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(ABSTRACT)

A new active-passive approach for the control of noise radiated from a small axial fan
was investigated. The approach involved the installation of an axial fan into a short duct
with both passive and active noise control functions. First, a systematic methodology for
the analytical modeling of finite-length ducts with multiple discontinuities was
formulated. The procedure involved the modeling of a duct as a collection of simple duct
sections, which were interconnected at multiple junctions.

Analytical studies have shown that a short lined duct provides passive noise
reduction effects through the mass-loading effect of the duct air volume at low
frequencies and the sound absorption by a passive liner at high frequencies. It was also
shown that active control can provide further noise attenuations at low-to-mid
frequencies, thereby enhancing the overall noise control performance. Two alternate
designs of active-passive noise control fan duct were considered. One was a simple non-
segmented duct with a 2x2 active control and the other was an internally segmented duct
with an 8x8 active control. It was indicated that the latter design possesses a significantly
higher global noise control potential than the former with respect to both bandwidth and
attenuation level. This was attributed to the reduction of the unwanted pressure
contributions from the duct cross modes through the high frequency shifting of the
associated cut-on frequencies.

The experimental validation of the noise control approach was also carried out.
An active-passive noise control fan duct incorporating the segmented duct design with
8x8 active control was constructed in conjunction with a hybrid feedforward-feedback

control system. Experimental results have shown significant reductions in the total fan



noise power associated with the first four BPF tones by the feedforward control and the
broadband fan noise power by the feedback control. The overall active-passive noise

control characteristics were observed to be in accordance with the analytical results.
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Chapter 1

Introduction

Fans continue to be a major source of noise pollution. They are used in a multitude of
situations, whenever a movement of air is required. Common examples include: air
conditioning of buildings, air management in manufacturing facilities, appliances such as
air conditioners and humidifiers, cooling of electric equipments like computers and
projectors.

Noise emitted from the fans used in small electric equipments such as desktop
computers is becoming especially problematic in recent years. There is an increasing
pressure to use higher speed, thus inevitably noisier fans in order to satisfy the cooling
needs of faster, and often more heat-producing computer processors [1]. Since desktop
computers are used typically in quiet environments like office spaces, the margin of
tolerance against noise emission is especially small. As a consequence, there is much

interest in finding effective and efficient ways to reduce the noise emission from fans.
1.1 Proposed Noise Control Approach

In this thesis, a novel approach for controlling the radiation of noise from a fan is
proposed and its noise control characteristics are studied both analytically and
experimentally. The approach is to enclose a fan in a carefully designed compact finite-
length duct, which possesses both passive and active noise reduction functions. Passive
noise reduction is attributed, as it shall be shown later in the study, to the inherent
property of a short finite duct and also to the sound-absorptive passive liner installed in
the duct. Active noise reduction is obtained by a specially designed active noise control
system integrated into the duct. As it will be apparent in the literature review following

this section, there has been little work done in the past investigating this "active-passive



noise control fan duct" approach, including the acoustical impact of adding a short duct to

a fan, and its implication to the overall noise control performance.

1.2 Literature Review

A literature review on the control of noise emitted from a fan is presented. Attention is
given particularly to those research works addressing active control of fan noise
emission. Subsequently, a review is provided on those literatures, which may not directly
deal with the control of fan noise, but are nevertheless highly relevant to the present
study. These include literatures on analytical modeling of ducts and various methods of

active noise control of in-duct sound propagation.

1.2.1 Control of Global Fan Noise Emission

Generally, there are two approaches to the reduction of noise emission from a fan. One
approach is to redesign the geometry of the fan itself to make it quieter. However, this is
apparently not a straightforward task, due to the complexity involved in the mechanisms
of fan noise generations, which is evident from a long history of research in this area [2].
The other approach is to apply some kind of external silencing devices. The approach
described in this thesis belongs to the latter.

Active control of global fan noise emission has been the topic of many research
studies. Especially numerous are the studies on active control of BPF (Blade Passing
Frequency) fan noise tones. BPF noise is a type of periodic fan noise originated from
aerodynamic interactions between rotating fan blades and stationary objects like struts
and stators. Quinlan [3] analyzed an approach where an active dipole representing a
control speaker is placed close to a fan as a dipole source. He has shown that this results
in the alteration of acoustic radiation impedance seen by the fan dipole, which in turn
results in the reduction of total fan noise power. In his accompanying experiment, a fan
and a control speaker were placed side by side in a baffle, and this arrangement resulted
in the elimination of the first two BPF tones. A feedforward controller based on the
FXLMS algorithm was used in conjunction with a rotational sensor installed in the fan

hub to produce the required reference signal. Lauchle and others [4] investigated the



utilization of a fan itself as an active acoustic source for active noise control. The fan
unit was forced to oscillate in the direction of the fan axis by using a shaker to produce
control sounds. Their experimental results also showed elimination of the first two BPF
tones. Gee and Sommerfeldt [5] investigated the use of multiple speakers in conjunction
with a multi-channel feedforward controller for the reduction of BPF noise from a fan.
Their experimental results indicated improvement in global noise control performance as
a result of multiple actuator usage. Similar feedforward active noise control schemes
have been applied to control BPF tones emitted from a variety of fans, such as
automotive engine cooling fan [6], jet fan for freeway tunnel ventilation [7], centrifugal
fan [8, 9] and aircraft turbofan engine [10].

In contrast, studies addressing global active control of the other important noise
component, broadband fan noise, have been limited in number. O'Brien and others [11]
have used an optimal feedback control approach for reducing broadband noise from a
centrifugal fan in a duct. The research was somewhat unique in that a novel magnetic
bearing actuator was utilized. However, only a limited reduction performance (a few Hz
in bandwidth) was reported. Minogue and others [12] experimented with active control
of broadband noise emitted from a fan installed in a network server. Their work involved
a finite duct (about 20-30 cm) with a feedforward active noise control system positioned
at an air outlet opening of a server. Though a good local reduction of broadband noise

was indicated, there were no results on overall global fan noise reduction effect.
1.2.2 Control of In-Duct Sound Propagation

In the present approach, a fan is installed into a finite-length duct. As a consequence, the
problem may be treated in the framework of the theory of sound propagating in ducts.
Doak presented a comprehensive theory of sound in rectangular ducts in his 100-plus
paged, double paper [13, 14]: one paper on infinite duct and the other on finite-length
duct. Much of the second paper [14] analyzed the modal wave scattering (or modal
impedance, alternatively) associated with a duct open end, which is important for the
determination of both interior and exterior sound field of a finite-length duct. Wang and
Tszeng [15] used a modeling approach similar to Doak for analyzing a finite duct of

circular cross-section. They too have focused on the modal impedance of open ends,



which was in this case, circular. Osborne [16] studied the modal wave scattering
characteristics of a curved bend, a type of discontinuity, in a rectangular duct. Redmore
and Mulholland [17] used a modal coupling approach in order to determine the modal
wave scattering characteristics of a side branch in a rectangular duct. A modal coupling
approach was also used by Muehleisen and Swanson [18] to study the modal wave
scattering characteristics of a planer discontinuity (e.g. a sudden cross-sectional area
change). Muehleisen investigated the modal wave scattering characteristics of various
discontinuities in his Ph.D. thesis [19]. Muheilsen also proposed, in his thesis, a concept
of modeling a discontinuity as a "junction" which joins multiple simple duct segments.
Junctions were characterized in term of modal impedance or modal scattering matrix,
which were obtained by applying the Green's function method. In the present thesis, this
modeling approach is extended to include ducts with multiple discontinuities, such as
duct open ends, acoustic sources and segmentations.

Sounds propagating in a duct can be controlled by traditional noise control
approaches, such as sound absorptive liner, turned resonators or duct discontinuities (e.g.
expansion chamber). These conventional noise control methods could certainly be
effective. However, in certain applications, the implementation of these conventional
methods can be difficult due to size, cost and other constraints. For example, in small
electric equipment cooling applications (like desktop computers), a successful utilization
of conventional noise control methods, such as passive liner, is difficult due to generally
tight volume and airflow constraints. Furthermore, the applicable frequency range of a
conventional method tends to be limited. For example, passive liners tend to be only
effective at high frequencies. A tuned resonator is only effective in a relatively narrow
frequency band around its tuning frequency and its size has to increase as the target
frequency decreases.

The shortcomings of the conventional noise control methods can be compensated
by the use of active noise control. Active noise control achieves noise reduction by
introducing secondary sounds, which destructively interfere with disturbance sounds. It
is especially suited for the control of low frequency sound propagated in a duct. For

example, by incorporating an active control system with a conventional passive liner in a



duct, noise can be reduced over a wider frequency range, thereby enhancing the overall
noise control effect.

Many researchers have investigated the active control of sound in a duct. Nelson
and Elliott carried out much work on the fundamental mechanisms of active noise control
for one-dimensional ducts [20]. Trinder and Nelson [21] used a higher order finite duct
model and studied the sound field in the vicinity of a control speaker in detail. Stell and
Bernhard [22, 23] analytically investigated active control of multi-modal sound in a duct.
They studied the effect of different factors on the performance of active noise control,
including wave reflections at duct terminations, presence of evanescent modes and
different control objectives. Other researchers have also investigated the active control of
multi-modal sound [24, 26, 26, 27].

The active noise control in a finite duct is actively researched in the field of
aircraft turbofan engine noise control. Joseph [28] and others investigated the active
control of harmonic sound radiated from a finite-length circular duct using an analytical
model. Risi and Burdisso [29] also presented an analytical model, which was based on
an infinite duct model, to predict the radiated sound from a duct inlet. Burdisso and
others [30] presented a model with more realistic representation of fan noise. Hutcheson
[31] studied the turbofan engine active noise control problem using a comprehensive
analytical model of a finite duct and a fan including the duct open end reflections, the
effect of air mean flow, and the interactions of inlet and outlet sounds.

All investigations described above, except for one by Hutcheson [31], used
simplified models for the duct open-ends in a finite-length duct, neglecting the cross
modal coupling effect. In the present thesis, the cross modal coupling effect is naturally
included into the matrix-based duct model. This was done by incorporating a full modal
impedance matrix of the duct opening, which was pre-calculated by a numerical method.
Investigations of in-duct active noise control using finite duct models with this level of
detail have been limited and this thesis also contributes in that aspect.

As for the methods of active noise control, there are basically two distinct control
strategies: feedforward and feedback. For a single channel feedforward active noise
control, a microphone is typically positioned upstream of an active source in order to

obtain the reference signal which contains an advanced information about the incoming



disturbance. Then, based on this reference signal, the controller "predicts" the effect of
the incoming disturbance sensed at an error microphone positioned downstream and
produces appropriate control sound to counteract the disturbance. A 1936 patent by Paul
Lueg [32] is considered to be the origin of this feedforward active control concept. On
the other hand, for a single-channel feedback active noise control, a controller is driven
only by the signal from an error microphone placed directly in front of an active source.
Unlike the feedforward control, which utilizes "future" disturbance information, the
feedback active noise control uses only the current information on disturbance. A 1953
work by Olson and May [33] is considered to be the earliest work on this feedback active
noise control.

The first practical implementations of the feedforward active control using digital
processing techniques and hardware were carried out first by Kido [34] and Chaplin [35]
in the 1970's. Chaplin proposed a type of feedforward control strategy called "waveform
synthesis". In this strategy, a tachometer signal from a rotating machine was used to
synthesize the control signal waveform for the reduction of the periodic noise. This
strategy can alternatively be implemented by using FIR filters driven by the reference
signal consisting of periodic impulses [20]. In the experimental studies of Chapter 4 in
the present thesis, the latter approach is utilized to control tonal fan noise.

Other researchers have studied and implemented the feedback active noise control
in ducts. Hong and others [36] proposed the so called "tight-coupled monopole" for
reducing broadband noise transmitted inside duct systems. The device consisted of a
microphone and a speaker connected in a simple negative feedback arrangement. Trider
and Nelson [21] studied a similar device in conjunction with a higher order finite duct
model and investigated the optimal position of the microphone with respect to the
speaker. Clark and Frampton [37] used phase compensating filters in a feedback loop to
enhance the noise reduction performance. Some researchers have applied more
sophisticated techniques in designing feedback controllers. Hong and others [38] used
the LQG (Liner Quadratic Gaussian) optimal control technique. O'Brien [11] used the
H” optimal control design method for the feedback control of centrifugal fan noise in a

duct.



A feedforward and a feedback control system can be combined to obtain a hybrid
control system. For the experimental studies in Chapter 4 of the present thesis, a hybrid
active noise control system is implemented. In this system, the feedforward control part
is configured to reduce BPF tones while the feedback control part is designed to reduce
broadband fan noise. The idea of the hybrid control approach is not new and it has been
applied in different applications [39-43]. However, to the best of author's knowledge, the
application of the BPF feedforward-broadband feedback control approach to the control

of fan noise emission has not been reported in literature.
1.3 Thesis Scope and Contributions

The overall objective of this thesis is to investigate the noise control characteristics of the
proposed active-passive control fan duct approach. There are two major components to
the investigation; one is theoretical and the other is experimental.

The purpose of the analytical investigation is to determine the potential noise
control performance achievable by the proposed approach. In order to facilitate the
analytical studies, a general matrix-based methodology for modeling ducts with multiple
discontinuities is formulated. Then, comprehensive analytical models of finite-length,
active-passive ducts are developed in order to obtain insights into the noise attenuation
characteristics. Two alternate designs of the active-passive control fan duct are
considered. The first design is a simple, passively-lined, finite-length duct combined
with a two-actuators-two-sensors (2x2) active noise control. The second design is a finite
duct with the same outer dimensions as the first one, but with its inner space segmented
into small duct segments. An 8x8 active noise control is used in conjunction with the
second design. Passive and active noise control characteristics are calculated with
respect to each of these two design cases and compared. Furthermore, both feedforward
and feedback approaches are considered for the active noise control. The influence of
different error microphone positions to the global active noise control performance is also
investigated.

The second major component in this thesis is the experimental validation of the
active-passive fan duct approach. The design and the implementation of an experimental

active-passive control fan duct unit are performed. The constructed active-passive fan



duct incorporates the segmented duct design, which is found to be preferable based on the
results from the analytical studies. A hybrid feedforward-feedback active noise control
approach is utilized in order to achieve simultaneous control of both BPF and broadband
fan noise content. The active control effects are measured with respect to each of the
feedforward and the feedback control individually as well as the hybrid control in order
to examine the performance advantages of the hybrid control approach. Furthermore, the
effect of change in the fan operating condition to the active-passive noise control
performance is also investigated. Finally, the practical utility of the active-passive
approach is demonstrated by applying it to control the noise emitted from a fan in an
actual desktop computer chassis.

The original contributions of the present thesis are as follows:

The development of a new compact active-passive approach to the
control of noise radiated from axial fans: The proposed approach is
unique in that it aims to reduce the global noise emission level of a fan as a
noise source by utilizing both the passive acoustic characteristics of a short

duct and the active control elements tightly integrated in a compact package.

The formulation of a methodology for the systematic modeling of ducts
with multiple discontinuities: The methodology is based on the method
utilized by Mubheilsen [20] for the determination of multi-modal scattering
characteristics of various duct discontinuities. The present work extends his

approach to handle the modeling of a duct with complex geometries.

The development and the use of high-fidelity theoretical models for the
study of finite-duct active-passive noise control: The proposed matrix-
based modeling approach is especially suited for the development of
comprehensive analytical models of finite-length ducts with active and
passive elements. One notable feature of the developed duct is the use of full
modal impedance matrices with the cross-coupling terms, which have been

typically omitted in the previous work on active noise control in finite ducts.



Exploration of potential noise control performance achievable by the
active-passive fan duct approach: Using the developed analytical models,
the potential performances of the active-passive fan duct are studied. A novel,
segmented duct design with an 8x8 control configuration is studied and its
performance is compared against a simple, non-segmented duct with a 2x2
control. Much attention is also paid to the effect of error microphone
positions to the local and global noise reduction performances. Furthermore,
theoretical performances of both feedforward and feedback active noise

control are considered.

The use of a hybrid feedforward/feedback control approach for the
simultaneous reduction of both BPF and broadband noise emission from
an axial fan: In contrast to the previous work on active control of fan noise
which mostly focused on the reduction of harmonic BPF fan noise, the present
thesis addresses the active control of both BPF and broadband fan noise
components simultaneously. This is achieved by the use of a combination of

BPF feedforward and broadband feedback active noise control.



