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Abstract: This paper presents a newly developed aero-servo-elastic platform for 

implementing smart rotor control and shows its effectiveness with aerodynamic loads on 

large-scale offshore wind turbines. The platform was built by improving the 

FAST/Aerodyn codes with the integration of an external deformable trailing edge flap 

controller in the Matlab/Simulink software. Smart rotor control was applied to an 

Upwind/NREL 5 MW reference wind turbine under various operating wind conditions in 

accordance with the IEC Normal Turbulence Model (NTM) and Extreme Turbulence 

Model (ETM). Results showed that, irrespective of whether the NTM or ETM case was 

considered, aerodynamic load in terms of blade flapwise root moment and tip deflection 

were effectively reduced. Furthermore, the smart rotor control also positively affected 

generator power, pitch system and tower load. These results laying a foundation for a 

future migration of the “smart rotor control” concept into the design of large-scale offshore 

wind turbines.  

Keywords: smart rotor control; deformable trailing edge flap; load; turbulent wind;  

PID controller 

 

1. Introduction 

It is well known that, in order to decrease the average costs of manufacturing, transportation, 

hoisting and maintenance as well as subsequently lower the overall cost per kilowatt-hour (kWh) of a 
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turbine, offshore wind turbines have been steadily increasing in size. As a result, commercial offshore 

wind turbines up to a maximum capacity of 6 MW in the U.S., Europe and China are in operation;  

10 MW turbines with diameters of 144 m and even 20 MW turbines with diameters of 240 m are 

currently under consideration [1,2]. 

Under normal circumstances, wind turbine blades account for 10%–15% of system capital cost. 

This indicates that any reduction in the cost of blades will have marginal effect on the total energy 

costs. On the other hand, if an innovative blade design can guarantee a 10%–20% decrease in 

aerodynamic load, substantial savings may be obtained in addition to load reduction for several major 

components, such as the tower and the drive train, and therefore their costs [3]. Consequently, 

reduction of aerodynamic load on offshore wind turbines is of great significance.  

Today, two load control methods are widely used for commercial offshore wind turbines: collective 

pitch control and the relatively advanced individual pitch control. Although they can alleviate rotor 

loads, several limitations still exist [3], especially for flexible large-scale blades: (a) substantial 

fluctuating loads, originating from wind variations across the rotor disk, cannot be addressed solely by 

pitching the whole blade; (b) the heavy weight of the blades themselves may limit the speed of the 

pitch actuator needed for load reduction control; (c) excessive use of pitching action will quickly wear 

out the pitch bearings and actuators. It is obvious that more advanced, fast and precise local 

aerodynamic controls are urgently needed. 

To this end, the concept of “smart rotor control” [4,5] emerges. It drives local aerodynamic surfaces 

through a combination of sensors, actuators and controllers, and thus provides a higher load control 

capacity. Due to its inherent advantages over traditional pitch control, this concept has attracted 

research interest since as early as the 1990s. 

In fact, the idea of “smart rotor control” in the field of wind energy arose in the helicopter industry. 

Chopra systematically summarized state-of-the-art, integrated systems and smart structures, such as 

actuators and sensors under smart control, for helicopter applications [6]. In the 1990s, Paul et al. [7] 

and Stuart [8] began investigations of the effect of smart rotor control on aerodynamic brake and 

power regulation of wind turbines. Smart rotor control has only found application in the reduction of 

aerodynamic load on turbines in recent years. Barlas and Kuik [9] provided a detailed summary of 

research in smart rotor control for wind turbines and concluded the “deformable trailing edge flap 

(DTEF)”, a flap that deforms in a flexible instead of traditional rigid shape, characterized by its 

positive performance, fast response, small size, wide controllable bandwidth and low flow disturbance, 

to be the most efficient aerodynamic control method in contrast to other potential candidates, such as 

micro tab, morphing, active twist, suction/blowing, synthetic jet, and active vortex generator, etc. 

