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1. Introduction 
 

Vibrational problems in the domestic horizontal axis 

wind turbines are due to flap wise and edge wise vibrations 

among which the flap wise vibrations are the most 

predominant due to the varying wind velocities acting 

perpendicular to its surface (Kumar et al. 2014). It has been 

reported that monitoring the structural health of the turbine 

blades requires special attention as they are key elements of 

a wind power generation, and account for 15-20% of the 

total turbine cost. Recent studies also indicate that blade 

damage as the most expensive type of damage to repair and 

can cause serious secondary damage to the wind turbine 

system due to flap wise vibrations Pabut et al. (2012).  

The natural frequencies are critical component of a 

given structure (Cromack 1978), which when matched by 

external forcing frequency induces resonance of the 

structure.  The resonance of the structure, leads to failure 

of the said structure or transmits awkward vibrations to 

coupled system. Thus the structure must be designed in 

such a way to avoid the occurrence of resonance and if the 

resonance cannot be avoided, then it should facilitate 

damping, thus reducing the vibration intensity. As the wind 

turbine blades are subjected to varying wind velocities, a 

vibration control method has to be provided, which adapts 

to the vibration of the structure. Thus keeping vibration of 

blade to a limited level. In this article, a blade with shape 

memory alloy actuator wire has been developed and its 

vibration characteristics are compared to the conventional 

blade. 
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For SMA wires, the inelastic strain induced a result of 

phase transformation of material from martensite to 

austenite. With the internal resistance of SMA wires being 

high, supply of electric current causes the wires to induce 

heat. The SMA undergoes up to 8% strain upon heating and 

returns to its original length upon cooling, due to its shape 

memory effect (Bhargaw et al. 2013). The merits of SMA in 

shape memory applications are studied in detail by Umesh 

and Ganguli (2009), Hu and Vukovich (2005), Vitiello et al. 

(2005), Seelecke and Müller (2004) has explored the use of 

SMA actuators in smart materials. Static and dynamic shape 

control of structures by piezoelectric actuation is reviewed 

by Irschik (2002). Choi and Lee (1998) has investigated the 

shape control of composites beam with SMA wires. The 

performance of SMA actuator for prosthetic hand are well 

explored by O’Toole et al. (2009). Recent research in smart 

materials shows their potential for changing the 

configuration of airplane wing to improve aerodynamic 

performance and shows that they can eliminate the 

complexity and bulkiness of the actuating systems that are 

used in conventional wings Kim and Cho (2010). The 

general idea of changing the wing configuration for this 

concept is to induce strain in the structure by interfacing 

with smart materials. In this paper, small horizontal axis 

wind turbine blade will be manufactured with SMA wires 

and the vibration characteristics of SMA embedded blade 

will be compared with the conventional wind turbine blade. 

SMA possesses shape-memory property, which the 

metal recovers to its original size or shape and reverts to it 

at a characteristic transformation temperature. These alloys 

change phase (between martensitic and austenite) at certain 

critical temperatures and therefore SMA displays different 

stress-strain characteristics at different temperature ranges. 

The thermo-electric behavior of Ni-Ti shape memory alloy  
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Abstract.  Vibrations of a wind turbine blade have a negative impact on its performance and result in failure of the blade, therefore an 

approach to effectively control vibration in turbine blades are sought by wind industry. The small domestic horizontal axis wind turbine 

blades induce flap wise (out-of-plane) vibration, due to varying wind speeds. These flap wise vibrations are transferred to the structure, 

which even causes catastrophic failure of the system. Shape memory alloys which possess physical property of variable stiffness across 

different phases are embedded into the composite blades for active vibration control. Previously Shape memory alloys have been used as 

actuators to change their angles and orientations in fighter jet blades but not used for active vibration control for wind turbine blades. In this 

work a GFRP blade embedded with Shape Memory Alloy (SMA) and tested for its vibrational and material damping characteristics, under 

martensitic and austenite conditions. The embedment portrays 47% reduction in displacement of blade, with respect to the conventional 

blade. An analytical model for the actuated smart blade is also proposed, which validates the harmonic response of the smart blade. 
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Fig. 1 Experimental modal analysis 

 

 

Fig. 2 Experimental harmonic excitation of conventional 

blade 

 

wires has been analyzed by (Bhargaw et al. 2013). These 

characteristics of SMA is used for analytical model for the 

smart blade, under actuated conditions. 

