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Abstract 12 

Icing blades require of advanced condition monitoring systems to reduce the failures 13 

and downtimes in Wind Turbine Blades (WTB). This paper presents a case study that 14 

combines ultrasonic techniques with Wavelet transforms for detecting ice on the blades. 15 

Lamb waves were generated with Macro Fibre Composites (MFC) and then were 16 

collected with MFC. Ice affects to the normal propagation of the wave through the 17 

material of the blade. The changes in the signal are due to the forces that ice exercise 18 

on the surface. Three different scenarios were considered: at room temperature; the 19 

frozen blade without accumulation of ice, and; the frozen blade with accumulation of ice 20 

on its surface. The novel approach can determine the state of the WTB. It leads a 21 

reduction of costs in inspection, downtime and the appearance of false alarms. 22 

 23 

Keyword: Health Monitoring Systems, Wavelet Transforms, Icing Blades; Wind 24 

Turbines; Macro-Fiber Composites; Guided Waves. 25 

 26 

1. INTRODUCTION 27 

The research work done in reference [1] shows that ice on wind turbine blades is 28 

being one of the most important issues for the operators to reduce costs and downtimes. 29 

The study is based on a windfarm which generates more than 650 MW with more than 30 

500 wind turbines. The windfarm presented a reduction of 19 GWh due to the icing 31 

blades in two and a half years. 32 
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The ice on blades increases the surface roughness and reduce the aerodynamic 33 

efficiency, leading an imbalance in the rotor that generates stress in blades and drive 34 

train. Under these conditions, the wind turbine is stopped. During the ice alarm, the 35 

workers cannot access to the wind farm until the alarm is deactivated and the thawing of 36 

the blades occurs. This problem becomes even greater when there are false alarms that 37 

report ice on WTB when there is not. 38 

The new advances on technologies and information systems lead to the renewable 39 

energy industry to be more competitive in the energy market, reducing the Operation and 40 

Maintenance (O&M) costs [2]. It leads to increase the Reliability, Availability, 41 

Maintainability and Safety (RAMS) of the system [3-5]. Condition Monitoring Systems 42 

(CMS) employ the technology and the information system to measure the parameters 43 

that show the state of a component [6]. It supports the predictive/preventive maintenance 44 

tasks to reduce the O&M costs, especially in off-shore machines [7,8].  45 

There are many sensors that are designed for detecting icing based on direct and 46 

indirect techniques [9]. The ice detection is carry out on the surfaces of the WTB using 47 

direct techniques, for example: measurement of the resonance frequency [10], damping 48 

of ultrasonic waves, measurement of ice amount [11], optical measurement techniques 49 

[9,12], measurement of temperature changes [13], measurement of the damping of the 50 

vibrations of a diaphragm [14]; or measurement of electrical properties [15]. The indirect 51 

techniques include the processing of the data acquired and the historical data, e.g. video 52 

monitoring, measurement of noise [16], difference in real and expected power output, 53 

patterns of heated and unheated anemometers [17], dew point and air temperature, 54 

change in the resonance frequency of the WTB, prediction of ice and frost probability 55 

maps, and direct measurement of liquid water content and volume of raindrops. 56 

Non-destructive testing (NDT) inspects materials without causing damage to it and 57 

without modifying its properties. NDT is used in CMS and in Structural Health Monitoring 58 

(SHM) to know the structural integrity of some components online [18,19]. 59 

This paper proposes the use of a NDT technique based on ultrasonic guided waves. 60 

Lamb waves are a type of guided waves that can be easily generated in structures such 61 

as plates or shells [20]. It can monitoring structural changes inside the material or on its 62 

surface [21]. Lamb waves propagation is confined between the two surfaces, and the 63 

attenuation is lower for this type of geometries. Lamb waves are composed by the 64 

symmetric and anti-symmetric vibration modes [22]. 65 
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Several phenomena appear in the propagation of Lamb waves, such as dispersion, 66 

different phase, velocities and vibration modes, etc. In composites, an anisotropic 67 

material, the slowness factor is important because of the propagation velocity depends 68 

on the propagation direction, i.e. WTBs are composed of layers of fibers with a specific 69 

orientation, and the wave propagation is sensitive to the fibers direction [23]. 70 

