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I 

ABSTRACT 

The thesis consists of three parts. The effectiveness of the proposed schemes is evaluated on 

Real Time Digital Simulator (RTDS). 

In the first part, an economic scheme to smooth short periodic and heavily fluctuating wave 

power is proposed by controlling the inherent large amount of inertial energy of nearby 

offshore wind turbine systems (WTSs). The smoothing principle is that these WTSs are 

controlled to absorb the fluctuations of the wave power or release power opposite to them. The 

control challenge is that two objectives have to be achieved simultaneously: the rotor speed of 

a WTS has to be controlled against smoothing requirement whilst controlled to follow changes 

of wind speed to achieve wind power capture close to the maximum. To resolve this issue, 

Integrated Compensation Control (ICC) is developed by adding two supplementary terms into 

the original maximum power point tracking (MPPT) control.  

In the second part, a method for short-term wind power smoothing is proposed by controlling 

wind turbines inertial energy. To achieve this, the structure of the power reference of ICC is 

applied, but through different derivation procedures considering in the specific wind power 

self-smoothing situation. The designed power reference of a WTS for wind power smoothing 

includes two components: one component can approximately recover the original power 

trajectory of the MPPT control and the other can compensate the fluctuations of the former.  

In the third part, a new scheme to isolate and suppress forced oscillations is proposed. It 

controls the inertial energy of wind farms using ICC to timely release or absorb power opposite 

to the forced oscillating power from perturbation area(s). Thus, the forced oscillations are 

prevented from propagating to the rest of power grid - isolated and the oscillating power in the 

disturbed area(s) is also reduced - suppressed. 
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CHPTER 1 INTRODUCTION 

1.1 Research Background 

1.1.1 Development of Renewable Generation 

Fossil fuels have been the driving force for industry and economic growth all over the world 

since the dawn of the Industrial Revolution. This can be seen from Figure 1-1 that fossil energy 

has grown exceptionally in the last 200 years, and it is expected to continue growing in the 

future with worldwide economic growth and development. Nevertheless, the increasing world 

energy demand of fossil fuels contributes a significant part in air pollution and the upward trend 

in greenhouse gas emissions, especially CO2 emissions. Figure 1-2 shows that the annual CO2 

emissions from fossil fuels combustion have increased from around zero, before the Industrial 

Revolution, to nearly 33 gigatons in 2015 [1]. It is well known that CO2 is one of the main 

greenhouse gas emissions that contribute to global warming which results in various 

environmental impacts, e.g. glaciers melting, sea levels increasing and changes in the 

traditional agriculture productivities. It is commented in paper [2]  that if we stay on our present 

course, the global emissions of CO2 are projected to triple by 2040. 
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Figure 1-1 Worldwide fossil fuels production from 1800 to 2010 [3]. 

 

Figure 1-2 Trend in CO2 emissions from fossil fuels combustion from 1870 to 2014  [4]. 

Among all economic sectors contributing to the global CO2 emissions from fossil fuels 

combustion, electricity and heat generation are considered to be the largest sector, which 

accounts for 42% in 2015, as seen in Figure 1-3. With anticipated continuous growth of 

electricity demand (see Figure 1-4) [5], the electricity supply is under pressure to achieve 
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reduction in CO2 emissions and thus seeking for renewable generation. The necessity of 

reducing CO2 emissions via de-carbonization of electricity sector has been demonstrated by 

the International Panel on Climate Change (IPCC) [6] and has been discussed from an 

economic perspective in the Stern Report [7]. It is also reported in [8] that power system is a 

core factor for worldwide energy transition. In [8], a comparison is made for three Shared 

Socio-economic Pathways (SSPs) scenarios: SSP1 (A green growth strategy with sustainable 

development proceeding at a reasonably high pace), SSP2 (Intermediate road between SSP1 

and SSP3) and SSP3 (A regional rivalry road where unmitigated emissions are high due to 

moderate economic growth, a rapidly growing population, and slow technological change in 

the energy sector, making mitigation difficult). SSP1 is characterized as a transition from a 

fossil-fuel dominated system (with around 90% of energy supply in 2010), towards an energy 

system where renewable energy is the key part. If  SSP2 scenario is taken, by 2100 the total 

fossil fuels consumption will be substantially less than today’s amount of fossil fuel use (see 

Figure 1-5) and renewable energy will become the major part of energy generation, accounting 

for 65% of the total supply (see Figure 1-6).  

 

Figure 1-3 Worldwide CO2 emissions from fossil fuels combustion by different economic sectors in 2015 

[4]. 
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Figure 1-4 Electricity demand in 2016 and its future growth to 2040 in different regions [5]. 

 

Figure 1-5 Global primary energy use per energy carrier and CO2 emissions per unit of primary energy [8]. 
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Figure 1-6 Power system development and renewable resources share [8]. 

In response to de-carbonization of electricity generation, different countries have been making 

great efforts in developing renewable generation. It was reported in 2014 [9] that in Denmark 

60% of electricity generation was from wind, solar, and biomass. In Portugal, about 30% of 

electricity was supplied by non-hydropower renewable resources. And in Spain, 29% of 

electricity was supplied by renewable generation. In China, as observed from Figure 1-7, 

although the electricity is mainly generated from fossil fuels until now, renewable generation 

will increase significantly and accounts for around 40% of the total electricity generation by 

2040. In the United States (US), renewable generation has seen a large increase since 2015, 

and it is expected to continue increasing at this rate till 2050, mainly due to the contribution of 

solar and wind energy generation, as seen in Figure 1-8. 

The Gone Green 2011 scenario shows that in the United Kingdom (UK) 31% of the electricity 

generation would be contributed by renewable energy resources, mainly by wind, in 2020 [10]. 

And by 2020, carbon emission is expected to cut by 34% at 1990 levels. Meanwhile, the 

Scottish Government’s 2020 renewable energy target is that renewables would meet the 

equivalent of 100% of Scotland's electricity demand [10].  
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Figure 1-7 Installed capacity of different electricity generation technologies in China and its future trend 

[5]. 

 

Figure 1-8 US electricity generation history and future trend [11]. Total renewables generation (left) and 

renewable electricity generation based on reference case (right). 

1.1.2 Fluctuating Characteristics of Wave Power 

Wave is a clean renewable energy resource and wave energy is huge. The existing research 

studies show that there is more than 2 TW of wave power potentially available on the 60m 
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bathymetry [12], which is equal to more than 10% of the average power consumption all over 

the world in 2010 [13].  

Compared to other renewable generation technologies such as wind and solar energy, wave 

energy generation technology is relatively new and currently is of less economically 

competitive [14-16]. However, wave energy has many advantages over other renewable 

energies [14-16] :  

(1) It has significantly higher energy density;  

(2) It is more predictable, which can be predicted several days in advance; 

(3) It is available at much longer time, almost throughout day and night;  

(4) It has lower hourly variations;  

(5) Compared with offshore wind power, resource locations with high wave power in many 

regions of the world are around the coastlines that are close to major load centres, e.g. 

the US [15] and the UK [17].  

These features make wave energy generation a promising option of renewable generation, 

which has attracted a surge of attention from many countries, such as the US [15], many 

European countries, e.g. the UK [18], Portugal, Ireland, Norway, Sweden and Denmark [16], 

as well as China [19].  

Unlike wind turbines which has a single standard design, a wide variety of wave energy 

converters (WECs) have been developed, by using different ways to absorb energy from waves. 

According to the working principle, the existing WEC technologies can be classified into three 

categories: (1) oscillating water columns (OWCs); (2) oscillating bodies with a hydraulic 
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system or a direct-drive linear generator; (3) overtopping devices. More details of the working 

principles and the output power characteristics of the WECs can be found in [18, 20-22]. 

Due to the fact that ocean wave power undergoes zero twice within each wave period, the 

electrical wave power generated by most of the WECs mentioned above, especially by those 

using linear generators, fluctuates heavily at typical periods of 5~12 s. 

As for overtopping devices, the water reservoirs capture waves and store their energy as 

potential energy. Therefore an overtopping WEC has a strong smoothening effect [22].  

For an OWC, the inertia of the Wells turbine can be used to smooth the output electrical wave 

power. However, the smoothing effect depends on the amount of moment of inertia. In order 

to improve wave energy capture efficiency, it is better to design a low inertia OWC system. 

For example, in [23], the authors propose a low inertia Wells turbine-based OWC in order to 

improve the capture efficiency. Figure 1-9 shows the output electrical power of the low inertia 

OWC under the optimal speed control mode. It can be seen that the electrical wave power is 

highly fluctuating. In order to further prove that the output power of an OWC device is highly 

fluctuating under the low-inertia situation, Figure 1-10 shows the time series of the equivalent 

electrical power based on the experimental electrical power data of a quarter-scale OWC 

prototype for the European FP7 project CORES [24]. During this time period, the generator 

was operated under the low inertial energy storage control mode.  
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Figure 1-9 Output electrical wave power of a low inertia well turbine-based OWC [23].  

 

Figure 1-10 Electrical power profile of an OWC based on the European FP7 project CORES [24]. 

For oscillating bodies using hydraulic systems, the high-pressure accumulators are energy 

buffers that can smooth the output wave power. However, similar to the relationship between 

the amount of moment of inertia and energy capture efficiency in an OWC, there is a 

compromise between the structure of a high-pressure accumulator and wave energy capture 

efficiency. Usually a high-pressure accumulator with more complicated structure and bigger 

size means more development and maintenance costs [25].  
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For oscillating bodies which use direct-driven linear electrical generators, e.g. Archimedes 

wave swing (AWS), the generated electrical power fluctuates from zero to several times of the 

average [22, 26, 27]. This is because the captured mechanical energy is directly converted into 

electrical power and there is no energy buffering in such devices. Figure 1-11 shows the output 

current and power of AWS for its first test [22]. Figure 1-12 shows the experimental results of 

three phase voltage where a direct-drive linear generator-based point absorber is connected to 

a 20Ω load [27]. These two figures verify that the output power of a linear generator is highly 

fluctuating.  

 

Figure 1-11 Output current and power of AWS during its first test [22]. 
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Figure 1-12 Experimental data of three phase voltage where a linear generator-based point absorber is 

connected to a 20Ω load  [27]. 

If heavily fluctuating wave power is directly transmitted into a power grid before being 

smoothed, it will cause many problems, e.g., flicker, variations in voltage and frequency, 

harmonics, thermal excursions [22, 24, 26, 28] and increased power losses, which become even 

worse in weak grids [29, 30] and microgrids [31]. Although aggregating many WECs in a wave 

farm has a smoothing effect [14, 32], wave power smoothing is still of great importance and it 

is challenging when a power grid is integrated with high level of wave energy production [18, 

26]. To demonstrate this view, Figure 1-13 shows that the total active power output at the point 

of common coupling (PCC) in a 20 MW wave farm is still oscillating heavily [33]. The 

reference of the wave farm model is from the real test case Biscay Marine Energy Platform 

(bimep), which consists of 10 linear permanent magnetic synchronous generator (PMSG)-

based point absorbers. 
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Figure 1-13 Time series of active, reactive power and voltage at the PCC in a 20 MW wave farm 

consisting of 10 linear-generator-based point absorbers from the real test case bimep [33]. 

1.1.3 Wind Energy Generation and its Variation Characteristics 

1.1.3.1 Development of Wind Energy Generation 

Nowadays, wind power is considered to be the most economically viable renewable solution, 

apart from hydro power [34]. Figure 1-14 outlines the global annual and cumulative installed 

wind capacity from 2001 to 2017 [35]. It shows that by 2017, the global installed wind capacity 

has arrived 539GW, which is 22.6 times of that in 2001. It is anticipated that, by the end of 

2030, installed wind capacity will reach 2000 GW, supplying about 16.7% to 18.8% of the total 

electricity produced worldwide [36]. Figure 1-15 shows the newly and cumulative installed 

wind capacity of the top 10 countries in the world by the end of 2017 [35]. It can be observed 

that China and the US have become the first and second countries for cumulative wind capacity 

installed by 2017, respectively, followed by Germany. 
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Figure 1-16 shows the worldwide net electricity generation from renewable power between 

2010 and 2040 from International Energy Outlook 2017. It can be seen that wind power 

accounts for the biggest renewable generation except hydropower [37] by the end of 2015, and 

it is projected to continue this status by the end of 2040. According to the report in World 

Energy Outlook 2017 [5], renewables in the European Union are projected to be 80% of new 

capacity of electricity generation. Also wind power will become the leading source of 

electricity soon after 2030 due to the rapidly increase of both onshore and offshore wind energy 

generation. Table 1-1 shows wind power targets in different countries [38].  

 

 

Figure 1-14 2001 – 2017 global annual (above) and cumulative (below) installed wind capacity [35]. 
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Figure 1-15 The newly (left) and cumulative (right) installed wind capacity of the top 10 countries by the 

end of 2017 [35]. 

 

Figure 1-16 Worldwide net electricity generation from renewable power [37]. 
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Table 1-1 Wind energy policy in different countries [38]. 

Country CO2 Emission Deduction 

compared to 1990 level 

Wind Energy Target 

China 45%, 2020 200 GW, 2020 

US 25%, 2025 25% of supply, 2025 

Germany 20%, 2020 35% of supply, 2020 

Brazil 38%, 2020 10% of supply, 2021 

India 20%, 2020 83 GW, 2030 

Canada 20%, 2020 20% of supply, 2025 

England 34%, 2020 15% of supply, 2020 

Denmark 50%, 2030 200GW, 2030 

Australia 60%, 2050 10 GW, 2020 

Egypt - 7.2 GW, 2020 

Portugal 20%, 2020 39% of supply, 2020 

Spain 20%, 2020 35 GW, 2020 

 

With the exponentially increase of wind energy installed capacity over the past three decades, 

the size of commercial wind turbines has also seen an exponentially increase since larger wind 

turbines can capture higher power with less installation and maintenance costs. Figure 1-17 

shows the evolution of the size of commercial wind turbines [39].  

Figure 1-18 shows the main components of a fixed speed wind turbine [40]. The state-of-the-

art and emerging wind energy conversion technologies from the electrical engineering 

perspective are comprehensively studied in [39]. 
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Figure 1-17 Evolution in the size of commercial wind turbines [39]. 

 
Figure 1-18 Main components of a fixed speed wind turbine [40]. 
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A fixed-speed induction generator (FSIG)-based WTS without power converter interface is 

shown in Figure 1-19, where the squirrel-cage induction generator (SCIG) is connected to the 

grid through a soft starter and step-up transformer [41-43]. The generator speed varies within 

1% around the corresponding synchronous speed at different wind speeds, and thus this 

configuration is called fixed-speed WTS. Since a FSIG is directly connected to the grid without 

electronics control, when grid frequency decreases or increases, the slip speed of the rotor 

increases or decreases, causing the power output increase or decrease. In this way, the FSIG 

provides inertial response to the power grid, helping to decrease the rate of change of 

frequency, like induction motors.   

 

Figure 1-19 Configuration of a FSIG-based WTS [39]. 

To improve wind power capture efficiency, variable speed wind WTSs are developed. A 

variable speed doubly fed induction generator (DFIG)-based WTS is shown in Figure 1-20, 

where the power from the generator is fed to the grid through both stator and rotor windings 

[40]. The power converter employed in the rotor side allows bidirectional power flow in the 

rotor circuit, which is approximately 30% of the rated generator power [39]. In Figure 1-20, 

the rotor side voltage source converter (VSC) performs maximum power tracking point 

(MPPT) control to maximize wind energy capture [44]. The grid side VSC is to transfer the 

power from the rotor side VSC to the grid by keeping the DC-link voltage constant [44]. Due 

to the MPPT control, the rotor speed of a DFIG is always controlled at the optimum point under 
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each wind speed. Thus, during a frequency event, the output power of a DFIG does not change. 

Therefore, a DFIG does not provide inertial support to power grid.  

 

Figure 1-20 Configuration of a variable speed DFIG-based WTS [40]. 

With the increasingly higher penetration of wind energy generation and the domination of 

variable speed WTSs, a rising issue is the decrease in overall system inertia and thus the 

increase in the rate of change of system frequency [45-51]. Thus, to provide inertial response, 

the so-called “virtual” inertial control in variable speed WTSs is proposed by modifying the 

original MPPT control.  

Generally, virtual inertial control by WTSs can be classified into two types. One type of virtual 

inertial control is realized by adding an extra torque term (𝐾𝑖𝑛
𝑑𝑓

𝑑𝑡
) into the existing torque 

reference of the MPPT control [49, 50]. This type of virtual inertial control requires the 

measurement of grid frequency. The other type, which does not need a prior knowledge of grid 

frequency, is realized by replacing the existing space vector control based on the widely used 

phase-locked loop synchronizing technique, with direct power control in the converters to 

mimic synchronous generator [51, 52]. In this way, the WTS can perform inertial response like 

a traditional synchronous generator without knowledge of the frequency.  

Slip rings and 

brushes 



19 

 

It should be noted that the frequency control or frequency regulation by variable speed WTSs 

also include primary frequency regulation besides just inertial response, although both of them 

are using the kinetic energy stored in a WTS.  

1.1.3.2 Variation Characteristics of Wind Power 

Although the global wind energy generation is experiencing unprecedentedly growing, it also 

brings a series of technical and economic problems to power systems, due to two main factors: 

the high inter-temporal variation and limited predictability of wind power [38, 48]. 

Specifically, the impacts on power systems brought by the high variation and limited 

predictability of wind power include: generation unit commitment and dispatch [53]; power 

systems design and operation; the need for ramping and reserve capacities [54]; scheduling, 

frequency regulations, and system stabilization requirements, etc.. Figure 1-21 outlines these 

impacts by time and spatial scales [55]. The primary reserve here denotes the reserves activated 

in seconds, while the secondary reserve represents the reserves activated in 10~15 min.  

 

Figure 1-21 Impacts of wind power on power systems shown by time and spatial scales [55]. 
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As a result, actions should be taken to mitigate the grid impacts of wind power variability with 

different time scales and restrictions [56]. Since this thesis only focuses on smoothing wind 

power with variations less than tens of seconds, wind power with variations beyond this time 

scope are not discussed in detail.  

Wind power variations at less than tens of seconds are mainly due to the variations in wind 

speed fluctuations, wind shear and tower shadow effect, and wind turbulence.  

Wind speed generally increases with height and this variation is termed wind shear. The torque 

and power oscillate due to the different wind conditions at different heights encountered by 

each blade as it rotates through a complete cycle. If a wind turbine has three blades, the 

distribution of wind is altered by the presence of the tower. For upwind rotors, the wind directly 

in front of the tower is redirected and thereby it reduces the torque at each blade when in front 

of the tower. This effect is called tower shadow. If a wind turbine has three blades, a power 

drop will appear three times per revolution. This frequency is normally referred to as 3𝑝 

frequency. This is the reason why the wind shear and tower shadow effect can produce a 

periodic fluctuating power at the so-called 3𝑝 frequency [57].  

Figure 1-22 shows the torque variations of a DFIG-based WTS due to the wind shear and tower 

shadow effect under a constant wind speed [58]. It can be seen that the torque variations caused 

by the wind shear and tower shadow effect is periodic and has a fixed form. 
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Figure 1-22 Torque variations of a DFIG-based WTS due to the wind shear and tower shadow effect under 

a constant wind speed [58]. 

Another factor that causes variations of generated wind power is wind turbulence. Figure 1-23 

shows the wind speed variations due to the wind turbulence with 9.5m/s in average and 15% 

turbulence intensity, which is generated by the turbulent wind simulator (TurbSim) developed 

by the National Renewable Energy Laboratory (NREL) using the Kaimal turbulence model 

[59]. It can be seen that the wind speed variations caused by the wind turbulence is stochastic 

with longer changing periods than that caused by the tower shadow effect.  

 

Figure 1-23 Wind profile generated by TurbSim using the Kaimal turbulence model [59]. 
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Although a power grid may have many wind farms and each wind farm has many WTSs, the 

total output power from these wind farms is much smoother than that from a single WTS, 

output power from these wind farms is still fluctuating and needs to be smoothed. The wind 

power with variations at less than tens of seconds brings many problems, especially when the 

wind energy generation in the power system is high. Particularly, the resulted voltage flicker 

is mainly due to the wind shear and tower shadow effect [60, 61]. Moreover, since the wind 

shear and tower shadow effect can produce a periodic power at the 3𝑝 frequency, when the 3𝑝 

frequency is close to the frequency corresponding to the inter-area oscillations of a power 

system, significant tie-line power resonance, namely forced oscillations, may be excited [62, 

63]. 

Other problems caused by wind power with variations less than tens of seconds of a wind farm 

are: (1) grid frequency fluctuating [64]; (2) instability problems in power systems, especially 

where there are many loads that are sensitive to voltage and frequency variations; (3) increasing 

the power loss and capacity of transmission lines; (4) increasing the operation cost of 

transmission devices; (5) degrading the reliability of wind power conversion devices [65]. The 

above problems will become more significant when a power grid is integrated with high level 

of wind energy production, especially for small or isolated medium systems, e.g. Ireland.  

