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Abstract

This study was concemed with an experimental investigation of active control of
cabin noise and fuselage vibration in a commercial turbo-prop aircraft using piezoelectric
actuators. A full-size deHavilland Dash-8 series 100 fuselage was used.

The flight data representing the actual propeller acoustic field and pressure
footprints on the fuselage was simulated in the laboratory using a sound source consisting
of four loud-speakers and a PC-based signal generator.

Using the simulated sound field, the operating deflection shapes (ODSs) of the
fuselage for various sound fields of interest were measured. Based on the analysis of these
ODS results, appropriate actuation patterns were suggested that were also verified
experimentally as to their effectiveness.

Finally, a multi-input-multi-output (MIMO) feedforward control strategy was
developed and employed on the fuselage. The corresponding computer code, control
configuration and implementation were initially tested and optimized using a simple test-
beam.

Significant vibration and noise reductions were observed. Moreover, different
control schemes were tested to investigate the effects of various factors and to determine

an effective approach to achieving satisfactory control results.
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Chapter One

Introduction

1.1 Background

The cabin noise within commercial turbo-prop aircraft is a major source of
discomfort to the passengers. During the recent years, the Aeroacoustics and Structural
Dynamics Group of the Structures, Materials and Propulsion Laboratory (SMPL) at
Institute for Aerospace Research (IAR) of the National Research Council (NRC) of
Canada has been investigating the possibility of controlling noise and vibration in the
deHavilland Dash-8 Series 100 turbo-prop aircraft using different control techniques. This
research work at SMPL/TAR/NRC has been carried out mainly under contract from
deHavilland of Canada.

Launched in 1980, the deHavilland Dash-8 is the most successful regional airliner
in the world, with over 400 in service. The first of the four member family of the Series
100, 200, 300 and 400, the Series 100 combines advanced technology to accommodate
for all the superior design features in order to provide the ruggedness. reliability and
performance that is required from a short-haul, high-frequency regional airlines. Their
spacious interior, outstanding performance and reliability make them an outstanding
passenger aircraft as well as an ideal multi-mission platform.

The main focus of the research work at SMPL/IAR/NRC has been to reduce the
internal cabin noise by controlling the fuselage vibration and consequently attenuating

noise transmission from the outside sound field to the cabin interior. This so-called active



2
structural acoustic control (ASAC) has shown a good potential to be applied to
commercial aircraft. In fact, successful vibration and noise control has been reported by
employing a feedback control strategy during the initial phases of this research at
SMPL/IAR/NRC [11,12,13]. Both computer simulation and experimental implementation
were used in these earlier studies. The simulation was carried out by modelling the
vibration-acoustic coupling models while experimental work was implemented on a full-
scale fuselage in the laboratory.

However, the feedback control strategy appears to be suitable in controlling a
narrow-band disturbance with a fixed frequency [23]. Whereas, during real flight
conditions, the engine speed can vary throughout a considerable range of magnitudes from
take-off to cruising state, thus resulting in a corresponding variation in the frequency of
disturbance. Therefore, from a practical and operational point of view, due to its
capability of adapting to a varying narrow-band or even broad-band disturbance, a
feedforward control strategy should be more suitable for this application than the
conventional feedback control approach [6,7]. Hence, the main objective of the work at
hand was to expand further the previous work done at SMPL/IAR/NRC by using a
feedforward control strategy in an ASAC approach to control the fuselage noise and
vibration. The feasibility of this approach was tested experimentally on a full-size

deHavilland Dash-8 Series 100 fuselage.

1.2 Fuselage Vibration and Noise Transmissicn

Cabin noise in turboprop aircraft is generated by various sources, including
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boundary layer flow noise, acoustic excitation of the fuselage from the propeller, and
structure-borne noise due to engine vibration. For typical turbo-prop aircraft, the
proximity of the propeller disc to the fuselage results in the narrow-band acoustic
excitation of the fuselage being the dominant source of noise [14].

The propeller noise transmission from the cabin exterior to its interior occurs due
to the coupling of the propeller-induced fuselage vibration and the interior acoustical field.
A general, yet detailed theoretical treatment of acoustic coupling between a structure and
its enclosed volume of fluid can be found in reference [16]. However, Grewal, et al. [13]
have presented a vibration-acoustic modelling and simulation approach specifically for
aircraft cabin noise transmission in which the uncoupled equations governing the
structural and acoustic subsystems are presented. The coupling terms appear due to
integrating the product of the structural and acoustic mode shape functions at the
structural-acoustic boundary over the entire area. Various studies have shown that not all
the structural and acoustic modes are necessarily strongly coupled. and therefore, interior
noise reduction can be attained by controlling only those structural vibration modes which
are well coupled with the interior acoustic modes [22].