1.4 Thesis Outline

After the introduction in this chapter, Chapter 2 discusses the matrix method used in the
modeling of the fan ducts. A fan model is also presented, which is followed by the
results from a model validation experiment. Then, in the later part of the chapter, the
modeling approaches to simulate the performances of the active noise control are
presented and discussed. Chapter 3 presents the analytical studies on the noise control
characteristics of the active-passive noise control fan duct approach. The analytical
models of the two alternate designs of the active-passive fan duct are presented first.
Then, the active-passive noise control performances for the two designs are calculated
and compared. Some experimental results are also provided in order to validate the
analytical models. Chapter 4 presents the experimental validation of the active-passive
control fan duct approach. The chapter starts with the descriptions of the developed
experimental unit of an active-passive control fan duct and the implementation of the
hybrid feedforward-feedback active noise control system. The experimental apparatus
for measuring the global noise control performances of the fan duct is also described.
The experimental active-passive noise control performance results are presented and the
features are discussed in relation to the findings obtained from the analytical studies in
Chapter 3. Overall conclusions of the present thesis are presented in Chapter 5 along

with the suggestions for future work.
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Chapter 2

Analytical Modeling Approach

Approaches for developing the analytical models of the active-passive noise control fan
duct are described in this chapter. A review of the theory of sound propagation in a
rectangular duct is presented. Then, a general description of the method used for
modeling a complex duct system with multiple discontinuities is provided. The method
described here is applied for modeling active-passive noise control fan ducts in Chapter
3. Furthermore, the approach used for modeling the fan noise source is presented along
with some experimental validations. Lastly, the descriptions of active noise control

approaches, including feedforward and feedback control, are presented.
2.1 Sound Propagation in a Duct

Pressure fluctuation, p, or sound is characterized by the wave equation,

2

10
0°p(x,y,2,t) = ——5 p(x,y.2,t) 2.1)
c” Ot
where c is the speed of sound. Acoustic pressure, p, is related to particle velocity, u, by

p—au(xbf’z—’ Y = —Op(xyzt) (2.2)

where p is the air density.

The Fourier transform is defined as
F(x,p,z2,0) = [0 f(x,y,z,t)e /" dt (2.3)

which can be used to obtain the Frequency domain equivalent of the wave equation (the

Helmbholtz equation),
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(0% +k? )p(x,y,2,w) =0 (2.4)
where the wave number, &, is w/c. The Frequency domain equivalent of Equation (2.2) is
u(x,7.2,0) = Op(x,y,2,0) (2.5)

kpc

which is called the Euler's equation

For an infinite duct with rigid sidewalls, a solution of Equation (2.4) is given by
p(x.9.2) =y (aye™ +by e )@y (x ) (2.6)
M

where a), and by, are the complex amplitudes of the modal wave components, ky, is the
wave number of the M-th mode and wy(x,y) is the eigenfunction or the mode-shape
function describing the spatial distribution of pressure over the duct cross section. The

function, wy(x,y), satisfies the orthogonality condition,

O for M =R

1 _
EISNJM WrdS = EQ for M # R

2.7)

where S is the duct cross-sectional area.
The propagation and the decay of a modal wave component (or a mode) is

dictated by the value of the modal wave number, £,

ky =—jKy —k (2.8)

where x, is the eigenvalue associated with the mode. Note that when & > x;,, the modal
wave number, ky, is a positive real value and the mode propagates down the duct without
amplitude decay. A mode in this condition is commonly referred to as, "cut-on". On the
other hand, when k < ), the wave number, kj;, becomes a negative imaginary value and
the mode decays exponentially with z. Then, the mode is said to be "cut-off" or
"evanescent". Contributions from these decaying cut-off modes to the total pressure field
are called "near field" effects since these are present in the locality of sound sources (or

discontinuities).
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Figure 2.1. Sound propagating in an infinite duct (rectangular)

For a rectangular duct with sides, Lx and Ly, as shown in Figure 2.1, the mode

shape function, y,(x,y), becomes

m 1T

myT[
cos( x)cos( i v)

x v (2.9)

Wy(x,y)=

where m, and m, are the x and the y mode indices (i.e. M = (m, ,m,)). The quantities, 4,

and 4,,y, are the normalization constants and given by

EI for m,. =0

N =0l (2.10)
Mx — or m._ %0
EZ f X
The modal wave number, k), for a rectangular duct is
m._TT m., Tt
by =k ==j (=) (=) —k @.11)
¥y L. L,

Substituting Equation (2.5) into (2.6), the z component (normal to the duct cross

section) of particle velocity becomes
u:(x..2) = 3 ¥y (ay e by e )Yy (x,7) (2.12)

where Y), is the specific modal admittance of the duct and given by

13



Y, =M (2.13)

2.2 Modeling of Duct with Multiple Discontinuities

Equations presented so far describe sound in a simple infinite duct. Here, a modeling
method is introduced which enables the modeling of more complex ducts with multiple
discontinuities. The method is based on the concept called, "General Junction Theory",
described in a thesis by Muehleisen [19] where it was used in investigating the scattering
characteristics of modal waves at relatively simple duct discontinuities, such as bend and
duct open ends. In the present study, this concept is extended and systematically applied

to model ducts with multiple discontinuities.
2.2.1 Duct-Junction System Model

In this modeling approach, a duct with complex internal geometry is considered to be
composed of multiple duct segments connected at, so called, "Junctions" which represent
regions of discontinuity. An illustration of this duct-junction system is illustrated in

Figure 2.2 below.

Junction

Duct Duct

Junction Junction

Duct

Figure 2.2. A duct-junction system
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Pressure and particle velocity in each duct segment are described by Equations
(2.6) and (2.12), respectively. By including only a finite number of modes, M, these

equations can be re-written into a matrix format as

E}%e—jk]z +bJe+j_kIZ d HJU](X,y)B
p(x..2) = [@ye ¥ +bye g E@Jz(x,y)m

H : H H - H (2.14)
= [aMe_jkMZ + bMe+jkMZ]T [[UJM (x,y)]
:pMT o

where pm is a vector containing all modal pressures in a duct segment and yy is a vector
of corresponding mode shape functions. The modal pressure vector, pm, may further be

written as

— —jkyz +jkMz]
Pvm=|2yv€ +b,e

=[] e dan ]+ e, ] (2.15)

—_ +
=e [a, +te [b,

where the designation, [ ]uiqe, Signifies a diagonal matrix.

Similarly for particle velocity,

Oy, \a,e %% +b,e™ /5 d [@,(x,y)0
u(x,y,z) = B aze_jkzz +bze+jk22 O E%Jz(x:)dg
J ' g8 8 (2.16)

= [J’M (aMe_jkMZ + bMe+jkMZ]T [ﬁle (X,J’)]

:“MTm’M

where uy; is the modal velocity vector and
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Uy = [J’M (aMe_jkMZ —byeh ]
= [yM]diag [([e_jkMz]Mg [aM] - [e+jkMz]dmg [ﬁbM]) (2.17)

=y, lay @ -b, ")

On the other hand, the junctions which join the duct segments are characterized in

terms of relationships between the modal pressure vector, pg , at the /-th duct-junction

interface and the modal velocity vector, ufw ,at the i-th interface for each junction. This

is expressed in a matrix form as

ID Qll Z]Z O 1 O
B)RD |]RM RM 0 MD
PhO= o 7R AL (2.18)
g d: dd: H

or
Py =Zpy Wy (2.19)

where Zgwm is the modal impedance matrix relating the modal pressures and the modal
velocities for all the combinations of the interfaces (/ ,i), and the duct modes, (R, M) in a
particular junction. The matrix, Zgwm, shall be referred as, "junction modal impedance
matrix", from this point on.

Equation (2.18)can be written in terms of modal wave amplitudes, a,, and by, in
the adjacent duct segments by substituting Equation (2.15) and Equation (2.17) into
Equation (2.18) as

PRE VY +e' by, %é{lm Z{zZM B SYMJ(e_I Ay, —e’) Esz)B
T2 lay, tel by, 0= Zrm  Ziw "'D:D’Mg(e_Z [y, Be’s Esz)D (2.20)

. o 0. ) . oo . H

H B = : H

0 O ) 4]

Further rearrangement yields
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E (1-ZgyY)Ay +E*(I+Zy, Y)By =0 (2.21)

where
o 0O O 0O
Ay = @m0 By =w,0
o. o 0. O
o:- 0 - 0
=, o .0 e, 0 O
O O O 0
E =00 e -0 E'=00 e -0 (2.22)
a. .4 g, 0
H: - H: E
Iy, 0 O
0 0
Yy =00 vyum, O
O . . O
g - ~-0
Equation (2.21) can be further rearranged to obtain
_ . mU_ (2.23)
E (1-ZpyY) E'(1+ZgyY) H-o :
M
which shall be designated as
[
s, %MD —0 (2.24)
ML)

The matrix, S,, represents the scattering characteristics of the particular junction, J,
relating the modal wave amplitudes, ay and by, in the adjacent duct segments. The
matrix, S, shall be called, "junction modal scattering matrix". The junction modal
scattering matrix, S, needs to be determined for each of the junctions present in the duct
system.

In the present modeling approach, the acoustic sources, such as speakers or a fan,
are to be located at junctions. For a junction containing one or more acoustic sources, the

modal scattering matrix equation becomes
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U
S, M= = J (2.25)
M HJ
where the right hand side contains a vector, F;, which represents the source excitations.
Once the modal scattering matrix equations are obtained with respect to all the

junctions present in the system, the equations can be assembled into a single matrix

equation as

O
S giobal [@M Bg = Foiopal (2.26)
M Liiobal

where

¥,

Fglobal = %J >

(2.27)

global

9]

11
A
000
0O 00

It should be noted that the junction modal scattering matrix equations can be assembled
only after appropriate manipulations are performed to ensure compatibility.
Finally, Equation (2.26) can be solved for the unknown global modal wave

amplitude vector by

Ay O _ -1
% - Sglobal II‘global
M Liobal

which contains the modal wave amplitudes, a,s and by, in all the duct segments.

(2.28)

18



2.2.2 Junction Modal Impedance Matrix

In discussions so far, the junction modal impedance matrices, Zrm, are assumed to be
available. Now, the explanation on how to actually obtain the junction modal impedance
matrix is presented as follows.

For the determination of the junction modal impedance matrices, Zrm, the Green's
function approach is used. The pressure field inside a junction due to a distribution of the
normal components of the particle velocity, u,(ry), over a duct-junction interface with an

area, S,, is given by
p(r) = jkpe [G, (v|r, )Tt (T, )dS, (2.29)
SO

where G is the Green's function associated with the particular geometry of the junction, r
and r, are the position vectors designating the observation and the source location,
respectively.

The Green's function, G, for an enclosed space is

Gy(rle,) = 3 LA (230)

Ky -k’
where V' is the volume of the enclosed space, @y is the associated N-th mode-shape
function and xy is the eigenvalue. For an enclosed space with sides, Lx, Ly and Lz, the

mode-shape function and the eigenvalue are

n, 1t n,It n, 1T
cos x)cos(——y)cos
" ( ) ) (Ly y) (Lz z) (2.31)
Qy(r)=
N [N A A,
and
_ N T, I, n T, (2.32)
Ky = + + .
N (Lx) (Ly) (LZ)
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Pressure field at the /-th duct-junction interface is calculated by summing the

contributions from the particle velocities, u,, at all the other interfaces. That is,
p(r)' = jkpey |2 (r| r,) 0, (r, )dS, (2.33)
[i S;

The modal expansions of the pressure at the /-th interface and the velocity at the i-th

interface are

pr) =3 py' Wy (r) (2.34)
M

and

w, ()" =Y uy Wy (x, )’ (2.35)
M

where pys, uyr and wy(x,y) are the modal pressure, the modal velocity and the mode-shape
function associated with the interface, respectively. Substituting Equations (2.34) and

(2.35) into (2.33),
gm/ Wy (r)' = jhpey JGJ(r| ro)uguﬁ/‘ W, (r,))dS, . (2.36)
that is,
gpM’ W, (r)' = Jhpey ;uM" JGJ(rl r,) W, (v, )ds, (2.37)

Multiplying both sides by l//Rl(x,y)/Sl, integrating over S; and applying the orthogonality
condition of (2.7), the right hand side becomes

1
ZleS—I(IJRl B;UMldSl ZPRI (2.38)

M 1S,

and thus Equation (2.36) becomes
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1

pe’ = jkoey Y uy,' < J[Gs(xlr) W' (r Wy (¥, )dS,dS, (2.39)
i M IS,S,-
Denoting
i k i
2 =L [ [G (x| v )W (e (x, )dS i, (2.40)
I 585,

Equation (2.40) finally becomes

PR =YYz Oty (2.41)
i M

where the quantity, zzy", is the modal impedance between the M-th particle velocity at
the i-the duct-junction interface to the R-th modal pressure at the /-th interface. The
matrix form of this equation is given by Equation (2.18). Equation (2.40) is extensively

used in this thesis to determine the junction modal impedance matrix.
2.2.3 Junction Interior Pressure Field

In the discussions above, the pressure and the velocity in the duct segments are
determined. The pressure field in the remaining regions, namely within the junctions, can
be determined as follows.

The pressure field inside a junction can be determined by summing the

contributions of the particle velocities, u,, at all duct-junction interfaces as
p(r)= jkchIGJ (r| 1y )G, (r, )dS, (2.42)
[i S,

Now, modally expanding the junction pressure field, p(r),
p(r)= XPM [y (r) (2.43)
M

where the mode-shape function, @,(r) associated with the junction volume is Equation

(2.31). The particle velocity, u,, normal to the duct-junction interface is expanded in
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terms of mode associated with the interface surface as shown in (2.35). Then, Equation

(2.42) becomes,

> Py Wy () = jkpey [G,(x[r, )Ty uy' ™y, (x, ))dS,
M i S, M

(2.44)

Multiplying both sides by @(r)/V and integrating over the junction volume, V, yield

S P 5y [ @) Sy () )
M v

. i1
= ]kpcz Z Uy ;IJ’GJ(d r, ) LW (x ¥y, (1, )dSdV
i M VS,
Substituting Equation (2.30) and further rearranging the right hand side gives

S D (3, [@e(¥) Ty ()Y
M 4

= k03 3 ' [ (0 ()Y 5T [T (v W (v,
i M N 4 R -k S;

Applying the orthogonality condition, which is in this case,

O forM =R

i Q (pdV:
y IO P H for M %R

Equation (2.46) becomes

ik, 1 i
P = lzgaf RS e W (1, )5, EEM

(2.45)

(2.46)

(2.47)

(2.48)

It should be noted that the summation over M in the left hand side and the summation

over N on the right hand side of Equation (2.46) have been eliminated as a consequence

of applying the othogonality condition.

The quantity enclosed by the parenthesis in Equation (2.48) is essentially the

impedance between the M-th surface modal velocity at the i-th duct-junction interface

and the R-th volume modal pressure of the junction. This quantity is designated as
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i Jk 1
2’ = [ W (5 S, (2:49)

in which the subscript, 7, is given to emphasis that it concerns the "interior" volume of the
junction rather than the surface-to-surface impedance of Equation (2.40).

Once the junction interior modal impedance above is determined, the pressure
field within the junction is calculated as follows. First, Equation (2.43), which is the

modal expansion of the junction interior pressure, is rearranged as

P(Y) =% pp p(x,.2)
R

= z PrWe (Z)EWRW (x,y)
&, OF

where the volume mode-shape function, @, (x,y,z), is written as a product of mode-

(2.50)

shape functions, Y, (z) and  ; (x,y). This can be written in a matrix format as
Z Xy

@ny:/x:)/)D

p(r)= PRrR,=1 PRr,=2 ] [g"ny:z (X;J/)B
B =
E w8 DO S@RH(Z)BDT W= (x2)0 ) 51)
:B R,=2[] %RU;ZD WDE%"RFZ(Z)DB E@’ny=2(x’y)[|
] . B 8. g8 ! BgB ! B

- HB)RWR;] prsz=2 WEEVR,, (z) g Bl’ny (x,y)

Each sub-matrix, p , in the equation is evaluated at a particular value of R, as
Xy Rz

'O
oMo

iy, O (2.52)
0. 0O
H:' B
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where ZIRMI is an R by M,, modal impedance matrix for the /-th interface given by

Equation (2.49), uy’ is the modal velocity vector corresponding to the /-th interface.
2.3 Fan Noise Model

Up to this point, the method for modeling the acoustic duct has been discussed. In this
section, the approach used for modeling the source of the noise, which is the axial fan
located inside a duct. First, a model of the fan as a noise source is presented. Then, some

experimental results are provided in order to validate the model.
2.3.1 Modal Force Excitation Model

An illustration of a fan in a duct is shown in Figure 2.3 below.

