates data with Simulink through 

the S function. However, due to the limitations of computer performance, the design of 

converters and transformers has been simplified. 

With the deepening of research, more technical recognized power system analysis 

software or platform than Simulink is introduced into real-time simulation. These software 

or platforms not only have higher performance, but many are compatible with Simulink, 

such as RTDS, RT-LAB. This means that the models in Simulink can be converted to these 

professional power system simulation tools in simple steps. Li [132] proposed a joint real-

time simulation platform based on FAST and RTDS that meets the requirements of fine 

wind turbine modelling. Digital communication is realized through RTnet, which has a 

greater cost advantage than traditional analog communication interfaces. Diao [133] 

promoted the technology disclosed by Bing and built a real-time simulation platform for 

wind farms composed of four DFIG wind turbines, including the precise modelling and 

simulation of wind farms based on RT-LAB and FAST, and electric power system 

electromechanical systems including wind farms. Electromagnetic hybrid simulation and 

wind farm SCADA system. However, the wind speed model of the wind farm model does 

not consider the wake effects and time lag effects between wind turbines, nor can it 

simulate faults on the electromechanical side.  

The characteristics of all the aforementioned co-simulation platforms are summarized 

in Table 2.7. 
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Table 2.7 Fully coupled co-simulation platforms in existing bottom fixed wind turbine research 

Refs Year 
Turbine 

Capacity 

Electrical Characteristics Mechanical Characteristics 

Research Significance 
Model 

Modelling 

tool 

Aerodynamic 

Method 

Structural Dynamic 

Method 
Modeling tool 

[110] 2008 1.5 MW 
Type III WTG Reduced-

order Model 
Simulink BEM 

FEMP+ (Modal 

/MBS) 
FAST 

Testing the performance of controller, investigate the influence of 

electrical disturbances on mechanical components 

[128] 2009 3 MW 
Type III WTG Reduced-

order Model 
Simulink BEM FEM Bladed 

Certificate the voltage ride through capabilities of a 3 MW Alstom-

Ecotècnia wind turbine 

[126] 2012 2 MW 
Type III WTG Reduced-

order Model 
Simulink BEM 

FEMP+ (Modal 

/MBS) 
FAST 

Identify the mechanical parameters of wind turbines that have been in 

operation for years 

[122] 2013 10 kW 
Type IV WTG Reduced-

order Model 
Simulink BEM 

FEMP+ (Modal 

/MBS) 
FAST 

The first fully coupled simulation platform designed for type 4 wind 

turbines, and includes a comprehensive yaw control strategy 

[123] 2014 
10 kW & 

5 MW 

Type IV WTG Detailed 

Model 
Simulink BEM 

FEMP+ (Modal 

/MBS) 
FAST The first fully coupled detailed model for PMSG 

[108] 2014 \ 
All types of WTG Reduced-

order Model 
Simulink BEM/GDW 

FEMP+ (Modal 

/MBS) 
FAST 

Gave a comprehensive introduction to the co-simulation method of 

WTG models of all 4 types in Simulink with FAST 

[129] 2015 2 MW 
Type III WTG Reduced-

order Model 
Simulink BEM 

FEMP+ (Modal 

/MBS) 
Bladed The impact of LVRT on the wind turbine 



Integrated Energy Operation Solution Customized for Floating Offshore Wind Power Characteristics 
Chapter 2: Literature review 
 

  

Lingte Chen  2024  Page 38 

[127] 2015 
1.5 MW & 2 

MW 

Type III WTG Detailed 

Model 
Simulink BEM 

FEMP+ (Modal 

/MBS) 
FAST 

Active control strategies and characteristic of dynamic loads of wind 

turbine generation systems 

[131] 2015 1.5 MW 
Type III WTG Simplified 

Model 
Simulink BEM 

FEMP+ (Modal 

/MBS) 
FAST 

Suitable for steady-state analysis, fully coupled Type 3 wind turbine 

model with detailed drive shaft model 

[124][125] 
2015, 

2017 
10 kW 

Type IV WTG Detailed 

Model 
Simulink BEM 

FEMP+ (Modal 

/MBS) 
FAST 

Application of PNN and ANN of Fault Diagnosis on a fully coupled 

PMSG model 

[132] 2020 5 MW 
Type III WTG Detailed 

Model 
RTDS BEM 

FEMP+ (Modal 

/MBS) 
FAST 

Could carry out electromagnetic transient related research with higher 

accuracy 

[133] 2020 1.5 MW 
Type III WTG Detailed 

Model 
RT-LAB BEM 

FEMP+ (Modal 

/MBS) 
FASTv8 

A wind farm model consisting of four mechanical-electrical fully 

coupled wind turbines 

[134] 2023 5MW 
Type IV WTG Detailed 

Model 
Simulink BEM 

FEMP+ (Modal 

/MBS) 
FASTv8 

RC resonant circuit design for FOWT power quality mitigation at 

wave frequency 

[33] 2024 5MW 
Type IV WTG Detailed 

Model 
Simulink BEM 

FEMP+ (Modal 

/MBS) 
FASTv8 Floating wind power ramp events characterization 



Integrated Energy Operation Solution Customized for Floating Offshore Wind Power Characteristics 
Chapter 2: Literature review 
 

  

Lingte Chen  2024  Page 39 

2.4 Coupled FOWT modelling Framework 

2.4.1 Inspirations from the existing coupled models 

At present, there is little research to build a fully coupled FOWT mechanical-electrical 

model. The model established by Wakui [20] in the study does include a FAST mechanical 

model, a drive shaft model and a complete Type 3 (DFIG) WTG model. But because its 

research topic is control strategy, WTG models built based on this research purpose are 

often first-order simplified models. The design of the generator model is very briefly 

mentioned in this journal, and this journal only draws preliminary conclusions in the field of 

power systems. It can be said that the true FOWT fully coupled model has not yet appeared. 

But at present, the mechanical models for FOWT and the OWT electrical models are 

mature and reliable. Moreover, it is technically feasible to directly couple these two models 

into a mechanical-electrical fully coupled model. For the mechanical coupling modelling of 

FOWT, a lot of research has contributed to building a detailed and accurate AHSE model, 

and there are a small number of drivetrain model design schemes for reference. For the 

FOWT electrical model, it seems acceptable to use the existing generator-converter model 

applied to OWT's power system stability study. 

In the research of bottom fixed HAWTs, a large number of co-simulation platforms 

including fully coupled dynamic models and detailed electrical models have been designed, 

summarized in Table 7. Except for hydro dynamics and mooring dynamics, all mechanical 

and electrical modules are included in these models. This is undoubtedly the most direct 

inspiration and guidance for FOWT mechanical-electrical fully coupled modelling and 

simulation. 

Regarding the issue of cross-software coupled modelling and co-simulation, external 

DLL can be used to establish a channel with professional power system analysis software, 

and DLL is available in all mainstream FOWT mechanical simulation codes summarized in 

Table 8. Surprisingly, OpenFAST and HAWC2 have designed an interface with Simulink, 
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which greatly simplifies the difficulty of coupling between the mechanical model and the 

electrical model of FOWT. At present, many studies have used this scheme to establish a 

full-detail model of the rigid foundation wind turbine, which inspired the development of 

FOWT's mechanical-electrical fully coupled model and simulation platform. In addition, 

some advanced power system simulation tools such as RT-LAB and PSCAD allow the 

model in Simulink to be converted to its platform for simulation in simple steps. This means 

that more professional mechanical-electrical fully coupled FOWT models based on 

platforms such as FAST-RTLAB can also be expected. 

Table 2.8 Overview of simulation capabilities of major aero-hydro-servo-elastic codes 

ADAMS Bladed FAST HAWC2 GAST Flex 3DFloat 

Developer 

MSC+NREL DNV NREL DTU NTUA DTU IFE 

Aerodynamics  

(BEM/GDW) 

+ DS  

(BEM/GDW) 

+ DS 

(BEM/GDW) 

+ DS  

(BEM/GDW) 

+ DS 

(BEM/3DFW) 

+ DS 

(BEM/GDW) 

+ DS 
BEM/GDW 

Hydrodynamics 

(Airy+ / UD) 

+ ME 

(Airy+ / 

Stream) + ME 

(Airy+ / UD) 

+ ME 

(Airy+ / UD) 

+ ME 

Airystr + PF or 

Stream + ME 

Airystr + PF 

or Stream + 

ME 

Airystr + 

PF/UD 

Stream + 

ME 

Servo Dynamics 

DLL, UD DLL DLL, UD, SM 
DLL, UD, 

SM 
DLL, UD DLL, UD UD 

Elastic Dynamics 

MBS 
FEMP+ 

(Modal/MBS) 

FEMP+ 

(Modal/MBS) 
MBS/FEM MBS/FEM 

Modal/FEM 

/Modal + 

FEM 

FEM 

Comprehensive test involved 

OC3 
OC3, OC4, 

OC5 

OC3, OC4, 

OC5 

OC3, OC4, 

OC5 
OC4 OC3, OC4 OC4, OC5 
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Open Accessibility 

√ √ √ × × √ √ 

 

2.4.2 Proposed modelling solution 

For establishing a FOWT mechanical-electrical fully coupled model, the main work is 

to integrate the existing mechanical model and electrical model. A very good AHSE fully 

coupled mechanical model can be built in the dynamic simulation software. Similarly, a 

detailed fully coupled WECS model can be built in the power system simulation software. 

Realization of co-simulation relies on external DLL including in all mainstream dynamic 

simulation software; or FAST, HAWC2's unique direct connection module with Simulink. 

It is also easy to replace Simulink with more advanced power system software, and there 

have been successful cases published in the academic community. The block diagram of the 

FOWT mechanical-electrical full-detailed coupling model under the co-simulation platform 

is shown in the Fig. 2.6. 

 

 

Fig. 2.6 Block diagram for fully coupled FOWT model 

 



Integrated Energy Operation Solution Customized for Floating Offshore Wind Power Characteristics 
Chapter 2: Literature review 
 

  

Lingte Chen  2024  Page 42 

For FOWT, the dynamic analysis method of the coupled dynamic analysis code is still 

in the process of research and improvement, and it has been emphasized that it will obtain 

limited accuracy in extreme motion situations. Therefore, when using this co-simulation 

platform, researchers should better not involve the research of FOWT under too extreme 

motion conditions for the time being. 

As for the control system, the design and integration method need to be reconsidered. 

As for FOWTs, there is no unified and comprehensive control strategy that thinks from a 

mechanical and electrical perspective, so the early mechanical-electrical fully coupled 

model built in the future may still be based on the design of the OWT control system and 

modified according to the research towards to FOWT control in specific areas. And how to 

cooperate with the control strategy of OWT and the control strategy of floating platform 

will be an interesting theme. 

 

2.5 Conclusion to this chapter 

This chapter comprehensively reviews the mechanical-electrical model established 

during a comprehensive and detailed study of FOWTs from the perspective of mechanical 

and electrical engineers. In the early days of wind power research, researchers in the 

mechanical and electrical fields conducted independent research in their respective fields, 

and the models built did not overlap. In recent years, research in the electrical field has 

begun to pay attention to the impact of wind & waves on OWTs and power systems. In 

recent years, researchers have introduced detailed mechanical models of wind turbines, with 

higher orders, more complete control strategies and more accurate dynamic analysis 

methods. It can be said that the joint model allows electrical engineering researchers to 

enter a more accurate and detailed new level of research on the operation status of the wind 

turbine power system. This makes future research on the power system analysis of wind 



Integrated Energy Operation Solution Customized for Floating Offshore Wind Power Characteristics 
Chapter 2: Literature review 
 

  

Lingte Chen  2024  Page 43 

turbines no longer just a simple process of modelling the mechanical part, and there will be 

more studies using electromechanical joint models to conduct research. 

After more than ten years of co-simulation exploration, the use of FAST+Simulink is 

currently a friendly approach for building FCMEDM for FOWTs. Open-source software, 

efficient calculations and good accuracy are the main driving factors. In order to carry out 

comprehensive and detailed research in power system steady state and transient response, 

more advanced and accurate simulation platform has replaced Simulink for research, 

represented by RTDS and RT-LAB. 

At present, the research on the use of co-simulation is still in the early stage, and the 

research focus of scholars in the field is mainly on the detailed modelling and reduction 

processing of a single wind turbine. With the in-depth research on the operation 

characteristics of wind power grid-connected and the continuous expansion of installed 

capacity, large-scale wind farms have an increasing impact on the power grid. Therefore, 

the dynamic characteristics of wind farms have gradually attracted the attention of scholars. 

A small number of electromechanical joint models of wind farms composed of multiple 

wind turbines have been built and applied to the steady state and transient state of the power 

system, which has obviously become a new research direction in the field of wind turbine 

electrical. 

In addition, the research on establishing the co-simulation model of FOWT is limited. 

On the one hand, there are few applications for floating wind turbines. This makes it 

difficult to verify the validity of the simulation model established by the researchers. It is 

foreseeable that in future research, a FOWT co-simulation platform with detailed models of 

all mechanical and electrical components will be established, which can more effectively 

quantify the power characteristics of FOWT and provide targeted control through pitch 

angle control, yaw control, generator torque control, converter control, additional electrical 

component coupling control, etc 
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Chapter 3:  Characterizing Ramp Events of Floating 
Offshore Wind Power 

3.1 Introduction 

The abrupt power fluctuations, characterized by substantial magnitudes and brief 

durations, that manifest during the operation of wind turbines and wind farms are typically 

attributed to intricate physical processes and atmospheric phenomena, including 

thunderstorms, gusts, cyclones, and low-level jets [138]. These phenomena are collectively 

referred to as Wind Power Ramp Events (WPREs). A key approach to address this 

challenge involves the quantification of WPREs, encompassing their intensity and 

frequency characteristics, as it aids in power system planning by providing crucial 

information for predicting necessary control measures [139]. In accordance with the 

findings of Reference [140], a power-ramp rate limit control was devised within the context 

of a wind-solar system. This control mechanism was designed to alleviate the impacts 

stemming from distinct fluctuations in power, specifically those attributable to wind, solar, 

and load dynamics of a substantial nature. Reference [141] studied the optimal daily peak-

load scheduling for cascaded hydropower stations with consideration of wind energy 

uncertainty based on WPRE research. In a separate study [142], flexibility requirements 

based on WPRE analysis were employed to investigate cases involving energy storage and 

flexible power generation. Moreover, the accuracy of WPRE detection is pivotal in ensuring 

the reliability of wind power forecasting. Reference [143] introduced a range of data 

sampling techniques aimed at enhancing the accuracy of ramp alerts for wind power events 

by effectively addressing the issue of class imbalance. Reference [144] introduced pattern 

recognition to probabilistic forecasting, leading to improved reliability and sensitivity of 

wind power predictions. Reference [145] improved prediction accuracy by employing 

precise wind process (WP) and wind process pattern (WPP) delineation in the pattern 

recognition stage. However, existing achievements have been primarily based on onshore or 

bottom-fixed Offshore Wind Turbine (OWT) types, leaving a research gap in WPRE studies 
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related to Floating Offshore Wind Turbines (FOWT), as platform motions could result in 

elevated power output fluctuations and deteriorate the overall generating performance 

significantly [20]. 

Presently, only 3 grid-connected floating wind farms are in operation worldwide 

[2][3][146], making it challenging to directly reference and analyse open-access operational 

data. As an alternative approach, modifications could be made based on reliable 

mathematical models of wind turbines [123]. In the generic dynamic Wind Energy 

Conversion System (WECS) modelling developed by widely recognized International 

Electrotechnical Commission (IEC) and Western Electricity Coordinating Council (WECC) 

working groups, power characteristics are simplified and correlated with wind speed [22]. 

Such approaches, incorporating linearized aerodynamic models, consider the limited 

knowledge background of grid operators in dynamic analysis [9]. Despite the proven 

reliability of generic WECS models over the past decade [132][103][10][109][11], they 

cannot be directly applied as references for FOWT modelling, as they suffer from three 

crucial limitations: 

(1) The simplified aerodynamic models fail to capture the significant variations in 

FOWT power characteristics [20][147]. 

(2) Research on FOWT power characteristics through FAST represented dynamic 

simulation codesare commonly based on the first-order induction generator provided by the 

code by default [148], while the research on synchronous generators with large inertia and 

low speed ratio is limited [149]. 

(3) The generic WECS models completely disregard the influence of wave loads on 

FOWT power, a factor that could potentially play a pivotal role in the emergence of WPREs 

[5][150]. 

Hence, there is a need for a comprehensive aero-hydro-servo-elastic (AHSE) dynamic 

model coupled with the WECS model. Therefore, in this chapter, an interdisciplinary study 
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is proposed to explore a mechanical-electrical fully coupled model to investigate real-world 

grid-connected scenarios involving WPRE cases, with a careful consideration of input wind 

and waves. The graphic outline of the entire study is logically summarized in Fig. 3.1. 

Initially, a standard AHSE model was developed using the open-source FAST software, 

while a detailed high-order WECS model was created using Simulink. The dynamic 

analysis was performed using FAST, and the DLL interface was employed to establish a 

connection between the WECS model and the generator, enabling the exchange of critical 

parameters such as electrical power and mechanical speed. This achieved a precise 

electromechanical coupling for the FOWT. Subsequently, adjustments were made to the 

hydrodynamically influenced FOWT equivalent power curve, accurately representing its 

electrical energy generation under real operational conditions. Optimized Swinging Door 

Algorithm (OpSDA) has conducted successful and impactful research in conventional wind 

farms by effectively combining "bumps" displaying diverse directional changes into 

neighbouring slope segments, resulting in significant enhancement of detection precision 

[138], and is chosen to serve as a foundation for floating offshore WPRE data analysis. In 

this study, the OpSDA was tailored and optimized to suit the specific considerations of 

hydrodynamics, facilitating thorough data processing and analysis in the context of WPRE 

assessment. 
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Fig. 3.1 Graphic Outline of floating offshore WPRE research 

 

The chapter is organized as follows: Section 2 outlines the mathematical model 

formulation. Section 3 presents details of the flowchart-based simulation model setup based 

on Fig. 3.1. In Section 4, the relationship between hydrodynamic characteristics and power 

is examined under various wind and wave conditions, with detailed simulation results 

provided for a full range of conditions. Finally, Section 5 presents the conclusion. 

 

3.2 Complete system mathematical model formulation 

The fully coupled model developed in this chapter includes two distinct aspects of the 

complete system: modelling of the FOWT dynamics and that of the energy conversion 

system. 

3.2.1 TurbSim-based Wind speed modelling 

The wind speed on the swept surface of the impeller includes two parts: random 

process and periodic process. Stochastic processes generally refer to turbulent winds that 

vary continuously in time and space. The periodic process is mainly caused by wind shear 

and tower shadow effects. According to the requirements of the wind turbine load 



Integrated Energy Operation Solution Customized for Floating Offshore Wind Power Characteristics 
Chapter 3:  Characterizing ramp events of Floating Offshore Wind Power 
 

  

Lingte Chen  2024  Page 48 

calculation standard IEC61400-1:2019 [151], TurbSim simulates the turbulence, wind shear 

and tower shadow effects of wind speed when modelling wind speed. 

3.2.1.1 Turbulent Wind Modelling 

TurbSim uses the Kaimal model to simulate turbulent wind. The random signal 

generated by this model is filtered by the Kaimal filter [152], and the obtained random wind 

speed model conforms to the Kaimal spectrum distribution, as shown in (3.1). 

 𝜔்𝑆௩(𝜔்) =

ഘ೅ೣಽ
ೇ೘೐ೌ೙

ఙೡ
మ

(ଵାଵ.ହ(
ഘ೅ೣಽ

ೇ೘೐ೌ೙
))

ఱ
య
 (3.1) 

where 𝑉௠௘௔௡ is the average wind speed; 𝜔் is the frequency of the turbulent wind; 𝑥௅ 

is the turbulent scale; 𝜎௩ is the standard deviation of the turbulent wind speed sequence; 

𝑆௩(𝜔்) is the power spectral density of the turbulent wind. 

3.2.1.2 Wind Shear Modelling 

Wind shear is the vertical increase in wind speed with height. The reasons for this 

phenomenon include dynamic factors and thermal factors. The dynamic factor is mainly 

related to the vertical stability of the near-surface atmosphere, while the thermal factor 

mainly comes from the friction effect of the offshore surface, that is, the roughness of the 

sea surface. TurbSim considers the influence of wind shear effect and describes the 

relationship between wind speed and height [153] as: 

  𝑉(ℎ) ≈ 𝑉௛௨௕ ቀ
ுା௭

ு
ቁ

ఈ

= 𝑉௛௨௕ ቀ1 +
௭
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ቁ

ఈ
 (3.2) 

where 𝑉௛௨௕ is the wind speed at the hub; 𝐻 is the height of the hub center; 𝛼 is the 

wind shear coefficient, which usually takes a constant value of 0.2; 𝑧 is the vertical height 

of the blade, that is: 

 𝑧 = −𝑟 sin 𝜑 (3.3) 
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In the above equation, 𝑟 is the distance between the blade element and the hub center; 

𝜑  is the position angle of the blade element. Combined with Fig. 3.2, the specific 

designation of the parameters in the equation can be intuitively understood. 

 

Fig. 3.2 Wind shear of the turbine hub 

 

3.2.1.3 Tower Shadow Effect Modelling 

For an upwind three blade HAWT, wind speed expression applied in TurbSim 

considered the tower shadow effect, which is: 

 𝑉(𝑦, 𝑥) ≈ 𝑉௛ + 𝑣௧(𝑦, 𝑥) (3.4) 

 𝑣௧(𝑦, 𝑥) = 𝑉௠௘௔௡𝑟௧
ଶ ௬మି௫మ

௬మା௫మ (3.5) 

    where 𝑉௠௘௔௡ is the spatial average wind speed; 𝑉௛ is the radius of the tower; 𝑦 is the 

distance from the blade element to the y-axis of the tower; 𝑥 is the distance from the blade 

element to the x-axis of the tower, that is, the overhang distance; 𝑣௧(𝑦, 𝑥) is the variation 

disturbance exerted by the tower shadow effect on the wind speed. 

It is worth emphasizing that different reference wind speeds are used in the wind shear 

and tower shadow effect calculations. The wind shear adopts the custom 𝑉௛  at the hub 
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height 𝐻, while the spatial average wind speed 𝑉௠௘௔௡ is used in the calculation of the tower 

shadow effect [154]. The relationship between these two wind speeds is: 

 𝑉௠௘௔௡ = ቂ1 +
ఈ(ఈିଵ)ோమ

଼௛మ
ቃ 𝑉௛ (3.6) 

 

3.2.2 FOWT Dynamic modelling 

AHSE model is a mathematical model that describes the dynamic behaviour of a 

FOWT in response to environmental loads, such as wind and waves. In the study of this 

thesis, we utilized FAST code to implement AHSE modelling for FOWT, adopting the 

widely tested OC3-Hywind platform and set reasonable wind and wave conditions. The 

model considers the interactions between the FOWT's structural, hydrodynamic, and 

aerodynamic components, as well as the control system used to stabilize the turbine in 

operation. 

The FOWT model is used to predict the performance and stability of an FOWT under 

different operational conditions, such as different wind and wave conditions, which is used 

to design the control system for the FOWT. The model can also be used to optimize the 

design of the FOWT, such as selecting appropriate size, shape, and materials, to achieve 

required performance with reduced costs [28]. 

The FOWT model typically consists of several sub models, each representing a 

different aspect of the FOWT's behaviour. The structural sub model represents the 

mechanical properties of the FOWT's structure, including its stiffness, mass, and damping. 

The hydrodynamic sub model represents the forces acting on the FOWT due to wave load, 

wave current, and added mass effects. The aerodynamic sub model represents the forces 

acting on the FOWT due to the motion of the air, including the lift and drag forces on the 

turbine blades. The control sub model represents the control system used to stabilize the 

FOWT, such as the mooring system or the blade pitch control. Thus, the model of the 
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FOWT is shown in Fig. 3.3, which corresponds to the parameters of the AHSE dynamics 

and the complete WECS model. 

 
Fig. 3.3 The 6 degrees of freedom of fully coupled FOWT model 

 

The FOWT model is typically solved using computational methods, such as the finite 

element method or the boundary element method [92]. These methods allow the model to 

be solved quickly and accurately for a wide range of operational conditions, making it a 

valuable tool for the design and analysis of FOWTs. 

