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Abstract 

In recent years, there has been a growing interest in tidal current energy as a potential source 

for predictable green electricity generation. Due to the harsh marine environment, the Tidal 

Current Turbine (TCT) system has to be designed to be robust and to work reliably to 

minimize the need for intervention. Faults may happen in the TCT system, particularly tidal 

current speed sensor faults, as this sensor is exposed directly to seawater and significant 

forces from the tidal current flow. Tidal current velocity sensor-less control strategies are 

needed to enable the TCT system to continue operating under the situation where the tidal 

current velocity sensor fails. This thesis presents two sensor-less control strategies: Perturb 

and Observe (P&O) control and Fuzzy Logic (FL) control. Models of a conventional grid-

connected TCT and a stand-alone TCT generation system are presented. The P&O control is 

developed for both models and its performance analysed. FL control is then applied in the 

grid-connected TCT generation system model to compare the control performance.  

The simulation results show that variable step size P&O can track the maximum power point 

(MPP) with fluctuations of +/- 2% around the desired value for both grid-connected and 

stand-alone systems. The grid-connected model was tested under both step and ramp changes 

of tidal current velocity to test the response to both sudden and continuous variation of input. 

The P&O control has reliability issues caused by the algorithm itself, however the FL control 

was able to solve this problem and can also track the MPP with less than 2% variation in 

generator speed around the required value. Both P&O control and FL control are tested with 

realistic tidal current velocity input for a tidal cycle (low tide-high tide-low tide), and multiple 

variable step size P&O control was developed and applied to solve tracking issues. The 

performance comparison of the two control strategies in terms of efficiency, turbine and 

generator power and generator reference speed ware analysed. The results show that the 

sensor less control strategies developed in this thesis can allow the TCT generation system to 

operate without the tidal current velocity sensor, thus improving the system robustness whilst 

reducing system maintenance and power generation cost. 
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Chapter 1. Introduction 

This chapter will introduce the background of tidal current turbine generation systems, 

motivations and aims and objectives of this thesis. The thesis structure is presented at the end 

of the chapter.  

1.1 Background 

The demand for energy has increased rapidly due to the development of global industry and 

the growth of the population [1]. However, the traditional energy resources face problems of 

exhaustion and, in addition, fossil energy such as oil and coal has also brought environmental 

issues. In recent years, across the world, many countries have modified their energy supply 

systems and developed research on renewable energy [2, 3]. Among the numerous renewable 

energy resources, tidal current energy is an endless supply of green energy with no significant 

harm to the environment [4]. For tidal current energy, the density of seawater in the tidal 

current is large and the current flow is stable [5]. Thus, tidal current energy is considered for 

renewable energy production, and can operate continuously all through the year [6].  

Compared with other renewable energies, tidal current energy has some advantages, such as 

being easy to predict, and it has high power density and continuity. These advantages have 

promoted the development of controller design and grid connection, for this energy, 

considerably [7]. However, due to the harsh underwater environments, tidal current turbines 

are subjected to challenging conditions, and this brings high pressure to the maintenance work 

[8]. Thus, tidal current turbine (TCT) generation systems with high fault tolerance have 

become the main focus of research work [9]. 

In the UK, since 2010, the planning and development of the MeyGen tidal energy project, 

owned and run by SIMEC Atlantis Energy, has been taking place with the project officially 

operating since March 2018. Phase 1 of the MeyGen project was installed with a capacity of 

6MW, delivered by four 1.5MW horizontal axis underwater tidal turbines. Figure 1.1 shows 

one of the four turbines, which is an AOU TTG AR1500 turbine supplied by Atlantis 

Operations UK. The AR1500 is a 1.5MW tidal turbine with 18m rotor diameter [10]. The 

Meygen project is located at the Pentland Firth, specifically the Inner Sound between the 

Island of Stroma and mainland Scotland. This is also the location for which tidal current 

velocity data has been used in this thesis, the details of which will be presented in Chapter 3. 

By December 2023, the MeyGen project had already generated 61GWh to the grid over 6 
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years, and it can be considered as the world’s largest tidal current facility that is currently 

operational [11].  

 

Figure 1.1 AR1500 tidal turbine of Meygen project [10] 

In July 2021, the Orbital O2 tidal system was installed at the European Marine Energy Centre 

(EMEC) in Orkney. The EMEC grid-connected tidal test site is in a narrow channel between 

the Westray Firth and Stronasy Firth where the tidal current velocity can reach 3m/s. The O2 

turbine comprises a 74m long cylindrical floating superstructure, with a total of 2MW  of 

turbine capacity on two legs, each turbine is 1MW turbine with 20m diameter as shown in 

Figure 1.2 [12] [13]. The O2 has the potential to provide the electrical demand of about 2000 

UK homes and offset approximately 2,200 tonnes of CO2 production per year [14]. 
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Figure 1.2 Orbital Marine Power O2 [13]  

In February 2022, the tidal current energy unit “Endeavour” was launched on Xiushan Island, 

Zhoushan, Zhejiang, China. This is the world’s largest single-capacity tidal current turbine 

device, rated at 1.6MW with a 28m diameter (as shown in Figure 1.3), and the total station 

capacity is planned to reach 3.3MW. After one month of operation, the Zhejiang Zhoushan 

tidal current energy power station was integrated into the national grid [15].  

 

Figure 1.3 LHD tidal current turbine “Endeavour” [16] 

In addition to the tidal current turbines mentioned above, there are many other tidal current 

turbine projects around the world, such as the Tocardo Tidal Project in Eastern Scheldt, 

Netherlands with the capacity of 1.25MW; the Water Wall Turbine Project in Dent Island, 
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Canada with the capacity of 1MW and the OceanQuest Project of HydroQuest in Pampol-

Brehat, France with the capacity of 1MW [17, 18]. These have proved that the extraction of 

tidal current energy is developing very rapidly. 

Tidal current turbines have similarities to wind turbines in many aspects, thus at first tidal 

current turbines were not considered as a new technology, since wind turbines had already 

been developed for a long time and been commercialized. Thus, the research, development 

and experimental work on tidal current turbines was mainly based on the experiences of wind 

turbines. Through analysis and data collection of wind turbine generation systems or wind 

turbine farms, the importance of availability and reliability of tidal current turbine generation 

systems has been emphasised [19]. In wind turbine systems, researchers have proved that 

among the failures, electrical and control system failures have the highest rate. In the year 

2000, 50% of the wind turbine repairs were for failures of electrical and control systems [20], 

and that has continued with recent research, in 2019, from a wind farm showing that the 

failure of converter systems also has the highest rate [21]. However, in tidal current turbine 

systems, due to the high maintenance cost and site intervention requirements, it is not 

acceptable for TCT systems to tolerate high failure rates [19].  

Furthermore, TCT generation systems face more challenges, such as immersion, offshore 

locations, and intervention weather-dependence, and a small failure can cause the interruption 

of the whole system operation. Repair and maintenance are highly dependent on the sea state, 

and this will increase the energy generation cost. Also the power quality will be affected by 

the discontinuity of energy transmission [22]. Thus, a fault tolerant or robust control strategy 

is essential in a TCT generation system to maintain continuous operation when one or more 

failures occur. Robust control can provide high reliability and strong fault tolerance for the 

TCT systems [23, 24].  

For a horizontal-axis tidal current turbine, the power that it can extract from the tidal current 

is related to the turbine rotational speed and blade pitch angle. Generally in TCT systems, if 

the pitch angle is controlled by a mechanical control system, this will increase the TCT 

system complexity and the failure probability [25, 26], so the pitch angle is typically fixed, 

which means that the TCT system can only control the power by controlling the turbine 

rotational speed. In the speed control system, the control efficiency is dependent on sensor 

signals. These sensors can provide the tidal current speed signal, turbine rotational speed and 

generator rotor speed signal.  When a sensor is damaged or lost, fault tolerant control can 

ensure continuous operation of the TCT system to maintain energy production [22].  
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In wind turbine generation systems, maximum power point tracking (MPPT) technology is 

required to capture maximum power from the wind. Due to the similarities between wind 

turbines and tidal current turbines, in TCT generation systems, MPPT is also needed to extract 

maximum power from the tidal current flow. The MPPT technology needs to be applied in 

fault tolerant control, in order to track the maximum power point under some fault conditions. 

Many studies in recent years have focused on the MPPT control in wind turbine systems. For 

example for wind turbine pitch control, in [27] PID control is applied, while in [28] linear 

quadratic Gaussian (LQG) is used and fuzzy logic (FL) control  was implemented in [29]. 

These pitch angle control strategies in wind turbine systems can control the wind turbine 

system to track the maximum power point, while in tidal current turbine system, these control 

methods can be considered for application to control the tidal current turbine speed.  

1.2 Motivation  

Due to the high maintenance cost and the harsh environment that tidal current turbines are 

installed in [30], tidal current turbine generation systems face the risk of interruption caused 

by failures. Generally, if one failure in the electrical or control system occurs, the tidal current 

turbine system would have to be stopped for unscheduled maintenance, and the marine 

environment requires a long time planning in advance in order to make sure human 

intervention can be carried out [31]. This will lead to the system operation being interrupted 

and will cause serious consequences. Therefore, improving the reliability and robustness of 

the tidal current turbine generation system has raised the interest of engineers and researchers 

[24]. 

In this context, with the aim to increase the reliability and the continuous operation of the tidal 

current turbine system, fault tolerant control has been developed [32, 33]. Some studies have 

focused on fault tolerant control of wind turbine systems, such as in [34] where a new 

structure of inverter is implemented, while in [35] and [36] the studies are focused on the fault 

tolerant control of wind turbines with doubly fed induction generators.  

Also, many studies have had an interest in multi-phase generators. Multiphase generators can 

provide additional degrees of freedom that can be used for fault tolerant control options, and 

can operate the remaining healthy phases under fault conditions [19, 37]. In [38], a fault 

tolerant controller was designed by Lagrangian formulation based on an optimal torque 

reference, and in [39], for both short circuit and open circuit faults in a dual stator based ten-

phase generator, a limitation torque control was designed according to the reference torque 
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commands.  

Compared with the three-phase generators, the muti-phase generators have some advantages. 

They have higher torque density, higher reliability, smoother torque and can minimize the 

constraints on the converter switches by dividing power. However these advantages are 

limited to some specialized applications such as aerospace, automotive and ship propulsion 

applications [19]. Also, in general, the generators that are most commonly used in tidal 

current turbine generation systems are permanent magnet synchronous generators (PMSG). In 

fixed pitch tidal current turbine systems, the PMSG direct drive system has been found to be 

more reliable and economical [40]. 

In a conventional tidal current turbine generation system, the control of turbine speed is 

highly dependent on the tidal current speed senor and generator speed sensor, and in the harsh 

underwater environment, the tidal current speed sensor faces the risk of damage or being lost 

altogether [8]. Furthermore, whilst many studies have investigated fault tolerance in muti-

phase generator based tidal current turbine systems, relatively little research has been carried 

out to focus on fault tolerant control based on a conventional tidal current turbine generation 

system with a PMSG. Thus, this thesis focuses on the fault tolerant control of PMSG-based 

conventional tidal current turbine generations systems under tidal current speed sensor fault 

conditions, aiming to continue system operation without the tidal current speed sensor signal 

whilst tracking the maximum power point.  

Similar to wind turbine systems, tidal current turbine generation systems generally have two 

types, the first of these is a stand-alone tidal current turbine generation system, which can 

connect to a device or an energy storage module (such as a battery).  Paper [41] presented a 

stand-alone tidal current turbine generation system with MPPT controller, and [42] reported 

on a stand-alone wind turbine system. The other type is the conventional, grid-connected tidal 

current turbine generation system, which is based on the widely used wind turbine generation 

system. Paper [43] developed an extended Kalman filter and fuzzy logic control system based 

on the conventional system, while [24] compares three-phase and five-phase generators with 

second order sliding control based on the conventional type system. Generally, the 

conventional TCT system contains a turbine, generator, generator side converter and grid side 

converter, and the system is grid connected.  
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1.3 Aims and Objectives 

Based on the stand-alone and conventional systems, this thesis aims to develop a sensor-less 

control strategy to deal with the tidal current speed sensor fault. The sensor-less control aims 

to ensure continuous system operation without the tidal current speed sensor data, whilst also 

implementing MPPT to maintain the tidal current turbine speed at or close to the maximum 

power point under different tidal current speeds. 

In order to achieve the above aims, the main objectives of this thesis are as follows: 

1. Review the literature about faults that may happen in the electrical side of tidal current 

turbine systems, the state-of-the-art of fault tolerant control system strategies and tidal 

current turbine generation system design. 

2. Investigate the modelling of a stand-alone system with Perturb and Observe (P&O) 

control to track the maximum power point under step change tidal current velocity 

inputs. 

3. Develop a model of a grid-connected conventional tidal current turbine generation 

system based on the generator side converter control of the stand-alone system together 

with the grid side converter control. 

4. Implement the P&O control in the conventional tidal current turbine generation system 

model under both step change and ramp change tidal current velocity inputs, evaluate 

the performance of P&O control.  

5. Investigate the application of Fuzzy Logic (FL) control in the conventional TCT 

system and evaluate its MPPT performance under the condition of loss of tidal current 

speed sensor signal, comparison of the P&O control and FL control application in the 

conventional model in terms of parameters such as the MPPT tracking efficiencies, 

generator reference speed, power generation. 

6. Investigate the application of P&O control and FL control in the grid-connected 

conventional system model under realistic tidal current velocity input, evaluate the 

performance of P&O control and FL control. 

1.5 Thesis Organisation   

This thesis consists of seven chapters and is organised as follows: 

Chapter 1 presents the introduction of this thesis. It provides a background on tidal current 
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energy and system. Then the research motivations are discussed and followed by the research 

aims and objectives. 

Chapter 2 provides a review of tidal current energy, then gives a brief introduction to the tidal 

current turbine generation system, followed by the faults which might occur on the electrical 

side in tidal current turbine generation system and some potential solutions. Finally, a review 

of MMPT technology is provided. 

Chapter 3 presents the tidal current turbine generation system modelling with a tidal current 

turbine model and a permanent magnet generator model simulated in MATLAB, as well as 

the tidal current sources. The generator side converter control strategy is presented, followed 

by results to evaluate the system operation. 

Chapter 4 presents the design of a tidal current speed sensor-less control strategy based on the 

P&O control method. The basic theories of MPPT technology in a tidal current turbine system 

are introduced along with the principle of P&O control. Different P&O parameters are tested 

under different tidal current velocity inputs, the effects of different step size and step time of 

P&O control. The P&O control is applied in both stand-alone and grid connected systems. 

Finally, the results are discussed.  

Chapter 5 introduces the design of a tidal current speed sensor-less control strategy based on 

the FL control method. A brief review of FL control application is provided, along with the 

principle of FL control. The FL control with different membership functions and step time are 

then tested under different tidal current speed inputs in the conventional tidal current turbine 

generation system. The results are discussed, as well as the comparisons with P&O control 

under the same conditions.  

Chapter 6 presents the simulation of the grid-connected conventional system with both P&O 

and FL control under real tidal current velocity input for a tidal cycle (low tide-high tide-low 

tide). The detailed control performances are illustrated in terms of control output, power 

efficiency etc, as well as the comparison of two control methods. 

Chapter 7 presents the conclusion of this thesis, discussions of P&O and FL based sensor-less 

control, advantages and disadvantages of P&O and FL control, as well as the proposed 

potential research direction of the future work. 
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Chapter 2. Literature Review 

Chapter 1 introduced the background, motivation, aims and objectives of this thesis. The main 

aim of the thesis is to develop P&O control and FL control in a TCT system to realize the 

tidal current velocity sensor-less control, to operate the TCT system without a tidal current 

velocity sensor whilst tracking the MPP. In order to have a better understanding of P&O 

control and FL control applications in TCT systems, this chapter is presents a review of tidal 

current energy, giving a basic introduction to tidal current energy along with the tidal current 

turbines and the generation system. Some challenges that the tidal current generation system 

is facing and the issues and faults that may happen in the TCT generation system on the 

electrical side, such as tidal current velocity sensor faults are discussed. Also, potential 

control strategies that can deal with faults on the electrical side are discussed. The MPPT 

control is introduced, following with the use of P&O and FL control applications in wind 

turbine and photovoltaic (PV) systems along with the potential of P&O and FL control in 

TCT control systems. 

2.1 Tidal Current Energy 

The rapid exhaustion of the limited reserves of fossil fuel resources have promoted renewable 

energy development [44]. Renewable energy can be recreated or renewed by nature in a short 

period of time, the major types of renewable energy are solar, wind, geothermal, hydro, 

marine energy, biomass and biofuels [43]. Tidal current energy has been identified as a 

potential candidate resource due to the predictability and capacity of the tides [45, 46]. The 

position of tidal energy in the renewable energy mix has gradually increased with tidal current 

energy starting to make a contribution [23].  

The study in [47] shows that around the world, the power that can be extracted from waves is 

about 2000 GW, and about 1000 GW from tidal currents. The research in [48] shows that in 

the US, 14 GW of instream hydrokinetic power can be extracted from rivers, and paper  [49] 

predicts that about 18.6 GW could be extracted from offshore ocean currents.  It has been 

reported that of the European tidal resource, 48% is in UK waters, 42% in France and 8% in 

Ireland [23, 50].  

Paper [51] shows that around 75 GW power could be economically extracted from tidal 

current technologies worldwide, and of the 75 GW of power, around 11 GW would be in 

Europe, with 6 GW in the UK and 3.4 GW in France. Significant amounts of research work 
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have been done on tidal current turbines in recent years in different locations. The majority of 

this research work is still at an experimental stage, at locations such as the European Marine 

Energy Centre in Scotland [52] and the Fundy Ocean Research Centre for Energy in Canada 

[53]. 

Tidal current power is a predictable source of energy that oscillates on a known cycle, and 

research has forecast that tidal current turbine technology will be a huge percentage of UK’s 

renewable electricity power in the future [54, 55]. Across the UK, there is approximately 

308TWh per year electricity generated, and of this electric energy, 40% is from fossil fuels 

which accounts for 20% of the UK’s annual greenhouse gas emissions [56]. The UK 

government legislated net-zero greenhouse gas emissions by 2050 in the year 2019, and the 

electricity demand is projected to increase to 680TWh by 2050. While wind and solar are 

expected to provide 515TWh per year, the rest of the demand is expected to be generated 

from tidal current energy [56]. Since 2008, the UK has installed 18 MW of tidal stream 

capacity, utilizing the energy of tides through turbines that typically feature horizontal axis 

rotors to power a generator. Of this capacity, 10.4 MW is currently in operation, while the 

remaining 7.7 MW has been decommissioned after completing its testing phase [57]. The UK 

tidal stream installed capacity is estimated to be 11.5GW by 2050 and in order to reach this 

goal, the installed capacity needs to reach 60MW before 2027 and 140MW before 2031. In 

2021, three tidal stream projects were identified as eligible to participate in bidding: the 

Morlais project in Wales with a capacity of 14 MW, the Perpetuus Tidal Energy Centre 

(PTEC) in England with 30 MW, and MeyGen 1C in Scotland, which has a capacity of 80 

MW. This means there is still a large gap which needs to be filled [56]. In [3], the authors 

suggested that tidal current turbines are likely to develop to surpass other offshore energy, 

primarily for mainland electrification.  

Of the 11.5GW installed capacity by 2050, some 6GW is expected to be reached in the 

Pentland Firth; the MeyGen project has proved that the Pentland Firth has the potential to 

achieve this goal, and the tidal current velocity resource used in this thesis is from Pentland 

Firth, which will be illustrated in Chapter 3. 

2.2 Tidal Current Turbine System  

Tidal current conversion systems transform tidal current energy to electrical power. There are 

similarities between wind turbines and tidal current turbines, as they both capture energy from 

a mass flow [8, 58]. However the density is different between air and water, the water density 
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being about three times the order of magnitude of air [23], thus the tidal current turbines must 

withstand larger forces than the wind turbines. 

Generally, in order to maximise the conversion of the available energy, the tidal current 

turbines are installed at locations with strong tidal current, and they are therefore subjected to 

large forces. These challenging locations require that the tidal current turbine system has to 

work reliably with high availability to minimise the need for intervention [8]. Due to the harsh 

marine environment, some small faults that happen in the tidal current turbine system may 

lead to the failure of the whole system, and will cause unplanned maintenance [22]. The tidal 

current turbine system maintenance operation may have to take place onshore, because of the 

limitations of working offshore in high sea states, and this will increase the cost of power 

generation [45].  

In order to avoid expensive unscheduled maintenance service, a TCT system has to meet the 

requirement of high reliability and strong fault tolerance [23, 24], and fault tolerant control 

strategies can be applied to help to maintain the system’s continuous operation. This will 

reduce the power generation cost and also improve the system robustness. 

On the electrical side, layout and modelling approaches used in tidal current systems are 

similar to those used in onshore and offshore wind systems. The speed of wind is higher than 

the water current speed while the air density is lower than water density, so these lead to a 

result that the wind turbine operates at relatively high rotational speeds and low torque while 

the tidal current turbines operate at lower rotational speeds and higher torque [59].  

The generators used in wind turbine systems are similar to those in the tidal current turbine 

systems, such as permanent magnet generators (PMG) and the doubly fed induction generator 

(DFIG). These two kinds of machines are mainly used in tidal current systems. In [60], the 

study of power system stability analysis has been illustrated, and the results show that for 

small signal stability, the PMGs has a better performance compared to the DFIG. Also due to 

the very difficult maintenance operations and the maintenance cost, the PMG has been found 

to have the advantages of self-excitation leading to higher efficiency and low maintenance 

cost. 

Basically, the drivetrain technologies that are common for tidal current energy capture are 

similar to those used in wind turbine systems. There are two drivetrains typically designed for 

tidal current turbine system with PMGs: geared and direct drive drivetrains. In geared 

drivetrain systems, the efficiency of the drivetrain depends on the number of gear sets and the 



12 
 

efficiency of each gear set. Generally, muti-stage gear sets can have the efficiency of about 98% 

while the efficiency of planetary gear sets can even reach 99% [61]. The advantage of the 

multi-stage gear set (up to 1:5) drivetrains is that they are available in a wide range and at low 

costs, while planetary gear sets can have higher speed ratios (up to 1:12). Of the tidal current 

turbine devices that are mentioned in Chapter 1, the MeyGen project, uses a 1.5MW two stage 

planetary gear box, while the O2 project, uses a Superposition Gear which also contains two 

planetary gear sets. Direct drive systems with PMGs, such as the OpenHydro project shown in 

Figure 2.1, can have higher efficiency and can improve the reliability of the tidal current 

turbine system and reduce the maintenance cost but the direct drive generators are more 

expensive than generator systems with gearboxes [61, 62], and the competition between 

geared and direct drive drivetrains in tidal current turbine systems is still ongoing. 

In general, three types of tidal current turbine have been designed to transfer tidal current 

energy to electrical power, they are horizontal axis turbines, oscillating hydrofoils and vertical 

axis turbines [63], and these turbines can be installed on the seabed, on the surface and in 

between [53]. Horizontal axis turbines are the most commonly used and more developed type, 

due to their large energy capture ability from tidal currents [64]. Considering the turbines that 

were introduced in Chapter 1, the AR1500 tidal current turbine of the MeyGen project is a 

horizontal axis turbine which was installed on the seabed, the O2 tidal current device is a 

floating horizontal axis tidal current turbine, while the “Endeavour” tidal current turbine is 

also a horizontal axis turbine that operates between the surface and seabed. 

 

Figure 2.1 OpenHydro tidal current turbine [65] 
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Tidal current velocity sensor-less control strategies will be developed in this thesis based on a 

generic, typical tidal current turbine system. Figure 2.2 is the block diagram of a typical tidal 

current turbine generation system [24, 45]. The generator can be either a PMG or a DFIG. 

Generally, the system consists of the tidal turbine, generator, generator side converter, DC 

link and the grid side inverter connected to the grid. The controller here is used to control the 

speed of the generator, and the switching time of the converter and inverter. The detailed TCT 

generation system model design and MATLAB simulation model will be presented in Chapter 

3. For example, the Orbital O2 tidal current turbine (mentioned in Chapter 1) control strategy 

is illustrated in Figure 2.3, which has the same structure as the conventional tidal current 

turbine generation system.  

 
Figure 2.2 Conventional tidal current turbine generation system 

 

 

Figure 2.3 O2 tidal system control structure [12] 

2.3 Faults in Tidal Current Systems on the Electrical Side and Potential Solutions 

Tidal current sensors are often lost or degraded due to the underwater environment and the 

strong tidal current [22, 45]. Rotor speed/position sensors are generally installed on the rotor 

shaft; the accuracy of this kind of mechanical sensor will be influenced by environmental 
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factors, such as humidity, temperature and vibration, all of which will be significant in the 

underwater turbines and will potentially cause problems with the speed/position readings. 

Another issue with the environmental conditions is that a TCT system captures energy from 

the tidal current that will also have harmonic current speeds caused by swells and waves and 

these will lead to the degradation of performance of the various functional blocks of the 

system and an accelerated aging process, particularly with regard to the blades, the generator 

and the converters (short-circuit faults, open-circuit faults and intermittent gate misfiring 

faults) [66-68]. 

The electrical control system of tidal current turbines is sufficiently similar to that of a wind 

turbine, that the fault data in wind turbines can be considered as a reference for tidal current 

turbines. Figure 2.4 shows the percentage breakdown of failures that occurred during the 

period 2000-2004 in Swedish wind power plants, and from this figure it can be seen that the 

sensor faults account for 14.1%, faults in electric systems 17.5% and faults in the control 

system 12.9%; these are the most common faults that may happen in the electrical side of the 

system [20]. Also from [21], a set of data collected from 15 direct-drive wind turbines in a 

wind farm located in Tianjing, China in 2019 shows that the electrical converter system has 

the highest frequency of failure, then comes low yawing velocity and high temperature of the 

gearbox. These failures can be caused by a speed control fault or a power converter fault. This 

means that for the electrical control aspect, the wind turbine system faces high rates of failure. 

Table 2.1 illustrates the failure counts in [21]. 

 
Figure 2.4 Occurrence (%) of failures for Swedish wind power plants between 2000-2004 

(Data taken from [20]) 
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Fault name Total count 

Failure of converter system 169 

Low yawing velocity 127 

High temperature of gearbox 96 

High temperature of generator 79 

Low pressure of hydraulic system 75 

Emergency stop of cabin 63 

Emergency stop of tower 58 

Table 2.1 Fault counts in wind farm in Tianjing China in 2019. 

(Data taken from [21]) 

2.3.1 Tip-speed-ratio and power coefficient 

The tip-speed ratio 𝜆𝜆 is defined by 

𝜆𝜆 =
𝜔𝜔𝑡𝑡𝑅𝑅
𝑉𝑉

Equation 2.1 

where the 𝜔𝜔𝑡𝑡 is the rotational speed of the rotor (rad/s), 𝑅𝑅 is the radius of the turbine blades 

(m) and V is the tidal current flow speed (m/s). 

The amount of power that be captured from a tidal current turbine is governed as follow [69]: 

𝑃𝑃𝑡𝑡 =
1
2
𝐶𝐶𝑝𝑝(𝜆𝜆,𝛽𝛽)𝜌𝜌𝜌𝜌𝑅𝑅2𝑉𝑉3 Equation 2.2 

where the water density 𝜌𝜌 (𝑘𝑘𝑘𝑘/𝑚𝑚3), the 𝑃𝑃𝑡𝑡  is the turbine power (W), and 𝐶𝐶𝑝𝑝 is the power 

coefficient, which is approximated as a function of the turbine blades’ pitch angle 𝛽𝛽 and the 

tip-speed ratio 𝜆𝜆 [70]. If the turbine is a fixed pitch device, the value of 𝛽𝛽 is constant and 

equals zero. 

The 𝐶𝐶𝑝𝑝 against 𝜆𝜆 curve of a marine current turbine is typically of the form shown in Figure 

2.5 (provided by Ocean Flow Energy, Evopod E35 turbine). The detailed relationship of tip-

speed ratio and power coefficient of the turbine used in this thesis is illustrated in Chapter 3. 
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Figure 2.5 Tidal current turbine power coefficient vs the tip speed ratio 

2.3.2 Tidal current velocity sensor faults and potential solutions 

In order to extract the maximum power from the tidal current, the rotor speed needs to be 

adjusted to follow a reference speed, to make sure that the tip-speed ratio is at its optimal 

value. The reference speed is normally calculated from the tidal current velocity through a 

MPPT algorithm, and the tidal current velocity is measured by a tidal current velocity sensor 

(flow-meter). Due to the harsh environment, the tidal current velocity sensors are often lost or 

degraded, and in this situation, the control system still needs to make sure that the system 

continues operating [22, 45]. As shown in Figure 2.2, the generic tidal current velocity is 

provided by a tidal current velocity sensor to the controller to calculate the turbine and 

generator reference speed. This is the case also in the O2 project where the tidal current 

velocity signal is provided to calculate the Ω𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎_𝑟𝑟𝑟𝑟𝑟𝑟 in Figure 2.6. This means that in the 

conventional tidal current turbine system like in Figure 2.2 and Figure 2.3, if the tidal current 

velocity sensor is damaged, it will lead to the turbine operating away from the maximum 

power point, losing speed control or even working over the rated speed, and this may cause 

damage to the tidal current turbine and generator with maintenance work needed to solve the 

problem. For the MeyGen project, offshore maintenance work can be done by lifting the tidal 

current turbine up from the seabed and undertaking the maintenance work on the maintenance 

vessel, as shown in Figure 2.7 (a). For the O2 project, as it is a floating tidal current turbine 

system designed with two liftable legs (working mode is with the two legs down under sea 

surface), the maintenance work can be done by lifting the two legs up as shown in Figure 2.7 

(b). 
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Figure 2.6 O2 tidal current turbine generator side control [12] 

 

Figure 2.7 (a) MeyGen project maintenance [71], (b) O2 turbine maintenance mode [72] 

This section will present some control methods that can deal with the tidal current velocity 

sensor fault, to make sure that the TCT system can still operate without the tidal current 

velocity sensor signal. 