Here we list previous investigations as typical examples of research on smart rotor control using 

DTEF. In the case of two-dimensional airfoil, Basualdo [10] investigated the aeroelastic response of an 

elastically hinged airfoil undergoing unsteady movement in a turbulent flow field by modifying a  

2D potential-flow solver. Troldborg [11] studied a Risø-B1-18 airfoil equipped with differently  

shaped adaptive trailing edge devices, including DTEF, using CFD computations, obtaining relatively 

positive results within the ratio of DTEF length to airfoil chord 0.05–0.1. Van Wingerden et al. [12,13] 

recently developed advanced SISO and MIMO H∞ feedback and feed forward controllers to study the 

load reduction potential of a prototyped two-bladed smart rotor equipped with trailing-edge flaps and 

strain sensors in an experimental way. They obtained a maximum reduction of 90% in the variance of 
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aerodynamic load for both nominal operation and yaw misalignment. Baek [14] also conducted 

experimental work on blade aerodynamic control using different control schemes and the 

corresponding control effect on different turbine components. For full-scale wind turbines, Lackner 

and Kuik [15,16] integrated the DTEFs into a full wind turbine model using GH Bladed code for load 

reduction under normal and extreme wind, and they observed a reduction in the 1 Hz damage 

equivalent load of flapwise root moment (My) of up to 14.6%. Wilson et al. [17] compared the control 

performance of three different aerodynamic devices, i.e., micro-tabs, conventional TEFs and DTEFs in 

conjunction with collective pitch control using FAST/Aerodyn code, and they observed a decrease  

of up to 20% in the standard deviation (std) of My on a 5 MW reference turbine. In 2010,  

Wilson et al. [18] developed a system identification approach for DTEF-based smart control using 

newly developed aero-servo-elastic code, i.e., DU_SWAMP, which proved to be very convenient for 

distributed control system design. In addition, Andersen [19] investigated spanwise distributed DTEF 

actuators integrated in a full aeroelastic model of the Upwind/NREL 5 MW reference turbine, using 

the HAWC2 code, and discovered that fluctuations in My due to turbulent inflow conditions can be 

reduced by 40% with the use of three flaps per blade.  

It is notable that all previous codes for smart rotor control using DTEF, i.e., GH Bladed, HAWC2 

and DU_ SWAMP, were developed through the research efforts of renowned research institutes: these 

research works were normally confidential and not easily duplicated. Furthermore, there has 

previously been limited investigation of relative aerodynamic and control design and subsequent 

performance analysis. To tackle these issues, in this study, we developed a new aero-servo-elastic 

simulation platform, based on the open source FAST [20]/Aerodyn [21] code developed by NREL, 

which has already been tested in a smart rotor control system [17], in addition to the integration of 

DTEFs. The aerodynamic and control design are described in detail with the Upwind/NREL 5 MW 

reference wind turbine as reference. To show the effectiveness of smart rotor control on aerodynamic 

load, simulations were individually conducted under normal and extreme turbulent wind conditions, 

and the corresponding results were systematically analyzed. 

2. NREL 5 MW UpWind Reference Wind Turbine Model 

This study uses the NREL UpWind/5 MW offshore wind turbine as reference. It has enjoyed 

popularity in the research community for comparisons involving smart rotor control [15–18]. The main 

characteristics of this turbine are given in Table 1. 

Table 1. Main characteristics of UpWind/5 MW offshore reference turbine model [22]. 

Properties Parameters 

Rating  5 MW 
Rotor orientation, configuration Upwind, 3 Blades 
Basic control  Variable speed, collective pitch  
Rotor, hub diameter 126 m, 3 m 
Hub height 90 m 
Cut-in, rated, cut-out wind speed 3 m/s, 11.4 m/s, 25 m/s 
Cut-in, rated rotor speed 6.9 rpm, 12.1 rpm 
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3. Aerodynamics of Deformable Trailing Edge Flap 

3.1. Aerodynamic Parameters of DTEF 

Since this paper is mainly focused on the effectiveness of the smart rotor control with DTEF in 

operating wind turbine conditions, and not the optimal flap itself, one DTEF was distributed on 70% to 

90% of each blade span of the reference turbine, where the airfoil cross section is NACA 64618. The 

deflection angle of the DTEF with a length of 10% chord, lay within ±10, shown in Figure 1, for 

which Troldborg [11] noted optimal performance when he investigated how the deformable flap 

affected two-dimensional airfoil aerodynamics.  