3.2.3 WECS modelling 

AHSE model of the FOWT can be established in detail through FAST, where it only 

uses a generator model to simulate the operating characteristics of the generator [31]. This 

simplified WECS model does not fully reflect the transient characteristics of the generation 

system. Therefore, this chapter establishes a detailed PMSG system in MATLAB/Simulink 
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through the interface of MATLAB/Simulink and FAST. This section will describe the 

modelling of the control strategy of PMSG and its back-to-back PWM converter. 

3.2.3.1 Specification of the reference direction 

Using the motor convention, looking towards the motor, the voltage and current will 

follow the cross-reference direction. The reference direction of the current and the reference 

direction of the magnetic flux produced by it follow a right-handed spiral relationship. The 

magnetic flux is in a right-handed spiral relationship with the induced electromotive force 

generated by itself. 

3.2.3.2 Generator voltage equation and flux equation 

When the positive directions of the stator, rotor voltage and current adopt the motor 

convention, the voltage equation and flux linkage equation of the PMSG in the rotating 

synchronous coordinate system are (3.7) and (3.8), respectively 

 𝑣௦ = 𝑅௦𝑖௦ +
ௗ(௅ೞ௜ೞ)

ௗ௧
+

ௗ

ௗ௧
൫𝛹௙𝑒௝ఏ೐൯ (3.7) 

 ൜
𝛹ௗ = 𝐿ௗ𝑖ௗ + 𝛹௙

𝛹௤ = 𝐿௤𝑖௤           
 (3.8) 

where 𝑣௦ is the stator terminal voltage vector of the generator, 𝑅௦ is the resistance of 

the stator winding of the generator, 𝑖௦ is the stator current vector, 𝐿௦ is the stator inductance, 

𝜃௘ is the electrical angle rotated by the rotor, and 𝛹௙ is the flux linkage obtained by the 

interlinkage between the magnetic field generated by the permanent magnet and the stator 

winding. 𝐿ௗ and 𝐿௤ are the self-inductances in the stator d-q axis, as shown in (3.9). 

 ൜
𝐿ௗ = 𝐿ௗ௠ + 𝐿ఙ௦

𝐿௤ = 𝐿௤௠ + 𝐿ఙ௦
 (3.9) 

where 𝐿ௗ௠, 𝐿௤௠ are the excitation inductance of the stator d-q axis, respectively. 𝐿ఙ௦ is 

the leakage inductance of the stator phase winding. 
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In the synchronous rotation coordinate system, the positive direction of the d-axis is 

the positive direction of the direct axis of the rotor magnetic pole, and the positive direction 

of the q-axis is the direction ahead of the d-axis by 90 degrees of electrical angle. The d-q 

axis rotates with the rotation of the rotor magnetic poles, then in the 𝑑𝑞 coordinate system, 

the stator voltage equations can be expressed as: 

 𝑣ௗ = 𝑅௦𝑖ௗ + 𝐿ௗ
ௗ௜೏

ௗ௧
+

ௗఅ೑

ௗ௧
− 𝜔௘𝐿௤𝑖௤  (3.10) 

 𝑣௤ = 𝑅௦𝑖௤ + 𝐿௤
ௗ௜೜

ௗ௧
+ 𝜔௘(𝐿ௗ𝑖௤ + 𝛹௙) (3.11) 

where 𝑣ௗ, 𝑣௤ are the d-q axis components of the PMSG stator terminal voltage; 𝑖ௗ, 𝑖௤ 

are the d-q axis components of the stator current, respectively. 

3.2.3.3 Generator torque equation 

The electrical torque of the generator 𝑇௘  depends on its flux linkage 𝛹௦  and current 

vector 𝑖௦, which is illustrated in the following equations: 

 𝑇௘ =
ଷ

ଶ
𝑛௣𝛹௦ × 𝑖௦ (3.12) 

 𝛹௦ = 𝛹ௗ + 𝑗𝛹௤ (3.13) 

 𝑖௦ = 𝑖ௗ + 𝑗𝑖௤ (3.14) 

where 𝑛௣ is the generator pole pair number. Thus generator 𝑇௘ can be further derived 

by (3.8), (3.13), and (3.14). 

 𝑇௘ =
ଷ

ଶ
𝑛௣(𝛹௙𝑖௤ + (𝐿ௗ − 𝐿௤)𝑖ௗ𝑖௤) (3.15) 

Equation (3.15) reflects that 𝑇௘ is related to both the d and q axis currents. However, if 

𝐿ௗ = 𝐿௤, or 𝑖ௗ = 0; 

 𝑇௘ =
ଷ

ଶ
𝑛௣𝛹௙𝑖௤ (3.16) 
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Therefore, to control the electrical torque of the PMSG, its q-axis current 𝑖௤ should be 

controlled. As for the approach to meet the prerequisites of (3.16), since the Interior 

Permanent Magnet Synchronous Generator (IPMSG) does not satisfy 𝐿ௗ = 𝐿௤ , a current 

closed-loop control is usually used to make the current command 𝑖ௗ = 0 to control the 

electrical torque 𝑇௘. 

3.2.3.4 Rotor-side converter control strategy 

 
Fig. 3.4 Type 4 WTG full scale PWM converter control diagram 

 

The control block diagram of the d-q axis current of the rotor-side converter is shown 

in Fig. 3.4. As aforementioned, after the d-axis is oriented to the rotor magnetic pole, if the 

d-axis current 𝑖ௗ  can be controlled to be 0, then the electrical torque 𝑇௘  of PMSG is 

proportional to the q-axis current 𝑖௤ . By controlling 𝑖௤ , 𝑇௘  can be effectively controlled 

[149]. 

 𝑖௤
∗ = −

ଶ ೐்
∗

ଷ௣೛
 (3.17) 
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The reference value 𝑖௤
∗  is calculated as (3.17), where 𝑛௣ is the number of pole pairs of 

PMSG rotor. 𝑇௘
∗ is the reference value of electrical torque that is determined by the principle 

of maximum power point tracking (MPPT). 

According to the MPPT with the optimal power characteristic, as long as the electrical 

torque of the generator 𝑇௘ is controlled in real time according to the speed of the rotor 𝜔௪௧, 

the relationship between these two parameters can fit the optimal torque curve to achieve 

MPPT [155]. The MPPT control principle is explained by (3.18) and (3.19). 

 𝑃௠௘௖௛_௢௣௧ =
ଷ

ଶ
𝜌𝐶௣_௠௔௫𝜋𝑅ଶ ൬

ோఠೢ೟

ఒ೚೛೟
൰ ≈ 𝐾௢௣௧𝜔௪௧

ଷ = 𝑃௘
∗ (3.18) 

 𝑇௠௘௖௛_௢௣௧ =
௉೘೐೎೓_೚೛೟

ఠೢ೟
≈ 𝐾௢௣௧𝜔௪௧

ଶ = 𝑇௘
∗ (3.19) 

where 𝜌  is the air density, 𝑅  is the rotor radius, 𝐾௢௣௧  is a constant which can be 

calculated from (3.18) by keeping both tip speed ratio and wind turbine airfoils constant and 

equal to their optimal values 𝜆௢௣௧ and 𝐶௣_௠௔௫. 

To sum up, the control strategy on the generator side is that the outer loop adopts 

active power closed-loop regulation, and the deviation between the actual power 𝑃௘ fed back 

by the grid and the reference power 𝑃௘
∗ is adjusted by PI controller and used as the reference 

value 𝑖௤
∗  of the generator's current. The q-axis current 𝑖௤  can in turn adjust the 

electromagnetic torque of the generator and then adjust the output power to achieve 

maximum power tracking [156]. 

3.2.3.5 Grid-side converter control strategy 

The operating target of the grid-side converter is to transmit the power generated by 

the PMSG to the grid with high quality. This means that the waveform of the grid-

connected current is sinusoidal, and in phase with the grid voltage, that is, the ideal power 

factor equals 1.  
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Fig. 3.5 Simplified Model of Grid-side Converter 

 

The simplified model of the grid-side converter is shown in the Fig. 3.5, based on 

which the dynamic equation is: 

 𝑣௚௦௖ − 𝑢௚ = 𝐿
ௗ௜

ௗ௧
 (3.20) 

where 𝑢௚ is the instantaneous value of the grid voltage; 𝑣௚௦௖  is the output voltage of the 

grid side converter, which is a pulse waveform of equal amplitude and unequal width, that 

is, a PWM (pulse width modulation) wave. It can be decomposed into the fundamental 

component and a series of harmonic voltage components, where the fundamental current is 

the main object of attention. 
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Fig. 3.6 Equivalent Circuit of Voltage Source Converter 

 

The equivalent circuit of the PMSG grid-side voltage source converter is shown in the 

Fig. 3.6. In the calculation process, the triode in the figure can be equivalent to an ideal 

switch. Therefore, the following equations can be intuitively obtained. 

 

⎩
⎪⎪
⎨

⎪⎪
⎧ 𝑈ேேᇲ = 𝑢௚௔ − 𝑖௚௔𝑅 − 𝐿

ௗ௜೒ೌ

ௗ௧
− 𝑆௔𝑉ௗ௖

           = 𝑢௚௕ − 𝑖௚௕𝑅 − 𝐿
ௗ௜೒್

ௗ௧
− 𝑆௕𝑉ௗ௖

          = 𝑢௚௖ − 𝑖௚௖𝑅 − 𝐿
ௗ௜೒೎

ௗ௧
− 𝑆௖𝑉ௗ௖

𝐶
ௗ௏೏೎

ௗ௧
= 𝑆௔𝑖௚௔ + 𝑆௕𝑖௚௕ + 𝑆௖𝑖௚௖ − 𝑖௟௢௔ௗ

 (3.21) 

where 𝑆௔, 𝑆௕, 𝑆௖ represents the switching state of the triode of the branch, with a value 

of 0 or 1 depends on its condition. By further arranging (3.21), the expression for the 

voltage and current of each branch can be obtained as (3.22) and (3.23). 

 

⎩
⎪
⎪
⎨

⎪
⎪
⎧

𝑢௚௔ + 𝑢௚௕ + 𝑢௚௖ = 0
ௗ௜೒ೌ

ௗ௧
= −

ோ

௅
𝑖௚௔ +

ଵ

௅
ቂ𝑢௚௔ − ቀ𝑆௚௔ −

ௌ೒ೌାௌ೒್ାௌ೒೎

ଷ
ቁ 𝑉ௗ௖ቃ

ௗ௜೒್

ௗ௧
= −

ோ

௅
𝑖௚௕ +

ଵ

௅
ቂ𝑢௚௕ − ቀ𝑆௚௕ −

ௌ೒ೌାௌ೒್ାௌ೒೎

ଷ
ቁ 𝑉ௗ௖ቃ

ௗ௜೒೎

ௗ௧
= −

ோ

௅
𝑖௚௖ +

ଵ

௅
ቂ𝑢௚௖ − ቀ𝑆௚௖ −

ௌ೒ೌାௌ೒್ାௌ೒೎

ଷ
ቁ 𝑉ௗ௖ቃ

𝐶
ௗ௏೏೎

ௗ௧
= 𝑆௔𝑖௚௔ + 𝑆௕𝑖௚௕ + 𝑆௖𝑖௚௖ − 𝑖௟௢௔ௗ

 (3.22) 
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⎩
⎪
⎪
⎨

⎪
⎪
⎧

𝑖௚௔ + 𝑖௚௕ + 𝑖௚௖ = 0
ௗ௜೒ೌ

ௗ௧
= −

ோ

௅
𝑖௚௔ +

ଵ

௅
ቂቀ𝑢௚௔ −

௨೒ೌା௨೒್ା௨೒೎

ଷ
ቁ − ቀ𝑆௚௔ −

ௌ೒ೌାௌ೒್ାௌ೒೎

ଷ
ቁ 𝑉ௗ௖ቃ

ௗ௜೒್

ௗ௧
= −

ோ

௅
𝑖௚௕ +

ଵ

௅
ቂቀ𝑢௚௕ −

௨೒ೌା௨೒್ା௨೒೎

ଷ
ቁ − ቀ𝑆௚௕ −

ௌ೒ೌାௌ೒್ାௌ೒೎

ଷ
ቁ 𝑉ௗ௖ቃ

ௗ௜೒೎

ௗ௧
= −

ோ

௅
𝑖௚௖ +

ଵ

௅
ቂቀ𝑢௚௖ −

௨೒ೌା௨೒್ା௨೒೎

ଷ
ቁ − ቀ𝑆௚௖ −

ௌ೒ೌାௌ೒್ାௌ೒೎

ଷ
ቁ 𝑉ௗ௖ቃ

𝐶
ௗ௏೏೎

ௗ௧
= 𝑆௔𝑖௚௔ + 𝑆௕𝑖௚௕ + 𝑆௖𝑖௚௖ − 𝑖௟௢௔ௗ

  (3.23) 

In order to make the expression more intuitive, let 

 ቐ

𝑣௚௔ = 𝑓௔𝑉ௗ௖

𝑣௚௕ = 𝑓௕𝑉ௗ௖

𝑣௚௖ = 𝑓௖𝑉ௗ௖

 (3.24) 

 

⎩
⎪
⎨

⎪
⎧𝑓௔ = 𝑆௚௔ −

ௌ೒ೌାௌ೒್ାௌ೒೎

ଷ

𝑓௕ = 𝑆௚௕ −
ௌ೒ೌାௌ೒್ାௌ೒೎

ଷ

𝑓௖ = 𝑆௚௖ −
ௌ೒ೌାௌ೒್ାௌ೒೎

ଷ

 (3.25) 

Therefore, by combining (3.24) and (3.25), the equation (3.22) could turn into 

 

⎩
⎪⎪
⎨

⎪⎪
⎧ 𝑢௚௔ = −𝑅𝑖௚௔ + 𝐿

ௗ௜೒ೌ

ௗ௧
+ 𝑣𝑔𝑎

𝑢௚௕ = −𝑅𝑖௚௕ + 𝐿
ௗ௜೒್

ௗ௧
+ 𝑣𝑔𝑏

𝑢௚௖ = −𝑅𝑖௚௖ + 𝐿
ௗ௜೒೎

ௗ௧
+ 𝑣𝑔𝑐

𝐶
ௗ௏೏೎

ௗ௧
= 𝑆௔𝑖௚௔ + 𝑆௕𝑖௚௕ + 𝑆௖𝑖௚௖ − 𝑖௟௢௔ௗ

 (3.26) 

By applying space vector notation, electrical equations (3.26) in 𝑎𝑏𝑐 coordinate system 

can be represented by 𝛼𝛽 components. 

 

⎩
⎪
⎨

⎪
⎧ 𝑢௚ఈ = −𝑅𝑖௚ఈ + 𝐿

ௗ௜೒ഀ

ௗ௧
+ 𝑣௚ఈ

𝑢௚ఉ = −𝑅𝑖௚ఉ + 𝐿
ௗ௜೒ഁ

ௗ௧
+ 𝑣௚ఉ

𝐶
ௗ௏೏೎

ௗ௧
= 𝑆ఈ𝑖௚ఈ + 𝑆ఉ𝑖௚ఉ − 𝑖௟௢௔ௗ

 (3.27) 
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Fig. 3.7 Space Vector of Grid-side Converter 

 

 Thus, (3.27) was able to further be transformed to the expression in the 𝑑𝑞 coordinate 

system. Since the set target power factor is 1, then 𝑢௚௤ = 0. As is shown in Fig. 3.7, 

orienting the d-axis in the synchronous rotating coordinate system of the grid voltage, here 

comes: 

 

⎩
⎪
⎨

⎪
⎧𝑢௚ௗ = 𝑅𝑖௚ௗ + 𝐿

ௗ௜೒೏

ௗ௧
− 𝜔௚𝐿𝑖௚௤ + 𝑣௚ௗ

0 = 𝑅𝑖௚௤ + 𝐿
ௗ௜೒೜

ௗ௧
𝜔௚𝐿𝑖௚ௗ + 𝑣௚௤

𝐶
ௗ௏೏೎

ௗ௧
= 𝑆ௗ𝑖௚ௗ + 𝑆௤𝑖௚௤ − 𝑖௟௢௔ௗ

 (3.28) 

where 𝜔௚  is the grid frequency in 𝑟𝑎𝑑/𝑠 . Using parameters in the 𝑑𝑞  coordinate 

system, the active power 𝑃௚ and reactive power 𝑄௚ output by the grid-side converter can be 

obtained as below. 

 𝑃௚ = 𝑢௚ௗ𝑖௚ௗ + 𝑢௚௤𝑖௚௤ = 𝑈𝑖௚ௗ (3.29) 

 𝑄௚ = −𝑢௚ௗ𝑖௚௤ = −𝑈𝑖௚௤ (3.30) 

Therefore, concluding from (3.16) and (3.17), by controlling the dq axis current, the 

active and reactive power that the converter absorbs or supplies from the grid can be 
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controlled separately. Moreover, active power and reactive power do not affect each other, 

i.e. realizing decoupling control. The control block diagram of the grid-side converter is 

also shown in Fig. 3.4. 

3.2.3.6 Pitch control modelling 

Although a comprehensive pitch control file based on [66] is coded as a PLL link 

attached in the OC3-Hywind AHSE model, a simplified pitch control block is also 

reproduced to help the verification of the WECS model and lays the foundation for the deep 

optimization design of pitch angle control in the future research. As it shown in Fig. 3.8 , 

the PI gains are designed by linearizing the FAST model at rated wind speed of 11.4 𝑚/𝑠 

and the optimization work is completed with the help of SISO tool in the 

MATLAB/Simulink [121]. 

 

Fig. 3.8 implified Pitch Control Scheme 

 

3.3 Model Test Set-up 

The floating platform is referred as the OC3 Hywind spar buoy whereas the wind 

turbine model used is an NREL 5MW wind turbine [66]. Table 3.1 and Table 3.2 show the 

detailed parameters of the platform and mooring system, and the wind turbine, respectively.  

Table 3.1 Key Properties of the modified NREL 5-MW Spar Floating Platform 

Property Value 

Blades & Hub (kg) 109931 
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Nacelle (kg) 247291 

Tower (kg) 287128 

Platform roll & pitch inertia（kg.m2） 6.31 × 10ଽ 

 

Table 3.2 Key Properties for the modified NREL 5-MW Baseline Wind Turbine 

Property Value 

Wind Turbine Parameters 

Rating capacity of power 5𝑀𝑊 

Rotor orientation, Configuration 𝑈𝑝𝑤𝑖𝑛𝑑, 3 𝐵𝑙𝑎𝑑𝑒𝑠 

Control type 
Variable Speed, 
Collective pitch 

Rated wind speed 11.4 𝑚/𝑠 

Rated rotor speed 12.1𝑟𝑝𝑚 (1.267𝑟𝑎𝑑/𝑠) 

Pitch angle initialization 0ఖ 

Gearbox ratio 1(direct drive) 

Drivetrain efficiency 97% 

Generator Parameters 

Nominal Power 5.297𝑀𝑊 

Nominal Torque 4.18𝑀𝑁 ∙ 𝑚 

Number of pole pairs 100 

Stator resistance 0.08𝛺 

D-axis Inductance 8.38𝑚𝐻 

Q-axis Inductance 8.38𝑚𝐻 

Flux linkage established by magnets 17.8𝑉 ∙ 𝑆 

Grid Side Parameters 

Grid Side Resistance 0.08𝛺 

Grid Side Inductance 4𝑚𝐻 

DC Reference Voltage 6400𝑉 

DC capacitor 4𝜇𝐹 

Grid Parameters 

Grid Voltage 4𝑘𝑉 
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Grid Frequency 50𝐻𝑧 

 

In this study, FAST v8[32] is used to predict the performance and stability of an 

FOWT under different operational scenarios, such as different wind and wave conditions, 

and to design the control system for the FOWT. The model can also be used to optimize the 

design of the FOWT, determining details such as its size, shape, and materials, to improve 

performance and reduce costs. FAST v8 uses a modular approach, allowing users to choose 

the appropriate level of details for each sub model based on specific needs of their analysis. 

The tool also includes a range of options for inputting environmental loads and turbine 

parameters, making it a versatile tool for simulating the performance of FOWTs under a 

wide range of operational conditions [121]. With dedicated communication port with 

Simulink, the mechanical dynamics model based on FAST can be coupled with the high-

order WECS model used in this study to conduct more comprehensive and detailed 

experimental research on the electrical performance analysis of the complete system.  

3.3.1 Case study settings 

The coupled model simulates in a variable step solver with a total calculation time of 

3600𝑠 in each case. In Simulink, the time step for the WECS model is set to 2 × 10ି଺𝑠, 

whereas in FAST, the time step for the AHSE model is reduced to 2 × 10ିଷ𝑠 to minimize 

deviations from the electrical module.  In addition, the time step of the meshing and 

numerical calculations performed by the Hydrodyn module also needs to be adjusted to 

2 × 10ିଷ𝑠 to match the AHSE model settings. Dynamic responses of the floating platform 

were analysed for translational (i.e. surge, sway, heave) and rotational (i.e. pitch, roll, yaw) 

motions along the x, y, and z axes. The motion of one of the floating platforms in six 

degrees of freedom is shown in Fig. 3.3. Specific environmental conditions are set as 

follows. 

(a) Case 1: Bottom-fixed OWT at 12m/s wind speed 
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(b) Case 2: FOWT at 12m/s wind speed with no wave 

(c) Case 3: FOWT at 12m/s wind speed with normal regular wave 

(d) Case 4: FOWT at 12m/s wind speed with huge irregular wave  

(e) Case 5: FOWT at wind-wave conditions within all operational range.  

It is worth noting that Cases 1 to 4 are differentiated settings to explore the influence 

of hydrodynamics on FOWT power characteristics, but the requirements of the control 

variable method are still followed for comparison between every two adjacent cases. As for 

Case 5, FOWT undertakes testing on wind and wave conditions within its operational range 

in order to investigate the patterns and interrelationships between varying wind and wave 

conditions and the quality of power output. The tested input wind speed ranges from 8m/s 

to 14.8m/s with an interval of 0.2 m/s. The wave conditions considered are irregular and 

with ranges in height from 0m to 6.1m within 10-year return period sea state based on 

western Taiwan offshore location [157]. Table 3.3 shows listed case details. It is important 

to emphasize that wave conditions vary significantly in different maritime regions. To study 

more severe wave conditions than those in Taiwan Strait, reference can be made to the 

environments in areas represented by the Ireland offshore [158] and the North Sea [13]. 

Table 3.3 Case setting details 

Case Turbine 
type 

Input wind 
(𝑚/𝑠) 

Input wave Scenario 
Model 𝐻௦(𝑚) 𝑇௣(𝑠) (western Taiwan offshore based) 

1 OC3-
Tripod 

12.0 - 0 0 Bottom-fixed OWT reference 

2 OC3-
Hywind 

12.0 - 0 0 Still water conditions 

3 OC3-
Hywind 

12.0 Regular 1.67 5.17 Normal sea conditions 

4 OC3-
Hywind 

12.0 Irregular 5.5 9.4 Northeast monsoon sea 
conditions 

5 OC3-
Hywind 

8.0~14.8 Irregular 0~6.1 0~10.2 Sub-10-year return period 
conditions 

10-year return period wave reference at western Taiwan offshore: 𝐻௦ = 6.1𝑚, 𝑇௣ = 10.4𝑠 

50-year return period wave reference at western Taiwan offshore: 𝐻௦ = 9.1𝑚, 𝑇௣ = 13.0𝑠 
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3.3.2 Developed wind-wave scenarios 

In this study, a turbulent wind field was created using TurbSim v1.5 [159] and inflow 

vertically into swept area of the wind turbine. The field has a height of 155m and a width of 

145m, consisting of 225 grid points with 15 points along both the vertical and horizontal 

axes. The center of the field coincides with the hub point of the turbine. The turbulence 

intensity adheres to the specifications outlined in category-C of IEC 61400–1[151]. 

Moreover, the wind speed fluctuations, as depicted in the Velocity Spectra of various wind 

models based on the Turbsim-generated data, exhibit minimal high-frequency variations, 

with the peak in the spectra occurring near zero frequency. This indicates a general stability 

in wind speed, characterized by slower fluctuations compared to the higher and more 

concentrated distribution of hydrodynamic natural frequencies observed in the OC3-

Hywind FOWT, reinforcing that the majority of detected WPREs with durations less than 

15s primarily originate from hydrodynamic influences, such as waves or natural frequency 

responses. 