(1) Power Signal Feedback control 

The maximum power that a tidal current turbine can extract from the tidal flow can be 

expressed by [73]: 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 =
𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜌𝜌𝜌𝜌𝑅𝑅5

2𝜆𝜆𝑜𝑜𝑜𝑜𝑜𝑜3 𝜔𝜔𝑟𝑟3 = 𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝜔𝜔𝑟𝑟3 Equation 2.3 

where 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  is the maximum power coefficient when the tip speed ratio is at its optimal 

value (𝜆𝜆𝑜𝑜𝑜𝑜𝑜𝑜). Thus the rotor speed reference can be calculated as follows [45] [22]: 

𝜔𝜔𝑟𝑟∗ = �
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜

3
Equation 2.4 
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The block diagram of the power signal feedback (PSF) control is shown in Figure 2.8. The 

rotor speed may be used to find the optimal power value through a power versus rotor speed 

curve, with the optimal power as a reference value to adjust the generated power until it 

converges to the optimal value. The speed calculated from Equation 2.4 is used as the 

reference speed for the speed control loop. Thus, the generated power and rotor speed 

converge towards the optimal value and the turbine is able to extract the maximum power 

from tidal current [22, 45].  

 
Figure 2.8 PSF control block diagram 

(2) Optimal Torque control 

The optimal torque (OT) control method needs the rotor speed to be controlled in torque 

control mode. The basic theory of OT control is similar to that of PSF control, with the 

purpose of ensuring that the turbine can extract the maximum power from the tidal current 

flow, as expressed by Equation 2.3. Since 𝑃𝑃 = 𝜔𝜔 ∗ 𝑇𝑇, the optimal torque can be expressed as 

[73]: 

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 =
𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜌𝜌𝜌𝜌𝑅𝑅5

2𝜆𝜆𝑜𝑜𝑜𝑜𝑜𝑜3 𝜔𝜔𝑟𝑟2 = 𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝜔𝜔𝑟𝑟2 Equation 2.5 

The rotor speed is used to calculate the reference optimal torque which is used to adjust the 

turbine torque through an optimal torque curve. The schematic diagram of OT control is 

illustrated in Figure 2.9 [73].  

 
Figure 2.9 OT control block diagram 
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(3) Tidal current velocity estimation-based control 

In a TCT system, the tidal current velocity can be estimated if the current sensor is damaged, 

and the estimated speed can be used in the traditional tip-speed ratio (TSR) control. 

According to [22, 45] and [73], one of the most widely used current speed estimation methods 

is the Gaussian radial basis function (GRBFN) in which the estimated speed is given by 

𝑉𝑉� = 𝑏𝑏 + �𝑣𝑣𝑗𝑗

ℎ

𝑗𝑗=1

𝑒𝑒𝑒𝑒𝑒𝑒 �−
�𝑥𝑥 − 𝐶𝐶𝑗𝑗�

2

𝜎𝜎𝑗𝑗2
� Equation 2.6 

where 𝑥𝑥 = [𝑃𝑃𝑚𝑚,𝜔𝜔𝑟𝑟 ,𝛽𝛽] is the input vector, 𝐶𝐶𝑗𝑗 ∈ 𝑅𝑅𝑛𝑛 and 𝜎𝜎𝑗𝑗 ∈ 𝑅𝑅 are the centre and width of the 

jth radial basis function (RBF) unit in the hidden layer, h is the number of RBF units, b and 𝑣𝑣𝑗𝑗  

are the bias term and weight between the hidden and output layers respectively. 𝑉𝑉�  is the 

estimated tidal current velocity, 𝑃𝑃𝑚𝑚 is the turbine mechanical power, 𝜔𝜔𝑟𝑟 is the rotor speed, 𝛽𝛽 

is blade pitch angle, and if in a fixed speed case 𝛽𝛽 = 0. The schematic diagram of the tidal 

current velocity estimation (TCSE) is shown in Figure 2.10. The parameters of the GRBFN 

are determined by an offline training process using the data from a conversion system 

dynamic model [22] [73].  

 
Figure 2.10 TCSE-based control diagram 

(4) Perturb and Observe control 

Perturb and Observe (P&O) control is also known as hill climb search control. This method 

does not rely on the tidal current velocity information and TCT characteristics [74]. The basic 

theory of this method is one of creating changes in rotor speed and observing the 

corresponding changes in power. The P&O control will be introduced in detail in Chapter 4.  

(4) Fuzzy Logic control 

Fuzzy logic (FL) control is a control method that also does not need the knowledge of tidal 

current turbine and tidal current velocity [75], through three steps: fuzzification, fuzzy rules 

and defuzzification, the FL control can provide the desired generator speed value in a TCT 

system. The FL control will be introduced in detail in Chapter 5. 
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2.3.3 Rotor speed sensor faults and potential solutions 

In order to deal with generator speed sensor failures, the control system needs to estimate the 

generator rotor speed. Generally, these control strategies can be divided into two categories: 

open-loop calculation and closed-loop observers. This section will give brief introductions to 

these control strategies. 

(1) Open-loop calculation 

The basic idea of open-loop calculation is to use other measured parameters such as flux 

linkage, EMF or winding inductance to calculate the rotor speed/position. These parameters 

are obtained from the dynamic model of the permanent magnet generator (PMG) which can 

run in parallel with the actual PMG. This section will introduce two kinds of open-loop 

calculation control methods. 

For the flux linkage-based method, in the αβ-axis, the voltage equations for the PMG are as 

follows [76]: 

𝑣𝑣𝛼𝛼 = 𝑅𝑅𝑠𝑠𝑖𝑖𝛼𝛼 +
𝑑𝑑
𝑑𝑑𝑑𝑑
�(𝐿𝐿0 + 𝐿𝐿1 cos(2𝜃𝜃𝑟𝑟))𝑖𝑖𝛼𝛼 + 𝐿𝐿1 sin(2𝜃𝜃𝑟𝑟) 𝑖𝑖𝛽𝛽� +

𝑑𝑑
𝑑𝑑𝑑𝑑

(𝐾𝐾𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑟𝑟) Equation 2.7 

𝑣𝑣𝛽𝛽 = 𝑅𝑅𝑠𝑠𝑖𝑖𝛽𝛽 +
𝑑𝑑
𝑑𝑑𝑑𝑑
�𝐿𝐿1 sin(2𝜃𝜃𝑟𝑟) 𝑖𝑖𝛼𝛼 + (𝐿𝐿0 − 𝐿𝐿1 cos(2𝜃𝜃𝑟𝑟))𝑖𝑖𝛽𝛽)�+

𝑑𝑑
𝑑𝑑𝑑𝑑

(𝐾𝐾𝑒𝑒 sin𝜃𝜃𝑟𝑟) Equation 2.8 

Where 𝐿𝐿0 = (𝐿𝐿𝑑𝑑 + 𝐿𝐿𝑞𝑞)/2 and 𝐿𝐿1 = (𝐿𝐿𝑑𝑑 − 𝐿𝐿𝑞𝑞)/2. For a non-salient PMSG the 𝐿𝐿𝑑𝑑 = 𝐿𝐿𝑞𝑞, then 

𝐿𝐿1 = 0. Substituting these into Equations 2.7 and 2.8 gives 

𝑣𝑣𝛼𝛼 = 𝑅𝑅𝑠𝑠𝑖𝑖𝛼𝛼 + 𝐿𝐿𝑞𝑞
𝑑𝑑𝑑𝑑𝛼𝛼
𝑑𝑑𝑑𝑑

− 𝐾𝐾𝑒𝑒𝜔𝜔 sin𝜃𝜃𝑟𝑟 Equation 2.9 

𝑣𝑣𝛽𝛽 = 𝑅𝑅𝑠𝑠𝑖𝑖𝛽𝛽 + 𝐿𝐿𝑞𝑞
𝑑𝑑𝑑𝑑𝛽𝛽
𝑑𝑑𝑑𝑑

+ 𝐾𝐾𝑒𝑒𝜔𝜔 cos 𝜃𝜃𝑟𝑟 Equation 2.10 

If the rotor has salient poles, then this method will be complex. When a PMSG is operating in 

the steady state, the stator and rotor flux vectors rotate synchronously, then 𝑑𝑑𝑑𝑑𝛼𝛼/𝑑𝑑𝑡𝑡 ≈ 0 and 

𝑑𝑑𝑑𝑑𝛽𝛽/𝑑𝑑𝑡𝑡 ≈ 0. Because the rotor flux angle is the same as the stator flux angle in the steady 

state, thus if the stator flux position angle can be calculated then the rotor flux angle can be 

estimated [73].  

When the PMSG is operating at medium-high speed, the flux linkage can be expressed as: 

�
𝜆𝜆𝛼𝛼 = 𝐾𝐾𝑒𝑒 cos𝜃𝜃𝑟𝑟
𝜆𝜆𝛽𝛽 = 𝐾𝐾𝑒𝑒 sin𝜃𝜃𝑟𝑟

Equation 2.11 
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Differentiating Equation 2.11 gives the back EMF in the αβ-axis: 

�
𝐸𝐸𝛼𝛼 =

𝑑𝑑
𝑑𝑑𝑑𝑑
𝐾𝐾𝑒𝑒 = −𝜔𝜔𝐾𝐾𝑒𝑒 sin𝜃𝜃𝑟𝑟

𝐸𝐸𝛽𝛽 =
𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝜔𝜔𝐾𝐾𝑒𝑒 cos 𝜃𝜃𝑟𝑟
Equation 2.12 

Substituting Equations 2.9 and 2.10 into 2.12 gives the stator flux linkage: 

�
𝜆𝜆𝑠𝑠𝑠𝑠 = �(𝑣𝑣𝛼𝛼 − 𝑅𝑅𝑠𝑠𝑖𝑖𝛼𝛼)𝑑𝑑𝑑𝑑

𝜆𝜆𝑠𝑠𝑠𝑠 = ��𝑣𝑣𝛼𝛼 − 𝑅𝑅𝑠𝑠𝑖𝑖𝛽𝛽�𝑑𝑑𝑑𝑑
Equation 2.13 

The rotor flux linkage is as follows: 

�
𝜆𝜆𝑟𝑟𝑟𝑟 = 𝜆𝜆𝑠𝑠𝑠𝑠 − 𝐿𝐿0𝑖𝑖𝛼𝛼
𝜆𝜆𝑟𝑟𝑟𝑟 = 𝜆𝜆𝑠𝑠𝑠𝑠 − 𝐿𝐿0𝑖𝑖𝛽𝛽

Equation 2.14 

Thus, the rotor position can be calculated by 𝜃𝜃� = tan−1(𝜆𝜆𝑟𝑟𝑟𝑟/𝜆𝜆𝑟𝑟𝑟𝑟). 

The inductance-based method on the other hand can deal with a PMG that has a high saliency 

ratio, such as 𝐿𝐿𝑞𝑞/𝐿𝐿𝑑𝑑 > 2.5, and the performance will be poor for a non-salient PMG. The 

accuracy of this method is highly dependent on the quality and accuracy of the voltage and 

current measurements [77]. The basic principle of this method is the spatial distribution of the 

phase inductance of a PMG, using the measured voltage and current to calculate the phase 

inductance, then estimating the rotor position through a lookup table. When the switching 

frequency is high, for example over 10kHz, the phase inductance and back EMF can be 

considered as constant during the switching period [73]. Under this situation the voltage of a 

single phase is as follows: 

𝑣𝑣 = 𝑅𝑅𝑝𝑝𝑖𝑖 + 𝐿𝐿𝑆𝑆
𝑑𝑑𝑖𝑖𝑎𝑎
𝑑𝑑𝑑𝑑

+ 𝑒𝑒 Equation 2.15 

where 𝑅𝑅𝑝𝑝 is the phase resistance, 𝑖𝑖 is the phase current, 𝑖𝑖𝑎𝑎is the phase A current , 𝐿𝐿𝑆𝑆 is the 

phase synchronous inductance,  𝑒𝑒 is the phase back EMF. The inductance can be re-written as: 

𝐿𝐿𝑆𝑆 =
𝑣𝑣 − 𝑅𝑅𝑝𝑝𝑖𝑖 − 𝑒𝑒

𝑑𝑑𝑖𝑖𝑎𝑎
𝑑𝑑𝑑𝑑

Equation 2.16 

The back EMF in Equation 2.16 can be evaluated using the calculated rotor position in the 

previous two cycles by 𝑒𝑒(𝑘𝑘) = 𝐾𝐾𝑒𝑒[𝜃𝜃𝑟𝑟(𝑘𝑘) − 𝜃𝜃𝑟𝑟(𝑘𝑘 − 1)]/∆𝑡𝑡 , where 𝐾𝐾𝑒𝑒  is the back EMF 

constant. Using the calculated phase inductance 𝐿𝐿𝑆𝑆 the corresponding rotor position can be 
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found through a lookup table [73] [77]. 

(2) Close-loop calculation 

The closed-loop observer uses tracking errors as the input to an observer. Thus, the estimated 

value will converge to the actual value, so the rotor speed and position information will be 

more accurate. Closed-loop observers have good disturbance rejection and can improve the 

robustness of the TCT system to the variations of PMG parameters and current/voltage 

measurements [73]. In this section, the disturbance observers will be introduced. 

Disturbance Observers (DO) can be used to estimate back EMF and the rotor position is 

calculated as follows [78]: 

𝜃𝜃� = tan−1 �−
𝑒̂𝑒𝛼𝛼
𝑒̂𝑒𝛽𝛽
� Equation 2.17 

This observer is generally designed based on the dynamic model of a PMSG in the αβ-axis, 

and the observer is designed as follows: 

𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝚤𝚤̂𝛼𝛼
𝚤𝚤𝛽̂𝛽
� = �

−
𝑅𝑅𝑠𝑠
𝐿𝐿

0

0 −
𝑅𝑅𝑠𝑠
𝐿𝐿

� × �
𝑖𝑖𝛼𝛼
𝑖𝑖𝛽𝛽� +

1
𝐿𝐿
��
𝑣𝑣𝛼𝛼
𝑣𝑣𝛽𝛽� − �

𝑒̂𝑒𝛼𝛼
𝑒̂𝑒𝛽𝛽
�� Equation 2.18 

𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑒̂𝑒𝛼𝛼
𝑒̂𝑒𝛽𝛽
� = 𝐾𝐾𝑑𝑑𝑑𝑑 ∙

𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝚤𝚤̂𝛼𝛼 − 𝑖𝑖𝛼𝛼
𝚤𝚤𝛽̂𝛽 − 𝑖𝑖𝛽𝛽

� Equation 2.19 

where 𝚤𝚤̂𝛼𝛼, 𝚤𝚤𝛽̂𝛽 , 𝑒̂𝑒𝛼𝛼 , 𝑒̂𝑒𝛽𝛽 are the estimated values and 𝐾𝐾𝑑𝑑𝑑𝑑 is the gain of the observer, which can be 

designed using a pole assignment scheme. The schematic diagram is shown in Figure 2.11. 

 
Figure 2.11 DO control diagram 

The Sliding Mode Observers (SMO) can also be used for the calculation of the generator rotor 

speed. The inputs of SMO are discontinuous functions of error between the estimated and 

measured system states. Similar to DO control, the SMO also estimates the back EMF and 
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uses it to calculate the rotor position. The back EMF is estimated as follows [79]: 

�
𝑒̂𝑒𝛼𝛼
𝑒̂𝑒𝛽𝛽
� = 𝐾𝐾𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 �

𝚤𝚤̂𝛼𝛼 − 𝑖𝑖𝛼𝛼
𝚤𝚤𝛽̂𝛽 − 𝑖𝑖𝛽𝛽

� Equation 2.20 

where 𝐾𝐾𝑆𝑆𝑆𝑆𝑆𝑆 is the gain of the SMO observer, and 𝑠𝑠𝑠𝑠𝑠𝑠 is the sigmoid function, which is given 

by: 

𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥) =
2

1 + 𝑒𝑒−𝑎𝑎𝑎𝑎
− 1 Equation 2.21 

The rotor position can be calculated using Equation 2.17, and the schematic diagram of the 

SMO is illustrated in Figure 2.12. 

 
Figure 2.12 SMO control diagram 

Another method that can calculate the generator rotor speed is the Model Reference Adaptive 

System (MRAS) for which the control diagram is shown in Figure 2.13. As shown in Figure 

2.13, MRAS contains a reference model and an adjustable model connected in parallel. The 

error between the outputs of the two models is used to estimate the rotor speed, and the output 

of the adjustable model is expected to converge to the output of the reference model by using 

an adaptive mechanism [22, 73].  

 
Figure 2.13 MRAS control diagram 

The reference model can be designed as follow: 
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𝑑𝑑
𝑑𝑑𝑑𝑑
𝑥𝑥 = 𝐴𝐴 ∙ 𝑥𝑥 = 𝑢𝑢 Equation 2.22                                        

where  

𝑥𝑥 = �
𝑥𝑥1
𝑥𝑥2� = �

𝑖𝑖𝑑𝑑 + 𝜆𝜆𝑟𝑟
𝐿𝐿𝑑𝑑

𝑖𝑖𝑞𝑞
� Equation 2.23          

𝑢𝑢 = �
𝑢𝑢1
𝑢𝑢2� = �

𝑣𝑣𝑑𝑑𝐿𝐿𝑑𝑑+𝜆𝜆𝑟𝑟
𝐿𝐿𝑑𝑑
2

𝑣𝑣𝑞𝑞
𝐿𝐿𝑞𝑞

� Equation 2.24 

𝐴𝐴 = �
− 𝑅𝑅𝑠𝑠

𝐿𝐿𝑑𝑑

𝐿𝐿𝑞𝑞𝜔𝜔𝑟𝑟

𝐿𝐿𝑑𝑑

− 𝐿𝐿𝑑𝑑𝜔𝜔𝑟𝑟
𝐿𝐿𝑞𝑞

− 𝑅𝑅𝑠𝑠
𝐿𝐿𝑞𝑞

� Equation 2.25       

The adjustable model can be designed as: 

𝑑𝑑
𝑑𝑑𝑑𝑑
𝑥𝑥� = 𝐴̂𝐴 ∙ 𝑥𝑥� = 𝑢𝑢 Equation 2.26 

where  

𝑥𝑥� = �𝑥𝑥�1𝑥𝑥�2
� = �𝑖𝑖𝑑𝑑 +

𝜆𝜆𝑟𝑟
𝐿𝐿𝑑𝑑

𝑖𝑖𝑞𝑞
� Equation 2.27 

𝑢𝑢 = �
𝑢𝑢1
𝑢𝑢2� =

⎣
⎢
⎢
⎢
⎡
𝑣𝑣𝑑𝑑𝐿𝐿𝑑𝑑 + 𝜆𝜆𝑟𝑟

𝐿𝐿𝑑𝑑2
𝑣𝑣𝑞𝑞
𝐿𝐿𝑞𝑞 ⎦

⎥
⎥
⎥
⎤

Equation 2.28 

𝐴̂𝐴 =

⎣
⎢
⎢
⎢
⎡ −

𝑅𝑅𝑠𝑠
𝐿𝐿𝑑𝑑

𝐿𝐿𝑞𝑞𝜔𝜔�𝑟𝑟
𝐿𝐿𝑑𝑑

−
𝐿𝐿𝑑𝑑𝜔𝜔�𝑟𝑟
𝐿𝐿𝑞𝑞

−
𝑅𝑅𝑠𝑠
𝐿𝐿𝑞𝑞 ⎦
⎥
⎥
⎥
⎤

Equation 2.29 

The matrix 𝐴̂𝐴 in the adjustable model is corrected by the estimated speed 𝜔𝜔�𝑟𝑟, and the 𝜔𝜔�𝑟𝑟 can 

be expressed by an adaptive mechanism: 

𝜔𝜔�𝑟𝑟 = � 𝑘𝑘1 �𝑖𝑖𝑑𝑑𝚤𝚤̂𝑞𝑞 − 𝑖𝑖𝑞𝑞𝚤𝚤̂𝑑𝑑 −
𝜆𝜆𝑟𝑟�𝑖𝑖𝑞𝑞 − 𝚤𝚤̂𝑞𝑞�

𝐿𝐿𝑑𝑑
� 𝑑𝑑𝑑𝑑

𝑡𝑡

0
+ 𝑘𝑘2 �𝑖𝑖𝑑𝑑𝚤𝚤̂𝑞𝑞 − 𝑖𝑖𝑞𝑞𝚤𝚤̂𝑑𝑑 −

𝜆𝜆𝑟𝑟�𝑖𝑖𝑞𝑞 − 𝚤𝚤̂𝑞𝑞�
𝐿𝐿𝑑𝑑

�+ 𝜔𝜔𝑟𝑟(0)

                                                                                                                                               Equation 2.30
 

where 𝑘𝑘1 and 𝑘𝑘2 are the PI regulator coefficients. The error between the reference model and 

the adjustable model is the input to the adaptive mechanism to modify the parameters of the 
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adaptive model to make state 𝑥𝑥� approach state 𝑥𝑥 quickly and in a stable manner and the error 

approaches zero [80]. 

2.3.4 Converter open circuit faults and potential solutions 

Power converters are often exposed to high stresses and several failures such as power switch 

open-circuit faults [81] may occur. Open-circuit faults are usually linked to the loss of 

bonding wires of the control signal or to a short-circuit fault causing rupture of the transistor 

[66, 67]. In the event of such a fault, the converter cannot synthesize the desired output 

voltage and it provides a large torque ripple and increase in harmonic components in the 

current [82]. Thus, fault tolerant control is needed which can be provided by, for example, a 

high order sliding mode control. This section will introduce the Second-Order Sliding Mode 

(SOSM) control. 

Ideally the structure of the converter needs to be designed with minimum hardware 

modifications from the conventional circuit whilst allowing bypassing of the affected 

components to minimise the impact of an open-circuit fault. In [68], a circuit structure was 

presented that added extra bidirectional switches to bypass a faulty IGBT. This structure 

added three Triacs (pairs of back-to-back thyristors) in series with the three-phase generator 

and connected to the mid-point of the split DC bus capacitor link. Figure 2.14 illustrates the 

new converter structure on the right with the traditional converter structure on the left-hand 

side. 

 
Figure 2.14 SOSM converter structure and traditional converter structure 

The SOSM control can be developed through five steps [68, 83]: 

(1) The speed reference 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 is given by the MPPT control 
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(2) To make sure that the rotor speed converges to 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟, an optimal electromagnetic torque is 

given as follows: 

𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑇𝑇𝑚𝑚 + 𝑓𝑓𝜔𝜔𝑟𝑟 − 𝛼𝛼�𝜔𝜔𝑟𝑟 − 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟� + 𝐽𝐽𝜔̇𝜔𝑟𝑟𝑟𝑟𝑟𝑟 Equation 2.31 

where α is a positive constant. In order to make the PMSG torque converge to the optimal 

torque, the current equations are as follows: 

�
𝑖𝑖𝑑𝑑𝑑𝑑−𝑟𝑟𝑟𝑟𝑟𝑟 = 0

𝑖𝑖𝑞𝑞𝑞𝑞−𝑟𝑟𝑟𝑟𝑟𝑟 =
2𝑇𝑇𝑒𝑒

3𝑝𝑝𝜆𝜆𝑟𝑟
Equation 2.32 

(3) The second-order sliding mode is defined to make the currents converge to the reference 

values: 

�
𝑆𝑆1 = 𝑖𝑖𝑑𝑑𝑑𝑑 − 𝑖𝑖𝑑𝑑𝑑𝑑−𝑟𝑟𝑟𝑟𝑟𝑟
𝑆𝑆2 = 𝑖𝑖𝑞𝑞𝑞𝑞−𝑖𝑖𝑞𝑞𝑞𝑞−𝑟𝑟𝑟𝑟𝑟𝑟

Equation 2.33                                     

it follows that 

�
𝑆̇𝑆1 = 𝚤𝚤̇𝑑𝑑𝑑𝑑̇ − 𝚤𝚤𝑑̇𝑑𝑑𝑑−𝑟𝑟𝑟𝑟𝑟𝑟̇

𝑆̈𝑆1 = 𝜑𝜑1(𝑡𝑡, 𝑥𝑥) + 𝛾𝛾1(𝑡𝑡, 𝑥𝑥)𝑣𝑣𝑑𝑑𝑑𝑑
Equation 2.34                 

�
𝑆̇𝑆2 = 𝚤𝚤̇𝑞𝑞𝑞𝑞̇ − 𝚤𝚤̇𝑞𝑞𝑞𝑞−𝑟𝑟𝑟𝑟𝑟𝑟̇

𝑆̈𝑆1 = 𝜑𝜑2(𝑡𝑡, 𝑥𝑥) + 𝛾𝛾2(𝑡𝑡, 𝑥𝑥)𝑣𝑣𝑞𝑞𝑞𝑞
Equation 2.35                            

where𝜑𝜑1(𝑡𝑡, 𝑥𝑥), 𝜑𝜑2(𝑡𝑡, 𝑥𝑥), 𝛾𝛾1(𝑡𝑡, 𝑥𝑥) and 𝛾𝛾2(𝑡𝑡, 𝑥𝑥) are uncertain bounded functions that satisfy: 

�𝜑𝜑1 > 0; |𝜑𝜑1| > 𝜙𝜙1; 0 < 𝛤𝛤𝑚𝑚1 < 𝛾𝛾1 < 𝛤𝛤𝑀𝑀1
𝜑𝜑2 > 0; |𝜑𝜑2| > 𝜙𝜙2; 0 < 𝛤𝛤𝑚𝑚2 < 𝛾𝛾1 < 𝛤𝛤𝑀𝑀2

Equation 2.36 

where 𝜙𝜙  is the lower bound of 𝜑𝜑 , 𝛤𝛤𝑚𝑚  and 𝛤𝛤𝑀𝑀  are the lower bound and upper bound of 𝛾𝛾 

respectly. 

(4) The super-twisting algorithm [83] is used to design the second-order sliding mode 

controller and it contains two parts:  

�
𝑣𝑣𝑑𝑑𝑑𝑑 = 𝑢𝑢1 + 𝑢𝑢2
𝑣𝑣𝑞𝑞𝑞𝑞 = 𝑤𝑤1 + 𝑤𝑤2

Equation 2.37                            

� 𝑢̇𝑢1 = −𝛼𝛼1𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑆𝑆1)
𝑢𝑢2 = −𝛽𝛽1|𝑆𝑆1|𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑆𝑆1) Equation 2.38 

� 𝑤̇𝑤1 = −𝛼𝛼2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑆𝑆2)
𝑤𝑤 = −𝛽𝛽2|𝑆𝑆2|𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑆𝑆2) Equation 2.39  



27 
 

where α and β are positive constants. 

(5) In order to make the convergence of sliding manifolds equal to zero in finite time, the 

gains can be chosen as follows: 

⎩
⎪
⎨

⎪
⎧ 𝛼𝛼𝑖𝑖 >

𝜙𝜙𝑖𝑖
𝛤𝛤𝑚𝑚𝑚𝑚

𝛽𝛽𝑖𝑖2 ≥ 4
𝜙𝜙𝑖𝑖
𝛤𝛤𝑚𝑚𝑚𝑚2

𝛤𝛤𝑀𝑀𝑀𝑀
𝛤𝛤𝑚𝑚𝑚𝑚

(𝛼𝛼𝑖𝑖 + 𝜙𝜙𝑖𝑖)
(𝛼𝛼𝑖𝑖 − 𝜙𝜙𝑖𝑖)

             𝑖𝑖 = 1,2

0 < 𝑝𝑝 ≤ 0.5

Equation 2.40 

The PSF control requires the turbine power versus shaft speed curve and estimate the shaft 

speed to get the optimal power reference, and the OT control required the system operating 

under torque control mode, and also need the turbine torque versus shaft speed curve to 

implement. While for the TCSE control, the parameters of the GRBFN are obtained through 

an offline training process, which is using a training data set that provided by the TCSE 

dynamic characteristics [84]. 

The open-loop control is easy to implement, however there are limits to the numerical 

resolutions. The open-loop control is highly dependent on the system sampling frequency and 

control loop frequency. In the closed-loop control, the stability of DO control is guaranteed by 

the appropriate observer gains and the machine parameters are needed in the observer model. 

For the SMO control, in some practical applications, if the system is operating under a low 

sampling ratio and control loop frequency, the robustness and load variations will be affected. 

In [85], the SMO has a worse performance without oversampling. The SOSM control requires 

the new structure of the converters, which will increase the power generation cost.  

The fault tolerant control strategies discussed in this section can deal with different failures in 

TCT generation on the electrical side. For the generator rotor speed sensor fault and converter 

open-circuit fault, there is no further investigation in this thesis. The main research direction 

of this thesis will be focus on the MPPT control of TCT generation systems to deal with tidal 

current velocity sensor faults. As mentioned above, the PSF control, OT control and TCSE 

control have some disadvantages. The P&O control and FL control will be the main methods 

used in this thesis. The aim is to use P&O control and FL technology to implement the MPPT 

control without a tidal current velocity sensor. 
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2.4 Maximum Power Point Tracking 

The tidal current generation system generally consists of a turbine to transfer tidal current 

energy to mechanical power, a generator to transfer the mechanical power to electrical power, 

and through power converters to realize power flow control and the grid connection. The 

maximum power will vary according to changes in the tidal current velocity, thus the tidal 

current generation system needs MPPT control to maintain maximum output power under 

different tidal current velocity. Therefore, the tidal current turbine generation system needs 

the tidal current velocity signal that would normally be provided by the tidal current velocity 

sensor. Generally, for wind turbine systems and tidal current turbine systems, the MPPT 

technologies include optimum tip speed ratio control, MPPT control with a look-up table or 

perturb and observe control [86].  