 

 

2. Vibration characteristics of conventional wind 
turbine blade 

 

Conventional domestic wind turbine blade with NACA 

4418 profile, with 1kW power production capability is 

evaluated for its vibration characteristics. The vibration 

characteristics of the blade, namely natural frequency and 

damping, are evaluated through modal analysis as Sellami 

et al. (2016). The actual amplitude of vibration at resonance 

is evaluated using harmonic analysis. 

 

2.1 Experimental modal analysis on conventional 
blade 

The glass fiber based conventional blade is evaluated for 

the dynamic properties by performing the experimental 

modal analysis using an impact hammer. The experimental 

setup is shown in Fig. 1. 

The blade is excited with an impulse force using the 

impact hammer and the time based acceleration readings are 

collected through an interfacing software. The time domain 

signal is converted to frequency domain signal by 

performing Fast Fourier Transform (FFT). The frequency 

domain signal depicts that the natural frequency of the 

blade is 26 Hz. The time based response is evaluated for 

damping of the blade, using logarithmic decrement method 

Mevada and Patel 2016. The damping of the conventional 

blade is calculated to be 0.0103. 

 

2.2 Experimental harmonic analysis on conventional 
blade 

 

Fig. 3 Block diagram of characteristic study 

 

 

Chen et al. (2016) evaluated wind load as combination 

of harmonic loading and Martinez-Vazquez (2016) studied 

the influence of wind induced structural vibrations around 

the resonant frequency of the structure. Hence, the influence 

of resonance can be studied using harmonic analysis and 

reduction in resonance amplitude, corresponds to the 

improved integrity of the blade. The blade is mounted on 

the electro dynamic shaker and an accelerometer is used to 

export the time domain signals. The experimental setup 

used for evaluation is shown in Fig. 2. 

The response of the blade is collected using an 

interfacing software. Mollasalehi et al. 2013 categorized 

first bending mode of wind turbine blade is prominent to 

induce noise and vibration. Hence the harmonic analysis on 

the blade is performed with 9.81 ms-2 of input acceleration 

and excitation frequency range of 20 Hz to 40 Hz which 

shows the respective maximum deflection 11.4 mm 

achieved for corresponding natural frequency of the blade, 

25 Hz. 

 

 

3. Shape Memory Alloy (SMA) in vibration control 
 

SMA has shown a huge potential in vibration control, 

through its super elastic and shape memory effect. Though 

various studies, such as Ni et al. (2007), Lau (2002) have 

been made with SMA on composites, limited characteristic 

study has been made on SMA embedded wind turbine 

blade. Evaluation of SMA characteristics is primary to 

study the influence of SMA on wind turbine blade.  

 

3.1 Characterization of SMA properties 
 

The characterization of 0.5 mm diameter Nitinol wire of 

length 180 mm is evaluated under pre stressed condition 

under martensitic and austenite conditions. The SMA wire 

is coupled to slot weights in order to induce stress. The 

characterization of SMA is performed by following the 

procedure of Bhargaw, Ahmed, and Sinha (2013). The 

block diagram of the experimentation is shown in Fig. 3. 

The experimentation is limited to the austenite transition 

temperature of 90oC, within which the actuation is to be 

provided to SMA embedded blade. The potential of SMA to 

offer high electrical resistance is utilized to heat the SMA 

and induce the phase transformation. The SMA is pre-

stressed to various levels such as 12.49 MPa, 27.47 MPa 

and 37.47 MPa, by loading the wire under 0.25 kg, 0.5 kg 

and 0.75 kg. 

