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RESUME 

Cette recherche a pour objectif d'etudier la faisabilite et l'efficacite du controle actif du bruit 
et des vibrations d'une transmission principale d'un Bell 407 dans des conditions de labora-
toire. Ultimement, ce projet devrait conduire a une reduction du niveau de bruit a l'interieur 
de la cabine des passagers de cet helicoptere. Ce projet se fait en collaboration avec Bell He-
licopter Textron Canada Limited, le Consortium de Recherche et d'Innovation en Aerospatiale 
au Quebec (CRIAQ) et le Groupe d'Acoustique de l'Universite de Sherbrooke (GAUS). 

Tout d'abord, la caracterisation de la source de bruit et de vibration a ete etablie a partir 
de spectres vibroacoustiques de tests au sol et en vol avec un Bell 407. Les tons associes a la 
transmission principale dans la plage de 500 Hz a 3000 Hz ont ete identifes. 

En second lieu, une plate-forme experimentale a ete developpee. Essentiellement, cette 
plate-forme est une representation simplifiee de l'ensemble transmission-plafond-cabine de pas-
sagers d'un Bell 407. La plate-forme a ete validee avec des tests d'impact sur un Bell 407. 

Troisiemement, un modele elements finis de la plate-forme experimentale a ete developpee 
sous MSC.NASTRAN. Ce modele a aussi ete valide experimentalement. 

Le modele elements finis de la plate-forme experimentale a servi a realiser plusieurs simu-
lations de controle actif optimal. L'objectif de ces simulations etait de trouver une configuration 
d'actionneurs de controle et de capteurs d'erreur efficace pour attenuer la vitesse quadratique 
moyenne de la plaque. 

Finalement, la plate-forme experimentale a servi a faire une demonstration en laboratoire 
du controle actif. La meilleure configuration obtenue durant les simulations a ete examinee. 
Des resultats de controle actif prometteurs ont ete obtenus avec deux algorithmes differents, 
le <§Cfiltered-reference least mean square » (FXLMS) et le ^principal component least mean 
square> (PCLMS). 
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ABSTRACT 

The main objective of this research project is to study the feasibility and effectiveness of active 
structural acoustic control of the main transmission of a Bell 407 under laboratory conditions. 
Ultimately this project should lead to a reduction of the level of noise inside the passenger 
area of this helicopter. This project is a collaborative program between Bell Helicopter Textron 
Canada Limited, the Consortium for Research and Innovation in Aerospace in Quebec (CRIAQ) 
and the Groupe d'Acoustique de l'Universite de Sherbrooke (GAUS). 

The first step was the characterization of the source of noise and vibration with vibroacoustic 
spectra from ground and flight tests on a Bell 407. The tones associated to the transmission in 
the 500 Hz to 3000 Hz range were identified. 

Secondly, a laboratory setup was developed. Essentially, this laboratory setup is a simplified 
representation of the main transmission-roof-cabin system of the Bell 407. The laboratory setup 
was validated with various impact tests on a Bell 407. 

Then, a finite element model of the laboratory setup was developed under MSC.NASTRAN. 
This model was also experimentally validated. 

The finite element model of the laboratory setup was used to realize many optimal active 
control simulations. The objective of these simulations was to find a configuration of control 
actuators and error sensors effective to attenuate the mean square velocity of the receiving panel 
of the laboratory setup. 

Finally, the laboratory setup was used for the laboratory demonstration of active control. The 
most effective configuration obtained from the simulations was experimentally implemented. 
Promising active control results were obtained with 2 different algorithms, the filtered-reference 
least mean square (FXLMS) and the principal component least mean square (PCLMS). 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The reduction of vibrations and their radiated noise is a major research field in the aerospace 
industry. Indeed, the acoustic comfort inside the cabin of any aircraft is becoming a very impor-
tant research field. During the last few years, considerable efforts were made to reduce the level 
of noise and vibration inside helicopters. However they are still 20 to 30 dB above those of any 
fixed wing aircraft, O'CORNELL et al, [1]. 

As a matter of fact the fuselage, main transmission and main rotor combination of helicopters 
is a complex dynamic system in which major noise and vibration sources take place. The ben-
efits of a reduction of noise and vibration are important for the comfort of the crew and the 
passengers, but also for the life cycle and reliability of helicopters. For example during military 
missions when the crew remains in the aircraft for long periods of time, or during the emergency 
displacement of important wounded persons who need extreme care, noise and vibration must 
be reduced as much as possible, TORRES and TOURNIER, [2] and DE TEMMERMAN, [3]. 

There are 4 major sources of noise in helicopters: the main and tail rotors, the power plant 
and the main transmission, BELLAVITA et al, [4]. The main and tail rotors induce vibration 
and noise at their blade passage frequency and their harmonics. Usually these harmonics remain 
in the low frequency range, below 200 Hz. In this frequency range, the human ear naturally 
attenuates the noise but the problem of vibration remains. 

The power plant, which includes the engine and the engine transmission, operated at high 
frequency. From the data available from Bell, the main vibration source of the engine are in 
the frequency range between 4 kHz and 20 kHz. In this range the passive methods are highly 
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effective. Indeed, a small amount of passive treatment provides important acoustic attenuation. 

Finally, the main transmission usually induces important frequency in a frequency range 
between 500 Hz and 3000 Hz, GEMBLER et al, [5]. In this range there is no natural attenuation 
and, moreover, a large amount of passive treatment is required to obtain significant attenuation 
of tonal noise. The weight penalty of passive methods in this frequency range makes them less 
interesting. Moreover the tones of the transmission have a dominant contribution on a total 
dB(A) Sound Pressure Level inside the cabin, BELANGER et al, [6]. 

In this project, active structural acoustic control of the Bell 407 main transmission will be 
investigated. The introduction is divided into 2 parts: an overview of the Bell 407 will first be 
presented and the aims and organization of the research project will be covered in the second 
part. 

1.2 Overview of the Bell 407 

A quick overview of the Bell 407 is mandatory to understand the related noise and vibration 
issue. In this part, the various components of the Bell 407 will be described. All the information 
provided in this part are in the Bell 407 Product Data available on the Bell Helicopter website 
(www.bellhelicopter.com). 

The Bell 407 is manufactured by the Bell plant in Mirabel, approximately 30 km north of 
Montreal. This helicopter was certified in February 1996 by the Federal Aviation Administration 
(FAA). 

The Bell 407, presented on figure 1.1, is a lightweight helicopter with a 5 passenger cabin. 
Moreover the cockpit includes seats for the pilot and copilot. During flight, the maximum weight 
of the Bell 407 is 2720 kg (6000 lbs). It has a 4-blade main rotor and a 2-blade tail rotor. The 
necessary power of the helicopter is provided by the Rolls Royce engine and his reductor. 

Figure 1.2 presents a schematics of the location of the various components on the helicopter. 

At the output of the engine the angular velocity of the engine drive shaft is too high to enter 
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Figure 1.1 Bell 407 main components 

directly the main transmission. Thus, at full regime, the engine reductor reduces the angular 
velocity of the main drive shaft to 6317 RPM. 

The tail rotor transmission is the link between the tail rotor and the main drive shaft, whereas 
the main transmission is the link between the main rotor and the main drive shaft. These 2 
transmissions have a similar role: reduce the angular velocity of the main drive shaft for their 
respective rotors. As one can notice on figure 1.2, the main transmission is rigidly fixed to 
the helicopter airframe right above the passenger cabin. Figure 1.3 presents the Bell 407 main 
transmission. 

The 4 struts of the transmission are made of aluminium and are the structural links between 
the main transmission and the helicopter roof. The 4 elastomeric corner mounts aim at reducing 
the vibration transmission at the blade passage frequency (27.5 Hz) and its harmonics. 
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Figure 1.2 Schematics of the location of the various components of the Bell 407 

1.3 Aims and Organization 

The general aim of this research project is to evaluate the feasibility and effectiveness, under 
controlled conditions, of active structural acoustic control of a Bell 407 transmission in the 
500-3000 Hz range. 

This research project is part of the first round of CRIAQ projects. The project is, actually, 
divided into 2 distinct parts, one is the optimization of the acoustic isolation of the helicopter 
cabin with the Statistical Energy Analysis and the other is the active structural acoustic control 
of the helicopter transmission noise. Both parts of the project aim at reducing the level of noise 
and vibration inside helicopter cabins. However, this thesis is only concerned by the latter part. 

The active control part of this project officially began in January 2004 and is due to finish 
December 2006. It is, thus, a 3 year collaborative project. My Master's degree officially started 
in September 2004. During the first 8 months of the project a former post-doc Dr Yves St-
Amant and a former Master's degree candidate Julien Monet-Descombey have been involved in 
the work. The project is divided into 8 tasks. 

The first task is a review of the state-of-the-art. The objective of this task is to collect 
and classify the relevant papers, conference proceedings and patents related to helicopter noise 
reduction. This task was well started by the former Master's degree candidate and I continued 
it. The state-of-the-art review is summarized in chapter 2. 

The second task is the characterization of the source of vibration and noise. In order to 
complete this task 2 test campaigns were organized during the first 4 months of the project. 
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Main rotor mast 

Figure 1.3 The Bell 407 main transmission loaned by Bell Helicopter 

During the first campaign, an important number of impact tests were realized whereas the second 
campaign collected data during flight and ground tests. All the data are presented in the first 
quarterly report of the project, BERRY et al, [7]. Although I was not involved in these test 
campaigns, I contributed to the data analysis. My analysis focuses on extracting the tones of the 
main transmission and the results are presented in chapter 3. 

The third task is the development of a laboratory setup. The setup is designed around the Bell 
407 transmission loaned by Bell and an acoustic cavity available at GAUS. The development 
and design of the setup, made by the former post-doc and I, is presented in details in chapter 4. 

The fourth and fifth task are the development of a numerical model to evaluate various active 
control strategies and its validation. The former Master's degree candidate developed, under 
this task, a simple in-plane model of the main transmission assembly, MONET-DESCOMBEY, 
[8]. He didn't validate experimentally his model, though. However, I concentrated on the 
development of the a finite element (FE) model of the laboratory setup under MSC.NASTRAN. 
Chapter 5 presents the development of this FE model. The various hypotheses and assumptions 
as well as its experimental validation are explained in this chapter. 

The task 6 and 7 are respectively the development of the active control strategy and the 
selection of control actuators. The former Master's degree candidate has started these tasks 
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using its simple model. However, the development of the active control strategy on the actual 
geometry was made in collaboration with a research associate currently involved in the project, 
Dr Yann Pasco. The chapter 6 covers the selection of the control actuators and the development 
of the control strategy based on FE simulations. 

Finally, the eighth task is a laboratory demonstration of active control on the setup. This 
task is still continuing and it is made in collaboration with research associate Yann Pasco and 
an internship student, Olivier Robin. They developed together the necessary algorithms for the 
laboratory demonstration. The chapter 7 presents some preliminary active control results for 
single frequency excitations. There is still some work to do in this task in order to complete the 
CRIAQ project, though it will not be covered in this thesis. 
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CHAPTER 2 

STATE-OF-THE-ART REVIEW 

This chapter presents a brief review of the achievements made by the aerospace industries and 
research laboratories on helicopter cabin noise and vibration. The chapter will mainly focus on 
helicopter applications with some examples from fixed-wing aircraft. 

There are currently various ways to reduce aircraft cabin noise, see for example GEMBLER 
et al, [5], PEARSON et al, [9] or LAUDIEN and NIELS, [10] and [11]. Some of them are 
already installed on production aircraft and some others are still under development. Three 
general tendencies are observable: passive noise and vibration treatment, redesign of the source 
of noise and active noise and vibration control. Passive treatment and active control target the 
transmission of the noise and vibration whereas some researches will focus on modifying the 
noisiest components of a system. 

This literature review summarizes some results of passive treatment and source redesign. 
However, it mainly emphasizes the different types of active control: active noise control (ANC), 
active vibration control (AVC) and active structural acoustic control (ASAC). The literature 
review is partly based on the bibliographical research made by a former Master's degree student, 
MONET-DESCOMBEY, [8]. 

2.1 Passive Treatment 

Passive noise and vibration treatment covers various techniques such as acoustic absorbing ma-
terials, damping materials and any passive devices such as dynamic absorbers and Helmholtz 
resonators. The passive treatment methods are not adaptive. Their effectiveness depends on 
their designed frequency band. 
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Passive broadband isolation usually uses sound absorbing materials, damping materials 
or masses strategically located. These techniques generally provide good attenuation at high 
frequencies. However, at low frequencies the amount of weight needed is not desirable for 
aerospace applications. 

Passive narrowband devices include dynamic absorbers and Helmholtz resonators. These 
devices are usually tuned for a narrow frequency band. Moreover, dynamic absorbers can be-
come heavy if they are tuned for low frequency proofing and they are, thus, less interesting for 
low frequency aerospace applications. 

2.1.1 Passive Broadband Isolation 

The passive broadband isolation can be carried out with various techniques, for example by 
adding damping to a structure in order to reduce its vibration, by adding strategically located 
masses to reduce noise transmission or by adding acoustic absorbing material. These are basic 
methods particularly effective to reduce high frequency noise and vibration. 

In order to retail a top of the range version of the Sea King, Westland Helicopters was unable 
to decrease the low frequency cabin noise (in the octave band centered at 31.5 Hz). However 
they succeeded to reduce it from 15 to 20 dB in the octave band centered between 31.5 Hz and 
8000 Hz, POLLARD and LEVERTON, [12]. These attenuations were made possible with an 
added weight of approximately 500 lbs. 

More recently, Sikorsky has patented a new acoustic material which combines foam and 
layers of vinyl, YEORKIE JR and WADEY, [13]. This material was installed in the cabin 
of a S-76 and enabled a weight gain of 50 lbs and a global noise reduction of 2.2 dB(A) by 
comparison with the previous original acoustic material. 

In the vast majority of the cases, the passive broadband isolation comes with an added 
weight, particularly if the helicopter manufacturer wishes to concentrate on low frequencies. 
The passive broadband isolation is, though, very effective at high frequency and a minimum 
passive treatment is required in all helicopters. However passive broadband isolation can't con-
siderably attenuate specific tones of the cabin noise. On the other side the passive narrowband 
devices are designed to decrease narrowband noise or vibration. 
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2.1.2 Passive Narrowband Devices 

As opposed to passive broadband isolation, passive narrowband devices are effective at targeted 
frequencies. The most common is the dynamic absorber. The purpose of these absorbers are 
to reduce the vibration at particular frequency. They are usually simple mass-spring-damper 
systems and their objective is to transfer and dissipate vibrational energy. They are generally 
heavyweight and bulky, though. Moreover they are only effective around the frequency they 
were tuned for. Hence these devices are limited to tonal control and they are ineffective when 
the frequency of the disturbance varies. 

In the case of a helicopter, where the engine is always nearly at full regime, the variation 
of the disturbance frequency is not really a worry. These systems are thus installed in various 
helicopters to attenuate the vibration of either the main rotor or the main transmission, GAFFEY 
and BALKE, [14] and LEDBETTER, STAMPS et al, [15]. In order to efficiently control par-
ticular tones, the dynamic absorbers were also installed in the cavity between the fuselage and 
the trim panels, WADEY and YEORKIE JR, [16] or between the main transmission and the 
fuselage, CERTAIN [17] and [18] and ZOPPITELLI and GIRARD, [19]. 

Another ingenious way to reduce some particular frequencies is to employ the Helmholtz 
resonator. The Helmholtz resonator consists of a known volume with a small hole in one side. 
The diameter of the hole and the volume of the cell will defined the frequency to be controlled. 
The system is similar to a spring-mass system, with the enclosed volume of air acting as the 
spring, and the plug of air acting as the mass. This type of resonator is easy to implement 
with honeycomb panel. Indeed the hexagonal cells of the honeycomb material can readily be 
converted to this type of resonator by piercing through one of the skins of the material. 

Some researches showed that a transformation of approximately 25% of the cells results in a 
coefficient of absorption of 0.98 at the tuned frequency. However, according to LAUDIEN and 
NIELS, [10], if the percentage of transformed cells is higher, the panel becomes overdamped 
and the coefficient of absorption drops. The Helmholtz resonator has the benefit of not adding 
any weight to the structure, only the holes in the skin need to be accurate. LAUDIEN and 
NIELS, [10] also showed that it is possible to place Helmholtz resonators in the head-rests of 
helicopter seats to obtain a local attenuation of the Sound Pressure Level (SPL) of 5 to 7 dB at 
the targeted frequency. 

As this project concentrates on the medium frequency range (500-3000 Hz), additional pas-
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sive treatments are not envisaged because of the amount of weight needed for adequate reduction 
in this range. 

2.2 Source Redesign 

This second technique aims at correcting the problem of gear noise at the source. During the 
1990's, the Americans helicopter manufacturers (Bell Helicopter, Sikorsky, Boeing and McDon-
nell Douglas) were involved in the Advanced Rotorcraft Transmission (ART) program. Each 
manufacturer had to choose one of their helicopters and design a new main transmission with 
improved characteristics. For example, one of the improvements was to target a 10 dB quieter 
main transmission. The reports of the ART program are available at the following references: 
LENSKI and VALCO, [20], KISH, [21], KRANTZ, [22], HENRY, [23] and LENSKI, [24]. 
To design a quieter transmission they worked on gear tooth profile and on the modification of 
various components of the main transmission such as the oil pump. 

2.2.1 Low-Noise Gears 

The main transmission of an helicopter consists of a train of gears: in most cases a bevel gear and 
a planetary gear train. The gear power transmission is produced by load fluctuations between the 
gears and this is an inherent source of noise and vibration, BARTHOD et al, [25] and RIGAUD 
et al, [26]. The intensity of the noise comes from many sources such as the shaft misalignment 
(transmission error) or important load fluctuations, SMITH, [27] and [28] and LI et al, [29]. 

Many researches were conducted to develop low-noise gears. NASA and Bell Helicopter, 
LEWICKI et al, [30] and [31], developed a tooth geometry that reduce the transmission error 
together with high-strength gears. They were able to reduce the noise radiated by an helicopter 
main transmission case between 9 to 12 dB, during a realistic regime test. 

Sikorsky considered the application of a layer of damping material on the gears of the trans-
mission, KISH, [21] and they patented a flexible bearing to limit the transmission of vibration, 
SAMMATARO et al, [32], and GMIRYA et al, [33]. 
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2.2.2 Resign of Components 

The redesign of several elements of the main transmission has also been investigated. In the au-
tomotive industry, Renault and PSA collaborated to redesign a car engine oil pump. The details 
of their new pump were kept confidential. However the new design exhibited an improvement 
in the sound radiated by the pump of 10 dB, THALA et al, [34]. A similar research could be 
useful to the helicopter industry. The oil pump of the main transmission is, indeed, recognized 
as a major source of noise, O'CONNELL et al, [1]. 

Some researches have also been conducted directly on the main transmission case of an 
helicopter in order to reduce its sound radiation. An investigation of the University of Tohoku 
(Japan) and Mitsubishi aims at finding the optimal rigidity of the panels of the transmission 
case. They managed to reduce the sound radiation of the transmission housing by 3 dB in the 
500-1500 range, INOUE et al, [35] and INOUE et al, [36]. 

Although source redesign appears to be promising, it is not a solution in this project. Bell 
Helicopter has, indeed, asked to keep the original design untouched. 

2.3 Active Control 

The main idea of the active control is to add a secondary signal of noise or vibration to a primary 
disturbance in order to cancel its noise or vibration. There are various types of active control: 
Active Noise Control (ANC), Active Vibration Control (AVC) or Active Structural Acoustic 
Control (ASAC). The concept of active control was first patented in 1936, however, because of 
the signal processing capability available at that time the applications were confined to simple 
cases. Nowadays fast and affordable digital signal processing is available and, moreover, the 
control actuators are constantly getting smaller, more lightweight and more effective. Thus the 
active control researches are now important in many industries. This section discusses of ANC, 
AVC and ASAC approaches in the context of aircraft cabin noise reduction. 

11 



2.3.1 Active Noise Control 

The principle of this technique is to reduce the sound pressure level inside the cabin with control 
loudspeakers. 

In 1990, the Institute of Sound and Vibration Research (ISVR), of the University of Southamp-
ton in the United Kingdom, conducted a research on ANC with a set of loudspeakers distributed 
inside the cabin of a British Aerospace turboprop BAe 748, ELLIOTT et al, [37]. The objective 
of this research was to reduce the propeller-induced cabin noise of the two turboprop engines. 
With 16 loudspeakers and 32 microphones (error sensors), they succeeded to decrease the SPL 
of 13 dB, 9dB and 6 dB at the fundamental tone and the first two harmonics (88 Hz, 176 Hz and 
264 Hz). A global reduction of 7 dB was measured in the cabin at the passenger heads. 

From this experience on ANC and in the context of the European Reduction of Helicopter 
Interior NOise (RHINO) program, the ISVR published, in 1996, the results of ANC experiments 
for the reduction of the blade passing frequency noise of the main and tail rotors of an EH101 
helicopter manufacted by Agusta and Westland Helicopters, BOUCHER et al, [38]. During a 
flight test, the control system, including again 16 loudspeakers and 32 microphones, was able to 
reduce the fundamental tone of the main rotor and its first two harmonics and the fundamental 
tone of the tail rotor by 3 dB to 12 dB. 

By placing four loudspeakers above the passenger seats and eleven microphones acting as 
error or reference sensors in a feedforward algorithm, Lord Corporation, JOLLY et al, [39], 
succeeded to reduce the SPL, at the passenger head, by 3 dB to 13 dB in the 40 Hz to 200 Hz 
range. 