In order to show the impacts of wind power variations on power grid frequency, Figure 1-24 

provides the bode diagram of transfer function 𝐺(𝑓𝑊) = ∆𝜔𝑔(𝑓𝑊)/∆𝑃𝑊𝐹(𝑓𝑊)  for a small 

power system with three thermal plants integrated with a wind farm [66], where ∆𝜔𝑔(𝑓𝑊) is 

the frequency deviation from the 60𝐻𝑧 standard frequency and ∆𝑃𝑊𝑇𝑆(𝑓𝑊) is the net power 

fluctuations from the wind farm at fluctuating frequency 𝑓𝑊. Regions 𝐴, 𝐵, and 𝐶 denote the 

jurisdictions of the automatic generation control (AGC), governor systems, and inertia, 
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respectively in this small thermal plants system. It can be seen from Figure 1-24 that the thermal 

plants power system in region B has the weakest smoothing effect.  

Figure 1-25 (a) shows the wind speed profile taken from a 600s wind speed data measured 

from a specific wind turbine location. Figure 1-25(b) shows the fast Fourier transform of the 

wind speed variations. The wind speed variations in region A have the highest spectral 

magnitude and are mainly attenuated by AGCs, which is not the focus of this thesis. The 

variations in region B are the focus of this thesis and have a spectral magnitude which is not 

small. In [67], it says that although in a grid system composed of many wind farms and each 

wind farm has multiple WTSs, the aggregated spectrum will be smoother than that in Figure 

1-25(b), but the aggregated fluctuating components of wind power still lie in the same 

frequency range.  

According to the above analysis for Figure 1-24 and Figure 1-25, it is concluded that the 

thermal power plants system has the worst smoothing effect for wind speed variations in region 

B and the variations in region B have a spectrum amplitude which is not small. These imply 

that wind power variations in region B which is less than tens of seconds should be smoothed 

by extra forces. 
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Figure 1-24 Bode diagram of transfer function 𝐺(𝑓𝑊) = ∆𝜔𝑔(𝑓𝑊)/∆𝑃𝑊𝐹(𝑓𝑊) for a small thermal plants 

system integrated with a wind farm, to show the impacts of wind power variations on power system 

frequency [66]. 

 

Figure 1-25 (a) Wind speed profile taken from a specific wind turbine location. (b) Fast Fourier transform 

of the wind speed variations [66]. 
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1.1.4 Forced Oscillations Phenomenon and its Unique Characteristics 

A forced oscillation is a resonance phenomenon of a power system, which can be excited when 

there exists a periodic external perturbation at the frequencies that are close or equal to the 

natural frequencies of system modes [68-72]. Forced oscillation phenomenons have been found 

in several power systems, e.g. the western North American power system and the China 

Southern Power Grid [70, 71, 73]. The paper [74] summaries the worldwide reported forced 

oscillations. 

Unlike natural (or modal) oscillations caused by low or negative damping [75] of a power 

system, forced oscillations are excited by persistent external periodic perturbations. These 

external perturbations can be classified into four types: (1) Cyclic loads [76-79]; (2) Electrical 

oscillations  caused by malfunctions of power system stabalizers (PSSs) in power plants [68]; 

(3) Mechanical oscillations of synchronous generator turbines [69, 80]; (4) Periodically 

fluctuating wind power due to tower shadow effect [57] and vibrations of floating offshore 

wind turbines [81]. Compared with natural oscillations, forced oscillations exhibit much higher 

amplitude and may cause catastrophic consequences, especially under poorly damped 

operating conditions [70]. Two examples about forced oscillations are given as follows. 

Paper [82] discusses a forced oscillation event occured in western American power system in 

November 29, 2005. The 200 MW forced oscillation on the California—Oregon inter-area lines 

was caused by a 20 MW external perturbation in Alberta, which shows the forced oscillation 

is ten times of the external perturbation. This paper also indicates that the large amplitude tie-

line forced oscillation was the resonance excited by interactions between the external periodic 

perturbation and the 0.25 Hz inter-area western system mode. Moreover, [82] verifies that 

forced oscillations occur even when the power system is well damped. Figure 1-26 shows the 

active power flow on Captain Jack—Grizzly line due to the forced oscillation event. 
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Figure 1-26 Active power flow on Captain Jack—Grizzly line [82]. 

On February 26, 2011, the China Southern Power Grid also found a significant tie-line forced 

oscillation, which had a peak to peak variation of 48 MW with a frequency around 0.20-0.36 

Hz [83]. After investigation, it was shown that this forced oscillation was not resulted from the 

traditional poor inter-area modes but from the external turbo-pressure pulsation of a steam 

turbine in Guizhou province of China. 

Since forced oscillations are significantly different from the origins and nature of natural 

oscillations, it is of importance to take unique countermeasures to eliminate or mitigate them.   
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1.2 Literature Review 

1.2.1 Wave Power Smoothing Methods 

As explained in Section 1.1.2, the generated electrical wave power from WECs fluctuates 

heavily over short time scales of 5~12 s. This presents a challenge to transmission system 

operator as it affects power grid stability, reliability, and operation. Therefore, smoothing 

output electrical wave power becomes an important and necessary requirement. 

Existing wave power smoothing methods can be divided into three categories: (1) Proper 

design or control of the physical components in WECs; (2) Proper arrangement of the 

geometrical layout of WECs in a wave farm; (3) Using short-term electrical energy storage 

devices.  

(1) Proper design or control of the physical components in WECs 

As mentioned in Section 1.1.2 the high-pressure hydraulic accumulators in a hydraulic-

systems-based oscillating body and the inertia in an OWC are naturally short-term energy 

storage [20, 84, 85]. Generally, the bigger size they are, the better the smoothing effect of wave 

power will be. However, bigger size means higher installation cost, lower energy capture 

efficiency, more frequent maintenance, more limitation in installation location, and etc. [86, 

87], especially in a harsh ocean environment. 

Paper [25] designs an OWC by using two segmented chambers which transfer power with a 

phase difference to the turbines so that the output wave power can be smoothed. This kind of 

methods suffers from the two drawbacks: it is site oriented, and the successive chambers 

require specific design.  
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Instead of designing two complementary chambers, paper [88] proposes a complementary 

control using the exiting physical components of an OWC system, in which the airflow control 

of the turbine and the kinetic energy control of the generator are complementary so that the 

output electrical wave power can be smoothed. The drawbacks of this method are that it can 

only be used in OWC devices and requires a compromise between the wave power smoothing 

effect and energy capture efficiency. 

(2) Proper arrangement of the geometrical layout of WECs in a wave farm 

The second type of methods to smooth fluctuating wave power is through optimizing WECs 

locations in a wave farm [32]. This method is able to smooth wave power to some extent and 

reduce required capacity from energy storage. However, the smoothing effect is subject to 

weather change and specific spatial conditions in an ocean environment.  

(3) Utilizing short-term electrical energy storage devices 

The third category of methods is to install short-term energy storage devices for smoothing 

generated electrical wave power. These energy storage devices include batteries [89], 

supercapacitors [90-92], flywheels [93], super conducting magnetic energy storage systems 

(SMES) [94], or hybrid energy storage [95], which have high ramp rates of power. However, 

a harsh offshore environment needs to be taken into account when installing additional energy 

storage devices. Because compared with onshore environment, offshore environment makes it 

more difficult to consider the following factors: frequent replacement of batteries due to limited 

battery charge cycles, large installation space for capacitors, and installation and maintenance 

of required electronic converters and associated hardware.  

Instead of installing extra energy storage to smooth wave power, the low voltage-side local 

DC-link capacitor in a wave energy conversion system is used in papers [17, 96]. The 
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drawbacks of this method are: (1) The smoothing capability of the DC capacitor is limited and 

(2) The DC voltage is varying under the smoothing condition.  

Considering the above background, it is of great importance to develop a new smoothing 

scheme that is of low investment cost and little maintenance, especially when taking into 

account a harsh ocean environment. 

1.2.2 Wind Power Smoothing Methods 

As mentioned in Section 1.1.3, wind power with variations at less than tens of seconds causes 

many problems if it is directly transmitted to power grids before being smoothed. Therefore, 

smoothing wind power in this time scale becomes an important and necessary requirement. 

Many different schemes have been used for smoothing wind power variations in this timescale. 

Paper [97, 98] classify the methods of wind power smoothing into two categories: (1) with 

extra energy storage and (2) without extra energy storage.  

(1) Wind Power Smoothing with Extra Energy Storage 

Wind power smoothing methods based on different energy storage technologies in different 

time periods can be found in the review papers [99-101]. However, the most suitable energy 

storage technologies for smoothing wind power with variations less than tens of seconds are 

batteries [56, 102-104], supercapacitors [105-108], SMESs [109-114], flywheel energy storage 

systems [115-120], or combination of them [118, 121], due to their high ramp rates of power 

[99, 116, 122, 123].  

However, implementation and maintenance of energy storage devices are expensive and the 

thermal excursions of the power conversion devices in WTSs are still not improved [124].  

(2) Wind Power Smoothing without Extra Energy Storage 
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The second category of methods for wind power smoothing are those without installing extra 

energy storage devices, including the pitch angle control [64, 125-127], using the DC-link 

capacitors in PMSG-based WTSs [128], and using kinetic energy stored in WTSs [129, 130]. 

Since a DC-link capacitor has a very limited energy storage capability, it is always utilized 

together with the pitch angle control [131] or with both the pitch angle and kinetic energy 

control [132]. 

The pitch angle control to smooth wind power discards extractable wind energy, which is not 

economical and it increases blade pitching which will reduce the lifetime of wind turbines [97, 

125, 131].  

Compared with the two methods of using DC-link capacitors and pitch angle control, the 

method of utilizing the rotating kinetic energy of WTSs to smooth wind power is preferred in 

many works [124, 130, 132-137]. This is because the kinetic energy is usually quite large. 

Therefore little wind power procurement will be lost if the WTSs are well controlled.  

It has been discussed in [135] that smoothing wind power variations of a certain time period 

can be achieved by controlling WTSs inertial energy in which the WTS power reference is 

properly designed as a function of the rotor speed. In [135], comparative results were provided 

for the following three methods: the maximum power point tracking (MPPT) control, constant 

power control, as well as linear slope approach. The simulation results demonstrated that a 

WTS can be unstable if the power reference for smoothing is not designed well. Paper [134] 

provided a smoothing method which is easy in implementation, by just designing the power 

reference as 𝐾𝑜𝑝𝑡𝜔𝑟̅̅̅̅
3 compared with 𝐾𝑜𝑝𝑡𝜔𝑟

3 of the MPPT control, 𝐾𝑜𝑝𝑡𝜔𝑟
3 where 𝜔𝑟̅̅̅̅  is the 

average rotor speed over time. This approach can smooth the wind power well under the 

simulated wind speeds. However, the smoothness of the given power reference 𝐾𝑜𝑝𝑡𝜔𝑟̅̅̅̅
3 is 

affected by the rotor speed under the smoothing situation and it is no longer as smooth as the 
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average of that under the MPPT control. This is because under the wind power smoothing 

condition, the rotor speed and its average will change more dramatically than that under the 

MPPT control. A way for wind power smoothing which is similar to that in [134] is also used 

in [124]. But in [124] the rotor speed instead of the electrical torque is given as the control 

reference and the rotor speed reference is calculated based on the filtered output electrical 

power of a WTS. An optimized proportion integration (PI) controller for the rotor speed control 

is deliberately designed to maintain the WTS stable. However, the way of designing the filter 

time constant has not been discussed. In [132] a fuzzy logic smoothing controller is used. 

However, the requirement of measuring mechanical torque in [132] is not practical and the 

simulation results show that the smoothing capability is limited. In [133] a new control 

structure is proposed to achieve the suboptimal filtered power output. However, systematic 

procedures for designing the coefficient of the suboptimal power output control and the filter 

time constant are not provided. In both [130] and [136] the trade-off between the wind power 

capture and smoothing performance is considered, but different control strategies are used. In 

paper [137]  the wind power smoothing problem is converted into an optimization problem. 

However, it is difficult to implement in practice since the accurate electrical model of a WTS 

is required. 

According to the above background, an economical way which can smooth wind power 

variations less than tens of seconds is still waiting to be developed. 

1.2.3 Forced Oscillations Suppression Methods 

Considering the origins and characteristics, countermeasures of forced oscillations are different 

from that of natural oscillations. Generally, there are three categories of methods to minimize 

the grid adverse impacts from forced oscillations: (a) Elimination of forced oscillations; (b) 

Damping of forced oscillations; (c) Isolation and suppression of forced oscillations. The first 
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category of methods aims to completely eliminate forced oscillations by removing persistent 

external periodic perturbations [70, 138]. However, this removal is difficult and sometimes 

even impossible to realize due to two reasons. (1) It requires timely and accurate online locating 

of external periodic perturbations, which is difficult to obtain by the current locating methods 

[138-140]. (2) The external perturbation sources can be small or just within some critical power 

plants or loads making it neither practical nor economical to remove [71].  

In the second category of methods, instead of complete elimination of forced oscillations, paper 

[58] proposes the methods of improving system damping by using power system stabilizers 

(PSSs) or flexible alternating current transmission systems (FACTS)-based stabilizers. 

However, unlike natural oscillations are attenuated quickly for a system with good damping 

performance, forced oscillations can still occur and be sustained [82, 141].  

The third category of methods aims to isolate and suppress forced oscillations, so that the 

propagation of forced oscillations from disturbed area(s) to the rest of power grid is stopped. 

And subsequently the forced oscillations of the disturbed area(s) can be reduced. Paper [71] 

proposes an E-STATCOM approach to isolate and suppress forced oscillations by 

incorporating an energy storage unit into a static compensator (STATCOM). The 

disadvantages of this scheme are twofold: (1) Extra power electronic hardware and energy 

storage devices are required, and the cost and maintenance requirements of the associated 

devices must to be considered. (2) Resonant controllers are adopted that requires a priori 

knowledge of the frequencies of the external perturbations. Reference [142] proposed the 

installation of an extra flywheel in a wind farm to suppress forced oscillations excited by the 

oscillating wind power with the 3𝑝-frequency due to the tower shadow effect. Instead of using 

resonant controllers like paper [71], reference [142] proposes a power compensation method 

in which the flywheel is controlled to generate fluctuating power opposite to the forced 
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oscillating power. Instead of installing an extra flywheels, reference [63] utilizes the DC-link 

capacitor in a PMSG-based WTS with the same power compensation control as that in [142] 

to suppress forced oscillations. The method proposed in [142] is not economically viable and 

the one in [63] has limited suppression capability since the capacity in DC-link capacitor is 

small. 

Based on the above background, economical and convenient approaches for isolation and 

suppression of forced oscillations still remain open.  
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1.3 Research Objectives and Contributions 

The research objectives of this thesis are to improve the power quality of the output power 

from wave and wind farms, and improve power systems stability by isolating and suppressing 

oscillations. The three objectives are achieved through controlling the inherent large amount 

of inertial energy stored in wind farms. Specifically, the objectives are: (1) Smoothing the 

heavily fluctuating wave power from a wave farm; (2) Smoothing the output wind power with 

variations less than tens of seconds from a wind farm; (3) Isolating and suppressing forced 

oscillations and inter-area oscillations. 

It should be noted that this thesis uses the existing inertial energy of WTSs to smooth wave and 

wind power before being transmitted to a power grid, which can help to reduce the frequency 

fluctuations caused by wind and wave power fluctuations. However, this is different from the 

way of using “virtual” inertial energy of WTSs to smooth frequency fluctuations [49, 50, 51, 

52]. The methods proposed in this thesis does not use frequency measurement as a feedback 

signal while the “virtual” inertial energy control methods directly use frequency as a feedback 

signal. Hence, compared with the “virtual” inertial energy control methods, the methods in this 

thesis are considered to be an indirect ways to smooth grid frequency.  

1.3.1 Smoothing Wave Power 

Nowadays, the vast exploitation of offshore wind recourses has drawn great attention in the 

world and many offshore wind farms are being planned or under construction [143]. By 2030 

the installation capacity of offshore wind farm in the North Sea and the Baltic Sea is expected 

to rise to 20–25 GW [143]. This is because offshore wind energy resource has many intrinsic 

advantages, compared to its opposite onshore wind energy resource. Offshore wind farm has 

stronger and more constant wind speed, less noise and visual pollution, more economical viable 
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in terms of using far larger turbines, closer to major population centers e.g. the US and etc. 

[144].    

It is known that wave and wind resources overlap in nature since waves are generated by wind 

blowing [18]. Combined exploitation of offshore wave and wind resources has attracted 

increasing research attention and has been supported by several EU projects, such as 

MERMAID, TROPOS, H2OCEAN, ORECCA and MARINA [145]. Figure 1-27 shows a 

floating wave and wind energy combined conversion system, proposed by Pelagic Power AS.  

 

Figure 1-27 A design concept of a floating wave and wind energy combined conversion system [145]. 

There exist many advantages of a combined offshore wave and wind farm, e.g., shared 

infrastructure, operation and maintenance, enhancement of energy production, reduction of 

operation and maintenance costs, smoothing of generated electrical power [145-148]. These 

benefits are analyzed and verified in [145-148], which implies that combined exploitation of 

wave and wind energies is a promising direction. In this way, using the large inertia of offshore 

WTSs (whose turbines are much larger than onshore wind turbines) as kinetic energy storage 

to achieve smoothing of wave power is possible and economic viable. Thus it is proposed in 
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this thesis. Meanwhile, Integral Compensation Control (ICC) is deduced for those WTSs in 

which only two supplementary terms are added into the control reference of the original MPPT 

control. ICC is able to regulate WTSs rotor speeds to use the WTSs as kinetic energy storage 

to smooth wave power. At the same time ICC makes the WTSs running close to the optimal 

rotor speeds points under varying wind velocities to minimize the loss of wind power 

procurement.  

The rotor speeds of these WTSs have to be controlled at the related optimums at different input 

wind velocities so that the WTSs can maximize wind energy capture. However, the rotor speeds 

also need to be changed timely as kinetic energy storage so that the WTSs can generate 

fluctuating power that is opposite to the fluctuations of the wave power. The two objectives are 

not only irrelevant but also in conflict. Therefore, in order to realize the two objectives, the 

integral torque supplementary term of the two supplementary terms is introduced in ICC.  

The contributions of the proposed wave power smoothing strategy are summarized below.  

 Heavily fluctuating wave power is smoothed by controlling the inertial energy of nearby 

offshore WTSs. Unlike existing smoothing methods of wave power, the proposed 

strategy does not require any additional energy storage systems.  

 The proposed ICC can achieve the two conflicting objectives simultaneously: wave 

power smoothing and high wind energy capture efficiency. Simulation results show the 

standard deviation of wave power is decreased by 10~20 times while the loss of wind 

power capture is less than 1%.  

 Offshore wind farms can smooth the fluctuating wave power generated from any kind 

of WECs, since the input signal to a wind farm is the total output electrical power of a 
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wave farm. This makes the proposed wave power smoothing strategy applicable to all 

kinds of WEC technologies. 

1.3.2 Smoothing Wind Power 

Based on the background discussed in Section 1.2.2, it is a good proposal to smooth wind 

power with variations less than tens of seconds by utilizing the kinetic energy stored in WTSs. 

However, the existing methods cannot achieve the following two objectives simultaneously: 

well smoothing of wind power and obtaining high wind energy capture efficiency. In this way, 

a new method to control WTSs rotating inertial energy to smooth wind power is proposed in 

this thesis. This thesis focuses on the second operation region of a WTS in which the maximum 

wind capture is implemented. Because in the first region a WTS does not move, and in the third 

operation region the output wind power is a constant value since the pitch angle control is 

implemented. In the second operating region, in order to achieve smoothed wind power output, 

it is of importance for a WTS to have approximate maximum wind power capture (wind power 

capture is close to that of the MPPT control) under varying wind velocities. To achieve this, 

the key thing is to design the power reference properly. The designed power reference of the 

proposed wind power smoothing method includes two parts. The first part is to make a WTS 

approximately recover (or duplicate) the power trajectory of the MPPT control. This means 

that the recovered power curve can follow the change of the power trajectory of the MPPT 

control, although the average of the former is little less than the latter due to the smoothing 

action. The second part is to smooth the power curve of the first part, which is the difference 

between the average and the real-time of the first part. Then it can be seen that the average 

output power of a WTS is equal to the average of the recovered curve, which is little less than 

that of the MPPT control due to the little loss of wind power capture. In this way, two objectives 
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of smoothed wind power output and approximate maximum wind power capture are achieved 

simultaneously. 

Compared to existing works, the advantage of the proposed wind power smoothing control is 

that it can have the following merits at the same time.   

 It can smooth wind power output with variations within tens of seconds and still keep 

a high wind power capture efficiency;  

 It can maintain stabilities of WTSs under variable wind velocities;  

 It can mitigate the mechanical stress of a wind turbine by giving a smoother torque 

reference compared with that under the MPPT control, thus expanding the wind 

turbines lifetime;  

 It is easy in practical implementation since no modification to the existing devices and 

no installation of extra energy storage systems are needed.  

 It can reduce wind power capture loss by smoothing the output power from a wind farm 

and by the proposed coordination control of multiple WTSs. Because there is an 

inherent smoothing effect in a wind farm and different WTSs have different wind 

velocities and thus have different kinetic energy storage capabilities. 