A Resistance Temperature Detector (RTD) is connected  
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Fig. 4 Current Vs Temperature 

 

 

Fig. 5 Variation of Heating and cooling time with different 

load 

 

 

Fig. 6 Strain produced across actuation current 

 

 

across the wire and its temperature increase across different 

heating conditions are studied. The current is provided 

across the SMA wire at increments of 0.5A and the 

temperature induced is noted. Fig. 4 shows the increase of 

temperature across the flow of electricity. 

The time taken for the SMA to heat and cool to the 

corresponding actuation current is depicted in the figure 5. 

The phase transformation of SMA also induces reduction in 

length of SMA, the Linear Variable Differential 

Transformer (LVDT) connected across the SMA depicts the 

amount of strain in the length of SMA. 

The strain produced across the SMA, at different 

actuation current and applied stress is plotted in the figure 

6. The strain induced in SMA on actuation is used for 

deducting the empirical relation between actuation current 

The displacement thus induced in the SMA can be 

visualized in Fig. 7, which depicts the hysteresis cycle  

 

Fig. 7 Displacement produced across actuation 

 

 

Table 1 Variation of young’s modulus with actuation 

Actuation current 

(A) 
0 1 1.5 2 2.5 

Young's Modulus 

(GPA) 
15.00 23.08 33.42 41.28 48.46 

 

 

between heating and cooling of the SMA wire, under 

different actuations 

The stress-strain variation can be used to derive the 

variation of young’s modulus of SMA across the phase 

transformation. The tensile modulus of SMA at martensite 

condition is 15 GPa, the increase in the young’s modulus of 

the SMA across actuation is portrayed in Table 1. 

The change in young’s modulus of SMA can be used to 

derive the analytical model for martensitic fraction. The 

empirical relation between martensitic fraction (ξ) and 

young’s modulus of SMA, under actuation can be fitted 

using regression. The regression equation obtained for the 

young’s modulus, across actuation is given as 

𝐸𝑆(𝜉) =  𝛼 (𝜉)2 + 𝛽 (𝜉) + 𝐸𝐴 (1) 

Where the coefficients of residuals α and β are -17.671 

and 16.805 respectively. EA is the young’s modulus of SMA 

at austenite condition. 
 

 

4. Vibration characteristics of smart wind turbine 
blade 

 

With application of smart materials in structures by 

researchers such as Simonović et al. (2016), Lin et al. 

(1999), Lee et al. (2014), has experimentally showcased the 

vibration control using smart materials. Yet the influence of 

SMA on structures, under actuation has not been elaborated. 

In order to study the influence of SMA embedded wind 

turbine blade, a smart blade is developed, with 2 meter of 

0.5 mm diameter SMA embedded inside. The volume 

fraction of SMA embedded inside the blade is 0.073% of 

volume of the composite wind turbine blade. The 

conventional and smart wind turbine blade are displayed in 

figure 8. 

 

4.1 Modal analysis on smart blade 
 

Similar to the modal analysis performed on conventional 

blade, the SMA embedded smart blade is evaluated for its  
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Fig. 8 Conventional and smart wind turbine blade 

 
Table 2 Comparison of natural frequency 

Mode 
Convectional 

Blade (Hz) 

Smart Blade (Hz) 

(Martensitic) 

Smart Blade (Hz) 

(Austenite) 

1.0 A 1.5 A 2.0 A 

I 25 30 31 31 32 

II 60 73 88 88 89 

 

Table 3 Comparison of damping ratio 

Convectional 

Blade 

Smart Blade 

(Martensite) 

Smart Blade (Austenite) 

1.0 A 1.5 A 2.0 A 

0.0103 0.0203 0.0330 0.0368 0.0422 

 

 

vibrational characteristics at martensitic and austenite 

conditions of SMA. The martensitic condition corresponds 

to the experiment performed on the smart blade without 

actuation and the austenite condition refers to the actuation 

of SMA above its austenite start state. 