ANC using control loudspeakers and error microphones, was proven to be effective for low 
frequency noise and, as exposed previously, passive treatments are ineffective in this range of 
frequency. Nevertheless, for a typical helicopter cabin size, ANC is limited to approximately 
300 Hz, GEMBLER et al, [5]. This is due to the large number of acoustic modes to be controlled 
inside a typical helicopter cabin above this frequency. 
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2.3.2 Active Vibration Control 

Even if the objectives of AVC is mainly vibratory comfort at low frequency, some results are 
presented here to introduce the concepts of vibration control. 

Over the last decades, AVC also underwent many researches from the aerospace industry. 
Sikorsky examined AVC on three of their helicopters. The UH-60 was the first to be tested, 
WELSH et al, [40] and the aim was to reduce the main rotor blade passing frequency vibration 
fundamental tone at 17 Hz. A total of ten accelerometers were placed all over the cabin, and 
they are used as sensors in a feedback controller. The control force is produced by two servo 
inertial force generators (SIFG), a patented device, MARSHALL II, [41] mounted directly on 
the structure as closed as possible to the main transmission. Figure 2.1 presents this device. 

Figure 2.1 SIFG force generator for the UH-60, MARSHALL II, [41] 

As one can acknowledge on figure 2.1, one of the springs is linked with a servo controlled 
hydraulic actuator. This device can be used either in a passive or an active way. By using two of 
these actuators and a feedback controller the level of vibration at the pilot seat was reduced from 
0.8 g to 0.4 g with the passive device and to 0.15 g with the active device. These results were 
obtained during a flight test. The system is only tuned to control the fundamental frequency of 
the blade passing frequency. 

More recently, another actuator, derived from the one presented on figure 2.1, was used on 
a S-92 in parallel with a passive absorber mounted on the main rotor which targets the blade 
passing frequency, GOODMAN et al, [42]. The actuators were again mounted on the structure 
as closed as possible to the main transmission. The error sensors were again accelerometers 

13 



placed all over the cabin. The accelerations recorded with the system off were between 0.06 
g and 0.35 g and between 0.02 g and 0.12 g with the system on. This anti-vibration system is 
patented, WELSH and YEORKIE, [43] and [44]. 

Westland Helicopter designed an active vibration isolator (see figure 2.2) for their Westland 
30. This isolator is installed at the junction between the main transmission and the helicopter 
airframe and is used to control the fundamental tone of the blade passing frequency, 17 Hz. 
Its particular geometry makes it fail proof. The error sensors are 24 accelerometers placed all 
over the aircraft. Ground and flight tests showed that this system can reduce the vibration at all 
accelerometers between 0.1 g and 0.2 g, KING and STAPLE, [45] and STAPLE, [46]. 

Figure 2.2 Westland 30 active vibration isolator, KING and STAPLE, [45], and STAPLE, [46] 

At the end of the 1980's, Sikorsky thought of using hydraulic actuators to actively isolate the 
helicopter cabin from the main transmission. As they used hydraulic actuators they focused on 
controlling low frequency vibration. Their goal was, indeed, to control the fundamental of the 
main rotor (5 Hz), its third, fourth and eighth harmonics, WELSH et al, [47]. The error sensors 
were 16 accelerometers located all over the aircraft. When the system is on, the accelerations 
measured at the pilot and copilot were below 0.1 g They supposed the comfort zone of the pilot 
to be below 0.15 g. 

More recently, Sikorsky together with one of their subcontractors patented a new type of 
hydraulic actuator. Unfortunately they have not published any result yet, TERPAY et al [48] 
and [49] and WELSH, [50]. 

Westland Helicopters also investigated hydraulic actuators, STAPLE et al, [51]. Figure 2.3 
presents a schematic of their solution. They decided to replace the standard transmission sup-
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ports with hydraulic actuator ones. They managed to reduce the vibration inside the cabin by 
90% and by 75% all over the aircraft the main rotor blade passing frequency. 

Figure 2.3 Schematic of the hydraulic strut developed by Westland Helicopters, STAPLE et 
al, [51] 

Many researches were conducted afterward to optimize the hydraulic actuators, to increase 
their bandwidth, to reduce their weight, to make them fail proof and to address the problems of 
certification, HACKETT, [52]. 

Up to now, all the results presented in this section are systems or devices designed to control 
the vibration produced by the main rotor blades. However, this project concentrates on the 
control of gear noise and vibration. Starting from the fact that the transmission error in gear 
mesh is inherent due to temperature variations, load fluctuations and material elasticity, GUAN 
et al, [53] and LI et al, [29] investigated active vibration control of gear supporting shafts. The 
goal is to reduce the vibrations caused by gears before they reach the gearbox housing. On a 
simple laboratory setup, with only one gear mesh, they succeeded to reduce the vibration of the 
gearbox housing by 20 dB at the gear mesh frequency and its first two harmonics. However, no 
information is provided on the impact on noise radiation of the gearbox housing 

AVC systems are effective to reduce low frequency vibration. However, this project is more 
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concerned with the acoustic aspect of control. 

2.3.3 Active Structural Acoustic Control 

ASAC can be defined as controlling the vibration of any component in order to reduce either its 
noise radiation or the vibration it transmits to any other component. The advantage of ASAC 
over AVC is that the acoustic performance of the control is taken into account. Moreover the 
advantage of ASAC over ANC is that the modal density of the system to be controlled can be 
less important than in the acoustic case. Indeed, in the case of a helicopter, the modal density of a 
structural component is usually less than the modal density of the cabin. Helicopter transmission 
ASAC can be implemented, for example, on cabin panels or directly on main transmission 
supports. 

Active Structural Acoustic Control on Fuselage Panels 

Sikorsky has investigated ASAC on fuselage panels for their S-76, YEORKIE JR et al, [54] 
and MILLOT et al, [55]. For this research they used a force actuator similar, but different, to the 
one presented on figure 2.1. The actuators were located directly on the fuselage and close to the 
transmission fuselage links. They used 36 microphones (error sensors) placed all over the cabin. 
The control was executed with a feedback algorithm and it targeted a gear mesh frequency at 
800 Hz. During a ground test they achieved a 20 dB reduction of the tonal noise level at 800 
Hz whereas during a hover in ground effect (HIGE) test and during a standard flight test they 
respectively obtained 18 dB and 8 dB of attenuation. 

Boeing has also investigated ASAC by placing 48 piezoelectric actuators in the roof of a 
MD900, O'CONNELL et al, [1]. The error sensors were 8 microphones intalled all over the 
cabin. With a broadband controller, a reduction of the SPL, below 1000 Hz, of 4 dB was 
obtained during a flight test. Above 1000 Hz the attenuation was local. This system is still 
under development: the active control algorithm was not fast enough to adapt itself to flight 
condition changes. 

At ONERA (Office Nationale d'Etude et de Recherche Aerospatiale), ASAC was applied 
to a composite panel, representative of a helicopter roof, coupled with an acoustic cavity. The 
excitation was provided by a shaker and the injected forces were similar to the ones produced by 
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a main transmission. The active control system includes 4 piezoelectric actuators, 4 accelerom-
eters and few microphones in the acoustic cavity, SIMON and PAUZIN, [56]. The acoustic 
pressure field radiated by the panel was globally reduced by 6 dB in the 500-3000 Hz band. 
They also studied a similar type of controller but this time on an honeycomb panel with 8 piezo-
electric actuators and 8 piezoelectric sensors, COSTES and LEGRAIN-NAUDIN, [57]. For 
frequencies below 1000 Hz, they reduced the vibration of the panel by between 25% and 45%. 
Unfortunately there was no information on the reduction of the noise radiated by the panels. 

Eurocopter also studied ASAC on a helicopter panel with three piezoelectric actuators, 
NIELS et al, [58]. They obtained 18 dB of reduction of the noise radiated by the panel in 
the frequency range between 100 Hz and 200 Hz. 

Various investigations of ASAC on helicopter panels were considered. Except for few simple 
applications, these investigations usually remain effective when the frequency is below 1000 Hz. 
This is better than the ANC solution but still not adequate to control the tones of the transmission 
above 1000 Hz. Like for ANC, the limitation of ASAC on helicopter panels comes from the 
modal density of the panels at high frequency. The idea pursued in this document will be to 
implement the control on a structural component that has a low modal density even at high 
frequency. 

Active Structural Acoustic Control on Transmission Supports 

As presented in the section on AVC, the idea now is to reduce the vibrations of the transmis-
sion before they reach the helicopter panels. Many helicopter main transmissions are mounted 
on struts that link the main transmission to the roof. These struts are stiff and, consequently, 
they have a low modal density at high frequency. They will generally transmit extensional, 
flexural and torsional waves. Up to now, ASAC on the transmission supports was investigated 
with two different types of actuators: magnetostrictive and piezoelectric. Figure 2.4 presents 
the hydraulic actuator developed for AVC by Westland Helicopters, the magnetostrictive active 
strut developed by the ISVR and the piezoelectric active strut developed by Eurocopter. 

The hydraulic active struts presented in the AVC can hardly be used for acoustic control 
because of their limited bandwidth. An active magnetostrictive strut (b) generates vibration with 
the movement of an inertial mass. On the other side, an active piezoelectric strut (c) generates 
vibration with the strain of the piezoelectric material bonded on the strut. Piezoelectric actuators 
are particularly effective at high frequency. 
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Figure 2.4 Comparison of the three different types of active strut, (a) hydraulic active strut, 
STAPLE et al, [51], (b) magnetostrictive active strut, SUTTON et al, [59] and (c) piezoelectric 
active strut, STREHLOW et al, [60]. 

The ISVR at the University of Southampton, in the United Kingdom, was one of the first 
groups to study active transmission struts in order to control the noise of the transmission, SUT-
TON et al, [59]. Their active magnetostrictive strut is presented on figure 2.5. 
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Figure 2.5 Active magnetostrictive strut developed by the ISVR. (a) schematic of the laboratory 
installation, (b) photo of the laboratory installation and (c) details of the group of actuators, 
SUTTON et al, [59] 

The actuators (b) and (c) were designed to be retrofitted on actual transmission struts without 
many modifications. For their laboratory demonstration, they used a primary shaker (a) mounted 
at one end of the strut and they measured the kinetic energy at the other end of the strut. The 
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position of the group of actuators was optimized such that the force required to control the 
standing flexural wave field at the frequency of interest is minimal. On a simple laboratory 
setup, they succeeded to reduce the kinetic energy of the receiving block by 30 dB to 40 dB for 
the frequency range between 250 Hz and 1250 Hz. They were able to control the extensional 
and flexural waves in the strut. However they suggested to add a fourth actuator to control the 
torsional wave. 

More recently, Eurocopter developed an active piezoelectric transmission strut for the BK117 
and the EC 135 aircrafts, GEMBLER et al, [5] and [61]. The various patented struts are presented 
on figure 2.6, STREHLOW et al, [60]. 
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Figure 2.6 Active piezoelectric strut developed by Eurocopter (a) strut designed to control 
extensional and flexural waves, (b) various possibilities of section, (c) strut designed to con-
trol torsional wave and (d) strut designed to control extensional, flexural and torsional waves, 
STREHLOW et al, [60] 

A laboratory demonstration on an EC-135 showed that the SPL inside the cabin can be 
reduced by as much as 8 dB to 12 dB at any location for a frequency range from 700 to 2000 
Hz. During a ground test on a BK117 the SPL inside the cabin was reduced by 5 dB from 700 
to 2000 Hz. At the same time they succeeded to reduce a tone at 1900 Hz by 8 dB. This tone is 
related to a gear mesh of the transmission. 

The active piezoelectric strut is designed to support static loads from -10 kN to 30 kN. 

19 



In order to bond the piezoelectric material, the strut is heated to 120°C and the piezoelectric 
material is compressed with a voltage of 1500 V. 

2.4 Chapter Summary 

This chapter exposed three different techniques to reduce the noise inside the cabin of heli-
copters. The passive treatment, broadband isolation and narrowband devices, are already used 
in helicopters and they show good efficiency at high frequency. However, at low frequency, 
these treatments are not adequate for aerospace applications because of the amount of weight 
added. 

The source redesign is also a potential technique. The idea here is to reduce the noise or 
vibration of the transmission at the source by modifying the noisiest components. Although this 
method showed interesting results, it can't be applied to the present case because the transmis-
sion can't be redesigned. 

Last, but not least, are the active control techniques. Active noise control, with loudspeakers, 
has proven its efficiency for very low frequency, below 300 Hz for helicopter applications. 
Active vibration control has also been developed to reduce the vibration of the main rotor for 
example. 

Finally active structural acoustic control can be divided in 2 different types: control of heli-
copter panels and control of the transmission supports. This technique aims at controlling either 
the vibration of a structural component in order to reduce its sound radiation or its vibration 
transmission. The first method is effective below approximately 1000 Hz whereas the second 
method gave good results for frequency as high as 2000 Hz. 

As this project concentrates on reducing the noise of the transmission in the 500 Hz to 3000 
Hz band and the modification of any component of the transmission is unacceptable, passive 
treatment and source redesign are readily eliminated. Moreover, active noise control is ineffec-
tive in our frequency band of interest. Therefore active structural acoustic control will be the 
only option considered. 
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CHAPTER 3 

MAIN TRANSMISSION VIBROACOUSTIC ANALYSIS 

This chapter details the vibroacoustic analysis of the Bell 407 transmission. The transmission 
coupled with a complete helicopter is a complex dynamic system. From an active control point 
of view, it is essential to characterize the primary disturbance, i.e. the gear noise and vibration. 
Indeed, the active control performances are dependant on the level of knowledge of the primary 
disturbance. In order to understand this system 2 test campaigns were organized during the first 
quarter of the project in 2004. Various configurations of impact tests were recorded during the 
first campaign on an experimental finished aircraft and a large amount of flight and ground test 
data were obtained during the second campaign on a green aircraft. For a detailed review of the 
tests, the reader is suggested to refer to the 1st quarterly report of the project, BERRY et al [7]. 

Like most helicopter transmissions, the Bell 407 transmission has 2 stages. The first one is 
a spiral bevel gear and the second one is a planetary gear train. Each stage of the transmission 
will be detailed. The order tracking analysis will then be presented. This type of analysis 
will be used to compensate for the variation of the RPM of the rotor in the analysis of the 
vibration and acoustic data. The gear meshing theory will be discussed and an investigation of 
the vibration spectrum of both stages of the transmission will be presented. A comparison of the 
Sound Pressure Level (SPL) in the passenger area for a green and a finished aircraft will also be 
presented. 

3.1 Description of the Transmission 

The Bell 407 main transmission has 2 stages (see figures 3.1 (a) and (b)). The input drive shaft 
is linked to the engine so that its angular velocity is 6317 RPM at 100% engine regime. The 2 
stages provide a reduction of 15.29:1 (6317 to 413 RPM). Table 3.1 presents a few character-
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Table 3.1 CHARACTERISTICS OF THE COMPONENTS OF THE TRANSMISSION 100% 
ENGINE REGIME. 

Gear 

Spiral Bevel gear 
Sun gear 1st stage 
Sun gear 2nd stage 

Accessory drive gear 
Planetary gears 
Planet carrier 

Ring gear 

Number of teeth 

19 
62 
32 
27 
41 
-

118 

RPM 

6317 
1936 
1936 
4445 
1511 
413 

-

RPM (Hz) 

105.28 
32.27 
32.27 
74.08 

25 
6.88 

-

istics of the components of the transmission. The planetary gear train has 5 planet gears, each 
planet gear has 41 teeth, and the ring gear is fixed. 

(a) (b) 

Figure 3.1 Bell 407 main transmission (a) photo and (b) schematic. 

3.2 Order Tracking Analysis 

During the second test campaign (BERRY et al, [7]) various structural and acoustic data were 
recorded over 20 seconds time periods and it appears that the RPM of the main rotor was never 
perfectly constant over such time windows (BERRY et al, [62]). The RPM variation was ap-
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proximately of 1%. Hence classical FFT of the vibroacoustic data may result in a smearing of 
the frequency components. 

In order to avoid this problem the order tracking analysis is the right tool, see Briiel & Kjaer 
Technical Review, [63]. To apply this type of analysis, the data must be re-sampled, using a 
tachometer signal and an interpolation scheme, to obtain constant angular intervals. After re-
sampling, the data are considered to be in the angle domain, because the number of points per 
revolution is fixed. Figure 3.2 presents a comparison of data with constant time intervals and 
with constant angular intervals. 

0 0.5 1 1,5 2 
Time (s) 

Figure 3.2 Comparison of data sampling schemes (uniform At vs uniform A6). • uniform At; 
• uniform A6. 

In our case the data were re-sampled with the signal of the tachometer mounted on the main 
rotor shaft. For order tracking, the time record is measured in revolutions [REV] rather that 
in seconds [s] and the corresponding FFT spectrum is measured in orders [ORD] rather than 
frequency [Hz]. Just like the resolution A / [Hz], of the frequency spectrum equals 1/T, where 
T [s] is seconds per FFT record, the resolution of the tracked analysis, Aord [ORD] equals 
1/rev, where rev [REV] is revolutions per FFT record. This implies that there are equivalent 
sampling relationships in the angle/order domain to the time/frequency sampling relationships. 

Figure 3.3 presents a comparison of 2 spectra, one computed with standard FFT analysis 
(light grey line) and one with the order tracking analysis (dark grey line). The data are extracted 
from a microphone placed in the passenger area during a ground test with the main rotor RPM 
at 100%. In order to plot both spectra on the same frequency axis, the abscissa of the power 
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spectrum computed with the order tracking analysis is multiplied by the main rotor mean ro-
tating frequency to obtain a frequency axis. Both spectra have a frequency resolution of 1 Hz. 

1000 1500 2000 
Frequency (Hz) 

3000 

Figure 3.3 SPL in the passenger area, comparison between between standard FFT tool and the 
order tracking analysis. The light grey line is the standard FFT power spectrum and the dark 
grey line is the order tracking analysis power spectrum. 

It is obvious that the frequency components of the power spectrum computed with classic 
FFT tools are smeared over few frequencies. Moreover the smearing increases with the fre-
quency and around 2000 Hz the error on the evaluation of the power spectrum amplitude and 
the exact frequency position of a tone are not negligible. As the order tracking analysis solve 
the smearing problem, all the spectra presented in the next pages will be computed with this 
method. 

3.3 Vibration and Noise from the Transmission 

Gear noise is usually generated when the vibration produced by a gear mesh excites an external 
panel of the gear case or transmits vibration to the remainder of the structure to radiate sound. 
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As exposed in SMITH, [27] and [28] the vibrations of a gear mesh are due to a force varying 
either in amplitude, direction or position. However, for involute (spur) gears the variation of 
amplitude of the contact force is the major source of vibration. This variation of amplitude is 
generally due to the transmission error of a gear mesh. The transmission error is the difference 
between the position that the output shaft of a drive would occupy if the drive was perfect and 
the actual position of the drive output. An interesting fact is that if gears were perfect involutes, 
absolutely rigid and correctly spaced, there would be no vibration generated during meshing 
and by the way no noise. 

All the spectra of this section will be extracted from a microphone located at approximately 
the center of the passenger area and an accelerometer mounted on a corner mounts of the trans-
mission. Figure 3.4 presents (a) the microphone and (b) the accelerometer. 

Figure 3.4 (a) Location of the microphone in the passenger area, (b) location of the accelerom-
eter on the transmission and (c) schematic of its location 

3.3.1 Vibration and Noise of the 1st Stage 

The 1st stage has three gears (input drive gear, 1st stage of the sun gear and the accessory drive 
gear, see figure 3.1) and they necessarily have the same gear meshing frequency and, thus their 
vibration spectrum should be simple. It should consist of a series of harmonic tones whose 
frequencies are the number of teeth of any of the three gears multiplied by its rotation frequency 
and its harmonics SMITH [27]. The corresponding frequencies, when computed with the 1st 

stage of the sun gear, can be expressed as 

/ = nTJs = n x 62 x 32.27 = n x 2000 (3.1) 

(c) 
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Where n is an integer, Ta is the number of teeth of the 1st stage of the sun gear and / s is its 
rotation frequency. The fundamental tone is at 2000 Hz and the first harmonic is at 4000 Hz. As 
this project focus on the 500-3000 Hz band, only the fundamental tone is of interest. 

However such a spectrum is theoretical and in reality the tones are modulated by the gear 
supporting shaft frequency SMITH, [28]. This modulation will add symmetric sidebands to the 
spectrum. They are supposed to be symmetric in terms of amplitude and frequency position. 
For example the first stage of the transmission of the Bell 407 has three gears so that the tones 
at 2000 Hz will have sidebands at ±n l05 Hz, ±n74 Hz and ±n32 Hz (see table 3.1). Although 
these sidebands are supposed to be symmetric, it is actually rarely the case because the response 
function between the gears and a transducer will act as an amplitude filter. 

Figure 3.5 presents the power spectrum of (a) a microphone located in the passenger area 
(see figure 3.4 (a)) and (b) an accelerometer mounted on the transmission case (see figure 3.4 
(b)) between 0-3000 Hz (0-436 ord). The data are extracted from a ground test with the main 
rotor shaft RPM at 100%. The abscissa of both spectra is in order (cycles per revolution of 
the main rotor shaft). The other flight conditions (Ground %, Hover in Ground Effect (HIGE), 
Flight 100 knots and Flight 120 knots) give very similar spectra and are not presented here. 

The fundamental tone, 2000 Hz (290.75 ord) is clearly emerging above the background noise 
level on both spectra. The sidebands of the shaft supporting the 1st stage of the sun gear (squares, 
±n32 Hz) are not dominant. They are, indeed, in the background noise on both spectra. The 
most dominant sidebands are from the accessory drive shaft (triangles) followed by those of 
the input drive shaft (diamonds). That conclusion applies for this particular main transmission 
and as the modulation depends on many factors, such as shaft balance and load, it cannot be 
extrapolated to all Bell transmissions. Another transmission might have, for example, dominant 
sidebands at ±n32 Hz. 