The difference of the two control methods in Chapter 2 and Chapter 3 should be pointed out 

here. Although the structure of the proposed power reference for wind power smoothing is the 

same as that of ICC for wave power smoothing, the deduction procedures and logic, and thus 

the related coefficient of the control reference, are different. This is because by using WTSs to 

smooth wave power, the required compensation power ∆𝑃𝑐 can be easily obtained from the 

measured information of the electrical power from a wave farm, while to smooth wind power 
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itself the compensation value needs to be estimated. Thus, the deduction logic in Chapter 3 is 

trying to set a power reference which can recovery the power trajectory of the MPPT control 

under the smoothing situation and then to smooth the recovered trajectory, while the deduction 

logic in Chapter 2 is that under the smoothing situation the rotor speed deviates from its 

optimum and the resulted change of kinetic energy should be all used for smoothing wave 

power.  

1.3.3 Isolating and Suppressing Forced Oscillations 

As mentioned in Section 1.1.3, wind energy will account for a great proportion in the future 

energy scenario [34]. Also, a few works have been published by using variable-speed WTSs 

as kinetic energy storage to support power grids, such as to support and regulate grid frequency 

[149-151], to suppress inter-area oscillations [152-156], etc..  

Inspired by the above background, this thesis presents a proposed isolation and suppression 

strategy of forced oscillations based on controlling wind farms to generate compensated power 

opposite to the forced oscillating power. The proposed method uses the large amount of inertial 

energy of wind farms without requirement of installing extra energy storage and power 

electronic devices. Similar to that of smoothing wave power, to isolate and suppress forced 

oscillations, it is important for a wind farm to generate oscillating power exactly opposite to 

the forced oscillating power while retaining the capability of high wind power capture under 

varying wind speeds. In view of this, ICC is adopted.  

By adopting ICC, a wind farm can timely release or absorb power opposite to the oscillating 

power from disturbed area(s), thereby preventing the forced oscillations from propagating to 

the rest of power grid (isolated). At the same time the oscillating power in the disturbed area(s) 

is also reduced (suppressed). 
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The contributions of proposed strategy for forced oscillations isolation and suppression are 

fourfold: 

 The proposed strategy represents the first active use of the large inertia from a wind 

farm as energy storage to isolate and suppress forced oscillations while obtaining the 

wind power capture close to that of MPPT control. 

 The proposed strategy is easily to implement with only the information of the oscillating 

power from the disturbed area(s). A priori knowledge of the frequencies of the external 

perturbations are not required.  

 The proposed power compensation control is universal and not restricted to fixed 

system structures. On the contrary, the existing damping control methods based on 

state-space equations of a power system have limited applicability since they are subject 

to fixed control structures and specific power systems [153].   

 Although the strategy proposed aims to suppress forced oscillations, it is also helpful to 

damp inter-area oscillations.  
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1.4 Outline of Thesis 

The research in this thesis is conducted via theoretical derivation and time domain simulations 

in Real Time Digital Simulator (RTDS). The outline of the thesis is given as follows: 

Chapter 2 This Chapter aims to smooth wave power which fluctuates heavily at typical periods 

of 5~12 s. The wave power smoothing scheme through controlling the large kinetic energy of 

nearby offshore wind farms is proposed. ICC is developed to achieve the wave power 

smoothing and high wind energy capture efficiency. Simulations of DFIG-based and PMSG-

based WTSs in RTDS are provided to validate the performance of the proposed method. 

Chapter 3 This Chapter is to smooth wind power with variations less than tens of seconds. 

The smoothing is achieved by controlling the kinetic energy of WTSs by adopting the structure 

of the power reference of ICC proposed in Chapter 2. The smoothing control proposed in 

Chapter 3 is derived in a logic different from that of ICC due to in the wind power self-

smoothing situation. A way to estimate the required wind power compensation is also 

developed. Finally simulation of DFIG-based and PMSG-based WTSs in RTDS is provided to 

validate the performance of the proposed method. 

Chapter 4 This Chapter is to isolate and suppress forced oscillations. The physical principles 

and characteristics of forced oscillations are analyzed first. Then utilizing the inherent large 

kinetic energy of wind farms to isolate and suppress forced oscillations is proposed by adopting 

ICC. Simulation results of the two-area power system with a DFIG-based wind farm using 

RTDS are provided to demonstrate that the proposed method can isolate and suppress forced 

oscillations, and damp inter-area oscillations as well.  

Chapter 5 This chapter concludes the thesis and discusses possible future work.  
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CHAPTER 2 WAVE POWER SMOOTHING 

2.1 Introduction 

This chapter uses the material in the published paper [157]. It introduces a novel scheme to 

smooth the output power of a wave farm by utilizing the large inertia of nearby offshore WTSs. 

ICC is deduced to control the WTSs to generate fluctuating power opposite to the fluctuating 

components of the wave power. Section 2.2 describes the system configurations of the 

proposed wave-wind farm. Section 2.3 provides detailed theoretical deduction of the proposed 

ICC for a single WTS. Then the coordination control for several WTSs within a wind farm is 

deduced with the purpose of decreasing wind power capture loss caused by the smoothing 

action. In Section 2.4, a single DFIG-based WTS and PMSG-based WTS are simulated in 

RTDS to verify the performance of the proposed ICC method. Quantitative analysis of the 

dynamic performance is also provided to show the relationship between wave power smoothing 

effect and wind power capture efficiency. Then simulation results of a wind farm with two 

DFIG-based WTSs are performed to show that the coordination ICC of multiple WTSs can 

improve the efficiency of wind energy capture. Finally, Section 2.5 summarizes the major 

results of this chapter. 

Symbols 

∆𝑃𝑐         Oscillating component of the total electrical power from a wave farm 

𝑃𝑤𝑎𝑣𝑒̅̅ ̅̅ ̅̅ ̅     The average of the total electrical power from a wave farm 

−∆𝑃𝑐      Oscillating component of the output electrical wind power for smoothing wave power 

𝑃𝑤𝑖𝑛𝑑
0      The output electrical wind power due to power captured from environmental wind 
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𝐾𝑜𝑝𝑡        Optimal coefficient for maximum wind power capture 

𝜔𝑟_𝑜𝑝𝑡(𝑡)     Real-time rotor speed of a WTS under the MPPT control  

𝜔𝑟_𝐷𝐶𝐶(𝑡)    Real-time rotor speed of a WTS under DCC 

𝜔𝑟_𝑖𝑑(𝑡)      Real-time rotor speed of a WTS under expected smoothing situation  

𝜔𝑟(𝑡)          Real-time rotor speed of a WTS under ICC  

𝜀            Loss of wind power capture due to the rotor speed deviating away from its optimum  

𝑇𝑟𝑒𝑓−𝑀𝑃𝑃𝑇    Given torque reference of a WTS under the MPPT control 

𝑇𝑟𝑒𝑓−𝐷𝐶𝐶     Given torque reference of a WTS under DCC 

𝑇𝑖𝑑𝑒𝑎𝑙          Expected torque reference for a WTS when the WTS is used to smooth wave power 

𝑇𝑟𝑒𝑓−𝐼𝐶𝐶     Given torque reference of a WTS under ICC  

𝑇𝑖𝑛𝑡        Extra torque term in the torque reference in ICC compared with that of DCC  

∆𝐸          Kinetic energy change of a WTS when 𝜔𝑟(𝑡) decelerates or accelerates from 𝜔𝑟_𝑜𝑝𝑡(𝑡) 

𝐽           Moment of inertia of a WTS 

𝜉          Wave-wind ratio 

𝑐𝑣         Variation coefficient          
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2.2 Configuration of a Proposed Wave-Wind Farm System 

The proposed wave-wind farm system is shown in Figure 2-1. The wind farm can be composed 

of either DFIG-based WTSs or PMSG-based WTSs. The wave farm is composed of a parallel 

set of FSIGs. Each FSIG has a 5~12 s periodically fluctuating mechanical input torque. The 

interactions of the prime mechanical movers with sea waves are ignored, since only the 

electrical characteristics of WECs need to be considered. 

System Bus

Wind Farm

Wave Farm

DFIG

DFIG

. . . . . .

Wind

3

3

33

3

3

Undersea cable

Wind

 

Figure 2-1 The proposed wave-wind farm system. 

The use of FSIGs for representing the wave farm is reasonable. This is because from the power 

grid point of view, it can cover the worst output electrical wave power generated by the WECs 

𝑃𝑤𝑖𝑛𝑑
0 − ∆𝑃𝑐 

𝑃𝑤𝑎𝑣𝑒̅̅ ̅̅ ̅̅ ̅ + ∆𝑃𝑐 

𝑃𝑤𝑖𝑛𝑑
0 + 𝑃𝑤𝑎𝑣𝑒̅̅ ̅̅ ̅̅ ̅ 
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introduced in Chapter 1. Among the existing WECs, overtopping devices and oscillating bodies 

using hydraulic systems, e.g. Pelamis [20], use FSIGs as the mechanical-electrical conversion 

devices. As for oscillating bodies using linear generators whose output currents have varying 

phases, back-to-back converters are usually adopted to convert the current before it is 

transmitted to a power grid. Thus, the external characteristics of the final output electrical 

power from this type of WECs is equivalent to that of a synchronous generator. Hence, using 

a FSIG to represent an oscillating body using linear generators is reasonable. An OWC usually 

uses a DFIG as an electricity conversion system to mimic WTSs and maximize wave power 

capture. Thus, using FSIGs to represent OWCs is also reasonable.  

A capacitor bank is connected at the PCC of the wave-wind farm system to compensate the 

reactive power required for the FSIGs. The undersea alternating current (AC) cables are used 

to connect the farm to the onshore grid.  

The wave farm in the proposed wave-wind farm system generates fluctuating electrical power, 

which is composed of a mean 𝑃𝑤𝑎𝑣𝑒̅̅ ̅̅ ̅̅ ̅  and a real-time varying value ∆𝑃𝑐. The power from the 

wind farm includes two parts: (1) the output electrical wind power 𝑃𝑤𝑖𝑛𝑑
0  coming from the 

external wind; (2) −∆𝑃𝑐 is converted from the kinetic energy of the WTSs which is used to 

smooth the wave power and has zero mean in the long run. According to the above analysis, 

the power of the PCC will be the sum of 𝑃𝑤𝑎𝑣𝑒̅̅ ̅̅ ̅̅ ̅ and 𝑃𝑤𝑖𝑛𝑑
0 , which means the power on the 

system bus is smoothed.  
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2.3 Development of the Proposed ICC Method 

Before introducing the proposed ICC method, Direct Compensation Control (DCC) for wave 

power smoothing via the MPPT control [44, 158] is described. Then to overcome the 

drawbacks of DCC, ICC is provided. To illustrate the control strategy, the wind farm consisting 

of only a single WTS is introduced first for the purpose of clarity, and then it is extended to the 

wind farm consisting of many WTSs.   

2.3.1 Direct Compensation Control (DCC) 

In the MPPT control [44, 158], the power or toque reference of a WTS is designed as  

𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇 = 𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡
3 (𝑡)                                          (2.1) 

  𝑇𝑟𝑒𝑓−𝑀𝑃𝑃𝑇 = 𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡
2 (𝑡)                                         (2.2)  

where 𝜔𝑟_𝑜𝑝𝑡(𝑡) represents the real-time rotor speed of the WTS under the MPPT control. 𝐾𝑜𝑝𝑡 

represents the optimal coefficient for the maximum wind power capture and it is given by   

𝐾𝑜𝑝𝑡 = 0.5𝜌𝜋𝑅5𝐶𝜌𝑚𝑎𝑥/𝜆𝑜𝑝𝑡
3                                         (2.3) 

where 𝜆𝑜𝑝𝑡 is the optimal value of the tip speed ratio 𝜆, and 𝐶𝜌𝑚𝑎𝑥 represents the maximum 

value of the power coefficient 𝐶𝜌(𝜆, 𝛽) with the pitch angle 𝛽 =  0∘ and 𝜆 = 𝜆𝑜𝑝𝑡. This study 

uses the 𝐶𝜌(𝜆, 𝛽)  curve adopted from [159, 160] with the definition of 

𝐶𝜌(𝜆, 𝛽) = 0.517 [
116

𝑘
− 0.4𝛽 − 5] 𝑒−

21

𝑘 + 0.0068𝜆                    (2.4) 

where  
1

𝑘
=

1

𝜆+0.08𝛽
−

0.035

𝛽3+1
.  

The diagram of the MPPT control is shown in Figure 2-2.  
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Figure 2-2 Control diagram of the MPPT control in a single WTS. 

It is assumed in this chapter that the electrical power of the generator is the same as the given 

power reference due to the fast dynamic characteristics of VSC. 

To smooth the fluctuating power from the wave farm by using the rotating kinetic energy of 

the WTSs in the combined wave-wind system, the basic principle is as follows: the WTSs are 

controlled to generate fluctuating power that is exactly opposite to the oscillating components 

of the wave power. Then the transmission lines of the wave-wind farm is smoothed, which 

means wave power is smoothed. 

Define the oscillating components of the wave power as  

∆𝑃𝑐 = 𝑃𝑤𝑎𝑣𝑒 − 𝑃𝑤𝑎𝑣𝑒                                                    (2.5) 

where 𝑃𝑤𝑎𝑣𝑒 is the total output electrical power from the wave farm, and 𝑃𝑤𝑎𝑣𝑒  is the average 

value, obtained through a moving average filter (MAF). It can be seen from (2.5) that in the 

long run, the average of ∆𝑃𝑐 is zero (∆𝑃𝑐̅̅ ̅̅̅ = 𝑃𝑤𝑎𝑣𝑒̅̅ ̅̅ ̅̅ ̅ − 𝑃𝑤𝑎𝑣𝑒 = 0). According to the smoothing 

principle, the wind farm should generate the opposite power −∆𝑃𝑐 to compensate ∆𝑃𝑐.  

The working principle of a MAF is that in each fixed time-step the input signal is sampled and 

then the average of the last 𝑁 input samples is calculated as the output of the MAF. Hence, the 

MAF window time used in this thesis represents the sum of the 𝑁 fixed time-step period. 

𝑇𝑟𝑒𝑓−𝑀𝑃𝑃𝑇 𝜔𝑟_𝑜𝑝𝑡(𝑡) 

𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡
2 (𝑡) 
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The idea of the DCC method is to add −∆𝑃𝑐 directly to (2.1) to generate the power or torque 

references for the WTS (shown in Figure 2-3), given by 

𝑃𝑟𝑒𝑓−𝐷𝐶𝐶 = 𝑃𝑟𝑒𝑓0 − ∆𝑃𝑐 ≠ 𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡(𝑡) − ∆𝑃𝑐                            (2.6) 

= 𝐾𝑜𝑝𝑡𝜔𝑟_𝐷𝐶𝐶
3 (𝑡) − ∆𝑃𝑐                                              (2.7) 

and  

𝑇𝑟𝑒𝑓−𝐷𝐶𝐶 = 𝐾𝑜𝑝𝑡𝜔𝑟_𝐷𝐶𝐶
2 (𝑡) − ∆𝑃𝑐/𝜔𝑟_𝐷𝐶𝐶(𝑡)                             (2.8) 

where 𝜔𝑟_𝐷𝐶𝐶(𝑡) is the real-time rotor speed of the WTS under the DCC control.  

++

 

Figure 2-3 Control diagram of the DCC method in a single WTS. 

From (2.6) and (2.7) it can be seen that 𝜔𝑟_𝑜𝑝𝑡(𝑡) ≠ 𝜔𝑟_𝐷𝐶𝐶(𝑡) which means that when −∆𝑃𝑐 

is added into the MPPT control, 𝜔𝑟_𝐷𝐶𝐶(𝑡) is no longer equal to 𝜔𝑟_𝑜𝑝𝑡(𝑡). This is because the 

additional term −∆𝑃𝑐 makes the WTS accelerates or decelerates, resulting in the rotor speed 

𝜔𝑟_𝐷𝐶𝐶(𝑡) deviating away from its optimum value 𝜔𝑟_𝑜𝑝𝑡(𝑡). Thus, although the term −∆𝑃𝑐 in 

(2.7) or −∆𝑃𝑐/𝜔𝑟_𝐷𝐶𝐶(𝑡) in (2.8) is able to smooth the wave power, the term 𝐾𝑜𝑝𝑡𝜔𝑟_𝐷𝐶𝐶
3 (𝑡) in 

(2.7) or 𝐾𝑜𝑝𝑡𝜔𝑟_𝐷𝐶𝐶
2 (𝑡) in (2.8) introduces new undesired fluctuations (shown in Figure 2-4) to 

−∆𝑃𝑐, making the fluctuations of the wind power output not exactly opposite to that of wave 

power. Under such situation, the fluctuations of wave power cannot be completely 

−∆𝑃𝑐
𝜔𝑟_𝐷𝐶𝐶(𝑡)

 

𝜔𝑟_𝐷𝐶𝐶(𝑡) 

𝑇𝑟𝑒𝑓−𝐷𝐶𝐶 

𝐾𝑜𝑝𝑡𝜔𝑟_𝐷𝐶𝐶
2 (𝑡) 
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compensated. This means that the DCC method with the control reference in the form of (2.6) 

or (2.7) as shown in Figure 2-3 cannot smooth the wave power well. 

  

Figure 2-4 The undesired fluctuations in 𝐾𝑜𝑝𝑡𝜔𝑟_𝐷𝐶𝐶
3 (𝑡) introduced by the deviations of 𝜔𝑟_𝐷𝐶𝐶(𝑡) from 

the optimum 𝜔𝑟_𝑜𝑝𝑡(𝑡) when controlled by the DCC method (2.7). 

2.3.2 Integral Compensation Control (ICC) 

From the above analysis, the DCC method cannot well smooth the wave power for the reason 

that in (2.7) the term 𝐾𝑜𝑝𝑡𝜔𝑟_𝐷𝐶𝐶
3 (𝑡) introduces new unwanted fluctuations to −∆𝑃𝑐, making 

the output fluctuations of wind power not exactly opposite to that of the wave power. Therefore, 

as seen from Figure 2-4, the ideal (or expected) power output of a WTS should include two 

parts. One part of the wind power is the captured wind power from environmental wind, and 

the other part of the wind power is −∆𝑃𝑐 which is used to compensate the fluctuations of wave 

power. Thus, considering that the loss of wind power capture will happen all the time during 

the smoothing operation, the ideal (or expected) power or torque output of the WTS should be 

in the form of 

𝑃𝑖𝑑𝑒𝑎𝑙 = 𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡
3 (𝑡) − ∆𝑃𝑐 − 𝜀                                            (2.9) 

𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇 = 𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡
3 (𝑡) 

Captured wind power 

MPPT output power 

𝜔𝑟_𝐷𝐶𝐶(𝑡) 

𝜔𝑟_𝐷𝐶𝐶(𝑡) 

𝑃 
Undesired fluctuations in 

𝐾𝑜𝑝𝑡𝜔𝑟_𝐷𝐶𝐶
3 (𝑡)  introduced 

by the deviation of 

𝜔𝑟_𝐷𝐶𝐶(𝑡) away from the 

optimum 𝜔𝑟_𝑜𝑝𝑡(𝑡) 

𝑃𝑖𝑛−𝑀𝑃𝑃𝑇 

Optimum rotor speed   𝜔𝑟_𝑜𝑝𝑡(𝑡) 

Loss of wind power 

capture due to the 

smoothing action 

𝜀 
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𝑇𝑖𝑑𝑒𝑎𝑙 = 𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡
2 (𝑡) −

∆𝑃𝑐

𝜔𝑟_𝑖𝑑(𝑡)
−

𝜀

𝜔𝑟_𝑖𝑑(𝑡)
                                (2.10) 

where  𝜔𝑟_𝑖𝑑(𝑡) is the real-time rotor speed of the WTS in the ideal (or expected) situation, and 

𝜀 (also shown in Figure 2-4) is the difference between the maximum captured wind power 

under the MPPT control and the real captured wind power under the smoothing control due to 

the deviation of the rotor speed from its optimum. Thus, 𝜀 represents the loss of wind power 

capture caused by the smoothing action, and it is nonnegative all the time since the real-time 

rotor speed always deviates from the optimum 𝜔𝑟_𝑜𝑝𝑡(𝑡).  

From Figure 2-4, it can be seen that 𝜀 is small and it is expected to be small. This means that 

the smoothing operation should not cause the rotor speed deviating from its optimum too much, 

resulting in a big loss of wind power capture. Otherwise, the proposed scheme by using the 

kinetic energy to smooth wave power is not economic and thus not practical.  

In (2.9), the first part (𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡
3 (𝑡) − 𝜀)  and second part −∆𝑃𝑐  give the expected two 

objectives of approximate maximum wind power capture and wave power smoothing, 

respectively, when the kinetic energy of a WTS is used to smooth wave power. 

However, applying the power reference (2.9) directly cannot ensure the WTS stable. The 

reason is that under the smoothing situation, 𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡
3 (𝑡) does not response the energy level 

of the WTS. This means 𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡
3 (𝑡) cannot automatically balance the input and output 

energy of the WTS and make the WTS stable under disturbances, such as the sudden drop of 

input wind speed. This is because now under the ideal smoothing situation the real-time rotor 

speed is 𝜔𝑟_𝑖𝑑(𝑡) instead of 𝜔𝑟_𝑜𝑝𝑡(𝑡). In order to automatically make a WTS stable, the real-

time rotor speed which includes the energy information should be used as a feedback signal. 