The current is supplied from the variable power supply 

to the SMA wire and due to the resistance, the SMA wires 

tends to heat up. The rise in temperature, induces the shape 

memory effect of the wires, causing the SMA wire to 

contract causing the changes in the stiffness of the material 

(Song et al. 2000). The austenite start state of the SMA wire 

is 45oC, which the material crosses by 1A. The natural 

frequency and damping ratio for different current supplied 

are studied. 

Mollasalehi et al. (2013) has observed that the first 

bending mode plays a crucial role in generating vibration 

and noise. Hence, the first natural frequency of the blade is 

concentrated. The modal test has been carried out on the 

smart blade and a 16.67% shift in the first natural frequency 

for conventional wind turbine blade at martensitic phase is 

visualized. When current in supplied (1A,1.5A) to smart 

wind turbine blade there is a 3.22% shift from the first 

natural frequency of smart blade at martensitic phase. When 

2A current is passed to smart blade a 6.25% of shift in the 

first natural frequency of smart blade at austenite was 

observed.  

The damping ratio found for different actuating 

conditions and its comparison is tabulated in table 3. 

There is a 49.26% increase in the damping ratio for 

smart wind turbine blade at martensitic phase. When current 

of 1A, 1.5A and 2A current is supplied its observed that 

there is 38.48%, 44.83% and 51.89% increase in the 

damping ratio at austenite phase respectively. 

 

Fig. 9 Comparison of harmonic response for conventional 

and smart wind turbine blade(martensite) 

 

 

Fig. 10 Experimental harmonic response of smart blade 

with actuation 

 
 
5. Experimental harmonic analysis 

 

The impact of the increase in damping ratio of 

martensite and austenite conditions of smart blade can be 

validated by performing harmonic excitation on the smart 

blade. Mouleeswaran et al. (2018) performed harmonic 

analysis on small wind turbine blade to study the impact of 

resonance on the structure. Feng and Gomez-rivas (2005) 

evaluated the natural frequency of beam through frequency 

domain analysis, using piezo-electric accelerometer. 

  

5.1 Harmonic response at martensitic phase 
 

The harmonic response test has been carried out 

similarly on smart blade, using electro dynamic shaker. The 

smart blade is kept below the austenite start temperature (at 

room condition). The response of the smart blade under 

excitation frequency are acquired and plotted against the 

response of conventional blade. Fig. 6 denotes the response 

curve, plotted between displacement (mm) and frequency 

(Hz), comparing responses of conventional and smart blade. 

It depicts that the natural frequency of the smart blade, has 

shifted to 30Hz and resonating at 8.60 mm.  

With embedment of SMA wires, the increase in the 

damping value of the smart blade is depicted in the decrease  
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Fig. 11 Harmonic response of smart blade at Austenite 

phase 

 

 

Fig. 12 Variation of Magnification factor across actuation 

current 

 

 

of amplitude of vibration at resonance condition. The 

increase in young’s modulus results in the increase of 

stiffness of blade. Thus increasing the natural frequency of 

the smart blade. 

 

5.2 Harmonic response at austenite phase 
 
In order to study the influence of actuation current of 

SMA on amplitude of vibration, actuation current of 1A to 

2A is supplied in successions of 0.5A to the smart blade. As 

the smart blade is actuated, the resistance of SMA tend to 

heat up the wire. As the wire reaches austenite phase, the 

stiffness of the smart blade tends to increase. The smart 

blade is actuated at different actuation currents and their 

response along the natural frequency is evaluated. The 

experimental setup is shown in the Fig. 10. 

The response of the smart blade, along the first natural 

frequency is shown in the Fig. 11. The response graph 

shows that there is 3.22% shift in first natural frequency 

when smart blade is excited with 1A and 1.5A but the 

reduction of displacement for 1A is 23.14% whereas there 

is 27.21% of decrease in the displacement at the 30 Hz. 