Although an important number of predicted sidebands are above the background noise level 
on the accelerometer power spectrum, the majority of them do not appear clearly on the micro-
phone power spectrum. Indeed the amplitude of the tones of the microphone power spectrum 
will depend on the response function between the transmission and the passenger area. As a 
matter of fact this response function will act as a filter: it will decrease the amplitude of some 
tones while increasing the amplitude of some others. From an active control point of view, a 
reference sensor mounted on the transmission will not necessarily lead to the optimal acoustic 
attenuation inside the passenger area. Indeed the highest amplitude tones on the acceleration 
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Figure 3.5 Power spectrum of (a) a microphone in the passenger area and power spectrum of (b) 
an accelerometer mounted on transmission case, ground test at 100%. The circle corresponds 
to the gear mesh frequency of the 1st stage. The squares, triangles and diamonds respectively 
correspond to the modulation sidebands of the shaft supporting the sun gear, the accessory drive 
shaft and the input drive shaft. The first 10 modulations on both side of the tone are represented 

spectrum and on the SPL spectrum are not always the same. 

3.3.2 Vibration and Noise of the 2nd Stage 

The second stage is a planetary gear train. The planetary gear train meshing frequency for a 
fixed ring gear can be expressed as 

/ = nTrfc = n x 118 x 6.88 = n x 812 (3.2) 
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Where n is an integer, Tr is the number of teeth of the ring gear and fc is the rotation frequency of 
the planet carrier (6.88 Hz at 100%). The fundamental tone is at 812 Hz. As opposed to a simple 
couple of spur gears, where the vibration spectrum consists of a fundamental tone, its harmonics 
and possible sidebands, the vibration spectrum of a planetary gear train is much more complex. 
The following review of the asymmetric sidebands produced by planetary gear trains is based 
on McFADDEN and SMITH, [64], McNAMES, [65] and KELLER and GRABILL, [66]. 

The first assumption is that the total vibration of a planetary gear train is equal to the sum 
of the vibrations of each planet. The response (pi) of a sensor mounted on a planet gear to its 
meshing with the ring gear can be expressed as 

Pi(t) = Pcos(2irTrfct + 0<) (3.3) 

where P is an amplitude term, Tr is the number of teeth of the ring gear, fc is the rotation 
frequency of the planet carrier and the phase (#*) of each planet is related to its physical position 
in the train 

«> -2rT- ( ^ r ) (3-4) 
where Np is the number of planet gears and i = 1, ...5. By introducing equation (3.4) into 
equation (3.3), the following expression is obtained 

Piit) = P cos{Trai) (3.5) 

with, 

^ = 2 7 ^ + ^ ) (3.6) 

To take all the harmonics into account, equation 3.5 is generalized to 

oo 

Pi^) = YlPm C0S(mTr<7i) (3-7) 
m—1 

The vibration displacement produced by each planet with respect to a fixed reference frame is 
modulated by the response function between the planet gear and the transducer at the planet 
carrier rotating frequency. The simplest modulation function will be 

mj(t) = M[l + cos(ffO] (3-8) 

where M is the amplitude term. To model any kind of modulation function, equation 3.8 is 
generalized to 

oo 

mi(t) = J2MnCos(nai) (3.9) 
n=0 
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Thus the total vibration measured in a fixed reference frame is equal to the sum of the vibration 
of all planet gears 

Nv 

*>(*) = X>(*H(*) O-IO) 
4 = 1 

Using the trigonometric identity, 

cos(x)cos(y) = -[cos(x + y) + cos(x — y)] (3.11) 

Equation 3.10 yields 
N, 

2 

-. lyp OO OO 

v{t) = - J2 J2 ] C pmMn{cos[{mTr + n)ai] + cos[(mTr - n)^]} (3.12) 
i = l m=l n=0 

The Fourier Transform of this signal has components at frequencies mTr ± n that are multiples 
of the number of planet gears, Np. Thus the frequency content of this signal is 

(mTr ± n ) / c (3.13) 

where, 
f 1 if 2 % ^ = integer 

Ctmn={ "* (3.14) 
' \ 0 if *2^ ^ integer 

fm,n represents the nth sideband around the mth harmonic of the rotation frequency of the planet 
carrier. As one can observe, the planetary gear train meshing frequency (see equation 3.2) will 
not be a frequency component of the spectrum unless the number of teeth of the ring gear is a 
multiple of the number of planet gears. In the case of the Bell 407 transmission, where there are 
5 planet gears and the ring gear has 118 teeth, the planetary gear train meshing frequency will 
not be a component of the vibration response. 

The theory therefore predicts an infinite number of frequency components in the vibration 
response measured in a fixed reference frame but is unable to predict the amplitude of each 
component which depends on the response function between the planet gears and the transducer. 

To validate the planetary gear train theory, figure 3.6 presents the power spectrum of the 
sound pressure measured with (a) a microphone inside the passenger area and the power spec-
trum of (b) an accelerometer mounted on the transmission case in the range 0-3000 Hz (0-436 
ord). Both spectra are computed with the order tracking analysis during a ground test with the 
main rotor shaft RPM at 100%. The spectra for different flight conditions (Ground 60%, HIGE, 
100 knots and 120 knots) are not presented here and show similar results. The circles correspond 
to tones predicted by the planetary gear train theory in the 500-3000 Hz (72-436 ord) band. 
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Figure 3.6 Power spectrum of (a) a microphone in the passenger area and power spectrum 
of (b) an accelerometer mounted on transmission case, ground test at 100%. The circle are 
at tones predicted by the planetary gear train theory in the 500-3000 Hz band. Light grey lines 
computed with order tracking analysis and dark grey lines computed with order tracking analysis 
and synchronous averaging 

On figure 3.6 the order tracking analysis power spectrum (light grey lines) is compared with 
a synchronous averaged order tracking analysis power spectrum (dark grey lines). To implement 
the synchronous averaging, McNAMES, [65] the signal is divided into segments, each segment 
containing a fixed number of periods of the main rotor shaft. The signal is averaged over all 
segments to obtain a mean segment and the power spectrum is computed on this segment. With 
this method all noise uncorrelated with the rotation of the main rotor shaft will be averaged out 
whereas the correlated signal will remain with the same amplitude. Consequently, synchronous 
averaging extracts all harmonics of the main rotor shaft. 

The synchronous averaging clearly decreases the background noise level. Indeed the dark 
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grey lines are always below the light grey lines, except for four specific tones. These four 
tones correspond to the first lower and first upper sideband of the planetary gear train meshing 
frequency, the first lower sideband of the 2nd harmonic of the planetary gear train meshing 
frequency and finally the first upper sideband of the 3 rd harmonic of the planetary gear train 
meshing frequency. The vast majority of the sidebands predicted by the planetary gear train 
theory are in the background noise. Indeed some of the sidebands identified on the synchronous 
averaged spectra are below the background noise level of the non averaged spectra. As for 
the 1st stage the amplitude of the tones on the acceleration spectrum is not necessarily directly 
related to the amplitude on the SPL spectrum. 

3.3.3 Vibration and Noise of both stages 

The two stages were studied separately in the previous sections. Table 3.3 presents the dominant 
tones of both stages with their frequency when the main rotor shaft RPM is 100%. The dominant 
tones are denned as those with an amplitude above the background noise level on either the 
microphone power spectrum or the accelerometer power spectrum. In the table (n32), (n74) 
and (nl05) represent respectively the modulation sidebands of the shaft of the 1st stage of the 
sun gear, the accessory drive shaft and the input drive shaft. 

A total of 33 dominant tones were identified in the frequency range 500-3000 Hz (72-436 
ord) and related to one of the stages of the transmission. The tones 27 and 31 are nearly su-
perimposed with, respectively, the 6 th upper modulation sideband of the accessory drive shaft 
and the 7 th upper modulation sideband of the input drive shaft. The 10 lower and 10 upper 
modulation sidebands of the accessory drive shaft are all above the background noise. 

Figure 3.7 presents a summary of the analysis for the power spectrum of (a) the same micro-
phone and (b) accelerometer presented the in last subsections on figures 3.5 and 3.6 for a 0-3000 
Hz (0-436 ord) range. The data are again extracted from a ground test with the main rotor shaft 
at 100%. The circles correspond to the dominant tones of the 1st and the squares are the these 
of the 2nd stage. 

On figure 3.7 a total of 33 dominant tones related to one of the stages of the transmission 
are identified. From figure 3.7 it is clear that the majority of the noise in the 1000-3000 Hz 
(145-436 ord) band comes from the transmission. 
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Table 3.3 ORDER, FREQUENCY AND SOURCE OF EACH DOMINANT TONE 

Tone 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

Order(ord) 

115 
120 
183 

193.75 
199 

204.5 
215.25 

226 
235 
237 

247.5 
258.25 

260 
269 

279.75 
286 

290.5 
295.5 
301.5 
306 

312.5 
321.25 

323 
333.75 
344.5 

351.75 
355 
366 

376.75 
387.5 

398.25 
413 

428.25 

Frequency (Hz) 

791 
826 
1259 
1333 
1369 
1407 
1481 
1555 
1617 
1631 
1703 
1777 
1789 
1851 
1925 
1968 
1999 
2033 
2074 
2105 
2148 
2210 
2222 
2296 
2370 
2420 
2442 
2518 
2592 
2666 
2740 
2841 
2946 

Source 

1st lower sideband of the fundamental of the 2nd stage 
1st upper sideband of the fundamental of the 2nd stage 
10th lower sideband of the 1st stage (n74) 
9 th lower sideband of the 1st stage (n74) 
6 th lower sideband of the 1st stage (nl05) 
8 th lower sideband of the 1st stage (n74) 
7 th lower sideband of the 1st stage (n74) 
6 th lower sideband of the 1st stage (n74) 
1st lower sideband of the 2nd harmonic of the 2nd stage 
5 t h lower sideband of the 1st stage (n74) 
4 t h lower sideband of the 1st stage (n74) 
3 r d lower sideband of the 1st stage (n74) 
2nd lower sideband of the 1st stage (nl05) 
2nd lower sideband of the 1st stage (n74) 
1st lower sideband of the 1st stage (n74) 
1st lower sideband of the 1st stage (n32) 
fundamental of the 1st stage 
1st upper sideband of the 1st stage (n32) 
1st upper sideband of the 1st stage (n74) 
1st upper sideband of the 1st stage (nl05) 
2nd upper sideband of the 1st stage (n74) 
2nd upper sideband of the 1st stage (nl05) 
3 r d upper sideband of the 1st stage (n74) 
4 th upper sideband of the 1st stage (n74) 
5 t h upper sideband of the 1st stage (n74) 
4 th upper sideband of the 1st stage (nl05) 
1st upper sideband of the 3 rd harmonic of the 2nd stage 
7 th upper sideband of the 1st stage (n74) 
8 th upper sideband of the 1st stage (n74) 
9 th upper sideband of the 1st stage (n74) 
10th upper sideband of the 1st stage (n74) 
8 th upper sideband of the 1st stage (nl05) 
9 th upper sideband of the 1st stage (nl05) 
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Figure 3.7 Power spectrum of (a) a microphone in the passenger area and power spectrum of 
(b) an accelerometer mounted on transmission case, ground test at 100%. The circle are at tones 
related to the 1st stage and the square are at tones related to the 2nd stage 

Up to now all the spectra presented were extracted from a ground test with the main rotor 
shaft RPM at 100%. The dominant tones of figure 3.7 are again presented on figure 3.8 but 
this time the data are extracted from a flight test at 120 knots. The spectra for different flight 
conditions (Ground 60%, HIGE, and 100 knots) are presented in Appendix A. 

Despite high acceleration level measured on the transmission case, the majority of the dom-
inant transmission tones, previously identified on ground test data, are at the background noise 
level on the SPL spectrum of the microphone in the passenger area. This is not simply due 
to a higher background noise level on the 120 knots spectrum. The background noise level is, 
indeed, only 3 dB(A) above the ground test level. This phenomenon can be explained by the 
elastomeric corner mounts of the gearbox (see figure 3.9). The four elastomeric corner mounts 
combined with the two restraint springs form the System for Attenuating Vibration Indepen-
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Figure 3.8 Power spectrum of (a) a microphone in the passenger area and power spectrum of 
(b) an accelerometer mounted on transmission case flight test at 120 knots. The circle are at 
tones related to the 1st stage and the square are at tones related to the 2nd stage 

dent of Tuning and Dampening (SAVITAD). This soft mounted system is tuned to reduce the 
vibration generated by the main rotor. Thus this system is designed to reduce low frequencies. 
However the elastomeric corner mounts, as a passive device, will also attenuate the vertical 
vibration transmitted from the transmission to the struts for all frequencies above the one it is 
tuned for. The elastomeric corner mounts are only active when the helicopter is lifted so that 
during a ground test they have no influence on the transmission of the vibration. The soft corner 
mounts will be further analyzed in the next chapter. 

The acceleration spectrum presented on figure 3.8 is extracted from an accelerometer mounted 
on transmission case, thus upstream of the elastomeric mounts. Hence this might be the reason 
why the acceleration level of the spectrum of figure 3.8 is comparable to the one of figure 3.7. 
Figure 3.11 presents a comparison of acceleration spectra for Ground 100% (light grey line) and 
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Figure 3.9 Location of the elastomeric corner mounts and the restraint springs 

Flight 120 Knots (dark grey line) tests but for an accelerometer mounted on the transmission 
struts downstream of the elastomeric mounts(see figure 3.10). 

Figure 3.10 Location of the accelerometer downstream of the elastomeric mounts 

As it can be noticed on figure 3.11 the acceleration levels between a ground test and a flight 
test for an accelerometer located downstream of the elastomeric corner mounts are different. 
Indeed the majority of the high frequency tones have decreased in amplitude and are now in the 
flight test background noise level. By comparing the acceleration spectra of figures 3.7, 3.8 and 
3.11, one can observe that the elastomeric corner mounts have an important influence during 
flight. However the corner mounts are only able to reduce the vibrations transmitted in the 
vertical direction and, thus, the vibration transmitted in the 2 other directions are not influenced 
by these mounts. As a matter of fact the tones that are not influenced by the mounts might come 
from lateral and forward disturbance. 

From an active control point of view the size of the problem should be decreased during 
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Figure 3.11 Comparison of acceleration spectrum between a Ground 100% (light grey line) and 
a Flight 120 knots (dark grey line) test. Accelerometer downstream of the elastomeric corner 
mounts 

flight because there are less tones to control. However it will be important to control all the 
predicted tones in order to obtain significant attenuation of the SPL in the passenger area. In 
fact as the dominant tones depend on the flight condition but also on the transmission itself, it is 
important that the control focuses neither on the dominant tones of a particular flight condition 
nor a on particular transmission. 

3.3.4 Coherence between Acceleration data and Sound Pressure Level 

From an active structural acoustic control point of view, it is important that the coherence be-
tween an accelerometer mounted on the transmission and the sound pressure level measured 
inside the cabin is high at the transmission tones. This coherence assesses the degree of linear-
ity between the vibration of the transmission and the noise in the passenger area. Figure 3.12 
presents the coherence between the accelerometer and microphone of figure 3.4 

The coherence is very low, below 0.2, for the vast majority of the bandwidth. The coherence 
is, though, higher for all the transmissions tones. The coherence value varies for all tones, some 
have high coherence and some have low coherence. The coherence depends on the location of 
the microphone but also on the location of the accelerometer. The variation of the coherence 
may be explained by the fact that an accelerometer can only acquire the vibration in a given 
direction. If in this direction the vibration is not predominant at a given frequency, the coherence 
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Figure 3.12 Coherence between an accelerometer mounted on the transmission and a micro-
phone in the passenger area. The circles are at tones related to the 1st stage and the squares are 
at tones related to the 2nd stage 

will be low, even if the microphone has a high amplitude tone. As the noise of the transmission 
in the passenger area is mainly structure-borne, GEMBLER et al, [61], there should always be 
a direction of acceleration for which the coherence is high. 

3.4 Comparison of Acoustic data in Green and Finished Aircraft 

Up until now all the spectra presented were extracted from test data on a green aircraft. A green 
aircraft is one that has no passive soundproofing installed. However the active control solution 
will eventually be implemented on a finished aircraft. Bell sent us data from a finished aircraft. 
Unfortunately, no tachometer signal is available for these data and, thus, the order tracking 
analysis can't be implemented. Even if the frequency component of the transmission may be a 
little smeared, figure 3.13 presents a comparison of the SPL in dB(A) inside the passenger area 
for a green (light grey line) and a finished (dark grey line) aircraft. The 33 tones previously 
identified are respectively marked with circles and squares on the finished and on the green 
aircraft spectrum. 

On figure 3.13 both sets of data are extracted during a flight test. During these tests the flight 
speeds of the aircraft were slightly different: 120 knots for the green aircraft and 130 knots for 
the finished aircraft. For the green aircraft data the microphone is located inside the passenger 
area at approximately the center and close to the height of the passenger head. Whereas in the 
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Figure 3.13 Power spectrum of a microphone in the passenger area. Comparison of Bell (dark 
grey line) and GAUS data (light grey line). The circles are at the tones of the transmission on 
the Bell spectrum and the square are at the transmission tones on the GAUS spectrum 

finished aircraft data the signal is averaged from few microphones located at various positions 
inside the passenger area. 

Below 300 Hz both spectra have approximately the same level and same shape over the 
frequencies. However above 300 Hz the sound package of the finished aircraft is getting more 
effective and the sound pressure level inside the finished aircraft is much lower. For example 
the background noise level difference at 500 Hz is about 12 dB(A) while it is approximately 
30 dB(A) at 3000 Hz. Virtually all the tones above the background noise level on the finished 
aircraft spectrum between 500 and 3000 Hz are related to the transmission. 

3.5 Conclusion 

The Bell 407 was first described. It contains 2 stages, a bevel gear and a planetary gear train. 
During flight test, the RPM of the main rotor was never perfectly constant (variation of about 
1%). Hence a classic FFT of the vibroacoustic data results in a smearing of the frequency 
content. Thus the order tracking analysis was presented as a good tool to solve this problem. 

From the gear meshing theory a total of 33 tones were directly related to the transmission, 
29 from the first stage and 4 from the second stage. However the number of tones will depend 
on both the flight condition and the transmission itself. It was also found that the amplitude of 
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the tones on an acceleration spectrum is not directly related to the amplitude of the tones on a 
SPL spectrum. The response function between the transmission and the microphone will indeed 
act as a filter. While it will filter out some tones it will increase the amplitude of some others. 
The elastomeric corner mounts of the transmission also attenuate transmission of the vibration 
from the transmission case to the struts. These mounts are only active during flight so that the 
worst configuration in terms of transmission of vibration is during a ground test with main rotor 
RPM at 100%. Finally there is an important difference between the SPL of a green and of a 
finished aircraft at high frequency. Hence the passive soundproofing of the finished aircraft is 
highly effective at high frequency. 
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CHAPTER 4 

LABORATORY SETUP 

This chapter presents the design procedure of the laboratory setup. As exposed in chapter 1, 
the aim of this research project is to evaluate the feasibility and effectiveness, under controlled 
conditions, of active structural acoustic control (ASAC) of a Bell 407 main transmission on a 
laboratory setup. Active control is to be used to attenuate the vibration of a receiving panel 
and its sound radiation, in the 500-3000 Hz range. In order to conduct the demonstration a 
laboratory setup needs to be designed. The setup is based on an actual Bell 407 transmission 
provided by Bell and a flexible supporting panel that was designed to replicate the dynamics of 
the actual roof panel. 

From the 2D drawings of a Bell 407 roof panel, a 3D SolidWorks model was developed. 
This model was converted to a dynamic finite element (FE) model under the MSC.NASTRAN 
environment. The new dynamic model was statically validated through comparison with a FE 
static model provided by Bell. 

The dynamic model was used to design the optimal laboratory setup receiving panel. Based 
on input compliance comparison with the dynamic FE model, the laboratory setup was built 
with an actual Bell 407 transmission, an acoustic cavity and the designed receiving panel. The 
results of the first test campaign on an experimental finished Bell 407 were used to validate the 
laboratory setup. 

4.1 Actual Roof Panel Model 

The geometry of the roof assembly of a Bell 407 is rather complex. In order to visualize the roof 
construction in detail, an exact representation of the roof assembly has been developed under 
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Solidworks using 2D drawings provided by Bell. Figure 4.1 shows a 3D view of the developed 
geometric model. 

(a) (b) 

Figure 4.1 Solidworks model of the roof assembly (a) and the beam assembly (b) 

The roof assembly includes a central beam assembly and honeycomb panels. The honey-
comb panels have a low rigidity compared to the central beam assembly. The rigidity of the roof 
is ensure by the central beam. The main transmission struts are fixed at the location specified on 
figure 4.1 .The level of geometric detail required for a FE dynamic model depends on the desired 
frequency bandwidth and the required precision. A very fine mesh should be used to represent 
the exact geometry of the assembly. However, the resulting model would be very large and time 
consuming. Therefore, the geometry of the roof assembly has been simplified by reducing the 
level of detail. The simplification process has been realized by inspection only, i.e. without any 
special technique. The Solidworks model has been very useful for this task, the properties and 
geometry of components being very easily accessible. Figure 4.2 shows a typical simplification. 
It compares the (a) exact geometry (Solidworks model) with the (b) simplified geometry for a 
typical support. 