This is also the reason why in the classic MPPT control, the real-time rotor speed, instead of 

other calculated rotor speed, is used as a feedback signal in the given power or torque 



51 

 

references. So now if in (2.9) 𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡
3 (𝑡) is replaced by 𝐾𝑜𝑝𝑡𝜔𝑟_𝑖𝑑

3 (𝑡), the WTS can stay 

stable automatically. However, if in (2.9) 𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡
3 (𝑡) is replaced by 𝐾𝑜𝑝𝑡𝜔𝑟_𝑖𝑑

3 (𝑡), (2.9) 

becomes the DCC control except that it does not have the small value of −𝜀. Since DCC cannot 

smooth the wave power well, (2.9) cannot smooth the wave power well as well, thus cannot 

achieve the expected two objectives of approximately maximum wind power capture and wave 

power smoothing simultaneously. 

In order to obtain these two objectives simultaneously and make the WTS stable, ICC is 

proposed by adding another term into (2.9) and replacing 𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡
3 (𝑡)  with 𝐾𝑜𝑝𝑡𝜔𝑟

3(𝑡) .  

𝜔𝑟(𝑡) is real-time rotor speed under the ICC control. In other words, ICC is proposed by adding 

another term plus −𝜀 into DCC, so that the unwanted fluctuations in DCC are compensated.  

Now, how to add the additional term becomes the key point of the proposed ICC method.  In 

the following, the detailed deduction of the proposed ICC method is provided. 

Defining the additional term as 𝑇𝑖𝑛𝑡 , adding it into (2.10), and at the same time replacing 

𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡
2 (𝑡) with 𝐾𝑜𝑝𝑡𝜔𝑟

2(𝑡), yields 

𝑇𝑟𝑒𝑓−𝐼𝐶𝐶 = 𝐾𝑜𝑝𝑡𝜔𝑟
2(𝑡) −

∆𝑃𝑐

𝜔𝑟(𝑡)
−

𝜀

𝜔𝑟(𝑡)
+ 𝑇𝑖𝑛𝑡                               (2.11) 

The 𝜔𝑟_𝑖𝑑(𝑡) in (2.10) is also replaced by the real-time rotor speed of 𝜔𝑟(𝑡) of the ICC control.  

It should be noted that the 𝜀 in (2.9)-(2.11) (shown in Figure 2-4), has the same meaning, 

representing the loss of wind power capture caused by the deviation of the real-time rotor speed 

away from the optimum value. Furthermore, 𝜀 is nonnegative all the time.  

Figure 2-5 shows the brief control block of the ICC control. 



52 

 

 

+
++

 

Figure 2-5 Brief control diagram of the proposed ICC in a single WTS. 

Since the proposed ICC is trying to achieve the two objectives of approximate maximum wind 

power capture and wave smoothing simultaneously, by making (2.10) equivalent to (2.11), it 

follows that   

𝐾𝑜𝑝𝑡𝜔𝑟
2(𝑡) −

∆𝑃𝑐

𝜔𝑟(𝑡)
+ 𝑇𝑖𝑛𝑡 −

𝜀

𝜔𝑟(𝑡)
= 𝐾𝑜𝑝𝑡𝜔𝑟_𝑜𝑝𝑡

2 (𝑡) −
∆𝑃𝑐

𝜔𝑟_𝑖𝑑(𝑡)
−

𝜀

𝜔𝑟_𝑖𝑑(𝑡)
           (2.12) 

Since both 𝜔𝑟(𝑡) and 𝜔𝑟_𝑖𝑑(𝑡) represent the real-time rotor speed, they are equal (𝜔𝑟(𝑡) =

𝜔𝑟_𝑖𝑑(𝑡)). Then from (2.12), it follows that 

𝑇𝑖𝑛𝑡 = −𝐾𝑜𝑝𝑡(𝜔𝑟
2(𝑡) − 𝜔𝑟_𝑜𝑝𝑡

2 (𝑡))                                    (2.13) 

Meanwhile, the stored kinetic energy ∆𝐸 in the WTS is changing due to output fluctuating 

power ∆𝑃𝑐. Thus ∆𝐸 is   

∆𝐸 = ∫ ∆𝑃𝑐
𝑡

0
𝑑𝑡                                                   (2.14) 

On the other hand, when the rotor speed 𝜔𝑟(𝑡) decelerates or accelerates from the optimal rotor 

speed 𝜔𝑟_𝑜𝑝𝑡(𝑡) due to output fluctuating power ∆𝑃𝑐, the change of the kinetic energy has 

∆𝐸 =
1

2
∙ 𝐽(𝜔𝑟

2(𝑡) − 𝜔𝑟_𝑜𝑝𝑡
2 )                                         (2.15) 

𝐾𝑜𝑝𝑡𝜔𝑟
2(𝑡) 

−∆𝑃𝑐
𝜔𝑟(𝑡)

 

𝑇𝑖𝑛𝑡 −
𝜀

𝜔𝑟(𝑡)
 

𝑇𝑟𝑒𝑓−𝐼𝐶𝐶 

𝜔𝑟(𝑡) 
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where 𝐽 represents the moment of inertia of the WTS.  

Comparing (2.14) with (2.15) yields 

𝜔𝑟
2(𝑡) − 𝜔𝑟_𝑜𝑝𝑡

2 (𝑡) =  
2

𝐽
∫ ∆𝑃𝑐
𝑡

0
𝑑𝑡                                    (2.16) 

From (2.16), it can be seen that the change of kinetic energy (𝜔𝑟(𝑡) deviating away from the 

optimum 𝜔𝑟_𝑜𝑝𝑡(𝑡)) is all used for smoothing ∆𝑃𝑐. Substituting (2.16) into (2.13) gives 

𝑇𝑖𝑛𝑡 =
−2𝐾𝑜𝑝𝑡

𝐽
∫ ∆𝑃𝑐
𝑡

0
𝑑𝑡                                            (2.17) 

By combining (2.11) and (2.17), it follows that 

𝑇𝑟𝑒𝑓−𝐼𝐶𝐶 = 𝐾𝑜𝑝𝑡𝜔𝑟
2(𝑡) +

−∆𝑃𝑐

𝜔𝑟(𝑡)
+
2𝐾𝑜𝑝𝑡

𝐽
∫ (−∆𝑃𝑐)
𝑡

0
𝑑𝑡 −

𝜀

𝜔𝑟(𝑡)
             (2.18) 

Now by ignoring 
𝜀

𝜔𝑟(𝑡)
 in 𝑇𝑟𝑒𝑓−𝐼𝐶𝐶, (2.18) becomes  

𝑇𝑟𝑒𝑓−𝐼𝐶𝐶 = 𝐾𝑜𝑝𝑡𝜔𝑟
2(𝑡) +

−∆𝑃𝑐

𝜔𝑟(𝑡)
+
2𝐾𝑜𝑝𝑡

𝐽
∫ (−∆𝑃𝑐)
𝑡

0
𝑑𝑡                    (2.19) 

Then in the proposed ICC method the torque reference 𝑇𝑟𝑒𝑓−𝐼𝐶𝐶 expressed in (2.19) is applied 

to the rotor side converter of a WTS.  

When comparing the proposed ICC (2.19) with the DCC (2.8), the only difference is the extra 

term 
2𝐾𝑜𝑝𝑡

𝐽
∫ (−∆𝑃𝑐)
𝑡

0
𝑑𝑡. The extra term in (2.19) is for compensating the undesired fluctuations 

in 𝐾𝑜𝑝𝑡𝜔𝑟_𝐷𝐶𝐶
3 (𝑡)  shown in Figure 2-4, so that the WTS under ICC can produce extract 

fluctuating power opposite to the fluctuations of wave power. 

The neglecting 
𝜀

𝜔𝑟(𝑡)
 in (2.18) is necessary and reasonable, considering the following three 

aspects.  
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First, neglecting 
𝜀

𝜔𝑟(𝑡)
 has little effect on the smoothing performance since 𝜀  is sufficiently 

small, which can be seen from Figure 2-4. The simulation results in Section 2.4 will also 

demonstrate that the loss of wind power capture is sufficiently small.  

Second, neglecting 
𝜀

𝜔𝑟(𝑡)
 does not affect the stability of the WTS. In the given torque reference 

(2.19) the last two terms have zero average, and the first term uses the rotor speed as the 

feedback signal. These two factors together make the WTS stable automatically.  

Third, neglecting 
𝜀

𝜔𝑟(𝑡)
 is beneficial for practical engineering operation. In engineering 

practice, the mechanical power from the captured wind is difficult to measure, which means 𝜀 

is hard to obtain.  

From (2.19), the power reference is 

𝑃𝑟𝑒𝑓−𝐼𝐶𝐶 = 𝐾𝑜𝑝𝑡𝜔𝑟
3(𝑡) + 𝜔𝑟(𝑡) ∙

2𝐾𝑜𝑝𝑡

𝐽
∫ (−∆𝑃𝑐)
𝑡

0

𝑑𝑡 − ∆𝑃𝑐 

= 𝑃𝑤𝑖𝑛𝑑
0 − ∆𝑃𝑐                                                 (2.20) 

where 

 𝑃𝑤𝑖𝑛𝑑
0 = 𝐾𝑜𝑝𝑡𝜔𝑟

3(𝑡) + 𝜔𝑟(𝑡) ∙
2𝐾𝑜𝑝𝑡

𝐽
∫ (−∆𝑃𝑐)
𝑡

0
𝑑𝑡                      (2.21) 

The 𝑃𝑤𝑖𝑛𝑑
0  is defined in Section 2.2, representing the captured wind power from the 

environmental wind. 

It should be noted that although in this work the torque reference (2.19) is used for a WTS, the 

power reference (2.20) can also be used. They both result in the same control performance. 
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Figure 2-6 shows the proposed ICC for a wave-wind farm in which the wind farm has only one 

WTS. From Figure 2-6, it can be seen that the proposed control scheme (2.19) is easy in 

implementation since only two additional terms are added compared with the original MPPT 

control reference (2.2). In addition, the only extra measurement signal is the electrical power 

from the wave farm, which is conveniently accessible.  

3

33

3

+
-

+
+

+

. . . . . .

  

Figure 2-6 The control structure of the proposed ICC for a single WTS. 
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2.3.3 Coordinative ICC within a Wind Farm  

For a wave-wind farm system consisting of  𝑀 WTSs, the torque reference of each WTS is the 

same as that in Section 2.3.2, except that −∆𝑃𝑐 is replaced by −∆𝑃𝑐𝑖. This is because the 𝑖𝑡ℎ 

WTS is only responsible for compensating part of the total fluctuating wave power ∆𝑃𝑐. In the 

wind-farm system, considering that the stored kinetic energy of a WTS is in proportion to the 

squared rotor speed, −∆𝑃𝑐𝑖 is defined as 

−∆𝑃𝑐𝑖 =
𝜔̅𝑟i
2 (𝑡)

∑ 𝜔̅𝑟j
2 (𝑡)𝑀

𝑗=1

∙ (−∆𝑃𝑐)                                        (2.22) 

where 𝜔̅𝑟𝑖(𝑡) represents the average rotor speed of the 𝑖𝑡ℎ WTS, obtained from a MAF. In this 

way, the total compensated power equals to −∆𝑃𝑐 since it always has  

∑ (−∆𝑃𝑐𝑖) = −∆𝑃𝑐
𝑀
𝑖=1                                            (2.23) 

The reason for allocating the compensation wave power as (2.22) is that it can reduce the total 

loss of wind energy capture caused by the smoothing operation. This is due to the fact that in 

real situations each WTS experiences different wind speeds, and the WTSs with higher wind 

speeds have higher rotor speeds and can naturally release more kinetic energy. Thus, based on 

(2.22), WTSs with higher rotor speeds will be automatically allocated more wave power to 

smooth and WTSs with lower rotor speeds will be automatically allocated less wave power to 

smooth. This allows the required compensation wave power being dynamically allocated to 

each WTS based on their kinetic energy storage capability. In this way, the total loss of wind 

power capture caused by the smoothing operation can be reduced. 
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2.4 Case Studies 

2.4.1 Test System  

In order to demonstrate that the proposed ICC can achieve the two objectives of wave power 

smoothing and high wind energy capture simultaneously, both DFIG-based and PMSG-based 

WTSs are simulated on RTDS platform under different constant wind speeds as well as varying 

wind speeds. Two kinds of wave-wind farm test systems are built. One test system is composed 

of one WTS and three FSIGs (named as “one-WTS system”), and the other system is composed 

of two WTSs and six FSIGs (named as “two-WTS system”) used to demonstrate the benefits 

of the coordinative ICC within a wind farm.  

The simulations parameters for the DFIGs, PMSGs and wave FSIGs are listed in Table A-1, 

Table A-2 and Table A-3 in Appendix A, respectively. In a DFIG-based WTS, only two masses 

are modelled, the turbine itself and the DFIG. The cut-in wind speed is 6 m/s and the rated 

wind speed is 12.5 m/s. The maximum rotor speed of the DFIG is 1.25 𝑝. 𝑢.. In a PMSG-based 

WTS, the cut-in wind speed is also 6 m/s but the rated wind speed is 12 m/s. The maximum 

rotor speed of the PMSG is 1.0 𝑝. 𝑢.. 

The mechanical input torques of the FSIGs in the wave farm are simulated by random 

sinusoidal waves.  Each sinusoidal wave is the sum of a random constant and a sinusoid whose 

amplitude is the same as the constant, making the output power of each FSIG fluctuating from 

zero to twice its average. These sinusoidal waves have random frequencies, but all within a 

typical time period of 5~12 s In the following case studies, the MAF window time is chosen to 

be 100 s. 
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The following sections describe six case studies about DFIG-based and PMSG-based WTSs in 

RTDS under constant and variable wind speed situations, to validate the effectiveness of the 

proposed ICC method. 

2.4.2 Wave Power Smoothing under Constant Wind Speeds 

The following three cases are to illustrate the performance of the proposed method under 

constant wind speed both in DFIG-based and PMSG-based one-WTS system.   

Case 1: In this case, the DFIG-based one-WTS system is simulated under the constant wind 

speed of 9.5m/s. The simulation results of the proposed ICC and DCC methods are compared. 

Case 2: In this case, the PMSG-based one-WTS system is simulated under 10m/s constant wind 

speed. Comparative simulation results under the proposed ICC and DCC methods are provided. 

Case 3: This case is to show the relationship between the wave power smoothing effect and 

wind power capture efficiency under different constant wind speeds in DFIG-based one-WTS 

system. 

The simulation results for Case 1 are shown in Figure 2-7. Figure 2-7(a) shows that the power 

of the system bus is smoothed well by using the proposed ICC. Figure 2-7(b) and Figure 2-7(c) 

show that the fluctuation range of the DFIG rotor speed and the captured wind power are almost 

the same under the both control methods. This is because the same ∆𝑃𝑐 is introduced in both 

methods, making the change of the kinetic energy in the WTS almost in the same range. 

Although the rotor speed and the loss of wind power capture are almost in the same range, the 

smoothing effect by ICC is better than that of DCC. This is because under DCC the WTS 

cannot generate the fluctuating power exactly opposite to the fluctuations of the output power 

of the wave farm, due to the undesired fluctuations in 𝐾𝑜𝑝𝑡𝜔𝑟_𝐷𝐶𝐶
3 (𝑡)  introduced by the 
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deviations of 𝜔𝑟_𝐷𝐶𝐶(𝑡) from the optimum 𝜔𝑟_𝑜𝑝𝑡(𝑡) in the DCC method (2.6) (The details are 

described in Section 2.3.1); While, as shown in Figure 2-7(d), the WTS under ICC can generate 

the fluctuating power exactly opposite to the fluctuating parts of the wave power since the 

additional integral term 𝑇𝑖𝑛𝑡 is introduced into DCC to compensate the undesired fluctuations. 

Figure 2-7(c) shows that the captured wind power under ICC is slightly smaller than the 

maximum under the MPPT control, which validates that the WTSs can obtain the high wind 

energy capture efficiency, although the DFIG-based WTS releases or absorbs fluctuating 

power around 1.0 time of its average output power, as seen from Figure 2-7(d). Figure 2-7(b) 

shows that the DFIG always swings around the optimum rotor speed under the MPPT control, 

which demonstrates that the WTS is controlled well as a kinetic energy storage unit. This shows 

the potential of using the large inertia of WTSs to smooth the wave power which fluctuates 

heavily at short-term periods. This also verifies that 𝜀 in (2.18) is sufficiently small and can be 

ignored.  

According to the fact that the loss of wind energy capture mainly results from the deviation of 

the rotor speed from its optimum, as illustrated in Figure 2-4, a larger rotor inertia of a WTS 

can lead to less rotor speed deviation and thus less loss of wind energy capture.  

 

(a) The total power that is injected into the system bus under the ICC and DCC control. 
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(b) Profile of the DFIG rotor speed under the ICC and DCC control. 

 

(c) Profile of the wind power capture of the DFIG-based WTS under the ICC and DCC control. 
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(d) The output power of the wave farm and the DFIG-based WTS under the ICC and MPPT control. 

Figure 2-7 Comparative simulation results under DCC, the proposed ICC and MPPT control under Case 1. 

DCC and ICC are activated at 40 s. 

The simulation results for Case 2 are shown in Figure 2-8. It can be seen that the simulation 

results of the PMSG-based one-WTS system are similar to those in Case 1, which verifies the 

effectiveness of the proposed ICC used in PMSG-based WTSs.  

 

(a) The total power that is injected into the system bus under the ICC and DCC control. 
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(b) Profile of the PMSG rotor speed under the ICC and DCC control. 

 

(c) The wind power capture of the PMSG-based WTS under the ICC and DCC control. 

 

(d) The output power of the wave farm and the WTS under the ICC and MPPT control. 

Figure 2-8 Comparative simulation results under DCC, the proposed ICC and MPPT control under Case 2. 

DCC and ICC are activated at 75 s. 



63 

 

The results of Case 3 are provided in Figure 2-9. In Figure 2-9 the variable 𝜉 is defined as the 

wave-wind ratio, which has no unit and is calculated by 

𝜉 =  𝑃𝑤𝑖𝑛𝑑̅̅ ̅̅ ̅̅ ̅ 𝜎𝑃𝑤𝑎𝑣𝑒⁄                                                  (2.22) 

where 𝑃𝑤𝑖𝑛𝑑̅̅ ̅̅ ̅̅ ̅  represents the average value of 𝑃𝑤𝑖𝑛𝑑, which is the total output power of a wind 

farm when controlled by MPPT, and 𝜎𝑃𝑤𝑎𝑣𝑒  represents the standard deviation of 𝑃𝑤𝑎𝑣𝑒, which 

is the output electrical power of a wave farm. This index indicates that to realize a required 

smoothing effect, the required number of WTSs is related to the fluctuating degree of wave 

power. 

In order to assess the smoothing performance, two quantitative indexes are used. The first one 

is called the standard deviation of the active power flowing on the system bus 𝜎𝑃𝑏𝑢𝑠 , 

representing the smoothness of the wave power on the system bus. The second index is the 

efficiency of wind power capture 𝜂𝑃𝑐𝑎𝑝. It is the ratio of the average captured wind power of 

the wind farm under ICC and the MPPT control. Thus, 1 − 𝜂𝑃𝑐𝑎𝑝  denotes the percentage of the 

wind power capture loss due to the wave power smoothing action.  

Figure 2-9(a) and Figure 2-9(b) show the values of 𝜎𝑃𝑏𝑢𝑠 and 𝜂𝑃𝑐𝑎𝑝 for different 𝜉 (defined in 

(2.22)), respectively. It is seen that by using the proposed ICC, 𝜎𝑃𝑏𝑢𝑠 is reduced significantly 

by 10~20 times and only 1% of 𝜂𝑃𝑐𝑎𝑝  is lost when 𝜉 is bigger than 2. When 𝜉 is bigger than 

2.6, the percentage of the wind power capture loss (1 − 𝜂𝑃𝑐𝑎𝑝 ) is smaller than 0.5%. This 

implies that with the loss of wind energy capture less than 5%, a WTS, which outputs 2.6 MW 

average power under the MPPT control, can smooth fluctuating wave power with 1 MW 

standard deviation. These two figures also indicate that a larger 𝜉 leads to less loss of wind 

power capture. 
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(a) Power standard deviations of the system bus (𝜎𝑃𝑏𝑢𝑠). 

 

(b) Efficiency (𝜂𝑃𝑐𝑎𝑝) of wind power capture for different 𝜉. 

Figure 2-9 Simulation results under Case 3. 

2.4.3 Wave Power Smoothing under Variable Wind Speeds 

The following two cases are used to show the performance of the proposed ICC under variable 

wind speeds in a DFIG-based one-WTS system and a PMSG-based one-WTS system.   
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Case 4: In this case, the DFIG-based one-WTS system is simulated under variable wind speeds 

to illustrate that the DFIG-based WTS under the proposed ICC can smooth the wave power 

and meanwhile automatically follow the change of wind speeds and achieve high wind energy 

capture efficiency. 

Case 5: In this case, the PMSG-based one-WTS system is simulated under varying wind speeds 

to illustrate that the PMSG-based WTS under the proposed ICC can smooth the wave power 

and achieve high wind power capture efficiency in this circumstance. 

The simulation results of Case 4 are presented in Figure 2-10. The profile of the real-time wind 

speed borrowed from [161] is shown in Figure 2-10(a). It should be noted that in the real 

implementation of the proposed ICC, the wind speed is not needed to be known. 