 
Fig. 3.9 Input wave (a) characteristic determination, and (b) spectral analysis of Case 3 

and Case 4 

 

The FAST input files specify the ocean wave setting for this study, which involves 

analysing and comparing regular and irregular waves, with spectral difference is presented 
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in Fig. 3.9(b). To simulate the actual irregular waves, JONSWAP spectral model [78] is 

selected in Hydrodyn with peak enhancement factor 𝛾 = 2.08 specialized for Taiwan Strait 

environment [157]. The relationship between significant wave height 𝐻௦ and average zero 

up-crossing period 𝑇௭  is determined by local wind generated wave equations (3.31) and 

(3.32) in duration limited offshore condition [160]. 

 𝐻௦ = 0.0146 × 𝐷ହ/଻𝑈ଽ/଻ (3.31) 

 𝑇௭ = 0.419 × 𝐷ଷ/଻𝑈ସ/଻ (3.32) 

 𝑇௣ = 1.28 𝑇௭ (3.33) 

where 𝑇௣ is peak wave period, 𝑈 is wind speed in 𝑚/𝑠 at 10𝑚 above mean sea level, 

and 𝐷  is duration in hours. Relationship between T୮  and T୸  for waves based on the 

JONSWAP spectrum can be expressed as (3.33) [161]. Therefore, it is possible to 

consolidate (3.31) to (3.33) to derive the relationship between 𝐻௦ and 𝑇୮. 

 𝑇௣ = (3.510 × 𝐷ଵ/ଽ) × 𝐻௦
ସ/ଽ (3.34) 

Based on (3.34), the wave characteristics for different durations is compared with the 4 

representative conditions (illustrated in Table1) of the western Taiwan offshore [157] as 

shown in Fig. 3.9(a), with the curve for a 12-hour duration (𝐷 = 12) selected as wave 

setting reference for 𝐻௦ and 𝑇୮ in Case 5. 

 

3.3.3 WPRE definition and detection 

Research focused on WPREs can be categorized into three primary domains: WPRE 

detection, WPRE prediction, and WPRE application. The initial phase, WPRE detection, 

involves extracting wind power slopes from real or forecasted wind power data through 

mathematical algorithms and definitions of wind power ramps. The accuracy of WPRE 

prediction is significantly reliant on the precision of WPRE detection. 
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An influential solution in this domain is the OpSDA, which was initially introduced in 

2016 [162]. OpSDA has gained prominence within the WPRE detection field and has been 

adopted as a data preprocessing technique in various studies to enhance wind power 

prediction accuracy [138][144][145][163][164]. A key aspect highlighted in [162] 

underscores the significance of mitigating "fake ramp events" to enhance the effectiveness 

and precision of WPRE detection when utilizing OpSDA. However, in normal 

environmental conditions containing small wave loads, these "fake ramp events" 

characteristics could potentially disrupt WPRE detection. Consequently, the calibration of 

parameters such as the sampling interval and casement door width becomes pivotal. In the 

debugging process of this study, the pivotal calibration of parameters, including time 

resolution and threshold width, resulted in a substantial improvement in detection success as 

the model iteratively converged towards optimal settings. Differing from [138], OpSDA 

data processing was executed twice on time-domain power data: first with small time 

resolution (0.05s) and threshold width (0.1) for merging adjacent ramps, and then with 

larger settings (1s time resolution and 0.3 threshold width) to minimize errors stemming 

from abrupt slope changes. 

Table 3.4 WPRE definitions of grid connected wind power 

Organization 
Frequency Stability Focus Unit Commitment (UC) Focus 

Within 2s Within 5s Within 60s Within 4h ∞ 

Eltra ∆𝑃
𝑃௡௢௠

ൗ ≤  20%      

SvK  ∆𝑃
𝑃௡௢௠

ൗ ≤  20%    

E.ON   ∆𝑃
𝑃௡௢௠

ൗ ≤  10%   

Scotland   ∆𝑃
𝑃௡௢௠

ൗ ≤  20%   

Def 1     ∆𝑃
𝑃௡௢௠

ൗ ≤  20% 

Def 2    ∆𝑃
𝑃௡௢௠

ൗ ≤  20%  

Def 3    
 𝑑(∆𝑃

𝑃௡௢௠
ൗ )

𝑑𝑡
≤ 3% 
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∆𝑃: difference between the maximum and minimum power during the specified time period 

𝑃௡௢௠: rated output power of the WECS, 

Unit of Def 3 is p.u./min, ramp duration without limitation is symbolled as ∞ 

 

In the following Sections, the power curve of the simulation outcome will be analysed, 

revealing several significant WPRE cases beyond 20% of the total FOWT capacity. This 

observation was made despite the wind speed being set close to the rated value and the sea 

wave setting being normal. The possible observed fluctuation is of considerable concern as 

it approaches the limits set by major countries and regions that utilize large-scale offshore 

wind resource, for meeting operational requirements. Table 3.4 summarizes the WPRE 

boundary definitions of well-known reference [138], for wind farms comprising OWTs, 

with additional requirements from independent system operators (ISOs) available in [165]. 

 

3.4 Results and discussion 

In this section, the verification of the PMSG and its converter model in 

MATLAB/Simulink is performed based on the power curve outlined in the existing 

literature for a 5 MW reference offshore wind turbine [66]. Subsequently, an assessment of 

the corresponding dynamic motion of the FOWT and the fluctuation in output power is 

conducted, taking into account the predetermined conditions of Cases 1-4. The power 

quality of the prevailing wind and wave circumstances is also analysed and compared. 

Finally, this section discusses the improved power curves and operating criteria for FOWTs. 

It is noteworthy that the simulation time resolution is 0.002 seconds, and the power output 

is recorded for a representative one-hour period of wind and wave conditions corresponding 

to the set cases. 
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3.4.1 Validation of coupled Models and WPRE detection methodology 

To assess the accuracy of the WECS model, the AHSE dynamics were evaluated 

utilizing the OC3-Tripod bottom fixed OWT model [29]. Multiple sets of power and 

mechanical torque data were examined in the absence of ocean waves, and with a steady-

state wind input. The findings of the experiments exhibited a remarkable level of agreement 

with the established 5MW baseline wind turbine model [66], indicating a high degree of 

consistency. This outcome is illustrated in Fig. 3.10(a), which further substantiates the 

validity and reliability of the generator and converter models. This alignment substantiates 

the efficacy and accuracy of the proposed model in simulating the behaviour and 

performance of the aforementioned reference wind turbine, and there is a consistent 

coherence between the generator power and output power. Moreover, during the WECS 

model's commissioning process, careful attention was given to monitor and authenticate the 

intermediate variables through diligent efforts. As a result, it was proved that these 

intermediate variables exhibit a high degree of reliability and accuracy, affirming their 

credibility in the overall system. 

 
Fig. 3.10 Validation outcome of (a) power and torque characteristic of the proposed 

fully coupled model and the reference model, and (b) revised OpSDA detection performance 

under definition 1,3 compared to reference [138] at 1-min time resolution 
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The modified OpSDA's detection performance, as illustrated in Fig. 5(b), is evaluated 

against power output data at 0.05s time resolution. The performance diagram employed 

aligns with the design in [138], offering a visual comparison. The x-axis represents the ratio 

of "Start-YES" to "Start-YES-End-YES," while the y-axis reflects the proportion of "End-

YES" within "Start-YES-End-YES." Results approaching the upper-right corner signify a 

superior Critical Success Index (CSI) and heightened WPRE detection accuracy. In contrast 

to the [138] result at 1-min time resolution (indicated as "Ref" in Fig. 3.10(b)), all cases in 

this study exhibit improved detection accuracy, affirming OpSDA's suitability for floating 

WPRE detection, especially evident in 1-minute time resolution cases due to the brief 

duration of a single WPRE cycle. Notably, FOWT based Case 2 outperforms OWT based 

Case 1, attributed to the platform's natural motion enhancing slope characteristics. 

Conversely, Cases 3 and 4, incorporating wave loads, exhibit reduced detection accuracy, 

with larger waves yielding better CSI. Case 3 presents a particularly formidable challenge 

due to subtle parameter deviations leading to the splitting of significant WPREs into smaller 

slopes, ultimately resulting in detection failures. 

3.4.2 Impact of hydrodynamics on power characteristics 

In Fig. 3.11, the temporal segments of simulation results showcase four distinct 

learning cases within the coupled models. This temporal domain exhibits a phase 

characterized by conspicuous wind speed stall, accompanied by a coherent power ramp 

evident in the conventional bottom-fixed OWT denoted as Case 1. In contrast, despite the 

absence of wave-induced forces, the FOWT in study Case 2 induces oscillations in the 

platform's natural frequency due to rapid wind speed variations, exacerbating the amplitude 

of the power ramp. Cases 3 and 4, which incorporate wave loading, moderately amplify the 

overall slope's magnitude relative to Case 2. Notably, under the influence of substantial 

wave loading as depicted in Case 4, a significant high-frequency WPRE is detected. 

Conversely, the wave scenario reflecting the rated operational state in Case 3 effectively 
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fragments the complete WPRE into multiple segments, thereby impacting the accuracy of 

WPRE detection. 

 
Fig. 3.11 Segments of simulation results for (a) Case1, (b) Case2, (c) Case3, (d) Case4, 

including wind speed, WECS output power, major WPRE components 

 

In order to further correlate the relationship between the power characteristics and the 

hydrodynamic characteristics, it is necessary to do a qualitative analysis of the DoFs motion 

of the floating platform. Fig. 3.12 depicts the mean value and range of translational and 

rotational dynamics during simulation period for the Cases 1-4 scenarios. Relatively 

speaking, in Case 1, the bottom-fixed OWT exhibits negligible motion across 6 DoFs. 

Conversely, the FOWT in Cases 2 through 4 demonstrates a discernible range of motion 

across all DoFs. By comparing Cases 2 and 3, it becomes evident that the resulting motions 

in each DoF are highly similar. This finding suggests that the aerodynamics of the FOWT 

largely govern its overall dynamics, with hydrodynamics playing a minimal role, under 

common wind-wave conditions. When comparing the common waves in Case 3 with the 

10-year sea state waves set in Case 4, it is observed that the latter case emerges a lower 

average angle and better stability within the surge motion, which is often attributed to the 

presence of irregular waves. Despite there being no notable differences in the mean value 
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when comparing the remaining 5 DoFs, there is an increase in the fluctuation range of 0.5m 

or 0.2 degree. 

 
Fig. 3.12 Statistics of wind turbine (a) translational, (b) rotational motions under Case 1 to 

4 

 

The spectrum of the active power in the low frequency range for Cases 1 to 4 is 

depicted in Fig. 3.13. The most intuitive conclusion is that FOWT has a significant 

difference in pitch and surge motion compared with fixed OWT. Analysis of the frequency 

spectrum for Case 1 indicates that, with the exception of the DC component located around 

the origin, the low-frequency components of the power output can be attributed solely to the 

dynamic characteristics of the FOWT introduced by the floating platform. The comparison 

between Case 1 and Case 2 provides insight into the impact of ocean waves on the 

dynamics of floating platforms.  In the absence of waves, the pitch and surge motion of 

FOWT had a decisive impact on the output power fluctuation, causing the spectrum's peak 

frequency to coincide with the FOWT natural frequency below 0.05 Hz. Comparing Case 2 

to Case 3-4, it further demonstrates that wave activity on the platform induces additional 

power fluctuations, with the resulting harmonic frequency corresponding to the oscillation 

period of the waves. These findings suggest that ocean waves play a significant role in 

influencing the power output of floating platforms, emphasizing the additional requirement 

for structural vibration mitigation approaches, such as the integration of wave energy 

conversion systems[166] and turned mass dampers[167]. A comparison between Case 3 and 
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Case 4 reveals that larger waves lead to a decrease in the peak frequency of the platform's 

motion component, resulting in a larger platform motion period. Moreover, it can be 

observed that the periodic waves introduced in Case 3 possess a relatively concentrated and 

robust weight, while the irregular P-M wave body introduced in Case 4 exhibits a low but 

decentralized weight within a specific frequency bandwidth.  

 
Fig. 3.13 Spectral analysis of FOWT output power in (a) Case1, (b) Case2, (c) Case3 and 

(d) Case4 

 

This study also focuses on the power characteristics of FOWT on account of its 

inherent structural vibration. Curve fitting for the power characteristic is based on the wind 

speed and output power data, excluding the initial 600 seconds of the startup phase, and 

encompassing the remaining 3000 seconds of simulation duration. The fitted curve in Fig. 

3.14 illustrates the overall relationship between wind speed and power. However, the 

presence of data points significantly deviating from the fitted curve highlights the impact of 
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hydrodynamics on the correlation between wind speed and power, which the curve cannot 

fully capture. The analysis indicates that, as the wave conditions intensify in the examined 

scenario, the relationship between wind speed and power deviates from the expected ideal 

power characteristic. Instead, it becomes more focused and confined within a considerably 

lower power range. Despite the wind speed being set at 12m/s for all four cases, turbulent 

wind conditions resulted in wind speed fluctuations ranging from 10 to 14m/s. The trend 

observed in the 4 cases at low wind speed is consistent with the operational behaviour of 

conventional wind turbines, demonstrating a positive correlation between wind speed and 

power output below the rated wind speed. Notably, the power characteristic curve of the 

fixed foundation Case 1 did not match previous validation test results, particularly with 

respect to high power output at low wind speeds. This phenomenon is likely attributable to 

the rotor's limited responsiveness, characterized by its significant inertia, which impedes 

swift adjustments to abrupt variations in wind speed. The large inertia associated with the 

PMSG employed in this experiment may result in the rotor not promptly reaching its target 

speed during episodes of rapid wind speed reduction, contributing to the observed 

deviations in the power curve, particularly in the lower wind speed range. This underscores 

the influence of the rotor's inertia on the dynamic response of the wind turbine system. 

Cases 2-4 showed significant dynamic impacts, resulting in power fluctuations of up to 20% 

of the rated power in extreme situations. Furthermore, these impacts became more severe 

with increasing wave intensities. 
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Fig. 3.14 Fitted power characteristics of FOWT in Cases 1-4 wind & wave conditions 

 

Fig. 3.15 and Fig. 3.16 is the density estimation of wind speed and FOWT output 

power. As the hydrodynamic influence gradually increases, a comparison of the 4 cases 

reveals that the centre of FOWT output power distribution thus drops, and the occurrence of 

extreme scenario samples below 90% of the rated power increases. Cases 2 and 3 exhibit a 

similar trend within the power drop range, suggesting that the primary determinant of the 

significant power drop is the movement of the floating platform influenced by the wind. In 

contrast, the impact of regular sea waves appears to be minimal. 
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Fig. 3.15 Kernel density estimate (bandwidth = 0.02) of FOWT output power at WPRE 

range 

 
Fig. 3.16 Kernel density estimate (bandwidth = 0.02) of FOWT output power at rated range 

 

3.4.3 WPRE analysis of FOWT 

The processed results of time-domain power output from the four different learning 

cases are analysed using the OpSDA, leading to the presentation of the statistical 

distribution of power ramps in Fig. 3.17. This representation effectively reveals several 

significant observations. Firstly, the alteration rate of WPREs for the FOWT, operating 

without the influence of sea wave load, mirrors that of the bottom-fixed OWT upon 
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comparison between Case 1 and Case 2. Secondly, with increasing wave load, a steeper 

incline becomes apparent and accelerates progressively. Lastly, the analysis of power 

fluctuations demonstrates a consistent tendency, wherein the rate of increase in power 

during upward transitions exceeds that during downward transitions in Case 3 and Case 4. 

 
Fig. 3.17 Probability distribution for the study cases of (a) the WPRE duration, (b) the 

WPRE Magnitude, (c) the WPRE rate. 

 

Fig. 3.18 presents a comparative analysis of the significant WPREs observed in bottom 

fixed OWT (OC3-Tripod) and FOWT (OC3-Hywind) during a simulation period of 3600𝑠 

characterized by intense wave activity. To facilitate a clear comparison, 𝐻௦  and 𝑇௣  were 

aligned with 10-year condition of western Taiwan offshore. The power fluctuation observed 

in fixed foundation OWTs is generally restricted, with peak values being recorded around 

the rated wind speed. Nevertheless, the power fluctuation per minute for a single OWT 

occasionally surpasses the standard during wind speeds ranging from 9.4m/s to 11.4m/s. On 

the other hand, FOWTs display a substantially higher power fluctuation in the complete 

wind speed spectrum when compared to the reference OWTs. The active power fluctuation 

of FOWTs, subject to severe waves, is challenging to be constrained within the required 

range, with the peak value occurring when the wind speed is 9.8m/s.  
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Fig. 3.18 Significant WPRE magnitude comparison between bottom-fixed OWT and FOWT 

under 10-year return period wave conditions at western Taiwan offshore 

 

As shown in Fig. 3.19, the present study examines the maximum power fluctuation 

within time period of 2s, 5s, and 60s under varying wind-wave conditions. The findings 

demonstrate that the most severe power fluctuations occur at high wind speeds and large 

waves of 9.6 m/s. With decreasing wave heights, the wind speed corresponding to the 

maximum power fluctuation gradually increases and approaches the rated value of 11.4 m/s. 

The outcomes of the analysis reveal that the difference in power fluctuations for the same 

wave at different wind speeds is limited over a short time period, indicating that the second-

level instantaneous power fluctuation primarily reflects the impact of ocean waves. 

Additionally, it is observed that the second-level power fluctuation remains below the 

threshold of 20% as long as the 𝐻௦ does not exceed 3.27m, across all wind speeds. However, 

in contrast to (a) and (b), the power fluctuation in (c) is generally unsatisfactory under most 

wind-wave conditions, with a "dead zone" observed at wind speeds between 10.4m/s-
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11.8m/s as shown in Fig. 15, where all sea wave conditions cannot limit the fluctuation 

within 20% of the rated power. Nonetheless, based on the overall test results, the wind-

wave boundary for FOWTs to operate compliantly has been identified. This finding can be 

utilized as a reference for future research aimed at quantifying the level of power quality 

enhancement in combination with existing research on dynamic optimization and power 

compensation using power conditioning equipment. 

 

Fig. 3.19 Fig. 13 Maximum WPRE under operational wind and wave range at different time 
spans in Case 5 

 

By analysing the most significant WPRE cases within different time spans (2s, 5s, 60s 

and ∞) from Fig. 3.20, it can be observed that there is an intersection between the analysed 

data and the fully-developed wind-wave scenario (blue straight line) [168]. The analysis 

reveals that the wind speed corresponding to the maximum fluctuation point is 

    
(a) Significant WPRE magnitude within 2s (%)               (b) Significant WPRE magnitude within 5s (%) 

    
(c) Significant WPRE magnitude within 60s (%)    (d) Significant WPRE magnitude without time resolution (%) 
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approximately 11m/s, and 𝑇௣ is around 6.6s. It is noteworthy that the wind speed associated 

with the maximum fluctuation point is in close proximity to the rated wind speed of 5MW 

wind turbine (11.4 m/s), indicating that such wind-wave conditions are likely to occur 

frequently during the designed operational range of FOWT. 

 
Fig. 3.20 The coordinates of the most significant wind power ramp events and fully 

developed wind-wave relationship 

 

3.5 Determine “Pitch Angle-Power” Characteristics on FOWT 

Based on the comprehensive results of the tests in Section 3.4, in the study cases where 

wind and waves are set in the same direction, the wind power of the FOWT exhibits 

significant cyclic variations, with high-frequency components concentrated at the natural 

pitch motion frequency of the FOWT and the wave frequency. It is observed that changes in 

the pitch angle of the floating platform seem to directly influence the wind power. Although 

many studies emphasize the impact of pitch angle on FOWT power [2][5][33], there is 

limited qualitative research providing a comprehensive description of the correlation. To 

obtain generalizable conclusions, this section conducts tests and comparisons of the 
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relationship between the pitch angle of the FOWT and active power, further demonstrating 

their correlation. 

This study rigorously establishes 12 essential learning cases, with the wind and wave 

parameters summarized and named in Table 3.5. Cases (a) to (i) in the FAST inflow wind 

model are set as steady, while the inflow wave models are set as regular. In these nine cases, 

instances with the same wind speed under different wave conditions and vice versa can be 

found. The purpose is to observe the "pitch angle-power" characteristics of the OC3-

Hywind FOWT when it reaches static stability. The influence of changes in wind or wave 

conditions on this characteristic is analysed through mutual comparisons between cases. 

Cases 2 to 4 inherit from Table 3.3, employing the Tidal wind model and irregular wave 

model based on real-world operational conditions. This is designed to test the "pitch angle-

power" characteristics of the FOWT in non-static and complex environments, analysing the 

similarities and differences with characteristics in static environments. 

Table 3.5 Case settings for FOWT “pitch angle-power” characterization 

Case Input wind Input wave Scenario 

 Model 𝑣௪(𝑚/𝑠) Model 𝐻௦(𝑚) 𝑇௣(𝑠) (western Taiwan offshore) 

a 

Steady 

9.6 

Regular 

1.67 5.17 
Normal  

sea conditions 
b 11.4 

c 13.2 

d 9.6 

5.5 9.4 
Northeast monsoon 

sea conditions 
e 11.4 

f 13.2 

g 9.6 

6.1 10.4 
10-year return period 

sea conditions 
h 11.4 

i 13.2 

2  12.0 - 0 0 Still water 

3 Tidal 12.0 Irregular 1.67 5.17 Normal 

4  12.0 Irregular 5.5 9.4 Northeast monsoon 
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3.5.1 Case analysis based on steady wind-wave conditions 

Excluding the initial 600s startup phase, the summarized "pitch angle-power" 

relationships for cases (a) to (i) containing 1200s of simulation output data in FAST are 

presented in Fig. 3.21. Cases in the same row share identical input wave conditions, while 

cases in the same column share the same wind speed conditions. It is observed that the data 

distribution in all subplots is highly concentrated. This implies that, under steady wind and 

wave conditions, changes in pitch angle directly influence the power of the FOWT. 

 

Fig. 3.21 “Pitch angle-Power” relationship of FOWT under different load cases  

 

In cases where the maximum wind power does not exceed the rated power of the 

turbine (as in Fig. 3.21(a), (b), (d), (g)), the FOWT in a steady state completes an elliptical 

trajectory in the "pitch angle-power" coordinate system during one complete pitch motion 
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cycle. During this motion, as the pitch angle increases, the horizontal component of the 

linear velocity of the FOWT pitch motion is in the same direction as the wind, resulting in a 

lower effective wind speed received by the FOWT. The trajectory corresponds to the lower 

half of the "elliptical" movement. Conversely, when the pitch angle decreases, the 

horizontal component of the linear velocity of the FOWT pitch motion is opposite to the 

wind direction, leading to an increased effective wind speed received by the FOWT. The 

trajectory corresponds to the upper half of the "elliptical" movement. When the wind power 

exceeds the rated power of 5MW, the system enters the WECS Operating Region 3 control 

mode. As a result, data points in the low pitch angle range are restricted, leading to an 

overall smoother trend in this region. This phenomenon is observed in Fig. 3.21(c), (e), (f), 

(h), and (i). Furthermore, under the same wave conditions, cases at the rated wind speed in 

Fig. 3.21(b), (e), (h) exhibit the largest range of pitch motion, resulting in the maximum 

power fluctuations, aligning with the discussions conducted in Fig. 3.20. 

In summary, under steady wind and wave conditions, FOWT power fluctuations are 

closely related to pitch angle motion and exhibit a negative correlation, indicating that an 

increase in pitch angle leads to a decrease in wind power. 

3.5.2 Case analysis based on dynamic wind-wave conditions 

In the simulation environment of this subsection, both wind speed and wave conditions 

are unsteady and conform to reality. In Cases 2 and 3, the wave-induced loads are 

significantly lower than the aerodynamic loads. Therefore, in Fig. 3.22(a) and Fig. 3.22(b), 

power fluctuations primarily stem from changes in wind speed, and the correlation between 

power and platform pitch angle is not observable. However, under extreme wave condition 

(𝐻௦ = 6.4𝑚,𝑇௣ = 10𝑠) in Case 4, the power ramp becomes notably inversely proportional 

to the pitch angle. In this scenario, the motion state of the floating platform becomes the 

predominant factor determining floating wind power. 
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Fig. 3.22 FOWT dynamic “Pitch Angle-Power” relationship under (a)Case 2, (b)Case 3 
and (c)Case 4 conditions 

 

3.6 Conclusion to this chapter 

In summary, this study developed an integrated, fully coupled mathematical model for 

FOWTs, delving extensively into the interactions between wind-induced and wave-induced 

loads and their resultant influence on WPREs. By synergizing mechanical and electrical 

constituents within a complete framework encompassing a spar buoy FOWT equipped with 

generator, converter, and AHSE dynamics, the following conclusions are drawn: 

 Manifestation of Periodic WPREs through Floating Dynamics: The distinctive 

buoyant configuration of FOWTs engenders a cyclic recurrence of WPREs 

characterized by their periodic and pronounced dynamics. This phenomenon arises 

from the interplay between wave-induced loads and platform oscillations, giving 

rise to low (0.1-0.5 Hz) and ultra-low frequency (less than 0.05 Hz) responses. In 

contrast to conventional bottom-fixed offshore counterparts, FOWTs exhibit 

amplified power fluctuations during WPREs, thus highlighting the unique 

dynamical traits inherent to these floating structures. 