Optimum tip speed ratio control is widely used in wind turbine and tidal current turbine 

generation systems. This control method requires the wind or tidal current velocity signal 

which is used to keep the tip speed ratio at its optimal value to make sure the turbine system 

can extract the maximum power from the wind or tidal current flows [87]. MPPT control with 

a look-up table needs a table to be created that provides the maximum power curve which is 

related to the speed reference under certain wind or tidal current velocity conditions and this 

requires experiments or simulations to establish the look-up table [88]. The optimum tip speed 

ratio MPPT control and MPPT with loop-up table method need the wind or tidal current 

velocity signal and the turbine characteristics, which means that the wind or tidal current 

velocity sensor is needed. Tidal current velocity sensors are expensive and due to the 

locations where the turbines are installed , the sensors may not provide accurate tidal current 

velocity signals [86]. Furthermore, the harsh environment may damage the speed sensors. 

This will lead to differences between feedback values and designed values, and cause a 

decrease in the MPPT performance.  

The P&O control does not require the wind or tidal current velocity signal. It will detect 

changes in the output power and provide a corresponding reference speed signal to control the 

system and maintain operation at the maximum power point [88]. The basic principle of the 

P&O control method in PV systems is to calculate the PV generation power through the PV 

voltage and current, compare the present power and voltage with previous values, then adjust 

the duty cycle of power converter to control the PV system. The advantage of using P&O 

control in PV systems is that it is easy to implement and low cost [89], but also there will be 

some problems, for example: the long tracking time and big oscillation near the maximum 
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power point under fast changing irradiation conditions [90] which will cause low tracking 

efficiency on cloudy days [91].  

Generally, in PV systems, the P&O control application is one of two types: reference value 

perturbation or duty cycle perturbation. Paper [92] shows the use of P&O control with 

reference value perturbation. In this paper, the P&O control provides the reference voltage 

value directly to the control system by detecting the changes in generation power, and the step 

size of P&O control should be considered to find the balance between response time and 

steady state stability. Paper [93] presents the use of P&O control in PV systems with duty 

cycle perturbation. In this paper, the P&O control is used to provide the duty cycle signal 

directly to the control system, and the output of the P&O control depends on the PWM 

frequency and analogue-to digital conversion rate. According to [93], the P&O control has a 

fast response and low fluctuation, but under high perturbation rates, due to noise, the P&O 

control will face significant impacts on the tracking performance.  

The use of P&O control in wind turbine generation systems can also track the maximum 

power point without knowledge of the wind turbine characteristics. The P&O control can 

provide the local maximal point for a given function [94]. However, under rapid changes in 

wind speed, similar to the PV system, the P&O control will sometimes give the wrong 

direction of output signal in attempting to achieve the most significant power point [95]. In 

[96] and [97], a modified P&O control was presented which can avoid the wrong direction of 

output problem under sudden changes in wind speed by adding more control modes in the 

P&O control algorithm.  

The use of P&O control in PV and wind turbine generation systems will have problems due to 

the rapid change of solar radiation and wind speed respectively. This will reduce the tracking 

performance. However in tidal current turbine generation systems, the tidal current velocity 

does not have quick changes and flows with a fairly constant cycle, thus, P&O control will be 

a good candidate for the tidal current turbine generation system tidal current velocity sensor 

less control [86].  

Another control method that can be used in tidal current turbine generation systems is fuzzy 

logic control (FL). FL control has also been widely used in wind turbine generation and PV 

systems. FL control transfers the input values to fuzzy rules, and through fuzzy inference gets 

output values, and this make it is possible to deal with nonlinear perturbations caused by the 

fluctuations in wind speed [98]. In [99, 100] and [101]  the fuzzy rules in the FL control 
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applied in wind turbine generation systems have been modified variously by human 

experience, intuition, wind range classification and deductive reasoning.  

Basically, the FL control has two groups of input values, one is the error of controlled values, 

the other is the error in the error of controlled values, and there is one output value which is 

the desired value [102]. In wind turbine systems, the output of FL control is generally set as 

pitch angle. The inputs of FL control have some different options depending on the design 

thoughts. From [103-107], the set of FL control input values are the active power errors and 

the error of active power errors, whilst in [108, 109] and [110] the generator rotor speed errors 

and the error of generator rotor speed errors were used as the FL control input values. The 

inputs of FL control can also be errors of different controlled values, such as in [111] where 

the FL control inputs are the error of active power and generator rotor speed. Sometimes three 

inputs can also be set for FL control. In [112], the error of generator power, the variation of 

power error (compared with the previous step power error) and error of generator rotor speed 

are used as the inputs. The inputs of FL control do not all need to be all error values, for 

example, paper [113] used the wind speed and the error of generator rotor speed as the inputs, 

while in [114] the voltage and error of voltage are the inputs of FL control. All of these FL 

control methods have achieved the control aims, and all the FL control applications have 

better performance than a PID controller.   

FL control has been considered to be the most powerful control method in PV systems, as FL 

control has quick tracking speed and small variations near the maximum power points [115] 

[116]. Similar to the FL applications in wind turbine systems, FL control in PV systems also 

does not require training data, and this will make it is suitable for serval PV systems that have 

the same MPPT design. However under rapid changes in irradiance, FL control will face drift 

problems [117, 118]. 

Some research has been done to try to solve the drift problem. In [119], a particle swarm 

optimisation algorithm was used in a PV system. When the solar irradiance changes quickly, 

this algorithm can adjust the duty cycle to avoid the drift problem. In [120], a gain controller 

was designed based on the FL control, and this controller can adjust the traditional FL control 

step size online. Meanwhile, for a stand-alone PV system, paper [121] implemented a new FL 

control method which is based on P&O control. In [122], a fuzzy cognitive network was 

added to the conventional FL control to solve the drift problem. These papers solved the FL 

control drift problem in PV systems, but these solutions need more control modules, and this 

will make the whole system highly complex.  
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In order to avoid the drift problem in PV systems and not add more control units, some papers 

have presented improved conventional FL control methods by upgrading the membership 

functions of the FL control. For example in [123], for an FL control that had already been 

designed, a genetic algorithm was used to optimize the membership functions. In [124], in 

order to reduce the processing time of FL control, a new structure of FL control was proposed 

based on an asymmetrical fuzzy functions process. Also in [125], a Multivariate  Regression  

prediction (M5P) model tree was used to model the FL control to track the maximum power 

point. Paper [126] provided a new membership function tunning method, the traditional trial-

and-error method was replaced by a Hopfield neural network. An improved FL control was 

designed in [127], which is based on indirect fuzzy logic.  From [123-127], these researchers 

have proved that the optimization of FL control algorithm can solve the drift problem in PV 

systems, with fast tracking speed and small fluctuations.  

The MPPT control algorithm is an important part of wind turbine and PV systems, and in tidal 

current turbine systems, MPPT is indispensable. Due to the similarities between wind turbine 

systems and tidal current turbine systems, most of the MPPT control applications that have 

been used in wind turbine systems could also be implemented in tidal current turbine systems. 

In order to maintain the system operation when the tidal current velocity sensor is damaged or 

lost, MPPT control algorithms which do not require the system characteristics are considered 

to be candidates to approach as the control strategy in tidal current turbine systems, such as 

the P&O control and FL control mentioned above.  

In TCT generation system, MPPT control is necessary, and the traditional MPPT control 

requires the signal/data from a tidal current velocity sensor, but under the tidal current 

velocity sensor damage condition, the traditional MPPT control will not work, and the system 

operation will be interrupted. The work in this thesis with P&O and FL technology based 

MPPT control can continue the TCT generation system operation without the tidal current 

velocity sensor signal. 

2.5 Summary  

This chapter gives a brief introduction to tidal current energy which has high energy capacity 

and has been considered in recent years for development in many countries to generate 

significant amounts of electrical power. In order to extract the maximum power from the tidal 

current energy, MPPT technology is necessary in a tidal current turbine generation system. 

MPPT technology is widely used in wind turbine and PV systems, and due to the similarities 
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between tidal current turbines and wind turbine systems, the MPPT technologies used in wind 

turbines can be implemented in tidal current turbine systems.  

In conventional tidal current turbine systems, the approach of MPPT requires the signal from 

a tidal current velocity sensor. However due to the harsh underwater environment, and the 

fact that the tidal current velocity sensor is exposed directly to the seawater, they may suffer 

from the tidal current forces and erosion by seawater. In order to avoid high-cost maintenance 

and improve the system robustness, a TCT system that can operate with the elimination of 

tidal current velocity sensor can be considered as a solution, of which the control system can 

enable continuous system operation, tracking the maximum power. In this thesis, P&O 

control and FL control will be implemented in a conventional tidal current turbine generation 

system to be developed as sensor-less control. 

The next chapter will present the modelling of a tidal current turbine, generator, the tidal 

current resource, as well as the generator side converter control, which can be used as the 

basic model to develop a conventional TCT system and to apply the P&O control and FL 

control on it.  
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Chapter 3. Tidal Current Turbine System Modelling 

This chapter deals with the model development of a tidal current turbine system based on 

MATLAB/SIMULINK. The overall system includes the resource model, turbine model and 

generator model, and the location site will be briefly introduced as well. The turbine model is 

developed based on the EVOPOD project, with the turbine model parameters the same as  in 

the project device. The generator model is developed from a manufacturer from China, whose 

permanent magnet generator can be produced and customized to meet the users’ requirements, 

and it is chosen in this case based on the EVOPOD project turbine. The location site is chosen 

as the Pentland Firth, which has high tidal current flow velocities. A basic tidal current 

turbine system will be illustrated together with results and discussions. This model will be the 

fundamental model to allow control strategies, grid connection control and a long-term 

simulation to be developed and evaluated. 

3.1 Tidal Current Turbine Model   

The electrical layout and modelling approaches used in tidal current systems are similar to 

those used in onshore and offshore wind systems. The speed of wind is higher than the water 

current speed while the air density is lower than water density, so these lead to a result that the 

wind turbine operates at higher rotational speeds and lower torque while the tidal current 

turbines operate at lower rotational speeds and high torque [59].  

The generators used in wind turbine systems are similar to those in tidal current turbine 

systems, such as permanent magnet synchronous generators (PMSG) and doubly fed 

induction generators (DFIG) [60]. A fixed pitch wind turbine with a PMSG direct drive 

system has been found to be more reliable and economical, because the elimination of the 

pitch variation mechanism simplifies the system’s operation and decreases its downtime due 

to failure [40]. The tidal current turbine used in this thesis is a fixed pitch turbine, which will 

be introduced in the following sections. 

3.1.1 Evopod E35 tidal current turbine 

The tidal current turbine model used in this thesis is the Evopod E35, which is a ¼ scale 

turbine from Ocean Flow Energy Ltd. and was tested in the sea from third quarter 2014 at a 

nearshore site in Sanda Sound, Argyll & Bute. The Evopod E35 is a 4.5m diameter horizontal 

axis tidal current turbine, mounted on a semi-submerged floating platform, the rated output 

power is 35kW [128]. Before the Evopod E35 was tested in the sea, a 1/40th experimental 
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scale Evopod turbine model was tested in the combined wave, wind and current tank in 

Newcastle University, with the performance tested under both current and wave conditions 

[129]. From reports [128] and [129], the turbine parameters can be obtained, and based on 

these parameters, a MATLAB/SIMULINK model was developed. 

Figure 3.1 shows the general arrangement of the Evopod E35 turbine, while Figure 3.2 

illustrates the deployment of E35 in the sea. There is a navigation light and a yellow St 

Andrews Cross on its mast, to make sure that vessels can pass the turbine units like they 

would pass a navigation buoy. It was deployed from 7th August 2014 to 7th September 2015 

and the trials proved that the Evopod E35 has low levels of motion and is robust in the 

moderately fast flowing tidal site. The streamlined surface-piercing struts and turret mooring 

of the floating platform make sure that the device always faces into the tidal current direction 

[130, 131]. 

 

Figure 3.1 Evopod E35 general arrangement (figure from report [128]) 
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Figure 3.2 deployment of the E35 at Sanda Sound at the mooring location [130] 

Parameters Value 
Number of blades 4 

Turbine diameter (m) 4.5 
Length (m) 13 
Height (m) 8 

Cut in speed (m/s) 0.7 
Rated flow speed (m/s) 2.4 

Rated power (kW) at rated flow speed 35 
Maximum flow speed (m/s) 3.2 

Table 3.1 Evopod E35 specification of the ¼ scale device (taken from [128] and [130]) 

Table 3.1 gives the parameters of the Evopod E35 turbine from which, together with 

knowledge of tip-speed ratio and power coefficient, the tidal current turbine model can be 

developed in MATLAB/SIMULINK. The specific details of tip-speed ratio, power coefficient 

and the model build are explained in the following sections. 

3.1.2 Tip-speed ratio 

As discussed in Section 2.3.1, and repeated here for convenience, the tip-speed ratio 𝜆𝜆 is 

defined by Equation 2.1, the amount of power that be captured from a tidal current turbine can 

be expressed by Equation 2.2. As in this thesis, the turbine Evopod E35 is a fixed pitch device, 
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thus the value of 𝛽𝛽 is constant and equals 0. 

The 𝐶𝐶𝑝𝑝 against 𝜆𝜆 curve of a marine current turbine is typically of the form shown in Figure 

3.1. From Equation 2.2 it can be seen that the power 𝑃𝑃𝑡𝑡  is proportional to the power 

coefficient 𝐶𝐶𝑝𝑝, and from Equation 2.1 the tip-speed ratio 𝜆𝜆 is proportional to rotor speed 𝜔𝜔𝑡𝑡. 

In order to get the maximum power from the turbine, from Figure 3.1 it can be seen that only 

one value of 𝜆𝜆 makes 𝐶𝐶𝑝𝑝 a maximum. This means, that to improve the power capture from the 

turbine, the rotor speed must be adjusted in a range to make sure that 𝐶𝐶𝑝𝑝  can reach the 

maximum value range. For different marine current turbine systems, the values of 𝐶𝐶𝑝𝑝 and 𝜆𝜆 

are different but Figure 3.1 is representative of a typical characteristic.  

 
Figure 3.3 Tidal current turbine power coefficient with respect to the tip speed ratio 

3.1.3 Power coefficient  

From the above, it can be seen that in order to capture the maximum power from the tidal 

current turbine, the tip speed ratio must be kept within a specific range, thus speed control is 

the basic control requirement of the tidal current turbine system. The purpose of turbine 

control is to adjust the rotor speed to follow a reference to keep the tip speed ratio at its 

optimum value [45]. 

Based on the power coefficient versus tip speed ratio (Figure 3.3) and turbine power 

extraction (Equation 2.2), the relationship between the power coefficient 𝐶𝐶𝑝𝑝  and tip speed 

ratio 𝜆𝜆 can be defined as follows (note that this is specific to this particular curve): 

𝐶𝐶𝑝𝑝 = 0.001161𝜆𝜆 5 − 0.030582𝜆𝜆 4 + 0.3139𝜆𝜆 3 − 1.5888𝜆𝜆 2 + 3.976𝜆𝜆 − 3.6047
                                                                                                                                                  Equation 3.1
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When 𝑑𝑑𝐶𝐶𝑝𝑝
𝑑𝑑𝑑𝑑

= 0 , the power that the turbine captures is the maximum value; from the 

calculation, 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 0.3294 and 𝜆𝜆𝑜𝑜𝑜𝑜𝑜𝑜 = 3.774. 

Thus, in the tidal current turbine generation system, the power coefficient should be held near 

to 0.3294, so that the system can extract maximum power from the tidal current. From the 

parameters above and Equation 3.1 a model can be built relating 𝐶𝐶𝑝𝑝 and 𝜆𝜆, and the simulation 

model in MATLAB is shown in Appendix A.1. 

The turbine model was built using the power coefficient 𝐶𝐶𝑝𝑝 and tip-speed-ratio 𝜆𝜆 relations 

from Equations 2.1 and 2.2, with the input of the turbine model being tidal current velocity, 

and the output of the turbine model as the torque. The simulation model is illustrated in 

Appendix A.2. In this turbine simulation model, according to the generator parameters, the 

gear ratio is calculated to match the rated power of the turbine and generator, the calculation 

process will be presented in Section 3.2. 

3.2 Resource Model   

According to report [128], the Evopod E35 device was operating at Sanda Sound, which is 

located at the South-Eastern end of the Mull of Kintyre, between the mainland and Sanda 

Island. At this site, the strong tidal currents can robustly test the performance and 

survivability of the device. The tidal current velocity can be up to 5 knots (2.572m/s) in the 

deeper channel of Sanda Sound, while the maximum spring tide at the device installation site 

is 4 knots (2.0578m/s). However, due to a cable problem, the data that from the test could not 

be obtained, so in this thesis, it was necessary to get new tidal current velocity data to test the 

control strategy performance.  

As mentioned above and the data from Table 3.1, it can be seen that turbine installation 

location needs to have strong tidal currents, of up to at least 2.3m/s, to allow the device to 

extract maximum power from the tidal current flow. A 2.3m/s tidal current velocity would 

enable the device to reach its rated power state, otherwise the turbine and generator will be 

unable to operate at the rated condition. 

3.2.1 New location site  

In this thesis, the tidal current velocity data from the Pentland Firth is used as the input for the 

system model to test the performance of the control strategies. The Pentland Firth is located at 

the northern tip of Scotland separating the Orkney Islands from the mainland to the south 

[132]. This is the strait connecting the Atlantic Ocean to the North Sea between mainland 
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Scotland and the Orkney Isles [133]. Figure 3.4 shows the location of Pentland Firth. Scotland 

is well known for marine renewable energy, it has 16500km of coastline and a population 

density of 64/km2, and is in a strong position to use its wave and tidal resources to generate 

meaningful levels of electrical power  [134, 135]. Pentland Firth has very high average kinetic 

power density (power per unit area of the sea floor), approximately 170W/m2 over an area of 

50km2 [136] and paper [132] mentioned that the Inner Sound can provide capacity for  85MW 

of tidal arrays but this may affect natural patterns of sediment migration.  

In 2021, the O2 tidal current turbine was installed in the Fall of Warness off the Orkney 

islands. This is a 2MW tidal current turbine, and it’s now generating electricity via the grid in 

Orkney, capable of powering approximately 4000 UK homes and is also being used to 

produce green hydrogen energy. The O2 is an upgrade of the SR2000, both developed by 

Orbital Marine Power (formerly Scotrenewables). The SR2000 was tested by the European 

Maring Energy Centre (EMEC), showing that it can regularly generate the equivalent of 7% 

of Orkney’s electricity demand [137].  

Essentially, Pentland Firth has high power density, strong tidal current flow, and has the 

potential for subsequent development of tidal current turbines[132].  

 

Figure 3.4 Map of the north of Scotland showing the Inner Sound in the Pentland Firth (figure 
taken from [136]) 
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3.2.2 Resource Model 

Tidal current velocity data for Pentland Firth are taken from the E.U. Copernicus Marine 

Service (CMEMS). Figure 3.5 presents the data area and the data period, it can be seen that 

the data are from 01/05/2022 to 01/05/2023 [138]. 

 

 Figure 3.5 the area of tidal current velocity data taken from CMEMS 

Figure 3.6 illustrates the tidal current velocity in Pentland Firth from May 2022 to May 2023. 

From this figure it can be seen that the maximum tidal current velocity can reach 4m/s, which 

is enough to allow the Evopod E35 turbine to reach its rated power. 

 

Figure 3.6 (a)Tidal current velocity in Pentland Firth from 01/05/2022 to 01/05/2023; (b)Tidal 
current velocity for a month 
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It should be noted that the data taken from CMEMS is the tidal current velocity at -0.5m 

depth below the surface, but according to [128] Evopod E35 was installed to operate at about 

-5m depth below the sea surface, as shown in Figure 3.7.  

 

Figure 3.7 Evopod E35 profile (taken from [128]) 

In order to get more specific performance of the system model, the speed at -5m below the sea 

surface needs to be calculated. The tidal current velocity profile can be used to calculate the 

speed at a specific depth where the profile can be expressed as [139, 140]: 

𝑈𝑈𝑍𝑍 = 𝑈𝑈0 �
𝑑𝑑−𝑧𝑧
𝑑𝑑
�
� 1
𝛼𝛼𝑝𝑝𝑝𝑝

�
Equation 3.2                                       

where 𝑈𝑈0 is the tidal current velocity at the sea surface,  𝑈𝑈𝑍𝑍 is the tidal current velocity at 

height 𝑧𝑧 above the seabed, 𝛼𝛼𝑝𝑝𝑝𝑝 is a power law, and 𝑑𝑑 is the total height that from seabed to sea 

surface. Considering the Pentland Firth as a tidal stream energy site, the power law can be 

considered to be 7 [141], and the total depth is 35m, so substituting the tidal current velocity 

data into Equation 3.2, the tidal current velocity profile can be obtained. Figure 3.8 shows the 

tidal current velocity profile. Taking the data at point 2508 in Figure 3.6 as an example, it can 

be seen that, at point 2508, the tidal current velocity at -5m below the surface is about 3.14m/s, 

which is lower than the speed at -0.5m depth. 

The data above are a whole year of tidal current velocity, with the interval of 1 hour per point, 

and in order to get a smoother input, spline interpolation was used. Spline interpolation can 

ensure that the new data contains the original data but can increase the number of points with 

smooth changes, this will lead to a more realistic performance compared with the sudden 

changes between two points during an hour in the original data set. Figure 3.9 shows the 

interpolated data set compared with the original data set. It is obvious that the interpolated 
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data has a smoother change than the original data set. Also, in order to use these data as the 

input of the tidal current turbine generation system model in MATLAB/SIMULINK, the 

interpolated data are rectified, as shown in Figure 3.10, this will avoid having a negative 

power input when running the simulation model. 

 

Figure 3.8 Tidal current velocity profile 

 

 

Figure 3.9 Spine interpolated tidal current velocity data verse original data 
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Figure 3.10 MATLAB/SIMULINK rectified input data 

3.2.3 Tidal power and turbine performance 

In order to describe a tidal current turbine specification, a power curve is needed. The power 

curve can present the relationship between tidal current velocity and the generator electrical 

output power. The power that a tidal current turbine can extract from the tidal current flow 

can be expressed by [142]: 

𝑃𝑃𝑡𝑡 = �

0              𝑖𝑖𝑖𝑖 𝑉𝑉𝑇𝑇 < 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐−𝑖𝑖𝑖𝑖 

      
1
2
𝐶𝐶𝑝𝑝𝜌𝜌𝜌𝜌𝑅𝑅2𝑉𝑉𝑇𝑇3    𝑖𝑖𝑖𝑖 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐−𝑖𝑖𝑖𝑖 <  𝑉𝑉𝑇𝑇 < 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

             𝑃𝑃𝑡𝑡−𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟       𝑖𝑖𝑖𝑖 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 <  𝑉𝑉𝑇𝑇 < 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐−𝑜𝑜𝑜𝑜𝑜𝑜

Equation 3.3 

where 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐−𝑖𝑖𝑖𝑖 and 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐−𝑜𝑜𝑜𝑜𝑜𝑜 are the cut-in and cur-out tidal current velocity (m/s) respectively, 

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the rated tidal current velocity, and 𝑃𝑃𝑡𝑡−𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the rated output power of tidal current 

turbine. 

The cut-in tidal current velocity, 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐−𝑖𝑖𝑖𝑖 , is the minimum speed at which the turbine can 

generate enough power to overcome all the of the losses in the system. When the tidal current 

velocity is lower than the cut-in speed, the power extracted from tidal flow is not enough to 

overcome the turbine drive train friction. Even if it can drive the turbine and generator 

rotation, the generator output power may still not be enough to overcome the electrical power 

transformation to the grid, so the active power to the grid may be zero while the generator is 

driven by the turbine under cut-in speed. 
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Between the cut-in speed and the rated tidal current velocity, 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 , the output power 

generated from the turbine and generator increases in proportion to the tidal current velocity. 

When tidal current reaches the rated speed, the turbine and generator produce rated power 

which is the rated operating state that they are designed for, and when tidal current velocity 

goes over rated speed, an approach needs to be taken to limit the turbine and generator 

rotating speed, such as active pitch control or brake, otherwise, the generator will be damaged 

by working for an extended time over its rated state. 

When the tidal current increases, the forces on the turbine increase and it may exceed the tidal 

turbine design limit or cut-out speed, 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐−𝑜𝑜𝑜𝑜𝑜𝑜.  This means that the turbine must be shut 

down to avoid turbine system being damaged. Under this situation, the output power from the 

turbine and generator will be zero [143]. 

Figure 3.11 illustrates the Evopod E35 turbine output power verses tidal current velocity 

curve. It can be seen from this figure that when the tidal current is higher than cut-in speed, 

the turbine output starts to increase following Equation 2.2, when it reaches the rated speed, 

the output power is equal to the rated power, and once the speed is over cut-out speed, the 

turbine is shut down and output power then become zero. The black line in this figure is the 

power defined from Equation 3.3. 

 

Figure 3.11 Evopod E35 turbine power verses tidal current velocity curve 
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3.3 Generator Model 

This section will present the dynamic model of the PMSG. The model of the PMSG in a dq-

axis equivalent circuit form is shown in Figure 3.12 [144].  

 
Figure 3.12 PMSG dq equivalent circuit 

From the equivalent circuit, the voltage equations of the PMSG in the dq-axis can be 

expressed as follows [144]: 

𝑣𝑣𝑑𝑑𝑑𝑑 = −𝑅𝑅𝑠𝑠𝑖𝑖𝑑𝑑𝑑𝑑 − 𝜔𝜔𝑟𝑟𝜆𝜆𝑞𝑞𝑞𝑞 + 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

Equation 3.4                        

𝑣𝑣𝑞𝑞𝑞𝑞 = −𝑅𝑅𝑠𝑠𝑖𝑖𝑞𝑞𝑞𝑞 + 𝜔𝜔𝑟𝑟𝜆𝜆𝑑𝑑𝑑𝑑 + 𝑑𝑑𝜆𝜆𝑞𝑞𝑞𝑞
𝑑𝑑𝑑𝑑

Equation 3.5                     

where 𝑖𝑖𝑑𝑑𝑑𝑑 is d-axis stator current, 𝑖𝑖𝑞𝑞𝑞𝑞 is q-axis stator current, 𝑣𝑣𝑑𝑑𝑑𝑑 is d-axis stator voltage, 𝑣𝑣𝑞𝑞𝑞𝑞 is 

q-axis stator voltage,  𝑅𝑅𝑠𝑠 is the winding (stator) resistance (Ω), 𝜔𝜔𝑟𝑟 is the electrical rotational 

speed (rad/s), 𝜆𝜆𝑞𝑞𝑞𝑞 and 𝜆𝜆𝑑𝑑𝑑𝑑 are dq-axis stator flux (Wb) and can be  defined as follows [144]: 

𝜆𝜆𝑑𝑑𝑑𝑑 = −𝐿𝐿𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 + 𝜆𝜆𝑟𝑟 Equation 3.6                     

𝜆𝜆𝑞𝑞𝑞𝑞 = −𝐿𝐿𝑞𝑞𝑖𝑖𝑞𝑞𝑞𝑞 Equation 3.7                              

where 𝐿𝐿𝑑𝑑 and 𝐿𝐿𝑞𝑞 are the winding (stator) inductance (H), 𝜆𝜆𝑟𝑟 is the rotor (permanent magnet) 

flux (Wb). Substituting Equations 3.6 and 3.7 into 3.4 and 3.5 gives: 

𝑣𝑣𝑑𝑑𝑑𝑑 = −𝑅𝑅𝑠𝑠𝑖𝑖𝑑𝑑𝑑𝑑 + 𝜔𝜔𝑟𝑟𝐿𝐿𝑞𝑞𝑖𝑖𝑞𝑞𝑞𝑞 − 𝐿𝐿𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

Equation 3.8                      

                         𝑣𝑣𝑞𝑞𝑞𝑞 = −𝑅𝑅𝑠𝑠𝑖𝑖𝑞𝑞𝑞𝑞 − 𝜔𝜔𝑟𝑟𝐿𝐿𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 − 𝐿𝐿𝑞𝑞
𝑑𝑑𝑑𝑑𝑞𝑞𝑞𝑞
𝑑𝑑𝑑𝑑

+ 𝑤𝑤𝑟𝑟𝜆𝜆𝑟𝑟 Equation 3.9 
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Rearranging the dq-axis voltage Equations 3.8 and 3.9 gives the dq-axis current equations: 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −
𝑅𝑅𝑠𝑠
𝐿𝐿𝑑𝑑

+
𝐿𝐿𝑞𝑞
𝐿𝐿𝑑𝑑
𝜔𝜔𝑟𝑟𝑖𝑖𝑞𝑞𝑞𝑞 +

𝑣𝑣𝑑𝑑𝑑𝑑
𝐿𝐿𝑑𝑑

Equation 3.10 

                             
𝑑𝑑𝑑𝑑𝑞𝑞𝑞𝑞
𝑑𝑑𝑑𝑑

= −
𝑅𝑅𝑠𝑠
𝐿𝐿𝑞𝑞
𝑖𝑖𝑞𝑞𝑞𝑞 −

1
𝐿𝐿𝑞𝑞
𝜔𝜔𝑟𝑟(𝐿𝐿𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 + 𝜆𝜆𝑟𝑟) +

𝑣𝑣𝑞𝑞𝑞𝑞
𝐿𝐿𝑞𝑞

Equation 3.11 

The electromagnetic torque is then given by: 

𝑇𝑇𝑒𝑒 =
3
2
𝑝𝑝�𝑖𝑖𝑞𝑞𝑞𝑞𝜆𝜆𝑑𝑑𝑑𝑑 − 𝑖𝑖𝑑𝑑𝑑𝑑𝜆𝜆𝑞𝑞𝑞𝑞� Equation 3.12 

where 𝑝𝑝 is the number of pole pairs. Substituting Equations 3.6 and 3.7 into 3.12 gives: 

                           𝑇𝑇𝑒𝑒 =
3
2
𝑝𝑝�𝑖𝑖𝑞𝑞𝑞𝑞𝜆𝜆𝑟𝑟 − �𝐿𝐿𝑑𝑑 − 𝐿𝐿𝑞𝑞�𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑞𝑞𝑞𝑞� Equation 3.13 

No specific generator data was available for the Evopod E35 therefore, in this thesis, a 

generator which could match the E35 turbine requirements was chosen. After consulting with 

several manufacturers, the Qingdao Greef New Energy Equipment Co. Ltd 

(https://www.greefenergy.com/) were able to provide permanent magnet generators which can 

meet the requirements of the E35 turbine, and were able to provide detailed generator 

parameters. The model they can provide is GDF-355L, which is a 60rpm, 35kW permanent 

magnet generator. Table 3.2 illustrates the main electrical parameters of GDF-355L.  