Figure 2-10(b) shows that when the smoothing action is activated at 𝑡 = 218𝑠, the DFIG-based 

WTS immediately generate fluctuating power which is opposite to the fluctuations of wave 

power, making the wave power smoothed. Meanwhile, it can be seen that from 218 s to 450 s 

the average value of the output wind power always follows the output wind power under the 

MPPT control, indicating that the DFIG-based WTS with ICC can achieve high wind power 

capture under variable wind speeds, which can also be seen from Figure 2-10(d).  

Figure 2-10(c) shows that the WTS always operates around the optimum rotor speeds under 

varying wind speeds, which makes the wind power capture close to its maximum as seen from 

Figure 2-10(d). Thus, both the results in Figure 2-10(c) and Figure 2-10(d) verify that the WTS 

can follow the wind speeds automatically and achieve high wind energy capture efficiency. 

From Figure 2-10(d) it also can be seen that the loss of wind power capture is in the same range 

of that in Figure 2-7(c) where the wind speed is constant. By comparing the black curve of 

𝑃𝑤𝑖𝑛𝑑 under MPPT in Figure 2-10(b) with the black curve of 𝑃𝑐𝑎𝑝 under MPPT in Figure 2-
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10(d), it can be seen that the output power 𝑃𝑤𝑖𝑛𝑑 is smoother than the captured wind power 

𝑃𝑐𝑎𝑝. This is due to the inherent inertial effect existing in the WTS.  

For Case 4, 𝜉 equals to 2.6 and the efficiency of the captured wind power 𝜂𝑃𝑐𝑎𝑝  is 99.6%.  

𝜂𝑃𝑐𝑎𝑝  and 𝜉 in this case are calculated during time interval [218, 450] s.  This result of 𝜉~𝜂𝑃𝑐𝑎𝑝 

is consistent with that in Figure 2-9(b). Finally, Figure 2-10(e) shows that after 218 s, the wave 

power flowing on the system bus is well smoothed by ICC and the fluctuations left only come 

from the fluctuations of the capture wind power, which can be verified by comparing the almost 

same dynamic characteristics of 𝑃𝑤𝑖𝑛𝑑 under MPTT (black line) in Figure 2-10(b) with that in 

Figure 2-10(e) after 218 s. 

 

(a) Profile of the wind speeds simulated. 

 

(b) The output power of the wave farm and the DFIG-based WTS under the ICC and MPPT control. 
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(c) Profile of the DFIG rotor speed under the ICC and MPPT control. 

 

(d) Profile of the captured wind power under the ICC and MPPT control. 
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(e) The total power that is injected into the system bus under ICC. 

Figure 2-10 Comparative simulation results of the proposed ICC and MPPT control under Case 4 with ICC 

activated at 218 s.  

The results of Case 5 are given in Figure 2-11. Figure 2-11 shows that the results of the PMSG-

based WTS in this case are similar to those in Case 4, demonstrating that the proposed ICC 

under variable wind speeds is also effective for PMSG-based WTSs.  

 

(a) Profile of the wind speeds simulated. 
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(b) The output power of the wave farm and the PMSG-based WTS under the ICC and MPPT control. 

 

(c) Profile of the PMSG rotor speed under the ICC and MPPT control. 

 

(d) Profile of the captured wind power under the ICC and MPPT control. 
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(e) The total power that is injected into the system bus under the ICC and MPPT control. 

Figure 2-11 Comparative simulation results of the proposed ICC and MPPT control under Case 5. ICC is 

activated at 30 s.  

2.4.4 Coordinative ICC within a Wind Farm 

Case 6: In this case, two DFIG-based WTSs are simulated in a two-WTS system to demonstrate 

that the coordination algorithm of (2.22) has the ability in reducing the loss of wind power 

capture. 

The simulation results for Case 6 are shown in Figure 2-12. Figure 2-12(a) shows the two 

varying wind speed profiles for the two WTSs (referred as WTS1 and WTS2). It is shown in 

Figure 2-12(b) that after the smoothing operation is activated at 𝑡 = 130𝑠, the fluctuating wave 

power flowing on the system bus is instantly smoothed, similar to that in other cases.  

With higher wind speeds input, WTS2 has higher rotor speed than WTS1, as seen from Figure 

2-12(c). Then, according to the coordination algorithm (2.20), WTS2 is automatically allocated 

more wave power to smooth, making its output power fluctuate more violently than that of 

WTS1, as seen from Figure 2-12(d). Although the fluctuation range of their output power is 
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different, the fluctuation amplitudes of the two WTSs rotor speeds are almost in the same range, 

as seen from Figure 2-12(c). This is important since it can reduce the loss of wind power capture 

and maintain the stability of WTSs. Otherwise, if the required compensation power is evenly 

distributed among the WTSs, the rotor speeds of those WTSs with smaller wind speeds will 

fluctuate more dramatically, leading to more wind power capture loss.  

Finally, Figure 2-12(c) also shows that each WTS can always operate around the optimum rotor 

speed and follow the change of wind speed, similar to that illustrated in Cases 1-4. 

 

(a) The simulated wind speeds for the two DFIG-based WTSs. 

 

(b) The total power that is injected into the system bus under ICC. 
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(c) The two DFIGs rotor speed under the ICC and MPPT control. 

 

 

(d) Profile of the output power of the two DFIGs under the ICC and MPPT control. 

Figure 2-12 Comparative simulation results of the proposed ICC and MPPT control under Case 6 with ICC 

activated at 130 s.  
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2.5 Summary 

The output wave power from most of the existing WECs fluctuates heavily with variations 

from zero to several times of the average. Although the amplitudes of the fluctuations are big, 

the periods are typically within 5~12 s. This motivates the idea introduced in this chapter by 

controlling the large inertia of WTSs as short-term kinetic energy storage device to smooth the 

power output of a wave farm. Standing on the many benefits and the increasing trend of the 

combined generation of wind and wave energy, the proposed design has the advantages of 

smoothing the electrical wave power output without installing additional energy storage and 

power electronic devices. 

To achieve the objectives of smoothing wave power whilst obtaining high wind energy capture 

efficiency, a big challenge is to control the WTSs rotors as kinetic energy units and at the same 

time make the WTSs follow the change of wind speed to achieve wind power capture close to 

the maximum. In this Chapter, this challenge is solved by the proposed ICC. By using ICC, 

WTSs can output power with fluctuations exactly opposite to that of the wave power so that 

the wave power is smoothed. Meanwhile, the WTSs can follow the varying wind speed 

automatically, resulting in the wind power capture close to its maximum. When there are many 

WTSs within a wind farm experiencing different wind speeds, a coordination algorithm is 

proposed to allocate the compensating wave power among them according to their rotor speeds. 

Thus, the loss of wind power capture can be reduced. ICC can be used both in the DFIG-based 

WTSs and PMSG-based WTSs to smooth the output power from all kinds of WECs.  

Finally, simulations for both DFIG-based and PMSG-based wind farms under constant and 

variable wind speeds were carried out in RTDS. The simulation results validated the 

performance of the proposed ICC and the quantitative analysis based on the simulation results 

gave the relationship between wave power smoothing effect and wind power capture 
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efficiency.  The quantitative analysis results showed that the standard deviation of the power 

flowing on the system bus can be decreased by 10~20 times by using the proposed ICC, while 

the wind power capture loss is less than 1%. 
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CHAPTER 3 WIND POWER SMOOTHING 

3.1 Introduction 

This chapter uses the material in the published paper [162]. It proposes a novel strategy to 

achieve wind power self-smoothing and approximate maximum wind power capture (wind 

power capture close to the maximum), by controlling the wind turbines inertial energy. Section 

3.2 describes the proposed wind power smoothing control design, with details of the deduction 

procedure, first for a single WTS and then for multiple WTSs in a wind farm. In Section 3.3, a 

single DFIG-based and PMSG-based WTSs are simulated in RTDS and the simulation results 

validate the performance of the proposed control. Quantitative analysis of the dynamic 

performance is also provided. Then simulations of a wind farm with two WTSs are performed 

to show that the coordination of multiple WTSs can improve the efficiency of wind power 

capture. Finally, Section 3.4 summarizes the main results of this chapter. 

Symbols  

𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇    Power reference of a WTS under the MPPT control 

𝜔𝑟0(𝑡)     Real-time rotor speed under the MPPT control 

𝐾𝑜𝑝𝑡       Optimal coefficient for maximum wind power capture 

𝑃𝑟𝑒𝑓−𝑆𝑀    Power reference of a WTS under the wind power smoothing control 

𝜔𝑟(𝑡)     Real-time rotor speed under the wind power smoothing control 

∆𝑃𝑐      Fluctuating component of the output wind power required to be smoothed 

𝐾       A coefficient of the power reference of the proposed wind power smoothing control 
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𝜀(𝑡)       Loss of wind power capture due to the smoothing operation 

𝑃𝑖𝑛−𝑀𝑃𝑃𝑇(𝑡)    Real-time captured wind power under the MPPT control 

𝑃𝑖𝑛−𝑆𝑀(𝑡)    Real-time captured wind power under the proposed wind smoothing control 

𝜔0      The rotor speed when the smoothing action begins at the time 𝑡0 

𝐽        Moment of inertia of a WTS  

𝑃𝑜𝑝𝑡   Approximation of the power reference of the MPPT control 

𝑃𝑜𝑝𝑡̅̅ ̅̅ ̅   Average of 𝑃𝑜𝑝𝑡 obtained through a MAF 

𝐻      A constant used for approximation of 𝜀(𝑡) 

𝑇𝑟𝑒𝑓−𝑆𝑀   Torque reference of the proposed wind power smoothing control 

𝜔𝑟0𝑒𝑠𝑡(𝑡)    Estimation of  𝜔𝑟0(𝑡) under the wind power smoothing situation 

𝑐𝑣     Relative standard deviation used for indicating smoothness degree of a fluctuating variable 

𝜂        Wind power capture efficiency  
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3.2 Development of the Proposed Wind Power Smoothing Control 

3.2.1 Smoothing Control for a Single WTS 

In Section 2.3.2 in Chapter 2 the power or torque reference of a WTS for smoothing wave 

power under ICC is designed as  

𝑃𝑟𝑒𝑓−𝐼𝐶𝐶 = 𝐾𝑜𝑝𝑡𝜔𝑟
3(𝑡) + 𝐾 ∫ (−∆𝑃)𝑐

𝑡

𝑡0
𝑑𝑡 ∙ 𝜔𝑟(𝑡) − ∆𝑃𝑐                      (3.1) 

𝑇𝑟𝑒𝑓−𝐼𝐶𝐶 = 𝐾𝑜𝑝𝑡𝜔𝑟
2(𝑡) + 𝐾 ∫ (−∆𝑃𝑐)

𝑡

𝑡0
𝑑𝑡 −

∆𝑃𝑐

𝜔𝑟(𝑡)
                          (3.2) 

where 𝐾 =
𝐾𝑜𝑝𝑡

𝐽
, 𝐾𝑜𝑝𝑡 , 𝐽  and 𝜔𝑟(𝑡)  are defined in Chapter 2, and ∆𝑃𝑐  is the fluctuating 

component of the wave power.  

In this chapter, in order to realize wind power self-smoothing, the idea of controlling WTSs 

inertia as kinetic energy storage devices is still applicable here. This means that the structure 

of the power or torque reference (3.1) or (3.2) is still applicable. However, the control algorithm 

will be designed in a different way and the parameter 𝐾 is re-designed, due to in the specific 

wind power self-smoothing situation: In Chapter 2 the fluctuating component of the wave 

power ∆𝑃𝑐 can be measured directly, but in Chapter 3 ∆𝑃𝑐 is the fluctuating component of the 

output wind power which cannot be measured under the smoothing situation. Thus, the 

deduction logic in Chapter 3 is trying to set a power reference which can recovery the power 

trajectory of the MPPT control under the smoothing situation and then to smooth the recovered 

trajectory, while the deduction logic in Chapter 2 is that under the smoothing situation the rotor 

speed deviates from its optimum and the resulted change of kinetic energy should be all used 

for smoothing wave power. Therefore in this chapter the parameters of 𝐾 and ∆𝑃𝑐 need to be 

re-designed.  
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In what follows, the way of designing the parameter 𝐾 is given in detail.  

Under the MPPT control, a WTS is usually controlled by applying the following power or 

torque reference [44, 123] 

𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇 = 𝐾𝑜𝑝𝑡𝜔𝑟0
3 (𝑡)                                               (3.3) 

𝑇𝑟𝑒𝑓−𝑀𝑃𝑃𝑇 = 𝐾𝑜𝑝𝑡𝜔𝑟0
2 (𝑡)                                               (3.4) 

where 𝜔𝑟0(𝑡) is the real-time rotor speed of the WTS under the MPPT control. In order to 

smooth the output power under the MPPT control, the power reference under the smoothing 

situation should be given in the form of 

𝑃𝑟𝑒𝑓−𝑆𝑀 = 𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇 − ∆𝑃𝑐 − 𝜀(𝑡)                                    (3.5) 

Substituting (3.3) into (3.5) gives,  

𝑃𝑟𝑒𝑓−𝑆𝑀 = 𝐾𝑜𝑝𝑡𝜔𝑟0
3 (𝑡) − ∆𝑃𝑐 − 𝜀(𝑡)                                 (3.6) 

where 𝜀(𝑡) is defined in (2.12), which is the difference between the maximum captured wind 

power under the MPPT control and the real captured wind power under the smoothing control.  

∆𝑃𝑐 is equal to the oscillating components of 𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇, and −∆𝑃𝑐 is used to compensate and 

smooth the fluctuations of 𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇 and has zero mean in the long run. 

It is worth noting that the power reference (3.6) cannot be used as the real power reference for 

a WTS due to the following two facts:  

 𝜔𝑟0(𝑡) in (3.6) is unknown under the smoothing condition since 𝜔𝑟0(𝑡) is the real-time 

rotor speed of the MPPT control.  
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 To keep the WTS stable and automatically maximize wind power capture under 

variable wind speeds, the cubic of the real-time rotor speed needs to be used in the WTS 

power reference, as described in Section 2.3.2.  

Therefore, the structure (3.1) of the power reference of ICC is used and re-called here as 

𝑃𝑟𝑒𝑓−𝑆𝑀 = 𝐾𝑜𝑝𝑡𝜔𝑟
3(𝑡) + 𝐾 ∫ (−∆𝑃𝑐)

𝑡

𝑡0
𝑑𝑡 ∙ 𝜔𝑟(𝑡) − ∆𝑃𝑐                        (3.7) 

The parameter 𝐾 in (3.7) will be obtained through making the power reference (3.6) equal to 

(3.7), and using the law of conservation of energy.  

On one hand, with the MPPT control (3.3) the change of the kinetic energy from time 𝑡0 to 𝑡 

under variable wind speed is 

∫ [𝑃𝑖𝑛−𝑀𝑃𝑃𝑇(𝑡) − 𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇(𝑡)]
𝑡

𝑡0
𝑑𝑡 =

𝐽

2
[𝜔𝑟0

2 (𝑡) − 𝜔0
2]                    (3.8) 

where 𝑃𝑖𝑛−𝑀𝑃𝑃𝑇(𝑡) is the real-time captured power from wind under the MPPT control. 𝜔0 is 

the rotor speed when the smoothing action begins at the time 𝑡0. It is assumed here that the 

electrical power of the generator is the same as the given power reference due to the fast 

dynamic characteristics of VSC. 

On the other hand, under the proposed smoothing control (3.7), the kinetic energy change from 

time 𝑡0 to 𝑡 under the same variable wind speed is  

∫ [𝑃𝑖𝑛−𝑆𝑀(𝑡) − 𝑃𝑟𝑒𝑓−𝑆𝑀(𝑡)]
𝑡

𝑡0
𝑑𝑡 =

𝐽

2
[𝜔𝑟

2(𝑡) − 𝜔0
2]                       (3.9) 

where 𝑃𝑖𝑛−𝑆𝑀(𝑡) is the real-time captured power under the smoothing control. 

The relationship between 𝑃𝑖𝑛−𝑀𝑃𝑃𝑇(𝑡)  under the MPPT control and 𝑃𝑖𝑛−𝑆𝑀(𝑡)  under the 

proposed smoothing control, as mentioned in (3.5) and (3.6), is 
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 𝑃𝑖𝑛−𝑆𝑀(𝑡) = 𝑃𝑖𝑛−𝑀𝑃𝑃𝑇(𝑡) − 𝜀(𝑡)                                    (3.10) 

Subtracting (3.9) from (3.8) yields 

∫ [𝑃𝑖𝑛−𝑆𝑀(𝑡) − 𝑃𝑖𝑛−𝑀𝑃𝑃𝑇(𝑡)] − [𝑃𝑟𝑒𝑓−𝑆𝑀(𝑡) − 𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇(𝑡)]
𝑡

𝑡0

𝑑𝑡 

=
𝐽

2
[𝜔𝑟

2(𝑡) − 𝜔𝑟0
2 (𝑡)]                                             (3.11) 

Re-write (3.5) and (3.10) as 

𝑃𝑟𝑒𝑓−𝑆𝑀 − 𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇 = −∆𝑃𝑐 − 𝜀(𝑡)                               (3.12) 

 𝑃𝑖𝑛−𝑆𝑀(𝑡) − 𝑃𝑖𝑛−𝑀𝑃𝑃𝑇(𝑡) = −𝜀(𝑡)                                 (3.13) 

Substituting (3.12) and (3.13) into (3.11) gives 

∫ ∆𝑃𝑐
𝑡

𝑡0
𝑑𝑡 =

𝐽

2
[𝜔𝑟

2(𝑡) − 𝜔𝑟0
2 (𝑡)]                                      (3.14) 

Therefore, (3.14) gives the relationship between ∆𝑃𝑐 and the rotor speeds 𝜔𝑟(𝑡) and 𝜔𝑟0(𝑡).  

Since (3.6) and (3.7) are equivalent, it holds that 

𝐾 =
𝐾𝑜𝑝𝑡[𝜔𝑟0

3 (𝑡)−𝜔𝑟
3(𝑡)]−ε(𝑡)

∫ (−∆𝑃𝑐)
𝑡
𝑡0

𝑑𝑡∙𝜔𝑟(𝑡)
                                         (3.15) 

By substituting (3.16) into (3.17), the unknown parameter 𝐾 is deduced as 

𝐾 =
2

𝐽

𝐾𝑜𝑝𝑡[𝜔𝑟0
3 (𝑡)−𝜔𝑟

3(𝑡)]−ε(𝑡)

𝜔𝑟(𝑡)[𝜔𝑟0
2 (𝑡)−𝜔𝑟

2(𝑡)]
                                       (3.16) 

Now the assumption of using a small constant Η to replace ε(𝑡) should be made here. In the 

simulation case studies presented in Section 3.3, the value of Η is obtained through trial and 

error. This assumption is reasonable due to the following three aspects:  



81 

 

 In engineering practice, ε(𝑡)  is hard to obtain since the mechanical power from 

captured wind is difficult to measure.  

 The variations in ε(𝑡) are very small.  

 The WTS can still be stable even a small error occurs in 𝐾, since the real-time rotor 

speed is used as a feedback signal in the power reference (3.7), and both ∫ (−∆𝑃𝑐)
𝑡

𝑡0
𝑑𝑡 

and −∆𝑃𝑐  in (3.7) have zero mean in the long run. Since the real-time rotor speed 

indicates the energy level of the WTS, using it as a feedback signal in the power 

reference can automatically maintain the stability of the WTS. 

Therefore, the parameter 𝐾 can be calculated by 

𝐾 ≈
2

𝐽

𝐾𝑜𝑝𝑡[𝜔𝑟0
3 (𝑡)−𝜔𝑟

3(𝑡)]−Η

𝜔𝑟(𝑡)[𝜔𝑟0
2 (𝑡)−𝜔𝑟

2(𝑡)]
                                          (3.17) 

In (3.17) the real-time rotor speed 𝜔𝑟(𝑡) can be easily measured. Now the real-time rotor speed 

𝜔𝑟0(𝑡) of the WTS under the MPPT control is the only parameter remaining to be obtained. It 

cannot be measured like 𝜔𝑟(𝑡), since now the WTS is under the smoothing control, and not 

under the MPPT control. In Section 3.2.2 a method to estimate 𝜔𝑟0(𝑡) from the measured real-

time wind speed is proposed. 

The given power reference (3.7) of the proposed smoothing control has two variables 𝐾 and 

∆𝑃𝑐 to be determined. Since the parameter 𝐾 can be calculated using (3.17), what remains is 

how to obtain ∆𝑃𝑐. A way of determining ∆𝑃𝑐 will be given in the rest of this section.  

Define 𝑃𝑜𝑝𝑡 in (3.18) as the approximation of the maximum wind power capture,  

𝑃𝑜𝑝𝑡 = 𝐾𝑜𝑝𝑡𝜔𝑟
3(𝑡) + 𝐾 ∫ (−∆𝑃𝑐)

𝑡

𝑡0
𝑑𝑡 ∙ 𝜔𝑟(𝑡)                         (3.18) 
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Due to the equivalence of (3.6) and (3.7), it holds that 

𝑃𝑜𝑝𝑡 = 𝐾𝑜𝑝𝑡𝜔𝑟
3(𝑡) + 𝐾 ∫ (−∆𝑃𝑐)

𝑡

𝑡0
𝑑𝑡 ∙ 𝜔𝑟(𝑡) = 𝐾𝑜𝑝𝑡𝜔𝑟0

3 (𝑡) − ε(𝑡) ≈ 𝐾𝑜𝑝𝑡𝜔𝑟0
3 (𝑡) − Η   (3.19) 

From (3.19) it can be seen that 𝑃𝑜𝑝𝑡 is very close to the output power 𝐾𝑜𝑝𝑡𝜔𝑟0
3 (𝑡) of the MPPT 

control. This approximation will be verified by the simulation results in Section 3.3. 