Figure 1. NACA64618 airfoil with a DTEF, 10% chord length, ±10° deflection. 

 

Considering the importance of flap aerodynamics on smart rotor control, the lift, drag and moment 

coefficients, i.e., Cl, Cd and Cm, of the blade section with DTEF were obtained using RFOIL code. By 

improving numerical stability, adjusting the closure relations for the turbulent boundary layer 

formulation and featuring a formulation of radial flow in boundary layer equations [23], RFOIL code 

better predicts airfoil stall characteristics than XFOIL code and the later has been utilized by some 

previous investigations [15,16]. To indicate this, Figure 2 shows Cl as a function of angle of attack α 

for a NACA64618 airfoil without flaps computed by XFOIL or RFOIL codes, in contrast with wind 

tunnel experimental results measured by Abbott [24,25]. It is evident that the results calculated from 

both XFOIL and RFOIL are consistent with the results of experiments for the attached flow region, but 

RFOIL results are much better for the stall region. 

Figure 2. Cl vs. α for comparisons of XFOIL, RFOIL and experiment results. 
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All the data computed by XFOIL code was input into Aerodyn code in terms of tables Cl, Cd  

and Cm, respectively, one table for each trailing edge flap deflection angle. Specifically, Cl, Cd and Cm, 

as a function of  ranged from −20 to 23, were first generated by RFOIL code, with flap  

deflection angles ranging from −10 degrees to 10 degrees in 1 degree increments. The Reynolds 

number based on mean chord was 6 × 106. After that, airfoil tables were pre-processed using 

AirfoilPrep spreadsheets [26], which apply the Viterna method to expand performance to the α range 

of −180 ~ +180 required by the Aerodyn code. The typical Cl of NACA64618 for airfoils with a 

deflection angle of ±10° is shown in Figure 3. As is evident, due to the controllable DTEF, the entire 

lift curve was effectively shifted up or down, consistent with the finding of Johnson et al. [27], where 

the increased lift corresponds to the downward movement of DTEF in Figure 3.  

Figure 3. Cl vs. α of NACA64618 airfoil with 0° and ±10° flap deflection.  

 

3.2. Unsteadiness Evaluation of DTEF 

Generally speaking, the present simulations assume a quasi-steady aerodynamic behavior of airfoil 

sections. That is, by assuming that Cl, Cd and Cm change with each time step dependent solely on the 

values of attack angle and the DTEF deployment angle, and not on how quickly these parameters are 

changing. In reality, the rapid change in the angle of attack does not result in an instantaneous change 

in Cl, Cd and Cm, but stays over some period of time until they reach a steady state value.  

To verify the assumption of quasi-steady aerodynamics is a valid approximation, we used a similar 

analysis method as Lackner et al. [15] by examining the reduced frequency k, i.e., k = cω/U, 

representing the degree of unsteadiness of an airfoil section subject to external disturbance. Here c, U 

and ω stand for the local chord length of the section, the local relative velocity at the section and the 

frequency of the disturbance, in units of radians per second, respectively. Figure 4 displays the typical 

dependence of the power spectral density (PSD) of the flap deflection angle, corresponding to DTEF 

section, on reduced frequency k for each flap simulation under two load cases (8, 16 m/s for IEC 

Normal Turbulence Model and Extreme Turbulence Model, as indicated in the Section 5.1). For 

simplicity, only the first blade at blade station r = 52.75 m (80% blade span) was calculated, where the 

middle part of DTEF was located with c = 2.518 m and the average U was utilized. As is evident, 
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irrespective of NTM or ETM case, the major peaks in the spectrum occur around k = 0.014 for all 

simulations, much less than k = 0.05, beyond which the aerodynamics of airfoil section can be 

considered to be unsteady [15].  

Figure 4. DTEF deflection spectrum. 

 

 

Furthermore, the percentages of energy in the quasi-steady and unsteady region were quantified by 

integrating the PSD of the DTEF deflection angle in Figure 4 between k = 0 and k = 0.05, and then 

beyond k = 0.05, listed in Table 2. Clearly, majority of energy, approximately 95% or more, are in the 

steady/quasi-steady region for all NTM and ETM cases. 