This generator’s rated power is 35kW, which matches the rated power of the E35 turbine. 

This means that when the turbine is operating at its rated condition, the generator is also at 

rated state, this will not waste energy that is captured by the turbine.  

From Section 3.1.3, the optimal value of power coefficient 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and tip speed ratio 𝜆𝜆𝑜𝑜𝑜𝑜𝑜𝑜 of 

the E35 turbine model respectively are 0.3294 and 3.774, and substituting these into Equation 

2.1, shows that when the E35 turbine is operating under rated conditions, the rotational speed 

will be 3.948rad/s which is approximately 37.72rpm. Hence when the E35 rotates at 37.72rpm, 

it can provide 35kW output power. The GDF-355L generator’s rated rotational speed is 

60rpm, thus in order to match this with the turbine, a gear box is needed, and the gear ratio is 

1:1.6. The use of gear boxes is common in tidal current turbine systems. As discussed in 

Chapter 2 the MeyGen project and O2 project both have gear boxes in the system. Generally 

the efficiency of gear boxes will is 98%-99% [61], which means that in the system simulation, 

this will not affect the turbine and generator output significantly. With the aim to simplify the 

simulation model, the inertia of the gear box is added to the generator inertia, which can 
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simulate the dynamics of the drive train system. 

Parameters Value 

Rated power (kW) 35 

Rated rotate speed (rpm) 60 

Rated voltage (Vac) 380 

Rated current (A) 53.2 

Start torque (N.m) 113.1 

Rated torque (N.m) 5655.7 

Number of poles 40 

Stator phase resistance (Ohm) 0.481 

Inductances (H) Ld=0.0087; Lq=0.01031 

Torque Constant (N.m/A_peak) 82 

Flux linkage (Wb) 2.733 

Inertia (kg.m2) 15.05 

Viscous damping properties (N.m/rad) 0.886652 

Table 3.2 GDF-355L permanent magnet generator parameters 

3.4 Generator Side Convert Control Test Model 

3.3.1 Power convertor 

Power convertors are widely used in wind turbine generation systems, and given the similarity 

of the power conversion system, the tidal current turbine generation system also needs power 

convertors. The power convertors can control the generator rotation speed at a desired value, 

and during this control process can ensure that the turbine captures power from the tidal 

current flow efficiently. Generally, in the generation system with a PMSG as the generator, 

the full power rating back-to-back convertor will be chosen. The back-to-back convertors can 

decouple the generator from the grid, control the generator rotation speed, and can also 

control the active and reactive power to improve the power quality [145, 146]. This section 

will present the generator side convertor control strategy. This is the basic control method of a 

tidal current turbine generation system for both stand-alone system and grid connection 

system. The grid side convertor control will be illustrated in Chapter 4. 

On the generator side, the convertor can transfer the PMSG three-phase AC current to DC 

current. In order to maintain the DC link voltage at a constant value, the control method needs 

to use the dq-axis current to control the speed and output power to create firing angle times 

for each switching device. The control strategies are introduced in the following sub-sections 
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[146]. Figure 3.13 shows the generator side convertor topology.  

 

Figure 3.13 generator side convertor topology 

3.3.2 Axis reference frame transfer  

(1) abc/dq transformation 

The axis reference frame transformation can simplify the machine analysis and relevant 

control strategies in simulations. The most commonly used are abc/dq transformations and 

abc/αβ transformations [144]. Figure 3.14 shows the axis reference frame transformation for 

abc/dq. For a space vector 𝑥⃗𝑥 in the abc-axis reference frame, if 𝑥⃗𝑥 rotates with the speed 𝜔𝜔 the 

value of each phase can be calculated by projection of space vector 𝑥⃗𝑥 to the abc-axis, such as 

in Figure 3.14 the components on abc-axis respectively are 𝑥𝑥𝑎𝑎, 𝑥𝑥𝑏𝑏 and 𝑥𝑥𝑐𝑐. 

 
Figure 3.14 abc/dq transformation 

For the rotating dq-aixs reference frame, if the dq-axis reference frame rotates with the speed 
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𝜔𝜔, and the angle between the a-axis and d-axis is θ, then the relationship between speed 𝜔𝜔 

and angle θ is 𝜔𝜔 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

. Using trigonometric functions, the rectangular projection of 𝑥𝑥𝑎𝑎, 𝑥𝑥𝑏𝑏 and 

𝑥𝑥𝑐𝑐 on the dq-axis can be obtained. For 𝑥𝑥𝑑𝑑: 

𝑥𝑥𝑑𝑑 = 𝑥𝑥𝑎𝑎 cos 𝜃𝜃 + 𝑥𝑥𝑏𝑏 cos �
2
3
𝜋𝜋 − 𝜃𝜃� + 𝑥𝑥𝑐𝑐 cos(

4
3
𝜋𝜋 − 𝜃𝜃)          Equation 3.14 

Thus, the function of the transfer from the abc-axis to dq-axis is as follows: 

                  �
𝑥𝑥𝑑𝑑
𝑥𝑥𝑞𝑞� =

2
3
�

cos 𝜃𝜃 cos �𝜃𝜃 −
2
3
𝜋𝜋� cos �𝜃𝜃 +

2
3
𝜋𝜋�

− sin 𝜃𝜃 − sin �𝜃𝜃 −
2
3
𝜋𝜋� − sin �𝜃𝜃 +

2
3
𝜋𝜋�
� �
𝑥𝑥𝑎𝑎
𝑥𝑥𝑏𝑏
𝑥𝑥𝑐𝑐
� Equation 3.15 

And using Equation 3.15 an abc/dq transformation module can be created in the MATLAB 

simulation, which is illustrated in Appendix A.3.  

By using matrix operations, the dq/abc axis transformation function can be written as: 

                              �
𝑥𝑥𝑎𝑎
𝑥𝑥𝑏𝑏
𝑥𝑥𝑐𝑐
� =

⎣
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⎢
⎢
⎡
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cos �𝜃𝜃 −
2
3
𝜋𝜋� − sin �𝜃𝜃 −

2
3
𝜋𝜋�

cos �𝜃𝜃 +
2
3
𝜋𝜋� − sin �𝜃𝜃 +

2
3
𝜋𝜋�⎦
⎥
⎥
⎥
⎤

�
𝑥𝑥𝑑𝑑
𝑥𝑥𝑞𝑞� Equation 3.16 

The simulation module in MATLAB is shown in Appendix A.4 

 

(2) abc/αβ transformation 

The αβ axis reference frame is stationary, thus making angle θ equal to zero in Equation 3.14 

gives the αβ axis and the function is: 

�
𝑥𝑥α
𝑥𝑥β� =
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3
⎣
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−
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𝑥𝑥𝑐𝑐
� Equation 3.17 

And from Equation 3.17 the αβ/abc transformation function becomes: 

�
𝑥𝑥𝑎𝑎
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𝑥𝑥α
𝑥𝑥β� Equation 3.18 
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From the abc/dq equations and abc/ αβ equations, the dq/ αβ transformation can be written as: 

�
𝑥𝑥α
𝑥𝑥β� = �cos 𝜃𝜃 − sin𝜃𝜃

sin𝜃𝜃 cos 𝜃𝜃 � �
𝑥𝑥𝑑𝑑
𝑥𝑥𝑞𝑞� Equation 3.19 

And the simulation module in MATLAB is presented in Appendix A.5. 

3.3.3 Zero-d axis current (ZDC) control  

In this project, a current control method has been chosen which is Zero d-axis current control. 

The Zero d-axis current is widely used in industry, it can provide an efficient solution, and the 

control algorithm is simple, high efficiency and can decrease the system loss [147, 148].  

After transfer from the abc-axis reference frame to the dq reference frame, the d-axis 

component, 𝑖𝑖𝑑𝑑𝑑𝑑 is controlled to zero. When the d-axis stator current equals zero, the PMSG 

stator current is equal to the q-axis component, 𝑖𝑖𝑞𝑞𝑞𝑞 . It can be illustrated in the following 

equations [144]: 

�
𝚤𝚤𝑠𝑠��⃗ = 𝑖𝑖𝑑𝑑𝑑𝑑 + 𝑗𝑗𝑖𝑖𝑞𝑞𝑞𝑞

𝑖𝑖𝑠𝑠 = �𝑖𝑖𝑑𝑑𝑑𝑑2 + 𝑖𝑖𝑞𝑞𝑞𝑞2
Equation 3.20 

In Equation 3.20, if 𝑖𝑖𝑑𝑑𝑑𝑑  equals zero, then 𝑖𝑖𝑠𝑠  will be equal to 𝑖𝑖𝑞𝑞𝑞𝑞 . Then the electromagnetic 

torque, Equation 3.13, can be simplified as: 

𝑇𝑇𝑒𝑒 =
3
2
𝑝𝑝𝑖𝑖𝑞𝑞𝑞𝑞𝜆𝜆𝑟𝑟 Equation 3.21 

From Equation 3.21, the generator electromagnetic torque is proportional to 𝑖𝑖𝑞𝑞𝑞𝑞, and in the 

steady state, the electromagnetic torque is equal to the generator torque. The current 𝑖𝑖𝑞𝑞𝑞𝑞 can 

then be calculated by: 

𝑖𝑖𝑞𝑞𝑞𝑞 =
2𝑇𝑇𝑒𝑒

3𝑝𝑝𝜆𝜆𝑟𝑟
Equation 3.22 

The diagram of zero d-axis control is shown in Figure 3.15, in which the PWM rectifier 

controls the active power of the system. This can be achieved by controlling the 

electromagnetic torque. The electromagnetic torque can be controlled by  𝑖𝑖𝑞𝑞𝑞𝑞 in Equations 

3.21 and 3.22. The 𝑖𝑖𝑞𝑞𝑞𝑞 and 𝑖𝑖𝑑𝑑𝑑𝑑 current errors will be injected into the PI controllers to generate 

𝑣𝑣𝑞𝑞𝑞𝑞  and 𝑣𝑣𝑑𝑑𝑑𝑑  by using current Equations 3.10 and 3.11, and then by using the dq/abc axis 

transformation, this will be passed to the PWM rectifier to generate the pulses to control the 

switches of the converter. 
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Figure 3.15 The generator side control structure 

According to Figure 3.15 and Equations 3.10 and 3.11 the current control loop of the 

generator side converter can be built in MATLAB, and the current control loop model is 

shown in Appendix A.6. In the tidal current control loop, through two PI controllers, the real 

d-axis and q-axis current can be adjusted to follow the reference value, and the outputs of the 

PI controllers are used to calculate d-axis and q-axis voltage through Equations 3.10 and 3.11. 

The detailed model can be seen in Appendix A.6. 

PI controllers are widely applied in tidal energy systems due to their ability to enhance 

stability and accuracy. Given the fluctuating nature of tidal flow, PI controllers can adjust 

system response to maintain steady generator power and frequency [149].  The proportional 

(P) part enables quick response, while the integral (I) part reduces steady state error, ensuring 

output despite tidal flow variability [150]. Thus, in this thesis, PI controllers are applied to 

control the speed, current and voltage. 

3.3.4 Speed control  

The speed control is the outer control loop. Injecting the error of the speed into the PI 

controller gives the torque demand and then by using Equation 3.22 the reference 𝑖𝑖𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 can be 

calculated. The block diagram of the speed control loop is shown in Figure 3.16. 
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Figure 3.16 Speed control block diagram 

The reference speed value can be calculated from the Maximum Power Point Tracking 

(MPPT). MPPT needs to be used in the control strategies of the tidal current turbines to 

maximise the power coefficient and hence energy captured. The principle of the MPPT 

algorithms is as follows: 

𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 =
𝜆𝜆𝑜𝑜𝑜𝑜𝑜𝑜𝑉𝑉𝑇𝑇
𝑅𝑅

Equation 3.23 

where 𝜆𝜆𝑜𝑜𝑜𝑜𝑜𝑜 is the value of tip-ratio speed that maximises the coefficient 𝐶𝐶𝑝𝑝. The output of the 

MPPT block is used as the reference value for the rotor speed control [45]. 

The speed control loop model in MATLAB is illustrated in Appendix A.7. This model is built 

based on Figure 3.16and Equation 3.22. The speed loop provides the q-axis reference current 

that is used in the current control loop.  

Based on Figure 3.15 and combining all the control loops together, the tidal current turbine 

system generator side control can be simulated in MATLAB. The model is illustrated in 

Appendix A.8. In this model, the input torque of the generator is set as a constant to test the 

system operation, the input torque is 5656 Nm, which is the rated torque of the generator. 

Also, there is a load control loop in this model, the aim of which is to control the load voltage, 

which can be seen as the DC link voltage. The DC link voltage needs to be controlled in the 

grid converter control part, so the load voltage control loop is to test whether the DC link 

voltage is controllable. 

The load voltage is controlled by an IGBT switch, and the IGBT is controlled by a PWM 

signal provided by a PI controller. The actual load voltage is compared with the reference 

voltage and then the errors are injected into PI controller. 

3.3.5 Evaluation of the generator side convertor control test model 

Tests were carried out to evaluate the tidal current turbine system generator side converter 

control model. The operation of the converter control in terms of accuracy and speed of 

response was investigated. 



52 
 

Figure 3.17 shows the speed control loop performance. In this figure, the red line is the 

reference value which has been set as the rated speed of the generator (60 rpm), and the blue 

line is the actual value. It can be seen from this figure that the generator speed overshoots the 

demand at first, then converges to the reference speed and reaches the steady state after about 

0.75s. During the steady state, the generator rotational speed is stable, and stays at the 

reference speed. This means that the speed control loop is working, has a fast response time 

and it is stable. 

The PI tuning process was manual: first disable the integral parameter (set to zero), and start 

with a low proportional value, then observe the results, and increase the proportional value by 

doubling the value until the result oscillates, and then adjust the proportional value down by 

half of the value. Then start to adjust the integral parameter with a small value and increase it 

by doubling the value. When oscillation of the output occurs, the result is near the reference 

value. Finally, adjust both the proportional and integral values by small steps to get the 

desired performance. The tuning processes of the other two control loops (d-axis and q-axis 

control) are the same. 

 

Figure 3.17 Speed control loop result 

The current control loop results are shown in Figure 3.18 and Figure 3.19. As mentioned in 

Section 3.3.3, the aim of the d-axis current control loop is to regulate the d-axis current to 

zero. Figure 3.18 is the d-axis current, where the red line is the d-axis reference value which 

has been set as zero, and the blue line is the actual d-axis current. The actual value converges 

to the red line and fluctuates around the reference value after 0.75s, remaining stable after 
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reaching the steady state.  

Figure 3.19 is the q-axis current control loop result, where again the red line is the q-axis 

reference current which is the output of the speed control loop, and the blue line is the q-axis 

current. It can be seen in this figure that the reference value changes rapidly before 0.75s, and 

at first, the error between the reference value and actual value is large, and the real value then 

converges to the reference value. When the error is reducing, the convergence trend is clear, 

and after 0.75s, the actual current reaches the reference value and remains stable during the 

steady state. 

The load voltage is illustrated in Figure 3.20 where the red line is the reference value and is 

set as 605 V, to ensure that the converter can provide appropriate AC voltage. In the grid-

connected system, with the aim to transfer the power to the grid (380V phase-phase voltage), 

the converter needs to provide at least the same peak voltage to the grid, which is �380𝑉𝑉
√3

� ×

√2 ≈ 310𝑉𝑉. Generally the DC-link voltage will be 1.5 to 2 times higher than the grid peak 

value, thus the range of DC-link voltage should be from 460V to 620V. The simulation grid 

side converter control will be presented in Chapter 4. The full grid-connected system 

simulation will finally decide the DC-link voltage. The blue line is the actual load voltage. In 

this figure, the actual voltage overshoots at first and then converges to the reference value. 

After about 0.75s it reaches the steady state and remains stable.  

 

Figure 3.18 d-axis current control loop result 
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Figure 3.19 q-axis current control loop result 

 

Figure 3.20 Load voltage control loop result 

3.4 Summary  

This chapter mainly discussed the tidal current turbine model development in 

MATLAB/SIMULINLK basic on the ¼ scale Evopod E35 turbine, and the generator model 

created based on the GDF-355L PMG. Also, it introduced the tidal current velocity data and 

the power that the turbine can extract form the tidal current flow. A test model of generator 

side converter is illustrated as well as the control strategies. Finally, some results of this test 

model are presented. From the results above, it can be seen that the tidal current turbine 

system generator side converter control is working correctly, and has a fast response time, 
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which can make the system reach steady state after 0.75s. The system is stable during the 

steady state, which can be seen from the generator rotational speed and load voltage, when the 

system reaches steady state, the value of generator speed and load voltage remain at the 

reference and rated values respectively. Also, the load voltage is controllable, it has been 

controlled at 605V, and thus this model can be connected with the grid side converter control 

model and transfer power to the grid.  

Based on the model developed in this chapter, an energy storage module and a boost 

converter can be added to make a stand-alone system model. Also, the model in this chapter 

can be combined with a grid side converter to give a grid-connected system model and control 

strategies can then be applied in the complete grid-connected system to control the turbine 

and generator without tidal current velocity sensor. The detailed model development and 

results for both the stand-alone and grid connected systems with P&O control strategies are 

presented in the next chapter. 
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Chapter 4. Tidal Current Speed Sensor-less MPPT Control with 

Perturb and Observe Methodology 

Chapter 3 introduced the tidal current turbine and generator modelling and also tested the 

generator side convertor control. The models in Chapter 3 will be used as the basis for this 

chapter to develop the completed model and control strategy applications. In order for the 

system to operate without a tidal current velocity sensor, Perturb and Observe (P&O) control 

is developed as the control strategy in the models in this chapter. The P&O control can track 

the maximum power point without having a signal from the tidal current speed sensor, which 

means that the system can avoid the need for maintenance of the tidal current speed sensor if 

it becomes lost or damaged. In this chapter, based on the tested model in Chapter 3, two 

systems will be presented: one is a stand-alone tidal current turbine generation system in 

which the output of the tidal current turbine is directly connected to the load and an energy 

storage system to store the extra energy, while the other one is a grid connected system, 

combined with a grid side convertor model in which the output power is transferred to the 

power network via a grid side converter. The P&O control design for the stand-alone system 

and grid-connected system are illustrated, with the input of the stand-alone system as a step 

change to test the dynamic response of the P&O control; while the input of the conventional 

grid-connected system will be both a step change and a ramp change to test the P&O control 

performance under sudden and continuous changes. The results and discussion will be 

presented at the end of the chapter.  

4.1 Maximum Power Point Tracking (MPPT) 

Maximum Power Point Tracking (MPPT) is widely used in Photovoltaic (PV) energy systems 

and wind turbine generation systems in order to track the maximum power point of PV arrays 

and wind turbines [151]. 

For a given tidal current turbine, the power that is captured by the turbine varies with tidal 

current velocity. Equations 2.1 and 3.1 determine the variation of the turbine output power 

versus rotor speed and Figure 4.1 shows the relationship between power that the case study 

turbine can produce and the turbine rotor speed. It can be seen that for each tidal current speed, 

there is a corresponding rotor speed that maximises the turbine output power, and in this 

figure, the black line is the optimal power curve. The MPPT control aims to make the system 

operate at the speed matching the black line to get the maximum output power. 
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Figure 4.1 Tidal current turbine output power vs rotor speed under different tidal speed 

4.2 Perturb and Observe Control (P&O) 

Perturb and Observe (P&O) control does not rely on the turbine characteristics. This means 

that the tidal current speed sensor is not needed, which will reduce the failures that are caused 

by the loss of or damage to tidal current speed sensors.  

P&O control is also known as hill climb search control. The basic theory of this method is one 

of creating changes in rotor speed and observing the corresponding changes in power. The 

searching process is illustrated in Figure 4.2, the control schematic diagram is shown in 

Figure 4.3, and the flow diagram is in Figure 4.4.  

During the searching process, the P&O control continuously gives the generator a reference 

speed, and the control system adjusts the actual generator speed to follow this reference. The 

reference speed is increased or decreased by ∆𝜔𝜔 in each step. In the tidal current turbine 

generation system, the output voltage is proportional to the generator speed, so the change in 

generator speed leads to a change in output power by an amount, ∆𝑃𝑃. If ∆𝑃𝑃 > 0, the search 

direction in next step is the same, if ∆𝑃𝑃 < 0, then the search direction is opposite [22, 73, 

152]. 

Figure 4.2 illustrates the searching process. In the searching process, the generator is initially 

operating at a speed 𝜔𝜔𝑛𝑛 , and the corresponding power is 𝑃𝑃𝑛𝑛 , then if the rotor speed is 
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increased by value ∆𝜔𝜔 , the new rotor speed is 𝜔𝜔(𝑛𝑛+1)  and the new power is 𝑃𝑃(𝑛𝑛+1) . 

Comparing the new power 𝑃𝑃(𝑛𝑛+1) and the previous power 𝑃𝑃𝑛𝑛, if 𝑃𝑃(𝑛𝑛+1) > 𝑃𝑃𝑛𝑛 then the method 

keeps increasing rotor speed by an increment ∆𝜔𝜔 until the power reaches the maximum value, 

otherwise it decreases the rotor speed by the increment ∆𝜔𝜔.  

 
Figure 4.2 P&O control searching process 

 
Figure 4.3 P&O control flow chart 
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Figure 4.4 P&O control diagram 

In the conventional searching process, the rotor speed is continuously adjusted by a constant 

increment or decrement of ∆𝜔𝜔 at each step. Figure 4.2 and Figure 4.3 can be used to design 

the P&O control code for a conventional tidal current turbine generation system. 

4.3 Typical P&O Control Model 

In tidal current turbines, like in wind turbines, a method has to be implemented to deal with 

fluid flow (tidal current or wind) speed sensors. Solutions to this have included P&O control. 

However, the systems that use P&O control are different from conventional tidal current 

turbine generation systems. This section will illustrate a typical model with P&O control 

applied.  

4.3.1 Stand-alone tidal current turbine system model 

Unlike the conventional model, the stand-alone model uses an uncontrolled rectifier to 

transfer the three-phase alternating current from the generator to direct current, while the 

conventional model uses a controllable generator side converter. In the stand-alone system, 

the output power transfer is controlled by a boost converter which increases the DC voltage.  

Figure 4.5 shows the block diagram of the stand-alone system. In this figure, the tidal current 

turbine and generator are the same as those in the conventional model. The P&O control loop 

is used to provide the switch signal for the boost converter, and the output DC voltage and 

current are used to calculate the changes in the output power for the P&O control. Generally, 

the stand-alone system does not connect with the grid, usually it is connected directly to DC 

loads or an energy storage system (such as a battery). In this system, the output DC voltage of 

the uncontrolled rectifier varies following changes in the tidal current from which the output 

power of the generator is changed. A boost converter can be used to control the active power 

of the turbine. The power of the generator is proportional to rotor speed, so controlling the 

boost converter can control the generator speed, which in turn can control the turbine speed to 

make it work near the maximum power point. The energy storage can store the extra power 

that the turbine generates from the tidal current and can also balance the load voltage to 

ensure that the load voltage remains stable. 
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Figure 4.5 Stand-alone tidal current turbine system 

4.3.2 Stand-alone system P&O control 

The P&O control basic theory has been illustrated in section 4.2, and this section will show 

the P&O control that will be used in the stand-alone system. The control objectives and output 

of P&O in these two systems are different: in the conventional tidal current turbine system, 

the output of the P&O control is the generator reference speed whereas in the stand-alone 

system, the output of P&O control is the boost converter switch signal. 

In a permanent magnet generator (PMG) based tidal current turbine system, the output 

electrical power of a three-phase generator can be expressed by [41]: 

𝑃𝑃𝑒𝑒 = 3𝑣𝑣𝑎𝑎𝑖𝑖𝑎𝑎 Equation 4.1 

Where 𝑣𝑣𝑎𝑎  is the phase voltage and 𝑖𝑖𝑎𝑎  is the phase current, and the induced electromotive 

force is: 

𝐸𝐸𝑎𝑎 = 𝐾𝐾𝑒𝑒𝜔𝜔𝑟𝑟 Equation 4.2                                             

Where 𝐾𝐾𝑒𝑒   is the induced electromotive force constant and 𝜔𝜔𝑟𝑟  is the rotor angular speed. 

Then the phase current 𝑖𝑖𝑎𝑎 can be expressed as: 

𝑖𝑖𝑎𝑎 =
𝐸𝐸𝑎𝑎 − 𝑈𝑈𝑎𝑎
𝑅𝑅𝑎𝑎

=
𝐾𝐾𝑒𝑒𝜔𝜔𝑟𝑟 − 𝑣𝑣𝑎𝑎

𝑅𝑅𝑎𝑎
Equation 4.3 

The electric power then can be obtained from: 

𝑃𝑃𝑒𝑒 =
3(𝐾𝐾𝑒𝑒𝜔𝜔𝑟𝑟 − 𝑣𝑣𝑎𝑎)𝑣𝑣𝑎𝑎

𝑅𝑅𝑎𝑎
Equation 4.4 
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For the three-phase generator, ignoring the voltage drop across the diodes, the relationship 

between phase voltage 𝑈𝑈𝑎𝑎 and DC output voltage 𝑈𝑈𝑑𝑑𝑑𝑑 can be describe as: 

𝑈𝑈𝑑𝑑𝑑𝑑 = 2.34𝑣𝑣𝑎𝑎 Equation 4.5 

Substituting Equation 4.5 into Equation 4.4 gives: 

𝑃𝑃𝑒𝑒 =
(2.34𝐾𝐾𝜔𝜔𝑟𝑟 − 𝑈𝑈𝑑𝑑𝑑𝑑)𝑈𝑈𝑑𝑑𝑑𝑑

1.83𝑅𝑅𝑎𝑎
Equation 4.6 

From Equation 4.6 it can be seen that when the rotor speed is specified as certain values, the 

maximum power point is at: 

𝑑𝑑𝑑𝑑𝑒𝑒
𝑑𝑑𝑈𝑈𝑑𝑑𝑑𝑑

= 0 Equation 4.7 

Equation 4.7 means that by adjusting the DC voltage 𝑈𝑈𝑑𝑑𝑑𝑑 the maximum power point can be 

tracked. The searching process theory is the same as in the conventional system, which was 

illustrated in Figure 4.2. The control diagram figure and control flowchart however are 

different and are shown in Figure 4.6 and Figure 4.7 respectively. 

 
Figure 4.6 Stand-alone system P&O control diagram 

 
Figure 4.7 Stand-alone system P&O control flow chart 
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From Figure 4.2, Figure 4.6 andFigure 4.7 the P&O control system can be built in the 

simulation model. 

The P&O control block diagram is shown in Figure 4.8, and the P&O control simulation 

model in MATLAB is in Appendix B.1. In Figure 4.8, it can be seen that P&O control does 

not require knowledge of the tidal current turbine generation system’s characteristics, it 

only needs the DC side voltage and current as the input. Thus, the system can operate near 

the maximum power point without the readings of the tidal current speed sensor and the 

generator speed sensor. 

After building the P&O control part, it was then integrated into the overall stand-alone system 

in MATLAB, and the simulation model is presented in Appendix B.2. In this figure, the input 

of the system is tidal current speed, the boost converter is controlled by the P&O control, and 

the energy storage module is controlled by an IGBT switch to control the load DC voltage. 

 

 

 

 

 

Figure 4.8 Stand-alone system P&O control block diagram 

4.3.3 Results and discussion 

Tidal current speed is the input of the whole system, and for the purposes of testing the 

dynamic response, there is a step change in tidal current velocity from 1.75m/s to 2.25m/s at 

10s of the simulation time to demonstrate the control operation. Figure 4.9 shows the 

generator rotor speed result, where the red line is the optimal rotor speed, and the blue line is 

the real rotor speed. In this figure, it can be seen that the rotor speed converges to the optimal 

value in the first 5s and the real rotor speed then fluctuates around the optimal rotor speed 

value. After the step change in tidal current speed at 10s, the speed tracks the change in 

optimal value quickly. It should be noted that the system mechanical inertia is modelled 

within the generator block.  
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Figure 4.9 Generator rotational speed 

  
Figure 4.10 Power coefficient  

 

Figure 4.11 Root-Mean-Square (RMS error) of power coefficient  
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Figure 4.10 is the power coefficient curve. It is clear that the actual power coefficient is very 

close to the maximum value (0.3294) with only a small fluctuation. The Root-Mean-Square 

(RMS) error of the power coefficient is illustrated in Figure 4.11; after the system stabilises, 

the RMS value is less than 0.05 and in an acceptable range. 

Figure 4.12 presents the load voltage; the load is connected in parallel with the energy storage 

module. The energy storage configuration is intended to emulate the function of a battery. 