Then the proposed power reference (3.7) can be rewritten as  

𝑃𝑟𝑒𝑓−𝑆𝑀 = 𝑃𝑜𝑝𝑡 − ∆𝑃𝑐                                              (3.20) 

Hence, ∆𝑃𝑐 can be calculated by  

∆𝑃𝑐 = 𝑃𝑜𝑝𝑡 − 𝑃𝑜𝑝𝑡̅̅ ̅̅ ̅                                                 (3.21) 

where 𝑃𝑜𝑝𝑡̅̅ ̅̅ ̅ is the average of 𝑃𝑜𝑝𝑡 obtained through a MAF.  

Now since both parameters 𝐾  and ∆𝑃𝑐  are known in the power reference (3.7), the torque 

reference is calculated by 

𝑇𝑟𝑒𝑓−𝑆𝑀 =
𝑃𝑟𝑒𝑓−𝑆𝑀

𝜔𝑟(𝑡)
                                               (3.22) 

It is worth noting that either the power reference (3.7) or (3.20) or torque reference (3.22) can 

be applied to the rotor-side converter of a WTS.  

Figure 3-1 shows the proposed control diagram for a single DFIG-based or PMSG-based WTS 

to smooth their output power. It should be noted that under the constant wind speed, the output 

wind power is constant, so in theory there is no need to smooth it. This explains the results 

under the proposed control shown in Figure 3-1. From Figure 3-1, it can be seen that under a 

constant wind speed, ∆𝑃𝑐 is zero, so its integral will keep constant. Thus, 𝑃𝑜𝑝𝑡 will be constant 
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and so as the given power reference 𝑃𝑜𝑝𝑡̅̅ ̅̅ ̅. Therefore, under constant wind speed, no smoothing 

operation is executed. 

 



+

-

+ +

 

Figure 3-1 The proposed control diagram for a single DFIG-based or PMSG-based WTS to smooth their 

output electrical power. 

To sum up, the basic idea behind the proposed smoothing control described in (3.7) or (3.20) 

are as follows: The first part 𝑃𝑜𝑝𝑡 = 𝐾𝑜𝑝𝑡𝜔𝑟
3(𝑡) + 𝐾 ∫ (−∆𝑃𝑐)

𝑡

𝑡0
𝑑𝑡 ∙ 𝜔𝑟(𝑡) is to recover the 

WTS output power trajectory when it is controlled by MPPT, which is theoretically verified in 

(3.19). The second part ∆𝑃𝑐 defined in (3.21) is to compensate the fluctuations of the former 

𝑃𝑜𝑝𝑡 and realize the smoothed wind power output. The basic idea also implies that the output 

power of a WTS by using the proposed smoothing control can always approximately follow 

the average output power of the MPPT control.  
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𝜔𝑟(𝑡) 𝐾𝑜𝑝𝑡𝜔𝑟
3(𝑡) 𝜔𝑟(𝑡) 
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3.2.2 Estimation of the Optimal Rotor Speed under Smoothing Condition 

It is known that under each fixed wind speed 𝑣𝑤 the related optimum rotor speed 𝜔𝑜𝑝𝑡 of a 

WTS can be calculated by [44] 

𝜔𝑜𝑝𝑡 =
𝜆𝑜𝑝𝑡𝑣𝑤

𝑅
                                                    (3.23) 

where 𝜆𝑜𝑝𝑡 is the optimal tip speed ratio and 𝑅 is the rotor radius of the wind turbine. 

However, under real-time variable wind speed 𝑣𝑤(𝑡), due to the inherent inertial effect, the 

real-time rotor speed 𝜔𝑟0(𝑡) under the MPPT control is not equal to the optimum values 

𝜔𝑜𝑝𝑡(𝑡). The relationship between 𝜔𝑟0(𝑡) and  𝜔𝑜𝑝𝑡(𝑡) in 𝑠-domain can be expressed as 

𝜔𝑟0(𝑠) ≈
𝜔𝑜𝑝𝑡(𝑠)

𝑇𝑠+1
=

𝜆𝑜𝑝𝑡𝑣𝑤(𝑠)/𝑅

𝑇𝑠+1
                                    (3.24) 

where 𝑇 is related to the inertial effect in a WTS, and so it can be set as the inertial constant of 

the WTS. Then, the estimation value of 𝜔𝑟0(𝑡) can be obtained by  

𝜔𝑟0𝑒𝑠𝑡(𝑠) =
𝜆𝑜𝑝𝑡𝑣𝑤(𝑠)/𝑅

𝑇𝑠+1
                                         (3.25)                                     

The simulation results shown in Figure 3-2 show that when the 𝑇 in (3.25) is set as the inertia 

constant of the WTS, the estimated rotor speed 𝜔𝑟0𝑒𝑠𝑡(𝑡) can well follow the actual 𝜔𝑟0(𝑡) 

under the MPPT control. This implies that (3.25) is reasonable for calculating the value of the 

real-time rotor speed 𝜔𝑟0(𝑡)  under the MPPT control. With the estimation 𝜔𝑟0𝑒𝑠𝑡(𝑡)  for 

𝜔𝑟0(𝑡), the parameter 𝐾 can be finally calculated from (3.17).  

Summarizing, from Figure 3-1, it can be seen that the proposed wind power self-smoothing 

scheme is easy to implement with only two extra terms compared with MPPT (3.3). In addition, 

since the wind speed is already known in a WTS, there is no extra measurement signal. 
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Figure 3-2 Comparison of the estimated value 𝜔𝑟0𝑒𝑠𝑡(𝑡) by (3.25) and the real-time rotor speed 𝜔𝑟0(𝑡) of 

the MPPT control. 

3.2.3 Coordination Control within a Wind Farm 

Smoothing the output wind power of a wind farm can be different from that of a single WTS. 

This is because: (1) Less smoothing effort is needed when the smoothing is based on the total 

output power of a wind farm instead of each individual WTS since there is a natural smoothing 

effect in a wind farm. (2) The coordination among WTSs can be utilized since those WTSs are 

experiencing different wind speeds and thus have different kinetic energy storage capabilities. 

Therefore, coordination of multiple WTSs can reduce the total loss of wind power capture 

caused by the smoothing operation and enhance the WTSs stability [93, 94]. Similar to the 

coordination control method in Chapter 2, here each WTS is allocated a part of the total 

required compensation power according to the square of its rotor speed. The deduction 

procedure of the coordination is the same as that in Section 3.2.1 and Section 3.2.2, so the 

details are omitted. The obtained controller for each WTS is summarized as follows:  

∆𝑃𝑐_𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑜𝑝𝑡_𝑡𝑜𝑡 − 𝑃𝑜𝑝𝑡_𝑡𝑜𝑡̅̅ ̅̅ ̅̅ ̅̅ ̅, 𝑃𝑜𝑝𝑡_𝑡𝑜𝑡 = ∑ 𝑃𝑜𝑝𝑡,𝑖
𝑀
𝑖=1                        (3.26) 

𝑃𝑜𝑝𝑡,𝑖 = [𝐾𝑜𝑝𝑡𝜔𝑟,𝑖
2 (𝑡) + 𝐾𝑖 ∫ (−∆𝑃𝑐,𝑖)

𝑡

0
𝑑𝑡] ∙ 𝜔𝑟,𝑖(𝑡)                        (3.27) 
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∆𝑃𝑐,𝑖 =
𝜔𝑟,𝑖
2 (𝑡)

∑ 𝜔𝑟,𝑖
2 (𝑡)𝑀

𝑖=1

∙ ∆𝑃𝑐_𝑡𝑜𝑡𝑎𝑙                                         (3.28) 

𝑃𝑟𝑒𝑓,𝑖 = 𝑃𝑜𝑝𝑡,𝑖 − ∆𝑃𝑐,𝑖                                             (3.29) 

𝑇𝑟𝑒𝑓,𝑖 =
𝑃𝑟𝑒𝑓,𝑖

𝜔𝑟,𝑖(𝑡)
                                                      (3.30) 

 𝐾𝑖 =
2

𝐽𝑖

𝐾𝑜𝑝𝑡[𝜔𝑟0,i
3 (𝑡)−𝜔𝑟,𝑖

3 (𝑡)]−Η

𝜔𝑟,𝑖(𝑡)[𝜔𝑟0,i
2 (𝑡)−𝜔𝑟,𝑖

2 (𝑡)]
                                        (3.31) 

where −∆𝑃𝑐_𝑡𝑜𝑡𝑎𝑙 is the total compensation wind power and 𝑀 is the total number of WTSs. 

For the 𝑖𝑡ℎ WTS, the terms 𝑃𝑜𝑝𝑡,𝑖, 𝜔𝑟,𝑖(𝑡),  ∆𝑃𝑐,𝑖, 𝑃𝑟𝑒𝑓,𝑖 , 𝑇𝑟𝑒𝑓,𝑖 and 𝐾𝑖 are defined the same as 

those in the single WTS case. The proposed coordination control for a wind farm is shown in 

Figure 3-3. 
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Figure 3-3 The proposed coordination control for a wind farm. 
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3.3 Case Studies 

In order to validate the proposed wind power smoothing control, both DFIG-based and PMSG-

based WTSs are simulated, first for a single WTS, then within a wind farm consisting of two 

WTSs to demonstrate the advantages of the coordination control. Quantitative analysis of wind 

power capture and smoothing effect of a single WTS under different MAF window time is also 

provided. 

The simulated parameters of the DFIG-based and PMSG-based WTSs are the same as those in 

Chapter 2, as listed in Table A-1 and Table A-2 in Appendix A, respectively. The real-time 

wind speed shown in Figure 3-4 and Figure 3-5 are borrowed from [161] and used for the 

simulations. The mean values in the following simulations are obtained from a MAF with 

different window time.  

In order to describe wind power smoothness, the relative standard deviation 𝑐𝑣, defined here 

as variation coefficient, is used. The expression of 𝑐𝑣 is given by 

𝑐𝑣 =
𝜎

𝜇
                                                             (3.32) 

where 𝜎 is the standard deviation, and 𝜇 is the mean.  

 

Figure 3-4 The real-time wind velocities utilized under Cases 1-3 and for WTS1 under Case 4. 
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Figure 3-5 The real-time wind velocities utilized for WTS2 under Case 4. 

3.3.1 Wind Power Smoothing for a Single WTS 

The following two cases are used to illustrate the performance of the proposed smoothing 

control within a single WTS. 

Case 1: Simulations are carried out for a single DFIG-based WTS under the proposed 

smoothing control and the MPPT control, respectively. The control performance under both 

10𝑠 and 20𝑠 MAF window time are studied. 

Case 2: Simulations are performed for a single direct-driven PMSG-based WTS under the 

proposed smoothing control and the MPPT control, respectively. The control performance 

under 10𝑠 MAF window time are studied. 

The comparative simulation results under 10𝑠 and 20𝑠 MAF window time of Case 1 are shown 

in Figure 3-6 and Figure 3-7, respectively.  

Figure 3-6(a) and Figure 3-7(a) show that the variation coefficient (𝑐𝑣) of the output power by 

using the proposed control is smaller than that with the MPPT control. Figure 3-6(b) and Figure 

3-7(b) show that the wind power capture with the proposed control always follows that with 
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the MPPT control. This is because the rotor speed always operates around the optimum speed 

under the MPPT control, as shown in Figure 3-6(c) and Figure 3-7(c).  

The simulation results in Figure 3-6(b) and Figure 3-7(b) show that the loss of wind power 

capture mainly happens during the time period of 140 s - 160 s and during this time period the 

rotor speed deviates from the optimum values most, as seen from Figure 3-6(c) and Figure 3-

7(c), although the input wind speed (shown in Figure 3-4) during this time period does not drop 

a lot. This is because the wind speed shown in Figure 3-4 is high during 105 s – 120 s, then it 

becomes low for a long time period from 120 s to 155 s. This results indicate that the MAF 

should not be set too big. 

It can also be seen that during this time period of 140 s - 160 s, the rotor speed becomes slow, 

especially in Figure 3-7 under 20 s MAF window time situation, indicating that the WTS does 

not have sufficient kinetic energy to implement the smoothing function. Then, at 𝑡 = 142𝑠 the 

rotor speed reaches its limit, leading to a sudden drop of the output power, as seen from Figure 

3-7(a). The sudden drop of power directly leads to sudden drop of the torque which causes 

fatigue to the WTS mechanical shaft. This sudden-drop phenomenon should be avoided in real 

implementation. One possible solution is to decrease the MAF window time smoothly before 

the rotor speed becomes slow and thus the loss of wind power capture can also be reduced.  

From the comparative simulation results, it can be seen that if the MAF window time is too 

short, the calculated ∆𝑃𝑐 in (3.21) will be very small and then the wind power will be smoothed 

little. If the MAF window time is too long, the calculated ∆𝑃𝑐 in (3.21) will be very large. Then 

the wind turbine should have big enough kinetic energy storage to smooth the large ∆𝑃𝑐 . 

However, since the stored kinetic energy is limited, it means that the WTS does not have 

enough ability to smooth the large ∆𝑃𝑐. Hence, the rotor speed will often drop to the minimum 

limit, causing the sudden drop phenomenon all the time. 
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Figure 3-6(d) and Figure 3-7(d) show that in the proposed control reference (3.7) the first part 

𝑃𝑜𝑝𝑡 defined in (3.18) can well track 𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇 of the MPPT control. This validates that 𝑃𝑜𝑝𝑡 

can approximate the power reference of the MPPT control, and thus the proposed smoothing 

control can approximately recover (or duplicate) the power trajectory of the MPPT control. 

Figure 3-6(e) and Figure 3-7(e) show that under the proposed smoothing control 𝑐𝜈  of the 

torsional angles between the two shafts of the DFIG is reduced and less than that under the 

MPPT control. From [26, 148] it is known that the mechanical stress is related to the variations 

of shaft torsional angle. Therefore, with the proposed smoothing control the mechanical stress 

of the DFIG is also alleviated.  

The simulation results in Figure 3-6 and Figure 3-7 demonstrate that the proposed smoothing 

scheme can smooth wind power output and achieve approximate maximum wind power 

capture. They also verify that the assumption of using a small constant Η to replace 𝜀(𝑡) to 

calculate 𝐾 in (3.17), as mentioned in Section 3.2.1, is reasonable. 

Comparing with the simulation results with 10𝑠 MAF window time in Figure 3-6, Figure 3-7 

shows that with 20 s MAF window time the output power is smoother but the loss of wind 

power capture is bigger. This illustrates that the smoothing performance is conflicted with the 

wind power capture. Hence, choosing a proper MAF window time should be related to the two 

performance indexes: wind power smoothing and wind energy capture efficiency.   
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(a) The output power of the DFIG-based WTS. 

 

(b) The captured wind power of the DFIG-based WTS. 

 

(c) The DFIG rotor speed. 
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(d) Comparison of 𝑃𝑜𝑝𝑡 under the proposed smoothing condition and 𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇 under the MPPT control. 

 

(e) The torsional angle of the DFIG. 

Figure 3-6 Simulation results for 10 s MAF window time under Case 1.  

 

(a) The output power of the DFIG-based WTS. 
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(b) The captured wind power of the DFIG-based WTS. 

 

(c) The DFIG rotor speed. 

 

(d) Comparison of 𝑃𝑜𝑝𝑡 under the proposed smoothing condition and 𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇 under the MPPT control. 
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(e) The torsional angle of the DFIG. 

Figure 3-7 Simulation results for 20 s MAF window time under Case 1.  

The simulation results for Case 2 are shown in Figure 3-8. The simulation results from Figure 

3-8(a) to Figure 3-8(d) for a PMSG-based WTS are similar to those for a DFIG-based WTS 

with 10 s MAF window time in Case 1. This demonstrates that the proposed smoothing control 

is also effective in direct-drive PMSG-based WTSs. 

Figure 3-8(e) show that with the proposed smoothing control, 𝑐𝜈 of the PMSG electrical torque 

is decreased and less than that with the MPPT control, which means that the PMSG mechanical 

stress is mitigated. This further demonstrates that the proposed smoothing control can not only 

smooth the output wind power but also mitigate the fatigue of the mechanical stress for both 

DFIG-based and PMSG-based WTSs. The reason why the electrical torque of the PMSG under 

the smoothing condition is smoother than that under the MPPT control is that according to 𝑃𝑒 =

𝑇𝑒 ∗ 𝜔𝑟, since 𝑃𝑒 is smoother (see Figure 3-8(a)) and 𝜔𝑟 is close to 𝜔𝑟_𝑜𝑝𝑡 (see Figure 3-8(c)), 

𝑇𝑒 is smoother. 
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(a) The output power of the PMSG-based WTS. 

 

(b) The captured wind power of the PMSG-based WTS. 

 

(c) The PMSG rotor speed. 
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(d) Comparison of 𝑃𝑜𝑝𝑡 under the proposed smoothing condition and 𝑃𝑟𝑒𝑓−𝑀𝑃𝑃𝑇 under the MPPT control.

 

(e) The electrical torque of the PMSG. 

Figure 3-8 Simulation results under Case 2.  

3.3.2 Quantitative Analysis under Different MAF Window Time 

Case 3: Simulations are carried out for a DFIG-based WTS under the same wind speeds shown 

in Figure 3-4 but with different MAF window time. This is to quantitatively analyse the 

relationship between the wind power smoothing effect and wind power capture efficiency. 

The simulation results of Case 3 are shown in Figure 3-9. The efficiency 𝜂 shown in Figure 3-

9 is defined as  
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𝜂 =
𝑃𝑜𝑢𝑡−𝑆𝑀

𝑃𝑜𝑢𝑡−𝑀𝑃𝑃𝑇
                                                  (3.33) 

where 𝑃𝑜𝑢𝑡−𝑆𝑀 and 𝑃𝑜𝑢𝑡−𝑀𝑃𝑃𝑇 are the output power of the WTS with the proposed smoothing 

control and the MPPT control, respectively. 

By using the proposed smoothing control 𝑐𝜈 of the output power is significantly reduced as 

shown in Figure 3-9(a), while the loss of wind power capture is within 2%, as shown in Figure 

3-9(b). It can be seen that for a bigger MAF window time, the reduction of 𝑐𝜈 of the output 

power is larger. However, with a larger MAF window time, more sudden drops of the output 

power would happen. Nevertheless, the sudden-drop phenomenon can be avoided by the 

aforementioned solution described in Case 1.  

 

(a) The reduction of the variation coefficient (𝑐𝜐) of the WTS output power. 

 

(b) The efficiency of the wind power capture. 

Figure 3-9 Simulation results for Case 3. 
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3.3.3 Wind Power Smoothing within a Wind Farm 

Case 4: Simulations are carried out for a wind farm consisting of two DFIG-based WTSs to 

illustrate the advantages of the coordination control described in Section 3.2.3. The wind 

speeds used for these two WTSs are shown in Figure 3-4 and Figure 3-5. 

The simulation results of Case 4 are shown in Figure 3-10. It is shown in Figure 3-10(a) 𝑐𝜈 of 

the output power of the wind farm with the proposed smoothing control is 0.076, which is 

36.11% less than that with the MPPT control. Moreover, as seen from Figure 3-10(b) and 

Figure 3-10(c), the average of the total wind power capture under the proposed control is only 

0.85% less than that under the MPPT control. 

In this case, no sudden-drop phenomenon happens in WTS1 although it is still controlled under 

the same 20 s MAF window time and wind speed input as in Case 1 where the sudden-drop 

phenomenon happens (shown in Figure 3-7(a)). The reason for this is that with the coordination 

control of the two WTSs, WTS1 is automatically allocated with smaller compensation power 

when the WTS1 has small rotor speed at the time around 140 s, while the bigger part is allocated 

to WTS2 since the rotor speed of WTS2 is higher, as shown in Figure 3-10(d) and Figure 3-

10(e). Hence, the rotor speed of WTS1 does not decrease too much, to hit the limitation and 

trigger the protection action leading to the sudden-drop phenomenon. This is considered to be 

one of the benefits of using the coordination control.  Another benefit of using the coordination 

control is that the loss of the wind power capture is smaller than that for a single WTS, by 

comparing Figure 3-10(b) and Figure 3-7(b). The third benefit, as stated in Section 3.2.3, is 

that less power is required to be smoothed under the coordination control, since there is a 

natural smoothing effect within a wind farm.  
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(a) The total output power of the wind farm transmitted to the system bus. 

 

(b) The captured wind power of WTS1. 

 

(c) The captured wind power of WTS2. 



100 

 

 

(d) The rotor speed of WTS1. 

 

(e) The rotor speed of WTS2. 

Figure 3-10 Simulation results under Case 4. 
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3.4 Summary 

This Chapter proposed a new wind power self-smoothing method by controlling the kinetic 

energy stored in WTSs to smooth the wind power variations less than tens of seconds. Unlike 

the existing inertial energy smoothing methods, the proposed method can duplicate the 

trajectory of the MPPT control and in the meantime smooth the output power based on this 

trajectory. Thus, it makes the rotor speed always run around the optimum operating points, 

leading to little loss of wind power capture. Considering the natural smoothing effect of a wind 

farm itself and the WTSs having different wind speeds, a coordination algorithm has been 

proposed to achieve less loss of the wind power capture. The proposed smoothing scheme can 

be applied to both DFIG-based and direct-driven PMSG-based WTSs. The quantitative 

analysis of the smoothing effect and the efficiency of wind power capture was provided for a 

single WTS. It provides guidance to choose the MAF filtering time constant in order to balance 

the smoothing effect and wind power capture efficiency.  