Table 2. Proportion of DTEF Spectrum in the Steady Region. 

Mean wind speed U  [m/s] NTM, steady proportion (%) ETM, steady proportion (%) 

4 96.45 97.09 
8 97.40 97.85 

12 99.04 99.17 
16 99.18 99.27 
20 99.26 99.35 
24 99.35 99.41 
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All these results suggest that even though the aerodynamic of DTEF sections, which may greatly 

influence the smart rotor simulations, are not entirely quasi-steady, it is indeed a safe assumption to do 

so. The unsteady aerodynamic behaviors of other sections, e.g., inboard section, will vary little across 

all simulations and not exert much effect on the comparisons in control performance due to  

non-existence of DTEF. On the other hand, the unsteady aerodynamics of flap action can be much 

more correctly computed using unsteady models, e.g., newly developed models by Gaunaa and 

Andersen et al. [28,29], who provide very promising dynamic stall and dynamic inflow models to 

predict unsteady aerodynamic forces and moments on an airfoil section undergoing arbitrary motion 

like the present case with deformable trailing edge flap. Integration of these models into Aerodyn code 

will undoubtedly further improve aerodynamic environment of smart rotor system and will be 

conducted in our future work. 

4. Smart Rotor Control System Design 

4.1. Basic Control Design 

The original basic control (BC) system built by NREL was used for the reference 5 MW turbine 

model, which includes two kinds of controllers: generator-torque controller and collective pitch 

controller. For the former, generator torque is computed as a tabulated function of the filtered 

generator speed, incorporating five control regions: 1, 1½, 2, 2½, and 3. Region 1 is a control region at 

a wind speed lower than cut-in speed where the generator torque is zero, with no power being 

extracted; Region 2 is a control region for optimizing power capture where generator torque is 

proportional to the square of the filtered generator speed to maintain a constant tip-speed ratio; in 

Region 3, the generator power is held constant so that generator torque is inversely proportional to the 

filtered generator speed. Region 1½ and Region 2½ are respectively the linear transition areas between 

Regions 1 and 2, and Regions 2 and 3.  

For the latter, a full-span collective blade pitch controller is developed using gain scheduled 

proportional-integral control based on speed error between the filtered generator speed and the rated 

one in Region 3 [22]. 

4.2. DTEF Control Design 

The main purpose of the basic control described above is to control the power of turbine. To 

effectively control the DTEF in order to reduce aerodynamic load on turbines, the development of a 

more advanced method is required. In doing so, the flap controller was independently designed (see 

the structure in Figure 5). The detailed procedure for design is as follows:  

First, the root flapwise bending moment of the three blades, My1, My2 and My3, were chosen as input 

for the feedback smart rotor controller.  

Second, multi-blade transformation [30] or Coleman transformation [15] was introduced,  

which depends on the fact that the blades are in a rotating coordinate system, leading to the existence 

of periodic coefficients in the equations of motion related to My1, My2, My3 and the DTEF; and they 

need to be removed for simplification. Though not entirely true, after transformation, variables in the 
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fixed coordinate system can be assumed to be time-invariant, so that LTI control techniques can be 

used [30,31]. 

Specifically, considering the three blades of the turbine were spaced equally within the rotor plane, 

the azimuth location of the bth blade was calculated as:  

1

2
( 1) 2,3

3b b b
      (1)

where ψ1 is the azimuth of the first blade and ψ1 = 0 stands for the first blade to stand vertically up. 

To build a relationship among yaw moment, tilt moment in the fixed coordinate system on nacelle 

and blade root moment in the rotating coordinate system, the forward multi-blade transformation was:  
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where ψ is the azimuth angle, Mys(t) and Myc(t) are the static yaw and tilt moments in the fixed nacelle 

frame. The My0(t) is the average blade root flapwise bending moment, which is not particularly useful 

in the present study. Through the transformation, Mys(t) and Myc(t) in the fixed coordinate system were 

nearly independent, and the feedback control system could be decoupled into two independent single 

input and single output subsystems [31,32]. Though the assumption of independence between Mys(t) 

and Myc(t) is not entirely correct, as in Bossayni [33], their relationship was ignored for simplicity in 

this study.  