As shown in (b), the geometry has been approximated with quadrilateral and triangular thin 
plates. Each plate has its own thickness. Material properties, thickness, and general dimensions 
can then be well represented with a coarse mesh as shown in (c). Very precise details like 
rounds, holes, surface interfaces and rivets are thus not included in the model. However, at first 
glance, even if those details will affect the system damping, their effect should be small in the 0 
to 3500 Hz range. 

Using the above mentioned geometric simplification, a dynamic FE model of the roof assem-
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(a) (b) (c) 

Figure 4.2 Support representation : From (a) the actual geometry to (b) a simplified equivalent 
geometry. The mesh of the simplified geometry is presented in (c) 

bly of the Bell 407 aircraft has been developed under MSC.NASTRAN. This model includes 
the mass and stiffness effects of each part of the roof. Figure 4.3 shows a 3D view of the model. 

Rear edge 

Post 

Front edge 

Figure 4.3 FE model of the actual roof panel 

The model is composed of 3184 nodes and 3484 elements (linear triangular and quadrilateral 

2D shell elements). A reasonable assumption for the boundary conditions is to assume that the 
front and rear edges of the roof are clamped. The front and rear bulkhead are effectively very 
rigid compared to the roof. In addition, the right side post effect has been simulated by a clamped 
boundary condition at the corresponding node- All other edges are free. Using these boundary 
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conditions, the dynamic response of any point of the assembly can be simulated. 

The honeycomb core material is defined as an isotropic material in MSC.NASTRAN. The 
properties were extracted from the static model loaned by Bell. The elastic modulus of the 
honeycomb is 53.0 MPa, the Poisson ration is 0.21 and the density is approximately 50 kg/m3. 
The honeycomb panels are modeled has a 3-layer material: the honeycomb core is comprised 
between 2 skins of aluminium (elastic modulus is 71.6 GPa, Poisson ratio is 0.33 and the density 
is 2810 kg/m3). 

As mentioned previously, Bell provided a MSC.NASTRAN static model of the roof assem-
bly. This model is static because it involves elements that can't be used for a dynamic analysis 
and, moreover, it is too coarse for dynamic analysis. This model was used to perform a static 
validation of the dynamic model developed for the project. A static load of 50001bf (2224IN) 
is applied symmetrically on both side of the front support, where the front struts of the main 
transmission assembly are attached to the roof for both models. Figure 4.4 compares the roof 
deformations obtained with (a) the Bell static model and (b) the dynamic model designed during 
the project. 

(a) (b) 

Figure 4.4 Static validation of the dynamic model 

The maximal deformations for each model are observed at the front left attachment location 
of the strut. They are respectively 4.3mm (0.169in) for the static model and 3.56mm for the 
dynamic model. Results are in the same order of magnitude and the developed model predicts 
well the static behavior of the structure. The difference between the 2 models may be explained 
by a slight difference in the boundary conditions. As a matter of fact, on the Bell static model, 
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the right side post effect is not taken into account. In order to perform a mesh convergence, the 
mesh of the roof was double and triple in density and the results were compared with the current 
mesh. It shows that the current mesh is valid for a frequency up to 3500 Hz. As no further 
dynamic validation of the roof FE model can be performed, the model will be assumed to be 
representative of the reality. This model of the roof is now used for the design of the laboratory 
setup. 

4.2 Design of the Laboratory Setup 

The laboratory setup has 3 main components: an actual Bell 407 main transmission, an acoustic 
cavity and a receiving panel. The main transmission (a) and the acoustic cavity (b) are presented 
on figure 4.5. 

(a) (b) 

Figure 4.5 The main transmission (a) and the acoustic cavity (b) 

The acoustic cavity dimensions are 0.87x1.15x0.96m3. Walls are made with reinforced 
concrete and are 127mm thick. The acoustic cavity can thus be considered almost perfectly 
reverberant. A microphone is placed inside the cavity to monitor the acoustic performance of 
the ASAC system. However the acoustic field in the cavity is only diffuse above the Schroeder 
frequency, approximately 1650 Hz for this cavity. Thus, below this frequency the information 
of the microphone is related to the modes inside the cavity and depends on the position of the 
microphone. 
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The receiving panel is the link between the main transmission and the acoustic cavity. The 
design objectives are to keep the receiving panel as simple as possible and to represent the actual 
roof panel dynamics as accurately as possible. The receiving panel is bolted on its four sides 
on the acoustic cavity to represent a clamped boundary condition. Hence the dimensions of the 
plate are imposed. Thus 3 parameters can be adjusted: the material, the panel thickness and 
the location of the transmission on the panel. In order to simplify the panel, its thickness needs 
to be uniform. There are several manners to adjust the 3 parameters. First, we decided to use 
aluminium because it is widely available. Thus the chosen approach consists of adjusting the 
thickness and the position of the transmission such that the static compliance on the panel (at 
the end of each strut) is equal to that on the FE model of the roof. After some iterations on a 
uniform panel, the following parameters are obtained (see figure 4.6): 

strut attachments 

Figure 4.6 Laboratory setup panel design 

• panel thickness = 12.2 mm; 

• the front strut end must be located at a distance of 0.325 m from the cavity border (y axis); 

• the transmission is symmetric along x axis 

With these parameters, the panel is statically equivalent to the roof panel model on the 
basis of the vertical static compliance (ratio of displacement to force) at each strut attachment 
point. It is actually hard to find a 12.2 mm aluminium panel and in order to avoid any milling 
a 12.7 mm (0.5 in) panel is used. In practice, it would be desirable to obtain also a dynamic 
equivalence. Figure 4.7 shows the vertical input compliance at the left front strut attachment 
point as a function of the frequency (obtained from FE models). Input compliance is defined as 
the displacement obtained at a certain point of a structure when a force located at the same point 
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excites the structure harmonically. Although compliance curves are different, one can observe 
that both curves present the same general trends. Results at all other strut attachment points are 
similar and not presented here. 

g i ,-i...-,. i _ i _ , i i , I 

0 500 1000 1500 2000 2500 3000 3500 
Frequency (Hz) 

Figure 4.7 Comparison of the dynamic vertical compliance between the roof model (light grey 
line) and the laboratory panel (dark grey line) 

The compliance curves compare: the levels are approximately the same and they have the 
same general trends over the frequency as well as similar modal densities. The curves are 
not superimposed at 0 Hz because the panel thickness is 12.7 mm. A thickness of 12.2 mm 
is required to obtain static superposition. However, it would be interesting to obtain similar 
equivalence for the rotational compliances. The rotational compliance is defined as the ratio of 
rotation (in radian) to moment in (N.m)Figure 4.8 presents the rotational compliance along X 
(a) and Y (b) axes of rotation (see figure 4.6 for the axes). 

In each case, one can observe that the rotational compliance of the laboratory panel is dif-
ferent from that of the roof model: the rotational compliance of the roof model is on average 
3 dB larger than that of the laboratory panel. Therefore, the designed panel is not equivalent 
to the roof model on the basis of the rotational compliances. The roof model is, indeed, more 
rigid than the panel. The higher roof rotational rigidity is due to its central beam design. In 
order to better approximate rotational compliances, we investigated local variations of the panel 
thickness. However it was found that the rotational compliances are harder to mimic because 
the central roof beam is reinforced to add rotational rigidity. Thus a simple panel can't be as 
rotationally rigid as the actual beam. Hence, as an aluminium uniform plate with a thickness of 
12.7mm shows good agreement in terms of the vertical compliance, this design was selected for 
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Figure 4.8 Comparison of rotational compliance along axis X (a) and Y (b) axis between roof 
model (light grey line) and laboratory panel (dark grey line) 

the experimental setup. 

Once the laboratory receiving panel was designed, the laboratory setup was assembled and 
validated with impact test data from the first test campaign on an actual helicopter. 

4.3 Laboratory Setup Validation 

The designed receiving panel combined with the actual Bell 407 main transmission and the 
acoustic cavity are the elements the laboratory setup. Figure 4.9 presents this setup. 
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Figure 4.9 Photo of the laboratory setup 

During the first test campaign at Bell facility in Mirabel, a large number of impact tests were 
performed on an experimental finished aircraft, BERRY et al, [7]. These data were subsequently 
used to validate the design of the laboratory setup. An important difference between the setup 
and the actual helicopter is that on the laboratory setup the elastomeric corner mounts of the 
transmission are not going to be active because the transmission will rest on the panel. As 
mentioned in chapter 3, these mounts are only active when the helicopter is in the air. Moreover, 
for the laboratory demonstration, the static load on the transmission struts when the helicopter 
is lifted will also not be taken into account. Furthermore the experimental finished aircraft has 
an important number of devices that add damping. These devices are not taken into account on 
the laboratory setup. 

A series of tests were performed on the experimental finished 407 to assess the influence 
of these elastomeric mounts for a frequency up to 3.5kHz. Figure 4.10 presents the location of 
the impact and the position of the accelerometers on the transmission for this comparison. The 
channels 1, 2 and 3 and 4, 5 and 6 are respectively two tri-axis accelerometers. 

Figure 4.10 Location of impact and accelerometers on the experimental 407 
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Figure 4.11 presents the comparison of the Frequency Response Functions (FRFs) between 
the impact force and the acceleration measured on channel 2 of the first tri-axis accelerometer 
when the helicopter rests on the ground and when it is statically hung by the main rotor. The 
impact force is located upstream of the elastomeric corner mounts. Thus the mounts are active. 

d 1 . J , 1 1 1 
0 500 1000 1500 2000 2500 3000 3500 

Frequency {Hz) 

Figure 4.11 Comparison of FRF between it the impact force and the acceleration measured on 
channel 2 of the first tri-axis accelerometer. Light grey line: helicopter resting on the ground, 
dark grey line: helicopter hung by the main rotor 

The difference in the FRF levels is important, up to 10 dB on the whole frequency band. As 
anticipated in chapter 3, the elastomeric corner mounts have an important effect on attenuating 
the transmission of the vibration between the transmission case and the struts. Hence it is 
expected that during a ground test the transmission of the vibration is more important than 
during a flight test. Thus the transmission tones are more dominant on the SPL spectrum during 
a ground test than during a flight test (see chapter 3). The effect of the elastomeric mounts will 
not be taken into account on the laboratory setup because it can't be hung by the main rotor 
shaft. However this assumption is conservative because the laboratory experiments will take 
place in the worst case: when the transmission of vibration is maximal. 

Now, in order to validate the laboratory setup, another configuration of the first test campaign 
was used. The results of this configuration are only available when the helicopter is hung by the 
main rotor shaft. However the impact location is directly on the transmission struts, downstream 
of the elastomeric corner mounts so that they are expected to have little influence. Figure 4.12 
presents the location of the accelerometers and of the impact for this configuration. 

On figure 4.13 the comparison between the helicopter and the laboratory setup impact test is 
presented for the accelerometers in location 3 on top of the strut. The channel numbers refer to 
figure 4.10. The results for all other locations gave similar results and are not presented here. 
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Figure 4.12 Location of impact force and tri-axis accelerometers 
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Figure 4.13 Comparison of impact tests between an experimental finished aircraft and the 
laboratory setup for the accelerometer location 3. Light grey lines are from the experimental 
finished aircraft. Dark grey lines are from the laboratory setup. 

The curves from the experimental aircraft appear to be more damped than those of the lab-
oratory setup. Indeed, the light grey lines are smoother than the dark ones. This is normal 
because on the experimental finished aircraft there are various sources of damping that are not 
present on the laboratory setup. For example, the laboratory setup has no passive treatment like 
a finished aircraft. 

Despite the different level of damping, the FRFs of the laboratory setup are consistent with 
those of the experimental 407 up to frequency of 3.5 kHz. They show similar trends over the 
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frequency. This conclusion applies for all acceleration directions. The 13 other accelerometer 
locations gave similar results and are not presented here. 

Thus the laboratory setup is, within few limitations, representative of an actual Bell 407 roof 
panel. These limitations are the static load applied to the struts when the helicopter is in flight 
which is not taken into account in the laboratory setup. Other than that, the elastomeric corner 
mounts will not be active during the laboratory demonstration because the transmission can't 
be hung by the main rotor shaft. Finally the dynamic rotational compliance of the roof and the 
laboratory setup at the strut attachment point are different. 

4.4 Conclusion 

This chapter covered the design of the laboratory setup. From the 2D drawings of the roof of a 
Bell 407, a 3D model was constructed in Solidworks. This model was simplified and exported 
to MSC.NASTRAN to create a dynamic FE model. The dynamic FE model was statically 
validated with a static FE model provided by Bell. The dynamic FE model was then used to 
design the receiving panel of the laboratory setup. This setup consists of an actual Bell 407 
main transmission, an acoustic cavity and the designed receiving panel. Once the setup was 
assembled, a series of impact tests were conducted to validate it. The impact test results from 
the first test campaign were used to conduct the validation. Finally the setup is assumed to be 
representative of a Bell 407 within few limitations: static load of the helicopter, elastomeric 
corner mounts representative of a ground test and the actual roof panel is, on average, 3 dB 
more rigid than the laboratory receiving panel. 
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CHAPTER 5 

FINITE ELEMENT MODEL OF THE LABORATORY SETUP 

This chapter discusses the development of a the finite element (FE) model of the laboratory 
setup. The specifications of the laboratory setup presented in chapter 4 will be used. The 
FE model will be used in chapter 6 to develop the active control strategy and to predict the 
control performance of various configurations of actuators and sensors for the attenuation of 
transmission tones exposed in chapter 3. 

The first step was to build a 3D model of the main transmission. As the 2D drawings were 
unavailable, a digitizer arm was used to obtain the geometry of the transmission strut assem-
bly. This 3D model was then simplified to obtain a dynamic FE model of the laboratory setup. 
This chapter reviews the two main assumptions of the FE model: the transmission case mod-
eled as a point mass and the fluid-structure coupling between the panel and the acoustic cavity 
is neglected. A validation, with a shaker mounted on the transmission was performed. Fi-
nally the piezoelectric actuators can't be easily inserted on the model. As a matter of fact 
MSC.NASTRAN has no piezoelectric element and the analogy between piezoelectric and ther-
mal deformation was investigated. 

5.1 3D Model of the Transmission 

This section covers the development of a 3D model of the transmission. This model was neces-
sary to build a FE model of the laboratory setup. 

The 2D drawings of the transmission struts were unavailable from Bell. However the main 
transmission provided for the laboratory setup was used to obtain the 3D geometry of the struts. 
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.main rotor mast 

transmission case 

Figure 5.1 Bell 407 main transmission modeled with a digitizer arm 

A FARO digitizer arm and the RevWorks software were used to extract their exact geometry. 
Figure 5.1 presents the SolidWorks model constructed with the digitizer. 

Some details of the struts were neglected. For example the front and rear struts are twisted 
along the longitudinal axis and this is not modeled. Indeed it will be hard to work with twisted 
struts in the FE software. After verifications with basic measurement tools, all the dimensions 
of the simplify 3D model are within an error of 1 cm. A typical section of a strut is presented 
on figure 5.2. The height of the section varies with the position whereas all other dimensions 
remain constant. 

The struts have a section similar to an I-shaped beam. Additionally the details of the trans-
mission case were neglected and only its general shape is modeled. The model of the transmis-
sion struts is now exported with the parasolid format in order to transfer it to MSC.PATRAN. 
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Figure 5.2 Typical section of the struts 

5.2 Finite Element Model of Laboratory Setup 

This section presents the FE model of the laboratory setup and its main assumptions. From 
the transmission struts model and the specifications of the receiving panel exposed in the last 
chapter a FE model was constructed under the MSC.PATRAN environment. Figure 5.3 presents 
this model. 

Figure 5.3 3D view of the FE model of the laboratory setup 

This model contains 310 6-node triangle elements, 1540 8-node quadrangle elements and 
63026 10-node tetrahedral elements. It also contains 115719 nodes for atotal of 460055 degrees 
of freedom. This model is rather large and it is close to the memory limit of the computers 
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available at GAUS. Hence no mesh convergence was performed on this model because it was 
impossible to refine it. The validation was thus achieved with experimental comparisons. 

Bell was unable to provide GAUS the material property of the transmission struts so that 
they are assumed to be standard aluminium, just like the receiving panel (Elastic modulus = 71 
GPa, Poisson ratio = 0.33 and density = 2780 kg/m3). 

5.2.1 Model of the Transmission Case 

In the FE model the transmission case is assumed to be a rigid link between the right and left 
sides with a point mass located at the center of the link. This assumption was made to simplify 
the FE model also because the transmission case is much more massive than the transmission 
struts. The point mass includes the mass of the transmission case and also its rotary inertia 
components. The inertia components were extracted from the SolidWorks model and compared 
with experimentation results (see figure 5.4). The matrix of rotary inertia of the SolidWorks 
model is: 

"4.5 0 0 
0 1.8 0 
0 0 4.4 

kg.m2 (5.1) 

This matrix is included in the FE model together with the point mass (77 Kg) representing 
the transmission case. 

On the SolidWorks model, the transmission case is represented by a hollow cylinder. The 
mass of all components of this model was actually measured on the real transmission. To exper-
imentally measure mass moments of inertia, the pendulum technique was used. This technique 
can be expressed as: 

' - ^ 

where T is the period of oscillation, m is the mass of the pendulum, g is the gravitational 
acceleration and L is the distance between the rotation axis and the center of mass of the pen-
dulum. This expression is used to measure the mass moments of inertia / around the axis of 
rotation of the pendulum. The mass of the pendulum of figure 5.4 was measured and the distance 
L was estimated with the SolidWorks model. Experimentally, only the rotary inertia component 

55 



Figure 5.4 Photo and SolidWorks model of the transmission case 

along X and Z axis of figure 5.4 were accessible. A more complex setup would have been nec-
essary for the Y axis. The rotary inertia measured experimentally were within 5% of error from 
those predicted by the SolidWorks model. 

5.2.2 Fluid-Structure Coupling of the Panel and the Acoustic Cavity 

Up until now the the acoustic cavity was not included in the FE model. In order to investigate 
the fluid-structure coupling of the receiving panel and the acoustic cavity a simpler FE model 
was built under MSC.NASTRAN. Figure 5.5 presents this model. 

In this simpler FE model, the transmission is not included. As a matter of fact, a model 
including the transmission, the receiving panel and the acoustic cavity would have been time 
consuming for a quick investigation. Moreover, the transmission is not necessary to investigate 
the fluid-structure coupling of the cavity and the panel. 

The acoustic cavity was meshed such that there are 6 linear elements per acoustic wavelength 
at 1000 Hz. Hence the cavity has 7429 8-node hexahedral elements. The mesh of the panel was 
built to be congruent with the one of the cavity. Thus the panel has 391 4-node quadrangle 
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Figure 5.5 Simpler FE model to investigate the fluid-structure coupling 

elements. The properties (dimensions, material and etc) of the acoustic cavity and the panel are 
those of the laboratory setup. 

The frequency of the 10 first uncoupled modes of the panel and of the acoustic cavity com-
puted with the FE model are presented in table 5.1. 

The mode of the cavity at 0 Hz comes from the fact that the cavity is closed. The modal 
density of the acoustic cavity is larger than the one of the panel. However, they have mode 
shapes in the same frequency range. In such a situation, the effect of the fluid-structure coupling 
can become important. For example the 2nd mode of the panel is close to the 4 t h mode of the 
acoustic cavity. 

In order to investigate the fluid-structure coupling, the mean square velocity (MSV) of the 
panel and the mean square pressure (MSP) of the acoustic cavity were compared with and 
without consideration of the coupling. 

When the coupling is taken into account, the equation of motion governing the movement 
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Table 5.1 FREQUENCY OF THE UNCOUPLED MODES OF THE PANEL AND OF THE 
ACOUSTIC CAVITY 

Mode 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Panel (Hz) 

118 

199 

277 

331 

351 

476 

512 

518 

589 

651 

Cavity (Hz) 

0 

148 

177 

197 

230 

246 

265 

299 

303 

347 

of the panel can be expressed as: 
dw 

H-Qp + DV4w = F{x1,x2) -p(x1,x2,0) (5.3) 

Where /J, is the surface density and is equal to the product of the density (p) and the thickness 
of the panel (h). D is the flexural rigidity and is equal to: 

Eh3 

D 12(1 - i/2) (5.4) 

Where E is the elastic modulus and u is the Poisson ratio. V is the bilaplacian operator, w 
is the transverse displacement of the panel. F(xi, x2) is the excitation force on the panel at the 
location (xi, x2). Finally, p(xi, x2,0) is the pressure load apply from the cavity to the panel. In 
this case, the fluid-structure coupling between the panel and the external fluid is not included. 

The pressure load (p(xi,x2,0)) is computed with the Kirchhoff — Helmholtz theorem. Fig-
ure 5.6 presents a schematic of the problem. The cavity as five rigid walls and one sound radi-
ating surface. The Kirchhoff — Helmholtz theorem can be expressed as: 

p(M) = f S{M0)G(M,M0)dM0 - j dp^G(M,P)-P(P)dG^^ 
dn dn 

dP (5.5) 

Where V and S are respectively the volume and surface of the cavity. The first integral on 
the left-hand side is the contribution of the sources in the volume and the second integral is the 

58 



Sound radiating surface 

/ / / / / y s 

Figure 5.6 Schematic for the application of the Kirchhoff — Helmholtz theorem 

contribution of the surface. S(MQ) is the amplitude of an acoustic source at the point Mo in the 
cavity and G(M, M0) is a Green function and at for this equation it is equivalent to a monopole. 
The second integral on the left-hand side is equivalent to a set of acoustic sources located on the 
surface S. The first term of this integral corresponds to the product of a monopole amplitude 
(f^(-P)) and a monopole source (G(M, P)). The second term of this integral corresponds to the 
product of a dipole amplitude (p(P)) and a dipole source ( |^(M, P)). 

