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Abstract

:

Propeller synchrophasing control is an active noise control method which can effectively reduce the noise in the cabin of a turboprop aircraft. The propeller signature model identified by the measured acoustic noise data is easily affected by flight speed, altitude, and the existence of the fuselage. Meanwhile, the noise excited by the propellers is nonstationary signal, which often fluctuates greatly, thus affecting the accuracy of the identification of the model. In this paper, a synchrophasing control experimental platform with a cylindrical scaled fuselage on ground is firstly established to validate the actual noise reduction in the cabin. Then, a minimum fluctuation data selection method based on wavelet filtering and three-parameter sinusoidal fitting is proposed to improve the identification accuracy of the propeller signature model. This method extracts the high-precision propeller blade passing frequency signal from the noise signal by using a wavelet filtering algorithm and selects the minimum fluctuation data segment by using a three-parameter sinusoidal fitting algorithm. The experimental results firstly show the significant noise attenuation achieved in the cabin using propeller synchrophasing control. Secondly, the propeller signature model improved by the minimum fluctuation data selection method has higher accuracy than that identified by the traditional method.






Keywords:


propeller synchrophasing control; noise reduction; cylindrical scaled fuselage; wavelet filtering; three-parameter sinusoidal fitting












1. Introduction


The acoustic noise excited by rotating propellers consists of two parts: rotating noise and broadband noise. Rotational noise is caused by the interaction of the blade with the periodic flow while broadband noise is produced by the random pulsating interaction of the blade with the surrounding flow field [1]. Spectrum characteristics analysis shows that the main component of the cabin noise of turboprop aircraft is the superposition of broadband noise and a series of discrete frequency noise, where the latter section plays a dominant role [2]. When the propellers are rotating steadily, the discrete frequency noise is a long wavelength signal of 100–250 Hz and it is difficult to achieve noise reduction by passive noise control techniques. Also, the propellers need to be rotating at the same rate in order to provide the equivalent thrust and torque on each side to make the plane balanced. It is required that the noise inside the cabin be reduced by 25 dB to reach the level of an equivalent turbofan aircraft [3]. Among various active noise control methods, propeller synchrophasing control is superior to the others in terms of the requirement for no additional sensors or actuators (no additional weight) while providing significant noise reduction [4,5]. The principle of propeller synchrophasing is to maintain a certain phase angle difference which is defined as the optimal phase angle between several propellers of a multipropeller aircraft, so that part of the rotating noise and vibration generated by each propeller cancel each other out, and the cabin noise is minimized.



Blunt et al. [5] carried out synchrophasing control experiments in a real flight on C-130J-30 and AP-3C. Obviously, the cost of the real flight is huge and the experiments are time-consuming, meaning they are not be suitable for further research on propeller synchrophasing control. Huang et al. [6] and Sheng et al. [7] established a ground experimental platform to study the effectiveness of synchrophasing control and significant noise reduction was achieved. However, the existence of the fuselage is an inevitable factor that can affect the performance of the synchrophasing control, and is difficult to analyze due to the complex acoustic vibration couplings between the fuselage and the enclosed cabin space. Investigation needs to be made to explore the real performance of the synchrophasing control inside the cabin in the presence of the fuselage in a relative low-cost way.



Noise modeling is the key issue to achieve significant noise reduction. Experimental and analytical works on the problem of noise modeling have been carried out by several researchers [8]. Atassi et al. [9] determined that the fluctuating loads resulted from ingested turbulence from blade to blade. Ground vortex ingestion was considered in the noise modeling in stationary or near-stationary aircraft engines by Murphy et al. [10]. Stephens et al. [11] studied casing boundary layer/rotor interaction and unsteady blade loading, and the radiated sound was determined by strip theory, where the streamwise velocity component was measured. Martio et al. [12] found that the blade passage frequency (BPF) would oscillate due to the unsteady thrust of the propeller at the highest thrust conditions. Far-field acoustic predictions were made by Glegg et al. [13]. Good agreements were achieved between the predictions and the measurements at low and moderate thrust. The measured undisturbed boundary layer turbulence correlations were adopted in the study. However, these studies focused on the aspect of the fluid dynamics.