Wavelets transforms are employed to analysed the Lamb waves and to diagnosis the 71 

ice condition on the WTB surface.  72 

2. Ice on WTB 73 

The appearance of ice can be due to: temperature, wind speed, relative humidity or 74 

air density, but can be also other variables. There are different ice types, e.g. in-cloud 75 

icing, and; precipitation and hoar frost [24]. They appear in clouds with high humidity and 76 

the atmospheric temperature is below 0ºC.  77 

It is estimated that 20% of the wind farms are in areas with high probability of icing 78 

[25], and exposed to freezing temperatures [26]. It generates a reduction of wind farm 79 

productivity and more costs [27]. The Wind Energy in Cold Climate (WECO) project 80 

analysed the ice effects, energy generation and icing in wind turbines. It shows that frost 81 

is the most common cause of ice appearance in wind turbines, where it can appear in 82 

any place of the surface. It appears in the leading edge of the WTB [28]. Figure 1 83 

illustrates examples of ice on wind turbines. 84 

  
(a) (b) 

Figure 1  (a) Turbine on Scout Moor. Waterfoot, Great Britain and (b) ice on a 150kW 85 

WTB in Grenchenberg, Switzerland [29]. 86 

The ice on WTB makes loads on the turbine. Icing causes an increase of mass, drag 87 

coefficient, imbalance of the rotor and vibrations. The fatigue due to loads reduces the 88 

life expectancy of the components of the wind turbine such as WTB, hub, gearbox, 89 

shafts, etc. The drag coefficient of the WTB increases. The frozen layer modifies the 90 
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thickness of the leading edge and, therefore, the aerodynamic characteristics of the 91 

WTB. The ice fragments can break off and impact with any person, animal or object. The 92 

anemometers, temperature sensors and wind vanes are exposed to icing conditions, 93 

having measurement errors higher than 40% [27]. The wind turbine is stopped in case 94 

that the alarm of ice is activated. 95 

In the first stage, pre-icing, the wind turbine works properly because there is not ice 96 

growth. Then, the ice is starting, but the wind turbine operates until its operational limit. 97 

In the third stage, the ice accumulation continues and the turbine stop to prevent possible 98 

damages. In the last stage, post-icing, the turbine continues stopped until the ice 99 

disappears [30].  100 

 101 

3. EXPERIMENTS 102 

This paper considers the guided waves in NDT to inspect WTB, i.e. composite 103 

materials. In this research, Lamb waves flow over a long distance, even in materials with 104 

a high attenuation ratio, e.g. fiber-reinforced composite structures. In anisotropic 105 

materials, Lamb wave propagation is even more complex to predict than in isotropic 106 

materials, where the properties are strongly dependent on the direction of propagation.  107 

The CMS employs an ultrasonic system (see Figure 1), composed by a data board to 108 

acquire and generate signals at 4 MS/s. The channels are isolated and can work 109 

simultaneously in both differential and single ended mode. The platform is controlled by 110 

a computer, where experiments are programmed and the dataset are processed online. 111 

The pulse function is set to the signal generator (Figure 2.1), that is amplified by 50 using 112 

a high-power amplifier (Figure 2.2) and sent to a piezoelectric transducer. It generates 113 

the Lamb waves and the ultrasonic mechanic waves flow through the composite material 114 

(Figure 2.3). The wave is received by two ultrasonic transducers that convert the 115 

mechanic waves in analog electrical signals. They are collected by the acquisition 116 

module (Figure 2.4), and registered in the computer by an analogic digital converter 117 

(Figure 2.5). The temperature affects the propagation velocity of the wave and the ice on 118 

the WTB modify its flow [31]. The change in the wave velocities with temperature 119 

depends on frequency of the wave. Lower frequencies will be less affected by 120 

temperature than higher frequencies [32]. Low frequencies were chosen to reduce the 121 

influence of temperature on the waves, with the aim of seeing more clearly the changes 122 

detected by the ice. It has been the main reference for designing the novel signal 123 

processing approach presented in this paper. 124 
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 125 