Then, the classical control technique proportional-integral-derivative (PID) was introduced.  

The PID controller was based on the error input between the reference rin(k) and the actual feedback 

input yin(k):  

( ) ( ) ( )Error k rin k yin k   (3)

The PID controller law [34] is:  

D
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d
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T t
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  (4)

where Kp, TI and TD represent the proportional coefficient, the integration time constant, and the 

derivative time constant, respectively. 

Furthermore, since the goal of the flap controller in this paper is to minimize the asymmetrical 

loads Mys(t) and Myc(t), the corresponding referenced variations were always zero. The governing 

equations for Mys(t) and Myc(t) are:  
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(6)

where θs(t) and θc(t) are the yaw-wise and tilt-wise TEF deployment angle, respectively, defining how 

the individual DTEF angle vary from the collective one. As mentioned before, this research does not 

aim to obtain an approach for optimal control, but to achieve effective load reduction. Therefore, the 

gains of PID controller were set to gain a considerable reduction in the fluctuation of My1, My2 and My3 

during all investigated wind conditions and to maintain steady power output in Region 2 and Region 3. 

After numerous tests, TI and TD were set as 3 and 1/60, respectively, while the relationship between the 

numerical values of the mean wind speed (U ) and KP in both Formula (5) and Formula (6) were 

acquired with:  

0.00225 0.072PK U    (7)

Note the main purpose of the present paper at present stage is to develop an aero-servo-elastic 

platform for conducting smart rotor control work in an easier way and thus the classical PID control 

scheme was chosen. Note that besides the PID scheme, some more advanced ones, e.g., H∞ feedback 

and feedforward control scheme [12,13], have already been developed and their control effectiveness 

has been proved. Based on these researches, the development of optimum control scheme will be one 

promising direction of our future work.  

Finally, the following inverse multi-blade transformation was used to transform variables from the 

fixed frame of reference into the rotating frame of reference:  

b 0 s b c b
( ) ( ) ( ) sin ( ) ( ) cos ( ); b 1, 2, 3t t t t t t         (8)

where θb(t) is the DTEF deployment angle of the bth blade in rotating coordinates and θ0(t), the 

collective DTEF deployment angle in the fixed frame, which can be neglected by setting the value to 

zero at all times, or be used to augment rotor speed control by acting simultaneously with the basic 

collective pitch action [15]. The two situations will be investigated in the next section. 

In the case of θ0(t), a simple P controller was used, based on speed error between the generator 

speed and the rated generator speed. Here θ0(t) is superimposed on the individual θs(t) and θc(t), used 

for load control. In this study, the action of θ0(t) for rotor speed control was only applied when the 

collective pitch angle was greater than 5° in Region 3. Likewise, the proportional gain for controlling 

the collective flap angle, KPc, was adjusted so that fluctuations of pitch action and power output were 

reduced while gaining even greater load reduction. Finally, the relationship between the numerical 

values of U  and KPc were calculated as:  

0.00125 0.04
Pc

K U    (9)

The deployment angle range of the individual DTEF and collective DTEF was limited to ±10° and 

±5°, respectively, and the actuator maximum rate was limited to ±40 °/s.  

The detailed feedback control scheme integrating DTEF into FAST/Aerodyn and Matlab/Simulink 

codes for the NREL UpWind/5 MW reference turbine is shown in Figure 5. 
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Figure 5. Feedback control scheme of DTEF implemented in FAST/Aerodyn and 

Matlab/Simulink codes.  

 

5. Simulation Results and Analysis 

5.1. External Conditions for Simulations  

In order to investigate the effect of the smart rotor control system on load reduction, two kinds of 

external conditions were taken into consideration: Normal Turbulence Model (NTM) and Extreme 

Turbulence Model (ETM), which were computed according to International Electrotechnical 

Commission (IEC) standard “IEC 61400-1 Ed.3: Wind turbines-Part 1: Design requirements” [35]. In 

accordance with IEC standards, wind class IIB with reference speed Vref and turbulence intensity Iref of 

42.5 m/s and 0.14 at hub height were chosen for calculation. Performance under mean wind speed 

values of 4, 8, 12, 16, 20 and 24 m/s, which nearly cover all operating wind speeds, were considered 

(see Table 3) along with the corresponding longitudinal turbulence intensity. Wind data was generated 

with Turbsim (a stochastic, full-field, turbulent-wind simulator) [36], with 3D turbulent wind formed 

using a von Karman spectrum. A wind shear power law exponent of 0.2 was used in all cases. 