Most studies of propeller synchrophasing control are based on propeller signature theory. The optimal phase angle for minimizing noise is predicted by the propeller signature model, which is identified by the noise information of several independent phase angle pairs in the first stage [14,15]. However, the propeller signature model is dynamically influenced by factors such as flight altitude, Mach number, and flight angle of attack, resulting in unexpected inaccuracy of the optimal phase angle [16]. Obtaining the optimal phase angle based on the propeller signature model is the key for propeller noise reduction. The accuracy of the model has a crucial impact on the actual effect of noise attenuation. Therefore, how to establish the high-precision propeller signature model under different flight conditions is a major concern. The measured sound pressure often fluctuates greatly due to the influence of flight speed, altitude, airflow variation, and circuit noise during the acquisition process. In order to reduce the impact of data fluctuations, the common solution is to collect noise information from more phase angles pairs than the required minimum pairs, thereby reducing the impact of unexpected data fluctuation on model accuracy [17,18].



An algorithm for truncating the very beginning and tail of measured noise data is proposed by Huang et al. [6] for minimizing transient data fluctuation caused by noise acquisition start and stop manipulation. The algorithm has obvious effects for some occasions, but the conclusion is made only based on experimental data and the length of the intercepted data lacks theoretical criteria. Another study [19] developed a method to improve the modeling accuracy by changing the number of sampling noise data cycles. It points out that the shorter the sampling time is, the smaller the influence of phase angle fluctuation on the identification accuracy would be. However, if the sampling time is too short, the identified model may lose necessary noise information and random errors would be magnified, thus prediction of the optimal phase angle is not correct. The existing methods for dealing with the data fluctuations are mainly based on experience and experiments and have certain limitations due to the lack of an effective data selection method.



Wavelet analysis is a useful mathematical tool in multiresolution modeling [20] and is often used for complex structural analysis. Belytschko et al. [21] and Zienkiewicz et al. [22] adopted a wavelet-based homogenization method to solve the unidirectional transient problems of heat transfer and free vibrations. The homogenization method based on wavelets gave satisfactory approximation of the real transient processes. The wavelet-based space-time decomposition was proposed by Bacry et al. [23] to model the transient heat transfer process. Literature [24] focused on the problem of finite element method (FEM)-based homogenization using Haar basis to determine the coefficients. Christon et al. [25] used the wavelet decomposition-based finite element method to discretize the composite model. The application of the wavelet analysis can be found in the eigenproblem solution [26], wave propagation [27], wave detection [28], and damage monitoring [29]. Frantziskonis [30] applied the wavelet functions to serve as random process approximations to solve the probabilistic problems in the structural analysis.



In order to improve the accuracy of the propeller signature model, this paper proposes a minimum data fluctuation selection algorithm based on wavelet filtering and a three-parameter sinusoidal fitting method. Wavelet filtering is adopted here to extract low-frequency signals from propeller noise signals, where the dominant signal is the BPF signal. The fluctuation of the BPF signal can directly reflect the propeller noise and phase angle fluctuations. The fluctuation of the measured noise data in whole acquisition period is evaluated by the proposed method and then the data segment with the least fluctuation is selected for modeling. An experimental platform with a cylindrical scaled fuselage is built to validate the real performance of the synchrophasing control inside the cabin and the data selection method.



The paper is organized as follows: the principle of the propeller signature is presented in Section 2. In Section 3, we present the experimental platform with the scaled fuselage and the performance of the synchrophasing control inside the cabin. Section 4 describes the wavelet filtering and the three-parameter sinusoidal fitting method for data selection. Finally, Section 5 summarizes the paper.




2. Propeller Signature Principle


According to the propeller signature theory [17], the propeller noise at a certain position inside the cabin is the vector sum of noise generated by each propeller. When the propeller speeds are synchronized and the phase angle difference remains fixed, the noise can be predicted by the combination of phase angles between the propellers.



A BPF noise distribution example of the four propeller engines is shown in Figure 1. Assuming at this moment, the propellers running at the same speed are working at the condition in Figure 1a, S1, S2, S3, and S4 are the modulus of the propeller signatures which represent the individual BPF noise contribution from each propeller while the resultant noise Am is the sum of the noise vector from all the contributions forming the ‘final’ BPF noise at the measurement point. For the sake of convenience, No. 1 propeller is defined as the master propeller and the rest as the slave propellers. As the propellers rotate, the angles of the propellers’ blades change. At the moment depicted in Figure 1b, the phase angle pair is {0°,α2,α3,α4} where not all of them are zero at the same time.