As there is no source inside the volume, the first integral on the right-hand side of equation 
5.5 is null. Hence the theorem takes the following form: 

p(M) 
/ 

d^a{M,P)-P(P)dG{M-P) 
dn dn 

dP (5.6) 

In the case of a sound radiating surface, because of the continuity between the acoustic and 
the structural velocity, the pressure gradient can be expressed as: 

dP(P) 
& "n 

POLO w(P) (5.7) 

The condition of equation 5.7 is only valid for the sound radiating surface and not the rigid 
walls. By inserting equation 5.7 in equation 5.6, the following expression is obtained: 

dG(M,P)~ p(M) = 
Sr 

p0uj2w(P)G(M,P)-p(P)-
dn dP (5.8) 

Where Sr is the sound radiating surface. The Neumann condition on the Green function is 
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defined as: 
3 ° ' M ' P > = 0 (5.9) 

on 

So that the Kirchhoff — Helmholtz theorem can be expressed as: 

p(M) = -p0u>2 f w(P)G(M, P)dP (5.10) 

Equation 5.10 is the Rayleigh integral. In order to use this integral, it is necessary to find a 
Green function that respects the condition of Neumann. The Green function is expressed as a 
combination of modal functions of a rigid-wall acoustic cavity: 

G(M, P) = J2amnp(P)cf)mnp(M) (5.11) 
mnp 

where, 

<t>mnP{M) = COS ( ^ X i ) COS ( f ^ 2 ) COS ( ^ 3 ) 

where m,n,p = 1,2,..., oo 
(5.12) 

and x\, X2 and £3 are the coordinates of the point M in the cavity. L\, L2 and L3 are the 
dimensions of the cavity (see figure 5.7). This Green function (5.11) respects the condition of 
Neumann (5.9). 

However the Green function also needs to satisfy the acoustic wave equation: 

L)2 

V2G(M, P) + -2-G(M, P) = -5(M, P) (5.13) 
co 

By inserting equation 5.11 into equation 5.13: 

Y , amnP(P) (v2<t>mnp(M) + ^mnp(M)\ = S(M, P) (5.14) 
-rr>. m. it ** *-* S 

But, 
\72,A (-M\ _J_ i 

^'mnp'Vrnnp 
V2d) 

mnp (M) + k2cj>mnp(M) = 0 where k2
mnp = ( a = ) + ( ^ ) + ( g ) 

2 ( x2 (5,15) 
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Front 

Figure 5.7 Schematic of the location of a point M in the cavity 

So that equation 5.13 can be expressed as 

/ _, Qmnpy-L ) 

m,n,p 

Ul 
^mnp I Ymnp -S(M,P) (5.16) 

The wave equation is verified if equation 5.16 is satisfied. The orthogonality property is now 
used to find amnp. Each side of equation 5.16 is multiplied by 4>m'n'p' and is integrated over the 
volume of the cavity, 

V a T O n p ( P ) (^~k2
mnp) / <j>mnp(M)(i)m,n,p,(M)dV = - / 8{M,P)4>m,n,p,{M)dV 

m,n,p V C0 J JV JV 
(5.17) 

The orthogonality of the modal functions can be expressed as: 

Jv (t)mnp{M)(j)m'n'p'{M)dV = 0 if (mnp) ^ (m'n'p1) 
Jv (pmnp{M)cl)m>nV(M)dV = Nmnp if (mnp) = (m'n'p1) 

(5.18) 
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where Nmnp is the norm of the mode: 

Nmnp = ^ f ^ if (m,n,p) ± = (0,0,0) 
NmnP = ^ ^ if m or n or p = 0 
Nmnp = ^ ^ if (m,n) or (m,p) or (n,p) = 0 
iVro„p = ^ f ^ i f ( m , n , p ) = 0 

(5.19) 

Using equation 5.18 the equation 5.17 can be expressed as: 

> ( P ) fe " * m » J Nmnp = -<PmnP(P) (5 .20) A mnjH 

amnp(P) = , 0 roTtp (ff (5.21) 
Ik2 — ^- 1 /V 
I ""mnp cg i i v ronp 

By inserting equation 5.21 in equation 5.11 and 5.10, the Rayleigh integral gives the pressure 
radiated by the flexible panel at the point M. Equation 5.3 used together with equations 5.10, 
5.11 and 5.21 solves the fluid structure coupling between the cavity and the panel. In the fluid 
structure coupling problem the pressure inside the cavity and the transverse displacement of the 
panel are related. 

The problem can be simplified by neglecting the contribution of the cavity in equation 5.3 
and thus the fluid structure coupling is not included. The equation of motion of the panel without 
the fluid structure coupling can be expressed as: 

dw 
V— + DV4w = F(Xl,x2) (5.22) 

When the fluid structure coupling is neglected, the transverse displacements of the panel 
are independent of the acoustic pressure inside the cavity. Then to obtain the acoustic pressure 
inside the cavity, equations 5.5 to 5.21 are used together with the transverse displacements 
obtained with the FE model. The coupled problem is entirely computed with the FE model 
under MSC.NASTRAN. The solver used the modal approach to compute the solution of the 
coupled problem. 

In order to compare the two cases, with and without fluid structure coupling, a unitary point 
force is applied to the plate (see figure 5.8). The force excites the panel from 0 to 1000 Hz. The 
force is not located on a nodal line. The damping of the cavity and of the panel is 1%. The 
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Figure 5.8 Location of the force on the panel 

results presented below are computed with same panel mesh and they have the same frequency 
resolution. 

Figure 5.9 presents a comparison of the panel MSV between the coupled (thin line) and the 
uncoupled (thick line) solution from 0 to 1000 Hz. 

0 100 200 300 400 500 600 700 800 900 1000 
Frequency (Hz) 

Figure 5.9 Comparison of the panel MSV for the coupled (thin line) and uncoupled (thick line) 
solution between 0 and 1000 Hz 

By looking closely at figure 5.9, one can observe that the fluid structure coupling between 

the panel and cavity has low influence on the general behavior of the panel MSV. Indeed the 
coupling adds few specific resonances between the mode shapes of the panel. These resonances 
correspond to the modes of the cavity. In fact, at the modes of the cavity the acoustic pressure 
is high enough to influence the transverse displacements of the panel. 
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Figure 5.10 presents the same comparison but this time in terms of the cavity MSP. Again, 
the thin line is for the coupled solution and the thick one is for the uncoupled solution. 

400 500 600 
Frequency (Hz) 

900 1000 

Figure 5.10 Comparison of the cavity MSP for the coupled (thin line) and uncoupled (thick 
line) solution between 0 and 1000 Hz 

Below 500 Hz, the results obtained with the Kirchhoff — Helmholtz theorem and the dis-
placements of the panel without the fluid structure coupling are close to the coupled solution 
computed with MSC.NASTRAN. However, above this frequency the error increases but the av-
eraged level stay realistic. As this project concentrates on the 500-3000 Hz band the coupled 
solution is desirable. However the computational burden of the coupled solution is important. In 
order to quickly simulate various configurations of control, it is desirable to reduce the computa-
tional requirement as much as possible. Thus we decided to neglect the fluid structure coupling 
and the control simulations in chapter 6 will aim at decreasing the panel MSV. 

5.2.3 Finite Element Mode Shapes 

The model has 2 dominant components, the transmission and the panel. At low frequency 
the mode shapes are either dominated by the panel or by the transmission struts. Figure 5.11 
presents the first mode shape of the model at 30Hz. 

In this mode the transmission struts are moving along the y axis. This mode is dominated 
by the movements of the transmission struts and the panel is almost fixed. On the other side, the 
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Figure 5.11 First mode shape of the FE model at 30Hz 

eighth mode is dominated by the movements of the panel. Figure 5.12 presents the eighth mode 
shape of the model at 344Hz. 

Figure 5.12 Eighth mode shape of the FE model at 344Hz 

This mode shape corresponds to the second mode shape of a clamped plate. As the frequency 
increases, the mode shapes of the panel are coupled with those of the transmission. Figure 5.13 
presents the 53rd mode shape of the model at 1990Hz. 

In order to find the optimal location of the piezoelectric actuators, an in-depth analysis of 
the mode shapes of the model is realized in chapter 6. It is, indeed, crucial to analyze the mode 
shapes around the frequency tones of the main transmission. 

Now that the FE model is described, it is interesting to validate its results with experimental 
data. 
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Figure 5.13 53rd mode shape of the FE model at 1990Hz 

5.3 Experimental Validation of the Finite Element Model 

A validation of the FE model was done with the results of various tests with a 100 lbf shaker 
mounted on the transmission of the laboratory setup. Figure 5.14 presents the position of force 
and of an accelerometer on the FE model. The arrow points in the direction of the force and the 
circle is at the location of the accelerometer. The accelerometer is located on the panel. 

Figure 5.14 Direction of location of the force (arrow) and location of the accelerometer on the 
panel (circle). 

Experimentally, the FRFs were measured between the force sensor mounted on the shaker 
and various accelerometers located on the panel. The shaker was fed with a white noise signal. 
This signal was limited to a bandwidth from 0Hz to 3.2kHz. To avoid aliasing, low-pass ana-
logical filters, manufactured by Musilab, were used at before the entry of the shaker amplifier 

66 



and on the signal of the accelerometer. The filters are 8th order Butterworth. The sampling 
frequency was 20 kHz. 

Numerically, the FRFs were obtained by applying a unit point force at the point mass of 
the FE model and by calculating the acceleration at the location imposed by the experimental 
measurements. The comparison of these FRFs is presented on figure 5.15. 

20 

§ -4C/ I 

-60 
500 1000 1500 

Frequency (Hz) 
2000 2500 3000 

Figure 5.15 Comparison of FRFs from a test with a shaker on the laboratory setup (light grey 
line) and from the FE model (dark grey line) 

The low frequency dynamics is correctly reproduced by the FE model. Although on the 
majority of the frequency band the results are not exactly the same, the level of both FRFs are 
very close. Similar results were obtained for other location of the accelerometer on the panel. 

The evaluation of the damping of each component of the laboratory setup is difficult, if not 
nearly impossible. In order to correctly evaluate the FRFs of the laboratory setup with the FE 
model a good estimation of the damping is needed. The FRF of figure 5.15 was computed with a 
structural damping loss factor of 3%. The reader is referred to the Appendix B for a comparison, 
with impact test results, of various value of structural damping loss factor: 1%, 3%, 5%, and 
10%. The structural damping is applied to the whole structure regardless of the actual damping 
of individual components. A structural damping of 3% appears to be the more realistic value. 

Hence the model is able to estimate the transmission of vibration between the transmission 
and the panel (figure 5.15). Again, the model is not required to mimic the exact dynamic of the 
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laboratory setup so it will be considered enough representative. 

5.4 Conclusion 

From a FARO digitizer arm, a 3D model of the main transmission was built. This model was 
exported to MSC.PATRAN with the parasolid format. 

A FE model of the laboratory setup was designed in MSC.PATRAN. In this model, the 
transmission case is assumed to be a point mass with rotary inertia. Even if the fluid structure 
coupling was shown to have an important influence on the acoustic pressure inside the cavity, it 
was neglected because the coupled FE solution is too time consuming. 

The FE model was validated with shaker test results. The model is unable to mimic the exact 
dynamics in the 0-3000 Hz range. However, the levels of the FRF obtained with the model are 
comparable with those measured experimentally. 
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CHAPTER 6 

OPTIMAL ACTIVE CONTROL SIMULATIONS 

This chapter covers the optimal active control simulations. These simulations are the first step 
of the development of the active control strategy. They are, indeed, essential for the search of 
an effective arrangement of control actuators and error sensors. As a matter of fact, the most 
suitable configuration found by simulation will be implemented on the laboratory setup. 

The chapter begins with a review of the basic optimal active control equations and the finite 
element (FE) modeling of the control piezoelectric actuators. Two active control arrangements 
were developed simultaneously. The first one involves actuators on the transmission support 
struts and the other involves actuators on the receiving panel. The position of the actuators will 
be analyzed. 

The FE model of chapter 5 was used to evaluate the transfer functions necessary for the 
optimal active control simulations. The results of the two arrangements were compared and 
analyzed. Once an effective configuration was found, a suitable control algorithm was inves-
tigated. This investigation concentrated on a method that can decrease the amount of signal 
processing requirements. To this end, actuators grouping and principal components analysis 
were studied. 

6.1 Active Control Basics 

The active control theory is not new. It was, indeed, patented for the first time in 1936 by Paul 
Lueg, LUEG, [67]. However the implementation of the active control concepts really started 
when the computers became more powerful during the 1970's. 
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Active control essentially tries to eliminate sound or vibration components by adding the 
exact opposite sound or vibration. The phase describes the relative position of the waves in its 
rising and falling cycle. If two waves are in phase, they rise and fall together, while if they 
are exactly out of phase, one rises as the other falls, and so they cancel out. The waveforms 
may represent the acoustic pressure variations in a duct or enclosure, or the displacement of a 
vibrating structure. 

The following brief review of the optimal active control equations is based on NELSON and 
ELLIOTT, [68]. A control system usually consists of a primary disturbance to be controlled 
by some secondary sources. Sensors are required to drive the secondary sources with the right 
signal. The complex output of a sensor is, by superposition, the complex output of the primary 
disturbance superimposed with the complex output of all the secondary sources. If L is the 
number of sensors and M is the number of secondary sources, the signal at the Ith error sensor 
can be expressed as 

et=di + Hhlyi + Hlfiy2 + ... + HlMyM (6.1) 

where dx is the primary disturbance at the Ith sensor, Hi<m is the transmission path between 
the Ith sensor and the mth secondary source and ym is the input at the mth secondary source. 
Equation 6.1 is generalized to L sensors 
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(6.2) 

The idea is to find the vector {y} such that the sum of squared outputs I ^ e? is min-
imized. The minimization equation has the Hermitian quadratic form. In the case where the 
number of secondary sources (M) and the number of sensors (L) are the same, the exact solu-
tion can be expressed as, 

{y}0Pt = -{H]-1{d} (6.3) 

However, as the number of error sensors (L) if often larger than the number of secondary 
sources (M) the least squares solution for this case can be expressed as 

{y}oPt = -([H]H[H))-1[H]H{d} (6.4) 
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where the superscript H denotes the Hermitian transpose. For active control simulations, 
the secondary path transfer matrix [H] and the primary disturbance vector {d} will be evaluated 
with the FE model. 

6.2 Piezoelectric Actuators Modeling 

Piezoelectric control actuators are to be used in this project because they are lightweight, small 
arid effective at high frequency. In order to investigate the optimal locations of the actua-
tors in active control simulations, they need to be modeled in the FE model. Unfortunately 
MSC.NASTRAN has no piezoelectric element yet. Therefore, the thermal analogy was ex-
ploited to model the piezoelectric actuators in the MSC.NASTRAN FE model. A review of the 
piezoelectric strain and thermal expansion equations will be presented. For further details, the 
reader is advised to refer to a more extensive presentation in COTE, [69]. 

6.2.1 Equations of linear piezoelectricity 

The piezoelectric effect is defined as the property of certain materials which develop electric 
polarization proportional to strain under a stress in a given direction. However, when using 
piezoelectric material in actuation the inverse piezoelectric effect is more relevant. This is de-
fined as the strain of certain materials when under an applied electric field. 

The theory of piezoelectricity is a mix of mechanical, electrical and energetic equations. 
Phenomenological equations that describe the behavior of a piezoelectric material subjected to 
a small stress and/or a weak electric field may be derived from the thermodynamic potentials. 
Under the Stress-Charge format, these equations can be expressed as: 

{T}-[cE}{S}-[ef{E} (6.5) 

{D} = [e]{S} + [e]s{E} (6.6) 

where E(3 x 1), D(3 x 1), T(6 x 1), and 5(6 x 1) are the electric field, electric charge 
density displacement, stress, and strain, respectively. The constants cE(6 x 6), es(3 x 3) and 
e(3 x 6) are respectively the elastic stiffness coefficients, the permittivity coefficients under 
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constant strain and the piezoelectric coupling coefficients (stress-charge format) under constant 
strain. An alternative formulations is the Strain-Charge format: 

{S} = [sE]{T} + [df{E} (6.7) 

{D} = [d]{T} + [e]T{E} (6.8) 

The constants sE(6 x 6), eT(3 x 3) and d(3 x 6) are respectively the elastic compliance 
coefficients, the permittivity coefficients under constant stress and the piezoelectric coupling 
coefficients (strain-charge format) under constant stress. 

6.2.2 Thermal Strain 

Assume that a medium is submitted to a gradient of temperature and that this medium is not free 
to expand or retract, it will then develop thermal stress. In the most general case of anisotropic 
material, the thermal stress can be expressed as: 

{Tth} = [cE}{Sth} (6.9) 

where, cE is the elastic stiffness coefficients and Sth is the thermal strain defined as 

{Sth} = | a i a2 a3 a4 a5 a6 j A 0 (6.10) 

The vector {a} contains the thermal expansion coefficients and A© = 9 —©0 is a difference 
of temperature from a reference temperature ©0. 

6.3 Analogy between Piezoelectric and Thermal Strain 

The thermal analogy is only valid for the converse piezoelectric effect (eq. 6.7). Hence this 
analogy can only be used to model piezoelectric actuators and not piezoelectric sensors. By 
equaling the second term on the right-hand side of equation 6.7 [d]T{E} representing the piezo-
electric strain with the equation 6.10 {a}AG representing the thermal strain, one can impose 
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With a quick analysis of equation 6.11 it is possible to note that the analogy between the two 
types of strain only works when the electric field vector contains only one non-zero component. 
Although this is a limitation, piezoelectric actuators often involve an applied electric field in 
one direction, say E3 ^ 0 and E\ = E2 — 0). The direction 3 is usually in the direction of the 
thickness of the actuator. The analogy between piezoelectric strain and thermal strain can be 
expressed as: 

(i = 1...6) (6.12) - 4 i — = aAe 
t 

where t is the thickness of the actuator and A<ps is the voltage applied to the actuator. 

6.4 Active Control Arrangements 

This section presents the two active control arrangements developed simultaneously during the 
project. Both arrangements use the BM400 piezoelectric actuators from Sensor Technology 
Limited. This material was chosen for its high rigidity. The dimensions of the actuators will be 
detailed in this section. In order to model the piezoelectric material as a 3D anisotropic material 
in MSC. PATRAN, as stated in the last section, the elastic stiffness and the piezoelectric coupling 
(strain-charge format) matrices are required. The complete specification sheet of the BM400 is 
presented in Appendix C. According to the manufacturer, for a condition of constant electric 
field, the elastic stiffness [c]E and the piezoelectric coupling (strain-charge format) [d] matrices 
are 

13.9 
7.8 
7.4 
0 
0 
0 

7.8 
13.9 
7.4 
0 
0 
0 

7.4 
7.4 
11.5 

0 
0 
0 

0 
0 
0 

2.6 
0 
0 

0 
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2.6 
0 

0 
0 
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0 
0 

4.6 

x 1010 N/m2 (6.13) 
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[d\ = 
0 0 0 0 496 0 
0 0 0 496 0 0 

-125 -125 300 0 0 0 
x 10"12 C/N (6.14) 

The components of the stiffness matrix of the piezoelectric material are saved in the stiffness 
matrix of the 3D anisotropic material in MSC.PATRAN, whereas the third row of [d] is saved 
in the thermal expansion coefficient vector. The two other rows of [d] are not used because the 
thermal analogy is only valid for one direction of the electric field (see last section). 

Two different arrangements were investigated with the FE model. The first one involves 
actuators on the transmission struts whereas the other involves actuators on the receiving panel. 

There are various techniques to search the optimal locations of the actuators for an active 
control application. There are simple methods, for example inspection of the mode shapes of 
a structure in the frequency range of control: in this case the actuators should be positioned at 
the antinodes of the modes to be controlled. There are also complex methods, such as genetic 
algorithms, which are effective but time consuming. This project will concentrate on simple 
techniques. The position of the error sensors and control actuators will now be detailed. 

6.4.1 Arrangement 1 

In the first arrangement the idea is to place the piezoelectric actuators on the transmission sup-
port struts. These struts transmit extensional, flexural as well as torsional waves to the receiving 
panel. The aim of this arrangement will be to control all these waves before they reach the panel. 
As exposed in chapter 5, the section of the struts looks like an I-shaped beam. The section is 
again presented on figure 6.1. 

The actuators can be placed on the top and bottom flanges and on the web of the struts. 
However, on the front struts the web is too small to receive an actuator. If the actuators are 
placed on the flanges, their maximum width is approximately 12.7 mm because of the mold 
lines separating the flange surface. Figure 6.2 presents possible positions of the actuators on a 
section of the strut. 

If the actuators of figure 6.2 are all independent they will enable the control of the extensional 
wave as well as the in plane and out of plane flexural waves. However the torsional waves will 
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Figure 6.1 Typical section of the Figure 6.2 Position of the actuators 
struts on the top and bottom flanges on a sec-

tion of the strut 

not be controlled. Figure 6.3 presents the extensional, in plane flexion and out of plane flexion 
wave generated by the actuators. The plus and minus sign represent the phase between the 
actuators. 

+ + 
extension 

+ - + 
in plane flexion out of plane flexion flanges flexion 

Figure 6.3 Movement of the strut as a function of the phase between the actuators 

When all actuators are in phase, an extensional wave (perpendicular to the YZ plane) is 
generated. When the top and bottom flanges actuators are in opposed phase, an in plane fiexural 
wave (flexion in the Z direction) is generated. When the left and right side actuators are in 
opposed phase an out of plane fiexural wave (flexion in the Y direction) is generated. Finally, 
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the last configuration is obtained when the top flange left and bottom flange right actuators are in 
phase and the 2 others are in opposed phase. This is not equivalent to pure torsion of the section 
because of the rigidity of the web. The wave generated in this case is a little more complicated 
but it can be viewed as mix of torsion of the section and flexion of the flanges. 