Figure 2.3. Acoustic excitation from a fan represented by a force field

The fan source excitation is modeled as a complex field of force, f(x,y), distributed over
the duct cross-sectional area, S, concentrated at the z-position of the fan. This distributed

force creates a discontinuity in pressure at the location of the fan as

P(x 20" )= p(x.y0” ) = @ (2.53)
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where p(x,»,0") and p(x,y,0) are the pressure field at the surfaces immediately to the left
and right of the fan source positioned at z = (). On the other hand, the particle velocity is

assumed to be continuous across the fan source, that is,

u(x, 0" ) —u(x,y0")=0 . (2.54)

Modal expansions of the equations above yield

S (0 )W (%.)= 3 Py (07 ) Wy (x:0) =L 3 fig By (x.9) (2.55)
M M M

where ,,(x,y) is the mode-shape function given earlier by Equation (2.9). In a matrix

format, the equation becomes

1
(40 (07 | s ()] = par (07 ] sy (2,7 = SN LTIERY (2.56)

Canceling out the mode-shape function matrices, [/,, (x, y) ], one obtains

[, (0" ~[p 07 |=ls,1is

or
Pm(0")—py(0~)=fy/S (2.57)

where py (07 ) and py (0~ ) are the modal pressure vectors immediately to the left and

to the right of the fan source, fy is the complex modal amplitude vector of the source

force excitation. Similarly, for the particle velocity,
Uy (07 ) —uy (07 )=0 (2.58)

where uy (0") and uy, (0~ ) are the modal velocity vectors immediately to the left and

to the right of the fan source.
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2.3.2 Radiation Characteristics

The most notable feature of this fan noise model is that, provided that the duct geometry
is symmetric, it results in the asymmetric acoustic radiation, meaning that the pressure
fields at the inlet side and the outlet side of the fan source are equal in magnitude but
opposite in phase. This is shown by the following example.

Assuming the duct shown in Figure 2.4 is an infinite duct, the pressure field, p(x,

v, z), forz>0and z <0 are

aye ]ty (x| forz>0
bMe+jkMz]T [ﬁﬂM (x,y)] for z<0

_ %(Ie_jkMz]diag [aM])T E@-UM (x,y)] forz>0
ﬂeﬂkw]cﬁag EﬁbM])T [ﬁﬁ’M(x,y)] for z<0

CHe o) Gy sorz>0
¢ by, ) Gpy  forz<0

p(x,y,z)=

(2.59)

Thus, the cross-sectional surface modal pressure amplitudes for z > () and z < 0 are

Pym(Zz).s =€ [ay U Pm(Z).co = e’ (by (2.60)

For the particle velocity ,

E([VM]diag [[]aM] [{e_jkMZ]diag )T EM’M (x,y)] for z>0

u(x,y,2) = il
aLVM]diag |I'bM] [{e T ]diag) [ﬁIUM(ny)] fOV z<0
(2.61)
_ %yM e [hy, [)f. Qyy forz>0
+ T
E(YM (e [bM) Oyy  forz<0
where yy, is the specific modal admittance defined in Equation (2.13).
The surface modal amplitudes are
Uy (z)s =ym e [ay Uy (2).qp =ym &7 [y (2.62)

Substituting Equation (2.62) into (2.58) results in
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(2.63)
which shows that the magnitudes of the modal waves to the left and the right of the fan
are equal in magnitude , but opposite in phase. Furthermore, substituting Equation (2.60)
into (2.57) gives

ay —by =ay —(—ay)=20,, =1, /S (2.64)
Figure 2.4 below illustrates the conditions of Equations (2.63) and (2.64)

Im

w

|ful/S

‘2

bM / Re
ful/S

/ 2

Ofu

Figure 2.4. The relationship between the modal wave amplitude, ay, and by, and the

modal fan force excitation, f),
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2.3.3 Model Validating Experiment

An experiment was carried out in order to validate the fan noise model above.
detailed descriptions of the experiment are provided in Appendix A. The objective of the
experiment was to observe the condition of Equation (2.63) which suggested that, for an

infinite duct, the amplitudes, a); and by, of the waves produced on both side of the fan

should be equal in magnitude but 180 degrees out-of-phase.

A rectangular duct was constructed with anechoic wedges installed at both ends to
simulate an infinite duct. Then an axial fan was positioned in the middle of this duct.
The modal amplitudes, ay and by, were experimentally determined for the first four

modes and the relative differences in magnitude and phase were calculated (see Appendix

A for details). The following figures show the obtained results.

Magnitude (dB)

Phase (deg)

Figure 2.5. Magnitude and phase of ay,/ by, for M=1 (cut-on frequency: 0 Hz)

N
o

N
o

o

N
o

200

100

-100

-200

a_mwf’.“Nw PRIAIINY0 SN oot g Pgon

| | | \ \ | |

400 600 800 1000 1200 1400 1600 1800

[ Te @0 o0 -.‘;0Qo‘wo.~w
"S'f“fﬁ.o. o'anons o'p’ o S obee | !

400 600 800 1000 1200 1400 1600 1800

Frequency (Hz)

28



Magnitude (dB)

Phase (deg)

Figure 2.6.

Magnitude (dB)

Phase (deg)

Figure 2.7.
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Figure 2.8. Magnitude and phase of a,/by, for M=4 (cut-on frequency: 2553 Hz).

Figure 2.5 shows that for the first mode (M = 1) which is the plane wave mode, the
difference in the magnitude between the wave amplitudes, a; and b;, are observed to be
very small and the relative phase difference is almost nearly 180 degrees. As for the
higher order modes (M > 1), though not as distinctively as the case for M=1, similar
trend can be observed. More accurate measurements using more number of microphones
may improve the results for the higher-order modes. Nevertheless, the results above
provide a certain degree of validity to the current fan noise model.

The magnitudes of the excitation force, fi, for M = 1 to 4 were also estimated
from the measurements of ay, and by. Figure 2.9 shows the magnitude of, fi;, as a
function of frequency for M = 1 to 4. (The data for M = 2, 3 and 4 for frequencies that
are lower than their cut-on frequencies are not shown because of low signal to noise

ratio.)
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Figure 2.9. Magnitude of complex fan force, fy;, for m=1 to 4.

It is observed in Figure 2.9 that the magnitudes of the estimated modal force excitation,
Jfu, tend to decrease in frequency. It should be noted here that, for the theoretical studies
in Chapter 3, the modal force excitation magnitudes, fj;, are simply assumed to be
constant over the frequencies. Thus, the frequency dependency indicated in the
experimental data here is not taken into account. This does not affect the results in the
following chapter since the focus is on the relative change in magnitudes and not the
absolute magnitudes. Furthermore, in Chapter 3, the magnitudes of, fj;, are assumed to
be equal among different modes (but with arbitrary phase). This is not an overly simple
assumption, based on an observation that the relative differences in the magnitudes
between the four modes are indicated to be relatively small for the most part except in the

vicinity of respective cut-on frequencies.
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2.4 Active Noise Control

Active noise control systems can be classified into two basic categories, namely
feedforward control and feedback control. A feedforward control system is a class of
control systems that generate control input based on a priori information of the
disturbance. In other words, this type of control system synthesizes the control inputs
based on how the disturbance would look like at some point in the future. Therefore it is
also classified as "non-causal control" in some literature. On the other hand, a feedback
control system generates control signals based on the current information on the
disturbance. It does not predict or anticipate the disturbance change. Therefore, it can be
classified as "causal control" approach.

In the present study, the performances of both feedforward and feedback active
noise control are investigated. The followings describe the analytical approaches that are
used in the simulation studies in Chapter 3 for obtaining the optimal noise reduction

performance of the two active control approaches.
2.4.1 Feedforward Control

Figure 2.10 shows a block diagram of a feedforward control system.

Disturbance Plant

Disturbance Ga(s) Pa (V)
d(t)
+ Output
=>
n Pe(t)
Reference G (s) u® G(s)
Signal =9 > pe (1)
Controller Plant

Figure 2.10. Feedforward Control System
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In Figure 2.10, the disturbance, d(t) is the unwanted noise which is picked up by a
microphone as output, pq(t), after passing through a transfer function, Gq(t). The control
sound, p.(t) is introduced by the control system and superimposed to the output. Given
an ideal reference signal, which is completely correlated with the disturbance, the
feedforward control yields a maximum noise control performance (at least locally at error
microphones) possible for a given system. The analytical method for predicting this ideal
performance of the feedforward control is as follows.

The pressures, pe, sensed by N, error microphones are the superposition of the
contributions from the fan noise (disturbance), pqg, and the control sound, p., from N¢

active sources (speakers). Thus,

pe:pd+pc
Op., 0 b, 0 Op, 0
O O 0O 00O O
0P, O [Pa,0 [Pe>0 (2.65)
0. o=@. ofo. O
O 0 0O0° 000
O O 0O 00 O
EyeNeE |j?Ne|:| H?N(D
And the control sound, pe, is
p. =G
Dpc[ H Dgc[] gc[2 chCD DM1 0
O 0O 0 ‘00 O
OPc> O 0€csr  8ea 0, O (2.66)
0. 070 . : O0. O
O 0 0*: O0: 0O
0O 0O 0 OO0 0O
Penv, 8§ Benvs 0 7 S GON.O

where G is the transfer function matrix from the speaker input vector, u and to the
control sound vector, p.. The transfer function matrix, G, includes the dynamics of the
acoustic duct and also the mechanical dynamics of the speakers.

The feedforward control works to minimize the sum of the square of the error

microphone signals,

2 *
Pei|l =Pe e (2.67)

NE
J=5

Substituting the preceding two equations into (2.67), the quantity, J, becomes
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J:[pd +GD‘]* [[]pd +GG‘]
=u*(G* [G)D;+u* [(G* q)d)+pd* [G+p, by (2.68)
=u GhOi+u (b+b h+c

where

a=G G, b=G" p,, c=p, by - (2.69)

Equation (2.68) shows that the quantity, J, is a quadratic function of the speaker input
vector , u.
The control speaker input vector, u, that minimizes J of Equation (2.68) is given

by [45],

u,, =-a"' b=-(G"G) " B, (2.70)

opt

And the corresponding minimum value of J is

* * * -1
J=py e -ps GG ) G b, @71)

The action of the feedforward control indicated by Equation (2.70) can be clearly
interpreted for a 1x1 system (one error microphone and one speaker). In this case,

Equation (2.70) becomes

1
Uop = ~— Py (2.72)
g
and the quantity, J, is
_ _
J=Pypq ~ Pdg%l’d E: 0 (2.73)

where the notation, p,, signifies the conjugate of p,. This illustrates that, for a simplest

case above, the feedforward control works to nullify the plant dynamics, g, and produce
the control sound that is 180 degrees out-of-phase with the disturbance.

It should be emphasized that the analysis above gives an idealistic performance of
the feedforward control with an assumption that perfectly correlated reference signal is
available. In practice, the noise control performance will be limited by the presence of
uncorrelated noise component in the reference signal and the error microphones signals.

Furthermore, even though the above analysis could be applicable to both random

and periodic disturbances, feedforward control of random disturbance may not be
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practical in some applications. The feedforward control of random noise normally
requires the reference signal sensor to be placed "upstream" of the propagating
disturbance, sufficiently away from the location of the control actuator. This is because
the control hardware requires a finite amount of time between the time it obtains the
reference signal and the time it produces control output based on the reference signal.
The required separation distance between the reference signal sensor and the control
actuator depends mainly on how fast (i.e. bandwidth) the controller hardware can react.
In applications where this separation distance between the reference sensor and the
actuator cannot be made sufficiently large for the given control hardware, the
feedforward control of random noise becomes impractical. This is certainly the case for
the present application, where the control speakers are required to be near the location of
the noise source (fan) due to size constraints. Therefore, the simulation results of the
feedforward control performance in Chapter 3 are presented with periodic disturbance in
mind. And, for the active control experiments in Chapter 4, the feedforward control is

implemented to control only the periodic content of the fan noise.

2.4.2 Feedback Control

The block diagram of a feedback control system is shown in Figure 2.11.

Disturbance Plant

Disturbance Ga(t)
d(t)

Pa(t)

0 ; . Ge(s) ul®) | G(s) A Output

) Pe(t) pe(t)
Controller Plant

Figure 2.11. Feedback Control System
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As shown in the above figure, the feedback control system synthesizes the control input,

u(t) based solely on the error microphone signal, pe(t):
u=-G_[p, (2.74)

where Ge(s) is the control filter transfer function. Combining this into Equations (2.66)

and(2.65) yields
p. =01+G.G)" [p, =Sp, (2.75)

where p. is the error microphone pressure vector, pq is the fan noise (disturbance) vector
and S is commonly referred as the sensitivity transfer function matrix. The noise
reduction (or disturbance rejection in control literature) performance of a feedback
control system is characterized by this sensitivity transfer function matrix, S.

For the purpose of enhancing the noise reduction performance of the feedback
control system, a suitable controller, G, is chosen in such away that this matrix, S, is
minimized in the disturbance frequency range without causing closed-loop instability.
There are a variety of methodologies available for obtaining the controller, Ge.

For the simulation studies in Chapter 3, an optimal control design methodology
called, the Linear Quadratic Gaussian (LQG) method, is used. The LQG control strategy
provides a convenient means of designing an optimal MIMO controller. The procedure
to determine the controller, G¢(s), based on the LQG control design methodology is
explained below.

In order to use the LQG design methodology, a state space model of the dynamics
of the plant, G(s), is needed. A state space model of the plant is

X(t)=AX(t)+Bh(t)+w,(t)
= +
where x(¢) and X(7) are the state vector and its derivative, u(¢) is the input vector,
p(t) is the output vector which, in this case, is the vector of microphone pressure
signals. The vectors, w,(¢) and w_(¢), are white noise inputs to the system with

properties
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Efwq(1)Gvy(1)" }=Wé(1-1)

Efw, (1) v, (1)} = va(i-1) @77)
where E{ } is the expectation operator, W and V are the correlation matrices. The

vectors, wW,(t) and w () are uncorrelated from each other, that is

E{w,(1)Gv,(1)"}=0

Efw,()Bvy(1)7} =0 (2.78)
In the simulation studies in Chapter 3, the plant state space model is obtained by
performing a system identification procedure on the frequency response data obtained
from analytical models. In order to facilitate a system identification of MIMO system, a
procedure called "Eigensystem Realization Algorithm" or "ERA" [45] was used. The
ERA is a time-domain system identification method which operates on the impulse
response information of a MIMO plant dynamics. The details of the ERA procedure are
provided in Appendix C.
Once the state space model of the plant is obtained, the LQG controller can be
designed based on the model as follows. The following diagram shows the internal

structure of a LQG controller.

Controller, G.(s)

P o o e -

i State Observer State Feedback

! (Kalman filter) (LQR)

| - - m e mmmm = === mmmm
Measured - | Control input
output signal 1 | A to Plant

L u(t)

-

p(®) PN
—,_:;Oq- Cc |« Ij:_‘ EX(t): » K ;

! + P i
- ]l i

Figure 2.12. Structure of a LQG controller
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As shown in the diagram, the controller consists of a state feedback and a state observer.
The state feedback part is expressed as
u(t) =-K_ [X(t
(1) =-K, (1) 0.79)

where u(t) is the control input vector and K, the constant gain matrix. The vector, X(t)
is the state vector estimated by the state observer which is

X(t) = A X(t) + B(t) + K, (p(t) - CX(1)) 2.50)
where Ky is the observer gain matrix. The matrices, A, B and C are directly obtained
from the plant state space model.

There are two design parameters, Kf and K, to be determined and these two
parameters can be determined independently (the Separation Theorem [46]). The state
feedback gain matrix, Ky is obtained by solving the LQR (Linear Quadratic Regulator)
problem in which the optimal value of the control input, u(t), is found by minimizing the
cost function

J = lim LT x(t)" [Q (x(t) +u(t)” [R G(t) dt s

where Q (Q=Q" =20)and R (Q =Q" = 0) are the weighting matrices which serve here

as design parameters. The cost function, J, is minimized by solving the Algebraic Riccati
Equation
AT X+XA-ABR'B'X+Q=0
(2.82)
for the solution ,X (X =X" >0). Then the optimal feedback gain matrix, K, is given
by

—_ -1
K, =R BX 2.83)

which in turn provides the optimal value of u(t) in Equation (2.79).
On the other hand, the state observer gain matrix, K¢ is obtained by minimizing

the error in the estimated state vector,
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E x—f&]T [ﬁx—i&]} (2.84)
The optimal value of Ky which minimizes this quantity is found by solving another
Algebraic Riccati equation

YA"+AIX-TIC'IV'ICLY +W =0 (2.85)

where Y is the parameter, V and W are the disturbance correlation matrices of (2.77).
The observer gain matrix, Ky, is then given by,

K, =Y V™' (2.86)
where Y is the solution of Equation (2.85). Note that the noise correlation matrices, V
and W, serve as design parameters.