 Ramp Peaks and Load Dynamics Relationship: Result in 3.4.3 reflects the 

zenith of ramping phenomena primarily hinges on aerodynamic loading dynamics, 

albeit exhibiting heightened sensitivity to wave-induced loading effects, 

particularly discernible when significant wave heights surpass the threshold of 
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2.52 meters. This underscores the pertinence of accounting for wave-induced 

loading intricacies in the design, operation, and risk management of FOWTs. 

 Operational Impact of Peak WPREs under Rated Wind and Wave 

Conditions: Notably, the pinnacle of WPREs surfaces conspicuously within the 

ambit of rated wind and wave conditions. This convergence heralds a distinctive 

operational scenario wherein the turbine perpetually operates within the ambit of 

the most exacerbated WPRE manifestations. This operational facet underscores 

the turbine's perpetual exposure to the most adverse ramping dynamics, 

accentuating the intricacies of power instability inherent within this specific 

operational regime. 

 Significance of Pitch Motion and Wave-Induced Loading: The significance of 

pitch motion and the profound ramifications of wave-induced loads in shaping the 

landscape of WPREs for FOWTs are unequivocally underscored. These dynamics 

constitute pivotal parameters for explicating the transient response of FOWTs 

across diverse operational scenarios. 

In summary, this study not only addresses a significant research gap pertaining to 

WPRE studies in the domain of FOWTs, but also engenders profound insights into the 

underpinning dynamical intricacies shaping the operational integrity and reliability of wind 

energy systems. Pioneering the integration of hydrodynamic complexities and mechanical 

motion dynamics within a holistic model framework, this investigation advances the 

strategic design, deployment, and grid integration of FOWTs. 
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Chapter 4:  Real-Time Coordination Control of Hybrid 
Energy Storage Systems for Floating Offshore 
Wind Power 

4.1 Introduction 

In comparison to the rigid body structure of bottom-fixed OWTs, FOWTs exhibit 

distinct hydrodynamic effects due to their unique floating structures. These effects manifest 

through 6 DoFs of motion, exerting a notable influence on the rotational speed of the 

generator. Among these DoFs, the pitch motion emerges as the predominant factor 

negatively impacting the operational characteristics of the generator [20]. Larsen and 

Hanson conducted studies elucidating that pitch motion experiences a substantial increase 

as wind speeds surpass the rated wind speed conditions [169]. This exacerbates concerns 

regarding the ramp event represented power quality of FOWT output, consequently posing 

a significant challenge. Comprehensive testing of FOWT power quality in Chapter 3:  

confirms this concern. 

Based on the research findings of Yang et al. and evidenced in Chapter 3: , the power 

spectrum density of each DoF motion exhibits prominent density peaks that concentrate 

within two frequency intervals: the natural frequency range and the wave frequency range 

[13]. Specifically, the platform motion exhibits a low natural frequency, which is rigorously 

designed in the very-soft frequency domain below 0.1Hz to avoid resonance at the rotor 

frequency associated with cyclic loading caused by ocean waves and OWT blade mass 

imbalance [170]. The density distribution in this range demonstrates complex and 

challenging changes to quantify and analyse, owing to the influence of various wind-wave 

conditions. On the other hand, the frequency associated with waves is relatively high, with 

power density distributed independently around 0.2 Hz. Notably, the power spectrum 

density of the pitching motion aligns remarkably well with the power spectral density 

distribution of wave height dynamics. This correlation facilitates the development of 
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straightforward and uncomplicated optimization strategies for mitigating power fluctuations 

specifically occurring at ocean wave frequencies in WECS. 

Significant endeavours have been dedicated to enhancing FOWT power quality, 

primarily emphasizing external compensation of dynamics through means such as 

WECs[171] and TMDs[14] to mitigate the structure vibration. Additionally, the optimal 

design of control strategies, including more intricate feasible control mechanisms [5], has 

garnered considerable attention. However, the scope of actively optimizing power 

waveforms through power electronic components remains considerably limited. 

From the perspective of stable operation of the power system and to further enhance 

the grid integration of wind power, efforts must be directed towards the continuous 

development of robust smart grids. Simultaneously, the friendliness and autonomy of wind 

power systems need continuous improvement. Research has already explored the addition 

of supplementary electrical modules, such as PSS[172] and LCL filter[11][173], to the 

design of WECS. This is done to ensure the elimination of harmonics and enhance power 

quality. Additionally, feasible solutions within wind farms involve the integration of other 

energy sources with wind energy, resulting in systems like wind-solar[174], wind-ESS[175], 

and wind-hydrogen[176]. These systems are complemented by efficient control strategies. 

While these integrated solutions have undergone comprehensive research and have matured 

in their application and deployment in today's power systems, there remains a gap in 

practical applied research for floating wind farms with floating wind power characteristics. 

In response to the completed testing and analysis of floating WPRE characteristics, a 

comprehensive Wind-HESS coupling system can be constructed. This system incorporates 

four types of WECS, LC low-pass filters, lithium-ion batteries, and supercapacitors. To 

address the power quality deficiencies, a real-time coordinated control strategy is designed 

for this system, taking into account multiple boundary conditions. By effectively utilizing 

the power-type supercapacitors to compensate for the energy-type hydrogen storage's 
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startup delay power, the strategy aims to track and compensate for the power harmonics 

related to both the FOWT's natural frequency and wave frequency. This approach 

significantly improves the output power quality. 

The organizational structure of this chapter is as follows: Firstly, the design and testing 

of a low-pass filter, connected in series on the DC bus of four types of WECS, are 

introduced. The effectiveness of suppressing wave frequency harmonic power is evaluated. 

In the third section, the modelling, control scheme, and coupling methodology of the HESS 

are presented. The fourth section involves experimental analysis and discussion of the 

optimal parameter settings. Finally, a summary is provided for the designed approach. 

 

4.2 DC Bus Wave Frequency Filter Design and Testing 

The primary objective of this section is to investigate and enhance power quality and 

mitigate power fluctuations in the context of FOWT. To achieve this goal, a comprehensive 

electromechanical coupling FOWT model is constructed, along with a new dedicated wave 

filter designed for the DC link. The FAST-Simulink co-simulation platform is employed for 

the hydrodynamic wave frequency analysis. The proposed approach aims to improve the 

power quality of FOWT output by effectively eliminating harmonics associated with ocean 

wave frequencies. This is accomplished through the implementation of a band-stop filter 

within the full-scale converter, strategically positioned on the DC bus. The parameter 

settings for the band-stop filter are determined through independent analysis, considering 

the filtering effectiveness, filterable frequency range, and the response speed of the WECS. 

4.2.1 LC Oscillator Included DC bus Design 

In the conventional back-to-back converter utilized in the IEC wind turbine Type 4 

configuration, the sole mechanism employed for maintaining stable terminal voltage on the 

DC-link entails the utilization of energy storage capacitors. However, in this experimental 
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model, a LC series resonant circuit as a targeted band-stop filter has been introduced onto 

the DC bus to address power fluctuations occurring at the wave frequency. This 

arrangement is depicted in Fig. 4.1. 

 

Fig. 4.1 Composition of DC bus electrical components 

 

For a series resonant circuit, the formula to calculate the resonant frequency is: 

 𝑓଴ =
ଵ

ଶగ√௅஼
 (4.1) 

where 𝑓଴ is the resonant frequency of the LC resonant circuit, 𝐿 is the resonant circuit 

inductance, and 𝐶 is the resonant circuit capacitance. 

Quality factor is able to measure the degree of underdamping and filter bandwidth of 

the LC resonant circuit, the formula is: 

 𝑄௙ =
ఠబ௅

ோ
=

ଵ

ோ
ට

௅

஼
 (4.2) 

where 𝑄௙  represents the quality factor and 𝜔଴  refers to the input signal angular 

frequency. The larger the quality factor, the better the filtering effect at the central 

oscillation frequency. It is noted that the equivalent resistance R of the LC resonant circuit 

is not discussed in detail in this study, it was set to 0.1 Ω through all the simulation tests 

except Fig. 4.4 & Fig. 4.5 while not showing in Fig. 4.1. 
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4.2.2 Load case settings 

The methodology of the hydrodynamic analysis for FOWT output power is divided 

into two aspects, hydrodynamics at wave frequency and power output analysis. 

In this part of the study, it is focused on investigating and distinguishing the impact of 

hydrodynamics on output power at wave frequency. Different cases are considered where 

mainly identical turbulent wind conditions at the IEC standard rated wind speed are used 

[159]. Each case incorporates distinct hydrodynamic characteristics. By comparing these 

cases, the power characteristics of the various dynamic components can be clearly observed 

and analysed. 

Specific load cases are inherited and modified from Table 3.3, summarized as follows: 

Case1: conventional bottom-fixed OWT at rated wind speed  

Case2: FOWT at rated wind speed with no waves  

Case3: FOWT at rated wind speed with regular waves (6s, 2.5m) 

Case4: FOWT at rated wind speed with irregular PM waves (10s, 6m) 

Data analysis is required for the output power, in conjunction with the quantified 

impacts in the Chapter 3: . The analysis aims to validate the potential improvement effect 

on power quality resulting from the power signal processing conducted at the wave 

frequency. Additionally, data analysis results are used to optimize design parameters of PQ 

solutions. Here the wind and wave conditions considered are those exceeding the rated 

operating conditions of the FOWT, as hydrodynamics will have the greatest negative impact 

on FOWT power quality under these occasions. 

Data required include a significant amount of ocean states. In the next section, one 1-

year sea state data with a resolution of 10 seconds is used [158], correspondingly the 

resonant frequency of the LC circuit is set to 0.1 Hz. 
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By adopting this approach, the differentiation of hydrodynamics on output power at 

wave frequency can be addressed, with confidence in enhancing power quality through 

signal processing and optimizing filter design parameters via data analysis. 

 

4.2.3 Simulation results and discussion 

4.2.3.1 FOWT Output Power Characteristics 

Fig. 4.2 display the simulation results of active power output time series for FOWTs 

under four different case settings based on the same model in Chapter 3. A comparative 

analysis of the cases depicted in Fig. 4.2(a) reveals that Cases 2 and 3, which utilize the 

floating platform structure, exhibit substantial power fluctuations when subjected to rated 

wind or wind-wave inputs, in contrast to Case 1 representing the bottom-fixed OWT. 

Particularly, when compared to Case 2 without ocean wave input, Case 3 displays 

additional power fluctuations in the time domain. These fluctuations exhibit a stable period 

of 6 seconds and possess a discernible amplitude. Moreover, Fig. 4.2(b) demonstrates that, 

under identical wind speed conditions, the presence of greater wave input leads to more 

pronounced power fluctuations at wave frequencies. These irregular fluctuation 

characteristics align with the PM wave features attributed to ocean wave inputs. 

 

Fig. 4.2 FOWT output power under Case 1-4 in time domain 

 

    (a) Case 1, 2, 3                                            (b) Case 3 and Case 4 
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4.2.3.2 Filtering Effect Testing and Analysis 

The hydrodynamic impact of waves is significantly influenced by the quality factor of 

the second-order LC resonance circuit. This section aims to compare and analyse the 

selection of the quality factor in relation to this effect. 

Table 4.1 Wave period to frequency conversion 

Wave frequency (Hz) 0.067 0.083 0.1 0.125 0.167 0.5 

Wave period (s) 15 12 10 8 6 2 

 

To conduct the study, the frequency of the LC oscillating circuit is specifically set at 

0.1 Hz, which corresponds to the occurrence of one year state giant waves. In order to 

assess the filtering effect, a test was conducted within the wave frequency range that 

represents the 10-year return period of Taiwan offshore, as depicted in Fig. 4.3. To provide 

a clearer understanding of the relationship between frequency and wave conditions in Fig. 

4.3, Table 4.1 has been included. 
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Fig. 4.3 Filter effect under different quality factors 

 

By focusing on the quality factor of the system, it is possible to examine its impact on 

the hydrodynamic treatment of waves. Through a thorough analysis of this parameter, 

valuable insights can be gained regarding the selection process. 

Upon examining the comparative analysis of signal processing effects at various 

quality factor 𝑄௙  settings presented in Fig. 4.3, it becomes apparent that different 𝑄௙ 

settings applied to the resonance frequency yield favourable filtering outcomes. Notably, an 

increase in the quality factor results in enhanced accuracy of frequency selectivity. 

Furthermore, it is important to establish a reasonable upper limit for the value of 𝑄௙  to 

better focus the filtering effects on the certain wave frequency. Doing so serves two 

purposes: firstly, it prevents the filterable interval from becoming excessively wide, thereby 

avoiding any adverse impact on the DC component. Secondly, it ensures that there is a 

significant effect in processing conventional small wave signals, which are more prevalent 

and higher in frequency compared to relatively larger wave conditions. 
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Fig. 4.4 The relationship between control system settling time and quality factor 

 

By analysing Fig. 4.4, it becomes evident that an optimal quality factor value exists for 

the settling time. Moreover, it can be observed that the optimal 𝑄௙ is inversely correlated 

with the equivalent resistance 𝑅 of the circuit, while being independent of the values of 

inductance 𝐿  and capacitance 𝐶 . On the other hand, Fig. 4.5 illustrates a substantial 

reduction in the overshoot of the system response as the 𝑄௙ increases. This relationship is 

particularly pronounced when the resistor values are decreased. 
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Fig. 4.5 The relationship between the overshoot and the quality factor of the control system 

 

Synthesizing the findings from the system characteristics analysis depicted in Fig. 4.3 

and Fig. 4.4, it can be deduced that by configuring the resistance 𝑅 as 1 and selecting a 

quality factor 𝑄௙ of 100, the LC circuit exhibits several desirable attributes. These include 

the fastest settling time, minimal overshoot, and a relatively wide range of wave frequency 

signal processing capabilities. Building upon these conclusions, the final experiment 

focuses on the parameter settings of this LC oscillator circuit and evaluates the filtering 

effectiveness in Case 3 and Case 4, as outlined in 4.2.2. 

Fig. 4.6 depict the simulation results of power output from a FOWT operating at its 

rated wind speed of 11.4𝑚/𝑠. In these simulations, different scenarios were examined. In 

case 3, the system was subjected to common far-offshore wave conditions with a period of 

6𝑠 and a significant wave height of 2.5𝑚. However, there was a noticeable discrepancy 

between the frequency set by the filter circuit and the desired frequency. As illustrated in 

Fig. 4.6(a), despite the LC resonant circuit being designed to accommodate a wide range of 

filtering frequencies, the power optimization effect in Case 3 was relatively modest. 
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Fig. 4.6 Power filtering effect for the low pass filter 

 

To assess the filtering effectiveness of the control system's centre frequency, a 10-year 

wave state was considered in Case 4, characterized by a wave centre period of 10𝑠 and a 

significant wave height of 6𝑚. The simulation results, as depicted in Fig. 4.6(b), indicate 

that the power drop in the FOWT was effectively controlled within a short time period, and 

the quality of active power was significantly enhanced throughout the simulation duration. 

These findings highlight the importance of accurately setting the filtering frequency to 

optimize power output in FOWTs. The simulations demonstrate that the system's 

performance was suboptimal when the filtering frequency deviated from the desired value, 

but it significantly improved when the centre frequency matched the wave conditions. 

These findings contribute to a better understanding of FOWT dynamics and inform the 

development of strategies to enhance power generation and system stability. 

 

4.2.4 Conclusion to this section 

This section presents an added LC resonant circuit design at the DC-link of a WECS 

converter in FOWT, aiming to compensate the hydrodynamic effects caused by offshore 

 

(a) Power filtering effect under Case 3              (b) Power filtering effect under Case 3 
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wave frequencies and improve the quality of power output. Prior to proposing a new design, 

the study conducted an analysis involving four different cases to demonstrate the existence 

and influence of hydrodynamics at wave frequencies on power output. Experimental results 

validate that the filter design effectively mitigates power fluctuations induced by wave 

frequency hydrodynamics, resulting in a power quality improvement level of 5% of the 

rated capacity within a 60-second time resolution. 

However, it should be noted that the suppression of fluctuations is constrained to a 

certain range around the resonant frequency. In practical operations, the design of the filter's 

centre frequency yields the greatest benefits when set slightly higher than the rated wave 

frequency, making it an optimal choice for passive control. If the power quality of the wave 

trap, particularly the L/C property, can be manipulated and controlled, upgrading to an 

active feedback control, it can significantly improve the potential for enhancing the power 

quality of FOWTs under full wind and wave conditions. Future research endeavours will 

therefore be required on suppressing ultra-low-frequency hydrodynamics associated with 

the natural frequency response of FOWT, thus further improving the power quality of 

individual Floating WECS. 

 

4.3 Customized HESS design for FOWT  

Energy storage, as a crucial technological support for the high-proportion integration 

of new energy into the power grid, plays a key role in smoothing fluctuating power [177]. It 

can effectively enhance the penetration rate of wind power and the reliability of grid 

connection. Most research on energy storage assisting wind power grid integration has been 

focused on improving control methods to enhance the smoothness of the grid-connected 

wind power [178]. Considering the significant gap between power quality and grid 

standards, in the application scenarios of integrating energy storage with floating offshore 

wind farm, improving power quality should be considered as a primary factor. 
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Building upon the insights derived from the summary of the characteristics of the 

floating WPREs in Chapter 3: , this section endeavours to enhance the power quality of 

floating wind power to its maximum extent. The focus here lies in mitigating wind power 

fluctuations and concurrently considering the operational costs of HESS. This is achieved 

through the optimization of parameters in the Kalman filter, aiming to attain the optimal 

power distribution within the HESS. The ultimate goal is to achieve an optimal allocation of 

power that maximizes the quality of floating wind power while ensuring the stability of 

voltage and frequency in the WECS, particularly during critical moments. 

 

4.3.1 HESS modelling 

The optimal design of the HESS should effectively address the power and energy 

requirements inherent in floating offshore wind power applications. Given the intermittent 

nature of power generation in floating WECS and the rapid fluctuations between output 

power and load demand, a desirable HESS should exhibit characteristics such as high 

energy capacity, reliability, swift dynamic response, minimal maintenance, cost-

effectiveness, and safe operation [175]. 

The variability and unpredictability of output power in floating WECS necessitate an 

ESS with high specific energy (ESS-E), defined as the maximum available energy per unit 

mass. This ensures the ability to consistently meet long-term energy demands. Concurrently, 

the HESS in floating WECS faces highly fluctuating and irregular charging/discharging 

cycles influenced by FOWT hydrodynamics. To effectively address these challenges, the 

ESS should possess high specific power (ESS-P), denoting the maximum power per unit 

mass, coupled with fast response times to accommodate the fluctuations in floating wind 

power. This comprehensive approach aims to optimize the HESS for floating offshore wind 

power, ensuring a balance between energy and power requirements while accounting for the 

unique operational conditions posed by the floating WECS environment [33]. 
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Fig. 4.7 Block diagram of HESS module in Simulink 

 

The HESS model, depicted in Fig. 4.7, is implemented in Simulink to meet the 

specified requirements. Lithium-ion batteries are chosen as the ESS-E due to their high 

energy density, round-trip efficiency, power density, and fast discharge operation. 

Equation (4.3) is used to estimate the battery storage capacity capable of supplying a 

fraction of the rated current demand. 

 𝐴ℎ௥௔௧௜௡௚ =
௧ಽ೔ಳ×ఊಽ೔ಳ×ூೝೌ೟೐೏

଺଴×௞ಽ೔ಳ
 (4.3) 

(4.3) involves parameters where γ୐୧୆ represents the fraction of the rated current of the 

load demand, and I୰ୟ୲ୣୢ signifies the rated current of the load demand. Additionally, t୐୧୆ 

stands for the time duration during which the battery supplies power to the system, while 

k୐୧୆ is a fraction defining the average discharge/charge current of the battery. 
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A supercapacitor is responsible for the role of ESS-P module. In practical applications, 

the supercapacitor must adhere to three key constraints below. (4.4) ensures that the 

supercapacitor operates within safe voltage limits, as specified by the manufacturer. (4.5) 

facilitates the determination of the maximum peak current the supercapacitor can handle. 

Additionally, (4.6) defines the maximum allowable power of the supercapacitor during 

operation. 

 𝑉ௌ௖_௠௜௡ < 𝑉ௌ௖ < 𝑉ௌ௖_௠௔௫ (4.4) 

 𝑖ௌ௖_௣௞ =
଴.ହ×஼ೄ೎×௏ೄ೎

஼ೄ೎×ாௌோ೏೎ାଵ
 (4.5) 

 𝑃ௌ௖_௠௔௫ = ±𝐶ௌ௖ × 𝑉ௌ௖ × ቚ
ௗ௏ೄ೎

ௗ௧
ቚ

௠௔௫
 (4.6) 

In the equations: Vୗୡ_୫୧୬  and Vୗୡ_୫ୟ୶  denote the minimum and maximum operating 

voltages of the supercapacitor; ESRୢୡ  represents the equivalent series resistor of the 

supercapacitor; Cୗୡ is the capacitance value of the supercapacitor; Pୗୡ_୫ୟ୶ is the maximum 

power rating of the supercapacitor; ቚ
ୢ୚౏ౙ

ௗ୲
ቚ

୫ୟ୶
 signifies the maximum rate of change of 

voltage across the supercapacitor. 

(4.7), (4.8) and (4.9) play a role in estimating the size of the supercapacitor. 

 𝐸ௌ௖ =
ଵ

ଶ
𝐶ௌ௖𝑉ௌ௖

ଶ  (4.7) 

 𝐸ௌ௖ =
ଵ

ଶ
𝐶ௌ௖(𝑉ௌ௖_௠௔௫

ଶ − 𝑉ௌ௖_௠௜௡
ଶ ) (4.8) 

 𝐶ௌ௖ =
ଶாೄ೎

(௏ೄ೎_೘ೌೣ
మ ି௏ೄ೎_೘೔೙

మ )ᇲ (4.9) 

Here, Eୗୡ represents the energy rating of the supercapacitor. These equations provide 

valuable insights into determining the appropriate specifications for the supercapacitor, 

ensuring it meets the required energy storage and performance criteria. 
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4.3.2 Floating WECS-HESS coupling 

In the realm of type 4 WECS, there exist three viable configurations of HESS through 

DC bus coupling: passive, semi-active, and active HESS. This study adopts the parallel 

active HESS topology, as illustrated in Fig. 4.8. In contrast to passive or semi-active HESS, 

the active configuration stands out for its superior performance, leveraging the use of two 

power electronic units. This design choice leads to improved overall system efficiency and 

an extended lifespan [179], highlighting the advantages of the active HESS configuration 

for type 4 WECS applications. 

 

Fig. 4.8 Parallel active HESS topology on Floating WECS 

 

4.3.3 Real-time coordinated control of HESS coupled on FOWT 

In consideration of the short time intervals of the RTCC (set to 60 seconds in this 

study), energy flows with slower response rates, such as heating and cooling, are excluded 
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from this phase. Only short-term power fluctuations resulting from random variations in 

renewable energy and load demands are considered for adjustment through the HESS 

during the RTCC process. To facilitate a better understanding of the RTCC process and the 

dynamic behaviour of various sub-models and variables, Fig. 4.9 presents a flowchart 

depicting the dynamic processes within the model. Detailed explanation of RTCC sub-

models is organized as follows. 

 

Fig. 4.9 Real-time coordinated control strategy framework of the HESS 

 

4.3.3.1 Voltage & current control scheme 

For the HESS in the Type 4 WECS with a DC bus, a dual-loop control strategy is 

designed and implemented in the charging/discharging DC/DC converter. This converter 

meets voltage and current reference values. The inner loop is a current control loop, 
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regulating the current of the battery or supercapacitor, while the outer loop controls the DC 

bus voltage. The outer loop controller provides the reference current for the inner loop. The 

reference value of the DC bus voltage is compared with the actual value in the outer loop. 