To obtain an effective control the actuators need to be strategically located along the struts. 
The easiest way to find their optimal position is to analyze the mode shapes of the struts with the 
FE model and place the actuators on or close to the antinodes in the frequency range of interest. 

Since the front struts are stiff, their mode shapes for a frequency up to 3 kHz remain simple. 
Assuming fixed conditions at the top and bottom ends of the struts, a first order flexural mode 
shape has only one antinode at the mid length of the strut. However, the rear struts are longer 
than the front ones and consequently more flexible. Hence, for a frequency up to 3 kHz the rear 
struts have both first and second order mode shapes. A second order mode shape has one node 
at the mid length and antinodes before and after the mid length. Figure 6.4 presents four mode 
shapes of the FE model in the frequency range of interest (a) mode 24 at 1000 Hz, (b) mode 27 
at 1085 Hz, (c) mode 72 at 2607 Hz and (d) mode 81 at 2863 Hz. 

(a) (b) 

(«0 (d) 

Figure 6.4 Mode shapes of the FE model, (a) mode shape 24, 1000 Hz, (b) mode shape 27, 
1085 Hz, (c) mode shape 72, 2607 Hz and (d) mode shape 81, 2863 Hz. 

On the mode shapes 24 (a) and 27 (b) the front and rear struts are deformed on a first order 
out of plane flexural mode shape pattern. However on mode shapes 72 (c) and 81 (d) the front 
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struts are deformed on a first order in plane flexural mode shape pattern whereas the rear struts 
are deformed on a second order out of plane flexural mode shape pattern. Thus, for the front 
struts, it is obvious that the optimal location of the actuators is at its mid length. However for 
the rear struts the conclusion is less straight-forward. Figure 6.5 presents a side view of the right 
strut assembly. 

restraint spring 
support 

Figure 6.5 Side view of a strut assembly 

At approximately the mid length of the rear strut there is a section discontinuity. Conse-
quently the actuators on the bottom flange can't be located at the mid length. Moreover the 
actuators can't be located below the section discontinuity because of the presence of the re-
straint spring support of the SAVITAD system. Thus, the only position available is above the 
discontinuity at approximately the position of a second order mode shape antinode. This prob-
lem does not exist for the top flange and the top actuators are positioned at the mid length. If the 
actuators have enough authority on the rear strut section, the top flange actuators will control 
the first order mode shapes and those on the bottom flange will control the second order mode 
shapes. Each strut has 4 actuators and the complete FE model has 16 actuators. Figure 6.6 
presents the position of 8 actuators on a strut assembly (only the two actuators on the top flange 
of the front strut and the two on the bottom flange of the rear strut are visible). 

The actuators are 50.8 mm long. This length corresponds to the commercially available 
dimension of the BM400 material. However the thickness of the actuators was chosen in order 
to have an optimal actuation coupling with the mechanical system. According to DELAS, [70] 
the optimum thickness, in terms of mechanical coupling, for an asymmetric case(actuators on 
one side of the substrate only) is obtained when the piezoelectric actuator thickness is 0.525 x h, 
where h is the thickness of the aluminium substrate. Here the substrates are assumed to be the 
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Figure 6.6 Position of the actuators on the strut assembly 

flanges of the struts. The flange thickness is approximately 8 mm so that the optimum thickness 
is 4.2 mm. However, to comply with the available actuators from the manufacturer, the thickness 
of the actuators of the FE model is 3.175 mm or | in. 

Thus, in the first arrangement, there are 16 piezoelectric actuators whose dimensions are 
50.8 x 12.7 x 3.175 mm3. The material is the BM400 from Sensor Technology Limited. 

To obtain a fully determined active control system, the minimum number of error sensors 
is 16. However, from a practical point of view, it is useful to have more error sensors than 
actuators. Indeed, if the system is fully determined the active control algorithm will drive the 
error signal to zero but it can cause unlimited increase of the vibration level away from the 
sensors. Thus for the first arrangement, 21 accelerometers (error sensors) were distributed on 
the receiving panel. Figure 6.7 presents the position of the error sensors. 

The 21 error sensors were placed such that they effectively represent the panel mean squared 
velocity (MSV) up to a frequency of 3 kHz. 

6.4.2 Arrangement 2 

In the second arrangement the piezoelectric actuators are bonded on the receiving panel. In 
order to facilitate a comparison between arrangements 1 and 2, the dimensions of the actuators 
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21 error sensors 

Figure 6.7 Position of the error sensors on the receiving panel 

are exactly the same as in arrangement 1. 

From a noise radiation point of view, the objective is to control the flexion of the panel. 
Then only the vertical force and the two flexural moments transmitted from the struts to the 
panel are important. As a matter of fact these are the three degrees of freedom that creates 
flexion in the panel and, by the way, noise radiation. Hence the minimum number of actuators 
that can control three degrees of freedom is three. Thus 12 actuators are required to control 
the degrees of freedom of interest transmitted from the 4 struts to the panel. A group of three 
actuators is positioned around each strut/panel junction. The actuators of each group are located 
at the summits of an equilateral triangle (18 cm) around the strut/panel junction. As for the first 
arrangement, where the mode shape of the struts were investigated to find the optimal location 
of the actuators, the mode shapes pattern of the panel were used to place the actuators of the 
second arrangement. The actuators were, indeed, placed approximately at the antinode of the 
panel closest to the strut/panel junction for the mode shapes around 2 kHz. Figure 6.8 presents 
the position of the actuators and sensors on the panel. 

In the second arrangement the minimum number of error sensors to obtain a fully determined 
system is 12. However, as exposed in the previous section, it is better to have more error sensors 
than actuators. For this reason a total of 15 error sensors are placed on the panel. It was 
impossible to use the 21 error sensors of the arrangement 1 because the sensors and the actuators 
would have been collocated. This does not cause any problem on the FE model. However it is 
practically impossible to collocate a piezoelectric actuator and an acceleration error sensor. 

Now that the two arrangements are presented, the next section will present the results of the 
optimal active control simulations. 
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Figure 6.8 Position of the actuators and error sensors on the receiving panel 

6.5 Simulations Results 

This section presents the results of optimal active control simulations for the two arrangements 
mentioned above. Equation 6.4 is used to compute the optimal input voltages of the actuators. 
The control criterion is the sum of the squared acceleration of the error sensors. Though, the 
control performance of each arrangement is evaluated in terms of the MSV of the panel and the 
mean voltage applied to the actuators. Indeed an arrangement with large MSV attenuation but 
with very high voltages will not be practical. Instead of assessing the optimal active control only 
at the transmission tones, the control simulations are performed at every frequency and they are, 
thus, equivalent to broadband control. In order to perform well in reality, it is important to 
find an arrangement effective at every frequency. Indeed, as the frequencies of the tones vary 
with the flight condition it is important that the controller provides good attenuation at every 
frequency. 

As no clear information is available on the actual directions of the primary disturbance, the 
three possible directions of force were evaluated. The forces were applied at the center of mass 
of the gearbox for all simulations presented in this chapter. Figure 6.9 presents the location and 
the direction of the three forces on the FE model. The objective is to obtain an arrangement that 
is effective for the three directions of primary disturbance. 
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Figure 6.9 Location and direction of the three primary forces on the FE model 

6.5.1 Arrangement 1 

The first arrangement (16/21) has 16 piezoelectric actuators on the transmission struts and 21 
error sensors on the receiving panel. Figure 6.10 presents the uncontrolled (light grey) and 
controlled (dark grey) MSV of the panel for a unit primary disturbance along the X axis. 

-so r 1 1 1——- — ; 1 1 1 
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0 SCO 1000 1500 2000 2500 3000 
Frequency (Hz) 

Figure 6.10 MSV of the panel, uncontrolled (light grey) and controlled with arrangement 1 
(dark grey). Primary disturbance along X axis. 

One can observe that the modes of the system are completely controlled with the optimal 
active control scheme. The panel MSV is attenuated by approximately 30 dB across the band-
width. Figure 6.11 presents the deformation of the panel without (a) and with (b) control at 2 
kHz. 

Both plots have the same scale. As for all the frequencies of the bandwidth, the optimal 
active control scheme is able to control the modal response of the panel and the result is low 
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Figure 6.11 Deformation of the panel at 2 kHz. Uncontrolled (a) and controlled (b). 

displacement over the panel. 

The other performance criterion is the actuators mean voltage. The actuators mean voltage 
is calculated as the mean amplitude of the voltage required by all actuators at all frequencies. 
Figure 6.12 presents the mean voltage of the 16 actuators as a function of the frequency. 

500 1000 1500 2000 
Frequency(l-te) 

2500 3000 

Figure 6.12 Actuators mean voltage, arrangement 1. Primary disturbance along X axis. 

Below 500 Hz, the amount of voltage required at the piezoelectric actuators is rather large, 
between 10 and 1000 V for 1 N of primary disturbance. As the laboratory demonstration will 

take place with a 445 N (100 lbf) shaker the amount of voltage required at low frequency is 
impossible to reach. Fortunately this project concentrates on the frequency band between 500 
Hz and 3 kHz. In this frequency band, the mean voltage varies between less than 1 and 10 V 
for 1 N of primary disturbance. This mean voltage spectrum confirms the effectiveness of the 
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piezoelectric actuators for high frequency applications. 

Very similar results are obtained for the two other directions of primary disturbance. The 
panel MSV for these directions are presented on figure 6.13 and 6.14. 

1500 
Frequency (Hz) 

3000 

Figure 6.13 MSV of the panel, uncontrolled (light grey) and controlled with arrangement 1 
(dark grey). Primary disturbance along Y axis. 

1500 
Frequency (Hz) 

3000 

Figure 6.14 MSV of the panel, uncontrolled (light grey) and controlled with arrangement 1 
(dark grey). Primary disturbance along Z axis. 

6.5.2 Arrangement 2 

The second arrangement (12/15) has 12 piezoelectric actuators and 15 error sensors on the 
receiving panel. Figure 6.15 presents the uncontrolled (light grey) and controlled (dark grey) 
MSV of the panel for a primary disturbance along the X axis. 
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Figure 6.15 MSV of the panel, uncontrolled (light grey) and controlled with arrangement 2 
(dark grey). Primary disturbance along X axis. 

This time the control is much less effective than the 16/21 arrangement for the same direction 
of primary disturbance. At almost all frequencies, the control performance is either null or 
very poor. Although the control criterion (sum of squared acceleration at the error sensors) is 
minimized, the panel MSV is not controlled. This arrangement is able to control the modes 
of the system below 500 Hz. However, above this frequency, even if the acceleration at the 
sensors is nearly zero, the panel MSV remains high. An effective control scheme may have been 
reachable with many more sensors distributed on the panel. Figure 6.16 presents a comparison 
of the mean voltage of arrangements 1 (light grey) and 2 (dark grey). 

At almost all frequencies, the 16/21 arrangement is 10 dB (10 V/N) below the 12/15 arrange-
ment in terms of the required control voltage. For both performance criteria, the arrangement 
1 is clearly better. Very similar results were obtained for the two other directions of primary 
disturbance. 

Therefore, an arrangement with actuators on the transmission struts is more effective than 
a solution with actuators on the panel. Indeed, from a wave propagation point of view, it is 
more desirable to control the waves in a 1-dimension structure (the struts) than in a 2-dimension 
one (the panel). The wave field is less complex in 1-dimension structure Now that the most 
effective arrangement is found, an optimization phase will aim at reducing the signal processing 
requirements. 
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Figure 6.16 Actuators mean voltage comparison, 16/21 arrangement (light grey) and 12/15 
arrangement (dark grey). Primary disturbance along X axis. 

6.6 Optimization 

A fully coupled control configuration with 16 independent piezoelectric actuators and 21 error 
sensors requires significant signal processing, especially for the high frequency tones consid-
ered. The optimization stage will therefore aim at finding alternatives to decrease the process-
ing requirement without decreasing the performance for all directions of primary disturbance. 
Two different techniques are investigated: actuators grouping and principal component analy-
sis. While in the first method the actuators are physically grouped, the second technique trans-
forms the secondary path transfer matrix into its principal components in order to find optimal 
frequency-dependant actuator and sensor grouping. 

6.6.1 Actuators Grouping 

When all the actuators of a strut are independent, there is a total of 16 independent actuators 
on the four struts. The actuators of each strut can be grouped following various patterns. For 
example if the actuators of each strut are grouped together they will all have the same input 
voltage but they can have different voltage phases. In this case the model will have a total of 
four independent groups of actuators. Figure 6.17 presents four possible configurations. The 
dark and light grey actuators have the same voltage but have opposite phases. 
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Figure 6.17 Four different configurations when grouping all the actuators of each strut, (a) 
Configuration 1: all actuators in phase, (b) Configuration 2, (c) Configuration 3 and (d) Config-
uration 4, light and dark grey actuators have opposite phase. 

Configuration 1 (a) is only effective to control extensional waves in the struts (see figure 
6.3). Configuration 2 (b) and 3 (c) are able to control respectively in plane and out of plane 
flexural waves. Finally, configuration 4 (d) will deform the top and bottom flanges along an out 
of plane pattern. Though, the flanges will strain in opposite directions. 

For all the configurations with four independent groups of actuators, the number of error 
sensors is reduced to 16. Figure 6.18 presents the position of the 16 remaining sensors. The 
objective is to reduce the signal processing requirement as much as possible. 

* o * - . * o 

...: o * . v o 

Figure 6.18 Position of the 16 remaining error sensors on the panel. 
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For a primary disturbance along the X axis, figure 6.19 presents the comparison of the panel 
MSV for the four 4/16 configurations and for the 16/21 arrangement. 

Uncontrolled 
Config. 1 (4/16) " 

r>_ i _ _ i _ _ _ i _ ^ _ u _ — J 
0 500 1000 1500 2000 2500 3000 

Frequency (Hz) 

Figure 6.19 Comparison of the four 4/16 configurations and the 16/21 arrangement. Primary 
disturbance along X. 

The 16/21 arrangement is clearly better than all 4/16 configurations. However for a primary 
disturbance along the axis X, from the four configurations of figure 6.17, configuration 1 is the 
best. Hence, the extensional waves in the strut are dominant in terms of the flexural vibration 
transmitted to the panel. However this will vary with the direction of the primary disturbance. 
The results for the Z axis are very similar to X axis, but for the Y axis the conclusions are 
different. Figure 6.20 and 6.21 respectively present the comparison of figure 6.19 for a primary 
disturbance along Z and Y. 

For a primary disturbance along Y, both configurations 1 and 2 have no influence on the 
panel MSV for a frequency above 500 Hz and the best 4/16 configuration is either configuration 
3 or 4. Thus the choice of the optimal configuration is greatly influenced by the directions of 
the primary disturbance. As mentioned above, the objective is to find a configuration that will 
provide good attenuation for the three axes of primary disturbance and any 4/16 configuration 
can't give such results. 

In the optimization process, the next step is to separate the phase relation imposed in the four 
configurations of figure 6.17. Figure 6.22 presents three possible configurations if the actuators 
are grouped in couple. 
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Figure 6.20 Comparison of the four 4/16 configurations and the 16/21 arrangement. Primary 
disturbance along Z. 
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Figure 6.21 Comparison of the four 4/16 configurations and the 16/21 arrangement. Primary 
disturbance along Y. 

The couples are identified with the same color. Each couple has the same voltage and phase. 
Though, there is no relation imposed between two couples. When the actuators are grouped in 
couples, the model has a total of eight independent couples. 

The configuration 1 (a) will allow to control both in plane flexion and extension (see figure 
6.3). Configuration 2 (b) will allow to control the out of plane flexion and the extension. Finally, 
configuration 3 will enable the control of the extensional waves and, also a complex flexion (just 
like configuration 4 of the 4/16 arrangement). For a primary disturbance along the X axis, figure 
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(a) (b) (c) 

Figure 6.22 Three different configurations when grouping the actuators of each strut in couple, 
(a) Configuration 1 (b) Configuration 2, (c) Configuration 3. 

6.23 presents the comparison of the panel MSV for the three 8/16 configurations and the 16/21 
arrangement. 
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Figure 6.23 Comparison of the three 8/16 configurations and the 16/21 arrangement. Primary 
disturbance along X. 

Configuration 1 enables good attenuation, much better than configurations 2 and 3 and any 
4/16 configuration. The results are again very similar for a primary disturbance along Z and 
are presented on figure 6.24. Though, configuration 1 can only control extensional and in plane 
flexural waves. Thus for a primary disturbance along Y the control performance for configura-
tion 1 should be poor. Figure 6.25 presents the comparison for a primary disturbance along Y. 
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Figure 6.24 Comparison of the three 8/16 configurations and the 16/21 arrangement. Primary 
disturbance along Z. 
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Figure 6.25 Comparison of the three 8/16 configurations and the 16/21 arrangement. Primary 
disturbance along Y. 

As expected, configuration 1 gives poor performance for a primary disturbance along Y. 
Therefore, none of the 4/16 and 8/16 configurations gives good results in the case of a primary 
disturbance along Y. As a matter of fact, as the number of independent groups of actuators 
decreases, the control performance becomes more and more specific to a given direction of 
primary disturbance. Thus the actuator grouping technique can't be readily applied and the 
control performance needs to be closely evaluated. 

However, by closely looking at the secondary path transfer matrix it has been observed 
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that the top actuators of the rear struts have very similar influence on the acceleration of the 
panel. Thus a configuration with 12 independent actuators, 2 independent couples of actuators 
and 16 error sensors (14/16) requires less signal processing than the 16/21 configuration. The 
comparison between the 14/16 and the 16/21 arrangement for a primary disturbance along X is 
presented on figure 6.26. 

1500 
Frequency (Hz) 

3000 

Figure 6.26 Comparison of the 14/16 and 16/21 arrangements. Primary disturbance along X. 

For a primary disturbance along X the results of the 14/16 arrangement are very close to 
the more complex 16/21. The results are very similar for a primary disturbance along Z and 
presented on figure 6.27. 
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Figure 6.27 Comparison of the 14/16 and 16/21 arrangements. Primary disturbance along Z. 

In the 4/16 and 8/16 cases no configuration was able to provide good control performance 
for both primary disturbance directions X and Y. The comparison between the 14/16 and the 
16/21 arrangement for a primary disturbance along Y is presented on figure 6.28. 
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Figure 6.28 Comparison of the 14/16 and 16/21 arrangements. Primary disturbance along Y. 

Thus the 14/16 arrangement enables attenuation very similar to the 16/21 arrangement for 
every direction of primary disturbance. Although the control performance of the two arrange-
ments are similar the actuators mean voltage can be different and needs to be investigated. Fig-
ures 6.29 to 6.31present the comparison of the actuators mean voltage for a primary disturbance 
along X, Y and Z. 

0 500 1000 1500 2000 2500 3000 
Frequency(Hz) 

Figure 6.29 Comparison of the mean voltage of the 14/16 (dark grey) and 16/21 (light grey) 
arrangements. Primary disturbance along X. 

Just like the panel MSV attenuation, the actuators mean voltage are nearly identical for the 
14/16 and the 16/21 arrangements. Hence from a control performance and signal processing 
requirement point of view, the 14/16 arrangement is more interesting than the 16/21. In order to 
further reduce the processing requirements, the principal component analysis will be performed 
on the 14/16 arrangement. 
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Figure 6.30 Comparison of the mean voltage of the 14/16 (dark grey) and 16/21 (light grey) 
arrangements. Primary disturbance along Y. 
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Figure 6.31 Comparison of the mean voltage of the 14/16 (dark grey) and 16/21 (light grey) 
arrangements. Primary disturbance along Z. 

6.6.2 Principal Component Analysis 

In order to further reduce the complexity of the controller the secondary path transfer matrix 
is transformed into its principal components. The principal component transformation of the 
transfer matrix is an interesting tool to extract dominant secondary paths, limit control efforts 
and prevent slow convergence due to ill-conditioning. The singular value decomposition (SVD) 
is a convenient way to extract the principal components of rectangular matrices. The following 
review of the SVD for active control is based on CABELL and FULLER [71] and ELLIOTT, 
[72]. 
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If [H] denotes the secondary path transfer matrix, the SVD can be expressed as 

[H] = [U][S][V]H • (6.15) 

Where [U] is the matrix of eigenvectors of [if][if]H, [S] is the diagonal matrix of positive 
singular values of [H] and [V] is the matrix of eigenvectors of [i?]H[iJ]. The superscript H 
denotes again the hermitian transpose. In the matrix [S] the singular value are sorted from 
the largest to the lowest value along the diagonal. The first few singular values are generally 
sufficient to represent the behavior of the system. 

The optimal active control equations 6.1 to 6.4 need to be converted to the principal compo-
nent domain. These equations in the transformed domain can be expressed as 

{z}oPt = -([S)H[S])-1[S}H{p} (6.16) 

where {p} can be expressed as 
{p} = [U]H{d} (6.17) 

The transformation of {z}opt to the actuator voltages is accomplished with the following 
equation 

{y}oPt = [V]{z}opt (6.18) 

One can observe that if all the singular values of [S] are taken into account, equations 6.15 to 
6.18 correspond to the the optimal active control formulation presented in equations 6.1 to 6.4. 
Thus the advantage of the principal component optimal active control formulation is to neglect 
the less dominant secondary paths. This is done by taking only a subset of singular values 
in the matrix [S] and the corresponding singular vectors in [U] and [V]. This is equivalent 
to neglecting some informations of the secondary path transfer matrix [H]. Hence the lowest 
singular values will not be taken into account in the control formulation and therefore no control 
effort will be spent to control these less significant secondary paths. However a disadvantage of 
this technique is that the SVD analysis needs to be performed at every frequency. Consequently, 
in practice, active control algorithm using the SVD has been limited, in previous research, to 
single harmonic applications. For multi-harmonic applications, such as helicopter transmission 
noise reduction, a series of algorithms will run in parallel for each controled frequency. These 
algorithm issues will be addressed in the next chapter. Figure 6.32 presents the panel MSV 
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Figure 6.32 Comparison of the panel MSV attenuation when 4, 8 and all 14 singular values are 
taken into account. Primary disturbance along X. 

attenuation when 4, 8 and all 14 singular values are taken into account in the control. The 
primary disturbance is a unit force along X. 