In the actual design process, the design parameter matrices, Q and R for the state
feedback and the matrices, V and W, are iteratively adjusted until a desirable control
design is achieved.

It should be emphasized here that the LQG design method is used in this thesis for
the purpose of determining the theoretical maximum performance achievable by the
feedback control approach. The main focus is placed on the effect of different physical
design of the active-passive duct rather than the feedback control design itself. The LQG

method is used merely as a tool to obtain feedback control filters in a consistent manner.
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2.4.3 Feedforward-Feedback Hybrid Control

A feedforward control system and a feedback control system may be combined together

to form a hybrid control system. Figure 2.13 shows the block diagram.

Disturbance Plant

Disturbance
dty = G

t
Feedforward Plant Pa(t)
Controller
Reference ug(t) u(t) G
signal =W G(s) = ®)
+
up(t)
Gcb(s)
Feedback
Controller

Figure 2.13. Hybrid Feedforward-Feedback Control System

In this control system, the feedforward controller provides the attenuation for those noise
content that are correlated with the available reference signal while the feedback
controller provides the reduction of the remaining uncorrelated noise content. In Chapter
4, a hybrid feedforward-feedback controller in implemented and tested, where an
adaptive digital feedforward controller is combined with an analog feedback controller.
The feedforward controller part is designed to reduce only the BPF tones in the fan noise,
while the feedback controller part provides the reduction of the remaining broadband fan
noise. As it will be shown in the experimental results in Chapter 4, this hybrid control
approach offers an efficient and effective way of reducing the total fan noise level, by

combining the benefits of both feedforward and feedback control.
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2.5 Summary

A matrix approach for the analytical modeling of the active-passive control fan duct was
developed and presented in this chapter. The approach was an extension of a modeling
concept proposed by Muehleisen [19]. In this proposed approach, a duct is cast as a
collection of short duct segments connected at multiple junctions, which represented
various discontinuities. As it will be shown in the next chapter, this modeling approach
is quite suited for obtaining high-fidelity finite duct models. Using this approach, one
can naturally incorporate such complex phenomenon as modal wave cross coupling at
duct open ends, which has typically been ignored in previous literature.

An analytical model of a fan was also described in this chapter. A fan was
modeled as a force field distributed over a duct cross sectional area and was expressed as
a sum of modal force distributions. The validity of this model was checked by
experimentally-obtained data of the relative magnitudes and phases between the modal
waves propagated away from the front and the back of the fan in a simulated infinite
duct. The data indicated, though less clearly for higher-order modes, the expected
asymmetric radiation pattern of the fan noise in an infinite duct. The validity of this
model will be further demonstrated later in the experimental and analytical result
comparisons in Chapter 4.

Lastly, the analytical approaches for the determination of active control
performances were also described with respect to both feedforward and feedback control.
The analytical approach for the determination of the feedforward control performance
implicitly assumed the availability of perfectly correlated reference signal and therefore
provided the ideal control performance theoretically obtainable. For the feedback
control, the LQG optimal control design approach was adapted. It should be emphasized
that, in this thesis, the LQG optimal control design approach was to be used merely as a
tool to determine the "optimal" performance theoretically obtainable for feedback control.
The hybrid feedforward-feedback control approach was also briefly described. This
hybrid active control approach is implemented and investigated in the experimental study

later in Chapter 4.
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Chapter 3

Analytical Study

In this chapter, the general modeling approach introduced in Chapter 2 is applied to
develop analytical models of active-passive noise control fan duct for simulation studies.
Two alternate designs of active-passive control fan duct are considered. One is a finite
rectangular fan duct in conjunction with 2x2 active control. The other is a finite
rectangular duct having the same overall dimensions, but its interior segmented into
smaller duct sections in conjunction with 8x8 active control. Potentially achievable
passive and active noise control performance are determined with respect to each of these
design configurations. Although investigations in this chapter are carried out mainly in
the form of simulations, some experimental results are also included in order to validate

the analytical models.
3.1 Non-segmented Fan Duct with 2x2 Active Control

A finite rectangular duct with a fan mounted in the middle is shown in Figure 3.1. The
duct is open-ended on both sides and assumed to be fitted with infinitely large baffles.
There are two active acoustic sources (or control speakers) and two error microphones in
the duct for 2x2 active control (one speaker-microphone pair on each side of the fan).
The duct interior sidewalls are lined with sound-absorbing material for additional passive

noise attenuation.
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Figure 3.1. Non-segmented fan duct with 2x2 active control
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Figure 3.2. Finite rectangular fan duct modeled as a duct-junction system
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3.1.1 Model Development

The fan duct of Figure 3.1 can be modeled as a duct-junction system as shown in Figure
3.2. There are four duct segments, which are shown in the figure as Element 1, 3, 4 and
5. These duct segments are connected at junction elements representing the two control
speakers and the fan noise source. The figure also shows reference coordinates defined
locally in each element.

As explained in Chapter 2, the first step in this modeling approach is to determine
modal impedance matrices, Zgry, for all the junctions present in the model. There are
three types of junctions in this model: speaker junction, duct open end junction and fan
source junction. The modal impedance matrices associated with these junctions can be

determined as follows.
Speaker Junction Modal I mpedance

The modal impedance matrix, Zg,,,, associated with the speaker junction on the left

(Element 2), relates the modal velocity vector, U to the modal pressure vector, Py, , at

M2>»
duct-junction interfaces as
Pr, =Zgy, Wy, (3.1)

which is expanded as

0 Q{{M ZRM ZRM
BJ§D =0 [B‘MD (32)

PR B zaw Ziwh Hesr

where pi{is the modal pressure vector at the /-th interface, uk is the modal velocity

vector at the i-th interface in the junction, and u,; the velocity of the square piston
representing the left-side speaker (Speaker 1). The subscript, 2, designates the element

number of the junction (Element 2). Figure 3.3 shows a speaker junction.
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Interface 3
(speaker cone)

Interface 1

4 Interface 2

Figure 3.3. Speaker junction element

In Figure 3.3, the positive directions of the modal velocity vectors are defined and
indicated by the arrows.

The matrix, Zgy,, i1s determined by using an integral expression introduced in

Chapter 2 which is repeated here as

. J’;pc”GJ (r| v, )WL (x W, (v, )dS,dS, (3.3)
L 5S;

where appropriate Green's function, G, and mode shape functions,%,'(r) and ¥,,"(r, ),

are presented given by Equations (2.30) and (2.9) in Chapter 2.
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The integral expression above can be analytically evaluated and simplified. The
expressions for the individual sub-matrices of the speaker junction impedance matrix,

Zgw, » are determined as

i =i oy
. H H
- Djkpe [, 1 5 i .
DxLy A A, Xnng yng_kzg
g Lo ok H

13 _ .23
Zgm ~Zrm

Equation (3.4) above also apply to the other speaker junction (Element 5).
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Open End Junction Modal | mpedance

An open end junction is shown in the following figure.

Baffled
(nfinite)
N z
= Outside of
X y x duct
T~ p L
. R Duct interior |
Duct interior Y L i
X |
X ‘ : u o
™ l \
]

//\ Pr
S~ Outside of
b /

S Ly  duct

Figure 3.4. Open end junction (right side)

The acoustic characteristics of the duct open end junction is also expressed in term of
modal impedance. For the open end at the right side of the duct in Figure 3.2, the modal

impedance matrix equation is
PR6 :ZRM6 |1]M6 (35)

or

i) =222, b (3-6)

where py, and uy,, are the modal pressure and the modal velocity vector associated

with the duct opening surface (Interface 2 of Element 6).
The integral expression of Equation (3.3) can also be applied for this junction to

obtain the modal impedance. The mode-shape functions, W (r) and ¥, (r,) are

unchanged from those for the speaker junction above. However, the Green's function, G,
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has to be replaced with that for a free space bounded by an infinite rigid surface and

consequently, the equation becomes

—jk‘ r—ro‘

ZRMH = ]kpcj. ° W.(r ¥, (r,)dsds, (3.7)
SJ: |r _r0|

2ns

where \r—ro\ 1s the distance between the observation and the source point.

The integral expression in this equation cannot be evaluated in a closed form and

thus, numerical integration is required. However, due to singularities at the points where

the quantity \r—ro\ becomes zero (i.e. where the observation point and the source point

coincide), the usual numerical integration method, such as Gaussian quadrature cannot be
directly applied. A special numerical integration scheme is needed to circumvent this
singularity problem [19]. The method adapted here is commonly used in Boundary
Element Methods (BEM) which involves numerical integrations involving the same type
of singularity. The description of this numerical integration scheme is provided in
Appendix B. The modal impedance matrix for the other duct open end junction is

obtained the same way.
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Fan Source Junction Modal | mpedance

A fan source is to be located between Element 3 and 4 and considered here as a junction.

Figure 3.5 shows the fan source junction.

Fan Source
Junction
Element 3 Element 4
Interface 1 Interface 2 Interface 1 Interface 2

Figure 3.5. Fan source junction
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The fan noise source is modeled as a distributed force characterized by a modal force
vector, fy. This gives rise to a discontinuity in pressure at the position of the fan. This is
expressed as

f
Py ~Phs =g (3.8)

wherep,,, is the modal pressure vector at Interface 1 (left side face) of Element 4, p2, |

is the modal pressure vector at Interface 2 (right side face) of Element 3 and S is the duct
cross-sectional area. On the other hand, the modal velocity at the junction is continuous

and therefore,
Uy, — Uy, =0 (3.9)

1

where uy,,

is the modal velocity vector at Interface 1 of Element 4 and uy,, is the

modal velocity vector at Interface 2 of Element 3.

In the actual simulations, the force excitation vector, fy, is assumed to have
uniform magnitudes (unity) for all modes, M. This assumption is based on the
experimental result presented in Chapter 2 where it was found that the differences in the
magnitudes of the fan excitation force for different modes were relatively small. The

phases of, fy, were assigned arbitrary values.
Modal Scattering Matrix Equations

After modal impedance matrix equations are obtained with respect to all the junctions,
next step is to convert them into corresponding modal scattering matrix equations. The
modal scattering matrix equations describe junction acoustic characteristics in terms of
the modal wave amplitudes, a;s and by, associated with adjacent duct segments. For
example, a modal scattering matrix equation for the left speaker junction (Element 2) is
obtained as follows. The modal impedance matrix equation of Equation (3.2) can be
written in terms of the modal wave amplitude vectors associated with adjacent duct

elements (Element 1 and 3) as
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—jkyy L kL,
%’M}e Tty e ’

cHe

~jkp 0 jkp 0 0
5 %Mse L I = E
%M} Eﬁ%\/ue_/kMLu —bM1€+jkMLz1 %
1 2,13 [ 0 o o
—frRm Zrm Zrm - - +
- 21 ZZZ Z23 0 EED)M3 %M3e I bM3e e %B
Hrm  Zrm RM% U
] u,, 0
0] U
] ]
alternatively,

e ; [a,, —e b, JO
(¢, BIMI +e'; |])M1 D_ &{{M Z{fM Z{SMD @MI g _1 M/ +1 MI)D
O +b =Ry 2 5 4 M3 ejBIM3_e3EbM3)D
O au; M3 O Zrv Zrm Zrw 3 E E

Further rearrangements yield,

E I
D — . 0 DMsB %QMD
EE (I—ZRMY) E (I+ZRMY)@% 0=Y5 O Gag,
M1 %RM%
s
where
- 0 + 0
E_=%I OD, E+=%I OD
EO OE EO OE
and
0o U 11 2
v =gy L
EO YmsH rRM  Zrm

3.11)

(3.12)

(3.13)

(3.14)

Equation (3.12) above characterizes the scattering of waves at the junction and it shall be

compactly designated as
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Lh., O
U U
U
s, fg““f F, (3.15)
U

where S, is the scattering matrix, F, is the excitation vector for Element 2. Modal

scattering matrix equation can be obtained similarly for the rest of the junctions.
Global Modal Scattering Matrix Equation

After the modal scattering matrix equations are obtained with respect to all the junctions,
these matrix equations to be assembled into a single global matrix equation. First, the
dimensions of the junction modal scattering matrix equations have to be expanded to
ensure compatibility. For example, the modal scattering matrix equation of (3.15) is

expanded as

S

=

z

[S,(:, 1:1N,) 0 0 S,(:, (IN, +1):2N,) 0 0 (3.16)

£

=
N

g@@g&%mgm@
D]]I:II:IDDI:H:IDDI:II:ID
)

where Ny, is the number of included modes, 0 is a zero matrix of size Ny, by Ny. The
notation SZ(.',I.'IN M) designates the column / to /Ny of the matrix, S,, and
SZ(.',(]NM +]).'2NM) designates the column (1Ny+1) to 2Ny, of the matrix, S;.  Also
the columns of the scattering matrices may need to be re-ordered for consistency. Note
that the unknown modal wave amplitude vector now contains the modal wave amplitudes
in all four duct segments in the system.

Once all the junction modal scattering matrix equations are expanded, the global

scattering matrix equation can be obtained as
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()
=

MMOOOOOOocOodad
\Clb 05
5z
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(30 3 041 LR
2 2 2 =
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e oF
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=
(=
Im|

where the sub-matrices of the left-hand-side matrix are, beginning from the top, the left

and the right speaker junctions, the velocity and the pressure condition at the fan source
junction and the left and the right open-end junction. The notation, S, signifies that the

scattering matrix is appropriately expanded and reordered for compatibility. The sub-

vectors of the right-hand -side excitation vector are

%13 O %13 O
F, = ;MD Ldeg, s F; = ;MD Lt 5 (3.18)
RM% RMEj
and
_fu
Ffanp —? (3.19)

where u,; and ug; are the cone velocities of the left and the right speaker, respectively and
fum is the fan force excitation vector in Equation (3.8).

The global scattering matrix equation of Equation (3.17) above shall be
designated as

A O
Sglobal (] M U=F (320)
E5

global
M

where Sgiopq 15 the global modal scattering matrix, Fgp. 15 the global excitation matrix.

Then, the global scattering matrix equation can be solved as
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DA O o
21
D S global |:Fglobal (3 )
E,BM
which gives the amplitudes of the unknown modal waves in all the duct segments

(Element 1, 3, 4, 6). The pressure and the velocity within the duct segments can be

obtained from the duct modal wave amplitudes.
Junction Internal Pressure

As described in Chapter 2, the pressure field, p(r), inside a junction can be expressed in
terms of modal summations as,

p(r)= %B)

Pr

Ry p. =1 W R =2

---ﬁﬂuRa (z) g g, (%.7) (2.22)

where y, (x,y) and y, (z) are the vectors of mode-shape functions associated with
the junction volume. And each sub-matrix of the modal pressure matrix above is given
by
an
M D
— 1 2 30
PR, R %mm Zigm  Zirm g HS‘ 0 (2.23)
%‘lM

where u}, is the modal velocity vector at the i-th duct-junction interface. The values of

the modal velocity vectors, ufw , are obtained from the already-determined modal wave

amplitude vectors of Equation (3.21). The sub-matrices, z IRMi, represent the impedance

between the interface modal velocity vector and the junction internal modal pressure and

these are determined by

i _ Jjk 1
Zimy =2 Ifc 5 [ (¥ W1 (¥ )dS, (3.24)
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where @g(r,) and ,,(r,) are the mode-shape function of the R-th volume modal

pressure and the M-th surface modal velocity, respectively. For example, the application

of this equation for the left speaker junction (Element 2) yields

RN T
IRM 2_ 2
EKR k VArZ L. Eﬁag

, 5 jkpe 1

= —[
Zigm H(RZ -k? \/TE L, %iag

(3.25)
0
O Esmwby H SinMay %
77 = E Jkpc 1 9, 0 HLy H_ HLy %
- H(RZ k2 A LxLy Arx/\rv D ﬂ ﬂ @
g v .
1 S Lo
where the factor, 9, ,, is given by
H for r, =0H
0,9 = 57 2 OD (3.26)
for 1. #0Q

K, = EC"% + @5@ + EVL"E (3.27)

Equation (3.25) also applies to the other speaker junction (Element 5).

As for the determination of the pressure field outside the duct (which is
considered here as "internal" to the open end junction), the procedure is as follows.
Considering the right open end, the pressure field, p(r) in the free space outside of the
duct open end is given by

2

P(r) =2y, Mg (3.28)

where uf\,[ s 1s the modal velocity vector at the right open end (Element 6, Interface 2).