Thus, using a distributed piezo array, as was done in this investigation, allows to
control appropriate structural modes by inducing properly distributed bending moments,

and consequently controlling the corresponding acoustic medes more effectively.

1.3 Passive vs. Active Noise Control

A significant amount of work has been carried out by various researchers to reduce



the noise level in the passenger cabin as a source of discomfort to passengers.

Passive control of noise and vibration is a technique that has been adopted
extensively in engineering noise and vibration control. The common practice in this
approach is to either modify the stiffness of the structure or augment its damping to
achieve passive control by avoiding structural resonances or absorbing vibration and/or
acoustic energy. However, for the type of problem in this investigation, such passive
control techniques are generally not very effective. In fact, increasing the damping does
not reduce the noise and vibration levels appreciably since the excitations are usually
neither broadband nor resonant [11]. Moreover, using damping materials is generally
ineffective at the low frequencies (50 to 300 Hz) where propeller noise is significant.
Also, narrow-band damping, using tuned vibration absorbers can be effective in reducing
noise, but the improvement is limited due to the difficulty in keeping the devices tuned
in a varying environment.

The successful use of active noise control (ANC), where a large number of
microphones and speakers are employed, has been reported in various applications with
significant noise reductions [6,16,25,26]. This approach, generally referred to as noise
cancellation, is realized by generating sound waves using secondary sources that interfere
with the noise, thereby using the destructive interference of the component waves to
reduce the level of the noise. However, the size of the required devices and the

complexity of the configuration make the implementation of this approach inside the

cabin of an aircraft unattractive.



1.4 Active Structural Acoustic Control (ASAC)

Rather than using a large number of microphones and loudspeakers to generate a
cancelling sound field, active structural acoustic control involves the use of structural
actuators in conjunction with a combination of acoustic and structural sensors to address
the problem before the noise is transmitted inside the aircraft cabin. In other words,
ASAC is achieved by modifying the acoustic transmission properties of the fuselage and
by weakening the coupling between the exterior and interior acoustic. A simulation for
active control of the transmission of sound through a thin cylindrical shell has been
reported by D.R. Thomas and et. al. [22]. In this simulation the fuselage was modelled
as a simple cylinder and the control effectiveness for various actuation modes was
presented. An experimental implementation of this approach was adapted for the present
investigation where a number of related issues are raised and addressed. For example, the
operating deflection shapes and piezo actuating patterns are determined to explore the
most efficient control configuration.

Comparing to passive control, a typical active noise control system consists of: (1)
error sensors such as microphones, strain gauges, and/or accelerometers; (2) control
actuators; and (3) a controller; Fig. 1.1.

Using an ASAC approach, the initial research at IAR of NRC referred to earlier,
indicated that the approach involving the feedback of local structural vibration is
promising, with a significant level of vibration and noise reduction achieved in a limited
implementation of this concept [11,12]. In that investigation, collocated actuator/sensor

pairs were bonded to the fuselage in the propeller footprint area. A Single-Input and
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Single-Output (SISO) control loop was used for each actuator/sensor pair and a classical
second order feedback algorithm was implemented in real time. Using a full-scale
fuselage, open-loop transfer functions from actuator to strain, actuator to acceleration, and
actuator to interior sound level were obtained. Furthermore, the performance of the
control system in the presence of an acoustic disturbance was evaluated by comparing a
series of open loop transfer functions for (i) disturbance to average strain, (ii) disturbance
to average acceleration, and (iii) disturbance to interior sound pressure to their

corresponding closed loop transfer functions.

Electronic Physical

Control Control -
System = System Primary
- Disturbance

. Reference -
' Sensor /
: I 4
Controf
Controller . L[Q / Sources
Enclosure

Error

. l Sensors

Fig. 1.1 Components of a typical active noise control system for an enclosure (ref. [4])

1.5 Feedforward Algorithm and Adaptive Processing

A feedforward control strategy was used in this investigation. To control a narrow-
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band harmonic disturbance, both feedback and feedforward strategies have been shown
to be equally effective [17]. However, once a feedback controller has been designed it can
only control a disturbance with fixed frequency bands. In contrast, a feedforward
controller can keep adapting the frequency change of disturbance through the control
process, and therefore it is suitable to control a frequency-varying disturbance.

In feedforward control strategy, active control of a periodic signal is achieved by
assuming the availability of a reference signal that is well-correlated with the periodic
signal that is to be cancelled. In contrast to the feedback algorithm, the generation of this
reference signal is completely independent of any action of the secondary source. Digital
adaptive filters are employed as the basic components in system identification and
control. Multi-Input and Multi-Output (MIMO) capability of the control system is deemed
to be of paramount importance if global vibration and noise attenuation is to be
achieved.