At any moment, the modulus of each propeller will be the same, i.e., S1, S2, S3, and S4 would remain unchanged, but the phase, which is represented as ψ, in the left part of Figure 1b would change as depicted. Note that the propeller signature phase ψ could be expressed as the result of the phase φ when the propeller angle α equals to zero plus the nonzero propeller angle α′ times the blade number B which is four in this case. It can be seen that the resultant noise Am in Figure 1b is smaller than that in Figure 1a, indicating noise reduction at the same observer location. Obviously, among all possible phase angle pairs {α1,α2,α3,α4}, there must be one pair resulting in the smallest Am, i.e., the lowest noise, due to the boundedness of the noise level. Similar results describing the same concept above can be found in Figure 3.3 of reference [31]. This phase angle pair is defined as optimal synchrophase angle at the observer location. Propeller synchrophasing control firstly acquires the noise data of different phase angle pairs and then identifies the propeller signature model using the noise data [5]. A previous study [31] gives the contributions at BPF excited by the propellers at a certain location k:


Ak=∑p=1PS^k,peiBap



(1)




where Ak is the BPF contribution in complex form, S^k,p is the modulus of the p-th propeller signature at the position k, P indicates the number of propellers, B represents the blade number of the propeller, and αp is the propeller phase angle. For the multiposition measurement case, the BPF contributions can be written in the following matrix form:


[A1A2⋯AK]=[S^1,1S^1,2⋯S^1,PS^2,1S^2,2⋯S^2,P⋯⋯⋯⋯S^K,1S^K,2⋯S^K,P]×[eiBα1eiBα2⋯eiBαP]



(2)




where the definition of parameters is the same as Equation (1). In a simple matrix notion, Equation (2) can also be written as


A=S×β



(3)




where A is a column vector representing the BPF contribution at different K locations, S is a K×P matrix indicating the propeller signatures, and β is a column vector representing the phase information of propeller signatures.



Mathematically, to solve S in Equation (3), at least the P independent phase angle pairs are required. Usually, more than P pairs are measured to improve the modeling accuracy. For Q pairs measurements (Q > P), the propeller signature S can be obtained by the least squares method:


S=AβH[ββH]-1



(4)




where βH is the complex conjugate transpose of β. This process can be applied to the harmonics of the BPF by replacing A of the BPF noise to the n-th order harmonic contributions and changing parameter eiBαp to  einBαp. Because the propellers are running at lower speed compared to that of turbofan, the low order harmonic components are in the dominating position in the spectrum analyses, which indicates that the high order harmonics can be neglected when the propeller signature model is identified. Huang et al. [6] takes only the first six orders of the harmonic for the identification and good agreement is achieved between the real noise level and the noise prediction. To determine the accuracy of the model, the first ten harmonics are selected in this paper. Once the propeller signatures are determined, the optimal synchrophase angle can be predicted by changing the synchrophasing angles. The above process can be done offline and when the propellers are working, synchrophasing control maintains the optimal synchrophasing angle to retain the lowest noise level.



The synchrophasing control method can be promoted to other setups where the number of the blades per propeller is different if the BPF frequency is relatively low (less than 250 Hz).




3. Experimental Platform with the Cylindrical Scaled Fuselage


The propeller synchrophasing control experiment can be conducted in real flight and on the ground. However, the huge cost and the inconvenience of real flight testing cannot be neglected. To the best of our knowledge, only a few flight tests have been carried out. Some researchers have conducted ground experiments to validate the performance of propeller synchrophasing control [6,7,18]. The experiments were established in a free acoustic field without the influence of the possible reflection in the presence of the fuselage. In order to validate the performance of propeller synchrophasing control inside the cabin and to deploy other active noise control algorithms in the future, this paper builds a ground test platform with a cylindrical scaled fuselage as shown in Figure 2.



Figure 2a is the overall structure of the ground test platform, where four servo-motors are adopted to drive four rotating propellers to simulate the noise of a four-propeller aircraft. The four propellers are two-blade propellers, numbered 1–4 from the right to the left. In the middle of the four propellers, a thin cylindrical shell is used to simulate the acoustic characteristics of the cabin, which is suggested for ground testing [32]. The cylinder is 1.5 m in length, 0.5 m in diameter, and 2 mm in thickness. It is made of aviation aluminum material. Figure 2b is an internal structure diagram of cylinder fuselage illustrated in the software. The bottom floor made of wood is used to simulate the cabin floor. There are four microphone mounting holes on the microphone mounting arm, numbered 1–4 from right to left as depicted in the figure. The mounting arm can slide and rotate on the slider to measure noise data at multiple locations as far as the microphones can reach. The noise of four different points can be measured simultaneously.



As mentioned in Section 2, for a case of four propellers, at least four independent propeller angle pairs are required to solve Equation (3). This paper selects eight angle pairs which are shown in Table 1 for the identification. Noise data over 10 s for each pair are measured by four microphones.