The matrix, z

PMend, is the given by
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_ Ojkpe e VT ’ O 3.29

ZpMendr - D27T 2 2 2(T”M (xo’yo )dxodyo I:] ( )
xoyoJ(x—xo) H(y=y,) *z ]

which may be considered as a modal impedance matrix relating the open-end modal
velocity to the pressure at a particular point (x ,y, z) in the free-space. Again, numerical
integration is required to evaluate the integral. The equation contains the singularity as
encountered earlier in Equation (3.7). However, a normal numerical integration method
can be directly applied in this case as long as the domain of integration does not contain z
= (0. The determination of the pressure field on the left side free space follows the same

procedure.
Damping Model for Representing Passive Liner

In the present model, the effect of the passive liner installed on the duct inner walls is
modeled as acoustic damping effects associated with the duct inner space. The acoustic
damping in the duct is introduced in the model by using a complex value for the speed of

sound [47], ¢, as,
c=c,(1+ /M) (3.30)

where ¢, is the nominal speed of sound and 1 is the acoustic loss factor. Using this
complex speed of sound has the effect of introducing a complex part to the wave number,
k(=w/c) which causes the exponential decay of waves propagating in a duct. The
complex speed of sound also introduces damping to the junction modal impedances. For
the present study, the damping factor, 1, is assumed to be constant over frequency,

though using frequency-dependant 1 is likely to result in more accurate representation.
Total Radiated Acoustic Power

The primary quantity of interest in the present study is the total acoustic power emitted
out of the duct open ends into the free space. This is calculated as follows.

The acoustic intensity, /(x, y), over a single duct opening is obtained by
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1 x 3.31
I(x,y)= ERe{p(x, y) G (23] G301
where p(x,y) and u*(x,y) are the pressure and the velocity (conjugate) over duct opening
surface. Expressing the pressure and the velocity in terms of mode-shape functions, the

expression becomes

I(x,y)= éRe%)MT iy i oy g (3.32)

where the symbol, T, indicates transpose and the symbol,*, indicates a conjugate-
transpose operation.
The total acoustic power radiated out from a duct opening is obtained by

integrating the intensity over the opening surface area, S, as

O «

1 U x l

W:I[(x,y)dSZERe[pMT [%WM (T 298 dS%:ﬁJMTﬁD (3.33)
; 5 D a H

Eliminating the integral in the middle by applying the orthogonality condition introduced

in Chapter 2, the expression becomes
s B il=
W=3Re[pMT Eﬁ!MTﬁD (3.34)
B B

which represents the total acoustic power emitted from one side of the duct. The power
emitted from the other side is obtained the same way. Then, the total acoustic power
emitted from both sides of the duct is simply the sum of the power emitted from both
ends. This is a consequence of the assumption that the two duct ends are isolated from

each other by the infinite baffles.
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Model Validation Experiment

For the validation of the model developed above, the frequency responses of the plant
dynamics (control speakers to microphones) were obtained experimentally for
comparison with analytical model results.

Figure 3.6 shows the experimental setup to measure the plant dynamics of the 2x2

active control fan duct.

Input 1
Amplifier | == Input 2 (not used
~, put 2 ( )
Speaker (4 cm dia.)\ - -
I
_I_\
7= X AR
] | A |
X 3.5cm il 3.5cm
Y : ! (P .
L.=9.5cm T Mic 1 “,\’, Mic 2 Output 2
7\
[
T Output 1
l ' i Fan P

Acrviic duct [ Large baffle
crylic duc " "
(cross-section: 9.5 cm x 9.5 cm) (49"x48")

< [=2lcm @———————>

(Setup located in an
anechoic chamber)

Figure 3.6. 2x2 active control fan duct plant frequency response measurement setup

The duct was constructed from a 1/8" thick, acrylic board. The axial length of the duct
was 20.5 cm and the cross-section was 9.5 cm by 9.5 cm. The duct was fitted with large

wooden baffles (48 in. by 49 in.) on both ends
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As shown in the figure, the plant is a 2x2 system. The inputs to the system are the
signals to the two speakers (4 cm diameter) and the outputs are the signals from the two
microphones. However, only the frequency responses associated with a single speaker
were needed to be measured in this case since the plant is symmetrical. Therefore, only a
single speaker was actually used for the experiment together with two microphones.

The dimensions (in meters) of the corresponding analytical model of the fan duct

(see Figure 3.2) are shown in Table 3.1 below.

Table 3.1. Non-segmented duct dimensions

Parameter | Value(m) | Parameter | Value(m) | Parameter | Value(m)
Ly 0.095 Lz 0.0495 Ls 0.035
L, 0.094 L4 0.0495 L 0.0205
L, 0.038 L, 0.035 by 0.065
| 0.035 L 0.0205 ay 0.03

The duct modes and the corresponding cut-on frequencies are summarized in Table 3.2
below. Modes up to the ninth duct mode were included in the model, which was judged
to be reasonably accurate as will be shown shortly by the comparisons with the

experimental data.

Table 3.2. Non-segmented duct model modes and cut-on frequencies

Mode Mode Cut-on Mode Mode Cut-on
No. Index Frequency (Hz) No. Index Frequency (Hz)
M (mm my) M (my, my)
1 (0, 0) 0 6 0,2) 3649
2 (1,0) 1805 7 2,1 4045
3 0, 1) 1825 8 (1,2) 4071
4 (1, 1) 2567 9 (2,2) 5133
5 (2,0) 3611 - - -
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The plant dynamics contains both the acoustical dynamic of the finite duct and the
dynamics associated with the speaker. In the model, the dynamics of the speaker is

represented by a second-order transfer function expressed as

K, G
s’ +20F, o, +w,’

(3.35)

where @, is the natural frequency, &, is the damping ratio and K is the gain constant.
This speaker transfer function was assumed to be connected to the duct acoustical
dynamics in series.

Figure 3.7 and Figure 3.8 show experimental and analytical frequency responses
for a duct without sound-absorptive liner. The duct was also without a fan installed
inside. The two figures show the results for the case of the microphones positioned at the
normalized speaker-to-microphone distance, X, of 0.2 and 0.4 which is defined as

X=1 (3.36)

X

where x is the x-coordinate of the microphones and L, is the transverse length of the duct
in x (see Figure 3.6). The microphones are positioned directly in from t of the speakers.
The magnitudes of the frequency responses shown are normalized by the mean value
over the frequency range. The duct acoustic loss factor, #, used for the model was set to

0.001 and the speaker dynamics parameters,w, and &, were set to 180 Hz and 0.3,

respectively.

Observing Figure 3.7, a peak in magnitude seen at about 1900 Hz roughly
corresponds to the cut-on frequency of the first transverse mode((m,, m,) = (1,0)) at 1805
Hz (see Table 3.2). And another peak seen at about 3600 Hz is considered to be due to
the cut-on of the (2, 0) duct mode at 3610 Hz. In the frequencies lower than the first
cross-mode cut-on frequency of 1805 Hz, the (0, 0) mode (i.e. plane-wave mode) is the
only cut-on mode. Therefore, the two peaks seen at around 600 and 1200 Hz are due to

the first two axial modes of the duct.

60



(1,0) mode (2,0) mode

cut on cut on
20— —— Model
e
= - Measured ™~
s 10 _
=
g -
Z2 0 — |
[ N
2 1ol T !
= -10- 1st axial 2nd axial I
mode mode
-20 L | L L

180 T T T :l‘,/

Phase (deg)

-180 5 | .
10 10
Frequency (Hz)
(a) Direct path (Input 1 to Output 1)

20 I T T
. —— Model
% 10 - Measured |
(5]
R .
=
S 10 |
2 g

-20
180

90

Phase (deg)
o

-90

-180 ) \3
10 10
Frequency (Hz)

(b) Cross path (Input 1 to Output 2)

Figure 3.7. Plant frequency response, no passive liner, microphone position, Y = 0.2: (a)

direct path, (b) cross path
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Figure 3.8. Plant frequency response, no passive liner, microphone position, X = 0.4:

(a) direct path, (b) cross path
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The model and the experimental result show relatively high degree of agreement
even in a high frequency range except that there is a noticeable difference around the
frequency of the first axial resonance at 600 Hz. It is observed that the measured
response seems to have extra zero-like dynamics at this frequency. The source of this
behavior in the measured data is unknown at this point. However, judging from the
excellent agreement of analytical and experimental data in this frequency range for the
segmented duct case, which is discussed in the next section, the cause of this discrepancy
is likely to be attributed to some unexpected imperfections in the physical constructions
of the experimental duct setup.

Next, the plant frequency responses were measured with some sound absorptive
material installed in the inner duct walls as passive liners. The material was melamine
with a thickness of 5 mm. The passive liner covered the whole inner duct wall area
except around the fan body. The corresponding analytical frequency responses were
obtained by simply increasing the duct loss factor, #, to 0.04. Figure 3.9 shows the
analytical and the experimental frequency responses.

Figure 3.9 shows a reasonable degree of agreement between the model and
experimental frequency responses except again at around the first axial mode peak and
also in the high frequency region. Furthermore, the resonant peaks in the experimental
data are observed to be somewhat lowered in frequency compared with frequency
responses for the duct without the passive liner. This is likely to be originated from the
unaccounted effect of the reactive part of the impedance associated with the passive liner.
The present model represents the passive liner as purely dissipative damping associated
with the duct and therefore does not capture this effect. It is also noticed that the phase
lag in the experimental frequency response is slightly larger that that of the model
frequency response and the difference increases with frequency. This suggests that there

is slightly more time delay in the experimental data than the model.
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Figure 3.10 shows the experimental plant frequency responses with and without a fan
installed in the duct. The purpose of this was to check the effect of the presence of the
fan body to the plant frequency responses. It should be recalled that the present model
assumes that the potential scattering of sound by the fan body is negligible. As observed
in Figure 3.10, the presence of the fan does not significantly alter the frequency responses

for the most part, thereby validating the present model.

3.1.2 Passive Control Effect

In this section, the passive noise control effect of the non-segmented fan duct is
investigated by using the analytical model. Specifically, the effect of the passively-line

fan duct to the level of total emitted fan noise power is investigated.
Baseline Fan Noise Power

First, the baseline fan noise power level has to be determined. The baseline fan noise
level is the sound power level of a fan without ducting, which is obtained by making the
axial length of the duct infinitely small. In the limit, this is equivalent to having a fan in

an infinite baffle as shown in Figure 3.11 below.
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Infinite

Figure 3.11. Baseline fan model as a force field, f(x, y), in an infinite baffle

As it is done for the ducted fan model, the fan is modeled as a force, f{x,y),

distributed over the area the same area as the duct cross-section. From Equation (3.8),
the modal pressure vectors, py; and py;, immediately to the right and the left of the fan

are related to the modal fan force vector, fy, by

+ _ f
Pv —Pwm =% (3.37)

where S is the area of the fan force field. The velocity is assumed to be continuous across

the fan,
Uy Uy Suy (3.38)

Now the relationship between the modal pressure vectors, and the modal velocity

vector on the two sides of the fan are expressed as
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+ —_
Pr = Zruign Wy

PR = Zrmyy Hy = %ZRMright ﬁj‘M

where the modal impedance matrices, Zgy,,,, and Zgy,, correspond to the duct open

(3.39)

end impedance matrices obtained earlier by using Equation (3.7). Substituting Equation

(3.37) into (3.39) yields,

I _
Uyt = 2t ! stﬁ (3.40)

The acoustic power emitted from one side of the fan, e.g. from the right side, is obtained

by using (3.34) as

S B + T T ] B
W = Relpy (" (341)
B B
Using these equations, it can be shown the total acoustic power emitted from the right
side is
1
Wright = E %Re{fM QRMright l]MT} (3.42)

which suggests that the emitted power can be calculated only from the modal force
excitation vector, fy, and the modal impedance matrix, zgy. Due to the symmetry of the
model considered here, the acoustic power emitted to the right and the left are equal.
Therefore, the total acoustic power emitted the fan is simply twice the amount calculated
for each side.

Figure 3.12 shows the fan noise power levels calculated for several cases of
modal force vectors, f. M =1 to 9 are used for the calculations. The area of the fan
force field is assumed to be 9.5 cm by 9.5 cm. For all the cases, the magnitudes of, fy,
are given uniform values of one for all modes, but the phase directions are given different

values:
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where a set of randomly selected phase angles, [9 , 0, ] is used for each case of fy.

(3.43)
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Figure 3.12. Baseline fan noise power level

The result shows some variation in noise power levels depending on the phase
angles of fy. This is due to the modal couplings originated from the presence of some
non-diagonal terms in the modal impedance matrix, zgy, For the present study, the
average noise power level shown by the solid line in the figure is used as a representative
baseline fan noise power. (This is considered to be reasonable since the phase angles of
fm, especially for broadband fan noise, are not consistent.) For the purpose of

simulations, a particular set of phase angles of fy is consistently used which results in the
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average baseline fan noise power level above. It is also noted in the figure that the power
levels are increasing with frequency. This is a consequence of assuming constant values
for the magnitude of fy. More realistic representation of fy would be to assign
magnitudes that decrease with frequency as shown by the experimental data in Chapter 2.
However, it is not necessary for the purpose of the present study where only the relative

noise power levels are of concern.
Passive Effect of Lined Duct on Fan Noise Power

The effect of a passively-lined duct on the radiated fan noise power is investigated by
using the analytical model. The fan duct is 21 cm in length and has 9.5 cm by 9.5 cm
square cross-section (See Table 3.1 for exact dimensions). M=1 to 9 are used the
calculations. Figure 3.13 shows the calculated total acoustic power levels for the acoustic
loss factor, #, of 0.001 and 0.04, which represent a duct without and with a passive liner,

respectively. The baseline fan noise power level described above is also shown in the

figure.
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Figure 3.13. Passive effect of non-segmented duct to the global fan noise power level
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Figure 13 shows that the passive liner is only effective at reducing noise at relatively high
frequencies, in this case, above 1000 Hz. In the low frequency range, the passive liner
has little effect. Approximately 5 dB of noise reduction is indicated in the high frequency
range for the damping factor of 0.04. The selection of this particular loss factor value is
based on the results in Figure 3.9 where it resulted in a good match between the model
and the experimental plant frequency responses for the case of a duct with 5 mm thick
passive liner.

It is also observed in Figure 3.13 that there is a prominent reduction of about 11
dB in noise power level in the low frequency range. This is due to the mass loading
effect of the volume of air in the duct. In the low frequency range where kL<1 (i.e.
wavelength is much larger than the duct axial length), the fan source is equivalent to a
force exerted on a mass-less piston. It can be shown that the mechanical impedance

(force/velocity) experienced by a piston in a finite duct in the low frequency range is
z, =202, + jwpSL (3.44)

where Z, is the impedance associated with the duct opening, p is the air density, S is the
duct cross-sectional area and L is the duct length. The second term represents the
impedance of the mass of air in the duct, pSL. For a baffled fan without a duct, the
corresponding impedance expression is obtained by eliminating this second term since
there is no additional duct air mass. Then, the emitted sound power is given by

fZ

z m

1 1
szque{Zm}:E 2 Ijee{zm} (345)

where u is the piston velocity, f is the force exerted on the piston. The two equations
above suggest that when a fan is installed in a short duct, the impedance, z,, is increased
by the air mass loading on the piston. Consequently, the piston velocity is decreased and
the total emitted power is decreased. For example, this low-frequency mass-loading
effect can be calculated easily for the case of a duct with a circular cross-section since the
closed form expression for the circular openend impedance, z,, is readily available and

given by,
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Using the above expressions, it can be shown that the ratio of the total emitted acoustic
power with the duct, W,,, to the power without the duct, W, at low frequencies is

W, 6“9/5@ LH (3.47)

w.. DSnD O3m

Assuming that the present duct had an equivalent circular cross-section with a radius,
a=+8/m=0.053 and the length, L, of 0.21, the low frequency power reduction ratio is
calculated to be 0.091 or minus 10.4 dB. This is approximately consistent with the value

indicated in Figure 3.13 at the low frequency range.
3.1.3 Active Control Effect

The effect of the 2x2 active noise control to the noise emission from the non-segmented
fan duct is considered here. The dimensions of the fan duct are unchanged from those

listed in Table 3.1. Both feedforward and feedback control are considered.
Feedforward Control

The effect of 2x2 feedforward active noise control is investigated first. The analytical
procedure detailed in Section 2.1 in Chapter 2 is used to synthesize the inputs to the two
control speakers. Then, the resulting fan noise power levels are calculated with and
without the inputs to the control speakers. The results represent the noise control
performance of an ideal feedforward control with perfectly correlated reference signals,
thereby essentially providing the theoretical upper limit on the global active noise
reduction obtainable for the given configuration.