There is an IGBT switch in the energy storage module, it is controlled by a PI controller and 

PWM generator so that the energy storage can balance the extra power that is captured by the 

turbine and control the load voltage to a constant value. In Figure 4.12 it can be seen that the 

voltage is controlled, and it is stable after 5s with less than 0.05% error. The furthermore 

P&O control test will be illustrated in the following sections. 

 
Figure 4.12 Load voltage control 

4.4 P&O Control Application in Conventional Model 

The sections above had presented the P&O control applied in a stand-alone tidal current 

turbine generation system to control the generator speed without the tidal current velocity 

sensor. Having demonstrated the principle, the P&O control can then be tested in the whole 

grid-connected model. Before connecting the grid side converter control loop to the test 

model presented in Chapter 3, the P&O control needed to be tested in the generator side 

converter model, as the output of the P&O control is different in this case. The output of P&O 

control in the stand-alone system model is the switch signal of the boost converter, while in 

the conventional grid-connected model, the output is designed to be the generator reference 

speed, which can be provided to the generator speed control loop. This section will introduce 

the P&O control design first, then present results of the control test on the generator side 
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converter model and finally the discussion will look at the grid-connected model with the 

P&O control to achieve the maximum power point tracking to extract the maximum power, 

and proportional integral regulators to control the speed and dq-axis current. 

4.4.1 P&O control design 

In the conventional tidal current turbine generation system, the whole system is connected 

to the grid, so the DC-link voltage is controlled by the grid side converter to maintain 

stability. Thus, in the conventional system, the DC-link voltage cannot be used in the P&O 

control, so the power of the system is used in the P&O control instead. Figure 4.13 shows 

the block diagram of the P&O control implemented in MATLAB, and the P&O control 

method model in MATLAB Simulink is illustrated in Appendix B.3.  

 

Figure 4.13 P&O control model block diagram 

According to the generator side control test model and results in Chapter 3, a system with a 

P&O control model but without the grid side connection can be developed and is presented in 

this section. This model was built to check the P&O operation and Figure 4.14 shows the 

block diagram of the test model. Because in the full system model for a tidal current turbine 

the DC-link voltage is the input to a grid side converter which controls the power of the whole 

system, thus the IGBT switch in Figure 4.5 can control the DC-link voltage to be stable to 

simulate the DC-link voltage state when this model is connected to the grid. 
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Figure 4.14 Tidal current turbine generation system with P&O control 

The power signal goes into the P&O control algorithm together with the generator rotational 

speed signal and provides a reference generator speed signal as an output to let the speed 

control loop regulate the generator speed and ensure that the system operates in a desired state. 

As mentioned in Section 4.3, the conventional P&O control which applied widely in PV 

system are fixed step size, while in tidal current turbine system, the results with fixed step size 

has disadvantages, for larger step size, the P&O control output value may go over the optimal 

reference speed and with large fluctuations, while small fixed step size may reach the optimal 

value after a long time, or potentially cannot reach the optimal speed before the tidal current 

velocity changes. In Figure 4.15, P&O control output generator reference speed with large 

and small fixed step size are illustrated, it can be seen that with 0.7rpm fixed step size, the 

P&O control overshoots the optimal value significantly while 0.2rpm fixed step size does not 

reach the optimal speed. 

 

Figure 4.15 Fixe step size P&O control output generator reference speed 



67 
 

In order to have a more accurate output value, to make sure that P&O control can track the 

MPP efficiently, P&O control with variable step size can solve the problems in Figure 4.15. 

With an aim to give a variable step size to the P&O control output to compare to the fixed 

step size P&O control that is widely used in PV system and wind turbine system, together 

with the control flow chart of Figure 4.3, the P&O control output generator reference speed 

can be expressed as follows: 

𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 = −𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝛥𝛥𝛥𝛥(𝑛𝑛)�𝐾𝐾 +  𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟(𝑛𝑛−1) Equation 4.8 

where K is the adjustment constant that can make the output of the P&O control vary 

depending on the magnitude of changes in the power, which means that when the changes in 

the power are small, the P&O control output generator reference speed change will also be 

small compared to the fixed step size, of which the changes of P&O control output will be the 

same value.     

4.4.2 Generator side connection with P&O control 

The results of the generator side connection model are presented in the following figures. 

Figure 4.16 shows the generator rotor reference speed which is also the output of the P&O 

control. The generator side converter control will regulate the generator rotor speed to follow 

the reference speed, so that the turbine will operate in the optimal tip-speed ratio range. It can 

be seen from Figure 4.16 that the P&O control is a three-level operation, and it is also a 

variable step size algorithm. The step size is smaller when the reference speed is nearer the 

optimal value than when it is in the searching process. 

Figure 4.17 illustrates the tidal current turbine power coefficient value; the real power 

coefficient, is very close to the maximum value, and it is clear that the turbine coefficient is 

close to the maximum value and oscillates over a small range (less than 1% error) near the 

maximum value. This means that the power that is captured by the tidal current turbine is near 

the optimal value which is the aim of the MPPT algorithm.  

In Figure 4.18 the Root-Mean-Square (RMS) error of the turbine power coefficient is 

presented and it can be seen that the error is very small and would be in an acceptable range. 
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Figure 4.16 Generator rotor reference speed (output of P&O control) 

 
Figure 4.17 Tidal current turbine power coefficient 

 
Figure 4.18 Root-Mean-Square (RMS) error of power coefficient 
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Figure 4.19 shows the generator rotor speed; as mentioned above, the generator rotor speed is 

controlled by the generator side convertor to converge to the generator reference speed. 

Figure 4.20 shows a zoomed in view of the rotor speed, demonstrating that the generator is 

able to follow the reference speed changes rapidly and it is stable during the steady state. This 

means that the P&O control step size and perturb time are acceptable for the system control 

strategy. Figure 4.21 illustrates the DC link voltage, which is controlled to be stable. The 

value of DC voltage depends on the load resistance value and the generator rated power. In 

Figure 4.21, the DC-link voltage is controlled to the desired value, which is the same as it in 

Chapter 3 (605V), also it can be seen that when the tidal current velocity increased at 25s, the 

DC voltage also increased, but that it can then be controlled back to the desired value. This 

also happened in Figure 4.19 where the generator speed overshot for a moment then recovered 

to follow the reference speed. The DC voltage could also be controlled by a grid side 

convertor, which means that this system can be used for grid connection. 

 
Figure 4.19 Generator rotor speed 
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Figure 4.20 Zoomed in view of the generator rotor speed 

 
Figure 4.21 DC-link voltage 

In paper [153], the basic control system of the tidal current turbine uses the same conventional 

system as in this thesis, but with different tidal current turbine and generator. The 

experimental results from [153] can provide a reference for accuracy of the simulation model 

developed in this thesis. Figure 4.22 shows the experimental results of step change tidal 

current velocity input and the corresponding generator rotor speed. If compared Figure 4.20 to 

Figure 4.22(b), if can be seen that the response of generator rotor speed is the same, both can 

reach the desired value after a few seconds, which has proved the model accuracy. 

Another result from [153] is the DC-link voltage, which is illustrated in Figure 4.23, it can be 

seen that, the DC-link voltage maintains at the desired value with some oscillations when the 

tidal current input changes. In Figure 4.21 the voltage maintains the required value, and when 
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tidal current changes, it is controlled back to this value similar to the results of [153], again 

confirming the accuracy of the simulation model results. 

 

Figure 4.22 Experimental results (a) tidal current velocity step change; (b) generator rotational 
speed (figure from [153]) 

 

Figure 4.23 Experimental results DC-link voltage (figure from [153]) 

 

4.4.3 Grid side connection 

In order to connect the tidal current turbine generation system to the grid, a grid side converter 

is needed in the model. The generator side converter can control the speed of the generator, 

while the grid side converter controls the DC-link voltage when controlling the active and 

reactive power transferred to the grid. In Section 3.3 the generator side converter is illustrated; 

the overall topology of the converter that is used in this model is a back-to-back converter, 

and the structure is shown in Figure 4.24 [144]. 
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Figure 4.24 Topology of the back-to-back converter 

The system active and reactive power can be expressed as follows [144]: 

𝑃𝑃𝑔𝑔 =
3
2
�𝑣𝑣𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 + 𝑣𝑣𝑞𝑞𝑞𝑞𝑖𝑖𝑞𝑞𝑞𝑞� Equation 4.9 

𝑄𝑄𝑔𝑔 =
3
2
�𝑣𝑣𝑞𝑞𝑞𝑞𝑖𝑖𝑑𝑑𝑑𝑑 − 𝑣𝑣𝑑𝑑𝑑𝑑𝑖𝑖𝑞𝑞𝑞𝑞� Equation 4.10 

where 𝑣𝑣𝑑𝑑𝑑𝑑 and 𝑣𝑣𝑞𝑞𝑞𝑞 are the grid voltages in dq-axes, 𝑖𝑖𝑑𝑑𝑑𝑑 and 𝑖𝑖𝑞𝑞𝑞𝑞 are the grid currents in dq-

axes. The dynamic equations of the grid side in the synchronously rotating dq axes frame can 

be explained in the following equations: 

𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

=
𝑣𝑣𝑑𝑑𝑑𝑑 − 𝑣𝑣𝑑𝑑𝑑𝑑 + 𝜔𝜔𝑔𝑔𝐿𝐿𝑔𝑔𝑖𝑖𝑞𝑞𝑞𝑞

𝐿𝐿𝑔𝑔
Equation 4.11 

𝑑𝑑𝑖𝑖𝑞𝑞𝑞𝑞
𝑑𝑑𝑡𝑡

= 𝑣𝑣𝑞𝑞𝑞𝑞−𝑣𝑣𝑞𝑞𝑞𝑞−𝜔𝜔𝑔𝑔𝐿𝐿𝑔𝑔𝑖𝑖𝑞𝑞𝑞𝑞
𝐿𝐿𝑔𝑔

Equation 4.12                         

where 𝑣𝑣𝑑𝑑𝑑𝑑 and 𝑣𝑣𝑞𝑞𝑞𝑞 are the grid side converter voltages, 𝜔𝜔𝑔𝑔 is the dq-axes frame rotating angle 

speed, 𝐿𝐿𝑔𝑔 is the three-phase inductance. From the equations above, it can be seen that the 

derivative of d-axis current 𝑖𝑖𝑑𝑑𝑑𝑑 has relationships with both d-axis and q-axis components, and 

the derivative of q-axis is the same, which means that the control is cross coupling, this will 

make the control of the active and reactive powers complex. In this situation, field-oriented 

control is applied in the grid side control. If the grid voltage vector is aligned with the q-axis 

frame, then the q-axis voltage will be equal to the grid voltage which will be 𝑣𝑣𝑞𝑞𝑞𝑞 = 𝑣𝑣𝑔𝑔, and 

𝑣𝑣𝑑𝑑𝑑𝑑 = 0, and substituting 𝑣𝑣𝑑𝑑𝑑𝑑 = 0 into equations 4.9 and 4.10, the active and reactive power 

will be: 
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𝑃𝑃𝑔𝑔 =
3
2
𝑣𝑣𝑞𝑞𝑞𝑞𝑖𝑖𝑞𝑞𝑞𝑞 Equation 4.13 

𝑄𝑄𝑔𝑔 =
3
2
𝑣𝑣𝑞𝑞𝑞𝑞𝑖𝑖𝑑𝑑𝑑𝑑 Equation 4.14 

From Equations 4.13 and 4.14, the active and reactive power can then be controlled by the 

grid d-axis and q-axis current. The grid current component 𝑖𝑖𝑑𝑑𝑑𝑑 can be controlled to zero (then 

𝑄𝑄𝑔𝑔 = 0) through a PI controller to make the system operate under unity power factor. Using 

another PI controller to control the DC-link voltage, the output of the PI controller can be 

used as the reference value of the q-axis current, which represents the active power of the 

system [144, 154]. When the grid side converter is operating in steady state, the converter DC 

side current will be constant, and the converter AC side power will be equal to the DC power, 

which can be expressed as: 

𝑃𝑃𝑔𝑔 =
3
2
𝑣𝑣𝑞𝑞𝑞𝑞𝑖𝑖𝑞𝑞𝑞𝑞 =

3
2
𝑣𝑣𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 Equation 4.15 

From Equations 4.11, 4.12, 4.13 and 4.14, the decoupled control strategy can then be 

explained as [144]: 

                      𝑣𝑣𝑑𝑑𝑑𝑑 = −�𝑘𝑘1 +
𝑘𝑘2
𝑆𝑆
� ∆𝑖𝑖𝑑𝑑𝑑𝑑 + 𝜔𝜔𝑔𝑔𝐿𝐿𝑔𝑔𝑖𝑖𝑞𝑞𝑞𝑞 + 𝑣𝑣𝑑𝑑𝑑𝑑 Equation 4.16 

                      𝑣𝑣𝑞𝑞𝑞𝑞 = −�𝑘𝑘1 +
𝑘𝑘2
𝑆𝑆
� ∆𝑖𝑖𝑞𝑞𝑞𝑞 − 𝜔𝜔𝑔𝑔𝐿𝐿𝑔𝑔𝑖𝑖𝑑𝑑𝑑𝑑 + 𝑣𝑣𝑞𝑞𝑞𝑞 Equation 4.17 

where �𝑘𝑘1 + 𝑘𝑘2
𝑆𝑆
� is the transfer function of the PI controller, and the model of the grid side 

converter control strategy can be developed according to Equations 4.16 and 4.17. Figure 4.25 

is the block diagram of the decoupled control. 
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Figure 4.25 Grid side converter control block diagram 

4.4.4 Complete system simulation 

In this section, a complete tidal current turbine generation system with P&O control which 

combines the generator side control and grid side control together is illustrated. Figure 4.26 

shows the overall system block diagram. In this system the P&O control replaces the 

traditional MPPT algorithm to allow the system to track the maximum power point without a 

tidal current speed sensor. The output power of the generator and generator rotor speed 

signals are used as the input to the P&O algorithm, and the P&O control output is the 

generator reference speed signal. This signal goes into a PI controller to control the system to 

operate at the reference generator speed, and through the two PI controllers on the generator 

side, the q-axis and d-axis voltages are provided and used to provide PWM to control the 

generator side converter switches. 

On the grid connection side, the DC-link voltage is used to compare with a reference value 

through a PI controller to provide q-axis current. Also through two PI controllers on the grid 

side, the d-axis and q-axis voltages are created, and the PWM control signal is generated to 

control the grid side converter switches. The simulation model in MATLAB is illustrated in 

Appendix B. 
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Figure 4.26 Conventional tidal current turbine system model with P&O control
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4.5 Results and discussion 

In order to test the P&O control performance, both step change tidal current input and ramp 

change tidal current inputs were tested in the grid connection model. The ramp input 

simulates a continuously changing tidal current velocity whilst the step tests the dynamic 

performance. The tidal current velocity step change input of the system is from 1.7m/s to 

2.35m/s at 35s, with an overall whole simulation time of 100s, and the ramp change input also 

starts from 1.7m/s and begins increasing at 35s and reaches 2.35m/s at 55s simulation time. 

This will test the grid-connected system with P&O control under sudden change and 

continuously changing tidal current velocity states and how the step size and step time of 

P&O control affect the simulation results. 

4.5.1 Step size and step time 

Figure 4.27 illustrates the P&O control with different step size, it can be seen that the control 

with small step size needs more time to reach the optimal value: step size 0.4 reaches the 

optimal reference speed first, then step size 0.3, but for step size 0.1, 35s is not enough for 

this step size to reach the red line. However the small step size can have smaller fluctuations 

compared with the large step size. In this figure it can be seen that the step size 0.1 has the 

smallest fluctuations, while the fluctuations for step size 0.3 and step size 0.4 are much bigger, 

and during the steady state input phase, step size 0.4 overshoots the optimal value and then 

converges back, which means that the step size can affect the tracking speed and the 

fluctuations during steady states. 

Figure 4.28 shows the P&O control with different step times. From this figure it can be seen 

that a smaller step time of the P&O control can provide shorter tracking time, as the P&O 

control with 0.75s step time in this figure reaches the optimal value first, while 1.75s step 

time is the last one to reach the red line. Also it can be seen that, the output of P&O control 

with smaller step time has more frequent fluctuations during steady state than larger step time. 

If the step time is too small, it will demand a faster response for the generator to follow the 

P&O output generator reference speed. From Figure 4.27 and Figure 4.28 it can be seen that 
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both step size and step time of P&O control can affect the system performance and simulation 

results, thus achieving an optimal performance of tidal current turbine generation system with 

P&O control needs the control strategy to have suitably tuned step size and step time. 

 

Figure 4.27 P&O control output with different step size 

 

Figure 4.28 P&O control output with different step time 

In order to tune the P&O control performance, not only is it necessary to consider the effect of 

the step size and step time, but it is also important to consider the tracking efficiency. The 

tracking efficiency of the MPPT algorithm is a criterion to compare each parameter, where the 
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calculation of the average MPPT tracking efficiency is [155]: 

𝜂𝜂𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)% =
∫𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) 𝑑𝑑𝑑𝑑
∫𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡)𝑑𝑑𝑑𝑑

× 100 Equation 4.18 

where 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 is the actual output power of the tidal current turbine and 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 is the theoretical 

calculated maximum power. The actual output power is calculated from the voltage and 

current sensors of the DC link. The theoretical maximum power is calculated by Equation 3.1. 

The actual power will be less than the theoretical power due to the losses in generator, 

converter and some other stray losses. 

Table 4.1 shows the P&O control average power efficiency under the same step time with 

different step sizes. 

Step size Step input Ramp input 

0.1 86.02% 89.45% 

0.2 86.94% 90.1% 

0.3 88.85% 90.78% 

0.4 88.8% 86.18% 

0.5 89.12% 87.54% 

Table 4.1 Average efficiency of P&O control with different step size under ramp and step 
change tidal current velocity input 

Different step sizes will cause different performance and generally a large step size will make 

the system reach the MPP more quickly but with bigger fluctuations during steady state, as 

discussed above. Figure 4.29 andFigure 4.30 show the instantaneous power efficiency of the 

P&O control under step tidal current velocity input and ramp input respectively.  

Figure 4.29 illustrates the instantaneous power efficiency of the P&O control with different 

step sizes under step change tidal current input. The instantaneous power efficiency is 

calculated as [155]: 

𝜂𝜂𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀% =
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡)
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡)

× 100 Equation 4.19 
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It is clear that the efficiency for smaller step size tracking of the MPP is lower than with 

larger step sizes, such as step sizes 0.1 and 0.2 in this figure. This is because the tracking 

speed of small step sizes is slow, and sometimes cannot reach the optimal speed before the 

tidal current velocity input changes, but during the steady state, it is obviously that the 

fluctuation with large step sizes are bigger than with small step sizes, such as the step size of 

0.5, which reaches the steady state first, but from 60s to the end, the fluctuation is the biggest.  

 

Figure 4.29 P&O control instantaneous power efficiency with different step size under step 
change tidal current velocity input 

Figure 4.30 shows the P&O control instantaneous efficiency with different step sizes under 

ramp change tidal current input. Similar to the step change tidal current velocity input above, 

the large step size can reach the optimal value earlier, and with higher efficiency during the 

tidal current velocity increase period, but the fluctuation during the steady state will be bigger. 

It should also be noticed in this figure that the efficiencies of step sizes 0.4 and 0.5 have a 

significant drop when the input starts to increase, and after approximately 13s the efficiency 

starts to climb back to track the MPP. This drop of the generator reference speed sometimes 

happens in P&O control; this will be discussed later. 
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Figure 4.30 P&O control instantaneous power efficiency with different step size under ramp 
change tidal current velocity input 

In P&O control, as mentioned above, it is not only the step size that can affect the MPPT 

efficiency, but also the step time can affect the tracking speed and the fluctuation during 

steady state. Table 4.2 shows the average tracking efficiency of P&O control with different 

step times under a step size of 0.3. 

Perturb time Step change Ramp change 

0.7s 89.6% 89.91% 

1s 88.67% 86.87% 

1.25s 88.85% 90.78% 

1.5s 88.69% 90.61% 

1.8s 88% 90.26% 

Table 4.2 Average efficiency of P&O control with different perturb time under ramp and step 
change tidal current velocity input 

Figure 4.31 illustrates the instantaneous power efficiency with different step times in response 

to a step change of tidal current velocity input, and from this figure, it can be seen that small 

step times can make the tracking time less, but the fluctuation during steady state will be more 
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frequent, while big step times will have small fluctuation during steady state but take more 

time to track the MPP. For example, the blue line in this figure, which is 0.7s step time: if this 

is compared with the green line (1.8s), after the tidal current velocity increased, the blue line 

reached steady state at about 52s, while the green line reached steady state at about 70s, and it 

is obvious that every 0.7s, the blue line will have an increase or decrease, but the green only 

increase or decrease every 1.8s 

Figure 4.32 shows the instantaneous power efficiency with different step times under the 

ramp change tidal current velocity input. This is very similar to the results under step change 

input, and it is also obvious that the small step time has quick tracking time but comes with 

more frequent fluctuations. Notice again in Figure 4.32 that the step times of 0.7s and 1s have 

an efficiency drop problem, the reason for which is the same as in Figure 4.29. This is caused 

by the P&O control output generator reference speed drop, and this will be discussed in 

Section 4.5.2. 

 

Figure 4.31 P&O control instantaneous power efficiency with different perturb time under 
step change tidal current input 
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Figure 4.32 P&O instantaneous power efficiency with different perturb time under ramp 
change tidal current input 

4.5.2 Drift problem discussion 

Figure 4.33 presents the P&O control generator reference speed with a step size of 0.3 and 

step time of 1.75s. It can be seen that the generator reference speed increase in Figure 4.31 the 

P&O output speed decreases. This causes the instantaneous efficiency drop such as the green 

line in Figure 4.32. When the tidal current speed starts to change, the generator reference 

speed initially decreases and then increases to track the MPP. The control output generator 

reference speed goes in the wrong direction sometimes in P&O control, generally when then 

tidal current velocity input is rapidly changing, and this is referred to as the drift problem. The 

drift problem will affect the P&O control tracking efficiency, slowing down the MPP tracking 

speed. 

The drift problem is caused by the P&O control searching process (shown in Figure 4.2 and 

Figure 4.3). In this process, the control algorithm first detects the change in power and rotor 

speed, and then gives an increase or decrease signal to the generator reference speed. 

According to the control flow chart Figure 4.3, if the change in power is positive and the 

change in rotor speed is negative, then the control signal will be negative, which means that 
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this control signal will result in a decreasing trend in the rotor speed control. 

 

Figure 4.33 P&O control output generator reference speed with 0.3 step size and 1.75s step 
time 

Figure 4.34 illustrates how the drift problem that may happen in the tidal current turbine 

system. In this figure, assume initially that the turbine is operating at point b under a tidal 

current velocity of 1.7m/s, the P&O control is tracking to the MPP on this curve and the 

previous step is point a. When the turbine is operating at point b, if the tidal current velocity 

increases from 1.7m/s to 1.9m/s, the turbine working point will change from b to b’. Thus, at 

turbine rotation speed  𝜔𝜔𝑏𝑏 the corresponding power under 1.9m/s tidal current velocity will be 

𝑃𝑃𝑏𝑏′,  and the P&O control output generator reference speed will be estimated following the 

rules: 𝑃𝑃𝑏𝑏′ − 𝑃𝑃𝑏𝑏 > 0  and 𝜔𝜔𝑏𝑏 − 𝜔𝜔𝑎𝑎 < 0 . According to Figure 4.3, the change in power is 

positive and the change in speed is negative, so the P&O control will provide a negative 

change to the speed, thus for the 1.9m/s tidal current velocity the new operating will be point 

c, which is moving away from the MPP. Again, if the tidal current velocity keeps increasing 

form 1.9m/s to 2.1m/s, when the turbine is operating at point c, under 2.1m/s tidal current 

velocity with turbine rotation speed 𝜔𝜔𝑐𝑐, the operating point will change from c to c’, so the 

output of P&O control will be: 𝑃𝑃𝑐𝑐′ − 𝑃𝑃𝑐𝑐 > 0 and 𝜔𝜔𝑐𝑐 − 𝜔𝜔𝑑𝑑 < 0 . This will again lead to a 

decrease in the turbine rotational speed, which is also moving away from the MPP under a 

tidal current velocity of 2.1m/s. 
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Figure 4.34 P&O control drift problem 

As discussed above, the drift problem that happened with 0.3 step size and 1.75s step time can 

be explained. Figure 4.35 show the changes in power and in generator speed with 0.3 step size 

and 1.75s step time P&O control. From this figure it can be seen that when the tidal current 

speed input starts the ramp change at 35s, the change in power is negative, and the change in 

generator rotor speed is positive. According to Figure 4.3, this will lead to a decrease in the 

generator reference speed. At about 48s, the change in power is negative and the change in 

speed is also negative, and this situation makes the P&O control algorithm give an increasing 

change in the output. Thus, after 48s, the generator reference speed increases to track the MPP 

again. The drift problem is caused by the P&O control algorithm itself. It may happen in the 

P&O control tunning process, thus when choosing the P&O control parameters, the drift 

problem should be considered, as it can reduce the tracking efficiency and make the system 

slow in returning to the desired state. 

 



85 
 

 

Figure 4.35 Changes in power and speed with P&O control with 0.3 step size and 1.75s step 
time 

4.5.3 Performance analysis  

According to the discussion above, the step size and step time can affect the P&O control 

performance and, based on the results in Tables 4.1 and 4.2 and Figure 4.29 to Figure 4.32, a 

group of parameters was selected with 0.3 step size and 1.25s step time. The P&O control 

with these parameters has a good average tracking efficiency and avoids the speed drift 

problems under both step change and ramp change tidal current input.  

Figure 4.36 shows the generator reference speed with 0.3 step size and 1.25s step time under 

step change tidal current input. It can be seen from this figure that the P&O control output 

generator reference speed can track the desired value and varies around it. It first reaches the 

optimal speed at about 20s and then varies around it with maximum 0.7% error. When the 

tidal current velocity start increasing the P&O control output is also increased to converge to 

the optimal value, and at about 55s, the P&O control output reaches the optimal reference 

speed again and fluctuates around the optimal value with maximum 1.7% error. This means 

that the P&O control can give a generator reference speed signal without the tidal current 

speed sensor and can track the MPP with a small error.  

Figure 4.37 presents the turbine output power and generator output electrical power of the 
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system under step change tidal current input. It can be seen that the mechanical power 

produced by the tidal current turbine has reached the theoretical calculated power, this means 

that the P&O control can make the turbine operate near MPP and capture maximum power 

under a given tidal current condition. Also, the output electrical power provided by generator 

follows the tidal current change and, as expected, due to the losses in the power 

transformation process and the losses in the generator (such as copper losses), the output 

electrical power is less than the mechanical power. 

Figure 4.38 shows the active and reactive power that are injected into the grid. In this figure, 

the active power follows the tidal current speed change and due to the transmission loss and 

filter loss, the active power is a little bit lower than the generator output electrical power. 

During the whole simulation time, the reactive power remains at zero, this means the grid side 

converter control strategy can control the active and reactive powers that are injected into the 

grid. 

 

Figure 4.36 P&O control output generator reference speed under step change tidal current 
velocity input 
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Figure 4.37 Turbine output power and generator output power under step change tidal current 
velocity input 

 

Figure 4.38 Active and reactive power under step change tidal current velocity input  

Figure 4.39 shows the generator reference speed under ramp change tidal current input. The 

ramp change input can test the P&O control performance under continuously changing 

conditions, and from Figure 4.39 it can be seen that before the tidal current velocity starts the 

ramp increase, that is before 35s in the simulation, the P&O control output generator 

reference speed is the same as in Figure 4.35. When the tidal current velocity speed ramp 

starts to increase, it is clear that the generator reference speed can track the MPP during the 

ramp change and has a small fluctuation range (maximum 1.8% error) in the steady state. This 
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means that this group of parameters for the P&O control can control the system to track the 

MPP in an acceptable range both under the step change input and ramp change input without 

a signal from a tidal current speed sensor.  

 

Figure 4.39 P&O control generator reference speed under ramp change tidal current input  

Figure 4.40 illustrates the turbine output power and generator output electrical power, under 

the ramp change tidal current input. The tidal current turbine again provides mechanical 

power that matches the theoretical calculated power, and also due to losses in the system, the 

electrical power is slightly lower than the input mechanical power.   

Figure 4.41 presents the active and reactive power that are injected into the grid under ramp 

change input conditions. Similar to the step change input, the active power is less than the 

generator electrical power due to the losses. The reactive power is also maintained at zero. 