The implementation and application of this technique has been greatly influenced
by the development of powerful digital signal processors (DSPs) and adaptive signal
processing algorithms since late 1980s. Due to the high speed DSPs real-time numerical
processing of digitized signals have become possible. Moreover, adaptive algorithms
allow for a varying environment and can process several frequencies simultaneously or

even handle broadband disturbances.



Chapter Two

Sound Field Characteristics and Simulation

2.1 Introduction

As 1t was pointed out earlier, for a typical turbo-prop aircraft the narrow-band
acoustic excitation of the fuselage is the dominant source of cabin noise. For the
deHavilland Dash-8 aircraft. this source of noise occurs at a fundamental Blade Passage
Frequency (BPF) varying between 61 Hz and 70 Hz and its higher harmonics. It should
be noted that a BPF depends on the engine speed which can vary from 910 rpm at
cruising condition to 1050 rpm at take-off. For a four bladed propeller, the BPF's at 910
rpm and 1050 rpm correspond to 61 Hz and 70 Hz respectively. The sound pressure
created by the propeller is essentially concentrated in the vicinity of the propeller. Figs.
2.1 and 2.2 show examples of the sound pressure level (SPL) contour on a typical Dash-8

fuselage.

Rear

Axial distance (m)

Fig. 2.1. Port side propeller pressure distribution in dB, re: maximum value (ref [11])
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Fig. 2.2 Exterior SPL contours, BPF, 910 rpm

To demonstrate the vibration and noise control on a full-scale fuselage, it was
necessary to simulate, in the laboratory, the sound field created by the propeller. This
simulation was based on the external acoustic pressure field data for various flight
conditions that was supplied by the propeller manufacturer. Hamilton Standard. This data,
that reflects the characteristics of the power-plant, propeller and fuselage at flight
conditions, refers to the SPLs and phases at eight given locations indicated in Fig. 2.2 and
is presented in Table 2.1. To provide the desired sound field in the propeller footprint
area, important characteristics, such as magnitude and phase of this flight data were
simulated using the four-speaker sound source developed at Structures, Materials and

Propulsion Laboratory (SMPL) of IAR/NRC. This system was driven by audio amplifiers
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that were controlled by a PC-plug-in digital to analog convertor (DAC) output board of

type AT-AO-10.
BPF of 61 Hz BPF of 121 Hz BPF of 70Hz BPF of 140 Hz
Location | sSpL Phase SPL Phase SPL Phase SPL Phase
dB deg dB deg dB deg dB deg
D2 -5.64 49.8 9.40 173.8 -5.33 66.9 9.77 -146.1
D1 -3.29 25.7 -5.33 115.1 -3.31 38.7 -6.73 138.0
c2 -1.07 02 2213 81.8 -1.02 9.7 -2.45 101.8
Ci1 -0.83 -23.3 -4.13 30.5 -0.83 -13.8 -4.71 51.5
B2 0 -48.3 -0.10 -20.9 0 -39.0 0.57 -1.8
Bl -0.28 -58.9 0 -36.5 0.14 -48.5 0 -15.6
A2 -2.04 -69.8 -2.55 -63.3 -1.69 -55.7 -1.97 -33.3
Al -3.26 -72.0 -3.95 -73.2 294 -53.8 -3.97 -34.8

Table 2.1 Desired SPLs and phases at eight grid centers of the speakers

A Windows-based program with a graphic-user-interface (GUI) was developed in
C++ language to implement the following features: (1) to set desired characteristics, such
as frequencies, output voltage levels and phases; (2) to pre-display the output voltage
waveforms; (3) and to synthesize and output analog voltages out of the analog output
board. The documentation of this code is presented in Appendix E.

An effective simulation procedure was developed by first forming the transfer
function matrix between speaker input voltages and the sound pressure distribution and
then calculating the required output voltages for a desired pressure distribution. Four
transfer function matrices associated with four desired frequencies were obtained. Each

of these was developed by measuring the sound pressure distribution due to a single
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channel output of unit magnitude. Using these transfer function matrices the- analog
voltage outputs corresponding to the required sound pressure distribution were calculated

by Matlab.