Subsequently, the error between these values is fed into a voltage PI controller, responsible 

for generating the reference current signal for the inner loop based on Equation (4.10).  

 𝐼ாௌௌ_௥௘௙ = (𝑘௣ +
௞೔

௦
)(𝑉ௗ௖_௥௘௙ − 𝑉ௗ௖) (4.10) 

Here, I୉ୗୗ_୰ୣ୤ represents the current reference value of the inner PI controller, while 

𝑉ௗ௖_௥௘௙  and 𝑉ௗ௖  are the reference and actual values of the DC bus voltage, respectively. 

Subsequently, the error between this reference current and the actual inductor current is 

provided to the current PI controller to adjust the duty cycle of the charging/discharging 

switch. 

4.3.3.2 Kalman filter based power smoothing target allocation of HESS 

In the pursuit of smoothing the power output from wind farms using energy storage 

systems, the accurate determination of the target grid-connected power becomes pivotal, 

directly influencing the overall quality of integrated wind energy. Existing methodologies 

for extracting the target grid-connected power encompass a diverse array of data processing 

techniques, such as Fourier transformation, wavelet analysis[180], first-order low-pass 

filtering[181], and associated algorithms, sliding average filtering, Kalman filtering[182], as 

well as alternative approaches like modal decomposition and model predictive control [178]. 

The prevalent use of the first-order low-pass filtering algorithm, acknowledged for its 

simplicity in design and operational efficiency, encounters a persistent challenge in 

addressing the inherent phase delay issues during runtime, thereby impacting the final 

power smoothing outcomes within a HESS. 

Advanced algorithms are playing a catalytic role in ascertaining the target power for 

wind energy grid integration, providing valuable insights into enhancing the SOC of energy 
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storage systems and prolonging the lifespan of batteries [183]. Nevertheless, a majority of 

these studies heavily rely on algorithmic adjustments tailored for regulating the SOC of 

energy storage systems, resulting in sluggish computational speeds and constricting the 

power smoothing capabilities of energy storage [184]. 

Kalman filters, acclaimed for their exemplary performance, find extensive application 

in fields like communication and control. When confronted with abrupt changes in wind 

farm power, the optimization of filter gain through Kalman filtering emerges as an effective 

strategy for achieving superior target grid-connected power. Leveraging both observed and 

estimated values, the Kalman filter adeptly collaborates to determine the target value, 

demonstrating prowess in predicting the subsequent state using estimated values while 

concurrently refining the previous estimation based on the current observation. Noteworthy 

for its robust real-time capabilities and rapid convergence speeds, the application of Kalman 

filtering to mitigate wind power fluctuations necessitates the establishment of 

corresponding time update equations (4.11), (4.12), and state update equations (4.13), (4.14), 

(4.15) [184]. 

 𝑃௪(𝑡|𝑡 − 1) = 𝑃ଵ(𝑡 − 1|𝑡 − 1) (4.11) 

 𝑃(𝑡|𝑡 − 1) = 𝑃(𝑡 − 1|𝑡 − 1) + 𝑄 (4.12) 

 𝑃ଵ(𝑡|𝑡) = 𝑃௪(𝑡|𝑡 − 1) + 𝐺(𝑡)[𝑃௪(𝑡) − 𝑃௪(𝑡 − 1)] (4.13) 

 𝑃(𝑡|𝑡) = [1 − 𝐺(𝑡)]𝑃(𝑡|𝑡 − 1) (4.14) 

 𝐺ଵ(𝑡) = 𝑃(𝑡|𝑡 − 1) [𝑃(𝑡|𝑡 − 1) + 𝛿ଵ𝑅]⁄  (4.15) 

In the given equations: 𝑃௪(𝑡|𝑡 − 1) is the prior estimate of wind power at time 𝑡 based 

on the previous estimate at time 𝑡 − 1; 𝑃ଵ(𝑡 − 1|𝑡 − 1) is the wind farm's grid-connected 

power at time 𝑡 − 1 ; 𝑃(𝑡|𝑡 − 1)  is the prior estimate covariance; P(𝑡 − 1|𝑡 − 1)  is the 

covariance of the state estimate at time 𝑡 − 1; 𝑃ଵ(𝑡|𝑡) is the grid-connected wind power at 
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time 𝑡; 𝑃௪(𝑡) is the wind power output at time 𝑡; 𝐺ଵ(𝑡) is the Kalman filter gain; 𝑄 is the 

process noise covariance. 𝑅  is the measurement noise covariance. 𝛿ଵ  represents the 

correction term for adjusting the Kalman filter gain when obtaining the target power 

controlled by the supercapacitor in grid-connected applications. In the 1st Kalman filter, the 

power smoothing focused target of the supercapacitor is determined by: 

 𝑃ௌ௖
଴ = 𝑃௪(𝑡) − 𝑃ଵ(𝑡|𝑡) (4.16) 

The 𝑅 value in the Kalman filter directly influences the target grid-connected power. 

To achieve the desired effect, a correction term δ is introduced for obtaining the smoothest 

target curve. Based on the SOC of the energy storage system, timely adjustment commands 

are made to prevent energy storage overload. When obtaining the smoothest target curve, 

(4.15) could be modified to: 

 𝐺ଶ(𝑡) = 𝑃(𝑡|𝑡 − 1) [𝑃(𝑡|𝑡 − 1) + 𝛿ଶ𝑅]⁄  (4.17) 

Here, 𝛿ଶ represents the correction term for adjusting the 2nd Kalman filter gain when 

obtaining the smoothest grid-connected target power. The modified equation yields the 

smoothest grid-connected wind power value as: 

 𝑃ଶ(𝑡|𝑡) = 𝑃௪(𝑡|𝑡 − 1)𝐺ଶ(𝑡)[𝑃௪(𝑡) − 𝑃௪(𝑡|𝑡 − 1)] (4.18) 

Value of δ  should be determined while satisfying constraints on active power 

fluctuations in the power system, considering both the electrical system grid connection and 

filter limitations. The modified lithium-ion batteries smoothing power target is: 

 𝑃௅௜஻_௦
ᇱ = 𝑃ଵ(𝑡|𝑡) − 𝑃ଶ(𝑡|𝑡) (4.19) 

4.3.3.3 Supercapacitor SoC control scheme 

The wind power smoothing strategy based on multiple Kalman filter energy 

management refers to adjusting the energy storage system's action power at the next time 

step based on the SOC of the supercapacitor. The multi-objective grid-connected power 
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aims to smooth wind power fluctuations while improving the SOC of the ESS_P. During 

system operation, as the SOC of the lithium-ion battery changes, the command for 

smoothing energy fluctuation adjusts accordingly. This study divides the SOC value of the 

supercapacitor into three levels, namely 𝑆𝑂𝐶௛௜௚௛ , 𝑆𝑂𝐶௟௢௪ , and 𝑆𝑂𝐶௅௜஻ , representing the 

upper and lower limits of normal operation. 

 𝑃ௌ௖
ᇱ (𝑡) = ൞

+ห𝑃௅௜஻_௦
ᇱ ห                     𝑆𝑂𝐶௟௢௪ ≥ 𝑆𝑂𝐶ௌ௖(𝑡)

𝑃ௌ௖
଴            𝑆𝑂𝐶௟௢௪ < 𝑆𝑂𝐶ௌ௖(𝑡) < 𝑆𝑂𝐶௛௜௚௛

−ห𝑃௅௜஻_௦
ᇱ ห                    𝑆𝑂𝐶ௌ௖(𝑡) ≥ 𝑆𝑂𝐶௛௜௚௛

 (4.20) 

During the operation of the ESS_P, efforts should be made to control the SOC 

towards 50% as much as possible to meet the requirements of smoothing fluctuations 

in future time steps. The power of the ESS_P varies with SOC, and the curve of 

smoothing wind power fluctuations is depicted in Fig. 4.10. From Fig. 4.10, it can be 

observed that when the SOC deviates over prolonged periods, real-time adjustments 

to the target smoothing power can be made to mitigate issues of overcharging or over-

discharging in the ESS_P. 

 

Fig. 4.10 Kalman filter based supercapacitor energy management strategy 
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4.3.3.4 Extension strategy of battery control for enhanced dispatch response 

According to the application objectives of energy storage, the control strategy of 

the energy storage system can be divided into autonomous mode and scheduling 

mode. The autonomous mode, as described above, aims to achieve applications that 

require rapid response, such as short-term power smoothing, frequency and voltage 

regulation, and power quality compensation. The scheduling mode mainly refers to 

accepting demands from the upper-level grid system. 

Through the analysis in Chapter 3: , it is evident that due to power losses caused 

by floating structure vibrations, the average wind power of FOWTs is always lower 

than their theoretical characteristics. Therefore, without additional control design in 

the HESS, the output power of the floating wind farm after smoothing fluctuations may 

not match the scheduling commands, and there is no universally effective predictive 

algorithm quantifying the specific volume of this loss. Hence, an additional control 

sub-scheme is designed and integrated into the SOC control module to achieve a 

reduction in the gap between actual wind power and theoretical wind power, or even 

the scheduled commands, through more efficient utilization of battery SOC. 

Therefore, for the power control objective of lithium-ion batteries, in addition to 

the power smoothing target 𝑃௅௜஻_௦
ᇱ  determined by the second Kalman filter as 

described in (4.19), it is necessary to supplement an additional power control target to 

bridge the gap between wind power and dispatch targets. The target power 𝑃௅௜஻_ௗ
ᇱ  is 

determined with the assistance of the third Kalman filter, and the derivation of the 

equations is provided from (4.21) to (4.24). 

 𝐺ଷ(𝑡) = 𝑃(𝑡|𝑡 − 1) [𝑃(𝑡|𝑡 − 1) + 𝛿ଷ𝑅]⁄  (4.21) 

 𝑃ଷ(𝑡|𝑡) = 𝑃௪(𝑡|𝑡 − 1)𝐺ଷ(𝑡)[𝑃௪(𝑡) − 𝑃௪(𝑡|𝑡 − 1)] (4.22) 

 𝑃௅௜஻_ௗ
଴ = 𝑃ଶ(𝑡|𝑡) − 𝑃௖(𝑡|𝑡) (4.23) 
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 𝑃௅௜஻_ௗ
ᇱ = 𝜂ௗ × 𝑃௅௜஻_ௗ

଴  (4.24) 

In this context, 𝑃௖(𝑡|𝑡) represents the power dispatch requirement for the current 

time period; 𝜂ௗ is the dispatch coefficient; and 𝛿ଷ is the correction term used to adjust 

the gain of the 3rd Kalman filter when determining the dispatch target power. Clearly, 

𝛿ଷ will be larger than the values of the previous two filters because the objective of 

this control is to approach the dispatch command over a longer time interval, while 

minimizing additional changes in battery power to enhance its lifespan. 𝜂ௗ  is 

controlled by the battery SOC to ensure that the SOC remains within the range of 0.2 to 

0.8 during battery operation, as shown in Fig. 4.11. 

 

Fig. 4.11 Battery SOC based dispatch coefficient control 
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The actual ESS_E power is determined through the combined influence of power 

smoothing control summarized in equations (4.19) and response dispatch control as 

outlined in equations (4.24). It ensures that the battery power does not exceed its 

rated capacity. This integration is summarized as equation (4.25), and the 

comprehensive battery control logic is encapsulated in Fig. 4.12. 

 𝑃௅௜஻ = ቊ
𝑃௅௜஻_௦

ᇱ + 𝑃௅௜஻_ௗ
ᇱ

|𝑃௅௜஻| ≤ 𝑃௅௜஻_௥௔௧௘ௗ
 (4.25) 

 

Fig. 4.12 Complete battery SOC control structure 

 

4.4 Case Study-Based Analysis of HESS Performance 

4.4.1 HESS property description & Environment preset 

To ensure the analysis and discussion of the case study are meaningful and 

insightful for the actual operation of FOWTs, it's crucial to set up the HESS and 

simulation environment to closely resemble real-world conditions. 

As shown in Table 4.2, the default settings of HESS are derived based on the wind-

to-storage capacity ratio established in [175] and calculated using (4.3) to (4.9). It's 
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worth noting that the rated capacity of the lithium-ion battery is intentionally set to be 

small. This intentional setting induces more significant variations in battery SOC, 

allowing for more comprehensive SOC control performance data to be collected within 

the finite simulation duration. The default parameters of the Kalman filters are 

determined based on testing experience, with different objectives satisfying the 

constraint 𝛿ଷ ≪ 𝛿ଵ < 𝛿ଶ. 

Table 4.2 HESS properties for simulation 

Property Value 

Capacity of the type 4 WECS coupled to the HESS 
(MW) 

5.1 

DC link voltage of type 4 WECS (V) 6,400 

Rated voltage of ESS_E (V) 1,600 

Rated voltage of ESS_P (V) 1,600 

𝑃௅௜஻_௥௔௧௘ௗ (MW) 0.9 

𝑃ௌ௖_௥௔௧௘ௗ (MW) 1.0 

Rated capacity of ESS_E (MWh) 0.225 

Rated capacity of ESS_P (MWh) 0.1 

𝑄 of all Kalman filters 0.05 

Default 𝛿ଵ𝑅 of the 1st Kalman filter 2 × 10଺ 

Default 𝛿ଶ𝑅 of the 2nd Kalman filter 11 × 10଺ 

Default 𝛿ଷ𝑅 of the 3rd Kalman filter 10 

 

Regarding the operating environment of the WECS and the entire simulation 

system, it can be described as follows: it simulates the 25-minute performance of the 

WECS under the rated wind speed and the corresponding severe waves associated 

with the northeast monsoon in the Taiwan Strait. The initial 500 seconds of the 

simulation are discarded as they include the step response generated by WECS start-

up and the entire system has not yet entered a stable operating state during this time 
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period. Starting from 500 seconds, the dispatch command is updated every 5 minutes 

(300 seconds) to simulate a real-time dispatch environment. The relevant parameters 

are summarized in Table 4.3. 

Table 4.3 Environmental properties of the study case 

Property Value 

Wind model Tidal 

Average wind speed (m/s) 11.4 

Wave model JONSWAP 

Peak-shape parameter of incident wave spectrum 2.08 

𝐻௦ (m) 5.5 

𝑇௣ (s) 9.4 

Simulation time (s) 2000 

Effective simulation period (s) [500: 2000] 

Power dispatch command update time (s) [0, 800, 1100, 1400, 1700] 

Power dispatch command value (MW) [4.7, 5.0, 4.9, 4.5, 5.1] 

 

4.4.2 Analysis of RTCC Performance 

To verify the effectiveness of the designed RTCC scheme for the HESS, this study 

conducts an analysis and discussion based on the simulation results obtained under the 

default parameter settings of HESS and the environment provided in 4.4.1. This section 

focuses more on the overall trends, emphasizing temporal data presentation. 
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Fig. 4.13 FOWT power smoothing target determined by RTCC 

 

Fig. 4.13 illustrates the power targets determined by the RTCC system of HESS. 𝑃ଵ 

represents the power smoothing target derived after signal processing by the 1st Kalman 

filter, with the difference between 𝑃ଵ  and 𝑃௪ allocated as control signals to the 

supercapacitor. 𝑃ଶ , on the other hand, represents the optimal power smoothing target 

derived after signal processing by the 2nd Kalman filter, with the difference between 𝑃ଶ and 

𝑃ଵ  allocated as control signals to the lithium-ion battery. It is evident that 𝑃ଶ  exhibits 

superior power quality compared to 𝑃ଵ, while 𝑃ଵ outperforms 𝑃௪. Moreover, for the FOWT 

operating under the rated wind speed model, the smoothest power target 𝑃ଶ determined by 

the RTCC is lower than the rated power by several hundred kilowatts, demonstrating the 

significant power loss attributed to the motion of the floating platform. 

 

Fig. 4.14 Power command for HESS by RTCC 
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The power commands allocated to the supercapacitor and lithium-ion battery by the 

RTCC are illustrated in Fig. 4.14, which also includes the sub-targets 𝑃௅௜஻_௦ and 𝑃௅௜஻_ௗ for 

the lithium-ion battery. It can be observed that the power smoothing command 𝑃ௌ௖ and its 

variation 𝑃௅௜஻_௦  exhibit rapid changes, with a relatively balanced charge and discharge 

energy. In contrast, the power dispatch command 𝑃௅௜஻_ௗ for the lithium-ion battery remains 

relatively stable and consumes more power and energy from the battery compared to 𝑃௅௜஻_௦. 

This aligns with the original design intent of the battery operation, which prioritizes 

compensating for the dispatch gap and, when there is surplus capacity, further enhancing 

the FOWT power quality already improved by the supercapacitor. For the battery with a 

rated power of 0.9 MW, it is feasible to achieve the optimal power smoothing dispatch 

commands for all time periods. Additionally, in the majority of instances, the battery can 

simultaneously respond to dispatch commands while ensuring the optimal power quality 

control. 

The balanced charge and discharge operation observed in Fig. 4.14 reflects the ease 

with which power smoothing control can maintain the HESS within a healthy SOC range. 

However, further analysis of the data is necessary to confirm whether the introduction of 

dispatch control can effectively restrict the battery SOC within the target range under full 

RTCC. 
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Fig. 4.15 Battery (a) dispatch coefficient and (b) SOC under default conditions 

 

As depicted in Fig. 4.15(a), during the initial 1100 seconds of simulation, the wind 

power output of the FOWT remains persistently below the dispatch command. 

Consequently, the battery undergoes an extended period of discharge, leading to the battery 

SOC dropping below 0.3 between 1100 and 1400 seconds. Following the dispatch 

coefficient control strategy illustrated in Fig. 4.15(b), the absolute value of 𝜂ௗ  similarly 

decreases to lower levels, aiming to mitigate the battery's discharge command and ensure 

that the SOC does not fall below the healthy threshold of 0.2. 

In Fig. 4.15(b), 𝑆𝑂𝐶௅௜஻_௦  solely under the power smoothing commands exhibit 

remarkable stability. Conversely, the 𝑆𝑂𝐶௅௜஻_ௗ , representing the lithium-ion battery's 

response to dispatch commands, is significantly influenced by grid dispatch instructions. 

However, when operating under the complete mechanism, the resulting 𝑆𝑂𝐶௅௜஻  slightly 

outperforms 𝑆𝑂𝐶௅௜஻_ௗ, with a trend highly similar to 𝑆𝑂𝐶௅௜஻_ௗ. Upon reaching 1400 seconds, 



Integrated Energy Operation Solution Customized for Floating Offshore Wind Power Characteristics 
Chapter 4:  Real-Time Coordination Control of Hybrid Energy Storage Systems for Floating Offshore 
Wind Power 
 

  

Lingte Chen  2024  Page 114 

the FOWT receives a new dispatch from the grid, with the overall wind power exceeding 

the dispatch command. At this point, the lithium-ion battery can fully respond to the 

dispatch command by charging itself. Despite the abrupt changes in 𝜂ௗ due to the transition 

between charging and discharging environments, the final control commands are smoothed 

out through signal processing by the 3rd Kalman filter. 

4.4.3 Optimal parameter discussion of RTCC 

In Section 4.4.2, the analysis of RTCC performance demonstrates its effectiveness and 

tailored optimization for handling floating wind power. However, in the preceding 

experiments, RTCC parameters were determined based on empirically derived default 

settings, leaving potential room for optimization. Clearly, the core variables determining the 

optimization of RTCC are 𝛿ଵ, 𝛿ଶ, and 𝛿ଷ. These parameters dictate the degree of power 

smoothing for the three Kalman filters and determine the power commands for HESS. For 

HESS systems with different properties, the optimization outcomes are likely to vary 

significantly. Therefore, the experiments and analysis in this section are conducted based on 

the default properties of HESS. 

Through the analysis of the RTCC logic, we can describe the characteristics of these 

three parameters. A larger 𝛿ଵ  corresponds to a higher power command for the 

supercapacitor in RTCC. Under the assumption of a fixed 𝛿ଵ, a larger 𝛿ଶ results in a greater 

power smoothing command for the lithium-ion battery in RTCC. The parameter 𝛿ଷ  is 

associated with the degree of smoothing between 𝑃ଶ and 𝑃ୡ. Therefore, adjusting 𝛿ଵ is solely 

aimed at fully utilizing the supercapacitor's capabilities for power smoothing tasks and can 

be analyzed independently. The relationship between 𝛿ଶ  and 𝛿ଷ  determines the multi-

objective optimization of the lithium-ion battery for improving power quality and 

compensating for dispatch gaps. It is essential to find the corresponding optimal range for 

𝛿ଶ and 𝛿ଷ. 
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Fig. 4.16 The impact of changes in 𝛿ଵ on (a) supercapacitor SOC,and (b) 𝑃ଵ for RTCC 

 

As shown in Fig. 4.16, six different values of δଵ for RTCC are tested and compared. It 

can be observed that as the value of δ_1 increases gradually, the deviation of the 

supercapacitor's SOC from 50% and the range of fluctuations also slightly increase. This 

indicates that a higher δଵ setting results in larger SOC variations, especially when handling 

significant power changes associated with wind turbine startup. 

Regarding the analysis of the wind power Pଵ after smoothing with the supercapacitor, it 

is observed that an increase in δଵ leads to a decrease in power generation. However, the 

standard deviation of Pଵ reaches its minimum value when δଵ𝑅 = 6 × 10଺, indicating the 

most reliable and stable performance of Pଵ. Therefore, it can be confirmed that 6 × 10଺ is 

the optimal value, which effectively utilizes the supercapacitor's capacity and achieves the 

best quality of Pଵ. 
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Fig. 4.17 RTCC performance in battery SOC management, reflected by (a) the average 
offset of SOC from the midpoint, and (b) the standard deviation of battery SOC 

 

After simulating data from RTCC based on multiple different delta values, statistical 

analysis is conducted and presented in Fig. 4.17-Fig. 4.19. Apart from the SOC average 

value set at a moderate level being optimal in Fig. 4.17(a), all other parameters show that 

lower numerical values are preferable. Fig. 4.17 focuses on RTCC's management of the 

battery SOC. It is evident that the SOC offset should both fully exploit its own capacity 

potential and be reasonably controlled to avoid frequent approaches to the health boundary 

of SOC. The magnitude of the SOC indicator parameters in Fig. 4.17 is positively correlated 

with δଷ, implying that a smaller δଷ value is needed to achieve optimization. A larger δଶ 

allows for better utilization of SOC capacity but leads to more drastic changes in the 

charging and discharging instructions of RTCC, thus reducing the potential battery lifespan. 

The performance indicators of output power are statistically analysed in Fig. 4.18, 

which intuitively reflects the similar trends of δଶ and δଷ in affecting the stability of output 

power and responsiveness to scheduling instructions. Therefore, to obtain more excellent 

output power, appropriate adjustments to larger δଶ and smaller δଷ settings can be made.  
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Fig. 4.18 RTCC performance of output power optimization, reflected by (a) the standard 
deviation, and (b) the energy difference from the dispatch commands 

 

Although previous conclusions pointed towards the optimality of smaller δଷ, setting 

the measurement noise covariance too small can reduce the smoothing level of the 

instructions output by 3rd Kalman filter  to the minimum. Consequently, RTCC fails to 

effectively manage the step signals generated by the instant updates of scheduling 

instructions, significantly affecting battery lifespan, as shown in Fig. 4.19(a). At simulation 

times of 1400s and 1700s, real-time scheduling instruction updates occur. Under the same 

δଶ  settings, the control signals generated by smaller δଷ  values (black line) exhibit much 

larger abrupt changes compared to those generated by larger δଷ values (red line) at these 

moments. Under the same δଷ settings, smaller δଶ values (blue line) further enhance RTCC's 

ability to respond to step responses. Fig. 4.19(b) reflects the highly correlated relationship 

between δଷ  and RTCC's step response handling capability, while δଶ  shows a relatively 

limited influence. 
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Fig. 4.19 RTCC performance of responding to dispatch command updates 

 

It is evident that, considering the comprehensive concerns discussed above, the 

selection of δଶ and δଷ constitutes a multi-objective optimization problem, entailing a range 

of optimal solutions. Therefore, their specific values should be determined based on the 

requirements of practical operation. 

 

4.5 Conclusion to this chapter 

The research is inspired from two significant distinctions between the output power of 

FOWTs and fixed-bottom counterparts: the notable low-frequency power fluctuations 

induced by structural oscillations, and the decrease in power generation efficiency 

compared to traditional wind turbines, leading to greater disparities from dispatch 

commands. 