This means that the grid side converter control strategy can control the active and reactive 

power injection both under step change tidal current input and ramp change tidal current input.  
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Figure 4.40 Turbine output power and generator output power under ramp change tidal 
current velocity input 

 

 

Figure 4.41 Active and reactive power under ramp change tidal current input 

4.6 Summary 

This chapter presented a stand-alone system model based on the model that built in Chapter 3 

and tested the P&O control application with the stand-alone model, which was proved that to 

be able to work in the tidal current turbine generation system. Also, the grid-side converter 

control loop was developed in this chapter and combined with the generator side converter 

control model from Chapter 3 to produce a grid-connected model. Furthermore, P&O control 
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was redesigned to meet the requirements of the grid-connected model. The grid-connected 

model with P&O control to track the MPP was tested under both step and ramp change tidal 

current velocity input with an aim to investigate the performance of the system for both 

sudden and continuous changes. The results have shown that the P&O control can regulate the 

tidal current turbine generation system to operate close to the MPP under both step and ramp 

changes. This means that the P&O control provides the MPPT control without the tidal 

current speed sensor and has achieved the aim of the control strategy design. The results also 

show that P&O control can be applied both in a stand-alone system and a grid connection 

system. However, there is a drift problem which occurs periodically in P&O control. This 

mainly happens in PV and wind turbine systems when the solar radiation and wind speed 

change rapidly (as mentioned in Chapter 2), while the change in real tidal currents do not have 

rapid changes. However, considering the need for robustness in tidal current turbines, this is a 

limitation. Fuzzy Logic (FL) control is therefore investigated in Chapter 5 to address this 

limitation in the tidal current turbine generation system. FL control will be presented in 

Chapter 5 and tested in the same tidal current turbine system model and with the same tidal 

current velocity inputs. A comparison between P&O control and FL control will also be 

presented considering factors such as output value, generator power and efficiencies.  
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Chapter 5. Tidal current speed sensor-less MPPT control with 

Fuzzy Logic methodology 

As presented in Chapter 4, P&O control is able to track the MPP without an input from a tidal 

current speed sensor in the conventional tidal current turbine system, but sometimes will face 

the drift problem. Another control algorithm that can track the MPP without a tidal current 

velocity sensor was introduced in Chapter 2, this is Fuzzy Logic (FL) control. FL control is a 

potential MPPT control strategy which can track the MPP without the knowledge of the tidal 

current turbine state. This chapter will use the conventional tidal current turbine generation 

system model developed in Chapter 4 and the same tidal current velocity inputs to test the FL 

control performance. FL control design for the conventional grid-connected system will be 

presented in this chapter and will be tested under both step change and ramp change tidal 

current velocity input. The results and discussion are presented and a comparison of the 

performance between P&O control and FL control will be analysed as well.  

5.1 Fuzzy Logic Control 

Fuzzy Logic control has been identified as a reliable and important control methodology in 

industrial engineering applications [156]. FL control is used in wind turbine generation 

systems and PV systems for MPPT control algorithms, and due to the similarities between 

wind turbine generation systems and tidal current turbine generation systems, FL control can 

be considered as a potential solution to deal with tidal current speed sensors failures. 

In a wind turbine generation system, FL control can be used to track the MPP in different 

kinds of system topologies. In [157] and [158], a FL algorithm is used in stand-alone wind 

turbine systems to provide duty ratio as an output to control a boost converter or buck 

converter, while in [159] the FL algorithm was used to provide duty output in a grid 

connected wind turbine system with boost converter. In grid connected wind turbine 

generation systems which use back-to-back converters, a FL algorithm can also be used to 

implement the MPP tracking, such as in [160-162], where the FL control is used to provide 

the changes in generator reference speed. Alternatively, in [163] and [164], FL control gives 
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the electromagnetic torque as an output for wind turbine systems that operate in torque control 

mode. Just as FL control can be used in different wind turbine systems to provide different 

outputs, it can also be developed in tidal current turbine generation systems. 

Compared with P&O control, FL control’s theory is more complex. FL has a variable step 

size, which means that it will have smaller changes during the steady state than in dynamic 

conditions [160]. Similar to the P&O control, FL control also does not need knowledge of the 

system, which means that when the tidal current speed sensor is broken, the system can still 

operate to track the MPP. 

The control structure of FL control can be implemented as three parts: fuzzification, rule 

based look up table and defuzzification [158, 163]. Figure 5.1 shows the block diagram of FL 

control. In this project, the inputs of the FL control are the change in power, ∆𝑃𝑃 and the 

change in generator speed, ∆𝜔𝜔, while the output is the generator reference speed, 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟. Then 

the speed control loop will control the generator speed to follow the reference speed to make 

the turbine operate at the MPP. 

 

Figure 5.1 FL control diagram 

5.1.1 Fuzzification 

In the FL control algorithm, the first step is to convert the input variables to FL variables 

through membership functions (MFs). MFs can be defined in many types, such as monotonic, 

triangular and trapezoidal, with the subset degree from 0 to 1, and these three types of MFs 

are shown in Figure 5.2. When designing FL control, the MFs type chosen needs to be 

considered; each type of MFs has advantages and disadvantages. The number of MFs used 

can control the speed and accuracy of the FL control [165], with triangular and trapezoidal 

being the most commonly used MFs in FL control, due to the high dynamic variation in a 

short processing time [166]. 
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In a FL control system, if the system has too few membership functions, then it is too simple 

which will lead to a short system processing time with variation in outputs. On the other hand, 

if the system has too many membership functions, it will become complex, and this will make 

the system processing time lengthy but it will have more accurate output results. So, in FL 

control design, the number of MFs also needs consideration.  

 

Figure 5.2 Types of membership functions 

5.1.2 Fuzzy Rules 

In FL control systems, after the fuzzification stage, based on “if-then” code, the input data are 

converted to the subset degree through MFs to describe the system changes, and then in the 

fuzzy rules stage, these subset degrees are compared with “and” or “or” code through a fuzzy 

rules lookup table which has to be designed. The design of the fuzzy rules in this project was 

similar to the searching process of the P&O control in Chapter 4, and the design will be 

illustrated in Section 5.2. 

5.1.3 Defuzzification   

In FL control systems, the defuzzification is the last step. In this stage, the signal will be 

transferred from subset degrees to normal output signals through the output MFs. Generally, 

the calculation of defuzzification has one of three forms: mean of maximum, height and the 

centre of gravity, and of these calculation methods, the centre of gravity is the most 

commonly used due to its smooth output value [167]. The centre of gravity is used to 

calculate the gravity centre point of the output membership functions. The calculation of the 

centre of gravity of the output MFs can be express as: 
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𝐶𝐶𝐶𝐶𝐶𝐶 =
∑ 𝜇𝜇𝑖𝑖𝑥𝑥𝑖𝑖𝑁𝑁
𝑖𝑖
∑ 𝜇𝜇𝑖𝑖𝑁𝑁
𝑖𝑖

Equation 5.1 

where N is the number of fuzzy rules, 𝜇𝜇𝑖𝑖 is the membership value of the 𝑖𝑖𝑡𝑡ℎ rule, and the 𝑥𝑥𝑖𝑖 is 

the centre value of the membership functions [168], and these will find the vertical line that 

divides the 𝑖𝑖𝑡𝑡ℎ corresponding area into two equal parts. 

5.2 Fuzzy Logic Control Design 

In this thesis, the FL control is used to provide the generator reference speed directly, to allow 

the generator to operate near this reference speed to reach the range of the maximum power 

point. The basic control theory is the same as P&O control in Chapter 4. Detecting the 

changes in the generator power and generator speed, the control can then predict the changes 

in tidal current speed and provide a generator reference speed signal for the generator to 

follow. 

The difference between traditional P&O control and FL control is that the traditional P&O 

control is fixed step size while the FL control is of variable step size. In Figure 4.2, it can be 

seen that if the reference speed change is ∆𝜔𝜔, then in the tidal current turbine generation 

system, this will lead to a change ∆𝑃𝑃  in the output power, because the output power is 

proportional to the generator speed. In traditional P&O control the perturbation value that is 

given to the generator reference speed, ∆𝜔𝜔, is fixed. There is a gain value which can make it 

vary in the P&O control tested in Chapter 4, but the variation range is not big, and the range 

of variation of P&O control input is not determined, it can only detect whether the change is 

positive or negative and then give a corresponding signal to control the generator speed. In FL 

control, through the fuzzification stage, the variation range in the input signal can be 

determined, and in the defuzzification stage the output will be a variable value in the 

determined MFs across the variation range detected in the input.  

Figure 5.3 shows the FL control searching process. It can be seen that under a certain tidal 

current speed, if the generator speed is 𝜔𝜔1, the corresponding power will be 𝑃𝑃1. When the 

generator speed changes from 𝜔𝜔1 to 𝜔𝜔2, the power changes from 𝑃𝑃1 to 𝑃𝑃2, the FL control will 
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detect the speed change 𝜔𝜔2 − 𝜔𝜔1 and power change 𝑃𝑃2 − 𝑃𝑃1, if they are both positive then it 

will give a positive change ∆𝜔𝜔2−1 in the output reference generator speed signal. Unlike the 

P&O control, the FL control will change the output value depending on the change in the 

speed as well as the power. In Figure 5.3, the changes in the power 𝑃𝑃2 − 𝑃𝑃1 and 𝑃𝑃3 − 𝑃𝑃2 are 

different, and the FL control will give different output signals, ∆𝜔𝜔2−1 and ∆𝜔𝜔3−2 respectively, 

while traditional P&O control would give a constant ∆𝜔𝜔 change value to the output reference 

speed signal. 

 

Figure 5.3 FL control detect searching process 

From Equations 2.1 and 2.2, it can be seen that the turbine power 𝑃𝑃𝑡𝑡 is proportional to the 

generator rotational speed 𝜔𝜔𝑟𝑟. This can be considered in the FL control design, and in a TCT 

system, the relationship between turbine power 𝑃𝑃𝑡𝑡 and generator rotational speed 𝜔𝜔𝑟𝑟 can be 

expressed in a P-𝜔𝜔 curve [160]: 

�
𝑑𝑑𝑃𝑃𝑡𝑡 𝑑𝑑𝜔𝜔𝑟𝑟⁄ < 0, �𝜔𝜔𝑟𝑟 > 𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚�
𝑑𝑑𝑑𝑑𝑡𝑡 𝑑𝑑𝜔𝜔𝑟𝑟⁄ = 0, �𝜔𝜔𝑟𝑟 = 𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚�
𝑑𝑑𝑃𝑃𝑡𝑡 𝑑𝑑𝜔𝜔𝑟𝑟⁄ > 0, �𝜔𝜔𝑟𝑟 < 𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚�

Equation 5.2 

The FL control in this thesis has two inputs, the change in power ∆𝑃𝑃 and the change in 

generator rotational speed ∆𝜔𝜔 respectively, and they can be express as: 

∆𝑃𝑃 = 𝑃𝑃𝑛𝑛 − 𝑃𝑃(𝑛𝑛−1) Equation 5.3 

∆𝜔𝜔 = 𝜔𝜔𝑛𝑛 − 𝜔𝜔(𝑛𝑛−1) Equation 5.4 
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the output of the FL control is the change in generator reference speed ∆𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟, and the signal 

that goes into the PI controller will be the new generator reference speed, as shown in 

Equation 5.5: 

𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟(𝑛𝑛−1) + ∆𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 Equation 5.5 

The membership functions of FL control with the MATLAB fuzzy logic controller are 

illustrated in Figure 5.4.  Nine MFs of power change input (∆𝑃𝑃) are defined: very big positive 

(P+), positive big (PB), positive medium (PM), positive small (PS), zero (ZE), negative small 

(NS), negative medium (NM), negative big (NB) and very big negative (N+). In order to 

simplify the system and increase the system processing time, the generator rotational speed 

input (∆𝜔𝜔) will be defined three MFs: positive (P), zero (ZE) and negative (N). FL control 

input MFs can be viewed in Figure 5.4 (a) and (b) respectively. The output of the FL control 

is the change in generator reference speed (∆𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟). Like the ∆𝑃𝑃 MFs, there are nine output 

MFs: very big positive (P+), positive big (PB), positive medium (PM), positive small (PS), 

zero (ZE), negative small (NS), negative medium (NM), negative big (NB) and very big 

negative (N+), and this is illustrated in Figure 5.4 (c). 

The fuzzy rules are shown in Table 5.1, and the FL controller will follow this fuzzy rule table 

to adjust the output value. According to Figure 5.4, Equations 5.2 to 5.5 and Table 5.1, the 

fuzzy logic controller can be designed in the MATLAB fuzzy logic module. The FL control 

block diagram is illustrated in Figure 5.5. The fuzzy logic detailed model in MATLAB is 

illustrated in Appendix C.1, and the FL control MFs in the MATLAB module are shown from 

Appendix C.2 to C.4. 
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Figure 5.4 (a) MFs of FL input ∆𝑃𝑃; (b) MFs of FL input ∆𝜔𝜔; (c) MFs of FL output ∆𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 

 

∆𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 
∆𝑃𝑃 

N+ NB NM NS ZE PS PM PB P+ 

 

∆𝜔𝜔 

N P+ PB PM PS ZE NS NM NB N+ 

ZE NB NM NS NS ZE PS PM PM PB 

P N+ NB NM NS ZE PM PM PB P+ 

Table 5.1 FL control fuzzy rules 
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Figure 5.5 FL control block diagram 

5.3 FL Control Application in Conventional Model 

This section will present a TCT generation system with FL control. The basic system model is 

the same as for the P&O control in Section 4.4. FL control in this conventional TCT system 

model will give a generator reference speed signal to replace the traditional MPPT algorithm 

to help the system tracking of the MPP under the condition of loss of tidal current speed 

sensor signal. The change in generator output power and change in generator rotational speed 

go into the FL controller as the input, and the generator reference speed output signal goes 

into the speed PI controller to control the generator rotational speed to follow the reference 

speed. This will ensure that the TCT system operates near the MPP to extract the maximum 

power from the tidal current flow. Figure 5.6 illustrates the TCT system block diagram with      

FL control. It can be seen that the tidal current turbine system is the same as the model used in 

Chapter 4 in order to compare FL control and P&O control. The parameters of the 

conventional TCT model were controlled under the same conditions, such as the tidal current 

input and control method perturb time. The simulation model in MATLAB is illustrated in 

Appendix C.5. 
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Figure 5.6 Conventional tidal current turbine system model with FL control 
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5.4 Results and discussion 

This section will present the results of the FL control with the conventional grid-connected 

TCT system. With the aim to test the FL control performance, the control output generator 

reference speed, turbine output power, generator output power and tracking efficiency of the 

MPPT algorithm will be used to compare different FL control parameters, where the average 

MPPT tracking efficiency calculation is as given in Equation 4.16. Similar to the P&O control 

test, both step change and ramp change tidal current speed inputs were tested in this model. 

The tidal current step change input is from 1.7m/s to 2.35m/s, the step change happens at 35s 

into the 100s simulation time, and the ramp change input is also from 1.7m/s to 2.35m/s, 

where the ramp change happens at 35s and reaches 2.35m/s at 55s and the whole simulation is 

also 100s. 

In FL control, the design of membership functions can lead to different output results. As 

mentioned in Section 5.2, the turbine power 𝑃𝑃𝑡𝑡  is proportional to the generator rotational 

speed 𝜔𝜔𝑡𝑡 , but the power transferred from tidal current turbine is not unlimited, there is a 

rotational speed that can maximise the tidal current turbine power capture from the tidal 

current, thus the speed adjustment is necessary to make sure the turbine rotates in the 

maximum power point range. During the generator reference speed adjustment process, FL 

control can set step up and down limitations to limit the maximum value that can be added to 

the reference speed signal. Thus, in the FL control design, the relationship between power and 

generator speed can be considered as linear over the small range of the variation. In Section 

3.2 the rated speed and power of the generator GDF-355L used in this thesis are given as 

60rpm and 35kW respectively, and the rate of the linear relationship within the range of 

power and speed can be considered as around 35000
60� ≈ 584 . During the FL control 

design, the MFs can initially be set simply on this rate, and during the FL control tunning, this 

rate can be modified and the details in the MFs, such as each MFs’ interval, can be varied 

until the parameters lead to the desired results. 

For example, when tunning the FL control parameters initially, the maximum input value of 

∆𝑃𝑃 can be set at 580W, the maximum input value of ∆𝜔𝜔 at 1 rpm, and maximum output value 

of ∆𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟  at 1.5rpm, and the MFs of the input and output may then be determined by 

triangular type. The process is then repeated until the output value tracks the optimal value 

and varies around it. During the tuning of the FL control parameters, the trail-and-error 

method was used, until the results presented were found. The results in this section will show 
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the FL with different MFs and step times to illustrate how they affect the output value, and the 

average efficiency and instantaneous efficiency of different combinations of FL control 

parameters are compared and discussed.  

5.4.1 MFs and Step time 

Similar to the P&O control, the MFs values and step time will also affect the performance of 

FL control. Figure 5.7 illustrates the FL control output generator reference speed with 

different MFs values, where MFs 5 has 2.25rpm maximum output value, MFs 3 has 1.8rpm 

maximum output and MFs 1 has 1.2rpm maximum output value. It is clear that MFs 5 can 

reach the optimal value first at about 11s before step change and around 50s after the step 

change, while MFs 1 is unable to reach the optimal value before step the change and reaches 

the optimal value at about 80s after step change. Also it is obvious that the fluctuations of the 

FL control output generator reference speed value of MFs 5 are bigger than for MFs1. 

Essentially, similar to P&O control in Chapter 4, FL control with bigger MFs output values 

leads to faster tracking speed but will also have bigger fluctuations during the steady state. 

 

Figure 5.7 FL control output with different MFs 

Figure 5.8 Figure 5.8presents the FL control output generator reference speed with different 

step times. Also is similar to P&O control, it is obvious that the FL control with same MFs 

but smaller step time will have a quicker tracking speed. In the figure, a 0.75s step time 

reaches the optimal value at about 11s before the step change and at 47s after the step change, 

while FL control with 1.75s step time takes about 30s to reach the optimal value before the 

step change and reaches the red line at about 58s after the step change. Also, it can be seen 

that with the 0.75s step time the FL control output has more frequent fluctuations compared to 
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1.25s and 1.75s step times during steady state. Too high a fluctuation frequency will mean 

that the generator is constantly changing speed to follow the control output reference speed, 

which will reduce the system robustness. This is similar to the P&O control where a small 

step time will lead to a short tracking time but will come at the price of frequently fluctuating 

speed during the steady state. 

 

Figure 5.8 FL control output with different step time 

5.4.2 Performance analysis  

Table 5.2 shows the average MPPT efficiency of five selected FL control parameters. The 

differences between these parameters are the output MFs. Each of them has differences in the 

maximum value of output MFs so in order to compare with the P&O control in Chapter 4 they 

used the same step time which is 1.25s. Results with different step time will be presented later 

in this section. Average efficiency is an important standard for the choice of parameters, but 

the variation during steady state is important too. Figure 5.8 presents the instantaneous power 

efficiency of the FL control under the step change tidal current input and Figure 5.9 shows the 

instantaneous power efficiency for the ramp change input. 

From Figure 5.9 it can be seen that FL control with small maximum output value MFs has 

obviously slower tracking speed than the high maximum output value MFs, as the green line 

in the figure below reaches the steady state first while the blue line is the last, but the larger 

MFs output value will lead to larger FL control output value fluctuations during steady state 

as discussed above, and this will also impact on the instantaneous power efficiency as, in 

Figure 5.9, the fluctuations of MFs with large output value such as MFs 5 is clearly larger 
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than MFs with small output value such as MFs 2.  

FL control MFs Step change Ramp change 

1 (1.2rpm) 86.59% 89.96% 

2 (1.5rpm) 87.87% 90.52% 

3 (1.8rpm) 87.98% 90.62% 

4 (2rpm) 88.34% 90.84% 

5 (2.25rpm) 89.66% 89.35% 

Table 5.2 Average power efficiency of FL control with different MFs under step and ramp 
change tidal current velocity input 

 
Figure 5.9 FL control instantaneous power efficiency with different MFs under step change 

tidal current input 

Figure 5.10 shows the FL control instantaneous power efficiency with different MFs output 

values under ramp change tidal current velocity input. Similar to the instantaneous power 

efficiency under step change tidal current velocity input in Figure 5.9, the bigger output value 

of MFs will lead to quick tracking speed, but also will have larger fluctuations during steady 

state. Also, sometimes the FL control output will overshoot the optimal generator reference 

speed, such as the MFs 5 in Figure 5.10, where from 50s to 65s the instantaneous power 

efficiency drops before coming back to the steady state. This is because the MFs output value 

is too large and makes the FL control output generator reference speed overshoot the desired 

value resulting in reduced generator output power. The FL control output reference speed then 
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comes back to the optimal value and the generator output power increases again. This impacts 

the instantaneous power efficiency as shown by the green line (MFs 5) in Figure 5.10 from 

50s to 65s. The performance of FL control with different MFs output values under both step 

change and ramp change tidal current velocity input are similar to the P&O control in Chapter 

4, as bigger output values can lead to the shorter tracking time but with larger fluctuations 

during steady state in both P&O control and FL control. 

 
Figure 5.10 FL control instantaneous power efficiency with different MFs under ramp change 

tidal current input 

From Table 5.2 and Figure 5.9 and Figure 5.10, it can be seen that among these FL control 

parameters, their average power efficiency values are very close, and the instantaneous power 

efficiencies all have the same trend. This is because in all cases the FL control output 

generator reference speed can track the MPP and varies around the optimal value. So, the 

chosen of FL parameter will consider the stability during the steady state. FL control with 

MFs 3 does not have the highest average power efficiency overall, but after entering the 

steady state, MFs 3 FL control has the smallest variations. In the average power efficiency 

table and instantaneous power efficiency figures, sometimes the FL control output generator 

reference speed overshoots the desired value, but it comes with a little bit higher efficiency. 

This is because the generator will follow the control output reference speed and will operate at 

higher rotation speed so the generator will generate higher power, but this is over the 

generator rated speed and working over the rated speed will cause damage to the generator. 

Thus, the chosen of control parameters not only consider the efficiencies, but also the FL 

control output value during steady state. 
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Table 5.3 shows the average power efficiency of FL control MFs 3 (maximum 1.8rpm) with 

different step times. Figure 5.11 and Figure 5.12 illustrate the instantaneous power efficiency 

of FL MFs 3 control under step change tidal current input and ramp change tidal current input 

respectively. Similar to the P&O control, the smaller perturb time will reduce the time in 

which the FL control output reaches the optimal value, but during the steady state, the small 

perturb time will lead to higher frequency of fluctuation near the MPP range. On the other 

hand, a larger perturb time will have relatively smooth variations during steady state, but the 

tracking time for the FL output to reach the desired value will be longer. Too big a step time 

will cause a lag in the FL control output and potentially it will be unable to follow the tidal 

current speed change in terms of generating a reference speed to reach the MPP. 

FL control MFs Step change Ramp change 

0.7s 89.82% 88.94% 

1s 89.19% 90.9% 

1.25s 87.98% 90.62% 

1.5s 87.87% 90.59% 

1.8s 87.38% 90.26% 

Table 5.3 Average efficiency of FL control with different perturb time under step and ramp 
input 

From Figure 5.11 it can be seen that, FL MFs 3 control with 0.7s step can reach the first 

steady state at about 10s, while other step times need about 15s or even over 20s. Also, after 

step change happened, FL control with 0.7s step has the fastest tracking speed however, the 

fluctuations around the desired value will be at higher frequency compared with FL control 

with a bigger step time. This situation is the same as with P&O control under the step change 

input in Chapter 4. 

Figure 5.12 presents the FL MFs 3 control with different step times under ramp change tidal 

current velocity input. As discussed for Figure 5.11, smaller step times will lead to shorter 

tracking time, but will also lead to higher fluctuation frequency. This is clear in Figure 5.12 

with step times such as 1s and 1.8s. The FL control with 1s step time reaches steady state 

before the ramp change at about 17s while it takes the control with 1.8s step time about 25s, 

during the input ramp changing period and the steady state after the change, the control with 

1s step time always reaches the optimal reference speed more quickly than the 1.8s step time. 
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This impact on the instantaneous power efficiency is shown in Figure 5.12. However, another 

situation may happen with a small step time, such as the blue line (0.7s step time) in this 

figure. In this case the instantaneous power efficiency from 50s to 65s first drops then rises 

again. The reason for this is similar to in Figure 5.10. In this case the step time is short, and 

this will lead to fast tracking but the FL control output generator reference speed may 

overshoot the desired value significantly, and then must track back. This is as opposed to 

Figure 5.10 where the overshoot of the FL output generator reference speed was caused by the 

large output value.  

 
Figure 5.11 FL control instantaneous power efficiency with different perturb time under step 

change tidal current input 

 
Figure 5.12 FL control instantaneous power efficiency with different perturb time under ramp 

change tidal current input 

Essentially, the MFs maximum output value and the step time of the FL control can have 

similar effects on the control performance as for P&O control discussed in Chapter 4. Thus, 
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the choice of control parameters needs to consider the control output maximum value (step 

size for P&O, MFs for FL) and the step time and also needs to check the control performance: 

the control output generator speed and the tracking efficiencies.  

Based on the discussion above, for the FL MFs 3 control, the 1s step time and 1.25s step time 

can be considered as the potential candidates for the TCT generation system in this thesis. 

Compared with the other step times, the tracking time is not too long when the tidal current 

input is changing, and the variations are not large during the steady state. In order to compare 

between P&O control and FL control, the perturb time needed to be in the same condition, 

thus FL MFs 3 with 1.25s step time was chosen. 

Figure 5.13 shows the generator output reference speed of FL MFs 3 control with 1.25s step 

time under the step change input. From this figure it can be seen that the FL control output 

can track the optimal value after 20s from start-up and takes 25s to reach the desired value 

after the tidal current velocity input is changed and varies around it with an error of less than 

1.7% during the steady state. This demonstrates that the FL control is able to control the 

system to operate near the MPP without a tidal current velocity sensor, and during the steady 

state (after the tidal current step or ramp change), the FL control output value does not go 

over the generator rated value significantly or over the rated speed for a long time. This 

ensures that the tidal current turbine and generator can operate in the rated condition and 

avoid damage caused by operating over the rated state. This means that the TCT generation 

system with FL control can realize the MPPT function without the tidal current speed sensor. 

 
Figure 5.13 FL control generator output reference speed under step change tidal current 

velocity input 
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Figure 5.14 illustrates the turbine output power and generator output power of the TCT 

system under the step change tidal current input. In this figure, the tidal current turbine’s 

mechanical output power has reached the theoretical calculated power, this means that the FL 

controls the tidal current turbine near to the MPP to capture maximum power under a given 

tidal current condition. The generator output power can follow the change of tidal current 

velocity and tidal current turbine output power, when the generator is operating under rated 

state, due to the losses in the power transformation and generator losses, the output electrical 

power of generator is less than the mechanical power provided by tidal current turbine. This is 

also similar to the P&O control performance in Chapter 4. 

 
Figure 5.14 Turbine output power and generator output power under step change tidal current 

velocity input 

Figure 5.15 shows the active and reactive power that are injected into the grid. In this figure, 

the active power follows the tidal current speed change and due to the power transmission loss 

and filter loss, the active power is lower than the generator output electrical power. The 

reactive power remains at zero for the whole simulation time. This means that the active and 

reactive power injected into the grid can be controlled by the grid side converter control 

strategy and that power captured by the tidal current turbine from the tidal current flow can be 

transferred to the grid efficiently. 
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Figure 5.15 Active and reactive power under step change tidal current input 

Figure 5.16 presents the generator reference speed of the FL MFs 3 control with 1.25s step 

time under the ramp change tidal current velocity input. The ramp change input is intended to 

test the FL control performance under continuously changing conditions. From Figure 5.16 it 

can be seen that before the ramp change starts, the control generator output reference speed is 

the same as it is in Figure 5.13. During the tidal current velocity ramp changing period, the FL 

control tracks the ramp change, but a little bit over the desired value with maximum 1.8% 

error. After the input becomes constant, the FL control output value varies around the optimal 

reference speed with small fluctuations (less than 0.3% error). From Figure 5.13 and Figure 

5.16, it can be seen that the FL MFs 3 control is able to control the TCT generation system to 

track the MPP range to capture the maximum power from the tidal current flow under both 

step change and ramp change tidal current inputs without the tidal current speed sensor signal.  

Figure 5.17 illustrates the tidal current turbine output mechanical power and generator output 

electrical power under ramp change tidal current input. Under ramp change input, the tidal 

current turbine can still provide mechanical output power that reaches the theoretical 

calculated maximum power, and again, due to losses in the system, the electrical output power 

is lower than the mechanical input power as expected. 

Figure 5.18 shows the active and reactive power that are provided to the grid under the ramp 

change tidal current input. Similar to the step change input conditions, the active power is 

slightly lower than the generator electrical output power due to the losses, and the reactive 

power is maintained at zero, which means that the grid side converter control can control the 

power injected to the grid under the ramp change tidal current input. 
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Figure 5.16 FL control generator output reference speed under ramp change tidal current 

velocity input 

 
Figure 5.17 Turbine output power and generator output power under ramp change tidal 

current velocity input 
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Figure 5.18 Active and reactive power under ramp change tidal current input 

The results presented above have demonstrated that the FL control can adjust the tidal current 

turbine generation system to operate near the MPP range under both step change and ramp 

change tidal current inputs. The control output generator reference speed can track the optimal 

value and varies around it with a small error. The output power of the tidal current turbine and 

generator can reach the rated value with about 90% efficiency. The next section is going to 

compare the performance of P&O control and FL control in TCT system under the same 

conditions. 

5.5 Comparison of P&O and FL control for the Conventional TCT Model 

This section will compare the performance of P&O control and FL control applications in the 

same grid-connected TCT model. The comparison will be made under the same conditions, 

with the same tidal current turbine, generator, control step time, step change and ramp change 

tidal current velocity inputs. The average power efficiency, instantaneous power efficiency, 

generator reference speed, generator output power, and active and reactive power will be 

compared and discussed. 

Table 5.4 shows the P&O control and FL control average efficiency values in the 

conventional grid-connected model with the same input conditions under both step change 

and ramp change tidal current inputs. For the selected parameters, the P&O control had 

slightly higher average efficiencies than the FL control.  
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 Step input Ramp input 

P&O control 88.85% 90.78% 

FL control 87.98% 90.62% 

Table 5.4 Average power efficiency of P&O control and FL control 

5.5.1 Under step change tidal current velocity input  

Figure 5.19 illustrates the generator output reference speed of P&O control and FL control 

under step change tidal current velocity input with the same control step time (1.25s). In this 

figure it can be seen that initially P&O control output has a quicker response than FL control, 

but FL reaches the optimal value first, about 7s early than P&O control. After reaching the 

optimal value, both P&O control can FL control provide an output that varies around the 

optimal value with maximum error of less than 0.1%, and the fluctuations of FL control are 

slightly smaller than for P&O control during this period. When the tidal current velocity input 

starts the step change, the response of P&O control is still quicker than FL control and this 

time P&O control reaches the optimal value first while FL control is about 2s later. During 

the steady state after the tidal current input changed, both P&O control and FL control output 

values vary around the optimal generator reference speed with less than 0.2% error, and again 

the FL control has smaller fluctuations than P&O control. 