Note that 0.125 s or one second length measurement noise are often used to calculate the sound pressure level (SPL) in commercial noise measurement instruments. When the real-time requirement of SPL is high, the noise data of 0.125 s is used to calculate SPL; that is to say, SPL is evaluated every 0.125 s, which is similar to the physiological characteristics of human hearing [33]. When the accuracy requirement of SPL is high, one second noise data is usually used to calculate SPL. In order to improve the accuracy of the propeller signature model as much as possible, the middle part (4–5 s) of the raw 10 s measurement is chosen for the calculation in this section. Apart from that, if the sampling frequency is 44,100 Hz, the noise data of 1 s contains the first ten harmonics of the noise, where the frequency of the 10th harmonic is 500 Hz when a two-blade propeller is running at 1500 resolutions per minute (RPM). Thus, one second length noise data can provide sufficient harmonic information.



The phase angles of propellers No. 1, No. 3, and No. 4 are set to be zero throughout the experiment. The phase angle of propeller No. 2 is set to start from zero and increase by 5 degrees every 10 s until the phase angle becomes 180 degrees. The rotational speed of the No. 2 propeller is set to be fixed at 1500 RPM when the reference angle is met and during the settlement period of the new phase angle, only ± 1 RPM is added to 1500 RPM as the bias. The rotational speed of the other propellers is controlled at 1500 RPM throughout the experiment. The microphone installation arm is positioned to be horizontal and is moved to the rear region inside the fuselage in the experiment.



The results are shown in Figure 3. The black line in the figure represents the actual noise level at the observer location and the red line represents the noise predicted by the propeller signature model. The noise was firstly recorded by the microphones at different locations. Then, FFT transform was applied to the recorded data; thus, the BPF signal and its harmonics were obtained. Propeller signatures of different harmonic orders (first ten orders in this paper) were solved using Equation (4) by changing A and β with the corresponding harmonic amplitudes and phase information, respectively. Once the propeller signatures of first ten harmonic orders were acquired, the resultant noise level at the specific location was calculated by changing the phase angle (only α2 changed; α1, α3, and α4 remain unchanged) of β in Equation (2). A more detailed process can be found in the literature [6] and for the sake of paper length, it is not discussed here. Besides, how the number of the BPF harmonic orders affect the model accuracy is considered and different orders are adopted to identify the model. The results are shown in Appendix A.



It can be seen that despite the small error in the near region of the optimal phase angle, which is in the range of 90~100 degrees, good agreements between the prediction and the real noise level are achieved at the four measurement locations. A maximum of 10 dB noise attenuation and an average 5.5 dB noise reduction at the four microphone locations are made inside the cabin, which demonstrates the effectiveness of the propeller synchrophasing control in the presence of the fuselage. In the cabin, the distribution of propeller noise varies with the spatial location while the noise reduction at the middle part of the microphone mounting arm appears to be larger than that of the side part. A possible reason is that due to the existence of the fuselage, the sound–structure interaction is relatively strong near the inner surface of the fuselage, lowering the performance of the propeller synchrophasing control in that small region. This is beyond the scope of the authors’ research and will not be further discussed in this paper.



After acquisition of the propeller signature model, the optimal angle can be searched using a variety of algorithms, such as ant colony, genetic algorithm, and sequential quadratic programming. The ergodic method is used to obtain the optimal angle in this section. All the noise levels (SPL) corresponding to the different phase angle pairs are calculated by the propeller signature model and then among these noise levels, the phase angle pair resulting in the minimum SPL is regarded as the optimal phase angle. If the phase angle interval is one degree, the four two-blade propellers case will have 1804 (1,049,760,000) phase angle pairs and the smaller the interval is, the higher the precision and the more numerous the pairs are. The variation of the SPL at the No.2 microphone location is shown in Figure 4. The phase angle of No.1 propeller is set to be zero so there are 1803 (5,832,000) pairs. Note that the figure is accomplished using propeller signatures obtained in Figure 3. Contrary to the results in Figure 3, the prediction in Figure 4 is fulfilled by changing α2, α3, α4 of β in Equation (2) and setting P = 4.



From the data in Figure 4, the optimal phase angle is {0°,159°,60°,91°} and the corresponding SPL is 63.9 dB. The phase angle pair that maximizes noise is {0°,4°,176°,175°} and the corresponding SPL is 87.0 dB. The maximum noise reduction is 23.1 dB. The actual test shows that the noise of the maximum SPL is 85.3 dB and the noise of the minimum SPL is 65.8 dB. The noise difference is about 19.5 dB, which is lower than the prediction value. The reason is that the actual phase angle fluctuates slightly, causing the SPL to fluctuate. The reflection of the wooden framework of the experimental platform and the surrounding facility may also attenuate the performance of the synchrophasing control. However, both the maximum and the minimum SPL calculated by the propeller signature model are close to the experimental result, which also indicates the effectiveness of the propeller synchrophasing control in the presence of the fuselage.