Table 3. Longitudinal turbulence intensity for all simulation cases. 

Mean wind speed U  [m/s] 4 8 12 16 20 24 

Turbulence intensity for NTM 30.1 20.3 17.0 15.4 14.4 13.8 
Turbulence intensity for ETM 62.7 35.0 25.8 21.2 18.4 16.5 
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5.2. Effects of Smart Rotor Control on Blades 

5.2.1. Normal Turbulence Results 

Figure 6 shows typical 30 s time-series and PSD results at U  of 16 m/s under NTM. Here the first 

blade is chosen as an example. 

Figure 6. Time and frequency domain results for NTM at 16m/s: (a) longitudinal wind 

speed; (b) deployment angles of three TEFs; (c) blade flapwise root moment My1; (d) blade 

flapwise tip deflection BTd1; (e) PSD of My1; (f) PSD of BTd1. 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 6(a) shows a typical time series of longitudinal wind speed at the hub and the tip of blade 1. 

It is evident that the existence of wind shear and fluctuating turbulence greatly differentiates wind 

speed within the rotor plane. From Figure 6(b), we can see that all three DTEFs take effect, but about 

120° phase difference exists among them. Clearly, after the introduction of DTEF, fluctuation in the 

flapwise root moment (My1) and blade flapwise tip deflection (BTd1) were suppressed to some degree 

[Figure 6(c,d)]; the spectral peaks, corresponding to the first flapwise mode frequency of the blade 

(1P), were significantly reduced and the peaks at 2P and 3P frequencies were a little increased  

[Figure 6(e,f)]. 

To further quantify the performance, the std of My and BTd and 1 Hz damage equivalent load (DEL) 

of My1, i.e., DEL(My1), during all NTM cases over 630 s simulation were compared (Table 4). 

DEL(My1) was calculated by converting My1 into a stress value, and then using a rain flow counting 

method to determine the number of cycles at various amplitudes. A value of 10 was used for the 

inverse slope of the S-N curve to calculate the values of DEL(My1). Here we consider three situations: 

(a) basic control, i.e., BC case; (b) basic control with flap control and a disabled θ0(t), i.e., BC + FC 

case; (c) basic control with flap control and θ0(t) in use, i.e., BC + FC + CFC case. From Table 4, it is 

clear that, compared with BC case, effective load reduction under all NTM conditions can be achieved 

using DTEF-based smart rotor control system. The greatest reduction in My1 and BTd1 were up to 20% 

in std of My1 and 22.8% in DEL(My1) for the former case and 15.7% in std of BTd1 for the latter. These 

results match or are even an emphasis over the results of previous investigations [15,17], which 

employed similar concepts of control but different technical routes for building the external flap 

controllers. For the former, the DTEF controller was built based on a commercial aeroelastic 

simulation package GH Bladed, while for the later, the controller of the conventional flap was 

developed using FAST/Aerodyn/Simulink code with the feedback signal from tip deflection or tip 

deflection rate, not root flapwise bending moment, as deployed in the present paper. All the results 

completely prove the effectiveness of the presently developed smart rotor control system.  

Table 4. Std of My1 and BTd1 for NTM case. 

 My1 

 BC BC + FC BC + FC + CFC 

U  
[m/s] 

Std  
[106 NM] 

Std  
[106 NM] 

Reduction 
std [%] 

Reduction 
DEL [%] 

Std  
[106 NM] 

Reduction 
std [%] 

Reduction 
DEL [%] 

4 0.54 0.52 3.7 2.1 0.52 3.7 2.1 
8 1.25 1.17 6.4 10.0 1.17 6.4 10.0 
12 2.08 1.89 9.1 19.0 1.81 12.9 22.8 
16 2.15 1.81 15.8 14.6 1.73 19.5 9.4 
20 2.26 1.85 18.1 19.6 1.80 20.4 19.1 
24 2.58 2.20 14.7 7.8 2.18 15.5 13.6 
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Table 4. Cont. 