A single DFIG-based WTS, a single PMSG-based WTS and a wind farm consisting of two 

DFIG-based WTSs were simulated in the RTDS platform under real wind speed profiles. The 

simulation results for a single WTS showed that by using the proposed smoothing control, 𝑐𝜐 

of the output wind power was reduced by 5% - 40%, with less than 2% loss of wind power 

capture. Moreover, with the coordination control of multiple WTSs within a wind farm the 

smoothing effect is further improved and the loss of wind power capture is less. The simulation 

results showed that 𝑐𝜐 of the output wind power of the wind farm was reduced by 36.11%, with 

less than 1% of wind power capture.  
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CHAPTER 4 FORCED OSCILLATIONS ISOLATION 

AND SUPPRESSION 

4.1 Introduction 

This chapter describes a novel scheme to isolate and suppress forced oscillations. This is 

achieved by controlling the large amount of inertial energy of wind farms to timely release or 

absorb power which is opposite to the oscillating power from the perturbation areas. Thus, the 

forced oscillations in the perturbation areas can be prevented from propagating to the rest of 

the power grid, and meanwhile the oscillating power in the disturbed areas is also reduced and 

suppressed. Section 4.2 summarizes the classical resonance theory. Section 4.3 illustrates the 

principles of the proposed method. In Section 4.4, the performance of the proposed method is 

verified by real-time simulations in a modified two-area power system in RTDS. In addition, 

simulation studies are also carried out to show the performance of the proposed strategy in 

damping natural oscillations, i.e. inter-area oscillations. Finally, Section 4.5 concludes the main 

results of this chapter. 

Symbols 

𝑃𝑖𝑗      Total power on transmission lines between bus 𝑖 to bus 𝑗 

𝑃𝑖𝑗̅̅ ̅      Average of 𝑃𝑖𝑗 through a MAF 

∆𝑃𝑖𝑗    Oscillating components of 𝑃𝑖𝑗 
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4.2 Resonance Theory from Physics 

  

Figure 4-1 Mass-spring system with a sustained external force. 

In this section, the theory of the physics resonance is reviewed [141]. Considering a mass-

spring system shown in Figure 4-1 with an external force of 𝐹0 cos(𝜔𝑡). Based on Newton’s 

law, the following is obtained: 

𝑚𝑥̈ + 𝑏𝑥̇ + 𝐾𝑥 = 𝐹0cos (𝜔𝑡)                                         (4.1) 

The natural frequency 𝜔0, damping 𝛾 and damping ratio 𝜁 of the system are defined as 

𝜔0
2 =

𝐾

𝑚
, 𝛾 =

𝑏

𝑚
, 𝜁 =

𝛾

2𝜔0
                                               (4.2) 

Rewriting (4.1) in the complex plane and using (4.2), the following holds: 

𝑍̈ + 𝛾𝑍̇ + 𝜔0
2𝑍 =

𝐹0

𝑚
𝑒𝑗𝜔𝑡                                           (4.3) 

The solution of equation (4.3) is 

𝑍 = 𝐴𝑒𝑗(𝜔𝑡−𝛿)                                                        (4.4) 

where  

Spring constant 𝐾 

External force 

Mass 𝑚 

Relative displacement 𝑥 

𝐹0cos (𝜔𝑡) 
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{
 

 𝐴 =
𝐹0
𝑚

√(𝜔0
2−𝜔2)

2
+(𝜔𝛾)2

𝑡𝑎𝑛𝛿 =
𝜔𝛾

𝜔0
2−𝜔2

                                               (4.5) 

It can be seen that the forced resonance occurs when the frequency of the external force 𝜔 is 

equal to the natural frequency 𝜔0. As a results, forced oscillations occur when a power system 

is disturbed by periodic external perturbations at frequencies close or equal to the natural 

frequencies of the system. From (4.5), it can also be seen that if the system has no damping 

(𝛾 = 0) at 𝜔 = 𝜔0, the amplitude 𝐴 of the oscillations becomes infinity. By increasing the 

damping 𝛾 𝐴 can be reduced; however, the oscillations cannot be eliminated.  

The paper [141] studied the resonance phenomenon (or forced oscillations) between inter-area 

system modes and the external perturbations. It indicated that the following three conditions 

play a key role in the strength of the forced oscillation: 

 (C1) The proximity between the frequency of the external perturbation force and that 

of the system mode. As seen from (4.5), resonance would occur only when the 

frequency of the external periodic perturbations is close enough to the system mode. 

Moreover, the closer the frequency difference between them is, the bigger the amplitude 

of the forced oscillation is.  

 (C2) The damping level of the system. The lower the damping is, the bigger the strength 

of the forced oscillation is.  

 (C3) The strength of the local grid where the external perturbation locates. The weaker 

the strength is, the bigger the amplitude of the forced oscillation is. 

C1 is a necessary condition for forced oscillations while all of the three conditions C1, C2, and 

C3 together determine the strength of forced oscillations of the system.  
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4.3 Forced Oscillations Isolation and Suppression by Wind Farms 

4.3.1 Principle of the Proposed Strategy  

In this section, the proposed control strategy is described. To illustrate the control strategy, a 

two-machine system with a wind farm is considered, as shown in Figure 4-2, where SG1 and 

SG2 are synchronous generators. The wind farm can be composed of DFIG-based or PMSG- 

based WTSs. SG1 is the disturbed generator, causing the forced oscillation occurred in the 

system. The power flow on the transmission line between bus 2 and bus 3 is 𝑃23, and that 

between bus 3 and bus 4 is 𝑃34. The output power of the wind farm is 𝑃63. 𝑃23̅̅ ̅̅  is obtained by 

applying a MAF to 𝑃23. 𝑃𝑀𝑃𝑃𝑇 is the maximum power output of the wind farm under the MPPT 

control without using the proposed control method. With the proposed control, the wind farm 

output power is 𝑃𝑀𝑃𝑃𝑇 − 𝜀 − ∆𝑃23  in which 𝜀 is a small value as defined in (2.9).   
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Figure 4-2 A two-machine system with a wind farm to illustrate the proposed forced oscillations isolation 

and suppression strategy.  

Note that forced oscillations are mainly associated with active power and usually a zero-

reactive power exchange with the main grid is implemented in a single DFIG-based WTS. 

Hence, this thesis only considers the oscillating active power and the wind farm is controlled 

with zero reactive power exchange with the main grid. 

Area 2 

𝑃34 = 𝑃23̅̅ ̅̅ + 𝑃𝑀𝑃𝑃𝑇 − 𝜀 𝑃23 = 𝑃23̅̅ ̅̅ + ∆𝑃23 

𝑃63 = 𝑃𝑀𝑃𝑃𝑇 − 𝜀 − ∆𝑃23 

The only extra 

measured value 𝜔𝑟(𝑡) 𝐾𝑜𝑝𝑡𝜔𝑟
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𝑃𝑟𝑒𝑓 

2𝐾𝑜𝑝𝑡𝜔𝑟(𝑡)
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The objective of isolating forced oscillation and preventing it from spreading to Area 2 is to 

smooth 𝑃34. A straightforward approach is to control the wind farm to generate oscillating 

active power −∆𝑃23 which is opposite to ∆𝑃23. The resulting 𝑃34 then becomes 

𝑃34 = 𝑃23 + 𝑃63 = 𝑃23̅̅ ̅̅ + 𝑃𝑀𝑃𝑃𝑇 − 𝜀                                   (4.6)                                 

In this way, the active power 𝑃34  that is being injected into Area 2 does not contain an 

oscillating component; and therefore, the forced oscillation is isolated and contained within 

Area 1. At the same time, the magnitude of the oscillation (∆𝑃23) in Area 1 is also reduced (or 

suppressed), because the active power output of the SG1 is affected by the injected active power 

of the wind farm. Moreover, as will be demonstrated in Section 4.4, if the wind farm is the 

closer to SG1, the oscillation in Area 1 (∆𝑃23) is smaller. This is because that the change in 

active power output from SG1 is also affected by the location of the wind farm. The associated 

theories can be found in [71]. Figure 4-2 also shows the way that the signal −∆𝑃23 is generated 

from the measurement of 𝑃23, in which the wash-out filter is used to block the direct component 

of −∆𝑃23. 𝑇𝑤 is the time constant of the wash-out filter, and it should be chosen bigger than 

the oscillating periods of the forced oscillations. 

4.3.2 Derivation of the Proposed Control Methodology 

For convenience, it is assumed in the following description that a single WTS represents the 

whole wind farm. To achieve the isolation and suppression of forced oscillation in the system, 

one necessary condition is that the wind farm can output the active power that is exactly 

opposite to ∆𝑃23. However, to achieve the wind power capture close to its maximum under the 

MPPT control, the power reference in a WTS should be related to its real-time rotor speed 

𝜔𝑟(𝑡), as already described in Chapter 2, which is given by 

𝑃𝑟𝑒𝑓0 = 𝐾𝑜𝑝𝑡𝜔𝑟
3(𝑡)                                                    (4.7) 
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where 𝐾𝑜𝑝𝑡 is a constant defined in (2.3).  

It has been illustrated in Section 2.3.2 in Chapter 2 that power reference of a WTS given in the 

form of (4.8) cannot simultaneously achieve high wind energy capture efficiency and function 

as a flywheel energy storage unit to produce the exact active power of −∆𝑃23.   

𝑃𝑟𝑒𝑓1 = 𝐾𝑜𝑝𝑡𝜔𝑟
3(𝑡) + (−∆𝑃23)                                         (4.8) 

Hence, in order to control the WTS to generate the additional active power of −∆𝑃23, the ICC 

methodology proposed in Chapter 2 is adopted here and given by  

𝑃𝑟𝑒𝑓 = 𝐾𝑜𝑝𝑡𝜔𝑟
3(𝑡) − ∆𝑃23 +

2𝐾𝑜𝑝𝑡

𝐽
∫ (−∆𝑃23)
𝑡

0
𝑑𝑡 ∗ 𝜔𝑟(𝑡)            (4.9) 

where 𝐽 is the moment of inertia of the WTS. The power reference 𝑃𝑟𝑒𝑓 shown in Figure 4-2 is 

then applied to the rotor-side converter of the WTS.  

The proposed control scheme in (4.9) is easy to implement because only two more terms are 

added into the original MPPT control reference (4.7). In addition, as shown in (4.9), only the 

power of nearby transmission lines 𝑃23 is required while the frequency of the forced oscillation 

is not required to be known. Moreover, as also illustrated in (4.6), in principle, the proposed 

scheme can always smooth the oscillating power of the transmission line between bus 3 and 

bus 4, even when both areas are excited with forced oscillations. This idea will be further 

demonstrated in Section 4.4.2.  
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4.4 Case Studies 

4.4.1 Test System 

The two-area power system [75] shown in Figure 4-3, is used to investigate the performances 

of the proposed method. The system consists of four synchronous generators (G1-G4), static 

loads with constant active and reactive power consumption, and one aggregated DFIG-based 

wind farm. The system parameters are obtained from [75], with all the synchronous generators 

being equipped with a PSS whose gain is 20, to ensure a good damping performance.  

The wind farm which consists of 27 DFIG-based WTSs with input wind speed 10 m/s (between 

cut-in wind speed of 6 m/s and rated wind speed of 12.5 m/s), whose output power is 30 MW 

under the MPPT control, is simulated in all of the following cases, except Case 4. Case 4 is 

considered to verify that the proposed control scheme (4.9) still functions well under varying 

wind speeds. The parameters of the DFIG-based WTS are provided in Table A-1 in Appendix 

A. 

G1

G2 G4

G31 75 8 9 10 11 36

2 4
Wind

Farm

 

Figure 4-3 The structure of a four-machine two-area system [75] with a wind farm connected at bus 7. 

𝑃67 = 𝑃67̅̅ ̅̅ + ∆𝑃67 𝑃79 = 𝑃79̅̅ ̅̅ + ∆𝑃79 

 

 

𝑃𝑊𝐹 = 𝑃𝑊𝐹̅̅ ̅̅ ̅ + ∆𝑃𝑊𝐹 

= 𝑃𝑊𝐹
0 − ∆𝑃67 − 𝜖 

Area 1 Area 2 

𝑃𝑔1 𝑃𝑔3 

𝑃𝑔4 𝑃𝑔2 
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In Figure 4-3, 𝑃𝑖𝑗 indicates the total power on the transmission line(s) between bus 𝑖 and bus 𝑗. 

For example, 𝑃79 indicates the total power of the two transmission lines between bus 7 and bus 

9. 𝑃𝑖𝑗̅̅ ̅ is the average of 𝑃𝑖𝑗, and ∆𝑃𝑖𝑗 is calculated as 𝑃𝑖𝑗 − 𝑃𝑖𝑗̅̅ ̅. The output power of G1 ~ G4 are 

𝑃𝑔1 ~ 𝑃𝑔4. Under the proposed control, the output power from wind farm is 𝑃𝑊𝐹 = 𝑃𝑊𝐹
0 −

∆𝑃67 − 𝜖, in which 𝑃𝑊𝐹
0  is the total output power of the wind farm under the MPPT control 

without using the proposed method, and 𝜖 is a small variable defined the same as 𝜀 in Section 

4.3.1.   

In the following case studies, the MAF window time and the time constant of the wash-out 

filter, as mentioned in Section 4.3.1, are chosen to be 40 s and 25 s, respectively.  

In the following sections, six case studies are carried out using RTDS under different conditions 

to demonstrate the effectiveness of the proposed method. 

4.4.2 Isolation and Suppression of Forced Oscillations 

The following four cases are considered to illustrate the performance of the proposed method 

in the isolation and suppression of forced oscillations. The wind farm is installed at bus 7. 

Case 1: In this case, an external sinusoidal perturbation 0.04 sin(0.6 ∗ 2𝜋 ∗ 𝑡) 𝑝. 𝑢.  (0.04 

𝑝. 𝑢.is equal to 36 MW since the rated power of these synchronous generators is 900 MW) is 

added to the mechanical torque of G1 from 3.5 s to 28.5 s to excite a forced oscillation. With 

the proposed method, the wind farm will compensate the oscillating power ∆𝑃67, making 𝑃79 

smoothed so that the forced oscillation will be kept within Area 1 and not spread into Area 2.  

Case 2: The settings of Case 2 are the same as those of Case 1, except that the level of loading 

in each area is different from that in Case 1, causing the average active power flow 𝑃79 changes 
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from 397 MW (Case 1) to -400 MW (Case 2). This case is used to demonstrate the effectiveness 

of the proposed method at different operating conditions. 

Case 3: In this case, the sinusoidal fluctuations 0.04sin (0.6 ∗ 2𝜋 ∗ 𝑡)𝑝. 𝑢. and 0.04sin (0.6 ∗

2𝜋 ∗ 𝑡 + 𝜋)𝑝. 𝑢. are added to the mechanical torque output of G1 and G3, respectively, from 

3.5 s to 28.5 s. Thus the both areas are experiencing external perturbations and the excited 

forced oscillations in the system are doubled. It is used to demonstrate that the wind farm at 

bus 7 can always smooth the oscillating power of the tie-lines and makes the tie-lines act as a 

wall of isolation for the forced oscillations from both areas. 

Case 4: The settings in Case 4 is the same as those in Case 1 except that now the WTS is under 

real-time variable wind speeds. The wind speed data are borrowed from [161]. The purpose of 

this case is to demonstrate the effectiveness of the proposed method under variable wind 

speeds. 

The simulation results of Case 1 are shown in Figure 4-4 – Figure 4-7. Figure 4-4(a) shows 

that, without the proposed control scheme, the amplitude of the excited forced oscillation of 

𝑃79  on the tie-lines is 100 MW, which  is 2.8 times that of the original perturbation 

(100/36=2.8), even when the system has good damping performance. The phenomenon 

coincides with the conclusion made in [71] that the method of increasing damping to suppress 

forced oscillations is not effective. In contrast, with the proposed method, the oscillations of 

𝑃79 are reduced to a value near zero, because the wind farm generates oscillating active power 

∆𝑃𝑊𝐹 which is opposite to ∆𝑃67, as seen from Figure 4-4(b). Thus, the forced oscillation is 

isolated within Area 1 and not spreading into Area 2.  At the same time the forced oscillation 

in Area 1 is also suppressed (Figure 4-4(c)), which is only half of that without the proposed 

control. This suppression leads to half of the compensated active power needed from the wind 
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farm because, as explained in Section 4.3.1, the active power output of the synchronous 

generators in area 1 is affected by the injected active power of the wind farm.  

Figure 4-5 further demonstrates that the oscillations of 𝑃𝑔1  and 𝑃𝑔2  are greatly reduced 

(suppressed) and the oscillations of 𝑃𝑔3 and 𝑃𝑔4 are almost eliminated (isolated) because the 

oscillation in 𝑃79 is well smoothed, thereby eliminating the impact from the perturbation source 

in Area 1. Although the wind farm releases or absorbs 1.7 times of its total output power under 

the MPPT control (50/30=1.7), as can be seen from Figure 4-4(b), the loss of wind power 

capture is minimal, as demonstrated in Figure 4-6.  

Figure 4-7 shows the RMS values of the stator and rotor current of a single DFIG-based WTS. 

It can be seen that the change of the rotor side current is only 20% of the change of the stator 

side current, indicating that most of the compensated power are flowing through the stator 

instead of the rotor-side converters. In other words, compared with the method of installing 

extra E-STATCOM, which needs full-rated converters [71], the extra capacity of the converters 

in a DFIG-based WTS under the proposed strategy is significantly reduced. 

 

(a) 𝑃79 with and without the proposed control. 
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(b) ∆𝑃𝑊𝐹 and −∆𝑃67 under the proposed control. 

 

(c) −∆𝑃67 with and without the proposed control. 

Figure 4-4 Simulation results under Case 1.  

 

(a) The active power output of G1. 
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(b) The active power output of G2. 

 

(c) The active power output of G3. 

 

(d) The active power output of G4. 

Figure 4-5 The active power output of G1, G2, G3 and G4 under Case 1 with and without the proposed 

control. 
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Figure 4-6 The captured wind power of a single WTS with and without the proposed control under Case 1.  

 

(a) RMS of stator current of a single DFIG under the proposed control. 

 

(b) RMS of rotor current of a single DFIG under the proposed control. 

Figure 4-7 The rotor and stator current RMS of a single DFIG-based WTS under Case 1.  
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The simulation results of Case 2 are shown in Figure 4-8. Figure 4-8 shows that although the 

operating condition is different from that in Case 1, 𝑃79 is still well smoothed with the proposed 

control scheme (Figure 4-8(a)), since the wind farm generates oscillating power exactly 

opposite to ∆𝑃67 (Figure 4-8(b)). Moreover, ∆𝑃67 is also suppressed (Figure 4-8(c)).  

 

 

(a) 𝑃79 with and without the proposed control. 

 

(b) ∆𝑃𝑊𝐹 and −∆𝑃67 under the proposed control. 

 

(c) −∆𝑃67 with and without the proposed control. 

Figure 4-8 Simulation results under Case 2. 
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The simulation results of Case 3 are shown in Figure 4-9 and Figure 4-10. Figure 4-9(a) and 

Figure 4-9(b) shows that 𝑃79 is well smoothed under the proposed control when both the areas 

are excited forced oscillations. In other words, the wind farm protects the tie-lines from 

experiencing oscillations and act as a wall of isolation for the forced oscillations from both the 

areas. Figure 4-10 shows that the forced oscillations in both the areas are greatly reduced using 

the proposed method.  

 

(a) 𝑃79 with and without the proposed control. 

 

(b) ∆𝑃𝑊𝐹 and −∆𝑃67 under the proposed control. 

Figure 4-9 Simulation results under Case 3. 
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(a) The active power output of G1. 

 

(b) The active power output of G2. 

 

(c) The active power output of G3. 
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(d) The active power output of G4. 

Figure 4-10 Active power output of G1, G2, G3 and G4 with and without the proposed control in Case 3. 

The simulation results of Case 4 are shown in Figure 4-11.  Figure 4-11(a) shows the simulated 

real-time wind speeds. Figure 4-11(b) shows that 𝑃79  is well smoothed with the proposed 

control even under varying wind speeds. Figure 4-11(c) shows that the captured wind power 

under the proposed control is close to that under the MPPT control. 

 

(a) Simulated real-time wind speeds. 
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(b) 𝑃79. 

 

(c) The captured wind power of a single WTS. 

Figure 4-11 Comparative simulation results with and without the proposed control under Case 4. 

4.4.3 Impact of Wind Farm Location 

Case 5: Case 5 is the same as Case 1, except that the location of the wind farm is moved from 

bus 7 to bus 5. In this case, the wind farm is controlled to inject active power opposite to ∆𝑃15, 

aiming to reduce the oscillation in 𝑃56 to zero. Simulation results of Case 5 are compared with 

those of Case 1 for better illustration. 
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The simulation results of Case 5 are shown in Figure 4-12 and Figure 4-13. Figure 4-12 shows 

that when the wind farm is connected to bus 5 with the proposed control scheme, the oscillating 

component of 𝑃56 is well reduced. Thus, bus 5 becomes an isolation wall through which the 

forced oscillation excited by the external perturbation on G1 cannot propagate further. This 

outcome is also verified by Figure 4-13(a) which shows the oscillation of the active power 

output by G2 decreases, and by Figure 4-13(b) which shows that 𝑃79 is well smoothed. 