 
Figure 5.19 Generator reference speed of P&O control and FL control under step change tidal 

current input 
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Figure 5.20 presents the instantaneous power efficiency of P&O control and FL control under 

the step change tidal current input. It can be seen that from 0s to 17s and from 35s to 58s, the 

instantaneous power efficiency of P&O control is slightly higher than FL control. This is 

because, as shown in Figure 5.19, during these two periods the P&O control output is closer 

to the optimal value than FL control. During the steady state before the tidal current input 

changes, P&O control and FL control have the same efficiency, and after the input changes, 

the fluctuation of P&O control is larger than FL control but by a very small amount. This is 

because the P&O control output generator reference speed is bigger than that from the FL 

control in this period. 

 

Figure 5.20 Instantaneous power efficiency of P&O and FL control under step change tidal 
current input 

Figure 5.21 shows the generator output power of P&O control and FL control under step 

change tidal current velocity input. From 0s to 17s and 35s to 58s the P&O control has a 

slightly higher generator output power than FL, due to the higher speed it has during these 

periods. When the system enters the steady state, the generator output power is almost the 

same, even though the control generator reference speed output of P&O control and FL are 

different, and P&O control has bigger fluctuations than FL, these will not affect the generator 

power generation significantly. 
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Figure 5.21 Generator output power of P&O control and FL control under step change tidal 
current velocity input 

Figure 5.22 illustrates the active power that is transferred to the grid with P&O control and FL 

control. The active power curves in Figure 5.22 are similar to the generator output power in 

Figure 5.21. From 0s to 17s and 35s to 58s the P&O control has slightly higher power than FL 

control, and during the steady state, the active powers that are injected to the grid are the same, 

but due to the power transformation loss, the active power is lower than the generator output 

power in Figure 5.21. 

 

Figure 5.22 Active power of P&O control and FL control under step change tidal current 
input 
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5.5.2 Under ramp change tidal current velocity input  

Figure 5.23 presents the control output generator reference speed of P&O control and FL 

control under ramp change tidal current velocity input. It can be seen from this figure that 

before the tidal current change happens (0s to 35s), the output reference speeds of the two 

control strategies are the same as it in Figure 5.19. From 35s, the tidal current velocity starts 

the ramp change and during the ramp changing period (35s to 55s), P&O control and FL can 

provide generator reference speeds that follow the optimal value and vary around it with a 

maximum error less of than 0.3%. The tracking speeds of the two control methods are almost 

the same and they reached the steady state at the same time. When the tidal current velocity 

becomes constant after the ramp change, the output reference speed of the P&O and FL 

control can maintain the optimal value with less than 1.8% error fluctuations. During this 

period, it can be seen that the fluctuations of P&O control and FL control are almost the same.  

Figure 5.24 shows the instantaneous power efficiency of P&O control and FL control under 

ramp change input and that the efficiencies before the ramp change are the same as in Figure 

5.20. During the ramp changing period and in the steady state after the ramp change, the 

instantaneous power efficiency of P&O control and FL control are almost the same, as the 

output reference speeds of the two control strategies are very close to each other in Figure 

5.23. 

 
Figure 5.23 Generator reference speed of P&O control and FL control under ramp change 

tidal current input 
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Figure 5.24 Instantaneous power efficiency of P&O and FL control under ramp change tidal 
current input 

Figure 5.25 illustrates the generator output power of P&O and FL control under the ramp 

change tidal current input. From this figure it can be seen that before 35s the powers in Figure 

5.25 are the same as those in Figure 5.21, and during the ramp changing period and the steady 

state period after 55s, the generator output power of P&O control and FL control can be 

considered to be the same. This is because there are no significant differences between the 

control output reference speeds, and this will lead to the generator output powers being almost 

the same, as well as the instantaneous power efficiency in Figure 5.24. 

 

Figure 5.25 Generator output power of P&O control and FL control under ramp change tidal 
current velocity input 
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Figure 5.26 shows the active power that is injected into the grid for the P&O control and FL 

control with the ramp change input. In this figure, before 35s when the ramp change starts, the 

active power is the same as in Figure 5.22. From 35s to 55s during the ramping period, the 

active powers are following the ramp change, and when entering the steady state from 55s, the 

active power of P&O control and FL control are almost the same, as during this period, the 

generator output power in Figure 5.25 can be seen as the same. Due to the power transmission 

losses, the active power is lower than then generator output power in Figure 5.25. 

From the figures in this section and those in section 5.4.2, it can be seen that the fluctuations 

of P&O control and FL control output generator reference speed will not greatly affect the 

generator output power and grid active power. Small fluctuations around the optimal value, 

which are less than 0.2%, will not cause significant generator output power changes or grid 

active power changes. Thus, when the P&O control and FL control track the optimal value 

with minor fluctuations, the system can be considered as operating steadily. But the control 

step size for P&O control, MFs value for FL control and step time for both control algorithms 

will affect the control performance. The system can tolerate minor fluctuations, but large or 

high frequency fluctuations will affect the system stability, as discussed in section 5.3.1 and 

Chapter 4. The similar performances between P&O control and FL control during the steady 

state mean there are no significant differences in the final control performance, but from 

Figure 5.19 it can be seen that P&O has relatively larger fluctuations than FL control during 

the steady state. This leads to slightly bigger fluctuations in Figure 5.20, but again, no 

significant differences are caused in generator power and active power. 

Even though the performances of the two control strategies are very close to each other in 

Section 5.4, there are still differences between them that are caused by the control output 

reference speed, as the P&O control in this section has a slightly quicker transient response to 

step changes. This leads to the efficiency of P&O control being higher than FL control during 

these periods and is the reason why in Table 5.4 P&O control has 0.87% higher average 

efficiency than FL control under the step change input, while under the ramp change input, it 

is only 0.16% higher. This is because the tracking speeds of P&O control and FL control are 

almost the same, and the fluctuations during steady state are close, so there is no major error 

difference between the two. 
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Figure 5.26 Active power of P&O control and FL control under step change tidal current 
input 

5.5 Summary  

This chapter presented the FL control application in a conventional grid-connected tidal 

current turbine generation system, which was developed in Chapter 4, illustrating the basic 

theory of FL control and the FL control design in the TCT control system. The results showed 

the effects on system performance of different MFs and step times of FL control in the 

conventional TCT model, and also that the FL control can provide the generator reference 

speed signal for the TCT system without a tidal current speed sensor and can regulate the 

system to operate close to the MPP under both step change and ramp change tidal current 

velocity inputs.  

A comparison of P&O control and FL control is also presented in this chapter. Average power 

efficiency, instantaneous power efficiency, generator reference speed, generator output power 

and active powers have been compared to show the differences of the performance between 

P&O control and FL control. The comparison of results showed that the P&O control has a 

slightly higher average power efficiency than the FL control under a step change input, as the 

response of P&O control is about 2s quicker than FL control, but the FL control has higher 

tracking speed and smaller fluctuations. For the ramp change, during the tidal current 

changing period and steady state, P&O control and FL control have almost the same 

performance. Also, the small differences between P&O control and FL control performance 

will not lead to big differences in turbine output power, generator output power and active 

power injected into grid. 
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In conclusion, for test purposes in Chapter 4 and Chapter 5, P&O control and FL control can 

both provide efficient generator reference speed which varies around the optimal value with 

minor fluctuations, with the condition that there is no tidal current velocity signal provided, 

and the performance of two control strategies under step change and ramp change tidal 

current velocity input are similar to each other. The P&O control has slightly quicker response 

while FL control has smaller fluctuations during steady state. Another important condition 

mentioned in Chapter 4 is that the P&O control will face the speed drift problem sometimes 

due to the algorithm itself, but this problem did not occur with FL control.  

Chapters 4 and 5 have demonstrated the potential of P&O control and FL control to be 

applied in TCT system without a tidal current velocity sensor. The TCT system with P&O 

control and FL control under real tidal current cycles also need to be evaluated, and the next 

chapter presents the simulation of the conventional TCT system with P&O and FL control 

under real tidal current velocity input. The results including control output generator reference 

speed, turbine and generator power will be presented and discussed, as well as the control 

performance comparison. 
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Chapter 6. Long term simulation test based on P&O and Fuzzy 

Logic control strategies 

Chapters 4 and 5 presented the P&O and Fuzzy Logic control under both step change and 

ramp change inputs to test their feasibility and their performance. The results have shown that 

under sudden and continuous change conditions, both of the control strategies have the ability 

to track the MPP without tidal current velocity information. In order to test the P&O and FL 

control performance in the tidal current turbine generation system in greater depth, this 

chapter presents details of a longer-term simulation model, using tidal current velocity data 

from the Pentland Firth, for which the results will be illustrated and discussed. From this 

chapter, for the applications of P&O and FL control strategies in a tidal current turbine system 

to deal with the loss of tidal current velocity, more intuitive conclusions will be drawn. 

6.1 Model adjustments and tidal current velocity data 

The model structure used in Chapters 4 and 5 is complex and the model sample times are very 

short. This brings challenges to the computer performance as when running the model, it will 

take a lot of time to finish, and the resulting data are too large to store on the disk. Under this 

situation, given the aim to investigate the control strategies’ performance with long term input, 

it is necessary to modify the model to enable it to run for a long time. 

6.1.1 Model adjustments 

Generally, in MATLAB/SIMULINK, an aim to increase the simulation time requires an 

increase in the sample time but it cannot be too big, otherwise the results will become 

inaccurate or the model will not converge. The models developed in Chapter 3 and used in 

Chapters 4 and 5 are detailed models with very small sample time, in order to get accurate 

results to analyse P&O and FL control strategy performances in a tidal current turbine system. 

From Chapters 4 and 5, the results and discussions have proved that P&O control and FL 

control are able to provide a generator reference for the turbine and generator to track the 

maximum power point under the situation that there is no signal from tidal current velocity 

sensors. However, with the aim to consider the performance of P&O and FL control with long 

term real tidal current velocity input, this chapter investigates how to simplify the model and 

increase the sample time as well.  

The P&O and FL control strategies are applied to provide the generator reference speed 
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through the power change on the generator side, thus the generator side converter control 

cannot be simplified, and in this chapter it is the grid side convertor that is simplified from a 

detailed model to an average model, which can reduce the time that is spent on switching 

calculations at very small sample time.  

The detailed model of the grid side convertor is a three-phase three-level voltage source 

converter in which the grid side convertor control system has three control loops: one 

regulates the DC link voltage to the desired value, and the other two control loops regulate d-

axis and q-axis currents, the active and reactive current components. The reference value of d-

axis current is the output of the DC link voltage control loop, while the q-axis current 

reference is set to zero to maintain unity power factor.  

For the simplified average model, the grid side voltage source converter is represented by 

equivalent voltage sources, which can generate AC voltage averaged over one cycle of the 

switch frequency. The model that uses equivalent voltage sources does not capture harmonics, 

but it maintains the dynamics that arise from the interaction between the control system and 

the power system. This will allow use of a larger sample time than the three-level voltage 

source converter model [169]. 

In the average model, the control of DC link voltage will be the same as it in the detailed 

model, the control loop of d-axis current and q-axis current in average model then can be 

expressed by: 

𝑣𝑣𝑑𝑑𝑑𝑑 =  𝑣𝑣𝑑𝑑𝑑𝑑 + 𝑖𝑖𝑑𝑑𝑑𝑑 ∗ (𝑅𝑅𝐿𝐿𝐿𝐿 + 𝑅𝑅𝐼𝐼𝐼𝐼) − 𝑖𝑖𝑞𝑞𝑞𝑞 ∗ (𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐿𝐿𝐼𝐼𝐼𝐼) + �𝑘𝑘1 + 𝑘𝑘2
𝑆𝑆
� ∆𝑖𝑖𝑑𝑑𝑑𝑑 Equation 6.1    

𝑣𝑣𝑞𝑞𝑞𝑞 =  𝑣𝑣𝑞𝑞𝑞𝑞 + 𝑖𝑖𝑑𝑑𝑑𝑑 ∗ (𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐿𝐿𝐼𝐼𝐼𝐼) + 𝑖𝑖𝑞𝑞𝑞𝑞 ∗ (𝑅𝑅𝐿𝐿𝐿𝐿 + 𝑅𝑅𝐼𝐼𝐼𝐼) + �𝑘𝑘1 + 𝑘𝑘2
𝑆𝑆
� ∆𝑖𝑖𝑑𝑑𝑑𝑑 Equation 6.2    

where 𝑅𝑅𝐿𝐿𝐿𝐿  and 𝐿𝐿𝐿𝐿𝐿𝐿  are the transformer leakage impedance, 𝑅𝑅𝐼𝐼𝐼𝐼  and 𝐿𝐿𝐼𝐼𝐼𝐼  are the inductor 

impedance, �𝑘𝑘1 + 𝑘𝑘2
𝑆𝑆
� is the transfer function of the PI controller, and the block diagram of 

the control loop is illustrated in Figure 6.1. 
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Figure 6.1 Block diagram of average model voltage source converter control 

6.1.2 P&O control detailed model and average model comparison 

Since the model was simplified from a detailed model to an average model, the validation of 

the average model needs to be investigated. This section will present P&O control and FL 

control with both the detailed model and the average model under the same conditions, 

compare the generator output reference speed and active power. 

Figure 6.2 shows the P&O control generator output reference speed with detailed and average 

models under step change input. From this figure it can be seen that P&O control can track 

the maximum value and varies around it in both models. The differences between detailed and 

average models are small with maximum 3% error. Figure 6.3 illustrates the active power of 

P&O control in detailed and average models under step change input. In this figure, the 

average model active power is a little bit lower than the detailed model initially but after the 

step change, it becomes a little bit higher. 
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Figure 6.4 shows the differences in active power of P&O control with detailed and average 

models. It can be seen that the difference is less than 1kW (3%) during steady state. Figure 

6.2 to Figure 6.4 proved that under step change tidal current input, P&O control can be 

applied in both detailed and average models, and the differences in the P&O control output 

values and active power are acceptable. 

 

Figure 6.2 P&O control speed with detailed and average models under step input 

 

 

Figure 6.3 P&O control active power with detailed and average models under step input 
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Figure 6.4 Differences in active power of P&O control under step input 

Figure 6.5 illustrates the P&O control output generator reference speed under ramp change 

input. Similar to the step change figure, under ramp change, P&O in the average model can 

also track the maximum power points and varies around it during steady state with a 

maximum error of 3%. The active power of P&O control of the detailed and average models 

under ramp change input is presented in Figure 6.6. Again, the active power of the average 

model is slightly lower before the ramp change and then higher during steady state after the 

ramp change. 

 

Figure 6.5 P&O control speed with detailed and average models under ramp input 
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Figure 6.6 P&O control active power with detailed and average models under ramp input 

Figure 6.7 shows the differences in active power of the two models with P&O control under 

ramp change tidal input. In this figure, it can be seen that the differences between the average 

and detailed model are less than 1kW.  

 

Figure 6.7 Differences in active power of P&O control under ramp input 

From Figure 6.2 to Figure 6.7, it can be seen that for P&O control, the average model and 

detailed model have similar performance under both step change and ramp change tidal 

current input, and that the average model can therefore be used for the long-term simulation to 

test the P&O control performance. 
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6.1.3 FL control detailed model and average model comparison 

The P&O control with the average model was validated in the previous section. This section 

is going to validate the FL control with the average model. Figure 6.8 shows the FL control 

with detailed and average models under step change tidal current input. It can be seen that FL 

control for the average model can track the optimal generator reference speed and varies 

around it during steady state, with the performance being similar to the detailed model, with 

maximum 3% error. 

Figure 6.9 illustrates the active power of FL control. The active power of the average model is 

lower before the step change and higher after the step change, while Figure 6.10 shows the 

difference in active power of the average and detailed models with FL control. In this figure, 

it can be seen that the difference between the average and detailed models with FL control is 

less than 1.2kW. 

From Figure 6.8 to Figure 6.10, the results proves that FL control with the average model has 

similar performance compared to FL control with the detailed model under step change tidal 

current input, which means that with average model under step change, FL control can be 

applied to track the maximum power points. 

 

Figure 6.8 FL control speed with detailed and average models under step input 
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Figure 6.9 FL control active power with detailed and average models under step input 

 

Figure 6.10 Differences in active power of FL control under step input 

The performance of FL control with the average model under ramp change input are 

presented in Figure 6.11 to Figure 6.13. Figure 6.11 shows the FL control output generator 

reference speed of the average and detailed models under ramp change input. It can be seen 

from this figure that FL control in the average model can provide the reference speed that can 

track the maximum power points, fluctuating near it when the system enters the steady state, 

and that the difference between the average and detailed models is small at a maximum of 3%. 

Figure 6.12 illustrates the active power of FL control with the two models under ramp change 

input. Similar to the step change input, the active power of the average model is slightly lower 

than that of the detailed model before the change and higher after the change.  
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Figure 6.11 FL control speed with detail and average model under ramp input 

 

Figure 6.12 FL control active power with detail and average model under ramp input 

Figure 6.13 presents the differences in active power between average and detailed models 

with FL control under ramp input. From this figure it can be seen that the difference between 

the two models is small, less than 1.3kW.  

Form Figure 6.11 to Figure 6.13, the generator speed and active power differences of the two 

models with FL control under ramp change input have shown that the average model can 

provide similar performance compared to the detailed model. Combined with the results from 

Figure 6.8 to Figure 6.10, it has been shown that for the simplified average model, FL control 

can be applied to test the long term simulation. 
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Figure 6.13 Differences in active power of FL control under step input 

 

6.1.4 Tidal current velocity data  

As mentioned in Chapter 3, the tidal current velocity data are taken from CMEMS, the 

location is Pentland Firth, and in order to avoid getting negative input, data in Figure 3.10 are 

rectified. Figure 6.2 shows the period of tidal current velocity data that is used as the input of 

the average model. This period contains the tidal current velocity from low tide to high tide 

and back to low tide again, with the maximum speed of 2.9 m/s, which is over the E35 

turbine’s rated speed (2.35 m/s). This provides a full speed range to investigate whether the 

P&O control and FL control can control the turbine and generator to follow the power range 

where below cut-in speed the output power is zero, and over rated speed the output power 

should remain at rated power as shown in Figure 3.11. 
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Figure 6.14 Tidal current velocity input for average model (from CMEMS) 

6.1.5 Control parameter tuning  

As mentioned above, the model was simplified to allow it to run for a longer period of time. 

As the model was changed, the control loops also needed to be adjusted to follow Equations 

6.1 and 6.2, and Figure 6.1. In the new control arrangement, similar to the original control 

system illustrated in Section 4.4, there are still three loops, one DC-link voltage control loop 

and two dq-axis current control loops. The PI controller parameters thus need to be adjusted 

and the PI tuning processes were the same as mentioned in Section 3.3.5. 

The tidal current velocity inputs in Chapters 4 and 5 are step change and ramp change inputs 

in order to test the P&O control and FL control performance under a tidal current velocity 

with sudden and continuous changes. The simulation time was short and the P&O control and 

FL control parameters were set to behave over the short simulation. As the input is to be 

changed to the real tidal current velocity for 6.5 hours, the control strategy parameters also 

needed to be tuned to meet the requirements of the long-term simulation. The step time of the 

P&O control and FL control were 1.25s in Chapters 4 and 5, and this is obviously too small 

for the 6.5 hours input, as it will lead to shorter tracking times but with big fluctuations during 

steady state or the output of the control strategies will overshoot the optimal speed with 

significant errors.  

In order to test how different step times affect the simulation results and to choose a suitable 

step time for the control methods, a 3 hour simulation test was established to investigate the 

different step time effects, for both P&O control and FL control. Figure 6.15 shows the active 

power for FL control with different step times. The step times was increased from 1.25s (as 
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used in Chapters 4 and 5) to 160s. 

It can be seen from Figure 6.15 that the active power was significantly affected by the step 

time. A smaller step time, such as step time 1.25s and 40s, may result in larger fluctuations 

during the tracking process, although most step sizes are capable of tracking the maximum 

power points effectively. On the other hand, larger step times, such as 160s, sometimes fail to 

track the maximum power points accurately. 

 

Figure 6.15 FL control active power with different step time 

Figure 6.16 illustrates the active power of P&O control with different step times. Similar to 

Figure 6.15, a smaller step size can result in the oscillations near the optimal power value, 

such as step time 40s. While large step size, such as 160s, may lead to tracking failures. 

From Figure 6.15 and Figure 6.16 it can be seen that an 80s step time has a good performance 

for both control methods, tracking the maximum power points with small fluctuations. The 

corresponding generator reference speeds are presented in Appendix D.1 and D.2 respectively. 

In the long term simulation, the step times were adjusted (from 1.25s in Chapters 4 and 5 to 

80s) as well as the step sizes of P&O control and the membership functions of FL control 

being adjusted using the tuning methods introduced in Chapters 4 and 5. The basic 

performances of P&O and FL control were presented and discussed in Chapters 4 and 5, such 

as the relationships between different step sizes, step times and membership functions and 

how the control parameters affect the system operation. Thus, in this chapter, the results will 

only present the tidal current turbine generation system performance with discussions and 
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comparisons of the generator reference, output power and efficiencies. 

 

Figure 6.16 P&O control active power with different step time 

6.2 Results and discussion 

As shown in Figure 6.14, the input tidal current velocity takes approximately 6.5 hours to go 

from low tide to high tide then back to low tide. Even with the simplified average model and 

increased sample time, the 6.5 hours simulation still could not be completed in one run as the 

output data was still too large for the available computer memory. Thus, in this chapter, the 

input data is divided into two parts, which means that the first part of the simulation will start 

from time point 2783 and end at 2786.5 in Figure 6.14, and the second part will start from 

2786.5 and run to the end of the input data. The model initial states for the second part were 

set to be the same as the final state of the first part of the simulation. The results presented in 

this chapter are all with the two parts combined together to show the complete performance of 

the control strategies in one tidal cycle. 

6.2.1 Fuzzy Logic control results 

Figure 6.17 illustrates the output of the Fuzzy Logic control strategy. The reference speed that 

is provided to the generator speed control loop is shown as the blue line in Figure 6.17, and 

the red line is the optimal reference speed for the 6.5 hours tidal current velocity input. From 

this figure it can be seen that when the tidal current starts to increase, the output of the FL 

control also increases to follow the speed change. The tracking process has a small delay 

period from 3000s to 8000s, with about maximum error of 3%. When the tidal current 
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velocity reaches the rated power speed, the generator reference speed provided by the FL 

control varies around 60rpm with a maximum error of also 3%. The figure of 60rpm is the 

rated speed of the generator, so that the generator operates in its rated state, and this means 

that the turbine is rotating at the rated speed even though the tidal current velocity is higher 

than the rated power point. After operating at the rated stated for about 6000s (from 12000s to 

18000s, about 1.6 hours), the tidal current velocity starts to decrease below the rated power 

point and the FL output reference speed also starts to decrease. The decreasing period is not as 

smooth as the increasing period, this is because, from the control theory, as illustrated in 

Section 5.2, Figure 5.3 and Table 5.1, if the changes in power and changes in generator speed 

were both negative, the signal from the FL control is then positive. Thus, in Figure 6.17 when 

the speed decreases there will be small increases in the reference speed, but the decrease value 

is larger than the increase value, so that the overall trend is decreasing in this period and it can 

follow the optimal reference speed. 

 

Figure 6.17 Fuzzy Logic control output reference speed 

Figure 6.18 presents the output power of the tidal current turbine generation system with FL 

control, which includes the turbine output power, the generator output power, and the grid 

side active power. It can be seen that these power curves have the same trend, increasing at 

first, then maintaining at rated power then decreasing. The generator output power and active 

power curve are lower than the turbine output power, approximately 5% less, due to the losses 

in the turbine drive train and the losses in the generator (such as copper loss). During the tidal 

current velocity increasing period, before the turbine cut in speed (0.7m/s), it can be seen 

from Figure 6.18 that all three power curves are zero, then once the tidal current velocity 
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exceeds the cut in speed, the power can then start increasing. When the tidal current velocity 

reaches the rated power velocity (2.35m./s), the turbine and generator’s rotational speed 

remains around the rated value. As shown in the figure, the turbine output power is 

maintained at 35kW, and the generator output power and grid active power are maintained at 

33kW. This means that the turbine rotational speed is controlled at its rated speed and does 

not increase even though the tidal current velocity is still increasing. When the tidal current 

velocity decreased below the turbine rated power rotational speed, the output power of tidal 

current turbine, generator power and active power also decreased. Again, when the tidal 

current velocity is below the cut in speed, there is zero output power. The power curves in 

Figure 6.18 correspond to Equation 3.3, and the power verses tidal current velocity curve in 

Figure 3.11. 

 

Figure 6.18 Power of Fuzzy Logic control  

Figure 6.19 illustrates the power coefficient of the turbine with FL control. From this figure it 

can be seen that, during the increasing and decreasing period, the power efficiency has a 

relatively large error at the start and the end of the simulation. The maximum error during the 

whole simulation is about 5%, but when the tidal current velocity is over the cut-in speed and 

during the rated state, the power coefficient is very close to the optimal value. The fluctuation 

of power coefficient is larger in the decreasing period than the increasing period, this is due to 

the FL output generator reference speed having the characteristic mentioned above. The 

overall power coefficient is in an acceptable range with a maximum 5% error below cut-in 

speed and maximum 1.7% error when the tidal current velocity is over cut-in speed, and 

during the rated state, the maximum error is less than 0.2%. 
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Figure 6.19 Fuzzy Logic control power coefficient 

6.2.2 Perturb and observe control results 

The previous section presented the performance of Fuzzy Logic control in the tidal current 

turbine generation system with the 6.5 hour tidal current velocity input. This section is going 

to illustrate the performance of P&O control under the same condition, with the same step 

time, which is 80s, as for the FL control above. 

(1) Multiple Variable Step Size 

As presented in Chapter 4, the variable step size P&O control has better performance in the 

grid-connect conventional tidal current turbine generation system under both step change and 

ramp change tidal current velocity inputs compared to traditional fixed step size P&O control. 

This is because, when the turbine and generator rotation speed is close to the optimal value, 

the changes in output power will become smaller. The variable step size can have a larger step 

size when the rotational speed is far from the optimal value and a smaller step size when the 

rotational speed is near to the optimal value. However, under the real tidal current velocity 

conditions, the tidal current velocity is always changing. In this situation, the variable step 

size P&O control cannot track the MPP efficiently, as illustrated in Figure 6.20. It can be seen 

that before about 2500s, the variable step size P&O control is tracking the optimal value, but 

from 2500s to 6000s, the P&O control output speed overshoots the optimal value then tracks 

back. Again from 6000s to 8500s it overshoots and tracks back, and so on.  
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Figure 6.20 Variable step size P&O output reference speed 

The reason that the variable step size P&O control output reference speed overshoots the 

optimal value and then tracks back, is because the tidal current velocity is constantly changing, 

which means that for every second there will be a new maximum power point, and so the 

changes in power will no longer be the same as in Chapter 4. Figure 6.21 shows the power 

changes in the MPP power curve with the same rotational speed change. It can be seen from 

this figure that, as the tidal current velocity increases, the MPP also changes. As illustrated in 

Section 2.3.2 on the power signal feedback control, the MPP power curve (blue line in Figure 

6.21) can be expressed by Equation 2.3, from which the power can be expressed by 𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝜔𝜔𝑟𝑟3. 

Viewing this together with Figure 6.21, the tidal current turbine rotational speed will be 

changing following the tidal current velocity change, but a given change in tidal current 

turbine rotational speed, will lead to a different power change. For example in Figure 6.21, 

when the tidal current turbine rotational speed changes from 24rpm to 27rpm, or changes 

from 31rpm to 34rpm, the changes in power are significantly different.  At higher rotational 

speed, same small change in speed will lead to much larger changes in power compared to the 

lower rotational speed.  

This is the reason that the variable step size P&O control output in Figure 6.20 has a relatively 

poor performance under real tidal current velocity conditions. In this situation, the variable 

P&O control need to be adjusted to fit the realistic tidal current velocity input. 
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Figure 6.21 Changes in power with same rotation speed change 

Figure 6.22 shows the changes in the power and changes in speed for P&O control under the 

output that is presented in Figure 6.20. It can be seen that the changes in power are larger 

when the tidal current velocity increases, as discussed above. In order to improve the accuracy 

of the control of the output generator reference speed, a new P&O control is established 

moving from a single variable step size to a multiple variable step size arrangement, and the 

∆𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 of the P&O control algorithm can then be express as follows: 

∆𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 =

⎩
⎪
⎨

⎪
⎧
𝛥𝛥𝛥𝛥(𝑛𝑛)𝐾𝐾1   𝛥𝛥𝛥𝛥 ∈ 𝐴𝐴1
𝛥𝛥𝛥𝛥(𝑛𝑛)𝐾𝐾2   𝛥𝛥𝛥𝛥 ∈ 𝐴𝐴2
𝛥𝛥𝛥𝛥(𝑛𝑛)𝐾𝐾3   𝛥𝛥𝛥𝛥 ∈ 𝐴𝐴3

⋮
𝛥𝛥𝛥𝛥(𝑛𝑛)𝐾𝐾𝑖𝑖   𝛥𝛥𝛥𝛥 ∈ 𝐴𝐴𝑖𝑖

Equation 6.3 

where 𝐾𝐾𝑖𝑖 is the adjustment constant, which is the same as in Chapter 4 and 𝐴𝐴𝑖𝑖 is the range of 

power changes. By determining the power change range, the multiple variable step size can be 

established. With the multiple variable step size P&O control, the control output can have 

different step sizes to fit different turbine speed and power changes under changing tidal 

current velocity. This can avoid the control output overshooting the desired value or 

oscillating below the optimal speed which had resulted from only having one adjustment 

parameter.  