 BTd1 

 BC BC + FC BC + FC + CFC 

U  [m/s] Std [106 NM] Std [106 NM] Reduction [%] Std [106 NM] Reduction [%] 

4 0.32 0.3 6.3 0.3 6.3 
8 0.73 0.63 13.7 0.63 13.7 

12 1.29 1.15 10.9 1.11 13.9 
16 1.27 1.10 13.4 1.07 15.7 
20 1.27 1.10 13.4 1.08 15.0 
24 1.44 1.31 9.0 1.30 9.7 

5.2.2. Extreme Turbulence Results 

As with NTM, research work was also conducted using ETM. Figure 7 shows typical 30s  

time-series and PSD results on the 1st blade at U of 16 m/s. As in the case of NTM, smart rotor control 

affects My1 and BTd1 [illustrated in Figure 7(b–f)]. My1 was effectively decreased by up to 15.0% in std 

of My1 and 22.2% in DEL(My1) , while the std of BTd1 was reduced up to 11.9% (indicated in  

Table 5). Correspondingly, the peaks of My1 and BTd1 at 1st flapwise mode frequency (1P) were 

effectively reduced while the peaks were seen again to be slightly enhanced at 2P and 3P  

[Figure 7(e,f)]. Note the performance is a little less prominent than with NTM. This is natural in that 

for the same U , turbulence intensity under ETM is much greater than under NTM [Table 3 and 

Figures 6(a) and 7(a)] and control will be difficult to apply, leading to performance inferiority in the 

former over the later.  

It is also notable that the deployment of collective flap angles additionally contributes to load 

reduction (Tables 4 and 5). This is partially related to fluctuation suppression in full-span blade pitch 

and generator power (Table 7). 

Figure 7. Time and frequency domain results for ETM at 16 m/s: (a) longitudinal wind 

speed; (b) deployment angles of three TEFs; (c) blade flapwise root moment My1; (d) blade 

flapwise tip deflection BTd1; (e) PSD of My1; (f) PSD of BTd1. 

(a) (b) 
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Figure 7. Cont. 

(c) (d) 

(e) (f) 

Table 5. Std of My1 and BTd1 for ETM case. 

 My1 

 BC BC + FC BC + FC + CFC 

U  
[m/s] 

Std 
[106NM] 

Std 
[106NM] 

Reduction 
std [%] 

Reduction 
DEL [%] 

Std  
[106 NM] 

Reduction 
std [%] 

Reduction 
DEL [%] 

4 1.04 0.95 8.7 22.2 0.95 8.7 22.2 
8 2.04 1.93 5.4 13.1 1.93 5.4 13.1 

12 2.52 2.31 8.3 18.6 2.23 11.5 19.6 
16 2.67 2.38 10.9 13.5 2.28 14.6 9.6 
20 2.60 2.26 13.1 17.2 2.21 15.0 19.1 
24 2.82 2.48 12.1 8.5 2.46 12.8 12.0 

 BTd1 

 BC BC + FC BC + FC + CFC 

U  [m/s] Std [106 NM] Std [106 NM] Reduction [%] Std [106 NM] Reduction [%] 

4 0.58 0.53 8.6 0.53 8.6 
8 1.14 1.05 7.9 1.05 7.9 
12 1.53 1.39 9.2 1.36 11.1 
16 1.59 1.45 8.8 1.40 11.9 
20 1.47 1.34 8.8 1.32 10.2 
24 1.59 1.47 7.5 1.47 7.5 
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5.3. Effects of Smart Rotor Control on Power and Tower Load 

In addition to the effect on blades, the functions of the smart rotor control on mean power and tower 

load were also processed. Table 6 lists the reduction percentage of mean generator power,  

fore-aft tower root moment and fore-aft tower top deflection using DTEF control when θ0(t) was 

disabled, in comparison with basic control. Table 6 shows variation of mean generator power is very 

slight, suggesting smart rotor control systems positively affect load reduction while maintain the 

extracting power invariant. This indicates that the conduction of the basic control and flap control 

systems little interfere with each other.  