When SMA wire is supplied with current of 2A there is  

Table 4 Geometric and physical parameters of SMA wire and 

composite wind turbine blade 

Particulars Value 

Wind turbine blade-Glass fiber epoxy 

Young’s modulus, EC, GPa 4.5 

Density, ρC, kg/m3 950 

Geometrical factors 

Bending moment of inertia, I, m4 1.62e-6 

Area of cross section at CG, A, m2 8.95e-4 

SMA-Shape Memory Alloy (Nitinol) 

Young’s modulus, GPa  

Martensite, EM 15 

Austenite, EA 50 

Density, ρS, kg/m3 6450 

 

 

6.25% shift in the first natural frequency and 30.23% 

reduction in displacement at 32Hz frequency. But at 30Hz 

the displacement is 4.59 mm which is 46.63% reduction in 

amplitude. Similarly, the smart blade excited at 2A, depicts 

a 73.16% reduction in amplitude at 25 Hz, the conventional 

blade’s natural frequency. 

 

 

6. Analytical validation of variation in dynamic 
parameters of smart blade 

 

The variation in the natural frequency and the reduction 

in amplitude of vibration can be validated with help of an 

analytical model of cantilever composite beam. Influence of 

variation in SMA’s properties at martensitic and austenite 

conditions, the wind turbine blade is considered to be a 

lumped mass system, with weight concentrating at center of 

gravity. The equation of a Euler beam is 

𝑑2

𝑑𝑥2
(𝐸𝑏𝐼𝑏

𝑑2𝑦(𝑥)

𝑑𝑥2
) = 𝜔2𝜌𝑏𝑦(𝑥) (2) 

where subscript b represents the beam’s properties, ρ –

Density (per unit length) and natural frequency of beam – 

ω. By considering the rules of mixture, the physical 

properties of beam can be written as 

𝐸𝑏 = 𝐸𝑐 + 𝑉𝑓(𝐸𝑀𝑆 − 𝐸𝑐) 𝑎𝑛𝑑 

𝜌𝑏 = 𝜌𝑐 + 𝑉𝑓(𝜌𝑆 − 𝜌𝑐) 
(3) 

where Vf represents volume fraction of SMA embedded. 

EMS represents the young’s modulus of SMA at martensitic 

phase and subscript c and s represent the physical properties 

of composite and shape memory alloy. The boundary 

conditions are provided for the conditions of cantilever 

beam as 

at x = 0, 𝑦(𝑥) = 0,
𝑑𝑦(𝑥)

𝑑𝑥
=0, 

at x=L, 
𝑑2𝑦(𝑥)

𝑑𝑥2 =0, 
𝑑3𝑦(𝑥)

𝑑𝑥3 =0 

(4) 

applying the boundary conditions (3) and (4), the 

mathematical model providing the natural vibration of the 

cantilever beam is derived as 
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𝜔2 =
𝛼𝑛

2[𝐸𝑐 + 𝑉𝑓(𝐸𝑀𝑆 − 𝐸𝑐)]𝐼

𝑙4[ 𝜌𝑐 + 𝑉𝑓(𝜌𝑆 − 𝜌𝑐)]A
 (5) 

Where αn is the mode number corresponding to the 

flapwise vibration. The natural frequency of the composite 

beam is evaluated with a Vf=0.073% and with the physical 

and geometrical parameters of blade provided in Table 4. 

The incorporation of relation between young’s modulus of 

SMA across martensitic fraction, yields the influence of 

actuation current in natural frequency of blade. The Eq. (4) 

becomes 

𝜔2(𝜉) =
𝛼𝑛

2[𝐸𝑐 + 𝑉𝑓(𝐸𝑆(𝜉) − 𝐸𝑐)]𝐼

𝑙4[ 𝜌𝑐 + 𝑉𝑓(𝜌𝑆 − 𝜌𝑐)]A
 (6) 

The model predicts the natural frequency of the blade to be 

26.01 Hz, which is in acceptable range with the  

experimental result. The non-dimentionalised natural 

frequency of the blade is plotted across the actuation current 

and portrayed in Fig. 12. 