2.2 Installation and Settings of DAC AT-AO-10 Analog Qutput Board

The AT-AO-10 is a high-performance analog output and digital I/O board for the
PC, and is designed for various applications such as: process control, instrumentation, and
electronic test signal generation. The major features of this board are as follows:

(1) 10 double-buffered 12-bit DACs

(2) Unipolar/bipolar voltage output

(3) 4-20mA current output

(4) Onboard 1,024-word FIFO buffer

(5) Transfer rates up to 200 K Samples/Sec. per channel

(6) 8 Digital I/O lines

(7) Full PC /O Channel DMA

This board was installed into a Dell 486 PC following the steps in the AT-AO-10
User Manual [15]. For applications in this project, only the first 4 DACs were used in
FIFO buffer mode. The hardware settings were as follows:

(1) Base /O address: Hex1CO (to 1DF)

(2) DMA Channel: channel 5

(3) Interrupt level: Group 1 — level 11, Group 2 — level 10
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(4) Bipolar voltage output

(5) External reference voltage: on-board 2.5-volt reference voltage output

2.3 Program Development

A C++ code was developed under Borland C++ 4.5 environment (Appendix E).
Borland C++ 4.5 is a powerful C/C++ development system with a number of useful
features. Both 16-bit Windows application (Windows 3.1) and 32-bit Windows application
(Windows 95/NT) could be created with this source code.

The developed Windows-based executive file provides a graphic user interface that
can conveniently set the required output analog signal for each of the four channels by
pre-displaying the output waveform on the screen, saving or loading the necessary setting
parameters to or from the disk files, and programming and controlling the DAC AT-AO-
10 board.

The corresponding flow chart is shown in Fig. 2.3.

The code for GUI parameter settings was developed based on two Windows OWL
classes: TframeWindows and Tapplication. Two new dialog classes were derived from
OWL class TDialog .

The configuration of DAC board was complemented by programming a series of
registers. The following steps were used in this process:

(1) Select external reference voltage;

(2) Set two's complement bipolar output mode;

(3) Forbid any interrupts;
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Configure the DAC board
1

Parameter setting with Windows GUI

!
1

Calculate waveforms and save them into a large array

1

Display the waveform on the screen

|
Clear FIFO

Check FIFO half-empty ?

No

, Yes
Write 512 words into FIFO

4

Check any key pressed ?

No

Yes

Exit

Fig. 2.3 Flow chart for the program WDAQ.CPP

(4) Select the source of counter 1 of MSM82C53 Programmable Timer to be
1MHz;

(5) Enable FIFO;

(6) Set DAQ, DAL, DA2 and DA3 as group I;

(7) Select double-buffer DAC output mode. The output of group 1 is updated by
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counter 1 and is scanned from FIFO sequentially;
(8) Set counter 1 of MSMB82CS53 as mode 2 (Rate Generator) with count value of 100

(therefore the output sample rates will be 10KHz since the clock rate is LMHz as set in step

4))-

The limitations of the program are as follows:

(1) In order to achieve a continuous waveform by using a buffer of finite length, the
output frequency is designed at 1.0 Hz resolution.

(2) To keep the analog waveform sufficiently smooth, the frequency is restricted to
a maximum of 999 Hz, thus, allowing at least ten samples per cycle.

(3) Up to ten components of frequency are allowed for each waveform

(4) Maximum output is restricted to connected external reference voltage

(5) This program can only be executed with DAC AT-AO-10 analog output board

and under the exact hardware settings described in Section 2.2.

2.4 Synthesis and Measurement of Sound Pressure

The experimental setup for synthesizing and measuring the simulated sound field is
shown in Fig. 2.4.

Voltage signals supplied by AT-AO-10 board were sent to speakers after being
amplified by ASHLY MFA-8000 audio amplifiers.

Four speakers, each with an opening measuring 30"x24" in surface area, covered

a total of approximately 100 degrees around the fuselage at the footprint area. The center
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of speaker B was located at the point of maximum sound field pressure, which was
located at 305 degrees in the circumferential direction from the top point (see Figs. 2.1
and 2.2). There was a 2" distance between the speakers and the fuselage surface to allow
the installation of a microphone and for the blending of sound of each speaker.

A Briel-Kjeer (B&K) 4136 microphone was used to detect sound pressure at
desired points. These were located at the center of each of the four grids on a speaker
(Fig. 2.4). The B&K Type 4136 is a pressure microphone with a quarter inch diameter
[5]. No specific orientation is required for this type of microphone. The maximum
allowable sound pressure level for this microphone is 186 dB re 20 pPa, .which is
adequate for this investigation since the maximum simulated sound pressure would not
exceed 130 dB. The frequency response is sufficiently flat (less than 0.2 dB correction
is required when the frequency is below 4 KHz ). Based on the requirement of the
microphone, a polarization voltage of 200 V was used for the B&K Type 2610 measuring
amplifier that was employed in this investigation.