The attenuation of the panel MSV with a subset of singular values is different for every 
frequency. There is not a linear relation between the panel MSV attenuation with 4, 8 and all 14 
singular values. Figure 6.33 presents (a) the attenuation of the panel MSV and (b) the actuators 
mean voltage as a function of the number of singular values selected at 1000 Hz. The primary 
disturbance is along the X direction. 

At this frequency, the largest attenuation is when all the 14 singular values are used. This is 
normal because it corresponds to the fully coupled active control approach. At the same time 
this approach is the most voltage consuming (approximately 1 V/N). Hence, depending on the 
attenuation targeted, it can be advantageous to select the minimum number of singular values. 
For example, if a tone at 1000 Hz is emerging by 15 dB above the background noise level, there 
is no need to attenuate this tone by more than 15 dB. Thus it will be wiser to use the necessary 
and sufficient number of singular values to obtain a 15 dB attenuation and, at the same time, 
limit the control effort at this frequency. 

The attenuation of the panel MSV and the actuators mean voltage as function of the number 
os singular values depends on the frequency of interest. In order to acknowledge this fact, figure, 
6.34 presents (a) the attenuation of the panel MSV and (b) the actuators mean voltage as a 
function of the number of singular values selected at 2000 Hz. The primary disturbance is again 
along the X direction. 
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Figure 6.33 (a) Attenuation of the panel MSV and (b) actuators mean voltage as a function of 
the number of singular values selected at 1000 Hz. Primary disturbance along direction X. 

As one can observe, at this frequency the maximal attenuation is fully coupled approach. As 
a matter of fact, at this frequency the less significant secondary paths decrease the attenuation 
of the panel MSV. Moreover, by comparing the actuators mean voltage of figure 6.34 with the 
one of figure 6.33, the amount of voltage needed at 2000 Hz is much less than the one at 1000 
Hz. 

Consequently the principal component analysis is different at every frequency. Thus for the 
laboratory demonstration this analysis needs to be performed at all the characteristic frequencies 
of the transmissions exposed in chapter 3. However this method is very interesting to decrease 
the amount of voltage needed by the actuators. 
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Figure 6.34 (a) Attenuation of the panel MSV and (b) actuators mean voltage as a function of 
the number of singular values selected at 2000 Hz. Primary disturbance along direction X. 

6.7 Conclusion 

This chapter concentrated on the optimal active control simulations. The basic optimal active 
control formulation was first presented. This formulation is based on the principle of super-
position. The complex output of a sensor is the complex output of the primary disturbance 
superimposed with the complex output of all the secondary sources. 

Two different control strategies were presented. In the first arrangement the actuators are 
bonded on the transmission support struts whereas in the second arrangement the actuators 
are bonded on the receiving panel. The first arrangement has 16 independent actuators on the 
struts and 21 error sensors (16/21) on the panel and the second arrangement has 12 independent 
actuators and 15 error sensors (12/15) on the panel. The actuators have the same dimensions 
for both arrangements. Moreover, in both cases, the error sensors are placed over the panel to 
observe, as accurately as possible, the panel MSV. 
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The control criterion was the sum of squared acceleration at the error sensors. However, the 
control performance (panel MSV attenuation and actuators mean voltage) of the two arrange-
ments were compared for a primary disturbance along the axes X, Y and Z. The 16/21 arrange-
ment is clearly better than the 12/15, the panel MSV is more attenuated and the actuators mean 
voltage is lower. 

During the optimization phase various configurations of actuators grouping were tested. 
The conclusion is that as the number of independent groups of actuators decreases, the control 
performance becomes more and more specific to a given direction of primary disturbance. After 
several iterations, a 14/16 arrangement was found to have control performances similar to the 
16/21 arrangement but with less signal processing requirements. 

In order to further reduce the complexity of the controller, principal component analysis was 
presented. This type of analysis is effective to extract dominant secondary paths, limit control 
efforts and prevent slow convergence due to ill-conditioning. The disadvantage of this technique 
is that it needs to be performed at every frequency. However the results presented for 1000 Hz 
and 2000 Hz are promising and this method will be tested during the laboratory demonstration. 
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CHAPTER 7 

LABORATORY DEMONSTRATION 

This chapter presents the active control results of the laboratory demonstration. As exposed in 
the introduction, the aim of this research project is a laboratory demonstration of active structural 
acoustic control (ASAC) in the frequency range of the Bell 407 main transmission (500-3000 
Hz). The objective is to evaluate the feasibility and effectiveness of ASAC under laboratory 
conditions. 

In order to proceed to the laboratory demonstration, the setup, presented in chapter 4, is 
augmented with control piezoelectric actuators, acceleration error sensors and a primary shaker. 
The control actuators and error sensors are located at the position specified by the simulations 
of chapter 6. 

The first section will present the augmented laboratory setup and the material used for the 
demonstration will be introduced. The active control performance of 2 different algorithms 
will be assessed: a filtered-reference least mean square (FXLMS) and a principal component 
least mean square (PCLMS). All the results will be presented for the 14 control piezoelectric 
actuators 16 acceleration error sensors arrangement. This arrangement was discussed in chapter 
6. 

The results presented in this section were obtained in close collaboration with research as-
sociate Yann Pasco and internship student Olivier Robin. They, indeed, developed together the 
algorithms and interfaces necessary to implement active control on the laboratory setup. Hence, 
I focused on the analysis of the results obtained. 
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7.1 Augmented Laboratory Setup 

The laboratory setup introduced in chapter 4 is again presented on figure 7.1. 

Figure 7.1 Photo of the laboratory setup 

It consists of a Bell 407 main transmission, a uniform receiving aluminium panel and a rigid 
acoustic cavity. The simulations presented in chapter 6 allowed us to find an effective arrange-
ment of control actuators and error sensors. During the simulations, the primary disturbance 
was a force at the center of mass of the transmission of the FE model. However, it is actually 
impossible to have such a primary disturbance and in practice a shaker will provide the primary 
disturbance. It is indeed practically impossible to have a primary disturbance exactly at the cen-
ter of mass of the transmission. The shaker can be fixed at various locations on the laboratory 
setup in order to represent different types of primary disturbance. 

7.1.1 Control Piezoelectric Actuators 

The laboratory setup is augmented with BM400 piezoelectric actuators manufactured by Sensor 
Technology Limited. As exposed in chapter 6, this material was chosen for its high rigidity. The 
reader is referred to appendix C to obtain the complete specifications sheet of this piezoelectric 
material. 

The dimensions of the control actuators are 50.8 x 12.7 x 3.175 mm3. The piezoelectric 
actuators were custom built for our application. Indeed, in order to have the electric ground 
on the structure and to avoid drilling a hole in it to have access to the electrode bonded on the 
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structure, this electrode was continued and bent on the side of the actuator. Figure 7.2 presents 
a schematic of the piezoelectric actuators. 

U -electrode 

Figure 7.2 Schematic of the piezoelectric actuators 

The dark grey line is, in this case, the positive electrode and the light grey line is the negative 
electrode. This is a top flange actuator. In order to have the electric ground on the structure, the 
bottom flange actuators have opposed electrodes (positive electrode bent on the side, negative 
electrode on top). Thus the effective length of the control actuators is a little less than 50.8 mm. 

The 16 piezoelectric actuators were bonded to the transmission struts using a non-conducting 
Schnellklebstoff X-60 binary adhesive. From a previous comparative study of various adhesives 
at GAUS it was shown that the Schnellklebstoff X-60 is globally superior than the various epoxy 
and cyanoacrylate adhesives tested (DELAS, [70]). 

Figure 7.3 presents 2 piezoelectric actuators bonded on the transmission struts at the location 
specified by the simulations. 

7.1.2 Acceleration Error Sensors 

In order to implement the active control on the laboratory setup, 16 acceleration error sensors are 
required. From the material available at GAUS, 12 highly sensitive and 4 standard accelerome-
ters were chosen. 

The highly sensitive accelerometers are manufactured by Oceana Sensor Technology. They 
all have a sensitivity close to 1000 mV/g. Figure 7.4 presents one of these accelerometers. 

These accelerometers are large and heavy (30 g) for this type of device, though, for our 
application it is not a problem. The behavior of the receiving panel is certainly not influenced 

+ electrode 
£ 
e. * 
CO 

50.8 mm 

101 



Figure 7.3 2 piezoelectric actuators on the top flange of a front strut 

Figure 7.4 Oceana Sensor Technology highly sensitive accelerometer 

by these 12 sensors. 

The 4 remaining sensors are U353B18 accelerometers manufactured by PCB piezotronics. 
Their sensitivity is approximately 10 mV/g and they weight 1.5 g. Figure 7.5 presents one of 
these accelerometers. 

As mentioned in chapter 6, the control criterion for the active control algorithm is the sum 
of squared acceleration measured at the error sensors. 
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Figure 7.5 PCB Piezotronics type accelerometer 

7.1.3 Primary Shaker 

As the main transmission loaned by Bell'contains no gear, the actual primary disturbance can't 
be readily reproduced. In order to reach a level of excitation close to reality, a 444 N (100 
lbf) Dynamic Solutions shaker is used. The shaker and its power amplifier were loaned by the 
LSMI of Universite Laval, Quebec. Figure 7.6 presents the augmented laboratory setup and the 
primary shaker is encircled. 

primary shaker •*._•. 
| \ pic/oelec|tric 
1 - "; actuators 

• - ' • / 

acceleromei 
Figure 7.6 Augmented laboratory setup 

For practical reasons all the results presented in this chapter are with the shaker in X direction 
and located close to the center of mass of the transmission. This position and orientation are 
similar to those of the primary disturbance of the simulations presented in chapter 6. 
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7.1.4 Other Hardware 

The control system prototyping is made with a dSpace system available at GAUS. This system 
has 32 inputs and 32 outputs. The development of the necessary algorithms and programs 
was made with MATLAB/Simulink and in collaboration with research associate Yann Pasco 
and internship student Olivier Robin. As we used 15 outputs (the shaker and the 14 control 
actuators) and 16 inputs (the 16 error sensors), the sampling frequency of our dSpace system 
is limited to 5 kHz. Hence the Nyquist frequency is 2.5 kHz and no active control reduction is 
expected with this configuration above this frequency. 

In order to avoid aliasing, the 15 outputs and 16 inputs of dSpace are passed through analog 
low-pass filters. The filters are manufactured by Musilab and they are 8 th order Butterworth. 
The cutoff frequency of these low-pass filters was fixed 2.3 kHz. 

A monitoring microphone (Briiel h Kjaer, Type 3040) is installed in the cavity. Figure 7.7 
presents a schematic of the location of the microphone inside the cavity. 

Figure 7.7 Schematic of the location of the microphone in the cavity 

Although the information provided by the microphone on the acoustic pressure in the cavity 
is local, it is interesting to monitor the performance of our active control system in terms of the 
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sound pressure level (SPL) at the microphone. 

7.2 Algorithms 

The active control algorithms are generally classed in 2 different groups: feedback and feedfor-
ward algorithms. Usually, when a reference signal well correlated with the signal to control is 
available, the feedforward algorithms are very effective, ELLIOTT, [72]. In the case of the heli-
copter transmission, where the noise of the transmission is correlated with the angular velocity 
of the main rotor, the feedforward algorithm should provide interesting attenuation. Figure 7.8 
presents the general block diagram of a feedforward algorithm. 

reference x(n) 
unknown plant 

-*• P(z) 

control filter* 

• W(z) \ 

disturbance d(n) 

unknown plant 

H<z) 

! error e(n) 

- • Algorithm 

adaptation 

Figure 7.8 Block diagram of a general feedforward algorithm, ELLIOTT, [72]. 

The objective of a feedfoward algorithm is to adapt the coefficients of the control filter (w) 
in order to control the primary disturbance (d). The control filter is generally a FIR filter. The 
optimum control filter can be computed from the optimal control theory presented in chapter 6. 
The calculation of the optimal filter with / coefficients involves the inversion of a / x / matrix, 
ELLIOTT, [72]. Although this matrix has a special form (it is symmetric and Toeplitz), and 
efficient algorithms can be used for its inversion, the computational burden remains significant. 
Moreover, the optimal solution assumes that the reference and perturbation signals are stationary 
and this is not always the case. Therefore, in practice, the optimal control filter is searched using 
an iterative algorithm. 

The most widely used algorithm for adapting FIR filters is based on the fact that the error 
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surface e2(n) for such filters has a quadratic shape with respect to the filter coefficients, EL-
LIOTT, [72]. This algorithm is known has the stochastic gradient algorithm or the least mean 
square (LMS). The LMS algorithm is simple and it can be expressed as: 

w(n + 1) = w(n) + ax(n)e(n) (7.1) 

where 
w = J w0 wi . . . u>/_i J (7.2) 

x(n) = | xn zn_! . . . a?n_/+i J (7.3) 

In the case where there is only 1 error signal, the FIR filter w at the iteration n + 1 is equal 
to the filter w at the iteration n plus the product of the convergence coefficient a, the reference 
signal x at the iteration n and the error e at the iteration n. 

There are various versions of the LMS algorithm. This thesis will focus on the widely used 
filtered-reference LMS (FXLMS) and the less common principal component LMS (PCLMS). 
Both algorithms will be presented and used experimentally for single frequency control of the 
helicopter transmission. 

7.2.1 Filtered-Reference Least Mean Square 

The block diagram of the FXLMS is presented on figure 7.9. In practice, the filtered reference 
signal is generated with an estimated version of the unknown plant (H), the plant model (H'). 

In the case of the LMS algorithm, the error signal is multiplied directly by the reference 
signal to give the cross-correlation estimate used to adapt the filter. This works well to control 
electric signal, however in a feedforward realistic active control case, the error signal is filtered 
by the unknown plant response and this distorts the cross-correlation estimate. The FXLMS 
prefilters the reference signal with the model of the plant response, so that the cross-correlation 
estimate is valid and not distorted, ELLIOTT, [72]. 

The need to filter the reference signal in the FXLMS clearly increases its computational 
burden but provides better active control results. In our case we identified the plant model be-
fore applying the active control. The plant model was identified with a 400 coefficients FIR 
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Figure 7.9 Block diagram of the filtered-reference LMS, ELLIOTT, [72]. 

filter. The model is assumed valid for the frequency range between 500 Hz and 2300 Hz (cut-
off frequency of the filter). For a single frequency control, the control filter only requires 2 
coefficients. 

7.2.2 Principal Component Least Mean Square 

The block diagram of the PCLMS algorithm is presented on figure 7.10. This algorithm is based 
on the work of CABELL et al, [71], [73] and [74]. 

unknown plant 
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. right singular ; 

control filter* vectors ' unknown plant 
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Figure 7.10 Block diagram of the principal component LMS, CABELL, [74]. 
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This algorithm is based on the principal component analysis. As. shown in chapter 6, an 
efficient method to extract the principal components is the singular value decomposition (SVD). 
The SVD equation is again presented here. The matrix [H] is the plant matrix. 

[H] = [U}[S][V}H (7.4) 

The superscript H denotes the hermitian transpose. The matrix [U] contains the left singular 
vectors of [H], while [V] contains its right singular vectors. The singular values in the diagonal 
of [S] are sorted from the largest to the smallest values. To implement the PCLMS the plant 
model matrix [H1] is measured before applying the control and the matrices [U], [S] and [V] 
are computed from [H'\. The variation of [U], [S] and [V] over the frequencies is dependant on 
[H]. In the case where the dynamics of the plant varies rapidly over the frequency, the PCLMS 
algorithm can only be used for single frequency control. By using, equations 7.1 and 7.4, the 
weight update equation for the PCLMS can be expressed as: 

w(n + 1) = w(n) + aV(STS)-1STUHe(n) (7.5) 

where the superscript T denotes the matrix transpose. The biggest advantage of the PCLMS 
is that the principal components can be controlled with independent LMS algorithm running 
in parallel. Hence, in order to decrease the control effort or to accelerate convergence only a 
subset of principal components can be controlled. Physically, large singular values represent 
principal directions in which the control system can achieve very good attenuation with little 
control effort. However, because the primary disturbance is independent of the control system, 
there is no guarantee that the largest principal components of the control system will have the 
highest correlations with the primary disturbance and, thus, the highest attenuation of the control 
criterion. In order to chose the right subset of principal components it is important to have a 
look at the mapping of the primary disturbance on the principal components. The mapping is 
defined as the correlation between the primary disturbance and the principal components and 
can be expressed as: 

p, = u f d (7.6) 

where uf is the ith column of the matrix [U] and d is the vector containing the primary 
disturbance. In order to obtain a mapping independent of the amplitude of the primary dis-
turbance, the squared magnitude of each pt value is normalized by \d\2, the squared amplitude 
of the primary disturbance. By controlling a subset of principal components, the PCLMS en-
ables the user to define a tradeoff between the attenuation of the control criterion, the control 
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effort required and the convergence time. Thus, the PCLMS provides better user control than 
the FXLMS because the latter always tries to control all the principal components. Hence the 
convergence coefficient of the FXLMS depends on the slowest principal component. 

7.3 Experimental Results 

This section presents experimental results of the FXLMS and the PCLMS algorithms. The 2 al-
gorithms will first be compared for single frequency excitation at 3 frequencies corresponding to 
transmission tones. Finally some interesting results of single frequency control of a broadband 
disturbance signal with the PCLMS are covered. 

All the results presented in this section were obtained for a primary disturbance in the X 
direction, similar to the simulations of chapter 6. The level of excitation provided by the shaker 
was much lower than the actual level on a helicopter. Between 5 to 40 N were injected during 
the test whereas it should be close to 500 N to represent reality, BERRY et al, [62]. This primary 
disturbance limitation is due to the power amplifier available at the GAUS for the piezoelectric 
actuators. However the piezoelectric actuators were designed to support voltages as high as 
1500 V so that they can support a 500 N primary disturbance. The control criterion for both 
algorithms is the mean squared acceleration of the 16 error sensors. 

7.3.1 Comparison of FXLMS and PCLMS 

As mentioned in chapter 3, the transmission has many tones between 500 Hz and 3000 Hz. For 
this laboratory demonstration, 3 tones were chosen arbitrarily in the range of the transmission: 
826 Hz (1s t upper sideband of the fundamental of the planetary gear train), 1617 Hz (1 s t lower 
sideband of the 2nd harmonic of the planetary gear train) and 1998 Hz (fundamental tone of the 
1st stage). The FXLMS and the PCLMS were compared at these frequencies. The primary dis-
turbance was a single tone at the corresponding frequency and the reference signal was directly 
the signal feeding the shaker. For all the results presented below, the convergence coefficients 
are always at the limit of the oscillations of the error criterion, so nearly optimal. 
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Active Control at 826 Hz 

Figure 7.11 presents the mapping of the primary disturbance on the 14 principal components 
at 826 Hz. 

Figure 7.11 The primary disturbance mapped onto each principal component at 826 Hz. 

At 826 Hz, the primary disturbance is largely mapped on the first principal component 
whereas the 13 others have little correlation with the primary disturbance. Figure 7.12 com-
pares (a) the attenuation of the control criterion (10 log10( j^-)) as a function of time and (b) 
the actuators mean voltage as a function of time at 826 Hz. 

At this frequency the FXLMS was very unstable. Unfortunately, with a record time of 2 s, 
the behavior of the FXLMS is not clearly visible. However from the dSpace control interface, 
it was evident that even with a very low (0.0001) convergence coefficient, the criterion and the 
actuators voltage diverged after 8 s. Thus, after 2 s, the FXLMS required less voltage than the 
PCLMS because it was not fully converged. After 8 s, the voltages required by the FXLMS 
were above 200 V. 

The PCLMS only used the 1st and 4 th principal components. The convergence coefficient 
was 0.01 for the 1st principal component and 0.1 for the 4 th one. The convergence time of the 
PCLMS was approximately 0.3 s. The advantage of the PCLMS is due to the control of only 
a subset of principal components. Indeed, at this frequency, the PCLMS only used 2 stable 
principal components whereas the FXLMS tries to control the criterion with all the principal 
components. 

The PCLMS was able to attenuate the control criterion by nearly 5 dB. Once it converges, 
the PCLMS required approximately 65 V RMS. At this frequency the shaker injected 42 N 

110 



*»^riMWMW^WMW»»rf**WyM*^«*WWWWW«MW»>»ilW^^ 

OS 0.8 1 1.2 1.4 
Time (s) 

(a) 

Figure 7.12 Comparison of the FXLMS (light grey line) and PCLMS (dark grey line) at 826 
Hz for (a) the attenuation of the control criterion and (b) the actuators mean voltage. 

RMS, so the actuators required approximately 1.5 V/N. Hence, if linearity is assumed, for a 500 
N primary disturbance the actuators should consume 750 V. 

With the control on, the SPL, at 826 Hz, was reduced by nearly 11 dB (ref 2 x 10~5 Pa) 
at the microphone located inside the cavity. Thus at this frequency the control criterion is well 
related to the acoustic pressure radiated by the panel at the monitoring microphone. 

Active Control at 1617 Hz 

Figure 7.13 presents the mapping of the primary disturbance on the 14 principal components 
at 1617 Hz. 