The harmonic response of the blade can also be validated by 

formulating the magnification factor and incorporating the 

variation of young’s modulus and damping factor across the 

actuation current. The magnification factor of the blade is 

expressed as 

μ =
1

√(1 − 𝑟2)2 + (2𝜁(𝜉)𝑟)2
 (7) 

where ‘r’ is the frequency ratio and ζ(ξ) is the damping 

factor variation with actuation current. The frequency ratio 

is obtained as the relation between the excitation frequency 

and natural frequency of the blade. The frequency ratio can 

be expressed as r=(ωe/ωn). Eq. (6) is substituted in the 

magnification factor, Eq. (7) becomes a function of volume 

fraction (Vf), Damping factor (ζ(ξ)) and actuation current.  

The variation of natural frequency and magnification factor 

of the blade across the actuation current is portrayed in Fig. 

13. 

The reduction in the harmonic response of the blade, under 

actuated conditions validates the improvement in the 

damping of the structure. The shift in natural frequency of 

the beam is in relation with the volume fraction of SMA 

embedded on to the blade. 

 

 

7. Comparison between analytical and experimental 
harmonic response of the smart blade 
 

The modal analysis on the SMA embedded wind turbine 

blade under martensitic and austenite conditions of SMA, 

depicted the increase in natural frequency of blade with 

increase in actuation current. The similar increase is 

indicated in the analytical model. The increase in the natural 

across actuation current is due to the recovery stress 

increase the embedded SMA wires. This also increases the 

tensile stress in the composite beam, thus increasing the 

structural rigidity of the blade. 

The volume fraction of SMA wires embedded should 

also be low as the compressive stress induced in the blade,  

 

Fig. 13 Variation of Magnification factor across actuation 

current 

 

Table 5 Reduction in vibration under actuation 

Actuation 

current (A) 

Magnification 

factor at resonance 

Reduction in 

Mag. factor 

(%) 

Amplitude of 

vibration at 

resonance 

(mm) 

Reduction in 

amplitude of 

vibration(%) 

0 264.5 ~ 8.6 ~ 

1 211.2 20.15 6.61 23.14 

1.5 183.2 30.74 6.26 27.21 

2 166.5 37.05 6 30.23 

 

due to actuation can cause compressive failure. The 

damping factor calculated for the variation is utilized in the 

analytical model of the smart blade in order to formulate the 

harmonic response of the blade. 

Comparing reduction in the vibrational amplitude of the 

blade obtained through experimentation, to that of the 

numerical model, the percentage decrease in portrayed in 

Table 5. 

The reduction depicted in the analytical model of the 

smart blade is within approval of the harmonic response of 

the smart blade under actuation. The harmonic response 

portrays the energy dissipation capability of SMA under 

martensitic and austenite conditions. The harmonic 

response also shows the reduction in amplitude of vibration 

under all excitation frequency and comparatively higher 

reduction at resonance. 

 

 

8. Conclusions 
 

The embedment of SMA wires on the conventional 

blade has shown improvement of damping, due to the super 

elastic nature of shape memory alloy. The increase in 

stiffness of the smart blade is also depicted by the 20% shift 

in the natural frequency of the blade. The 32.5% reduction 

in the amplitude of vibration at resonant condition, depicts 

the effectiveness of SMA at passive vibration control.  

• Under actuation of SMA wires, the residual stress 

induced due to embedment results in the increase natural 

frequency of the smart blade.  

• The heating of the smart blade, induced through 

actuation, causes the blade to become flexible thus 

increasing the structural damping of blade.  

• The increase in damping can be inferred from the 

comparison of harmonic response of smart blade under 

different actuations. 
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• The analytical model of the smart blade under 

actuation current, depicted and validated the reduction 

in the harmonic response of the smart blade.  

• Although the SMA embedment improves the structural 

integrity and dynamic characteristics of wind turbine 

blades, the volume fraction of SMA embedment is 

critical.  

• The energy dissipation is higher with increase in the 

volume fraction of SMA, but the structure becomes 

more vulnerable to compressive stress under actuation. 

• The analytical model, which simulates the actual 

response of the smart blade can be optimized for the 

volume fraction of SMA to be embedded, by provided 

the compressive stress induced as a constraint. 
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