4. Minimum Data Fluctuation Selection Algorithm


Due to the influence of inflow and propeller speed fluctuations which cause phase angle fluctuation between propellers, noise measurement may fluctuate greatly. In this situation, only a short period of stable data is able to identify the propeller signature model, resulting in the difference between the predicted optimal phase angle and the actual value, which makes the noise reduction effect very poor. As shown in Figure 3, at the four microphone locations, the predicted optimal phase angles are not the same as the actual ones and the max difference is about 10 degrees. Although the errors are not much, improvement could be made.



In order to avoid the negative effects of noise data fluctuation, a minimum data fluctuation selection method is introduced in this section. By measuring the fluctuation of propeller noise data, appropriate data segments are selected for model identification.



4.1. Noise Signal Extraction Based on Wavelet


Because the majority of the energy of propeller noise concentrates on the BPF signal, the fluctuation of the propeller noise can be described by the fluctuation of the low frequency signal dominated by BPF. Under the ideal condition where the propeller noise is without fluctuation, the low frequency signal is approximately sinusoidal. When the propeller noise fluctuates, the frequency and amplitude of the low frequency signal will fluctuate around the sinusoidal signal instantaneously. Meanwhile, the signal spectrum obtained by traditional Fourier transform is an average characteristic over a period of time. When the signal fluctuates, the amplitude and frequency bandwidth of multiple peak signals in the spectrum subsequently change. The instantaneous fluctuation of noise cannot be described intuitively and effectively because it involves many variables. The time domain signal obtained by the wavelet transform can directly describe the fluctuation of the signal, which is simple and effective.



Wavelet transform includes two parts: wavelet decomposition and wavelet reconstruction. The wavelet decomposition decomposes the signal sequence into multiple stages according to different scales, and then divides the signal into detailed signals and approximation signals [34,35], as shown in Figure 5.



Where a0 is the original signal, am (m=−1,−2,−3,⋯) indicates the approximation signal after the wavelet decomposition of the m scale, and dm (m=−1,−2,−3,⋯) represents the decomposed detail signal. This process can be expressed as


am(n)=∑n=1Nh(2n−k)am+1(k)dm(n)=∑n=1Ng(2n−k)am+1(k)



(5)




am(n) are retained from the even samples after am+1(n) being filtered by a low-pass digital filter H, and dm(n) are retained from the even samples after dm+1(n) being filtered by a high-pass digital filter G. ↓2 represents a two-fold frequency-down filter, h(n) and g(n) are the impulse responses of H and G, respectively.



The wavelet reconstruction is the inverse process of the decomposition. The principle is to restore the original signal by using the detailed signal and the final approximation signal. The reconstruction process is shown in Figure 5b where H˜ and G˜ are a set of filters closely related to H and G, and ↑2 is a two-fold frequency-up filter.



The noise pressure in a short period when a two-blade propeller is running at 1500 RPM is shown in Figure 6a. Note that the sound pressure signals have been transformed into voltage signals by the microphones.



According to the Mallat wavelet transform, the maximum passing frequency of the approximation signal in the next layer is half of the approximation signal in the upper layer. Low-frequency signals without high-order harmonics of BPF can be obtained by only eight-layer decomposition and reconstruction of the wavelet for the collected noise data when the propeller is running at 1500 RPM. In this paper, the noise data is decomposed into eight layers by the dB 30 wavelet cluster. The dB 30 wavelet base is equivalent to a specific set of low-pass filters H and high-pass filters G in Figure 5. The extracted noise signal after eight-layer decomposition and reconstruction is shown in Figure 6b.



Fourier transform is performed on the original signal and the wavelet reconstructed signal in Figure 6, respectively, to obtain the spectrum as shown in Figure 7.