Signals from the microphone were analyzed using a ZONIC 7000/ZETA data
acquisition system. The analysis included checking the waveform, auto-spectra analysis
to determnine the sound pressure magnitude in the frequency domain. and frequency

response analysis with reference to the DAO output of the AT-AO-10 board.



16

Dimension of speaker grids
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Audio Anpiifier

Signal Analyzer

C
074 Boara

Fig. 2.4 Schematic of synthesis and measurement of the simulated sound field

2.5 Simulation of the Desired Sound Field

Using the propeller pressure flight data presented in Table 2.1, the sound pressure
levels and phases at sixteen locations around the fuselage surface were selected. These
locations correspond to the centers of the four grids on each of the four speakers.
However, due to symmetry of the simulated sound field with respect to the
circumferential center line of the speakers' grid, only half of these locations are

considered in the following development. The output voltages and phases of the 4-channel
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DAC board were set for each of the following four frequencies: 61Hz (910rpm, BPF),
121Hz (910rpm, 2xBPF), 70Hz(1050rpm. BPF) and 140Hz (1050rpm, 2xBPF).

Since the simulated sound pressure at every spatial point would be the resultant

of the magnitude and phase from each individual speaker source. it is necessary to obtain

an appropriate transfer function matrix. This matrix represents the relationship between

DAC outputs and the resulting sound pressures, i.e.,

=F. V.

8x4" 4x1

P

8x1
2.1

In equation (2.1) , V is a vector of voltage outputs, P is the vector of sound
pressures at 8 locations, and F is the transfer matrix. Each column of F, representing the
response from a specific speaker, is obtained by measuring the response when only that
speaker is driven by a one Volt output from the DAC board and all other speakers are
turned off. Since the voltage outputs from the DAC and the resulting response have a-
magnitude as well as a phase, the components of F, P and V are all complex numbers.

Once the transfer martrix F is obtained, the required DAC voltage output, V,
corresponding to any desired response P could be obtained by the method of Least

Squares, i.e.,

V-'le’—‘(F TF)‘l‘tx‘tF I-4x8PS><1
(2.2)

Using the required voltage outputs obtained from equation (2.2) in the PC
program WDAQ.EXE and driving the speakers through the amplifiers the desired sound

fields were created. In driving the amplifiers the gains were set at exactly the same levels
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which were used in obtaining the transfer function matrix.
The results of simulations at four different frequencies of 61Hz, 121Hz. 70Hz and
140Hz are presented in Figs. 2.5-2.8. The resulting congruence between the required and

the simulated values indicates that the approach taken for sound field simulation is

highly feasible and effective.
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Fig. 2.5 Achieved (dashed) vs. desired (solid) SPL and phase of the simulated propeller
sound field at the BPF, 910 rpm (61 Hz); measured over 8 microphone locations.
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Fig. 2.6 Achieved (dashed) vs. desired (solid) SPL and phase of the sirnulated propeller
sound field at the BPF, 1050 rpm (70 Hz); measured over 8 microphone locations.
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Fig. 2.7 Achieved (dashed) vs. desired (solid) SPL and phase of the simulated propeller
sound field at the BPF, 2x910 rpm (121 Hz); measured over 8 microphone locations.
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Fig. 2.8 Achieved (dashed) vs. desired (solid) SPL and phase of the simulated propeller
sound field at the BPF, 2x1050 rpm (140 Hz); measured over 8 microphone locations.



Chapter Three

ODS Measurements and Actuators Array Design

3.1 Background

In active structural acoustic control (ASAC), the objective is to control the noise
within an enclosure by controlling the associated structural vibration. Therefore, it
becomes necessary to determine the operating deflection shape (ODS) of the bounding
structure in advance. The ODS refers to the dynamic deflection pattern of a structure
under an operating load with a particular magnitude and phase distribution. Specifically,
in this investigation, it refers to the dynamic deflection pattern of the fuselage under the
exterior propeller pressure field. The experimental simulation of this pressure field in the
laboratory setting is discussed in Chapter Two.

The measured ODSs were used to determine the most effective arrangement of
actuators. In contrast to vibration mode shapes, ODSs are obtained from the forced
vibration of the structure caused by the simulated sound field. In fact, an ODS is
composed of a number of mode shapes in a weighted sense. A significant difference
between a mode shape and an ODS is that the former is phase independent whereas the
latter is not. ODS's are discussed more thoroughly in Section 3.3.

Since two particular BPFs and their first harmonics were the main focus of our
control, only the ODSs corresponding to four such particular sound fields were measured.
These four sound fields were at 61Hz, 121Hz, 70Hz and 140 Hz frequencies. For details

of magnitude distribution, phase distribution and the simulation procedure one should
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