Figure 2 Icing detection system. 126 

 127 

The transducers used are macro-fiber composite (MFC) types. It is composed by 128 

piezoceramics unidirectionally aligned fibers. The electrodes are interdigitated in a 129 

polyamide film, and embedded in an adhesive polymer matrix composite. The use of 130 

MFC has been done in areas of research and development [33]. The main advantages 131 

of these sensors are the low cost, flexibility and adaptation to the surfaces. MFC is used 132 

in this paper in SHM, but they have been employed in the literature to demonstrate the 133 

versatility of the composite, together of signal processing using wavelet transform 134 

[34,35]. 135 

Three scenarios are set in the experiments: The first experiment was carried out at 136 

room temperature; the second was realized with the frozen WTB but with no ice on the 137 

WTB; the third experiment has been performed with the frozen WTB and ice on the WTB.  138 

The ultrasonic transducers have been aligned, where the transducer (Tx) emits 139 

ultrasonic signals that will become into elastic waves having the same frequency. It will 140 

be collected by the sensor 1 (S1), and then by the sensor 2 (S2) (see Figure 3). It is 141 

expected that the elastic wave flowing through the WTB, made of fiberglass with 142 

sandwich structure, changes its shape, amplitude, energy, phase, etc. An attenuation 143 

appears between the sensor 1 and sensor 2 due to the properties of fiberglass that 144 

dissipates more energy than other composite materials, such as the carbon fibber. In 145 

addition, it is assumed to have the influence of temperature on Lamb wave propagation 146 
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[36], i.e. when the temperature decreases the speed of the lamb wave propagation 147 

increases.  148 

 149 

 150 

Figure 3 WTB dimensions and sensors locations 151 

 152 

The ultrasonic transducer is excited with white noise that randomly excites all 153 

frequencies to analyse the optimal frequency to do the experiments. It has proceeded to 154 

perform frequency sweep tests. Five cycles Hanning pulse has been used to 20 kHz, 155 

30 Hz and 50 kHz to study the propagation of the pulse. The experiments have been 156 

repeated three times. The WTB was introduced in a chest freezer for 24 hours with the 157 

sensors, and it has been deposited on the surface water periodically until the formation 158 

of a layer of frost and ice to recreate the conditions that would have a real shovel frozen 159 

(Figure 4: a.- without ice, b.- with ice). 160 
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(a) (b) 

Figure 4: (a) Wind turbine WTB at room temperature and; (b) frozen WTB with ice on 161 

the surface 162 

 163 

The novel signal processing approach employs Wavelets techniques to denoise the 164 

signals [10]. Figure 5 shows the denoised signals received in sensor 1 at 30 kHz for each 165 

experiment. The signal amplitude is greater at 20 and 30 kHz because of the MFC works 166 

better as actuator at low frequencies. The sensor 1 receives a signal with more voltage 167 

because it is closer to the actuator. Three different types patterns of signals were found, 168 

demonstrating that the three states can be detected and identified.  169 

The signal obtained with the sensors on the frozen WTB without ice has bigger 170 

amplitude than the signals at room temperature. The amplitude is lower when the WTB 171 

has ice on its surface. This is because of the ice opposes the free displacement of the 172 

waves. Figure 6 presents the signals received at the sensor 2 in the same cases.  173 

 174 

Figure 5 Signal in sensor 1 at 30 kHz in the three different scenarios. 175 
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 176 

Figure 6 Signal in sensor 2 at 30 kHz in the three different scenarios. 177 

 178 

4. Signal Processing Approach 179 

It has been demonstrated that Wavelet transforms improve the limitations of 180 

resolution and the loss of information presented by the Short-Time Fourier Transform or 181 

the Fast Fourier Transform [37]. Wavelet transforms uses a variable window size; large 182 

windows where it is required accuracy in low frequencies, and; small windows where the 183 

information is in the high frequencies. The resulting signal from low pass filter is the 184 

Approximations (Ai) (Figure 7), and from the high pass filter are the details (Di) (Figure 185 