To tackle these challenges, a tailored bus extension scheme has been devised in this 

chapter, incorporating a sea wave band stop filter and a HESS under Real-Time 

Coordinated Control  to unleash the maximum potential of energy storage systems and 

achieve optimal power output. By flexibly adjusting the measurement noise covariance of 

the Kalman filter, distinct command signals have been successfully separated and allocated 
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to supercapacitors and lithium batteries, a feat unattainable by conventional low-pass filters 

due to the extremely low harmonic frequencies of floating wind power. The control of 

battery charging and discharging not only enhances power quality but also compensates for 

discrepancies in dispatch commands, with the weights of both aspects adjusted through the 

measurement noise covariance. RTCC further ensures that the battery SOC stabilizes within 

a healthy range. 

This work fills a gap in the control strategies of HESS coupled with FOWTs and 

represents a bold exploration of power ramp mitigation strategies for FOWTs. WPREs can 

be regulated up to 30% of the rated power. A comprehensive analysis and discussion on the 

settings of Kalman filter parameters have been provided, revealing an optimal solution set 

for the measurement noise covariance parameters, which is planned for extensive testing 

and validation in future work. 
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Chapter 5:  Optimal Control for Enhancing Power Quality 
in Floating Wind Turbines Integrated with 
Photovoltaic Solar Farms 

5.1 Introduction 

The mitigation of wind turbine wake effects within a wind power station is achieved 

through a prescribed inter-turbine spacing criterion, requiring the separation between 

turbines as 7 times the rotor diameter in the prevailing wind direction [185]. This stipulation 

not only minimizes the wake interference but also unlocks substantial potential for energy 

exploitation at wind farm sites. Research [186] indicates that the aggregated power 

generation potential from diverse sources within the offshore wind farm area can reach 

sixfold the wind farm's intrinsic capacity. Promising avenues for further development 

encompass Wave Energy [187], Solar Energy [188], Tidal Energy & Marine Current 

Energy [189], Ocean Thermal Energy [190], Salinity Gradient Energy [191], etc. As a result, 

by pursuing enhanced energy utilization within wind farms, a notable reduction in the 

Levelized Cost of Electricity (LCOE) is achievable [176]. This approach, centred around 

offshore hybrid power plants primarily harnessing wind energy, effectively mitigates 

concerns arising from the variability of wind resources, thereby bolstering overall system 

reliability [19]. 

While established solutions have emerged for onshore and nearshore wind farms, the 

comprehensive exploration of this energy potential confronts formidable challenges in the 

context of offshore floating wind farms, particularly in distant oceanic regions. The 

commercialization of such ventures is still in its nascent stages. Crucially, the establishment 

of a dependable and cost-effective platform for floating wind farms, along with seamless 

integration with external energy sources, stands as a paramount inquiry necessitating 

comprehensive elucidation. 

Two pivotal queries demand rigorous examination: firstly, how can floating wind 

farms furnish a reliable and economical infrastructure? Secondly, how can external energy 
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sources be adeptly harnessed to achieve seamless synergy with floating wind energy? These 

questions underscore the pressing need for additional offshore resource investigation and 

resolution. 

5.1.1 Hybrid Potential of Floating Solar Farm 

Floating solar farms (FSFs) offer several advantages due to their minimal land 

footprint, resulting in cost-effectiveness. Their geographical location on the surface of water 

bodies not only provides a more favourable ambient temperature for photovoltaic panels but 

also significantly reduces solar light reflection and scattering losses, thereby enhancing 

energy conversion efficiency. Consequently, the installation scale of floating solar farms 

has exhibited exponential growth in recent years, with deployment sites expanding from 

inland lakes to coastal areas. However, especially in offshore deployments, FSFs face 

challenges related to poor equipment stability and high maintenance costs, requiring further 

research and technological innovation to overcome these issues [192]. Research outlined in 

[193] indicates that under conditions of strong winds and waves, power fluctuations in FSFs 

typically remain within 5% of the rated power, ensuring that FSFs can reliably provide 

power output under normal environmental conditions. Literature [194] introduces a novel 

adaptive mooring system that enhances FSF stability by 40% in wave action, while also 

offering cost advantages. Research presented in literature [195] emphasizes the potential 

risks of photovoltaic panel submersion or tilting at the perimeter under high wind loads. 

Meanwhile, central solar panels experience significantly reduced wind load, allowing for 

modifications to the system materials to manage cost-effectiveness. It is noteworthy that 

these studies collectively underscore the importance of platform stability, implying that an 

economically and reliably designed support platform could contribute significantly to the 

dependable operation of FSFs. 
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5.1.2 Wind-Solar Hybrid Floating Platform Scheme 

The integration of onshore wind energy and solar energy is already a highly mature 

solution. However, recent research suggests that hybrid offshore wind energy and solar 

energy also exhibit advantages. Literature [196] has found strong complementarity in wind 

and solar resources in the Belgian North Sea at weekly and monthly timescales. This 

characteristic is projected to remain stable until the year 2100. In literature [197], a case 

study in the North Sea region demonstrates the hybrid of offshore floating photovoltaic 

solar technology into offshore wind farms, resulting in excellent economic viability by 

maximizing the utilization of grid cable capacity in the wind farm. Despite the emphasized 

value of offshore wind-solar integration [198], it is noteworthy that the design and 

operational strategies for this integration remain in a preliminary stage. While [199] offers a 

planning framework utilizing Particle Swarm Optimization (PSO) for optimizing hybrid 

offshore wind-solar power plant layouts, it is evident that the hydrodynamic aspects of these 

power plants have not received comprehensive attention. 

As a complement, economically integrating PV panels into existing FOWT is another 

reasonable proposition, with one of the viable solutions being the utilization of FOWT's 

floating platforms for installation. The advantages of this approach are manifold: the FSF 

seamlessly integrates onto the floating platform, incurring minimal integration costs; it 

enhances power generation capacity while improving overall stability of power output. 

Among various FOWT floating platform designs, the barge is considered an excellent 

multi-purpose platform (MPP). It offers cost-effective manufacturing and convenient 

installation procedures. Furthermore, in comparison to other floating platforms, the ITI 

Energy Barge demonstrates significant advantages in platform motion-induced ultimate and 

fatigue loading parameters [69]. 

Based on this, barge-based floating platforms have undergone extensive testing for 

various expansion applications. For example, [200] developed a multi-source barge 
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demonstration platform capable of accommodating three wind turbines and ten Wave 

Energy Converters (WECs). [201] achieved power fluctuation control by coupling 

modelling and controlling four Oscillating Water Columns (OWCs) installed on the barge-

based FOWT platform. [202] Designed fish cages within the float’s moon pool, confirming 

the superior economic benefits and excellent hydrodynamic characteristics of this MPP. 

What is particularly intriguing is the design proposed in literature [203] for a new barge 

structure tailored for 5MW FOWT. The research results ensure that this design, offering a 

spacious 60m by 45m platform, maintains low cost and reliable dynamic stability 

comparable to the classic ITI Energy Barge design. Importantly, this additional large 

platform space holds significant potential for accommodating renewable energy 

installations, providing ample room for the installation and maintenance of photovoltaic 

(PV) arrays. 

This study draws inspiration from the foundational design principles of an FOWT 

based on [203]. Leveraging the novel catamaran FOWT model within F2A & 

MATLAB/Simulink, it further explores the operational states of both the FOWT and the 

FPV system, seeking potential strategies for their coupled optimal operation. Finally, by 

integrating a three-dimensional solar azimuth model and a fully detailed electrical–

mechanical coupled model, and referencing in-situ data from the Taiwan Strait, including 

solar radiation, temperature, and wind-wave conditions, a comprehensive real-world 

operational performance test is conducted. The major innovations of this study can be 

highlighted and summarized as follows: 

The remaining structure of this chapter is as follows: Section 5.2 presents the 

mathematical modelling principles for FOWT and the theoretical derivation of the three-

dimensional FSF model. Section 5.3 provides a brief overview of the model's overall 

framework and parameter settings, including the acquisition and rationalization of 

environmental parameters. Section 5.4 discusses the simulation results, with a focus on the 
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power complementarity effects of the FSF, the general relationship between wind-solar 

angles and power compensation, and the simulated operational results in the water areas off 

Penghu. Section 5.5 summarizes the key findings of the entire experiment. 

 

5.2 Floating wind-solar platform modelling method 

5.2.1 Framework description 

The wind-solar co-platform design in this study shows a high degree of integration in 

terms of both dynamics and electrical aspects. As shown in Fig. 5.1, the barge-type floating 

platform used to support the FOWT was reused as a support for the solar farm. Therefore, 

the two power sources from wind-solar share a completely consistent dynamic state, as 

shown in Fig. 5.2. 

 

Fig. 5.1 Schematic diagram of wind-solar co-platform installation 



Integrated Energy Operation Solution Customized for Floating Offshore Wind Power Characteristics 
Chapter 5:  Optimal Control for Enhancing Power Quality in Floating Wind Turbines 
Integrated with Photovoltaic Solar Farms 
 

  

Lingte Chen  2024  Page 125 

 

Fig. 5.2 Schematic diagram of the wind farm and solar farm hydrodynamics 

 

In addition, the design of the generator for wind turbines uses a permanent magnet 

synchronous motor with a full-power PWM converter, so that the output of the 

photoelectric field is directly integrated into the DC side of the FOWT converter after 

boosting, as shown in Fig. 5.3. 

 

Fig. 5.3 Schematic diagram of wind-solar electrical coupling 
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5.2.2 AHSE modelling of FOWT 

While FAST stands out as one of the leading computational platforms for AHSE 

modelling in wind turbines, persuasive simulation experiments often draw upon model 

cases from the OC projects organized by IEA Wind [67][68][79]. These cases often 

undergo extensive simulation and actual model testing, confirming and optimizing 

parameters for hydrodynamic calculations through numerous international collaborative 

projects. The challenge persists in rationalizing the setup and modification of parameters for 

innovative designs of floating structures. Hence, for researchers intending to test custom 

novel floating structures, specialized hydrodynamic computational software such as AQWA 

remains the optimal choice. AQWA primarily addresses technical challenges faced in the 

design analysis of floating systems in North Sea oil and gas development, and even broader 

aspects of global offshore oil and gas development, including navigation, installation, 

operations, positioning, and more. AQWA enables the modelling of various connecting 

components such as mooring cables, hinges, fenders, winches, pulleys, tension tendons, 

facilitating intricate analyses of mooring and installation [204]. 

Dr. Yang Yang implemented the coupling of aerodynamic, servo-elastic behaviour 

with platform motion for floating wind turbines in AQWA through the user_force64.dll in 

March 2020, thus achieving the coupling of FAST with AQWA in the time domain, termed 

FAST2AQWA or simply F2A [86].  

 

5.2.3 WECS modelling of FOWT 

The WECS model established in this chapter adopts the design of a Type-4 wind 

turbine generator from Chapter 3. Due to the utilization of the FAST and AQWA models 

occupying the DLL ports, coupling between the mechanical and electrical components of 

the catamaran FOWT in this study was not achieved. However, for steady-state operational 

environments, this decoupling does not result in the loss of simulation data accuracy. The 
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generator angular speed, platform pitch angle, and platform roll angle obtained from the 

F2A platform’s AHSE model computations are stored and utilized as temporal inputs in 

running the WECS simulation model established in FAST/Simulink. 

 

5.2.4 Solar azimuth modelling 

Based on the modelling in reference [205], originally used for computing the 

orientation of spacecraft in near-Earth space relative to the Sun, this theoretical calculation 

maintains perfect precision from 1950 to 2050. It guarantees angular errors within 1/60 

degree and time errors less than 3.5 seconds. Therefore, the study here applies this theory to 

precisely calculate the solar azimuth angle on the Earth’s ocean surface in FSFs. Hence, the 

observer’s coordinate system located in the FSF could be established: 

 𝑛 = −1.5 + 365 ∙ (𝑌௜௡ − 2000) + 𝑁௟௘௔௣ + 𝐷𝑎𝑦 + 𝐷𝑎𝑦௙௥௔௖_௎்  (5.1) 

 𝐿 = 280.466 + 0.9856474𝑛  (°) (5.2) 

 𝑔 = 357.528 + 0.9856003𝑛  (°) (5.3) 

 𝜆 = 𝐿 + 1.915 𝑠𝑖𝑛 𝑔 + 0.020 𝑠𝑖𝑛(2𝑔)  (°) (5.4) 

 𝜀 = 23.440 + 0.0000004𝑛  (°) (5.5) 

 𝛼 = 𝑡𝑎𝑛ିଵ(𝑐𝑜𝑠 𝜀 𝑡𝑎𝑛 𝜆) ∙ 180 𝜋⁄   (°) (5.6) 

 𝛿 = 𝑠𝑖𝑛ିଵ(𝑠𝑖𝑛 𝜀 𝑠𝑖𝑛 𝜆)∙ 180 𝜋⁄   (°) (5.7) 

 𝐸௠௜௡ = 4 ∙ (𝐿 − 𝛼)  (𝑚𝑖𝑛) (5.8) 

where 𝑌௜௡  represents the input year, 𝑁௟௘௔௣  is the number of leap years in the time 

period from 1950 to the input year, 𝛼 is the right ascension, 𝛿 is the declination of the Sun, 

and 𝐸௠௜௡ is the equation of time. It must be emphasized that only 𝐿, 𝑔, and 𝜆 need to be 

adjusted within the [0°, 360°] range during the calculation process to obtain accurate results. 
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Next, based on the observer's coordinate system, the components of the solar azimuth 

angle in the spatial coordinate axes can be derived as follows: 

 𝜑௦ = 𝛿 (5.9) 

 𝜆௦ = −15 ∙ (𝑇 ெ் − 12 + 𝐸௠௜௡ 60⁄ ) (5.10) 

 𝑆௫ = 𝑐𝑜𝑠 𝜑௦ 𝑠𝑖𝑛(𝜆௦ − 𝜆଴) (5.11) 

 𝑆௬ = 𝑐𝑜𝑠 𝜑଴ 𝑠𝑖𝑛 𝜑௦ − 𝑠𝑖𝑛 𝜑଴ 𝑐𝑜𝑠 𝜑௦ 𝑐𝑜𝑠(𝜆௦ − 𝜆଴) (5.12) 

 𝑆௭ = 𝑠𝑖𝑛 𝜑଴ 𝑠𝑖𝑛 𝜑௦ + 𝑐𝑜𝑠 𝜑଴ 𝑐𝑜𝑠 𝜑௦ 𝑐𝑜𝑠(𝜆௦ − 𝜆଴) (5.13) 

In this context, (φ଴, λ଴) represents the observer's longitude and latitude on Earth, while 

(φୱ, λୱ) represents the longitude and latitude of the subpoint. Since 𝑆 is the unit vector for 

the solar azimuth angle, it is evident that 𝑆௫
ଶ + 𝑆௬

ଶ + 𝑆௭
ଶ = 1 . Consequently, the South-

Clockwise converted azimuth angle γୱ and zenith angle Z can be derived as follows: 

 𝛾௦ = 𝑎𝑡𝑎𝑛2( −𝑆௫, −𝑆௬)  (5.14) 

 𝑍 = 𝑐𝑜𝑠ିଵ 𝑆௭  (5.15) 

    The 𝑎𝑡𝑎𝑛2  function is also available in Simulink and outputs values within the 

range of [−𝜋, 𝜋]. For the North-Clockwise calculation, it needs to be adjusted as γୱ =

𝑎𝑡𝑎𝑛2( S୶, S୷), whereas for the East-Clockwise calculation, it needs to be adjusted as γୱ =

𝑎𝑡𝑎𝑛2( S୷, S୶). 

5.2.5 Solar farm modelling 

The influence of the floating platform movement on the light-receiving area of the PV 

panel is very complicated. In order to quantify this change, the PV panel is projected on the 

three planes composed of the coordinate axes, and the effect is shown in Fig. 5.5. 
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Fig. 5.4 Projection of PV panels on three coordinate axis planes 

 

At the same time, the incident direct irradiation vector is also decomposed into 

components 𝐵௫ , 𝐵௬  and 𝐵௭  parallel to the three coordinate axes in the same coordinate 

system according to requirements. Based on Fig. 5.5, dimensionality reduction of sunlight 

direct irradiation can be completed: 

 𝐵௫ = 𝐺(𝑏) ∙ 𝑐𝑜𝑠 𝜃௛ 𝑠𝑖𝑛 𝜃௔௬  (5.16) 

 𝐵௬ = 𝐺(𝑏) ∙ 𝑐𝑜𝑠 𝜃௛ 𝑐𝑜𝑠 𝜃௔௬ (5.17) 

 𝐵௭ = 𝐺(𝑏) ∙ 𝑠𝑖𝑛 𝜃௛ = 𝐺(𝑏) ∙ 𝑐𝑜𝑠 𝜃௭ (5.18) 

𝜃௔௬  is azimuth angle to y axis, 𝜃௛  is altitude angle and G(b) represents direct solar 

irradiation. 



Integrated Energy Operation Solution Customized for Floating Offshore Wind Power Characteristics 
Chapter 5:  Optimal Control for Enhancing Power Quality in Floating Wind Turbines 
Integrated with Photovoltaic Solar Farms 
 

  

Lingte Chen  2024  Page 130 

 

Fig. 5.5 Projection of sunlight direct irradiation on the coordinate axes 

 

For a photovoltaic panel fixed on a floating platform, a three-dimensional coordinate 

system (𝑥𝑦𝑧) is established with the floating platform as the reference. The light-receiving 

surface of the photovoltaic panel is equivalently represented as its projected areas on the 

various coordinate planes: 𝑆௫௬ ，𝑆௬௭  and 𝑆௫௭ , as it shown in Fig. 5.4. This approach 

facilitates the intuitive derivation and calculation of the solar irradiance received by the 

photovoltaic panel on the floating platform during pitch and roll movements. 

Next, as shown in Fig. 5.6, statistics are performed on the three projections. It can be 

found that the projected areas of the x-z and y-z planes are only affected by the motion of 

one degree of freedom, and the changes in the projected areas of the x-y plane are directly 

related to the cosine values of the pitch and roll angles. 
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Fig. 5.6 Direct solar energy absorbed by the equivalent projected area of the photovoltaic 
panel during the movement of the floating platform 

 

Ultimately, the PV equivalent area is the sum of the projected areas on the three 

coordinate system planes. The calculation formula of x-z, y-z, x-y plane projected areas are 

as follows: 

 

(a) PV equivalent model in x-z plane 

(b) PV equivalent model in y-z plane 
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 𝑆௫௭ = 𝑎 𝑐𝑜𝑠 𝜃௔௬ ∙ 𝑏 𝑐𝑜𝑠 𝜃௛   (5.19) 

 𝑆௬௭ = 𝑎 𝑠𝑖𝑛 𝜃௔௬ ∙ 𝑏 𝑐𝑜𝑠 𝜃௛   (5.20) 

 𝑆௫௬ = 𝑎 ∙ 𝑏 𝑠𝑖𝑛 𝜃௛   (5.21) 

Direct solar power of these 3 projected areas of the PV panel thus can be calculated: 

 𝑃௕௫௭ = 𝑆௫௭ ∙ 𝑐𝑜𝑠 𝜃௣ ∙ 𝐵௬  (5.22) 

 𝑃௕௬௭ = 𝑆௬௭ ∙ 𝑐𝑜𝑠 𝜃௥ ∙ 𝐵௫ (5.23) 

 𝑃௕௫௬ = 𝑆௫௬∙ 𝑐𝑜𝑠 𝜃௥ 𝑐𝑜𝑠 𝜃௣ ∙ 𝐵௭ (5.24) 

Substitute (5.16)-(5.21) into (5.22)-(5.24), then direct solar energy of the PV panel 

during the movement of the floating platform 𝑃௣௩_௕ is derived: 

 𝑃௫௭ = 𝑎 𝑐𝑜𝑠 𝜃௔௬ ∙ 𝑏 𝑐𝑜𝑠 𝜃௛ 𝑐𝑜𝑠 𝜃௣ ∙ 𝐵௬  (5.25) 

 𝑃௬௭ = 𝑎 𝑠𝑖𝑛 𝜃௔௬ ∙ 𝑏 𝑐𝑜𝑠 𝜃௛ 𝑐𝑜𝑠 𝜃௥ ∙ 𝐵௫ (5.26) 

 𝑃௫௬ = 𝑎 ∙ 𝑏 𝑠𝑖𝑛𝜃௛∙ 𝑐𝑜𝑠 𝜃௥ 𝑐𝑜𝑠 𝜃௣ ∙ 𝐵௭ (5.27) 

 𝑃௣௩_௕ = 𝑃௕௫௭ + 𝑃௕௬௭ + 𝑃௕௫௬ (5.28) 

The computation of diffuse irradiation 𝐷௣௩ and reflectance irradiation 𝑅௣௩ references 

the Isotropic sky model, which provides an accurate overall description of illumination 

levels [206]. It is noted that the Isotropic sky model tends to underestimate the irradiance in 

cases of clear skies and partially overcast conditions, particularly where there is heightened 

intensity near the horizon and within the circumsolar region of the sky. 