It can be seen from Figure 7a that the spectrum consists of a series of discrete frequencies where the frequency of the largest peak is 50 Hz (propeller BPF signal), and the amplitude of the BPF signal is much larger than other signals, which indicates that the noise energy of the propeller is mostly concentrated on the low frequency signal containing the BPF signal. Thus, the fluctuation of the low frequency signal can directly reflect the fluctuation of the propeller noise. The spectrum of the wavelet reconstructed signal removes the high-order harmonic signal of BPF and a large number of other high-frequency interference signals. Only the BPF signal and a small amount of other low-frequency, low-amplitude signals remain. The spectrum amplitudes at BPF before and after the wavelet transform are very close, thus the reconstructed signal is approximately the BPF signal. However, the high-order harmonic signal and part of the low-frequency signal of the BPF in Figure 7a also have non-negligible amplitude, and high-order harmonic signal of the BPF are greatly affected by the disturbance. For example, if the rotational speed of the propeller fluctuates about 60 RPM (1 Hz), the 4th BPF harmonic frequency will fluctuate about 8 Hz, and the amplitude change has no regular pattern. In this paper, the wavelet transform is used to extract the stable signal from the propeller noise. The goal is that the extracted signal can reflect the fluctuation of the propeller noise data and avoid using the fluctuating data for the propeller signature model identification. The ratio of the energy of the BPF high-order harmonic over the entire signal is low. The fluctuation is also large and the regularity is weak. It is indicated that BPF higher-order harmonics are not suitable for describing propeller noise data fluctuations. When the extracted signal contains both the BPF signal and the BPF high-order harmonic signal, the fluctuation may be very complex, which lowers the accuracy of the identification.



The wavelet extraction algorithm proposed in this section obtains the low frequency signal containing the BPF signal directly from the propeller noise, which effectively eliminates the interference of the BPF high-order harmonic signal and high-frequency noise. Comparing the low frequency components between Figure 7a,b, two peaks occur at 25 Hz and 75 Hz. The peak at 75 Hz is somehow filtered out in Figure 7b with respect to Figure 7a. This shows that the wavelet filter also has a significant filtering effect on the low-frequency interference component of the propeller noise, thereby maximally retaining the BPF signal component.



Ideally, the low frequency signal used to describe noise fluctuations retains only the BPF signal, but in Figure 7b, there is a small amount of low frequency signal at 25 Hz which is the rotational frequency at 1500 RPM. The amplitude of the 25 Hz signal in Figure 7 is less than 1/20 of the BPF signal. This means that most of the data fluctuations are not caused by the 25 Hz signal. According to Blunt [20], several flight tests of synchrophasing control under different flight conditions (flight velocity and height) were conducted and the rotational frequency and its harmonic are found to have little impact on the noise level. Thus, the small peak at 25 Hz in Figure 7b is believed to have no influence on the accuracy of the model and is retained in the reconstructed signal.




4.2. Sinusoidal Noise Signal Selection


Because the low frequency signal of the propeller is similar to the ideal sinusoidal signal, the ideal sinusoidal signal can be used to measure the propeller noise fluctuations. The propeller sinusoidal signal can be extracted from the actual propeller low frequency signal according to the least squares method. The Root Mean Squares Error (RMSE) between the actual propeller low-frequency signal and the fitting of the propeller BPF signal can be used as the evaluation criteria of the propeller noise fluctuation magnitude. The BPF signal can be expressed as


BPF=Asin(ωt+β0)+D0



(6)




where A, ω, β0, and D0 are the amplitude, frequency, initial phase, and deviation error of the propeller BPF signal respectively. Four parameters need to be determined by the actual measurement data. The propeller speed generally fluctuates very little. In this paper, the rotational speed is set to be 1500 RPM and the fluctuation is only ±1 RPM (±0.03 Hz). The frequency error is only 0.67%, thus the error is negligible; in other words, the parameter ω is fixed once the rotational speed is fixed. If ω is known, the solution to the other parameters in Equation (6) is called the three-parameter method (TPM). If ω is unknown, the solution to all the parameters in Equation (6) is called the four-parameter method (FPM). Generally, the calculation of TPM is less than that of FPM [36]. The accuracy of the parameter ω would not be affected by using TPM due to the fact that the actual fluctuation of propeller rotation speed is small. Equation (6) can be expanded as


BPF=Asin(ωt)+Bcos(ωt)+D



(7)




where ω is already known as the frequency. TPM is adopted to choose the appropriate parameters A^, B^, and D^ to fit the sinusoidal signal by making the sum of the squares of the residuals minimum. The residuals E is defined as


E=∑i=1n[yi−A^sinωi−B^cosωi−D^]2



(8)




where A^, B^, and D^ are the least squares fit values of A, B, and D in Equation (7), respectively, n is the number of fitted data points, yi represents the original signal value. To solve A^, B^, and D^, the following matrix is constructed


M=[cos(ω)sin(ω)1cos(2ω)sin(2ω)1⋯⋯⋯cos(nω)sin(nω)1]x=[A^B^D^]y=[y1y2⋯yn]



(9)







Then, E is rewritten as


E=(y−Mx)T(y−Mx)



(10)







When the residuals is the smallest, the least squares solution x^ of the available x is


x^=(MTM)−1(MTy)



(11)




and the RMSE is


ERMS=E/n



(12)







The following takes the phase angle combination data as an example to introduce the selection process of the minimum fluctuation data segment. The noise data is collected under the phase angle pair {0°,50°,100°,150°}, and the noise data in the 0–1 s period is shown in Figure 8.