The key point of the multiple variable step size is the power range and adjustment constant. 

As can be seen from Figure 6.20 and Figure 6.22, the P&O control output overshoots the 

optimal speed from 2500s to 5800s and during this period the changes in power (from Figure 



138 
 

6.22) are approximately from 30W to 70W, and the desired speed range is about from 15rpm 

to 29rpm. As the P&O control output with 1%-2% differences from the optimal value can be 

considered acceptable and will not bring significant differences in the output power (as 

discussed in Chapter 4), thus, the adjustment constant K value could be between 0.005 to 

0.0083 during this power range. Repeating this process, analysis of the single variable step 

size overshoot periods in Figure 6.20 again can define the power ranges and adjustment 

constant values. The control algorithm can then be tuned by running the simulation again to 

improve the performance; where there is overshoot or lag in the control output generator 

reference speed, the power range and adjustment constant can be tuned to improve the control 

performance. 

 

Figure 6.22  Changes in power and speed of variable step size P&O control 

During the period when the tidal current velocity decreases, the single variable step size P&O 

control also has problems with the optimal value tracking, as shown in Figure 6.23 where the 

P&O control output generator reference speed cannot even track the optimal output value. 

The cause of this problem in the single variable step size P&O control is similar to the FL 

control in Section 6.2.1. Due to the control algorithm, during the decreasing period, there will 

be small increases in the output, and with single variable step size, the increase value will be 

large as the power change is large when the turbine is operating at high rotational speed. This 

will lead to the results presented in Figure 6.23 in which the increasing value is almost the 

same as the decreasing value. The multiple variable step size P&O control presented above 

can solve this problem by adjusting the power change range, A, in Equation 6.3. In addition, 

another slow adjustment factor also needed to be applied in the P&O control algorithm to 
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limit the increasing value which only happens when 𝛥𝛥𝛥𝛥 and 𝛥𝛥𝛥𝛥 are both negative. Thus the 

algorithm can be expressed as: 

𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜔𝜔(𝑛𝑛−1) + 𝑠𝑠𝑠𝑠𝑠𝑠(𝛥𝛥𝛥𝛥) ∙ 𝛥𝛥𝛥𝛥(𝑛𝑛)𝐾𝐾 ∙ 𝑆𝑆𝑆𝑆𝑆𝑆( 𝛥𝛥𝛥𝛥,𝛥𝛥𝛥𝛥)  Equation 6.4 

where SAF is the slowdown adjustment factor, which can control the increasing value of the 

P&O control output. By using the multiple variable step size and the slowdown adjustment 

factor in the P&O control algorithm, the P&O control is able to function in the conventional 

tidal current turbine system to track the MPP. The results will be illustrated in the following 

section. 

 

Figure 6.23 Variable step size P&O output reference speed with decreasing tidal current 
velocity 

(2) P&O Control results with Multiple Variable Step Size 

Figure 6.24 shows the generator reference speed provided by the P&O control. It can be seen 

that from 0s to 3500s the P&O output reference goes over the optimal reference speed with a 

maximum 3% error, and during the period from 3500s to 8000s the P&O control output speed 

is slower than the optimal reference speed with a maximum 5% error. From 8000s to the rated 

power period, the P&O output reference speed is able to track the optimal reference speed and 

stay very close to it, and during the rated state, the P&O output speed fluctuates around the 

rated power speed (60rpm) with maximum 3% error. While the tidal current velocity 

decreases below the rated power, the P&O output reference speed also decreased, and, similar 

to the FL control mentioned above, it has small increases during this period. This is also due 

to the control theory where the P&O control and FL control have the same basic searching 
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principle. From Figure 4.2 and Figure 4.3 it can be seen that when the change in power is 

negative and the change in generator rotation speed is positive, the P&O will then give a 

negative signal, but if both inputs of the P&O control are negative, the output of the P&O 

control will be positive, resulting in the small increases in speed during the tidal current 

decreasing period in Figure 6.24. However, during the tidal current velocity decreasing period, 

the overall tracking of the multiple variable step size P&O output reference speed is negative 

and it follows the optimal reference speed change. When the tidal current velocity starts to 

decrease, the output of the P&O control presents a slight delay with respect to the optimal 

value, and from 20000s to 22000s, the P&O output reference speed goes over the optimal 

speed and then tracks back to the optimal,  the maximum error during this period is 2%, 

which is a small error and it’s acceptable as it will not cause big changes in the output power 

and can meet the control requirements.  

 

Figure 6.24 Perturb and observe multiple variable step size control output reference speed 

Figure 6.25 illustrates the active power, generator output power and turbine output power of 

the system under 6.5 hours input with P&O control. Similar to the results with FL control in 

Section 6.2.1, the power curves have the same trend, and due to the losses in the drive train 

and generator, the green line and blue line in Figure 6.25 are lower than the red line. When the 

tidal current velocity is below the cut-in speed in this figure, during both the increasing and 

decreasing tidal current periods, all of the power are zero. When the tidal current velocity 

reaches the rated power speed, the turbine can provide rated power which is 35kW and 

maintains at this value, and the generator output power and grid active power are kept at this 

value with small fluctuations, even though during this period, the tidal current velocity is over 
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the turbine rate power rotational speed. During the tidal current velocity increasing and 

decreasing periods, the power curves follow the tidal current velocity change curve, which 

matches the turbine power verses tidal current velocity figure in Section 3.2.3 and Equation 

3.3.  

 

Figure 6.25 Power of Perturb and Observe multiple variable step size control 

Figure 6.26 shows the power coefficient of the E35 turbine with multiple variable step size 

P&O control. It can be seen that from 0s to 8000s, the power coefficient has relatively big 

fluctuations, this is because, as shown in Figure 6.24, the generator reference speed during 

this period has maximum 3% error as mentioned above. From 8000s to 18000s, the turbine 

power coefficient is very close to the optimal value, as the reference speed in this period is 

more closely aligned to the calculated optimal value. Again, due to the small increases in 

speed during the decreasing tidal current period, even though the speed is close to the optimal 

value, the turbine coefficient is still affected by this, and this corresponds to fluctuations from 

18000s to the end of the simulation. 
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Figure 6.26 Perturb and observe multiple variable step size control power coefficient 

6.2.3 Performance discussion 

The outputs of FL control and multiple variable step size P&O control are illustrated above in 

terms of the generator reference speed for which both the FL and P&O control output can 

track the optimal value with maximum 5% error. Also, the output power of the turbine and 

generator, and the active power inject to the grid are presented. The turbine output power 

follows Equation 3.3 and Figure 3.11, discussed in Chapter 3, which ensures that the turbine 

is operating when tidal current velocity is above the cut-in speed and maintains at the rated 

power speed when tidal current velocity is larger than rated power speed. The generator 

output power of both control strategies can follow the turbine output change, but due to the 

losses in the system, is smaller than the turbine output power. The active power delivered to 

the grid is almost the same as the generator power, due to the losses in power transmission, 

the active power is lower than the generator output power (mentioned in Chapters 4 and 5). 

Table 6.1 below shows the percentage energy yield and the energy production of FL, P&O 

and sensor (i.e. operation with the tidal current speed sensor) control. The percentage energy 

yield (𝑌𝑌𝑓𝑓) is defined as the energy produced by a system during a given period of time (𝐸𝐸𝑑𝑑𝑑𝑑) 

divided by the theoretical power (𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚), which can be express as 𝑌𝑌𝑓𝑓 = 𝐸𝐸𝑑𝑑𝑑𝑑/𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 [170, 171]. 

From this table it can be seen that the percentage energy yield of FL control and P&O control 

are very similar. The energy yield of P&O control is slightly higher than FL control mainly 

because during the periods of increasing and decreasing tidal current speed, the P&O 

control’s output value is closer to the optimal value than that of the FL control. The reason 
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that the average of P&O control and FL control are not as high as they were in Chapters 4 and 

5 is because when the tidal current velocity is below the cut-in speed, the output power is zero. 

Control strategy Percentage Energy yield  Energy production (kWh) 

Fuzzy Logic control 89.52% 90207 

Perturb and Observe control 89.74% 90402 

Sensor control 90.2% 90898 

Table 6.1 Percentage Energy yield and energy production of FL and P&O control 

Figure 6.27 presents the FL control, P&O control and sensor control output generator 

reference speed. It can be seen that the control output with the sensor has a good performance 

and the output reference speed is equal to the optimal speed. During the tidal current velocity 

increase period, at the start of the simulation (from 0s to about 7500s), the FL control’s output 

is closer to the optimal reference speed than is the P&O control’s output. After 8000s P&O 

control catches up and is slightly higher than the FL control. During the rated power period, 

the output of both FL control and P&O control is maintained at the optimal value and they 

have almost the same fluctuations. During the decreasing period, the P&O control has a 

slightly faster response than FL control, and this leads to the P&O control going slightly over 

the desired value, but the increasing steps in value of the P&O control are smaller than in the 

FL control case, which may lead to the FL control having larger fluctuations than P&O 

control in power efficiency (Figure 6.29) and turbine power coefficient (Figure 6.19 and 

Figure 6.26). 

Figure 6.28 illustrates the active power of FL control, P&O control and sensor control, it can 

be seen from this figure that during the tidal current increase period, the three curve have 

almost the same performance, and during the steady state, compared to the sensor control, FL 

control and P&O control have slight fluctuations while sensor control is flat. When entering 

the tidal current decrease period, the active power of sensor control is slightly higher than FL 

control and P&O control. Compared to the sensor control, the FL control and P&O control do 

not have the same accuracy output reference as the sensor control, but the tracking efficiency 

and the power generated are very close to the sensor control (Table 6.1), which means that 

compared to the conventional sensor control, the FL and P&O sensor-less control have a good 

performance and can track the maximum power points effectively. 
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Figure 6.27 FL, P&O and sensor control output generator reference speed 

 

Figure 6.28 FL, P&O and sensor control active power 

Figure 6.29 illustrates the instantaneous power efficiency of FL control and P&O control 

which is calculated by Equation 4.19. From this figure it can be seen that before the cut-in 

speed, the output power of the turbine and generator are both zero, thus the efficiency of the 

turbine will be zero, such as at the start and end of Figure 6.25. When the tidal current 

velocity is over the cut-in speed, the instantaneous efficiency becomes non-zero. During the 

increasing period, the instantaneous efficiency of FL control and P&O control are very close, 

but generally the P&O control is a little bit higher than the FL control, especially from 7500s 
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to the rated speed. This is because from about 7500s, the P&O control’s output generator 

reference speed is closer to the optimal value than that of the FL control.  

During the rated state, the efficiency of FL and P&O control are almost the same. The rapid 

increase and decrease of efficiency just before and after the rated state is because, when the 

theoretical power is at rated value, FL and P&O control are still tracking the MPP, and it 

takes approximately five steps (about 400s) for the turbine and generator to reach the rated 

power. Beyond the rated state, during the tidal current decreasing period, the P&O control’s 

instantaneous efficiency is still higher than that of FL control, as in this period, as illustrated 

in Figure 6.27, the output generator reference speed of P&O control is closer to optimal than 

that of FL control until around 21500s after which the FL control has a smaller error from the 

optimal value than P&O control. Thus, in Figure 6.29, from 21500s the FL control’s 

efficiency is higher than that of P&O control. After 21500s FL control presents a more stable 

efficiency than P&O control, and after the tidal current velocity drops below cut-in speed, the 

power efficiency becomes zero which can be seen at the end of the simulation in Figure 6.29. 

 

Figure 6.29 Instantaneous power efficiency of FL and P&O control. 

Figure 6.30 presents the FL and P&O control generator output power. It can be seen that the 

blue line and red in this figure are almost the same, which is explained by the overall average 

efficiencies in Table 6.1 being also almost the same; the P&O control is only 0.07% higher 

than the FL control. The main differences in generator output power are zoomed in on in 

Figure 6.30. As mentioned above, from 7500s the output generator reference speed is higher 

for P&O than FL control in Figure 6.24, and this leads to the power in the left subfigure of 

Figure 6.30 having P&O control a little bit higher than FL control. It also leads to the 
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instantaneous power efficiencies in Figure 6.29 where from 7500s the P&O control has higher 

instantaneous power efficiency than FL control.  

During the rated state period, P&O control and FL control have similar performance. The 

generator output power in Figure 6.30 is maintained at the same value with small fluctuations. 

This is because, as shown in Figure 6.27, the control strategies’ output values are almost the 

same, leading to the instantaneous power efficiency values that are very close to each other, as 

mentioned above for Figure 6.29.  

When the tidal current velocity starts decreasing, as shown in Figure 6.30, the generator 

output power of P&O and FL control have the same value until about 21500s. After this point, 

it can be seen from the right subfigure in Figure 6.30, the generator output power from FL 

control has larger fluctuations than P&O control, as mentioned above for Figure 6.27. The 

slight increases in speed of FL control are larger than for P&O control and this leads to the 

larger fluctuation of FL control in Figure 6.29. After 21500s, as the output generator reference 

speed of FL control is closer to the optimal value in Figure 6.27, this means that in Figure 

6.30 right subfigure, the generator output power of FL control is higher than P&O control. 

This can also be seen from Figure 6.29, where from 21000s, the instantaneous power 

efficiency of FL control is higher than that of P&O control. 

 

Figure 6.30 FL control and PO control generator output power 
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6.4 Extra long term simulation and energy production estimations 

The sections above presented the FL control and P&O control for a single tidal cycle, in order 

to get more specific data of the control strategies’ performances under real tidal current input. 

This section is going to illustrate longer-term simulation results of the control output 

generator reference speed and the active power, and based on the simulation results to 

estimate the energy yield and energy production for a year.  

Figure 6.31 shows the 24 hour tidal current velocity input, representing a period between the 

neap tide and spring tide. This continuously changing real tidal current input under varying 

tidal conditions allows for a more comprehensive evaluation of the control strategies' 

performance. 

 

Figure 6.31 24 hour tidal current velocity input 

Figure 6.32 illustrates the P&O control output generator reference speed under 24 hour tidal it 

current input. There are 4 tidal cycles in 24 hour simulation and from this figure it can be seen 

that the P&O control can track the optimal reference speed and varies around the rated value.  

When the tidal current cycles, the P&O control can provide the same trend in the output value 

to track the maximum power points.  
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Figure 6.32 P&O control output reference speed under 24 hour tidal input 

Figure 6.33 shows the active power of P&O control under 24 hour tidal current input. It can 

be seen from Figure 6.33 that the active power that is transferred to the grid is following the 

input change, and when the turbine reaches the rated power, the active power also maintains 

at the desired value. 

 

Figure 6.33 P&O control active power under 24 hour tidal input 

Figure 6.34 presents the FL control output generator reference speed under 24 hours tidal 

current input. It can be seen from this figure that the FL control is able to track the maximum 

power points, essentially extending the cycle of Figure 6.17.  
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Figure 6.34 FL control output reference speed under 24 hour tidal input 

Figure 6.35 illustrates the FL control active power under 24 hour simulation. From this figure 

it can be seen that, under different tidal cycles, the FL control can provide the desired power 

to the grid. 

 

Figure 6.35 FL control active power under 24 hour tidal input 

From Figure 6.32 to Figure 6.35, it is possible to estimate the full year energy production of 

the tidal turbine under the different control schemes. In order to validate the estimation 

accuracy, Figure 6.36 shows the difference between the estimated (i.e. ideal) power curve, 

P&O control and FL control power. It can be seen that the estimated power is higher than the 

other two as it is the ideal result.  
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Figure 6.36 Estimated, P&O control and FL control active power 

Tale 6.2 presents the percentage energy yield and energy production over the 24 hour 

simulation. The energy yield and energy production of P&O control and FL control are again 

similar, and both are below the estimated energy yield and production.  

Control strategy Percentage Energy yield  Energy production (MWh) 

Perturb and Observe control 89.95% 352.77 

Fuzzy Logic control 88.71% 350.72 

Estimated  95% 376.85 

Table 6.2 Energy yield and energy production for 24 hour tidal input  

According to Figure 6.36 and Table 6.2, the energy production for a whole year is estimated 

to be 130 GWh (ideal). This is calculated from Equation 2.2, using the maximum turbine 

rated power as a limitation with 95% efficiency. Based on the estimation of the ideal 

condition, the FL control is estimated to produce 121GWh annual power output while 

multiple variable step size P&O control is estimated to generate 123GWh annual energy 

output. 

From the generator reference speed, the powers and the energy yield illustrated above and the 

discussions, it can be seen that both FL control and P&O control can track the maximum 

power points effectively, and the active powers that are transferred to the grid are very close 

to the conventional sensor control, with the difference in percentage energy yield being less 

than 1% difference and the difference in energy production a maximum of 700kWh under a 
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tidal cycle. Comparing the FL control and P&O control, the performances are even closer, 

with only 0.22% difference in the percentage energy yield and less than 200kWh difference in 

the energy production. 

Under this situation, with similar performance between FL control and P&O control, the 

choice of control strategy will not only focus on the percentage energy yield or energy 

production but will also need to consider the control strategy complexity, stability and 

operability. Both FL control and P&O control have been widely applied in real world wind 

and PV systems. The reliability and feasibility of the control strategies have been proved. 

However, for the tidal current generation systems, due to the high cost of maintenance work, 

the requirements of reliability and robustness of the system are fundamental, thus the choice 

for the developers also needs to consider the cost. 

For FL control, during the control parameter tunning process, the fuzzy inference part needs 

significant work and experience, i.e. it requires experts’ knowledge. Also, when the input 

variables increase aiming to get more accurate results, the complexity of FL control will rise 

sharply. This happens during the parameter tunning process, and more MFs result in greater 

computational requirements, which limits the improvement of FL control’s efficiency. The 

high real-time processing computational resource requirements of a FL controller may lead to 

system delays and increase the cost. 

For P&O control, when adjusting the control parameters, it was found that it sometimes faces 

the output drift problems (discussed in Section 4.5.2), this mainly happens in the system when 

there are sudden changes in the inputs, for example in this thesis, the drift problem is only 

found when using the step change input, while using the ramp change input and the real tidal 

current input data, because these inputs change slowly, the drift problem does not occur. 

Similar to the FL control, the parameter tunning also requires expert knowledge, but due to its 

simple calculation process, the computational requirements are not as high as FL does, this 

will lead to a faster response and lower energy cost. 

In summary, from the results for percentage energy yield and energy production, both P&O 

control and FL can have similar performances, even compared to the conventional sensor 

control system. However, considering the cost savings and real applications, the author 

recommends the multiple variable step size P&O control as the potential solution for tidal 

current turbine generation system sensor-less control, due to its simple structure, low 

requirements in terms of computational resource and lower cost.  
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6.5 Summary 

This chapter has investigated the performance of FL control and P&O control applications in 

the tidal current turbine generation system over an extended period of tidal current velocity 

input. The results have proved that both of the control strategies are able to track the MPP 

without a signal from a tidal current velocity sensor. The FL and P&O multiple variable step 

size control can provide the reference speed signal for the generator, with the average 

efficiencies of the two control strategies being over 90%. The turbine output power follows 

the theoretical power (Equation 3.3 and Figure 3.11). From the control strategies’ output 

reference speed, power curves and efficiencies, it has been demonstrated that both FL control 

and P&O control have quality of performance for the system operating with the real tidal 

velocity data (tidal current velocity rise from low tide to high tide and back to low tide). Also, 

the detailed performance and relationships in reference speed, generator power and 

efficiencies have been discussed and analysed. The comparison of P&O control and FL 

control performance are presented, and from the results and figures it can be seen that the 

P&O control and FL control have very similar performance. The detailed conclusions of P&O 

control and FL control are presented in the next chapter, as well as recommendations for 

future work to further investigate the performance of P&O control and FL control strategies in 

tidal current turbine generation systems to eliminate the need for a tidal current velocity 

sensor. 
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Chapter 7. Conclusions and Recommendations for Further Work 

7.1 Conclusions 

Tidal current turbine generation systems are subjected to the harsh underwater environment 

and suffer from a high rate of failures in the electrical side. The tidal current turbine system 

operation will be interrupted and require unplanned maintenance if one electrical or control 

system failure occurs. Human intervention needs significant planning, and the maintenance 

work may need to be conducted on land, which will lead to a long power transmission 

interruption, significantly decreasing the power generation reliability and increasing the cost. 

In this context, in order to avoid unscheduled maintenance work, improve the power 

conversion efficiency and increase the tidal current turbine system reliability and robustness, 

tidal current velocity sensor-less MPPT control strategies were implemented in this thesis to 

eliminate the tidal current velocity sensor. The proposed sensor-less MPPT control strategy 

can improve the system reliability, ensuring continuous operation of the system without the 

tidal current velocity sensor, and tracking the maximum power point as well.  

To evaluate the performance of the proposed strategies, a detailed comparison between P&O 

and FL control methods was conducted under different conditions. 

7.1.1 Comparison of P&O and FL under step change and ramp change input 

The comparisons between P&O control and FL control were illustrated, through power 

efficiency, generator speed, turbine output power, generator output power, active and reactive 

power to compare the control performance.  

From the results, both P&O and FL based MPPT sensor-less control can track the MPP 

without the tidal current velocity sensor signals. The P&O control has a slightly higher 

average power efficiency than FL control, due to the faster response at the beginning of the 

simulation. For the turbine output power and generator output power, the fluctuations of 

generator speed during steady states will not affect the turbine and generator output power 

significantly, as well as the active power that injected to the grid. The overall performance of 

P&O control and FL control do not have big differences. The P&O control has a slightly 

quicker response at the beginning while the FL control has smaller fluctuations during the 

steady state. However, the P&O control can have a drift problem while this was not found in 

FL control. 
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7.1.2 Control performance with real tidal current velocity input  

The feasibility of P&O control and FL control was initially tested and analysed under both 

step change and ramp change tidal current velocity inputs. The conventional grid-connected 

tidal current turbine generation system with P&O and FL control was then tested under the 

realistic tidal current velocity condition, to evaluate the performance of the system for a tidal 

cycle. 

The variable step size P&O control that was developed in Chapter 4 could not track the MPP 

efficiently. Thus, multiple variable step size P&O control was implemented, by determining 

different power change ranges to allow the P&O to have different output values, which can fit 

the realistic tidal current velocity change.  

Both multiple variable step size P&O control and FL control were simulated under real tidal 

current velocity input and the results are illustrated and discussed in Chapter 6. From the 

results, in terms of the energy yield and energy production, multiple variable step size P&O 

control and FL control have very similar performance. The simulation results of multiple 

variable step size P&O control and FL control have illustrated the possibility of the control 

strategies applied in conventional grid-connected TCT system to eliminate the tidal current 

velocity sensor. 

In addition to conducting a quantitative evaluation of the results, the author also carried out a 

qualitative assessment to identify the strengths and weaknesses of various control methods. 

Taking multiple factors into account, the author recommended the multi-variable step size 

P&O control as an effective solution for sensor less control. 

7.1.3 Discussion of wider issues  

The model built in this thesis was based on the turbine Evopod E35, which is a ¼ scale test 

turbine. The conventional control system developed in this thesis is used in many large 

capacity tidal current turbine systems, such as the MeyGen and O2 projects suggesting that 

system built in this thesis could readily be scaled up. 

Generally, in tidal current turbine generation systems, the turbines are designed and located to 

avoid flow speeds exceeding the cut-out speed, to ensure the safety of the equipment, extend 

the lifespan and maximize the energy capture. Based on this premise, it would be expected 

that the turbine system would not face a cut-out situation frequently, for example, the 

MeyGen turbines’ cut-out speed is 5m/s, while the environment maximum flow speed in the 
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installation area is approximately 4m/s. Thus in this thesis, when designing the sensor-less 

control systems the cut-out problem has not been considered. In practice, one potential 

solution for sensor-less control to deal with the cut-out problem will be a time-base estimation. 

As the tidal current resource is highly predictable, when the tidal current flow reaches the cut-

out speed, the brake can be applied to stop the turbine, and after a calculated period of time, 

the brake can be released for the turbine to operate again. 

7.1.4 Generalisation and limitations of proposed control strategies 

The P&O and FL based MPPT sensor-less control strategy can provide continuous operation 

of the conventional tidal current turbine generation system without a tidal current speed 

sensor, and does not require any system changes in terms of the generator or the converter 

structure.  

For horizontal-axis tidal current turbines, PMGs and with conventional grid-connected control 

loops (such as O2 project mentioned in Chapter 3), with both seabed mounted or floating 

systems, the multiple variable step size P&O control and FL control will be able to be applied 

to operate the system without a tidal current velocity sensor. For the systems with DFIGs, the 

generator side control is slightly different from PMGs, but conventionally they still need a 

tidal current velocity signal to calculate the optimal generator reference speed. Thus, the P&O 

control and FL control would be able to be applied in a horizontal-axis TCT system with a 

DFIG. 

The way that vertical axis tidal current turbines capture energy is similar to the horizontal axis 

turbines, thus, for every tidal current velocity, there still an optimal rotation speed for the 

vertical turbine to capture maximum power through the tip-speed-ratio. Thus, for the vertical 

turbine system, with PMGs or DFIGs, P&O control and FL control can still be applied to 

realize tidal current velocity sensor-less MPPT control.  

In Chapter 6, in order run the simulation model for a long time, the grid side converter 

detailed model was replaced by an average model with equivalent voltage sources. The AC 

voltage will not contain the harmonics that arise from the converter switching, but the 

dynamics of control system and power system are modelled.  

Both the proposed P&O control with multiple variable step size and the FL control require 

iterative tuning of the parameters. The control strategies both require tuning for a specific 

turbine and generator and the control parameters would require adjustment if the system was 

used on a different TCT arrangement. Other research has been conducted into sensor-less 
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control for tidal current turbine systems, such as in paper [172] where the adaptive Extreme 

Learning  Machine (ELM) is applied to realize the sensor-less control to track the maximum 

power points. This methodology requires a substantial amount of initial data to train the ELM 

model. The system presented in this paper also uses a control structure based on a hydraulic 

transmission system rather than a traditional electric power converter. In comparison, the FL 

and P&O control do not require detailed knowledge of the turbine and generator 

characteristics beyond the initial tuning, and can be applied to conventional tidal current 

turbines electrical systems. 

7.1.5 Thesis contributions 

The main contributions of this thesis are as follow: 

1. A variable step size P&O MPPT control has been implemented in the conventional 

tidal current system and compared with traditional fixed step size P&O control, 

showing that the variable step size P&O control offers higher efficiency and smaller 

error (less than 2%). 

2. The FL and P&O control in conventional grid-connected TCT systems have been 

developed to provide generator reference speed signal directly instead of providing the 

PWM switching signals of traditional systems and as demonstrated in the stand alone 

system. 

3. Long term simulation of conventional grid-connected TCT system under real tidal 

current velocity (one tidal cycle) has been demonstrated. The multiple variable step 

size P&O control strategy has been developed to solve the P&O control tracking 

problem under realistic tidal current velocity. Both the multiple variable step size 

P&O and FL control have been developed to provide tidal current velocity sensor-less 

MPPT control performance under realistic conditions.  

7.2 Recommendations for further work 

This thesis has presented P&O and FL based MPPT sensor-less control to deal with a tidal 

current speed sensor fault for conventional grid-connected system. In tidal current turbine 

generation systems, subject to the harsh subsea environment, it is not only the tidal current 

speed sensor that may be damaged. In order to address a series of issues, fault tolerant control 

strategies need to be applied to deal with the tidal current system electrical failures. 

For the control strategy used in this thesis, if a fault detection system can be applied together 



157 
 

with the control strategy, then when the detection system identifies that either the tidal current 

velocity sensor signal is unusual or lost, it could switch to the tidal current velocity sensor-

less control. This will help to improve the system power transmission efficiency, make the 

system more reliable, and also improve the system robustness and fault tolerance. 

If other faults happen in the tidal current turbine system, a single fault tolerant control strategy 

will not typically be able to solve all of the problems. A fault tolerant control strategy which 

can combine some common electrical and control system failures needs to be employed to 

improve the system fault tolerance. 

When several failures occur at once, a fault detection and isolation system would be helpful to 

recognize which part of the system has a problem and isolate the fault from the main system 

and, if available, start a spare equipment item to maintain the system operation and wait for 

human intervention to make a decision as to whether offshore maintenance is needed. This 

will improve the system reliability and robustness significantly.  
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Appendices 

Appendix A 

 

A.1 𝐶𝐶𝑝𝑝 and 𝜆𝜆 relation in MATLAB model 

 

A.2 Tidal current turbine simulation model in MATLAB 
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A.3 abc/dq axis reference frame transformation module 

 

 

A.4 dq/abc axis frame transformation module 

 

 

A.5 dq/ αβ axis transformation module 
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A.6 Current control loop in MATLAB 

 

A.7 Speed control loop in MATLAB 

 

 

A.8 Tidal current turbine generator side control simulation in MATLAB 
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Appendix B 

 

B.1 P&O stand-alone system P&O control in MATLAB 

 

B.2 Stand-alone tidal current turbine system simulation model in MATLAB 

 

 

B.3 P&O control model in MATLAB 
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B.4 conventional tidal current turbine system simulation model in MATLAB  
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Appendix C 

 

C.1 FL control in MATLAB 

 

C.2 FL control input ∆𝜔𝜔 MFs 
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C.3 FL control input ∆𝑃𝑃 MFs 

 

C.4 FL control output ∆𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 MFs 
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C.5 Conventional tidal current turbine system simulation model with FL control in MATLAB 
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Appendix D 
 

 
D.1 FL control output generator reference speed with different step time 

 

D.2 P&O control output generator reference speed with different step time 
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