Figure 3.14 shows the noise reduction effects of feedforward control obtained
locally at the microphones. The plot shows the dB change in the norm (2-norm) of the
error microphone vector, pe, for several different cases of the normalized microphone-to-
speaker distance, ¢ (defined by Equation (3.36)). The 2-norm or the Euclidean norm of a

vector is defined as
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p. P, (3.48)
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Thus, Figure 3.14 can be considered as the average of the reduction levels obtained at

individual microphones. All microphones are positioned directly in front of the speakers.
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Figure 3.14. Change in error microphone pressure vector norm due to feedforward

control

It is shown in Figure 3.14 that noise is reduced to practically zero at the error
microphones by feedforward control. This is expected for a system with equal number of
inputs and outputs.

Figure 3.15 shows the levels of the total noise power radiated out from the duct

with and without feedforward control.
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Figure 3.15. Feedforward control effect on global noise power level of non-segmented

fan duct for different microphone positions
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It is observed in Figure 3.15 that the reductions in global noise power are finite even
though noise is reduced practically to zero at error microphones as shown in Figure 3.14.
The positioning of microphones is seen to have a significant effect on the global noise
power reduction levels obtained by feedforward control. Also observed in Figure 3.14 is
that, for all cases, the global noise reductions are obtained only up to around the
frequency corresponding to the cut-on of the first cross mode (1,0) at 1805 Hz. In the
mid frequency range of 1000 to 1800 Hz, the noise reduction performances are observed
to be somewhat better for the cases of y = 0.4 and 0.5 than ¢ = 0.2 and 0.3. This result is
reasonable since the mode that contributes most to the unwanted evanescent pressure, in
this frequency range, is the (1,0) mode which has the cut-on frequency at 1805 Hz. And
the (1,0) mode has a pressure node point at y = 0.5, so the pressure contribution from this
evanescent (1,0) mode is relatively small around the middle point.

Figure 3.16 shows the global noise control performance of feedforward control
for the case where the two microphones are placed outside of the duct openings. The two
microphones are placed at a distance of 3 cm from the duct openings (one on each side).
The global sound power level is shown along with the control-off case and also with the

in-duct microphone position result () = 0.4) from Figure 3.15.
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Figure 3.16. Feedforward control effect on global noise power level of finite ducted fan:

microphones placed 3 cm out from duct openings

Figure 3.16 indicates a limited improvement in the noise control performance.
Prominent high frequency amplifications are also indicated in the figure, but this is not a
significant problem in practice since control efforts can be rolled off by using low-pass
filters in the case of feedforward control.

The pressure contours of the sound pressure fields in the duct interior and exterior
are also obtained and shown in Figure 3.17 to Figure 3.19. The plane of contour is in
such a way that it shows the middle section of the duct at y = 0.5L,. Figure 3.17 shows
the magnitude and the phase of the sound pressure contour without feedforward control,
while Figure 3.18and Figure 3.19 show the cases with feedforward control for the in-duct

microphone positions of y = 0.2 and 0.4 respectively. The frequency is at 1000 Hz.
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Figure 3.17. Fan noise pressure contour at 1000 Hz: non-segmented fan duct with 2x2

feedforward control inactive



-0.05 0 0.05 0.1 0.15 0.2 0.25

Phase (degrees) z(m)

-

005 0 005 01 015 02 0.25
z (m)

0

£ 005
X

0.1 -100

Figure 3.18. Fan noise pressure contour at 1000 Hz: non-segmented fan duct with 2x2

feedforward control active, x = 0.2
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Figure 3.19. Fan noise pressure contour at 1000 Hz: non-segmented fan duct with 2x2

feedforward control active, x = 0.4

As shown in Figure 3.17, the radiation pattern of the fan noise is anti-symmetric,
that is, the pressure fields to the left and to the right of the fan are equal in magnitude but
180 degrees out-of-phase. Comparison of Figure 3.18 and Figure 3.19 clearly show the
reductions in the magnitude of the sound radiated out of the duct with the active control
turned on. It is also observed that the noise reduction is larger for the case with y = 0.4

than the case with x = 0.2 which is in accordance with the results in Figure 3.15. The
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results show that placing the microphones too close to the speakers has the adverse effect

of allowing the propagating noise power to "leak through" the point of active control.
Feedback Control

The effect of feedback control on the global noise power radiated from the finite ducted
fan is considered. The physical configurations (duct geometry, speaker positions, etc) are
unchanged from the cases for the feedforward control above.

The LQG optimal control design method described in Section 2.4.2 in Chapter 2
is used to obtain 2x2 feedback controllers. In order to utilize this design method, a state
space model of the plant dynamics is required. In the present study, this is achieved by
performing a system identification procedure on the frequency response data obtained
from the analytical model. A time-domain MIMO system identification method called,
"Eigensystem Realization Algorithm" is used.

It should be noted that, for the present theoretical study, the factors associated
with the practical implementation of a feedback controller are not considered during the
control design process. The order of a designed feedback controller is kept at high
without performing any order reduction process. Also minimal stability margins are
allocated. The details of the feedback control design process including the system
identification procedure are presented in Appendix D.

As it was done for the feedforward control case, the noise control performance of
feedback control is investigated for different microphone positions with y = 0.2, 0.3 and
0.4 A corresponding state space model is obtained for each of the three cases and a
separate 2x2 feedback controller is designed using the LQG method. Then, the noise
control performance of each the feedback controllers is calculated by incorporating it into
the fan duct model. Figure 3.20 shows the noise reduction levels obtained locally at the

microphones for the three cases.
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Figure 3.20. Change in the norm of pressure levels at microphones: non-segmented duct

with 2x2 feedback control

Figure 3.20 shows the local performance of feedback control in terms of change in the
sum-of-square pressures at the two microphones (negative dB means reduced noise). It
should be noted that the gains of the corresponding feedback controllers are intentionally
selected in such a way that similar local noise reduction performances are obtained for all
three cases. However, it can be observed in the figure that there is a significant
"spillover" peak at about 3200 Hz for the case of x = 0.4 even though the noise reduction
level at low frequencies is not as different from the other two cases. This is likely
attributed to the increased phase lag due to time delay as a result of larger speaker-to-
microphone separation distance as seen in the plant frequency responses of Figure 3.7

and Figure 3.8.
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Figure 3.21 shows global noise power reduction results. The total emitted sound
power levels are shown for the three microphone positions together with the case of the

feedback control turned off.
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Figure 3.21. Feedback control effect to the global fan noise power emitted from non-

segmented fan duct

Comparing the results in Figure 3.20 and Figure 3.21, it is observed that the global
reduction in fan noise is only achieved up to the cut-on frequency of the 1st duct cross
mode (1,0) at about 1805 Hz despite of the noise being reduced locally at microphones up
into higher frequency range. This was also observed in the feedforward control results
earlier. It is further observed that, even though the local noise reductions obtained at the
microphones are slightly larger for smaller values of y, the global noise power reduction

results show the opposite trend in which reductions are larger for larger values of . This
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result also suggests that the placing a microphone too close to a speaker has a negative
impact on the global control performance even though it tends to improve the local noise

reduction performance of the feedback control.
3.1.4 Total Active-Passive Control Effect

Figure 3.22 summarizes the overall effect of the combine active-passive control fan duct.
The result clearly shows the advantage of the active-passive noise control approach
where the inherent passive noise reduction property of the lined duct is combined with
the additional noise reductions provided by the active control. The active control is
effective at lower frequencies and especially beneficial in compensating for the mid-
frequency duct axial resonance seen at around 1200 Hz. The damping provided by the
passive liner installed in the duct provides further noise attenuation at high frequencies.
It is also indicated in the figure the noise control potential offered by the feedforward
control is much larger than that offered by the feedback control. And the separations
between the performances obtained by the feedforward control and those by the feedback
control seem to increase as the speaker-to-microphone distance, y, is increased. This
illustrates the performance limiting effect of the time delay increase associated with

increase in y upon the feedback control.
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Figure 3.22. Overall active-passive control effect on global noise power levels of non-

segmented fan duct
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3.2 Segmented Fan Duct with 8x8 Active Control

The second design considered for the active-passive control fan duct is as follows. The

overall dimensions of the fan duct are unchanged from the previous design except for the

interior of the duct, which is segmented as shown in Figure 3.23.
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Figure 3.23. Segmented fan duct with eight speakers and eight microphones.

As shown in the figure, each side of the duct is equally partitioned into four smaller duct

segments.

segment. This amounts to a total of eight control speakers and eight microphones for

A pair of a control speaker and a microphone is housed within each duct

active control. Passive liner is also to be installed in the duct interior walls.
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3.2.1 Model Development

Figure 3.24 shows an illustration of the segmented fan duct, which is modeled as a

system of short duct elements joined together at multiple junctions.
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Figure 3.24. Segmented fan duct model
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Both ends of the duct are assumed to be fitted with infinite baffles. The control speakers
are modeled as square pistons as shown in the figure.

Following the modeling approach described in Chapter 1, the first task is to obtain
modal impedance matrices for all the junctions in the model. There are four types of
junctions in this model. The speaker junction and the fan source junction are already
discussed in the last section. The other two are new in this model. One is the junction
associated with the region where the large duct meets the smaller duct segments. This
junction shall be referred as, "splitter junction". The other is associated with the
segmented duct opening, which shall be referred as, "segmented open end junction". The

descriptions of the two new junctions are presented below.
Splitter Junction Modal | mpedance

A splitter junction is shown in Figure 3.25.

Interface 3

\

L2 nterface 1

Interface 4

Figure 3.25. Splitter junction, left side (Element 9)
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The figure shows the splitter junction at the left side of the duct. The duct-junction
interfaces are numbered from 1 to 5. The associated modal impedance matrix equation

for this junction is

Pro = Zgmy Wiy (3.49)
that is
S’f{% %{QIM Z{QZM ZQMB B—‘fw%
g)ég gf{M R - D Eilfwg
PrO =0 : B tdg (3.50)
%,4 o 0O: . - 0O 514 O
?D D5.1 . 5; U 15\/[D
B)R% Hrm " ZRM% B‘M%

where pi{is the modal pressure vector at the 1-th interface, ufwis the modal velocity

vector at the i-th interface. The subscript, 9, designates Element 9.
The modal impedance matrix, Zrwm, is obtained by using the integral equation of

Equation (3.3), which was used in the earlier section for the speaker junction. The sub-

li

wu » are determined to be

matrices, z

i =g dkee < 1 !
“Ug L&A HumL Y LY LY - H,

kee (1) EE( 1
li _
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The modal impedance matrix for the other splitter junction (Element 12) on the right side

of the duct is also obtained the same way.
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Segmented Open End Junction Modal | mpedance

Figure 3.26 shows the junction at the right duct open end.
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Figure 3.26. Segmented open end junction (right side)

The modal impedance matrix equation for this junction (Element 14) is written as

Pry = Zgm;, Uy (3.54)
which is
g’fag QéllM £{2M ZQME glllwg
o.o0 =g 0.0 (3.55)
Pr O 0 : 0 yQd
o,d 0Oy w0 d,0
PrO, Frm Zpgm G, MmOy

where pi{is the modal pressure vector at the /-th interface, ufwis the modal velocity

vector at the i-th interface. The interfaces numbered 1 to 4 correspond to the right edge
surfaces of Element 8-3, 5-3, 7-3 and 2-3, respectively. The associated modal impedance

matrix is obtained by applying the same integral equation, which was used to obtain the
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non-segmented duct open end junction in the earlier section. The sub-matrices of the

modal impedance matrix are determined to be

. Jjkpe o Vo2, P00, F

2nH£ E[ IB’ I IB ’Jx—x y+0-»)

x 0(1) )
I / , /2 (3.56)
Los(———) bos(——)
v Arx \J/\rv
I ) )
[Gos( Lj2 7 " )cos( 5 ) dxdydx, dy, ]

i

where the factors, a and f, are given by

HO for I(i)=1,2 H0 for I(i)=13
a,.) =0

L for U(i)=3,4 Pua = DL/ for 1(i)=2,4 (3-57)
The integral expression above cannot be evaluated analytically and numerical integration
is required. As is the case of the non-segmented open end in the previous section, the
integrand contains a singularity which arises whenever x = x, and y = y,. The special
numerical integration scheme used in the last section is applied (see Appendix B). It
should be noted that the singularity occurs only when the source and the observation
interfaces are the same (/ = 7). For those cases where two separate interfaces are involved
(I # i), the singularity condition does not occur and therefore the usual Gaussian
Quadrature method is used directly to lighten the computational load.

The determination of the modal impedance matrix for the other segmented open

end junction follows the same procedure.
Global Modal Scattering Matrix Equation

After the modal impedance matrices are determined with respect to all junctions in the
model, the next step is to convert the modal impedance matrix equations into modal

scattering matrix equations which are described in terms of the modal wave amplitudes in
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the duct segments. Then, these matrix equations can be assembled into a single global
scattering matrix equation (after the junction scattering matrices are appropriately re-
sized and re-ordered for compatibility). For the segmented duct model, the global modal

scattering matrix equation is

l éﬁm 0 Bmy-, O 0o O
D . v D |:| |:| D [I
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0 . 0 O 0O
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where the sub-matrices of the global scattering matrix on the right hand side are,

S /an, - Fan source junction, velocity continuity condition

S /an, * Fan source junction, pressure compatibility condition

S o : Left splitter junction (Element 9)

S ;> - Right splitter junction (Element 12)

S ;3 - Left segmented open end junction (Element 13)

S 14 - Right segmented open end junction (Element 14)

S 1—2 ..-8 s—» - Speaker junction 1 to 8 (Element 1-2 to 8-2)

The fan source excitation is represented by a sub-vector
— fM
Fﬁlﬂp - (3.59)

S
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where fy; is the modal fan force excitation vector. The excitation from i-th speaker with

cone velocity, uy, is represented by

13
F,=0."0 O, (3.60)
QRM E—Z

where zl, and zg,, are the modal impedance vectors between the speaker cone velocity

(Interface 3) to the modal pressure vectors at the edge surfaces (Interface 1 and 2) of the
speaker junction, respectively.

Finally, the modal wave amplitudes in all the duct segments in the system can be
obtained by solving Equation (3.58). From the modal wave amplitudes, the pressure and

the velocity in the duct segments can be determined.
Junction Internal Pressure Field

The procedure to determine the internal pressure field of a speaker junction is already
described in the last section. As for the determination of the pressure fields outside of the
segmented duct ends (which are considered here as "internal" to the segmented open-end
junctions), it follows basically the same procedure except that the associated modal
impedance expression has to account for the four openings of the duct segments. For

example, the pressure, p(r) , at a point, r, in the free space on the right side (Element 14)

is given by,
Cal, O
00
M2, 0
p(r)=[zpfw Zpr Zpn zp;]ﬂjfm (3.61)
My O
0,0
MmOy

where the sub-matrix, z, is the impedance relating the modal velocity vector uj, at the
i-th duct opening to the free space pressure. The sub-matrix,zpll‘\4 , 1s obtained by

applying Equation (3.7) with the mode-shape functions properly selected for the small
duct segments. The pressure field in the left side free-space (Element 13) is determined

the same way.
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The pressure field inside the splitter junction is not required to be determined
since the width of the junction is intentionally set to negligibly small relative to other

elements.
Total Radiated Acoustic Power

The acoustic power, W, radiated out from a segmented duct open end is calculated by

O
&
Z&.
=

Eg? (3.62)

(|
0
KRN

where pl, " is the transpose of the modal pressure vector at the /-th duct opening, ﬁfw is

the conjugate of the modal velocity vector at the i-th duct opening and S is the total
surface area of the open end. The total acoustic power radiated out from the duct is

obtained by summing the power calculated for each open end.
Model Validation Experiment

The frequency responses of the corresponding 2x2 plant were experimentally obtained in
order to verify the segmented duct model. The plant frequency response measurements
also provided model parameters, such as the duct damping factor and the speaker
dynamics parameters. Figure 3.27 shows the experimental setup. The experimental fan
duct was constructed with 2.5 mm thick acrylic material. The both duct ends were fitted
with large wooden baffles (124 cm x 124 cm). The dimensions of the duct are also
shown in the figure. It should be noted that the outer dimensions of the duct was
unchanged from those of the previous non-segmented fan duct (9.5 cm x 9.5 cm x 21

cm). A speaker unit with a 4cm diameter diaphragm was used.
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Figure 3.27. Segmented duct plant frequency response measurement setup

The plant was an 8x8 system. However, only the frequency responses between
one of the eight speakers and the eight microphones (Input 1 and Output 1 to 8) were
actually measured. The rest of the frequency responses associated with the other
speakers were the mirror images of those measured due to symmetry. It should be noted
that the plant also included the dynamics of the speakers in addition to the acoustic
dynamics of the duct.