The reconstructed signal depicted in Figure 8b is filtered and restored by the wavelet transform mentioned in Section 4.1. According to the sinusoidal noise signal selection method introduced in this section, the RMSE of the segment data is 0.3915 dB. Note that the unit of the RMSE in this paper is dB according to the Equations (7)–(12). The RMSE of the data for each time period (starting at integral second) in 10 s is calculated as the same process of 0–1 s. The residuals are listed in Table 2. It can be seen that the data segment of 6–7 s has the smallest RMSE, which indicates that the noise fluctuation is the least during this period. Therefore, the data of this time period should replace the 4–5 s noise data used in Section 3 for higher identification accuracy.




4.3. Noise Model Identification and Accuracy Comparison


For other phase angle pairs, the noise data of the 10 s duration are collected. According to the process described in the previous section, the minimum fluctuation time periods are respectively calculated. Then, the propeller signature model is reidentified by noise data of the minimum fluctuation. The results are illustrated in Figure 9. The black line in the figure represents the actual noise level at the observer location and the red line represents the noise predicted by the identified propeller signature model.



As shown in Figure 3 and Figure 9, the optimal phase angles predicted by the two methods are both close to the true optimal phase angle, and the errors are within 10 degrees. Better agreement is achieved at the No.1 microphone location between the prediction and the real noise by using the minimum data fluctuation selection method. This conclusion is still true for the other locations. Table 3 illustrates the absolute errors of the optimal phase angles and corresponding SPL predicted by two methods versus the real values. Comparisons of the complete curves predicted by traditional and proposed algorithm are shown in Figure 10. The black line in the figure represents the actual noise level at the observer location, the red line represents the noise predicted by the traditional method, and the blue line is the prediction of the minimum data fluctuation selection method.



The curves of the proposed method are closer to those of the real noise data than those of the traditional method. This demonstrates that the propeller signature model obtained by the proposed algorithm has higher accuracy than the model obtained by directly selecting the data of the arbitrary time. Noise data of other time periods (such as the 6–7 s etc.) may be used for model identification, and the effect may be better than the case of 4–5 s. However, this is not universal, and certain data segments, e.g., 6–7 s, cannot guarantee good modeling accuracy at all times. However, using the minimum data fluctuation selection method ensures that the data used for model identification has the least fluctuation and the accuracy of the noise model is thus guaranteed. As mentioned in Section 2, synchrophasing control is applicable in other scenarios. According to the data selection process, neither the number of the propellers nor the number of the blades per propeller is needed; this method can also be promoted to the other setup where the number of the blades per propeller is different. However, an experiment needs to be established to validate this and will be a future task.





5. Conclusions


In this paper, a propeller synchrophasing control experimental platform with a cylindrical scaled fuselage is built to explore the noise reduction inside the cabin. Propeller synchrophasing control can significantly attenuate the sound pressure level at the noise measurement locations with maximum reduction up to 19.5 dB. Wavelet filtering is adopted to extract the BPF signal of propeller noise; afterwards, three-parameter sine fitting algorithm is applied to select the data segment with the least fluctuation. Using the data segment with the least fluctuation for the propeller signature model identification can avoid modeling error caused by the transient disturbance of the sound pressure. Compared with the traditional fixed data segment identification model, the model identified by the proposed method has higher precision. However, the proposed method is not always better in all measurement locations, as Figure 10c shows a negative result. The better performance of the proposed method shown in Figure 10a,b,d may depend upon the given case, thus more experiments of different working conditions should be conducted in the future. Besides, the reflection of the wooden structure of the platform may account for the difference between the prediction and the real SPL and this could be a topic for future research.
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The following abbreviations have been employed in this work:



	BPF
	Blade Passing Frequency



	SPL
	Sound Pressure Level



	RPM
	Revolutions per Minute



	TPM
	Three-Parameter Method



	FPM
	Four-Parameter Method



	RMSE
	Root Mean Square Error



	Am
	Resultant Noise Amplitude
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Table A1. Different orders of the BPF harmonics affecting the accuracy of the model at the location of the No.2 microphone.
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	Harmonic Order
	1
	2
	3
	4
	5