7), where “c” is the subsampling. It can be applied single-level or multi-level filters for 186 

discrete signals. The sum of the approximations and details is the original signal [38].  187 

 188 

 189 

Figure 7. Wavelet decomposition scheme. 190 
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Wavelet transforms are commonly categorized as continuous wavelet transforms 192 

(CWT), discrete wavelet transforms (DWT) or wavelet packet transforms (PWT), etc. 193 

[39]. The mother wavelet is given by the equation (1).  194 

 s,τ

1 t τ
Ψ t Ψ

ss

   
   

                                                                        (1) 195 

where s is the scale factor, and τ is the translational factor. The wavelet transform Wf(s,τ) 196 

of a function f(t) is the decomposition of f(t) in a set of functions forming a base with the 197 

conjugate of the mother wavelet (ψ*s,τ(t)), defined by equation (2). 198 

 
*

f s,τW (s,τ f (t )ψ (t )dt)
                    (2) 199 

The most recurrent families of wavelet transforms are Haar, Daubechies, Biortogonal, 200 

Coiflets, Morlet or Symlet transforms [40]. The Daubechies wavelet family were 201 

employed in this paper. It is demonstrated that they are more sensitive to sudden 202 

changes [41]. The optimal level was at seven. It was used a multi-signal analysis to study 203 

the three different cases together, and obtained the energy and the percentage of 204 

information of the decompositions for each signal. Figure 8 shows the seven levels of 205 

decompositions with their frequencies. 206 

 207 

Figure 8 Wavelet Decompositions Levels 208 
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5. RESULTS 210 

Table 1 shows the results for all scenarios, showing the energy for each signal 211 

according to the wavelet decomposition, and the energy percent for approximations and 212 

details. D7 decomposition contains the highest percentage of energy of the original 213 

signal in most of the cases. It is associated with the frequency range from 125.6 kHz to 214 

31.25 kHz. It is consistent with the excitation frequencies of the Hanning pulse used in 215 

the actuator. 216 

The composite material is highly dispersive, where the dispersion depends on the 217 

direction of wave propagation, the orientation and arrangement of the layers of fibre 218 

glass. Therefore, the waves received by the sensors contain frequencies that deviate 219 