Figure 3.28 shows the dimensions used for the corresponding analytical model of
the segmented duct. A coordinate system is also given in the figure to be used as a point

of reference in subsequent discussions.
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Figure 3.28. Segmented fan duct model dimensions
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The duct cross-sectional modes included in the analytical model and associated cut-
on frequencies are listed in Table 3.3 below. A total of 16 modes (M=1 to 16) were
assumed for the larger duct section in the middle, while 4 modes (M=1 to 4) were

assumed for the smaller duct sections.

Table 3.3. Segmented duct model modes and cut-on frequencies

Mode | Mode Cut-on Frequency | Mode | Mode Cut-on Frequency
No. Index (Hz) No. Index (Hz)
M (m,, m,) Large Small M (m,, m,) Large Small
’ Duct Duct v Duct Duct
1 (0, 0) 0 0 9 (2,2) 5133 -
2 (1,0) 1805 3611 10 (3,0) 5416 -
3 0, 1) 1825 3649 11 0, 3) 5473 -
4 (1, 1) 2567 5133 12 3,1 5715 -
5 (2,0) 3611 - 13 (1,3) 5763 -
6 0, 2) 3649 - 14 (3,2) 6530 -
7 2,1) 4045 - 15 (2,3) 6557 -
8 (1,2) 4071 - 16 (3,3) 7700 -

First, plant frequency responses were measured without any passive liner and also
without a fan in the duct. The microphones were positioned directly in front of speakers
at a normalized distance, y (=x/(Ly/2)), of 0.4. The following figures show the
experimental and the analytical frequency responses for the direct (Input 1 to Output 1)
path and for selected cross paths. The duct acoustic loss factor, #, of 0.001 was used for
the analytical model in this case. The natural frequency and the damping ratio of the

speaker were set to 180 Hz and 0.3, respectively.
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Figure 3.29. Plant frequency response, Input 1 to Output 1: no passive liner

N
o

o

-20

—— Model
- Measured

Magnitude (dB)

180 : : : . S

90

Phase (deg)
o

-90

-180—2 | | ) L 7\’\3 e "“ ‘ S
10 10

Frequency (Hz)

Figure 3.30. Plant frequency response, Input 1 to Output 2: no passive liner

98



20
)
Z 0
(]
©
3 —
= -20
=y —— Model
g - Measured
_40 1 1 1 1 1 L1
180 =
90
g
<) 0
[}
<
8 -90
D‘ \ " n ] | [
-180 el
10 10

Frequency (Hz)

Figure 3.31. Plant frequency response, Input 1 to Output 6, no passive liner
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Figure 3.32. Plant frequency response, Input 1 to Output 8, no passive liner
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Figure 3.29 to Figure 3.32 show generally good agreements between the
experimental and the model frequency responses even at high frequencies. However, as
it was the case for the previous non-segmented duct case, there seems to be more time
delay in the measured frequency responses than those predicted by the analytical model.

Figure 3.33 to Figure 3.36 show the experimental and the analytical plant
frequency responses of the segmented duct with some passive liner material installed.
The microphone positions are unchanged (y = 0.4). The passive liner was made of
melamine foam with a thickness of Smm, and covered the inner sidewalls of the duct.
Frequency responses for the direct path and some of the selected cross paths are shown in
the figures. The duct loss factor, #, of the analytical model was adjusted to fit the
experimental data and resulted to a value of 0.07. The results show reasonable
agreements between the experimental and the analytical frequency responses. However,
as it was the case for the previous non-segmented duct, the resonant peaks of the plant
frequency responses were somewhat shifted lower in frequency as a result of the
installation of the passive liner in the duct. This was likely to be attributed to the
unaccounted reactive characteristic of the passive material impedance.  Further
inspections of the direct path frequency response of Figure 3.33 show that there was
some additional time delay in the experimental plant, which was not fully captured by the

model.
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Figure 3.33. Plant frequency response, Input 1 to Output 1: with passive liner.
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Figure 3.34. Plant frequency response, Input 1 to Output 2: with passive liner.
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Figure 3.35. Plant frequency response, Input 1 to Output 6: with passive liner.
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Figure 3.36. Plant frequency response, Input 1 to Output 8: with passive liner.
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3.2.2 Passive

Control Effect

The passive noise control characteristic of the passively-lined segmented fan duct is

investigated by using the analytical model. Figure 3.37 shows the total acoustic power

levels calculated for a fan with and without ducting. The case of the fan without a duct is

represented by the model of a fan in an infinite baffle (See Section 3.1.2).

The duct acoustic loss factor, 7, of 0.04 is used in order to model the effect of the

passive liner. This is the same loss factor value used earlier for the non-segmented fan

duct.

Sound Power (dB)

-25

T T T T T T T T ‘ T

Fan without duct (baseline)
—— Ducted fan (n =0.04)

10

Figure 3.37. Passive effect of a segmented fan duct on global acoustic power

10°
Frequency (Hz)

Figure 3.37 shows prominent noise reductions in the low frequency range due to the duct

air-mass loading effect, which was also seen for the non-segmented duct case.

The

moderate noise reductions seen in the high frequency range is the noise-absorbing effect
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of the passive liner. It is also observed in the figure that little noise reduction is obtained
in the mid frequency range around 1200 to 1300 Hz. This is due to a resonating axial
duct mode excited by the fan noise source.

Figure 3.38 shows the comparison of the passive noise control results obtained for

the segmented duct and the previous non-segmented duct. Equal duct loss factor of 0.04

1s assumed for both cases.

0 T T T T T T T T | T
Fan without duct (baseline)
— - Fanwith non-segmented duct (n = 0.04)
—— Fanwith segmented duct (n = 0.04)
5= _

Sound Power (dB)

_25 | | I\I\‘ |

10° 10°
Frequency (Hz)

Figure 3.38. Passive control effect on global acoustic power: non-segmented duct and

segmented duct
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Figure 3.38 shows that there are no significant differences in passive control performance
between the two cases. Especially in the low frequency range below 1200 Hz, the curves
for the two cases are almost exactly the same. This is reasonable considering that the
plane waves are dominant in the low frequency range. The plane waves are little affected
by the duct segmentations because the directions of the associated particle velocities run

parallel to the partition walls.

3.2.3 Active Control Effect

The active noise reduction performances of both feedforward and feedback control in

conjunction with the segmented fan duct are investigated
Feedforward Control

Active noise reduction effect of feedforward control is obtained first. The analytical
procedure is unchanged from the corresponding section for the previous non-segmented
duct case except that the system here is 8x8 rather than 2x2. The detailed description of
the analytical procedure used to determine the control inputs by a feedforward control is
provided in Chapter 2, Section 2.4.1.

The local noise reduction effects of the 8x8 feedforward control are shown in
Figure 3.39 in terms of the change in the norm of the 8x1 error microphone pressure
vector. The error microphones are positioned directly in front of the speakers as
indicated in Figure 3.27. The results are obtained for several cases of speaker-to-
microphone distances: ¥ = 0.2, 0.3, 0.4 and 0.5 (= x / (Ly/2)). As shown in Figure 3.39,
the fan noise is reduced locally at the microphone to practically zero by the action of the

feedforward control, as expected.
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Figure 3.39. Local noise reduction performance of 8x8 feedforward control with

segmented fan duct at microphones for y = 0.2, 0.3, 0.4 and 0.5 (= x / (Ly/2))

Figure 3.40 shows the global noise control performance of the 8x8 feedforward control.
The total radiated fan noise power levels with and without the feedforward control are

shown for the four microphone position cases.
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Figure 3.40. Global active noise control performance of 8x8 feedforward control with

segmented duct for y = 0.2, 0.3, 0.4 and 0.5

Figure 3.40 indicates large reductions in global noise power extending up to the
frequency of 2000 to 3000 Hz. It is observed that the result for y = 0.4 indicates higher
control frequency range than those for the other three cases, seemingly extending up to
the first cross mode cut-on frequency of the small duct segments (3611 Hz). However,
the result for x = 0.3 shows the largest noise reduction level in the low frequency range.
Figure 3.41 compares the global noise control performances obtained for the
segmented fan duct with 8x8 feedforward control and the previously presented results for

non-segmented fan duct with 2x2 feedforward control.
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Figure 3.41. Global noise control performance comparison: non-segmented duct with

2x2 feedforward control and segmented duct with 8x8 feedforward control

It is observed in Figure 3.41 that, on average, the segmented fan duct with 8x8 control
offers a significantly larger global noise control potential than the non-segmented fan
duct with 2x2 control. The average upper frequency limit of global noise reduction is
higher by about 1000 Hz. The result clearly indicates that the high-frequency shifting of
the effective duct cut-on through the duct segmentation is beneficial in extending the
global noise control bandwidth. Furthermore, it is also observed that the average noise
reduction level is larger by as much as 15 dB for the segmented duct. This suggests that
the segmentation has an effect of reducing the speaker near field (i.e. evanescent modes)
contributions, which degrade global active control performance.

The following figures show the pressure contour plots of the interior and the
exterior sound field of the segmented duct with and without feedforward control. The

selected plane of pressure contour is at y = L/4 (see Figure 3.28). Figure 3.42 shows the
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pressure contour of the fan noise field at 1000 Hz without active control. Figure 3.43 and

Figure 3.44 show the noise field with feedforward control for y = 0.2 and 0.3,
respectively.
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Figure 3.42. Sound pressure contour at 1000 Hz:

segmented fan duct, feedforward
control off
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Figure 3.43. Sound pressure contour at 1000 Hz: segmented duct, feedforward control
on, y=0.2
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Figure 3.44. Sound pressure contour at 1000 Hz: segmented duct: feedforward control
on,y=0.3
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The pressure contour plots show that the 8x8 feedforward control can effectively reduce
the fan noise radiated out from the duct openings. It is also observed from the figures
that a better noise control performance is obtained for y = 0.3 than y = 0.2, which is

consistent with the result shown in Figure 3.40.
Feedback Control

Feedback control is considered next. The dimensions of the segmented duct and the 8x8
active control configuration are unchanged from the feedforward control case above. The
same analytical procedure, which was used in the corresponding section for the earlier
non-segmented case, is also followed here; the plant state space model is obtained by
applying the ERA system identification procedure to the model plant frequency responses
and then an MIMO feedback controller is determined using the LQG optimal control
design method. The only difference is that now the system under consideration is 8x8
rather than 2x2.

In order to study the effect of microphone positioning to the feedback control
performance, three different cases of the normalized microphone position, y= 0.2, 0.3 and
0.4, are considered. The control design procedure is performed to obtain a separate
feedback controller for each of the three cases.

Figure 3.45 shows the local noise reduction performance of the 8x8 feedback
controllers obtained for x= 0.2, 0.3 and 0.4. The results are shown in terms of dB change

in the norm of the microphone pressure vector.
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Figure 3.45. Change in the norm of error microphone pressure vector due to feedback

control: segmented duct case

As shown in Figure 3.45, similar local noise reduction levels are obtained for all three
cases. This is because the parameters of the feedback controllers are intentionally
adjusted to yield similar local performances for the three cases. However, it is interesting
to note that the reduction performances are being slightly degraded in the high frequency
range with increasing . This is considered to be the effect of increasing phase lag as a
result of the increased speaker-to-microphone distance, .

Figure 3.46 shows the global noise reduction performance of 8x8 feedback

control for x =0.2, 0.3 and 0.4.
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Figure 3.46. Feedback control effect on global noise power level: segmented duct case

It is observed in Figure 3.46 that the feedback control is most effective in reducing the
duct axial resonance peak in the mid-frequency range of 1000 to 2000 Hz. It is also
observed that slightly better global noise reductions are obtained in the frequency range
of 300 to 2000 Hz with increasing y, despite that there are no significant differences in
the local noise reduction levels as shown in Figure 3.45.

Figure 3.47 shows comparison between the results obtained for the segmented
duct with 8x8 feedback control and the previously presented results for the non-
segmented duct with 2x2 feedback control. The figure shows both local and global noise
control performances in the frequency range of 400 to 3000 Hz. It should be noted that
the gains of the feedback control loops are intentionally chosen so that the local noise

control performances are somewhat comparable between the segmented duct case and the
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non-segmented duct case. Even then, it is observed from the figures that the results for
the segmented duct with 8x8 feedback control show better global power reduction on
average than the results for the non-segmented duct with 2x2 feedback control despite of
comparable local noise reduction performances.

Finally, it should be noted that, for the present theoretical study, the feedback
control design processes were performed without regard to factors associated with
practical controller implementation issues. Therefore, no order reduction procedures
were performed on the high-order controllers, which were obtained as a result of the
direct application of the ERA system identification and the LQG optimal control design.
Also the gain margins are kept minimal. Therefore, the feedback noise control
performance results presented here should be treated as rather idealistic theoretical
estimates. The actual levels of noise control performance obtained by more practical
feedback controllers are likely to be somewhat less than those indicated in the results in

this section.
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3.2.4 Total Active-Passive Control Effect

The overall global noise control effect of the active-passive fan duct is summarized in

Figure 3.22 below.

—— Fan without duct (baseline)

. —.. Ducted fan, no active control
—— Ducted fan, feedforward control, x=0.2
- — Ducted fan, feedforward control, x=0.3
..... Ducted fan, feedforward control, x=0.4
—— Ducted fan, feedback control, x=0.2
- — Ducted fan, feedback control, x=0.3
“““ Ducted fan, feedback control, x=0.4

Sound Power (dB)

_70 L .
10 10
Frequency (Hz)

Figure 3.48. Overall effect of active-passive noise control fan duct on global noise power

level: segmented duct with 8x8 control

The similar observations, which were made for the previous non-segmented duct case,
can also be made for the segmented duct case in Figure 3.22. The passively-lined fan
duct itself provides inherent noise reductions in the low frequency range due to the duct

air-mass loading effect also in the high frequency range due to the sound absorptive
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passive liner. Active control provides additional reductions of noise in the low frequency
range. Active noise control is especially observed to be useful in compensating for the
adverse effect of the duct axial resonance in the mid-frequency range. Practicality aside,
feedforward control offers higher noise reduction potential that offered by feedback

control.
3.3 Summary

In this chapter, analytical investigations were carried out in order to gain insights into the
noise control characteristics of the active-passive noise control fan duct. Two alternate
designs of the active-passive noise control fan duct were considered: one was a simple
finite duct with 2x2 active control and the other was an internally segmented fan duct
with 8x8x active control. The modeling approach introduced in Chapter 2 (Section 2.2)
was used to develop the analytical models for the two design cases.

The analytical models were also verified by comparing analytical and
experimental plant frequency responses. The experimental and analytical frequency
responses corresponded reasonably well even at relatively high frequencies, except that
the experimentally obtained frequency responses indicated slightly more time delay than
the analytical frequency responses. It was also observed in the experimental data that the
installation of the duct passive liner tended to lower the frequencies of the plant
dynamics.

Having developed and validated the analytical models, active and passive noise
control characteristics were investigated for each of the two fan duct designs. Non-
segmented and segmented fan duct models indicated similar passive noise control
performances. Passive noise reduction is obtained at both low (below 1k Hz) and high
frequencies (above 2k Hz) due to the mass loading effect of the air in the duct and the
passive liner damping, respectively. It was also shown that the overall passive noise
control performance is degraded by the presence of a duct axial resonance in the mid-
frequency range (from 1k Hz to 2k Hz).