	Optimal phase angle
	20.3°
	18.3°
	15.4°
	11.6°
	8.4°



	Corresponding SPL
	4.1 dB
	3.9 dB
	5.0 dB
	3.9 dB
	4.1 dB



	Harmonic Order
	6
	7
	8
	9
	10



	Optimal phase angle
	6.2°
	4.1°
	4.0°
	3.7°
	3.7°



	Corresponding SPL
	3.8 dB
	3.8 dB
	3.6 dB
	3.4 dB
	3.4 dB








The data of the real noise is obtained by the traditional method at the location of the No.2 microphone. The optimal angle is 100.4° and the corresponding SPL is 77 dB. The data in the table above represent the absolute error between the prediction made by the different BPF harmonic orders and the real values. As the order increases, the optimal phase angle is closer to the real value, while the corresponding SPL is somehow smooth. When the harmonic order is higher than six, the error of the optimal phase angle is decreasing slower than the first six orders. This means that the first six orders are essential to identify the model and this is also demonstrated in the literature [6]. Note that the optimal phase angle predicted by the first ten harmonic orders is closer to the real one than that of the first six orders, which indicates that the higher the orders, the more accurate the result. Thus, both methods using the first ten orders of the BPF harmonic in this paper are reasonable and accurate.
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Figure 1. Propeller signature schematic diagram: (a) phase angle pair of {0°,0°,0°,0°}; (b) phase angle pair of {0°,α2,α3,α4}. 
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Figure 2. Propeller synchrophasing control experimental platform: (a) Overall structure of the platform; (b) Cabin interior structure. 
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Figure 3. Sound pressure level (SPL) over the angle range 0–180° at four microphone locations: (a) No.1 installation hole; (b) No.2 installation hole; (c) No.3 installation hole; (d) No.4 installation hole. 
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[image: Energies 12 02736 g003]







[image: Energies 12 02736 g004 550]





Figure 4. SPL changes with {0°,α2,α3,α4}. 
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Figure 5. Wavelet transform: (a) decomposition algorithm; (b) reconstruction algorithm. 
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Figure 6. Original and reconstructed signal of propeller noise: (a) Original signal; (b) reconstructed signal. 
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Figure 7. Signal spectrum: (a) Propeller noise signal spectrum; (b) Reconstructing signal spectrum. 
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Figure 8. 0–1 s original and reconstructed signal: (a) original signal; (b) reconstructed signal. 
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Figure 9. SPL over the angle range 0–180° at four microphone locations by the minimum data fluctuation selection method: (a) No.1 installation hole; (b) No.2 installation hole; (c) No.3 installation hole; (d) No.4 installation hole. 
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Figure 10. Comparisons of predictions versus the real noise data by the traditional and proposed algorithm: (a) No.1 installation hole; (b) No.2 installation hole; (c) No.3 installation hole; (d) No.4 installation hole. 
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Table 1. Angle pairs selected for the identification.
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	Angle pair No. Angle value
	1 {0°,50°,100°,150°}
	2 {0°,100°,150°,50°}



	Angle pair No. Angle value
	3 {0°,36°,63°,127°}
	4 {0°,81°,56°,144°}



	Angle pair No. Angle value
	5 {0°,121°,144°,97°}
	6 {0°,51°,76°,134°}



	Angle pair No. Angle value
	7 {0°,96°,54°,38°}
	8 {0°,143°,39°,27°}
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Table 2. RMSE of ten data segments.
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	Time/s
	0–1
	1–2
	2–3
	3–4
	4–5



	RMSE
	0.3915 dB
	0.4154 dB
	0.4394 dB
	0.4681 dB
	0.3953 dB



	Time/s
	5–6
	6–7
	7–8
	8–9
	9–10



	RMSE
	0.3869 dB
	0.3579 dB
	0.3836 dB
	0.3913 dB
	0.3904 dB
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Table 3. Optimal phase angles and corresponding SPL predicted by two methods.
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	Optimal phase angle
	Mic No.1
	Mic No.2
	Mic No.3
	Mic No.4



	Traditional algorithm
	0.0°
	3.7°
	8.2°
	6.0°



	Proposed algorithm
	0.0°
	3.7°
	7.4°
	10.4°



	SPL at optimal phase angle
	Mic No.1
	Mic No.2
	Mic No.3
	Mic No.4



	Traditional algorithm
	0.5 dB
	3.4 dB
	1.2 dB
	0.5 dB



	Proposed algorithm
	0.3 dB
	1.2 dB
	2.1 dB
	0.1 dB
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