from the centre frequency of excitation. 220 

 221 

Table 1 Wavelet Decomposition of the received signal in the sensor 1. 222 

  Sensor 1 

   A7 % D7 % D6 % D5 % D4% D3 % D2 % D % Energy 

2
0
 k

H
z
 

Room T 25.60 47.48 19.50 5.51 1.42 0.36 0.09 0.03 16,49 

Frozen 17.78 52.47 21.50 6.14 1.59 0.40 0.10 0.03 41,77 

Frozen Ice 56.83 25.77 12.72 3.48 0.89 0.23 0.06 0.02 4 

3
0
 k

H
z
 

Room T 28.14 45.38 19.16 5.43 1.40 0.36 0.10 0.04 5,22 

Frozen 20.34 49.08 22.09 6.32 1.63 0.41 0.10 0.03 16 

Frozen Ice 49.06 28.35 16.02 4.77 1.24 0.34 0.12 0.10 0,85 

5
0
 k

H
z
 

Room T  24.18 47.86 20.21 5.73 1.49 0.38 0.11 0.05 0,69 

Frozen 20.34 49.08 22.09 6.32 1.63 0.41 0.10 0.03 16 

Frozen Ice 24.00 45.96 21.54 6.25 1.64 0.43 0.12 0.07 0,48 

 Sensor 2 

  A7 % D7 % D6 % D5 % D4 % D3 % D2 % D % Energy 

2
0
 k

H
z
 

Room T  22.98 48.57 20.17 5.76 1.53 0.45 0.23 0.31 0.2712 

Frozen 20.82 49.18 21.54 6.16 1.61 0.43 0.15 0.12 0.4003 

Frozen Ice 29.29 47.38 16.70 4.72 1.24 0.35 0.15 0.17 0.2661 

3
0
 k

H
z
 

Room T  23.34 47.37 20.07 5.79 1.57 0.56 0.49 0.80 0.09954 

Frozen 17.23 49.65 23.49 6.90 1.80 0.50 0.21 0.22 0.1965 

Frozen Ice 28.92 38.51 22.20 6.46 1.82 0.65 0.54 0.90 0.0432 

5
0
 k

H
z
 

Room T  24.07 46.75 19.39 5.62 1.55 0.63 0.71 1.27 0.0163 

Frozen 17.18 49.80 23.56 6.92 1.80 0.47 0.16 0.13 0.1960 

Frozen Ice 15.65 47.07 23.22 6.90 2.10 1.09 1.38 2.58 0.0074 

 223 
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The three scenarios can be identified by the energies shown in Table 1. Analysing the 224 

energy of the WTB at room temperature, the frozen WTB with ice has a higher energy 225 

(more than doubled to the rest of scenarios). However, when the WTB has ice on the 226 

surface, and the energy received by the sensor was about 25% of the energy received 227 

at room temperature. Figure 9 shows differences between the energies of each state at 228 

20 and 30 kHz. Considering 50 kHz, the energy of the signal at room temperature is 229 

similar when the WTB has ice, therefore, this frequency is not suitable for determining 230 

the state of the WTB.  231 

 232 

Figure 9 Energy of each state and frequency received in sensor 1 233 

In sensor 2 (Figure 10), the energy is smaller due to the distance. The energy in each 234 

state of the WTB has a similar relationship to the results given by sensor 1, but at 20 kHz 235 

it is difficult to distinguish between the cases at room temperature and with the frozen 236 

WTB with ice. The optimal frequency was at 30 kHz for this experiment. 237 
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 238 

Figure 10 Energy of each state and frequency received in sensor 2 239 

 240 

Figures 11 and 12 show the energies of the original signal for each level of 241 

decomposition in Sensor 1 and 2. The levels with more energy are: A7, D7 and D6. The 242 

signal has two peaks when that WTB has ice, at 20 and 30 kHz, while D7 and D6 have 243 

less energy. This could be due by presence of ice on the surface of the WTB. Other 244 

decompositions also present less energy, but the percentage of signal information is low. 245 

D7 has a period without peaks at 20 and 30 kHz using sensor 2 (Figure 12), while the 246 

decomposition A7 has peaks in these cases. 247 
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 248 

Figure 11 Wavelet decompositions (approximations and details) from sensor 1 249 
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 250 

 251 

Figure 12 Wavelet decompositions (approximations and details) from sensor 2 252 

 253 

The optimal frequency to determine differences in the state of the WTB is 30 kHz. 254 

Sensors 1 and 2 have been able to identify clearly the scenarios, where the 255 

decompositions A7, D7 and D6 provide more information about the condition of the 256 

scenarios. 257 

 258 
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6. Conclusions 260 

Ice on Wind Turbine Blade (WTB) causes an increase of mass, makes loads on the 261 

turbine drag coefficient, imbalance of the rotor and vibrations, etc. The wind turbine is 262 

stopped in case that the alarm of ice is activated. The icing WTB require of advanced 263 

condition monitoring systems to be detected, and then reduce the failures and downtimes 264 

in the WTB and wind turbines.  265 

The condition monitoring system presented in this paper employs non-destructive 266 

techniques based on ultrasonic waves. The transducers used were macro-fiber 267 

composites. It was generated Lamb waves that flows through the material of the WTB 268 

and are sensitive to elements such as ice on the surface. Different scenarios were 269 

simulated to determine the state of the WTB. The scenarios were: WTB at room 270 

temperature, WTB frozen without ice accumulation and WTB frozen with ice 271 

accumulation. 272 

 The pattern recognition employs Daubechies wavelet transform with seven levels of 273 

decomposition to diagnosis the experimental scenarios. It is analysed the signal energies 274 

and percentage for the decompositions to determine the conditions. A difference 275 

between the percentage of information of D7, D6 and A7 decomposition is observed in 276 

both sensor when the excitation is at 30 kHz. The approach detects the cases of 277 

unfrozen, frozen without ice, and frozen with ice in the WTB. 278 

 279 
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