 𝑍௦
ᇱ =

గ

ଶ
− (𝐻௦ − 𝜃௣ 𝑠𝑖𝑛 𝜃௔௬ − 𝜃௥ 𝑐𝑜𝑠 𝜃௔௬) (5.29) 

 𝐷௣௩ =
ଵା௖௢௦ ௓ೞ

ᇲ

ଶ
𝐺(𝑑) (5.30) 
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 𝑅௣௩ =
ଵି௖௢௦ ೞ

ᇲ

ଶ
𝜌௔𝐺(𝑟) (5.31) 

where 𝜌௔ is the reflection coefficient, which is recommended to be set to 0.06 within 

the offshore ocean surface [207]. Thus, the diffuse power and reflectance power received 

by a single PV panel are: 

 𝑃௣௩_ௗ = 𝑎 ∙ 𝑏 ∙ 𝐷௣௩  (5.32) 

 𝑃௣௩_௥ = 𝑎 ∙ 𝑏 ∙ 𝑅௣௩ (5.33) 

Finally, total irradiance power received by a PV panel on the FOWT is: 

 𝑃௣௩ = 𝑃௣௩_௕ + 𝑃௣௩_ௗ + 𝑃௣௩_௥ (5.34) 

 

5.2.6 Tilt angle control Mode 1: Optimizing solar energy harvesting 

To optimize the photovoltaic system’s power production on the floating platform, it is 

imperative to statistically assess the average orientation of the platform’s rotational 

movement and align the photovoltaic panels accordingly to maximize direct sunlight 

irradiance. To achieve this, a proposed methodology involves utilizing the Kalman Filter 

module within Simulink to compute the dynamic average values of platform pitch and roll 

measurements derived from AQWA-FAST outputs. Subsequently, aligning the photovoltaic 

panels to the sun is intended under this averaged platform state. However, a significant 

challenge arises in determining the actual setting of the photovoltaic tilt angle in the floating 

platform's 𝑥ᇱᇱ𝑦ᇱᇱ𝑧ᇱᇱ coordinate system as shown in Fig. 5.7, given the known fixed space 

𝑥𝑦𝑧 coordinate system where the photovoltaic system's tilt angle corresponds to the solar 

elevation angle. This challenge constitutes the primary focus of this section. 
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Fig. 5.7 The relationship between the space coordinate system of the floating platform 
coordinate system 

 

Fig. 5.7 demonstrates the relationship between the floating platform coordinate system 

in motion and the fixed space coordinate system. Obviously the two coordinate systems 

coincide exactly when there is no pitch and roll motion. Therefore, the corresponding solar 

intensity received by each axis of the PV panel on the 𝑥𝑦𝑧 plane and the 𝑥ᇱᇱ𝑦ᇱᇱ𝑧ᇱᇱ plane is: 

 𝑃𝑉௫ = 1 ∙ 𝑐𝑜𝑠 𝜃௛ 𝑠𝑖𝑛 𝜃௔௬ (5.35) 

 𝑃𝑉௬ = 1 ∙ 𝑐𝑜𝑠 𝜃௛ 𝑐𝑜𝑠 𝜃௔௬ (5.36) 

 𝑃𝑉௭ = 1 ∙ 𝑠𝑖𝑛 𝜃௛ (5.37) 

 𝑃𝑉௫
ᇱᇱ = 1 ∙ 𝑐𝑜𝑠 𝜃௛

ᇱᇱ 𝑠𝑖𝑛 𝜃௔௬
ᇱᇱ  (5.38) 

 𝑃𝑉௬
ᇱᇱ = 1 ∙ 𝑐𝑜𝑠 𝜃௛

ᇱᇱ 𝑐𝑜𝑠 𝜃௔௬
ᇱᇱ  (5.39) 

 𝑃𝑉௭
ᇱᇱ = 1 ∙ 𝑠𝑖𝑛 𝜃௛

ᇱᇱ (5.40) 
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𝜃௛
ᇱᇱ  and 𝜃௔௬

ᇱᇱ  are equivalent height and azimuth angle on x-y-z axis. Then the PV 

elevation angle conversion in the two coordinate systems is as follows: 

 𝑃𝑉௫
ᇱᇱ = 𝑃𝑉௫ ∙ 𝑐𝑜𝑠 𝜃௣ (5.41) 

 𝑃𝑉௬
ᇱᇱ = 𝑃𝑉௬ ∙ 𝑐𝑜𝑠 𝜃௥  (5.42) 

 𝑃𝑉௭
ᇱᇱ = 𝑃𝑉௭ ∙ 𝑐𝑜𝑠 𝜃௥ 𝑐𝑜𝑠 𝜃௣ (5.43) 

Substituting (5.35)-(5.40) into (5.41)-(5.43), they can be further deduced: 

 𝑐𝑜𝑠 𝜃௥ 𝑠𝑖𝑛(𝜃௔௬
ᇱᇱሬሬሬሬሬሬ⃑ + 𝜃௥

ሬሬሬ⃑ + 𝜃௣
ሬሬሬሬ⃑ ) = 𝑠𝑖𝑛 𝜃௔௬ (5.44) 

 𝑐𝑜𝑠 𝜃௣ 𝑐𝑜𝑠(𝜃௔௬
ᇱᇱሬሬሬሬሬሬ⃑ + 𝜃௥

ሬሬሬ⃑ + 𝜃௣
ሬሬሬሬ⃑ ) = 𝑐𝑜𝑠 𝜃௔௬ (5.45) 

 𝑠𝑖𝑛(𝜃௛
ᇱᇱሬሬሬሬ⃑ + 𝜃௥

ሬሬሬ⃑ + 𝜃௣
ሬሬሬሬ⃑ ) = 𝑠𝑖𝑛 𝜃௛ ∙ 𝑐𝑜𝑠 𝜃௥ 𝑐𝑜𝑠 𝜃௣ (5.46) 

Divide (5.44) and (5.45), then target azimuth and height angle are: 

 ቐ
𝑡𝑎𝑛(𝜃௔௬

ᇱᇱሬሬሬሬሬሬ⃑ + 𝜃௥
ሬሬሬ⃑ + 𝜃௣

ሬሬሬሬ⃑ ) = (
௖௢௦ ఏ೛

௖௢௦ ఏೝ
) ∙  𝑡𝑎𝑛 𝜃௔௬

𝑠𝑖𝑛(𝜃௛
ᇱᇱሬሬሬሬ⃑ + 𝜃௥

ሬሬሬ⃑ + 𝜃௣
ሬሬሬሬ⃑ ) = (𝑐𝑜𝑠 𝜃௥ 𝑐𝑜𝑠 𝜃௣) ∙ 𝑠𝑖𝑛 𝜃௛

 (5.47) 

The actual tilt angle to be set for the photovoltaic panels to directly face the sun at 

specific inclined states of the platform is computed through the coordinate system 

transformation, defined as Mode 1 scheme. The pivotal formula (5.47) stands as the crux of 

the 'Coordinate system transformation' submodule. Fig. 5.8 illustrates the comprehensive 

flowchart depicting the computation process for determining the optimal tilt angle for 

maximizing power production (Mode 1) of the photovoltaic panels with dual-axis tracking 

system. Additionally, it should be noted that the speed of change for dual-axis tracking 

systems should be limited to no more than 0.5°/𝑠. 
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Fig. 5.8 Optimal photovoltaic panel altitude angle calculation process 

 

5.2.7 Tilt angle control Mode 2: Enhancing hybrid power quality 

Based on a comprehensive examination of the active power characteristics of FOWT 

in reference [33], it is evident that the motion of the floating platform, particularly pitch 

motion, induces significant wind power ramp events (WPREs), with the amplitude 

increasing with the height of the waves. Considering the 'Pitch Angle-Power' characteristics 

of WECS and the solar energy system, a design strategy controlling the photovoltaic tilt 

angle is proposed to achieve the complementarity between wind power and solar power 

during the pitch motion of the floating platform, thereby enhancing the overall power 

quality of the Wind-Solar system. This approach is herein referred to as the Mode 2 scheme. 
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Fig. 5.9 Illustration of optimal hybrid power quality scheme 
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Fig. 5.10 Pitch angle-PV power characteristics under different tilt angle offset settings 

 

The visual representation of this approach is illustrated in Fig. 5.9, providing an 

intuitive depiction of the power characteristics influenced by the dynamics (pitch motion) of 

both the wind and solar systems. On one hand, as demonstrated in Section 3.5, within the 

pitch motion range of the FOWT, there is a negative correlation between pitch angle and 

wind power. On the other hand, as depicted in Fig. 5.10, the shape of the photovoltaic 

system's pitch angle-power characteristic curve, derived from the formula in 5.2.5, closely 

resembles the upper half of a cosine function within a single period. By adjusting the 

photovoltaic panel tilt angle, the power curve can be 'horizontally shifted' along the x-axis. 

The "optimal hybrid power quality" scheme is achieved by moving the pitch angle-power 

characteristic curve of the solar energy system to the right in Fig. 5.10, establishing an 

overall positive correlation between pitch angle and solar power within the pitch motion 
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range of the FOWT. This can be achieved by adding a optimal offset angle to the optimal 

PV tilt angle. The electricity generation performance under this mode is depicted in Fig. 5.9, 

where the wind and solar power exhibit an inverse relationship during pitch motion, 

reflecting a decrease in wind power and an increase in solar power as the pitch angle 

increases, and vice versa when the pitch angle decreases on the novel catamaran floating 

platform. 

Due to the dynamic variations in the pitch and roll motion ranges of the floating 

platform during actual operations, the proposal of a real-time coordinated control scheme 

faces challenges. Therefore, the setting of offset angles will be fixed and selected prior to 

simulation. The offset angles are all greater than 15 degrees, ensuring an overall positive 

correlation between the pitch angle and power of the solar energy system. Additionally, the 

configuration of this scheme, actively deviating the photovoltaic panels from their optimal 

angles, evidently leads to a certain loss in their power generation efficiency. Under this 

scheme, the optimal offset angle, considering both efficiency and performance, will be 

comprehensively analysed and discussed through comparative testing with a series of angle 

values. 

 

5.3 Model Test Set-up 

5.3.1 The Novel Catamaran FOWT testing through FAST-AQWA (F2A) 

The novel catamaran model developed based on F2A serves as the foundation for this 

research. Detailed dynamic characteristics have been validated in [203]. Compared to the 

ITI Energy barge FOWT, the novel catamaran FOWT exhibits reduced pitch angle 

oscillations in mild sea states while showcasing similar pitch angle fluctuations in high sea 

states. Specific parameters of this floating structure and ITI Energy barge are summarized 

in Table 5.1. 
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Table 5.1 Comparison of floating platform properties 

Properties Catamaran ITI Energy Barge 

Platform    

Diameter (𝑚 × 𝑚) 45 × 60 40 × 40 

Space between demi-hulls (𝑚) 25 − 

Draught (𝑚) 4 4 

Total volume (𝑚ଷ) 15,684 16,000 

Water displacement (𝑚ଷ) 5,480 6,400 

Mass (𝑘𝑔) 4,901,080 5,452,000 

CM Location (𝑚) (0,0,1.51) (0,0, −0.2818) 

Roll inertia about CM (𝑘𝑔 ∙ 𝑚ଶ) 4,672,683,194 726,900,000 

Pitch inertia about CM (𝑘𝑔 ∙ 𝑚ଶ) 6,800,310,371 726,900,000 

Yaw inertia about CM (𝑘𝑔 ∙ 𝑚ଶ) 11,190,569,096 1,454,000,000 

Mooring System   

Number of mooring lines 8 8 

Depth to fairleads and anchors (𝑚) 4 & 150 4 & 150 

Radius to fairleads and anchors (𝑚) 42.436, 429.095 & 439.566 28.28 & 423.4 

Section length (𝑚) 474.1 473.4 

Mooring line diameter (𝑚) 0.0809 0.0809 

Line Mass Density (𝑘𝑔 𝑚⁄ ) 130.4 130.4 

Line extensional stiffness, EA (𝑁) 589,000,000 589,000,000 

 

5.3.2 Solar farm modelling and coupling with FOWT through FAST-Simulink 

The overall framework of the FSF sub-model, as depicted in Fig. 5.11, encompasses a 

comprehensive solar angle model, a coordinate system conversion module, an equivalent 

solar area calculation module, an electrical model, and a PV angle control module. FSF, 

coupled with the Type-4 WECS, operates in parallel via a common DC bus, effectively 

integrating wind and solar energy sources to provide a unified output. The integrated model 

simulation is executed through the joint operation of MATLAB/SIMULINK and FAST 
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software and shown in Fig. 5.11. This simulation process requires five types of input data: (i) 

weather conditions associated with the FOWT, including wind speeds and wave 

characteristics, (ii) weather conditions relevant to the FSF, such as irradiance and 

temperature, (iii) the tilt angles of photovoltaic panels set for power complementarity mode, 

(iv) PV panel data, and (v) FSF attributes based on the barge floating platform. These data 

types are discussed in detail below. 

  

Fig. 5.11 Model Framework in Simulink 

 

5.3.3 Targeted experimental environment conditions 

To begin with, the overall simulation environment is established in the Taiwan Strait, a 

region renowned for its abundant wind and light resources, along with stable wind patterns, 

aligning closely with the requirement of having wind and wave directions coinciding. The 

selected simulation location represents the deepwater area of the Taiwan Strait, situated 

offshore of Penghu Island, and all specific environmental configuration parameters are 

sourced from literature and empirical case studies conducted in this maritime region. 

Furthermore, the high-quality caisson manufacturing expertise available on both sides of the 

Taiwan Strait has significantly lowered the production costs of domestic floating barge 

bodies, presenting a substantial competitive advantage [208]. In the following, five 

important aspects (i to v) of assumptions, data input sources and cases are considered: 

(i) The wind-wave load case for this study, as referenced in [33], is based on the 

environmental conditions of normal, northeast monsoon, and 10-year return period western 
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Taiwan offshore scenarios. In FAST, it is configured as input data, specifically turbulent 

wind and Pierson-Moskowitz waves. This setup typically considered a once-in-a-year wind-

wave condition in experimental settings, effectively tests the offset angle effects of the 

floating solar farm under various DoF states of the floating platform, with a particular focus 

on pitch motion. 

 

Fig. 5.12 Taiwan Strait environmental characteristics, including (a) topography, rose 
diagram of (b) wind and (c) wave in summer 

 

  

(a) Taiwan Strait topography                                

 

(b) wind rose diagram of Penghu       (c) wave rose diagram of Penghu 
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The wind and wave directions are determined using data from the local department's 

annual statistics for the summer of 2019 [209]. As illustrated in Fig. 5.12(a), due to the 

geographic location of the water body in the strait, the statistical data in Fig. 5.12(b) and Fig. 

5.12(c) indicate that the wind and wave directions are closely aligned during that period, 

creating an ideal scenario of co-incident wind and waves. Hence, in the subsequent research, 

the wind-wave direction is simplified and consistently set as co-incident. In the South-

Clockwise-based three-dimensional coordinate system, the wind-wave inflow direction is 

established as North-East by 30 degrees. 

(ii) The photovoltaic intensity and temperature data utilized in this study were sourced 

from the Photovoltaic Geographical Information System (PVGIS) in Europe [210]. The 

geographical coordinates input for data collection in this database were set at (23.630, 

119.507), located on the northern coast of Penghu Island, and the input time was specified 

as June 17, 2020, aligning with the wind-wave conditions defined in (i). The temperature 

and photovoltaic intensity data for the given latitude and longitude within a 24-hour period 

on that day are illustrated in Fig. 5.13(a). Following the modelling approach described in 

reference [205], a 24-hour solar azimuth model is generated using the geographical 

coordinates of Penghu Island. As depicted in Fig. 5.13(b), the solar azimuth angle and 

zenith angle are reasonably computed in the South-Clockwise configuration within the 

module, where the azimuth angle falls within the range of [-90°, 90°] during daylight hours, 

while the data for the remaining night-time hours are considered invalid, with zero 

photovoltaic intensity. 
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Fig. 5.13 (a) Temperature and irradiation daily hour data, (b) solar azimuth angle and 
zenith angle at Penghu (Taiwan Strait) on June 17, 2020 

  

(iii) In theory, setting the maximum pitch angle of an operating FOWT as the PV tilt 

offset angle can achieve minimal energy losses and the optimal overall power output with 

minimized power ramp. However, in practical operation, determining the maximum pitch 

angle is not always stable and may require complex algorithms for detection and prediction. 

As a preliminary step in this research, PV tilt offset angles were simulated at 0, 15, 30, and 

45 degrees to derive general conclusions that apply across various operational environments. 

In actual operational testing, as an initial approach, the PV tilt offset angle was set 

slightly larger than the distribution range of the maximum pitch angle observed in 

experiments, ensuring that it remains below the peak of the photovoltaic panel's pitch angle-

power curve. Since this study primarily focuses on the power compensation effects brought 

about by this control strategy, the impact of seawater on the photovoltaic panels at larger 

pitch angles is not considered, even though such extreme motion states are rarely 

encountered in the actual operation of FOWTs. Fig. 5.10 illustrates the pitch angle-power 

characteristic curves under different PV tilt offset angle settings. 

(iv) From a forward-looking perspective on the capacity and potential of floating solar 

farms, this study explores three representative photovoltaic panel parameter settings. Firstly, 
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the AIKO-A465-MAH54Mw [211] stands as research baseline for PV panels, epitomizing 

the current pinnacle of commercial products available for practical application. It aptly 

mirrors the actual capacity permitted by the current FSF design. The Six-junction III–V 

[212] panel signifies the peak of PV panel photovoltaic conversion efficiency achieved in 

laboratory settings, demonstrating the practical potential for power expansion over the next 

decade. Meanwhile, GaAs-Based photovoltaic cells [213] represent the theoretical limit of 

photovoltaic conversion efficiency and serve as a bold conjecture for the long-term future of 

photovoltaic power development. The summarized designs of these three representative PV 

panels are presented in Table 5.2. While efficiency values strictly adhere to referenced 

literature, sizes, rated voltage and associated power align with AIKO-A465-MAH54Mw to 

eliminate insignificant variations, providing an intuitive representation of FSF's power 

generation potential. 

Table 5.2 PV panel types with key properties 

Datasheet 
Parameters 

A465-MAH54MW Six-junction III–V GaAs-Based PV cells 

Institute AIKO Energy, China NREL, USA ISE, Germany 

Efficiency (%) 23.8 47.1 68.9 

Status Commercially available Fabrication available Confirmed material specifications 

Dimension (mm) 1722 × 1134 × 30 1722 × 1134 × 30↓ 1722 × 1134 × 30↓ 

Weight (kg) 20.5 ± 3% 20.5 ± 3%↓ 20.5 ± 3%↓ 

𝑉௣௩_௢௖  (V) 40.29 40.29↓ 40.29↓ 

𝐼௣௩_௦௖ (A) 14.14 27.98↓ 40.93↓ 

𝑉௣௩_௠௔௫  (V) 34.11 34.11↓ 34.11↓ 

𝐼௣௩_௠௔௫  (A) 13.64 26.99↓ 39.49↓ 

𝑃௣௩_௠௔௫  (W) 465.26 920.71 1346.85 
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Tested condition: 𝐴𝑀1.5 1000𝑊/𝑚ଶ25℃ 

𝑉௣௩_௠௔௫: voltage at maximum power point; 𝐼௣௩_௠௔௫ : current at maximum power point; 𝑃௣௩_௠௔௫ : 

maximum power point. 

NREL: National Renewable Energy Laboratory; ISE: Fraunhofer Institute for Solar Energy 

Systems  

 ↓The mechanical & electrical characteristics of Six-junction III–V and GaAs-Based photovoltaic 

cells are modified to facilitate the simulation experiment, and do not represent the manufacturer's 

final design. 

 

(v) Inspired by the design and experimental outcomes presented in [208], the 

dimensions of the novel catamaran floating platform in this experiment have been extended 

to 45𝑚 × 60𝑚, as depicted in Fig. 5.14. Relevant mass adjustments have been incorporated 

into the FAST setup. Consequently, with photovoltaic panels measuring 1.722𝑚 × 1.134𝑚 

meters and a spacing diameter of 2.062𝑚 , a maximum of 734 such panels can be 

accommodated on this floating platform. An area of 10𝑚 × 10𝑚 on one side has been left 

empty to facilitate engineer access during wind turbine maintenance and to preserve space 

for additional equipment. Additionally, leaving space on the backlit side helps reduce the 

shading effects of the wind turbine tower on the solar panels, minimizing solar energy 

losses. As shown in Table 5.3, a total of 3 solar system cases were ultimately tested. These 

three cases were based on the practical considerations of the photovoltaic panels in (iv). If 

the overall power output stability in the simulation results for Case 4 is demonstrated, it 

would make larger barge floating platform designs more appealing. 
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Fig. 5.14 PV panel distribution on the Novel Catamaran FOWT floating platform 

 

Table 5.3 Floating solar farm properties 

Datasheet Parameters 
Case Number 

A B C 
PV panel Type A465-MAH54MB Six-junction III–V GaAs-Based  

PV efficiency (%) 23.8 47.1 68.9 

𝑃௣௩_௠௔௫  (W) 465.26 920.71 1346.85 

Designed PV panel quantity 734 734 734 
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FSF Total Weight (kg) 15047 15047 15047 

FSF Rated Power (kW) 341.50 675.80 988.59 

𝑆𝑜𝑙𝑎𝑟 𝑝𝑜𝑤𝑒𝑟

𝑊𝑖𝑛𝑑 𝑝𝑜𝑤𝑒𝑟
 (%) 6.70 13.25 19.38 

Environmental condition: 𝐴𝑀1.5 1000𝑊/𝑚ଶ25℃ 

 

(vi) In summary, the classification and nomenclature of the various experimental data 

have been organized into three main sections, encompassing the load cases, proposed 

photovoltaic angle control schemes, and the sub-parts of the wind-solar platform, 

respectively. These have been summarized in Table 5.4. 

Table 5.4 Load cases description 

Load case 
Description 

𝑈௪(𝑚
/𝑠) 

𝑇௣(𝑠) 𝐻௦(𝑚) 𝜃௛ೝ೐೑
(°) 

Prefixes  Scheme Suffixes 
LC1   Normal 12.0 5.17 1.67  

LC2   Monsoon 12.0 9.4 5.5  

LC3   10-year return period 12.0 6.1 10.4  

 000  PV panel fixed at on platform    0 

 opt   Height angle for max solar power    𝐻௦ 

 c15  15° additional offset of from optimal    𝜃௛
ᇱ (+15°) 

 c30  30° additional offset of from optimal    𝜃௛
ᇱ (+30°) 

 c45  45° additional offset of from optimal    𝜃௛
ᇱ (+45°) 

  WT The novel catamaran FOWT      

  PV Solar_A/B/C system     

  WA Wind-Solar_A system     

  WB Wind-Solar_B system     

  WC Wind-Solar_C system     
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5.4 Results and Discussions 

In this section, results are presented based on the above modelling and data selections. 

The study begins by evaluating the impact of varying PV array capacities under strong wind 

and wave conditions on the overall power performance of the wind-solar coupled platform. 

Subsequently, employing a controlled variables approach, the influence of solar azimuth 

angle, elevation angle, and the selected tilt offset angle on the PV panel pitch angle-power 

characteristic curve is examined. Following this, the proposed floating solar array design is 

compared with other external energy sources that can be integrated, using a 5MW-scale 

FOWT as a reference. Finally, the practical operational outcomes of the floating wind-solar 

platform in the summer season within the Taiwan Strait region are discussed. Notably, due 

to the highly detailed temporal resolution of the electrical module ( 20 𝜇𝑠 ), for 

computational efficiency, the FOWT simulation records power data from 10:45 AM to 

11:45 AM, representing a typical one-hour duration for analysis. The remaining time's 

FOWT dynamics and electrical transient data are concatenated to form an identical copy of 

the simulation results for this one-hour interval. The time resolution of the photovoltaic 

module is set at 2 𝑠. 

5.4.1 Realization and quantification of power complementarity 

As depicted in Fig. 5.15(a), under conditions of high winds and waves, the pitch angle 

plays a decisive role in the power generation of the FOWT. Simulation results indicate that 

when the FOWT is in a forward pitch, the impact on power output is not substantial. 

However, as the pitch angle increases in the backward direction, the FOWT's output power 

exhibits a linear decline, which is a determining factor leading to the emergence of high-

frequency WPREs. Meanwhile, Fig. 5.15(b) illustrates that, in the time domain, the 

application of the "Maximum Power Complementarity" PV angle control strategy leads to 

the PV panels generating greater power in a sunward orientation during the declining phase 
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of FOWT output power. This effectively compensates for the high-frequency periodicity of 

WPREs. This control strategy limits efficiency losses for the FSF to be within 10% of peak 

power, thereby ensuring that solar energy complements floating wind energy almost 

perfectly across various platform pitch angles. 

 

Fig. 5.15 Floating offshore wind-solar hybrid platform (a) pitch angle-power 
characteristics and (b) time domain power simulation results under LC3 at 15:00 local time 

environment 

                              

Fig. 5.15(a) illustrates the enhancement in power quality for the wind power plant with 

a capacity ratio ranging from Case 1 to Case 4 compared to the standalone FOWT. It 

becomes evident that the larger the photovoltaic array capacity, the more pronounced the 

power compensation effect on wind power fluctuations caused by dynamic state changes. 

Regarding the improvement in power quality, as demonstrated in Fig. 5.15(b), under the 

operation of the compensation control strategy in conjunction with the FSF, pitch induced 

WPRE peak is optimized from a decline up to 0.45 of rated power to 0.41, 0.38, 0.35 and 

0.17 when wind and solar energy operate at capacity ratio set in Case 1, 2, 3 and 1:1. 
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(a) Time domain power generation on Wind-Solar platform 
 

 

(b) Pitch-power characteristic optimization on Wind-Solar platform 
 

Fig. 5.16 Effect of maximum wind power fluctuation compensation mode 

 

Fig. 5.17 consolidates a comparison between the designed capacity of WECs from 

various literature sources and the capacity of the integrated photovoltaic array in this design. 
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In the context of existing solution Solar_A, the PV system on the 45𝑚 × 60𝑚  barge 

platform is capable of generating up to 341.50 kW of active power during daylight hours, 

effectively reaching the power levels achieved by WECs designed for FOWTs in 

mainstream research [18]. Furthermore, the integration of the photovoltaic plant does not 

conflict with the installation of WECs on or near the FOWT, highlighting the design's 

commendable compatibility. 

 

Fig. 5.17 Maximum capacity comparison between proposed soalr farms (Solar_A, Solar_B 
& Solar_C) on the 5MW novel catamaran FOWT and WEC integration designs 

(WEC_A[18], WEC_B[214], WEC_C[215], WEC_D[216] & WEC_E[171]) on 5MW FOWT 

 

5.4.2 Effect of solar angles and PV tilt angle settings 

Solar azimuth angle, solar elevation angle, and the tilt offset angle set by the control 

strategy, collectively influence the photovoltaic panel's dynamic power characteristics. 

Employing a controlled variables approach, it is possible to examine the impact of one 

angle while keeping the other two fixed, providing a qualitative assessment of how changes 
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in the chosen angle affect the pitch angle-power relationship. To enhance the 

comprehensibility of the relationship between the solar azimuth angle and the FOWT, the 

solar azimuth angle is transformed into a wave-solar angle. 