When the transmission line between bus 5 and bus 6 becomes an isolation wall, the forced 

oscillation is restricted within a smaller area compared with that in Case 1; thus, the magnitude 

of the oscillation with the proposed control in theory (as illustrated in Section 4.3.1) should be 

reduced more than that in Case 1. This outcome is verified by comparing the blue and read 

lines in Figure 4-13(a) and Figure 4-13(c), where oscillations of active power from G2 and G1 

are smaller than those in Case 1. It further leads to a smaller compensating power from the 

wind farm as seen from Figure 4-13(d). 

 

Figure 4-12 𝑃56 with and without the proposed control under Case 5. 
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(a) Active power output of G2. 

 

 

(b) 𝑃79. 

 

 

(c) Active power output of G1. 
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(d) ∆𝑃𝑊𝐹. 

Figure 4-13 Comparative simulation results of Case 5 and Case 1 under the proposed control and under the 

proposed control when the wind farm is connected at bus 5 and bus 7. 

4.4.4 Suppression of Inter-Area Oscillations 

Case 6: This case is considered to verify that the proposed method can also help to damp inter-

area oscillations. To excite an inter-area oscillation, a 0.02 𝑝. 𝑢. voltage step with a duration of 

500 ms ([163]) is added to the exciter of G1. The wind farm is installed at bus 7.  

The simulation results of Case 6 are shown in Figure 4-14. Figure 4-14(a) and Figure 4-14(b) 

show that by using the proposed control method, the inter-area oscillation is damped. 

Moreover, the wind farm has nearly zero loss of wind power capture as demonstrated by Figure 

4-14(c), although the active power output from the wind farm is varying dramatically as seen 

from Figure 4-14(d). 
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(a) Active power 𝑃79 on tie-lines. 

 

(b) Reactive power Q79 on tie-lines. 

 

(c) Captured wind power of a single WTS. 
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(d) ∆𝑃𝑊𝐹. 

Figure 4-14 Comparative simulation results under Case 6 with and without the proposed control of forced 

oscillations isolation and suppression.  
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4.5 Summary 

This Chapter presented a proposed isolation and suppression strategy for forced oscillations 

based on the use of the large rotor inertia of the WTSs in wind farms. By controlling the WTSs 

in a wind farm to timely release or absorb active power opposite to the oscillating power from 

the disturbed area(s), the forced oscillations can be isolated within the disturbed areas and 

hence are prevented from propagating to the rest of the system. Meanwhile, the forced 

oscillations excited in the disturbed areas are also reduced and suppressed because the active 

power output of the synchronous generators in the disturbed areas are affected by the injected 

active power of the wind farm. Unlike the other forced oscillations suppression methods, the 

proposed strategy does not require the installation of extra energy storage and power electronic 

devices, and a prior knowledge of the oscillations frequencies. Furthermore, the proposed 

method can be implemented with slight loss of wind power capture. 

The two-area power system with a DFIG-based wind farm was simulated using RTDS. The 

simulation results under different scenarios demonstrated that the proposed method can well 

isolate and suppress forced oscillations, and damp inter-area oscillations as well.   
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

Because of concerns of fossil fuels depletion, air pollution and global warming, renewable 

generation has been developed rapidly, and will become the main source of heat and electricity 

generation in the future. However, most of the renewable generation is fluctuating in nature. 

Fluctuating power will bring many side-effects if directly transmitted to power grids, e.g. 

forced oscillations. This thesis focuses on smoothing fluctuating wave and wind power, and 

isolating and suppressing forced oscillations. The main work that has been done can be 

summarized in the following three parts.  

5.1.1 Smoothing Wave Power  

It is reviewed in Chapter 1 that wave energy generation has sparked a surge attention in the 

world and many different types of WEC devices have been designed. However, the electrical 

wave power generated by most of the WECs fluctuates from zero to several times of the average 

at typical periods of 5~12 s. If the fluctuating wave power is directly transmitted to power grids 

without being smoothed, it will cause many problems. In order to avoid these problems, many 

wave power smoothing methods have been proposed. However, the existing smoothing 

methods either are limited in specific ocean environment by particularly designing physical 

components or arranging the geometrical layout of the WECs in a wave farm, or have high 

installation and maintenance costs by using extra energy storage devices.  

Considering the many advantages brought by a combined exploitation of offshore wave and 

wind energy, in Chapter 2 a new wave power smoothing method is proposed by using the 

inherent large amount of inertial energy of nearby offshore WTSs. The smoothing principle is 
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that the WTSs are controlled to release or absorb power which is opposite to the wave power 

fluctuations, so that the wave power is smoothed. However, the control challenge is that on one 

hand, the rotor speeds of the WTSs have to be controlled according to the kinetic energy storage 

requirement to smooth the wave power. On the other hand, they have to be controlled to follow 

wind speeds changes to maximize wind power capture, which is, however, irrelevant to the 

kinetic energy storage requirement. Thus, by using DCC, the WTSs cannot output fluctuating 

power exactly opposite to wave power fluctuations. Therefore the wave power cannot be well 

smoothed. However, by adding a supplementary integral torque term into DCC, the proposed 

ICC can generate power waveform which is exactly opposite to the fluctuating component of 

the wave power so that the wave power is smoothed. The contributions of the proposed wave 

power smoothing strategy are summarized as: 

 The proposed smoothing strategy does not require any additional energy storage 

systems or changes to the existing devices in the offshore WTSs. 

 The design is applicable to all kinds of WEC technologies since the smoothing is based 

on the total electrical power output of a wave farm. 

 The smoothing control has minor effect on wind power capture. The conducted 

quantitative analysis results show that the standard deviation of the output power 

flowing on the system bus in a wave-wind farm can be decreased by 10~20 times using 

the proposed ICC, with less than 1% wind power capture loss. 

In order to further reduce wind power capture loss, a coordination algorithm of multi-WTSs is 

proposed in a wind farm. With the coordination algorithm, the required compensation power 

can be dynamically allocated to each WTS according to the square of their average rotor speeds. 

In this way, those WTSs with higher rotor speeds are allocated with more wave power to 
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smooth. And those with lower rotor speeds are allocated with less. Thus, the loss of wind power 

capture is less than the case when each individual WTS is evenly allocated with the same 

amount of compensation power.  

The effectiveness of ICC is verified by simulation results of a DFIG-based WTS and a PMSG-

based WTS with both steady wind speeds and varying wind speeds in RTDS. Then the 

performance of the coordination algorithm is validated by a two-DFIG-based wind farm with 

variable wind speeds.  

In order to quantify the conflicts between the wave power smoothing effect and wind power 

capture efficiency, the index 𝜉 =  𝑃𝑤𝑖𝑛𝑑̅̅ ̅̅ ̅̅ ̅ 𝜎𝑃𝑤𝑎𝑣𝑒⁄  is defined as wave-wind ratio. For a given 

level of wave power fluctuations, it indicates how many WTSs are needed to achieve a required 

wave power smoothing effect. Based on this index and simulation results, related quantitative 

analysis is then carried out. 

5.1.2 Smoothing Wind Power  

It is described in Chapter 1 that wind energy generation is projected to account for the 

worldwide biggest renewable generation except hydropower in the future. However, due to the 

high variability and limited predictability of wind power, wind energy generation brings a 

series of technical and economic problems to power systems, especially with high wind power 

integration.  

This thesis only focuses on smoothing wind power with variations less than tens of seconds. 

As reviewed in Chapter 1, it is attracting to self-smooth wind power by controlling the wind 

turbines large amount of inertial energy. Because this type of methods does not need extra 

energy storage systems and has the problems of the pitch angle control and using the DC-link 

capacitors in the full-rated converters. However, the existing control methods for this type are 
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still needed to be improved because the wind power smoothing and high energy capture 

efficiency cannot be achieved simultaneously.  

Based on this background, Chapter 3 proposes a new wind power self-smoothing approach 

through controlling the rotating kinetic energy of the WTSs in a wind farm by adopting the 

structure of the power reference of ICC in Chapter 2. The coefficient of the proposed power 

reference is reduced in a way different from that of ICC, due to in the specific wind power self-

smoothing situation. Moreover, different from that in ICC to smooth wave power, the required 

compensation power to smooth wind power cannot be measured. Thus an easily implemented 

estimation method is proposed to obtain the compensation power. Finally, the given power 

reference of the proposed wind power smoothing control includes two parts. The first part can 

approximately recover the original power trajectory of the MPPT control. And the second part 

can compensate the fluctuations of the former. In this way, wind power smoothing can be 

achieved with slightly loss of wind power capture. Furthermore, for a wind farm, a coordinated 

control of multiple WTSs is proposed, similar to wave power smoothing. However, the 

coordinated control for wind power smoothing has different advantages. Those advantages 

include: (1) Less wind power needs to be smoothed; (2) Less loss of wind power capture can 

be achieved; and (3) Less possibilities of rotor speed will drop to the minimum. 

Compared with the existing work, the proposed wind power smoothing control can have the 

merits shown below at the same time:   

 It can smooth wind power output variations within tens of seconds and still keep a high 

efficiency of wind power capture. Simulation results show that by using the proposed 

wind power smoothing control 𝑐𝑣 of the output power of the two-DFIG-based wind 

farm is reduced by 36.11% while less than1% wind energy capture is lost with a real 

varying wind speed profile. 
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 It can maintain stabilities of WTSs under variable wind velocities;  

 It can mitigate mechanical stress of a wind turbine by giving a smoother torque 

reference compared with the that of MPPT control, thus extending wind turbines 

lifetime;  

 It is easily implemented because no modification of the existing devices and no 

installation of extra energy storage systems are needed;  

 It can smooth wind power from a wind farm instead of from the individual WTSs. This 

can reduce wind power capture loss, because a wind farm has an inherent power 

smoothing effect and the WTSs in the wind farm have different wind velocities. 

A DFIG-based WTS, a PMSG-based WTS and a wind farm composing of two DFIG-based 

WTSs are simulated in RTDS. The simulation results validate the performances of the proposed 

wind smoothing control and the coordinated control algorithm. 

Quantitative analysis of a single WTS about the relationship between wind power smoothing 

effect and capture efficiency under different MAF window time are conducted. It shows that 

𝑐𝑣 of the output power can be reduced by 5% - 40% with less than 2% loss of wind power 

capture. The quantitative analysis also gives a guidance for the chosen of MAF window time.  

5.1.3 Isolating and Suppressing Forced Oscillations  

Forced oscillation is a resonance in a power system, which has been found in Canada, US, and 

China. It can be excited when there exist periodic external perturbations in a power system at 

frequencies that are close or equal to the natural frequencies of the system modes. Since forced 

oscillations still occur for a system with good damping performance and they can be eliminated 

only by removing the external periodic perturbations, countermeasures to eliminate or mitigate 
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them are significantly different from those for natural oscillations. As reviewed in Chapter 1, 

new methods to isolate and suppress forced oscillations are still remained open. 

Since wind energy generation will take a predominant position in the future energy generation, 

using the inherent large amount of inertial energy of these controllable WTSs to suppress short 

periodic forced oscillations is proposed in Chapter 4. Controlling the inertial energy of WTSs 

has been proposed to suppress inter-area oscillations before, but not for forced oscillations. 

Besides, the state-space based methods have limited applicability since they are subject to fixed 

system structures. Unlike the existing methods, by adopting ICC described in Chapter 2 the 

proposed strategy to isolate and suppress forced oscillations is achieved by controlling wind 

farms to timely release or absorb power opposite to the oscillating power from the perturbation 

area(s). Thus, the forced oscillations can be prevented from propagating to the rest of power 

grid (isolated) and at the same time the oscillating power in the disturbed area(s) is also reduced 

(suppressed). Specifically, the proposed strategy has the following four main advantages:  

 Wind farms are used to isolate and suppress forced oscillations with minor effect on 

wind power capture efficiency. 

 It is easy in practical implementation based on measurement of the oscillating power 

from disturbed area(s), while a prior knowledge of the frequencies of the forced 

oscillations is not required.  

 The controller is universal which is not subject to fixed system structures. However, the 

existing state-space based control methods are subject to fixed control structures and 

specific power systems.   

 Although the strategy is to suppress forced oscillations, it can also help to damp inter-

area oscillations. 
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RTDS simulation results of a DFIG- based wind farm in a modified two-area test power system 

under different scenarios demonstrate that the proposed method can isolate and suppress forced 

oscillations with minor loss of wind power capture. Meanwhile inter-area oscillations can also 

be damped as well.  
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5.2 Further Discussions of the Proposed Methods 

5.2.1 Smoothing Wave Power 

To well smooth the wave power, it is important to obtain the real-time electrical power from 

the wave farm. According to the data shown in [164-166], the total delay caused by the 

synchronized measurements and transmission based on phasor measurement units (PMU) and 

optical fibres, respectively, ranges from 60 ms to 80 ms. In the proposed wave-wind farm 

system, in order to realize the proposed wave power smoothing scheme, the related 

measurement and transmission infrastructures have to be installed. Since in the proposed design 

these devices are only used for the smoothing operation, therefore the delays happened in the 

wide-area measurement systems, such as queuing delays, will not happen in this specific 

smoothing situation. Thus, in the wave-wind farm, the delay due to communication is much 

less than 60𝑚𝑠 and is also fixed. Then using lead-lag components can well compensate the 

phase and amplitude caused by the communication delay. Therefore, obtaining the accurate 

wave power is not a problem in the proposed smoothing scheme.  

Another issue in the proposed wave power smoothing is the possibility that a resonant 

phenomenon would happen in the wind turbine when the generator is controlled to generate 

oscillating power opposite to the fluctuations of the wave power. This needs to be checked 

before using the proposed scheme, by taking into account of the proximity between the 

oscillating frequency of the wave power and the frequency of the oscillating modes of the WTS.  

The third issue is that the rated capacity of the AC generator in a WTS would be increased, 

when the proposed wave power smoothing method is implemented. However, this is not a 

concern since an AC generator can endure several times its rated current.  
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The forth issue is the rated capacity of the power electronic converters in a WTS has to be 

increased, since the usually used VSC converters have little capability to endure overrated 

current. However, compared with other existing methods, such as using flywheels and 

supercapacitors, the proposed smoothing scheme is much more economic. For example, if an 

equivalent flywheel system is installed to smoothing the wave power, at least extra installation 

costs for the generator is required. As for supercapacitor-based energy storage, full-rated 

converters have to be used. The costs for the full-rated converters is nearly 4 times that of the 

extra capacity of the converter in DFIG-based WTSs. Moreover, DFIG-based WTSs are still 

the most popular wind energy conversion technology [39].  

The last issue should be taken into account is the fatigue of wind turbine shafts caused by the 

smoothing action. This should be further studied. 

5.2.2 Smoothing Wind Power  

Similar to the proposed wave power smoothing, it is also critical that the measured signals are 

accurate without delay in the wind power self-smoothing situation. This is not an issue when 

each WTS smooths its own output power, since the signals are measured and transferred within 

a WTS. In the case when the wind power smoothing is taken place within a wind farm by the 

coordination control of multiple WTSs, the delay should be considered. However, this also 

depends on the size of the wind farm. Assuming a wind farm has a radius of 500 km, and the 

signals are transferred by optical fibers (whose transmission speed is 2 × 108𝑚/𝑠), the total 

delay is 5 ms (both data sending and receiving are considered) when the data collecting center 

is installed in the center of the wind farm. This delay is sufficiently small and can be ignored. 

Therefore, the delay is also not a problem in the wind power self-smoothing situation as that in 

Chapter 2.  
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Other issues happened in the proposed wave power smoothing situation are not problems 

anymore in the proposed wind power smoothing situation. Because after the output wind power 

is smoothed, the capacity of power electronic converters can be reduced, and the fatigue of 

wind turbine shafts can be improved. 

5.2.3 Isolating and Suppressing Forced Oscillations  

To isolate and suppress forced oscillations by wind farm, it is also essential that the accurate 

signals of forced oscillating power on the transmission lines are obtained. Unlike the wave 

power smoothing in Chapter 2 and wind power self-smoothing in Chapter 3 where the 

measurement and transmission devices are particularly installed and the delay is not a problem, 

the communication delay in this situation should be carefully dealt with. Because from a system 

point of view the measurement and transmission devices would not be particularly installed 

only for this one purpose, so the delay in this case is bigger than that in the wave and wind 

power smoothing situations and it is changing [164-166]. Therefore, the designed lead-lag 

components which are used for compensation of phase and amplitude caused by the delay 

should be able to tolerate a certain range of change of delay.  

Similar to the wave power smoothing, in this case the capacity of converters should be 

increased. However, following the analysis similar to that of the wave power smoothing, the 

proposed strategy is more economic than the existing methods. 

The last issue is about wind turbine shafts fatigue. Unlike the wave power smoothing, this issue 

does not need to be considered in the isolation and suppression of forced oscillations. This is 

because forced oscillations and inter-area oscillations neither happen frequently nor last too 

long. Thus, the extra fatigue caused by the proposed oscillations isolation and suppression 

scheme has little impact on a WTS compared with the lifetime fatigues during normal operation. 
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5.3 Future Research 

The following is a list of the possible future works: 

1. The proposed coordinated control for smoothing wave power or wind power is merely based 

on the square of the rotor speed average of the participated WTSs. It would be interesting to 

investigate other methods to achieve a better coordination within a wind farm. 

2. In this thesis, the quantitative analysis of the relationship between the wave power smoothing 

effect and wind power capture loss based on the index 𝜉 =  𝑃𝑤𝑖𝑛𝑑̅̅ ̅̅ ̅̅ ̅ 𝜎𝑃𝑤𝑎𝑣𝑒⁄  has been done. 

However, one thing that has not been investigated is what value of 𝜉 is good enough in a real 

situation. Hence, it would be interesting to explore the optimal choice of 𝜉 in practice. 

3. In this thesis the isolation and suppression of forced oscillations is performed based on a 

single aggregated wind farm. Further work can be carried out on the choice of the optimal 

locations and coordination of multiple wind farms in the context of a bigger power system. 
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APPENDIX A 

Table A-1 Simulation parameters of the DFIGs [44] 

 

 

 

 

 

 

 

 

 

Symbol QUANTITY Value  

Sb Rated MVA 2.2 MVA 

Vb Rated Stator Voltage (line-to-line RMS) 0.69 kV 

fb Rated Frequency 60 Hz 

Rs Stator Resistance 0.00462 𝑝. 𝑢. 

Rr Rotor Resistance 0.0060 𝑝. 𝑢. 

Xs Stator Leakage Reactance 0.102 𝑝. 𝑢. 

Xr Rotor Leakage Reactance 0.08596 𝑝. 𝑢. 

Lm Unsaturated Magnetizing Reactance 4.348 𝑝. 𝑢. 

H Integrated Inertia Constant 5.05 s 

Cd DC-link Capacitance of the Rotor-side Converters 10 mF 

Li Grid-side Inductance of the Rotor-side Converters 100 µH 

Ri Grid-side Resistance of the Rotor-side Converters 0.0015 Ω 

Twye Three-winding Transformer Turn Ratio 22/0.69/0.69 
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Table A-2 Simulation parameters of the PMSGs [167] 

 

Table A-3 Simulation parameters of the FSIGs [168] 

 

  

Symbol QUANTITY Value  

Sb Rated MVA 2.0 MVA 

Vb Rated Stator Voltage (line-to-line RMS) 4 kV 

fb Rated Frequency 3.77 Hz 

Xs Stator Leakage Reactance 0.1 𝑝. 𝑢. 

Xmd D-axis Unsaturated Magnetizing Reactance 0.65 𝑝. 𝑢. 

Xld D-axis Damper Leakage Reactance 2.5 𝑝. 𝑢. 

Xmq Q-axis Magnetizing Reactance 1.0 𝑝. 𝑢. 

Xlq Q-axis Damper Leakage Reactance 2.5 𝑝. 𝑢. 

Rs Stator Resistance 0.01 𝑝. 𝑢. 

Rd D-axis Damper Resistance 2.0 𝑝. 𝑢. 

Rq Q-axis Damper Resistance 2.0 𝑝. 𝑢. 

Psim Magnetic Strength 1.3 𝑁𝑜𝑟𝑚 

H Inertia Constant 5.05 s 

Cd DC-link Capacitance of the Rotor-side Converters 5 mF 

Tratio Transformer Turn Ratio 33/4 

 

Symbol QUANTITY Value  

Sb Rated MVA 0.4 MVA 

Vb Rated Stator Voltage (line-to-line RMS) 0.825 kV 

fb Rated Frequency 60 Hz 

Xr Stator Resistance 0.00365 𝑝. 𝑢. 

Xs Stator Leakage Reactance 0.06 𝑝. 𝑢. 

Lm Unsaturated Magnetizing Reactance 3.0 𝑝. 𝑢. 

Rfd First Cage Rotor Resistance 0.0039 𝑝. 𝑢. 

Xfd First Cage Rotor Leakage Reactance 0.1203 𝑝. 𝑢. 
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