On the other hand, the fore-aft tower root moment and fore-aft tower top deflection were effectively 

reduced by up to 5.7% and 9.8%, respectively, at U of 20 m/s. Clearly, the load on the blades directly 

affect those on the tower, the drive train and other components of turbine and the decreased Myb is 

mainly responsible for the reduced load on the tower. It should be noted, the fore-aft tower root 

moment and fore-aft tower top deflection slightly increase at U of 4 m/s, possibly due to the saturation 

or ineffective control related to the largest turbulence intensity (62.7%). 

Table 6. Reduction percentage of mean power and load on tower using DTEF control (%). 

 NTM 

U  [m/s] 4 8 12 16 20 24
Mean generator power 1.1 −5.3 0.019 0 0 0.016
FA tower root moment −1.6 1.3 1.7 3.4 5.7 5.0
FA tower top deflection −1.7 1.9 3.0 6.2 9.7 8.3

 ETM 

U  [m/s] 4 8 12 16 20 24
Mean generator power 3.7 1.0 0.017 0.03 0 0.018
FA tower root moment −1.0 1.0 1.3 3.2 5.7 4.8
FA tower top deflection 0 1.8 2.8 5.8 9.8 7.8

5.4. Effects of Smart Rotor Control on Power and Pitch System Using the Collective DTEF 

Deployment Angle  

Table 7 compares the smart rotor control effect on std reduction in pitch angle and generator  

power with and without θ0(t), as opposed to the effect of basic control. It shows an increase in the std 

of pitch angle and generator power for the majority of cases in the absence of θ0(t), i.e., FC. However, 

with θ0(t), i.e., FC + CFC, std of pitch angle and generator power are reduced for all load conditions 

with maximum reductions in the former up to 7.8% and up to 3.6% in the later. The typical time 

domain results at U of 16 m/s are illustrated in Figure 8. It clearly shows that deviation from the rated 

generator power (5 MW) is smaller and amplitudes of pitch angles are lessened for CFC. These results 

mean the deployment of θ0(t) may contribute to a smoother power output and less wear of the pitch 

control system.  
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Table 7. Reduction of Std of Pitch Angle and Generator power (%). 

  NTM 

U  [m/s]  12 16 20 24
Pitch Angle 
Std 

FC 5.8 0.5 −1.0 −0.4
FC + CFC 6.1 7.8 3.7 2.5

Generator power 
std 

FC 0.1 0.1 −2.7 −2.9
FC + CFC 3.2 3.0 3.2 0.4

  ETM 

U  [m/s]  12 16 20 24
Pitch Angle 
Std 

FC 1.2 −0.03 −1.2 −0.7
FC + CFC 5.6 5.8 3.1 2.1

Generator power 
std 

FC −0.1 −0.8 −2.5 −3.0
FC + CFC 0.8 2.9 3.6 0.8

Figure 8. Time domain results with and without CFC at NTM 16 m/s; (a) pitch angles;  

(b) generator power.  

(a) (b) 

6. Conclusions 

This paper has mainly focused on the design of smart rotor control and its effectiveness on large  

scale offshore wind turbines with an aim to reduce aerodynamic load. The major conclusions can be 

listed as follows:  

(1) A new aero-servo-elastic platform, based on FAST/Aerodyn and Matlab/Simulink codes, was 

successfully built to implement smart rotor control using DTEF.  

(2) Using the newly developed smart rotor control, fluctuating aerodynamic load on blades was 

effectively reduced under NTM and ETM turbulence conditions. Maximum reduction in 

flapwise root moment and tip deflection was up to 20.4% and 15.7%, respectively, for NTM, 

and up to 15.0% and 11.9%, respectively, for ETM. 

(3) Load reduction on blades with the smart rotor control system also had positive effect on tower 

load and power generation. 
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(4) Adoption of a collective flap angle might assist in reducing power fluctuation and reducing 

wear on the pitch control system. 

Using numerical simulation, this study has demonstrated a new aero-servo-elastic platform, based 

on which smart rotor control using DTEF can be designed to effectively reduce turbine load. 

Nevertheless, there remains work to be done in terms of the development of advanced aeroelasticity 

and control models to further optimize control performance. 
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