Firstly, Fig. 5.18 presents the pitch angle-power characteristics for various solar height 

angles, with the wave-solar angle fixed at 90 degrees and tilt offset angles set at 20°, 25°, 

30°, and 35°. The range is set the same of each axis to allow observational comparison 

between subfigures. It is evident that the power characteristics split into two categories at a 

critical angle, which is the complementary angle of the set PV tilt offset angle. At lower 

elevation angles, the overall photovoltaic efficiency is high, but the power compensation 

effect is less pronounced. As the elevation angle approaches the critical angle, overall 

efficiency decreases, while the power compensation effect improves. At higher solar height 

angles, the power compensation effect remains consistently significant, with a slight 

reduction in overall efficiency as the solar height angle approaches the critical angle. 
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Fig. 5.18 PV panel pitch-power characteristics with solar azimuth angle at 90 degrees and 
tilt offset angle at (a)20, (b)25 (c)30 and (d)35 degrees 

 

Subsequently, Fig. 5.19 illustrates the comparison of power characteristics at different 

wave-solar angles for four fixed solar height angle conditions, with the tilt offset angle set 

at 30 degrees. At lower elevation angles, larger wave-solar angles lead to more distinct 

variations in power characteristics. As the elevation angle increases, the differences in 

photovoltaic panel power characteristics diminish. When the elevation angle is sufficiently 

large, varying solar azimuth angles do not result in differences in power characteristics. 

This critical point is also the complementary angle of tilt offset angle, which is 60 degrees. 

Furthermore, the power characteristics in Fig. 5.18 also share the same viewpoint, 

   

(a)                                                                 (b) 

  

(c)                                                              (d) 
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indicating that solar azimuth angles do not significantly impact the overall PV panel 

efficiency. 

 

Fig. 5.19 PV panel pitch-power characteristics with tilt offset angle at 30 degrees and solar 
height angle at (a)15, (b)30, (c)45 and (d)60 degrees 

 

 

5.4.3 Simulation in the offshore environment of Penghu in summer 

5.4.3.1 Power characteristic comparisons among the tilt angle control strategies 

The simulation results for the Taiwan Strait, based on data from Penghu, are discussed 

in this section. A complex and accurate model is established using AQWA-FAST-Simulink 

  

(a)                                                                 (b) 

 

(c)                                                              (d) 
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to confirm the power performance of the Wind-Solar_A system on the FOWT and the 

actual operational effectiveness of the proposed control schemes. Regarding the tested 

schemes: 000 serves as the experimental reference sample; the opt scheme aims to 

maximize the efficiency of the solar energy system; and the c15, c30, and c45 schemes aim 

to effectively compensate for the WPRE induced by the pitch and roll movements of the 

FOWT. 

 

Fig. 5.20 Power Performance of Floating Wind-Solar Hybrid Platform under normal sea 
state (LC1) at Taiwan Strait in June (11:45 AM local time) 

 

First of all, the Wind-Solar_A platform operates smoothly under the LC1 conditions 

with wind and waves in the same direction. As shown in Fig. 5.20(b), all schemes exhibit 

solar power fluctuations within the displayed range, not exceeding 0.4% of the rated power. 

Fig. 5.20(c) illustrates the range of pitch angle movement for the floating platform, which is 

1.5 degrees, and the range of roll angle is 0.3 degrees. Additionally, as indicated in Fig. 
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5.20(a) and Fig. 5.20(b), the relationship between pitch angle and power is not significant 

under mild sea conditions. In the time domain, there is no apparent complementary 

relationship between solar power and wind power under the c15, c30, and c45 schemes. 

According to the statistics in Fig. 5.20(d), the power of the photovoltaic system is much 

more stable than the wind power, resulting in an overall power fluctuation reduction of over 

10% compared to the FOWT, with the potential for higher power generation efficiency. The 

variations among the photovoltaic control schemes are mainly reflected in generation 

efficiency, while their differences in power fluctuations are minimal. It can be concluded 

that under mild sea conditions, the opt scheme performs optimally, and the 000 scheme 

exhibits similar performance at around 11:45 AM. 

 

Fig. 5.21 Power Performance of Floating Wind-Solar Hybrid Platform under Northeast 
moonson sea state (LC2) at Taiwan Strait in June (11:45 AM local time) 
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As shown in Fig. 5.21, under the influence of the Taiwan Strait northeast monsoon 

conditions (LC2), the FOWT with the novel catamaran platform has a maximum pitch angle 

limit of 6 degrees and a range exceeding 12 degrees. Wind power is height-dependent on 

the pitch angle of the floating platform, with the maximum WPRE amplitude reaching 0.42 

of the rated power. After integration with the solar energy system, this can be constrained to 

within 0.38. Fig. 5.21(b) indicates that the opt scheme still ensures power production close 

to the rated value. Meanwhile, under the c15, c30, and c45 schemes, the solar energy 

system exhibits periodicity and complementarity with wind power in the time domain. The 

strength of complementarity reaches power fluctuation levels of 3%, 5%, and 8% of the 

rated power for c15, c30, and c45 schemes, respectively. 

 

Fig. 5.22 Power Performance of Floating Wind-Solar Hybrid Platform under 10-year sea 
state (LC3) at Taiwan Strait in June (11:45 AM local time) 
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As illustrated in Fig. 5.22, under the Taiwan Strait 10-year return period offshore 

conditions (LC3), the dual-hulled FOWT's floating platform has a maximum pitch angle 

limit of positive and negative 10 degrees, with the roll angle restricted to within 2 degrees. 

The maximum WPRE amplitude reaches 0.52 of the rated power. Under the control of the 

opt scheme, the solar energy system's active power can still be maintained at an average 

level of 99.9%, ensuring high power quality. The power complementarity performance of 

the solar energy system under the c15, c30, and c45 schemes is more pronounced in LC3 

conditions compared to LC2, reaching power fluctuation levels of 5%, 8%, and 10% of the 

rated power, respectively. Additionally, it is evident that wind energy losses are more 

significant under LC3 conditions, and, comparatively, the power losses under the c30 and 

c45 schemes are less significant. This further underscores the value of the Mode 2 in 

adverse sea conditions. 

 

5.4.3.2 Daytime extreme sea state testing considering solar capacity potential 

The performance testing of solar photovoltaic systems across various daytime periods 

holds significant value due to the nuanced variations in power characteristics, as indicated 

by the theoretical analyses in 5.4.2. Different solar positions and elevations introduce 

distinctive power output variations. For this study, testing occurred between 6:45 AM to 

5:45 PM local time, with hourly intervals, excluding tests conducted during sunrise and 

sunset. This exclusion was necessary due to the potential mechanical angle requirements 

exceeding the equipment's limitations at low solar elevations, introducing substantial 

simulation errors. Additionally, low solar elevations can cause front-to-back shading on 

photovoltaic panels, a factor not considered in this model, further augmenting potential 

inaccuracies. The wave load was set to the most severe condition, LC3, despite not 

representing the majority of scenarios. However, this choice was deliberate, aiming to 
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ascertain the platform's ability to maintain optimal solar energy production or enhance 

overall power quality even under the most adverse conditions. 

 

Fig. 5.23 Daytime power performance of the floating solar farm at Taiwan Strait, June 

 

Firstly, the statistics of the photovoltaic system's self-generation efficiency and 

maximum power ramp event under LC3 conditions during daytime are depicted in Fig. 5.23. 

As a benchmark, the efficiency under LC3000 is minimal during sunrise and sunset, 

reaching below 0.3, progressively increasing with rising solar elevation, and sharply 

peaking close to 100% at 11:45 AM. On the contrary, LC3opt, designed for extreme sea 

conditions occurring once every ten years, consistently maintains an average generation 

efficiency of over 99% throughout the entire daytime period. Engineered to enhance wind 

power quality, LC3c15, LC3c30, and LC3c45 exhibit overall generation efficiencies falling 

between LC3000 and LC3opt, with the lowest efficiency periods occurring at 9:45 AM and 

2:45 PM. As analysed in 5.4.2, these time intervals correspond to the highest wave-solar 

angles. 

Secondly, concerning the inherent power fluctuations of the photovoltaic system, 

under the reference of LC3000, these fluctuations proportionally increase, converging, 

however, to the same pattern as LC3opt – minimal fluctuations – precisely at 11:45 AM, the 
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moment the sun reaches its maximum elevation. Throughout the entire daytime, LC3opt 

constrains its fluctuations within 4% of the rated value. Designed to complement wind 

power, LC3c15, LC3c30, and LC3c45 exhibit larger power ramps, aligning better with the 

design expectations. Overall, the differences in ramps due to increased tilt angles of the 

photovoltaic panels are notably distinct throughout daytime intervals except at 4:45 PM and 

5:45 PM. 

 

Fig. 5.24 Daytime (a) unit power efficiency deduction and (b) unit max power ramp 
deduction of Wind-Solar_A platform under LC3 

 

The comparative analysis of the photovoltaic system integrated with the FOWT 

regarding its own power quality during daytime is illustrated in Fig. 5.24. The rated solar 

power here is a dynamically calculated variable based on the power received by the 

photovoltaic panels when directly facing the sun. Consequently, it's evident that the midday 

solar photovoltaic system with a higher rated power also exhibits a more pronounced impact. 

For the Wind-Solar_A platform with a solar energy conversion efficiency of 23.8%, 

both the opt and c15 schemes demonstrate a nearly 1% enhancement in generation 

efficiency compared to the FOWT alone. The wind-solar system under the 000 scheme 

exhibits an increasing trend in average generation efficiency with the elevation of the solar 

altitude angle. Maximum efficiency losses exceeding 3% occur during sunrise and sunset, 
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while at 11:45 AM, it passively attains the same peak efficiency as observed in the opt 

scheme. The c30 scheme incurs negligible efficiency losses, while c45 and 000 schemes 

result in relatively higher losses, albeit not exceeding 4%. In terms of power quality 

enhancement, due to the lower sensitivity of solar power to platform movement compared 

to wind power, the opt scheme yields an overall 5% suppression in rated power ramp 

between 8:45 AM to 3:45 PM. Complementary schemes c15, c30, and c45 offer additional 

0.5%, 1%, and 1.5% power ramp suppressions beyond the opt scheme.  

 

Fig. 5.25 Daytime unit power efficiency deduction of (a) Wind-Solar_A, (b) Wind-Solar_B, 
(c) Wind-Solar_C platforms; and unit max power ramp deduction of (a) Wind-Solar_A, (b) 

Wind-Solar_B, (c) Wind-Solar_C platforms under LC3 

 

Considering the ongoing breakthroughs in photovoltaic conversion efficiency and the 

inherent potential in solar energy system capacity, the power performance improvements of 

the Wind-Solar_B (solar energy conversion efficiency of 47.1%) and Wind-Solar_C 

systems (solar energy conversion efficiency of 68.9%) are comprehensively tested 
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compared to the intrinsic performance of the FOWT. The results are presented 

comprehensively in Fig. 5.25. It is evident that as the rated power of the solar energy system 

increases, the impact of different photovoltaic system control schemes in the Wind-Solar 

system becomes more significant, exhibiting noticeable differences in the electricity 

production process. During most daylight hours, the opt scheme enhances the average 

generation efficiency by 1.9% and 2.1% in the Wind-Solar_B and Wind-Solar_C systems, 

respectively, while limiting the amplitude of the entire system power ramp events to 9% and 

12% of the rated power. The c15 scheme performs similarly in the Wind-Solar_B and 

Wind-Solar_C systems, reducing the average generation efficiency by approximately 0.2% 

compared to the opt scheme, and additionally constraining the maximum power ramp 

amplitude by 1%. Similarly, the c15 scheme exhibits comparable performance in the Wind-

Solar_B and Wind-Solar_C systems, maintaining overall generation efficiency at par with 

wind power, while limiting the maximum power ramp by over 2% compared to the opt 

scheme. The capacity enhancement has limited impact on the power quality improvement of 

the c45 scheme compared to c30. Under the c45 scheme, the loss in system generation 

efficiency is noticeably higher compared to c30, averaging at 3% and 4% in the Wind-

Solar_B and Wind-Solar_C systems, respectively. The trade-off between generation 

efficiency loss and power quality improvement means this conflicting correlation would 

require the selection of control schemes, involving an analysis of optimal control, a decision 

that recommend being made by the wind farm operators. 

 

5.5 Conclusion to this chapter 

In this chapter, a comprehensive exploration of the challenges associated with the 

fluctuating output of floating wind turbines is conducted, considering the structural 

limitations of floating solar farms, and high manufacturing costs, ultimately proposing a 

power complementarity control strategy for a wind-solar coupled system based on the novel 
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catamaran FOWT. To substantiate this, a dynamic model for FOWT is constructed, 

including a Permanent Magnet Synchronous Generator (PMSG) power generation system, 

and the mathematical model of the PV system, creating a hybrid wind-solar system through 

a common DC bus. The simulations have yielded the following key findings: 

1. As the solar elevation angle increases, the power characteristics at different wind-

solar angles exhibit reduced variation, and this variation ceases when the elevation angle 

surpasses the complementary angle of PV tilt offset angle. Photovoltaic power efficiency 

decreases as the elevation angle approaches the effect of the complementary angle, and a 

distinctive shift in photovoltaic power characteristics is observed, with the complementary 

angle of PV tilt offset angle serving as the boundary. 

2. The power generation of the photovoltaic system is much less sensitive to the pitch 

and roll movements of the platform compared to the wind turbine. Under the OPT scheme, 

even with a sea state of 6.1m wave height on the catamaran FOWT, the PV system ensures 

an efficiency of over 97% throughout the entire period. 

3. Greater pitch motion leads to superior power complementarity effects for both wind 

and solar energy, with power fluctuations rising in tandem with the capacity of the 

photovoltaic array. In Wind-Solar_C system with a solar-to-wind capacity ratio of 0.1938, 

the impact of pitch motion on the max power ramp magnitude is reduced from 8% to 15% 

of the normalized power under different control schemes. 

4. The efficacy of the wind-solar power compensation by tilt offset control can be 

summarized as follows: the smaller the wave-solar angle, the more effective the 

compensation, and a higher solar elevation angle enhances the compensation effect. Real-

world operation in the Taiwan Strait results in two instances of the lowest efficiency, 

occurring in the morning and afternoon. 
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These findings highlight the considerable potential of the wind-solar coupled platform 

and offer insights into optimizing its performance. Furthermore, the proposed control 

strategy promises enhanced power generation and energy complementarity, making this 

approach a promising solution for future renewable energy systems in coastal regions with 

similar environmental conditions. 
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Chapter 6:  Conclusions and Future Work 

6.1 Conclusions 

The integration of mechanical and electrical models for FOWTs signifies a pivotal 

advancement, allowing for a more nuanced understanding of turbine operation. Historically, 

research in these two domains proceeded independently, but recent endeavours have 

converged towards joint modelling, enhancing the accuracy, depth and applications of wind 

turbine power system analysis. The adoption of co-simulation platforms like 

FAST+Simulink has facilitated comprehensive research, although more advanced platforms 

like RTDS and RT-LAB are emerging as preferable alternatives for detailed power system 

studies. However, the application of co-simulation remains in its infancy, with a notable 

lack of integrated models for floating wind turbines. Future research aims to establish 

comprehensive co-simulation platforms for FOWTs to enable thorough testing and 

optimization. 

Motivated from the above, firstly, the development of a fully coupled mathematical 

model for FOWTs is accomplished, to provide valuable insights into the dynamic 

interactions between wind and wave-induced loads, particularly regarding WPREs. These 

events exhibit distinctive periodic dynamics, primarily influenced by wave-induced loads 

and platform oscillations. Understanding these dynamics is crucial for designing, operating, 

and managing FOWTs, especially under rated wind and wave conditions. Furthermore, the 

significance of pitch motion and wave-induced loading underscores the need for 

comprehensive modelling approaches to elucidate transient responses across diverse 

operational scenarios. This study fills a significant research gap and advances the 

understanding of FOWT operational dynamics. 

Then using the fully coupled model, key distinctions between the output power of 

floating wind turbines and fixed-bottom counterparts are addressed, highlighting the 

challenges posed by low-frequency power fluctuations and efficiency disparities. A tailored 
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control scheme incorporating RTCC and HESS is proposed to optimize power output and 

enhance power quality. The study provides valuable insights into parameter optimization 

for RTCC and underscores the importance of addressing power fluctuations and dispatch 

command disparities in FOWT operation. This work represents a significant advancement 

in mitigating power quality issues and optimizing power output for floating wind turbines. 

To further applications of FOWTs,  wind-solar coupled systems are investigated, 

specifically on catamaran FOWTs, reveals promising potential for enhancing power 

generation and energy complementarity. By integrating dynamic models for FOWTs and 

floating solar farms, the study demonstrates the efficacy of power complementarity control 

strategies. Notably, the study identifies the impact of solar elevation angle on power 

characteristics and the influence of platform motion on power generation. These findings 

offer valuable insights into optimizing wind-solar coupled systems and present a promising 

solution for future renewable energy systems in coastal regions. 

Overall, this thesis presents a comprehensive exploration of FOWTs in modelling, 

performance for grid connection, and their integration with solar energy systems. Through 

detailed modelling, analysis, and experimentation, the study addresses critical research gaps 

and advances understanding in several key areas. Notably, the development of integrated 

mechanical-electrical models, the investigation into dynamic responses and power quality 

issues, and the proposal of novel control strategies signify significant contributions to the 

field of renewable energy. The findings highlight the potential for enhancing power 

generation, improving energy complementarity, and optimizing the operation of wind-solar 

coupled systems in offshore environments. As renewable energy continues to play a crucial 

role in the transition to a sustainable future, the insights gained from this thesis are 

instrumental in shaping the development and deployment of offshore renewable energy 

technologies. 
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6.2 Future Work 

Although research work in Chapter 3 demonstrated the significant impact of sustained 

structural vibrations on the output power quality of FOWTs and provided a quantitative 

description of WPREs under different wind and wave conditions, quantifying the overall 

wind power loss for floating wind turbines remains unresolved. Using generic power 

characteristics (wind speed-power) from Fixed-Bottom OWTs for predicting FOWT output 

would lead to significant deviations. Hence, one of the future tasks is to quantify the actual 

effective output power of FOWTs under various wind and wave conditions through testing. 

In Chapter 4, the discussion on the optimization of parameters in RTCC revealed that 

parameters 𝛿ଶ and 𝛿ଷ in the Kalman filter involve multi-objective optimization issues. The 

conclusion of the chapter comprehensively describes the optimal range for these two 

parameters under comprehensive considerations and provides recommendations for their 

values based on practical circumstances. Future work entails employing more multi-

objective optimization assessment methods for deeper analysis. 

Additionally, in extreme wave conditions, the amplitude of WPREs for floating wind 

power is substantial, and FOWTs resonate closely with each other and with the low-

frequency resonance centre frequency of the grid. A potential future task can be 

investigating whether wave frequency resonance characteristics could potentially lead to 

resonance accidents and system collapse during power system operation. 
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Appendix A: OpSDA code for WPRE characterization 
% Generate and input data array 
data = [t0, pr3];  % Sample data, the first column is time, and the 
second column is power 
% Backup original data 
backup_data = data; 
  
% Set step size 
time_step = 0.002; 
% Custom data processing interval 
data_processing_interval = 200; 
% Select threshold width 
threshold_width = 1; 
% Select the function in step 5 
function_type = 0; % (0: do nothing)/(1: delete slopes with absolute 
values less than 1.05)/(2: delete slopes with absolute values less 
than 3) 
  
% Step 1: Generate trends of upward and downward slopes 
upward_trends = [];  % Store upward trends 
downward_trends = [];  % Store downward trends 
  
for i = 2:data_processing_interval:size(data, 1) 
    delta_time = data(i, 1) - data(i - 1, 1); 
    delta_power = data(i, 2) - data(i - 1, 2); 
    slope = delta_power / delta_time; 
  
    if slope > 0 
        upward_trends = [upward_trends; data(i - 1, 1), data(i - 1, 2), 
data(i, 1), data(i, 2), delta_time, delta_power]; 
    elseif slope < 0 
        downward_trends = [downward_trends; data(i - 1, 1), data(i - 1, 
2), data(i, 1), data(i, 2), delta_time, delta_power]; 
    end 
end 
  
% Step 2+3: Merge adjacent trends 
combined_trends = sortrows([upward_trends; downward_trends]); 
merged_trends = merge_trends(combined_trends, threshold_width, 
data_processing_interval); 
  
% Step 4: Remove spikes 
filtered_trends = merged_trends; 
  
i = 1; 
while i <= size(filtered_trends, 1) 
    if abs(filtered_trends(i, 6)) < 0.00 
        filtered_trends(i, :) = [];  % Delete flat trends 
    else 
        i = i + 1; 
    end 
end 
  
% Step 2+3: Merge adjacent trends 
combined_trends = sortrows([upward_trends; downward_trends]); 
merged_trends = merge_trends(combined_trends, threshold_width, 
data_processing_interval); 
  
% Step 5: Process according to the selected function 
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if function_type == 1 
    % Function 1: Delete slopes with absolute values less than 1.05 
    filtered_trends(abs(filtered_trends(:, 6)) < 1.05, :) = []; 
elseif function_type == 2 
    % Function 2: Delete slopes with absolute values less than 3 
    slope_rate = filtered_trends(:, 6) ./ (filtered_trends(:, 5) * 
time_step); 
    filtered_trends(abs(slope_rate) < 3, :) = []; 
else 
    % Function 0: Do nothing 
end 
  
smoothed_output = filtered_trends; 
  
% Plot the comparison between data processing results and raw data 
figure; 
subplot(2, 1, 1); 
plot(backup_data(:, 1), backup_data(:, 2), '-b', 'LineWidth', 1.5); 
hold on; 
plot(filtered_trends(:, 1), filtered_trends(:, 2), '-r', 'LineWidth', 
1.5); 
title('Raw Data and Processed Data'); 
legend('Raw Data', 'Processed Data'); 
  
subplot(2, 1, 2); 
plot(backup_data(:, 1), backup_data(:, 2), '-b', 'LineWidth', 1.5); 
hold on; 
  
% Plot merged trend segments 
for i = 1:size(filtered_trends, 1)-1 
    if filtered_trends(i+1, 2) > filtered_trends(i, 2)      
        if abs(filtered_trends(i+1, 2) - filtered_trends(i, 2)) > 0.05 
            plot([filtered_trends(i, 1), filtered_trends(i+1, 1)], 
[filtered_trends(i, 2), filtered_trends(i+1, 2)], 'r', 'LineWidth', 2); 
        end  
    elseif filtered_trends(i+1, 2) < filtered_trends(i, 2) 
        if abs(filtered_trends(i+1, 2) - filtered_trends(i, 2)) > 0.05 
            plot([filtered_trends(i, 1), filtered_trends(i+1, 1)], 
[filtered_trends(i, 2), filtered_trends(i+1, 2)], 'g', 'LineWidth', 2); 
        end  
    end 
end 
  
title('Raw Data and Merged Trend Segments'); 
legend('Raw Data', 'Merged Trend Segments'); 
  
% Merge trend function 
function merged_trends = merge_trends(trends, threshold_width, 
data_processing_interval) 
    merged_trends = trends; 
  
    i = 1; 
    while i < size(merged_trends, 1) 
        current_trend = merged_trends(i, :); 
        j = i + 1; 
  
        while j <= size(merged_trends, 1) && ... 
              sign(merged_trends(j, 6)) == sign(current_trend(6)) 
&& ... 
              abs(merged_trends(j, 1) - current_trend(3)) <= 
data_processing_interval 



Thesis title 
Appendices  
 

  

Lingte Chen  2024  Page 184 

  
            % Calculate line parameters (k*x + b) and determine 
successful ranges 
            k = (current_trend(4) - current_trend(2)) / 
(current_trend(3) - current_trend(1)); 
            b0 = current_trend(2) - k * current_trend(1); 
            b1 = merged_trends(j, 2) - k * merged_trends(j, 1); 
            b2 = current_trend(4) - k * current_trend(3); 
  
            % Check if intercepts meet the condition 
            if (b1 >= b0 - threshold_width && b1 <= b0 + 
threshold_width) && ... 
               (b2 >= b0 - threshold_width && b2 <= b0 + 
threshold_width) 
  
                current_trend(3) = merged_trends(j, 3); 
                current_trend(4) = merged_trends(j, 4); 
                current_trend(5) = current_trend(3) - current_trend(1); 
                current_trend(6) = current_trend(4) - current_trend(2); 
  
                merged_trends(i, :) = current_trend; 
                merged_trends(j, :) = [];  % Delete merged trends 
  
            else 
                j = j + 1;  % Continue to check the next trend 
            end 
        end 
  
        i = i + 1; 
    end 
end 
 
 

The code should run a second time with adjusted parameters, taking input from the 

outcome of the first run.
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Appendix B: Raw data of Max WPREs 
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