At 1617 Hz, the primary disturbance is well mapped on the first 7 principal components. 
Fortunately, as for 826 Hz, the primary disturbance is mapped on the principal components that 
need the lowest amount of control effort. Figure 7.14 compares the (a) the attenuation of the 
control criterion as a function of time and (b) the actuators mean voltage as a function of time 
at 1617 Hz. 
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Figure 7.13 The primary disturbance mapped onto each principal component at 1617 Hz. 

This time the convergence of the FXLMS was as fast as the PCLMS. The convergence 
coefficient of the FXLMS was 0.15. The PCLMS used 4 principal components: the 1st with 
a convergence coefficient of 0.15, the 2nd with a convergence coefficient of 0.2,the 4 th with a 
convergence coefficient of 0.25 and the 7 th with a convergence coefficient of 0.5. 

The FXLMS succeeded to reduce the control criterion by 17 dB after 2 s. On the other side, 
the PCLMS reduced the criterion by 8 dB after 0.5 s. The difference between these attenuations 
is due the limited number of principal components included in the control of the PCLMS. As a 
matter of fact if all the principal components would have been taken into account the attenuation 
of the 2 algorithms would have been the same or very close. 

After 2 s, for a primary disturbance of 10 N RMS, the actuators voltage had not fully con-
verged for the FXLMS but it consumed 10 V RMS whereas the PCLMS consumed 8 V RMS. 
The voltage required is lower than at 826 Hz and if linearity is assumed a 500 N primary dis-
turbance would require between 400 and 500 V. At 1617 Hz, the SPL at the microphone was 
reduced by 19 dB with the FXLMS and by 8 dB with the PCLMS. The attenuation of the control 
criterion, mean squared acceleration at the 16 error sensors, is very close to the attenuation of 
the acoustic pressure at the microphone at this frequency. 

The control at this frequency is a good example to show the tradeoff that the PCLMS enables. 
If a 8 dB reduction of the control criterion was targeted at this frequency then, the chosen subset 
of principal components was enough and the control effort is limited to 8 V RMS. The FXLMS 
does not enable such compromise, it tries to reduce the criterion as much as possible regardless 
of the control effort required. 

Because of the primary disturbance mapping onto the principal components at 1617 Hz, 
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Figure 7.14 Comparison of the FXLMS (light grey line) and PCLMS (dark grey line) at 1617 
Hz for (a) the attenuation of the control criterion and (b) the actuators mean voltage. 

it is interesting to look at the attenuation of the control criterion and at the actuators mean 
voltage as a function of the number of principal components taken into account in the control 
algorithm. Figure 7.15 presents (a) the attenuation of the control criterion and (b) the actuators 
mean voltage as a function of time and the number of principal components at 1617 Hz. 

On both curves, the 1st step is achieved by the 1st principal component alone, the 2nd step 
is achieved by the 1st and 2nd principal components, the 3 r d step is achieved by the 1st, 2nd 

and 4 th principal components and finally the final step is achieved by the 1st, 2nd, 4 th and 
7 th principal components. As one can observe all principal components selected reduced the 
control criterion by approximately 2 dB for a total reduction of less than 8 dB. The theory of 
the principal components analysis predicts that the largest principal components achieve their 
attenuation with less control effort than the smallest ones. This is exactly the case here, the 1st 

principal component achieved its 2 dB reduction with approximately 1 V RMS whereas the 4 th 

and 7 th respectively need 3.6 and 1.5 V RMS. However, the 7 th principal component did not 
fully converge and should require more than 1.5 V RMS. If a 4 dB reduction is targeted at this 
frequency then it is wiser to use only the principal components 1 and 2. Thus the actuators mean 
voltage can be decreased from approximately 8 V RMS to 2.7 V RMS. 
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Figure 7.15 PCLMS at 1617 Hz as a function of time and the number of principal components. 
(a) Attenuation of the control criterion and (b) actuators mean voltage. 

Active Control at 1998 Hz 

Figure 7.16 presents the mapping of the primary disturbance on the 14 principal components 
at 1998 Hz. 

1 2 3 4 5 6 ? a 9 10 11 12 IS 1-4 
PC number 

Figure 7.16 The primary disturbance mapped onto each principal component at 1998 Hz. 

At this frequency the mapping of the primary disturbance is dominated by the first 2 principal 
components. The first 2 are followed by the 3 r d , 5 th and 7 th principal components.Figure 7.17 
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presents (a) the attenuation of the control criterion as a function of time and (b) the actuators 
mean voltage as a function of time at 1998 Hz. 

Time (s) 

Figure 7.17 Comparison of the FXLMS (light grey line) and PCLMS (dark grey line) at 1998 
Hz for (a) the attenuation of the control criterion and (b) the actuators mean voltage. 

At 1998 Hz, the PCLMS converges a little faster than the FXLMS, in the same order of 
magnitude though. The convergence coefficient of the FXLMS was 0.2. The PCLMS used 5 
principal components: the 1st with a convergence coefficient of 0.2, the 2nd with a convergence 
coefficient of 0.35, the 3 rd with a convergence coefficient of 0.4, the 5 t h with a convergence 
coefficient of 0.45 and the 7 th with a convergence coefficient of 0.5. 

The FXLMS succeeded to reduce the control criterion by 17 dB after approximately 0.5 s 
whereas the PCLMS reduces the criterion by a little more than 15 dB after 0.3 s. The FXLMS 
required a little more than 4 V RMS and the PCLMS consumed approximately 3.7 V RMS for 
a primary disturbance of 5 N RMS. At 1998 Hz, the SPL at the microphone was reduced by 
19 dB with the FXLMS and by 16 dB with the PCLMS. Again, the attenuation of the control 
criterion is closely related to the attenuation of the SPL at the microphone. 

Because the PCLMS offers better user control of the convergence time, the required control 

115 



effort and the attenuation of the criterion as well as because the PCLMS computational burden 
is less significant than the FXLMS, only the PCLMS will be used in further analysis. 

7.4 Single Frequency Control of a Multi-Harmonic Perturbation 

Up until now, all the experimental results presented were for single frequency control of a per-
turbation at the same frequency. However it is also interesting to investigate how the PCLMS 
performs when the goal is to control a specific tone of a multi-harmonic signal. Moreover this 
situation is more realistic. 

In chapter 3, the order tracking analysis was used to extract the various tones of the trans-
mission. The multi-harmonic perturbation feeding the shaker for this test was synthesized from 
the order tracking spectrum. It was synthesized from the spectrum of an accelerometer mounted 
on the transmission, upstream of the elastomeric corner mounts (see chapter 3), during a flight 
test at 120 knots. Figure 7.18 presents the spectrum recorded by the accelerometer mounted on 
the transmission. 
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Figure 7.18 Spectrum of the multi-harmonic signal recorded during a ground test 

This spectrum contains all the tones of the transmission and was transformed into a time 
domain wav file of 20 s. This time domain signal was directly feeding the shaker. Hence the 
multi-harmonic perturbation contains all the tones of the transmission as well as all the other 
noise of the helicopter. The level of excitation is, though, much lower than what it was during 
the flight test. The reference is a single frequency signal at the desired frequency of control. 
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The objective of the PCLMS was to reduce the tone at 1998 Hz. The principal components 
used were exactly the same as the ones for the single frequency control presented in the previous 
section. The PCLMS used 5 principal components: the 1st with a convergence coefficient of 
0.2, the 2nd with a convergence coefficient of 0.35, the 3 rd with a convergence coefficient of 
0.4, the 5 t h with a convergence coefficient of 0.45 and the 7 th with a convergence coefficient 
of 0.5. The control criterion contains the sum of squared acceleration of all frequencies of the 
bandwidth. Figure 7.19 presents (a) the attenuation of the control criterion and (b) the actuators 
mean voltage as a function of time. 
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Figure 7.19 PCLMS control at 1998 Hz for a realistic primary disturbance (a) the attenuation 
of the control criterion and (b) the actuators mean voltage. 

This time the algorithm is unable to reduce the control criterion by more than 3 dB. The 
actuators mean voltage is, again, very low at 3 V RMS. Figure 7.20 presents acoustic pressure 
at the microphone inside the cavity with and without active control. 

Even if the control criterion was only reduced by 3 dB, the SPL at the microphone inside the 
cavity was reduced by 13 dB with the control. The critical frequency of the panel is 960 Hz. As 
the control was at 1998 Hz, thus, above the critical frequency the acoustic radiation efficiency is 
high, approximately 1.39. This is not abnormal because, even if the control is only at 1998 Hz, 
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Figure 7.20 PCLMS monitoring of the sound pressure level at the microphone inside the cavity. 
The light grey thick line is without control and the dark grey thin line is with control. 

the control criterion takes all frequencies into account. As only 1998 Hz is reduced, the control 
criterion still has many frequencies that are not attenuated. It is, thus, normal that the control 
criterion attenuation remains small. 

Hence the PCLMS remains stable even if it targets a single frequency in a multi-harmonic 
signal. 

7.5 Conclusion 

In this chapter the augmented laboratory setup was first presented. The control actuators, the 
acceleration error sensors and the primary shaker were introduced. 

A section on the algorithms introduced the LMS algorithm. Various versions of the LMS 
algorithm exist for active control applications. In this chapter, the FXLMS and the PCLMS were 
briefly described. The FXLMS is probably the most widely used algorithm in active control and 
the PCLMS is less common but enables interesting user controls. 

Both algorithms were used during experimentation. The attenuation of the control criterion 
and the actuators mean voltage for the 2 algorithms were compared at 3 frequencies in the 
frequency range of the transmission: 826 Hz, 1617 Hz and 1998 Hz. At 826 Hz the FXLMS 
was unable to converge, even with a very small convergence coefficient. However at 1617 Hz 
and 1998 Hz the FXLMS and the PCLMS provided approximately the same convergence time. 
For these 3 frequencies, the attenuation of the control criterion was always closely related to the 
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reduction of the SPL at the microphone inside the cavity. The biggest advantage of the PCLMS 
was highlighted at 1617 Hz. Depending on the targeted attenuation of the control criterion, the 
control effort can be limited by working with only a subset of principal components. 

In order to demonstrate the effectiveness and feasibility of active control in a more realistic 
case, a multi-frequencies signal fed the shaker. The signal is synthesized with the order tracking 
spectrum of chapter 3. The reference was a single frequency signal at the desired frequency of 
control. Again the control worked fine and the SPL at the monitoring microphone was reduced 
by approximately 13 dB at the desired frequency of control. 

119 



CONCLUSION 

Review of Thesis 

The general objective of this research project was to demonstrate, under laboratory condi-
tions, the feasibility and effectiveness of active structural acoustic control, in order to attenuate 
the tones of a Bell 407 main transmission. The active control solution was required to be effec-
tive in the bandwidth of the main transmission (500-3000 Hz). The project was divided into 7 
distinct objectives, which are covered in the chapters of this thesis. This conclusion reviews the 
objectives and conclusions of each chapter. Finally the last paragraphs cover the problems and 
recommendations that need to be addressed in future work. 

First, the state-of-the-art review, presented in chapter 2, exposed three different techniques 
to reduce the noise inside the cabin of helicopters. The passive treatment, broadband isolation 
and narrowband devices, are already used in helicopters and they provide good efficiency at 
high frequency. However, at low frequency, these treatments are not adequate for aerospace 
applications because of the amount of weight required. The source redesign is also a potential 
technique. The idea here is to reduce the noise or vibration of the transmission at the source 
by modifying the noisiest components. Although this method showed interesting results, it 
can't be applied to the present application because the transmission can't be redesigned. Last, 
but not least, are the active control techniques. Active noise control, with loudspeakers, has 
proven its efficiency for very low frequency, below 300 Hz in helicopter applications as exposed 
in GEMBLER, [5]. There is also the active structural acoustic control that can be divided 
in 2 different types : control of helicopter panels and control of the transmission supports. 
This technique aims at controlling either the vibration of a structural component in order to 
reduce its sound radiation or the vibration it transmits. The first method is effective below 
approximately 1000 Hz whereas the second method gave good results for frequency as high 
as 2000 Hz, GEMBLER, [5]. Therefore active structural acoustic control was the only option 
considered. 
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In chapter 3, the Bell 407 main transmission was first described and analyzed. It contains 2 
stages, a bevel gear and a planetary gear train. From the gear meshing theory a total of 33 tones 
were directly related to the transmission, 29 from the first stage and 4 from the second stage. 
It was shown that the amplitude of the tones on an acceleration spectrum is not directly related 
to the amplitude of the tones on a sound pressure level (SPL) spectrum. The response function 
between the transmission and the microphone will indeed act as a filter. While it will filter out 
some tones it will increase the amplitude of some others. Finally it was shown that there is an 
important difference between the SPL of a green and of a finished aircraft: 12 dB(A) at 500 Hz 
and 30 dB(A) at 3000 Hz. Hence the passive soundproofing of the finished aircraft is highly 
effective at high frequency. 

Chapter 4 focused on the development and validation of the laboratory setup. The setup was 
required to be as simple as possible and, at the same time, as representative as possible of a Bell 
407 main transmission-roof-passenger cabin system. Hence, the setup consists of an actual Bell 
407 main transmission, an acoustic cavity and the designed receiving panel. Once the setup was 
assembled, a series of impact tests were conducted to validate it. The impact test made during 
the first quarter of the project on an experimental finished aircraft were used to conduct the 
validation. The setup is representative of a Bell 407 within few limitations : static load of the 
helicopter, elastomeric corner mounts representative of a ground test and the actual roof panel 
is, on average, 3 dB more rigid than the laboratory receiving panel. 

A finite element (FE) model of the laboratory setup designed in MSC.PATRAN is exposed 
in chapter 5. In this model, the transmission case is assumed to be a point mass with rotary 
inertia. The fluid structure coupling was shown to have an important influence on the acoustic 
pressure inside the cavity, however it was neglected because the coupled FE solution is too 
time consuming. Hence, instead of minimizing the acoustic pressure inside the cavity the active 
control simulations aims at attenuating the mean square velocity (MSV) of the receiving panel. 
The FE model was validated with shaker test results. The model is unable to mimic the exact 
dynamics in the 0-3000 Hz range. However, the levels of the FRF obtained with the model are 
comparable with those measured experimentally 

Chapter 6 concentrated on optimal active control simulations. The final objective of this part 
is to find an effective active control configuration from optimal simulations. The basic optimal 
active control formulation was first presented. This formulation is based on the principle of 
superposition. The complex output of a sensor is the complex output of the primary disturbance 
superimposed with the complex output of all the secondary sources. The thermal analogy was 
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introduced in order to model the piezoelectric actuators in the FE model of the laboratory setup. 
Two different control strategies were presented. In the first arrangement the actuators were 
bonded on the transmission support struts whereas in the second they were bonded on the re-
ceiving panel. The first arrangement had 16 independent actuators and 21 error sensors (16/21) 
and the second arrangement had 12 independent actuators and 15 error sensors (12/15). The 
actuators had the same dimensions for both arrangements. Moreover, in both cases, the error 
sensors were placed over the panel to represent, as accurately as possible, the panel MSV. The 
control performance (panel MSV and actuators mean voltage) of the two arrangements were 
compared for a primary disturbance along the axis X (forward direction). The 16/21 arrange-
ment was clearly better than the 12/15, the panel MSV was more attenuated and the actuators 
mean voltage was lower. During the optimization phase various configurations of actuators 
grouping were tested. As the number of independent groups of actuators decreases, the con-
trol performance becomes more and more specific to a given direction of primary disturbance. 
Though, after few iterations, a 14/16 arrangement was found to have control performance sim-
ilar to the 16/21 arrangement but with less signal processing requirements. In order to further 
reduce the complexity of the controller, the principal component analysis was presented. This 
type of analysis is effective to extract dominant secondary paths, limit control efforts and prevent 
slow convergence due to ill-conditioning. The disadvantage of this technique is that it needs to 
be performed at every frequency. However the results presented for 1000 Hz and 2000 Hz were 
promising and this method was tested during the laboratory demonstration. 

Chapter 7 presented the results of the laboratory demonstration of active structural acoustic 
control. At this point, the results of chapters 1 to 6 are put together for the demonstration. The 
laboratory was first augmented with control piezoelectric actuators, acceleration error sensors 
and a primary shaker. The filtered-reference least mean square (FXLMS) and the principal 
component least mean square (PCLMS) algorithms were presented. The most effective control 
arrangement found in chapter 6, the 14 piezoelectric actuators on the transmission struts and 
16 error sensors on the panel is implemented on the setup with a dSpace control system. The 
comparison of the FXLMS and PCLMS algorithms was realized at 3 main transmission tones 
frequencies: 826 Hz, 1617 Hz and 1998 Hz. The comparison was for an ideal case, the control 
of a single frequency signal. Except at 826 Hz, where the FXLMS was unable to converge, the 
PCLMS and FXLMS algorithm provided similar attenuation. However, the biggest advantage of 

the PCLMS was highlighted. Depending on the targeted attenuation of the control criterion, the 
control effort can be limited by working with only a subset of principal components. Thus the 
PCLMS provided more user control than the FXLMS. In order to demonstrate the effectiveness 
and feasibility of active control in a more realistic case, a multi-frequencies signal, synthesized 
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with the order tracking spectrum of chapter 3, fed the shaker. In this case the reference was a 
single frequency signal at the desired frequency of control. Again the control worked fine and 
the SPL at the microphone was reduced by approximately 13 dB at the desired frequency of 
control with only a subset of 4 principal components taken into account in the PCLMS. 

The final objective of the project was a laboratory demonstration of active structural acoustic 
control of a Bell 407 main transmission. This objective was met through the 7 chapters of this 
thesis. Moreover the active control performances obtained were promising for the eventual 
implementation on an actual Bell 407. 

Future Work 

The future work should emphasize on implementing the PCLMS for the control of more 
than one frequency at a time. The idea is simple, several PCLMS algorithms should run at the 
same time, where each algorithm is controlling its own frequency. Thus, this will enable the 
user to independently control each frequency with its own subset of principal components. 

Once the control system will work for multi-frequency control, more practical issues will 
need to be addressed. For example, before the control system can be tested during flight, an 
investigation of the static load on the piezoelectric actuators will be necessary. The bonding 
technique of the control actuators should be reviewed in order to ensure that they will support the 
static load equivalent to the weight of the helicopter. Other than that, as the control system needs 
to be lightweight, the weight of all the components of the control system (power amplifiers, 
filters, etc.) needs to be evaluated and decreased as much as possible. 
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APPENDIX A 

MAIN TRANSMISSION TONES FOR VARIOUS FLIGHT 
CONDITIONS 

The identification of the main transmission tones for various flight conditions (Ground 60%, 
Hover In Ground Effect (HIGE) and Flight 100 knots) are presented in this appendix. All the 
spectra are computed with the order tracking analysis and they are presented between 0-3000 
Hz (0-436 ord). The circles correspond to the dominant tones of the 1st stage and the squares 
correspond to those of the 2nd stage. 
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Figure A.l Power spectrum of (a) a microphone in the passenger area and power spectrum 
of (b) an accelerometer mounted on the transmission case, ground test at 60%. The circles 
correspond to tones related to the 1st stage and the squares correspond to tones related to the 2nd 

stage. 
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A.2 Hover In Ground Effect 
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Figure A.2 Power spectrum of (a) a microphone in the passenger area and power spectrum of 
(b) an accelerometer mounted on the transmission case, HIGE. The circles correspond to tones 
related to the 1st stage and the squares correspond to tones related to the 2nd stage. 

133 



A.3 Flight 100 knots 
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Figure A.3 Power spectrum of (a) a microphone in the passenger area and power spectrum 
of (b) an accelerometer mounted on the transmission case, flight test 100 knots. The circles 
correspond to tones related to the 1st stage and the squares correspond to tones related to the 2nd 

stage 
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APPENDIX B 

COMPARISON OF STRUCTURAL DAMPING FOR THE FE 
MODEL 

A comparative study of different structural damping loss factor is presented in this appendix. 
The structural damping loss factor was evaluated with impact tests on the laboratory setup and 
the finite element (FE) model. On the FE model the impact is reproduced by a unit force at all 
the frequencies in the range of interest (0-3000 Hz). The impact tests were reproduced for 5 
accelerometers on the top flange of the right rear transmission struts. Figure B.l presents the 
locations of the five accelerometers on the transmission struts and of the impact (or force on the 
model). 
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Figure B. 1 Schematic of the location of the accelerometers and of the impact 

Figures B.2 to B.4 present the comparison of the FRF from an impact test on the laboratory 
setup and from the FE model for 4 different structural damping loss factor. The comparisons 
are presented for the accelerometer at location 3. The four other locations gave similar results 
and are not presented here. The dark grey line is from the impact test and light grey line is for 
the FE model. 
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Figure B.2 Comparison of FRF from impact tests (dark grey line) and FE model (light grey 
line) at the accelerometer 3 with a structural damping loss factor of 1%. 
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Figure B.3 Comparison of FRF from impact test (dark grey line) and FE model (light grey line) 
at the accelerometer 3 with a structural damping loss factor of 3%. 
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Figure B.4 Comparison of FRF from impact test (dark grey line) and FE model (light grey line) 
at the accelerometer 3 with a structural damping loss factor of 5%. 

In order to adjust the structural damping loss factor, the goal is to obtain a similar number 
and level of resonance and anti-resonance on the FRF from the impact test and from the FE 
model. Hence the value that provides this is 3%. As a matter of fact, 1% is clearly underdamped 
and 5% is definitely overdamped. 
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APPENDIX C 

SPECIFICATION SHEET OF THE BM400 

This appendix presents the complete specification sheet of the BM400 piezoelectric material 
available from Sensor Technology Limited. 
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Figure C. 1 Specification sheet BM400 material 
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