Active noise control effects were examined by using the analytical fan duct
models in conjunction with the analytical procedures for the feedforward and feedback

control described in Chapter 2. The feedforward control results typically indicated large
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active noise reductions, extending at best to the first cut-on frequency of the respective
duct (1805 Hz for the non-segmented design with 2x2 control and 3611 Hz for the
segmented duct with 8x8 control).  Significantly better global noise control
performances, in terms of both bandwidth and depth, were observed in the feedforward
control results for the segmented duct with 8x8x control than for the non-segmented 2x2
control. It was also observed that the global noise control performance of the
feedforward control is significantly affected by the positioning of the error microphones
with respect to the control speakers. The feedback control results also indicated the
dependence to the error microphone position, though not as dramatically as the
feedforward control results. The segmented duct with 8x8 feedback control was also
shown to yield better global performances than the non-segmented duct with 2x2
feedback control. It was also observed that the most global noise reduction is obtained in
the mid frequency range (lk Hz to 2k Hz), which effectively compensates for the

performance degrading effect of the axial duct resonance.
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Chapter 4

Active-Passive Control Experiment

Noise control characteristics of the active-passive control fan duct were experimentally
investigated. An experimental fan duct unit was constructed based on the segmented fan
duct design introduced in the previous chapter. The passive noise control performance of
the segmented fan duct is presented first. Then, the design and the implementation of the
active noise control system are described. The active control system utilized the hybrid
control approach, in which feedforward and feedback control are combined to achieve the
simultaneous reduction of both BPF tonal and broadband fan noise. The results of the
active noise control experiments using this hybrid active noise control system are
presented. Then, the results from the passive and the active control experiments are
combined together to show the total noise control benefit of the active-passive control
approach. At the end of the chapter, the practical utility of the current fan noise control
approach is demonstrated by an experiment using an actual PC chassis, simulating a

realistic operating environment of the fan duct.
4.1 Experimental Setup Description

The followings describe the constructed active-passive control fan duct unit and the

experimental apparatus used to measure its noise control characteristics.
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4.1.1 Active-Passive Control Fan Duct Unit

An experimental unit of active-passive noise control fan duct was designed and

constructed. The geometry and the dimensions of the constructed fan duct are shown in

Figure 4.1.
Passive Liner Stator Fan
(Melamine foam) \ Speaker unit
\ < 20.4 > — (4cm diameter)
T S
(@)
9.5 ©
A H
9.5
(@) | (@)
<— 78 —>|<T>|<— 7.8 >
Duct (ABS)

Speaker enclosure

[ 1 [ 11—

9.5 Units: cm

¢ 10.2

L Duct partition

Figure 4.1. Active-passive noise control fan duct dimensions
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Figure 4.2 shows the photos of the constructed fan duct.

§pe;kér =
Diaphragm

Figure 4.2. Active-passive noise control fan duct: (a) disassembled duct, (b) assembled

duct, (c) stator, (d) speaker & microphone
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The design of the fan duct was based on the segmented fan duct studied in Chapter 3,
Section 3.2. In this design, both the inlet and the outlet side of the duct were partitioned
into four smaller duct segments of equal size. Each small duct segment contained a
speaker (diameter: 4 cm) and also some passive lining material (melamine foam) as
indicated in Figure 4.2. A small axial fan, which is typically installed into a desktop
computer for ventilation, was installed in the middle of the duct. It should be noted in
Figure 4.2 that a device called, "stator", was also attached to the exhaust side of the fan in

order to increase the airflow performance.
4.1.2 Noise Control Performance Measurement Setup

Global noise control performance of the above active-passive control fan duct was
measured by using the following experimental setup. Following figures show the

experimental setup.
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Air Inlet ™

Aperture Air Flow
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Figure 4.3. Fan noise power measurement setup

123



Variable

Anechoic Air Inlet
Wedges Aperture
Fan Plenum
Mic Array
Fan Duct
Static
Pressure
Transducer

(b)

Figure 4.4. Fan noise power measurement setup images: (a) baftle table with fan plenum,

(b) baftle table without fan plenum
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The setup consisted of two wooden boards (48 in x 49 in), which were constructed in
such a way that the fan duct could be flush-mounted in the middle. These wooden boards
served as "infinite" baffles to the duct openings. This was constructed in the form of a
table so that it could be positioned horizontally in an anechoic chamber. Total radiated
fan noise power was, then, measured by using the two sets of microphones provided at
the air inlet and the outlet side of the duct. Each set of microphones formed a hemisphere
at the top and the bottom of the baffle table. The radius, 7, of these hemispherical
microphone arrays (hence the distance of the respective opening to the microphones) was
chosen so that the microphones were in the far field from the opening. The exact

positions of the microphones in a hemispherical array are shown is Figure 4.5.

Microphones

60°

Duct Opening

Baffle

Units: cm

Figure 4.5. Hemispherical microphone array (single side)
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Assuming that the top and the bottom hemisphere form a single sphere of radius, r, total

fan noise power, W, radiated from the fan duct is calculated as

2’ 1
w="""%p,’ @.1)
pe N4

where N is the total number of microphones (7 x two sides = 14), p,,s is the RMS
microphone pressure, p is the air density and c is the speed of sound. In the present

study, p, .’ in the equation above is replaced with autospectrum, py(f;), so that W

becomes the sound power spectrum, W(f;), instead. The total sound power value, W, is

then obtained by summing all the spectrum components as

w=3 W) 42)

The experimental setup also included a fan plenum in order to adjust the
aerodynamic operating condition of the axial fan. The fan plenum consisted of a wooden
frame tightly covered with thin plastic sheets. It was positioned at the inlet side of the
duct in order to regulate the airflow. Decrease in airflow rate through the duct is
normally accompanied by increase in static pressure that develops across the fan. This
static pressure was monitored by a differential pressure sensor and adjusted to a desired

level by varying the size of the variable air inlet aperture on the fan plenum.
4.2 Passive Control Effect

Passive noise control characteristics of the segmented fan duct were experimentally
determined. This was done by comparing the total sound power spectrum obtained for
the fan with and without the duct. The measurement of the sound power level of the fan
without the duct (the baseline noise level) was facilitated by removing the top baffle and
by installing the fan without the duct into the remaining bottom baffle. Figure 4.6 shows

the setup for measuring the baseline fan noise power.
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Figure 4.6. Baseline fan noise power level measurement setup

In comparing the fan noise power spectrum for the fan with and without the duct, it was
important to maintain a consistent fan operating condition so that a consistent noise
source characteristic was obtained between the measurements. The operating condition
of a fan is specified by two variables: airflow rate and static pressure. Figure 4.7 shows
experimentally obtained airflow rate (units in CFM or cubic feet per minute) versus static

pressure, Pyuaric, (units in inH,O or inches of water column) for this particular fan with and

without the duct.
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Figure 4.7. Airflow performance data of the fan with and without the duct

As shown in Figure 4.7, the curves are very similar for the two cases. And the difference
is observed to be especially small in the typical operating range of the fan (pyusc = 0.07 -
0.11 inH,0), indicating that the impact of fan duct to the fan airflow performance would
be insignificant in normal operating conditions. This finding was important since it
meant that the passive noise reduction effect could be obtained without significantly
degrading the airflow performance of the fan. It also implied that a consistent fan
operating condition could be maintained during the sound power measurements simply
by keeping a consistent fan static pressure, psaic, between 0.07 to 0.11 inH,O.

Figure 4.8 and Figure 4.9 show the measured fan noise power spectrum (A-
weighted) with and without the duct for the static pressure, pyusi., of 0.09 and 0.11 inH,O,
respectively. Figure 4.10 compares these experimental passive noise control results with
an analytical result obtained by using the model from Chapter 3 (Figure 3.37). The duct

acoustic loss factor, 7, of 0.07 was assumed for the model.
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Figure 4.9. Fan noise power level with and without the fan duct: for pg;.= 0.11 inH,0
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Figure 4.10. Change in fan noise power level due to the fan duct

Although Figure 4.10 seems to indicate a certain degree of bias error between the
experimental and analytical result, the experimental data confirms the overall passive
noise control characteristics of the fan duct, discussed in the previous chapter. The
results clearly show the low frequency noise power reductions due to air-mass loading
effect (see Equation 3.44), which was discussed in Chapter 3. The decrease in passive
noise control performance in the mid-frequency range due to duct axial resonance is
observed around 1000 Hz. The high frequency noise reduction effect of the passive liner
is also shown in the figure above 2000 Hz. It is also observed in Figure 4.10 that the

experimental passive noise reduction levels were somewhat shifted lower in frequency
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compared with the analytical model counterpart. This is likely related to the similar trend
observed in the plant frequency response measurements (see Figure 3.33 to Figure 3.36)
in Chapter 3, where resonant peaks in the experimental frequency responses were lower
in frequency than those exhibited by the analytical frequency responses. This resonant
frequency shifting is suspected to be due to the reactive part of the passive liner

impedance which is not accounted in the model.
4.3 Active Control Effect

Having determined the passive noise control effect of the fan duct, the next step was to
experimentally examine the effect of active noise control on the fan noise emission. The
hybrid feedforward-feedback active noise control approach briefly described in Chapter
2, Section 2.4.3, was used for the experiment. The implemented hybrid active control
system utilized feedforward control for reducing BPF tones and feedback control for
reducing broadband noise. First, a description of this hybrid active noise control system

is presented. Then, the results of the active noise control experiments are discussed.
4.3.1 Description of Active Noise Control System

The hybrid active control system considered here is a combination of a two-inputs-two
outputs (2x2) adaptive feedforward control system designed to reduce BPF tones and an
eight-inputs-eight-outputs (8x8) fixed feedback control system designed to reduce

broadband fan noise. Figure 4.11 illustrates this hybrid active noise control system.
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Figure 4.11. Implemented hybrid feedforward-feedback active noise control system

As indicated in Figure 4.11, the feedback controller was implemented as an 8x8
decentralized system, which consisted of eight SISO feedback controllers. Note that the
feedback controller used eight in-duct microphones positioned in front of the speakers.
Analog components were used to implement the feedback controller. On the other hand,
the 2x2 feedforward controller utilized the popular FXLMS algorithm implemented on a
Digital Signal Processing (DSP) board. The feedforward control was fully-coupled
between the two channels. Inputs were taken from the two microphones positioned just
outside the inlet and the outlet duct opening. Note that the separate microphones are used
for the feedforward and the feedback controller. And the two outputs were connected to

all eight speakers in such a way that four speakers on single side of the duct shared one
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output. This feedforward controller was designed to reduce only the BPF tones. An
infrared sensor mounted on the hub of the fan provided the reference signal that was only
correlated with the BPF tones. Control outputs from the feedforward and the feedback
controller were superimposed through signal summing circuits before fed to the power
amplifiers that drove the speakers. Features of the feedforward and the feedback

controller are discussed individually in detail below.
Feedforward Controller

Figure 4.12 shows the adaptive feedforward controller, isolated from the rest of the

control system.
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Figure 4.12. 2x2 adaptive feedforward controller

The adaptive feedforward controller was a 2x2 system. The two inputs were taken from
the two error microphones positioned just outside of the duct openings at a distance of 3
cm from the duct edge. And the two outputs were used to drive the eight speakers. This

was accomplished by driving four speakers on each side of the duct with one control
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output. The internal structure of the adaptive feedforward controller is shown in Figure

4.13.
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Figure 4.13. Adaptive feedforward controller structure

As shown in Figure 4.13, the control filters were realized by using Finite Impulse
Response (FIR) digital filters. And the coefficients of the FIR filters were adjusted
adaptively by the Filtered-x LMS (FXLMS) algorithm [21], which is a variant of the
common LMS algorithm. The FXLMS algorithm achieves the minimization of the error
signals by adjusting the coefficients of the FIR filters based on the reference and the error
signals. It is called, "Filtered-x", because the reference signal is filtered through the
identified plant model, G(s), before fed into the LMS algorithm as indicated in Figure
4.13. The controller based on this algorithm was implemented on a TMS320C30 DSP
board installed in a host computer.

The feedforward controller was configured to specifically target the BPF tones.
This was achieved by using the reference signal that was correlated only with the BPF

tones. Figure 4.14 shows the detail of the reference signal sensor.
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Figure 4.14. Reference signal sensor

As shown in Figure 4.14 an infrared sensor was installed near the fan hub to produce a
pulse whenever a reflective strip passed through the sensor's field-of-view. Reflective
strips on the fan hub were distributed in such a way that the sensor produced the same
number of impulses as the number of the fan blades (seven) for every fan rotation. This
resulted in a reference signal that contained the same tonal components as the BPF tones.

Figure 4.15 shows the frequency spectrum of this reference signal.
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Figure 4.15. Reference signal obtained from the infrared sensor

As shown in Figure 4.15, the reference signal spectrum was dominated by four tonal
components at 370, 740, 1110 and 1480 Hz, which corresponded to the frequencies of the
first four BPF tones. It should be noted that the fundamental BPF tone frequency of 370
Hz corresponded to the fan rotational speed, 3171 RPM, multiplied by the total number
of blades, 7.

The setting of the feedforward controller was as follows. The sampling frequency
of the DSP board was set to 6000 Hz. The number of coefficients for the FIR filters in
the controller was set to 80. Both the error and the reference signal were conditioned
through band-pass filters in order to prevent signal aliasing and also to concentrate the
control effort to the frequency range of BPF tones. The filter pass band was set to 315 to
1600 Hz covering the first four BPF tones. Control outputs were also conditioned by

low-pass filters with a cut off frequency of 1600 Hz in order to eliminate high frequency
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noise generated by digital-to-analog conversion process. Table 4.1 below summarizes

the parameter settings of the adaptive feedforward controller.

Table 4.1. Adaptive feedforward controller setting

Parameter Value

Sampling rate 6000 Hz

Number of FIR filter coefficients 80

(control and plant model filters)

Reference signal filtering Band-pass, 315-1600Hz
Error signal filtering Band-pass, 315-1600Hz
Control signal filtering Low-pass, 1600 Hz

Feedback Controller

A feedback control system was designed and implemented for the reduction of the
broadband content of the fan noise. Figure 4.16 shows the implemented feedback control

system.
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Figure 4.16. 8x8 decentralized feedback controller
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The controller was an 8x8 decentralized feedback control system, which consisted of
eight SISO feedback control loops formed at the eight microphone-speaker pairs in the
duct segments. The controller used a total of eight in-duct error microphones (see Figure
4.2), which were positioned directly in front of the speakers at a distance of 1.2 cm (about
25 % of small duct transverse length, or x = 0.25).

This decentralized feedback controller was designed by using a classical loop-
shaping method based on measured plant frequency responses. The design process was
as follows. First, direct-path (e.g. Speaker 1 to Microphone 1) plant frequency responses
were measured for all the eight speaker-microphone pairs. Then, a system identification
procedure was performed on the average of the eight direct-path frequency responses.
Figure 4.17 shows the experimental and the identified plant frequency response. Table
4.2 shows the poles and zeros of the identified direct-path plant model.
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Figure 4.17. Experimental direct-path plant frequency response and identified frequency

response
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Table 4.2. Poles and zeros of the identified direct-path plant model

Zeros Poles
Value Natural Damping Value Natural Damping
Frequency Ratio Frequency Ratio
(Hz) (Hz)
-1.11e34+2.27e3 402 0.44 -1.06e3+7.13e3 1147 0.15
2.44e3+1.2¢4 1944 0.20 -1.71e34+9.19¢3 1488 0.18
-1.41e3+2.52¢4 4011 0.056 -8.6e3+2.23¢4 3807 0.36
7.11e4+1.58¢e4 11588 -0.98 2.1e3+2.4e4 3827 0.087

It is observed in Figure 4.17 that there existed a large magnitude peak in the mid-
frequency associated with the complex poles identified at 1147 and 1488 Hz. The origin
of this behavior became clear when the experimental frequency response was compared
against the analytical frequency response obtained by using the analytical model of
Chapter 3. Figure 4.18 compares the experimental and the analytical plant frequency

response.
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Figure 4.18. Experimental and analytical model plant frequency response (direct path)

It was found that the analytical and the experimental data matched best when the natural
frequency and the damping ratio associated with the speaker dynamics were set to1100
Hz and 0.1. This suggested that the identified complex pole at 1146 Hz listed in the table
above was originated from the speaker dynamics. It should be recalled that, for the
analytical studies in Chapter 3, the speaker natural frequency was determined to be 180
Hz. This shifting in speaker natural frequency was attributed to an increase in the
effective "stiffness" of the speaker diaphragm as a result of closing the back of the
speakers with relatively small enclosures. However, as it will be demonstrated shortly,
the presence of the speaker natural frequency in the mid-frequency range was not
necessarily an undesirable feature since it had an effect of concentrating the control effect
at the frequency range where the control was needed most. It is also observed in Figure
4.18 that the experimental frequency response exhibited more phase lag than the

analytical frequency response. This was already observed earlier in Chapter 3 during the

140



plant frequency response validation experiment (see Figure 3.33). It is an indication that
the actual plant dynamics had more time delay than the analytical counterpart.

Having identified a model of the average direct-path plant transfer function, a
compensator transfer function for the individual SISO feedback loops was designed using
a classical loop-shaping design. After numerous design iterations to "shape" the
associated open-loop transfer function into a desirable form, a compensator transfer

function, g.(s), was obtained:

s2 417225 +2.98 007
gel(s)= 2 7
52 + 18955 +1.68 0

(4.3)

Corresponding natural frequency and the damping ratio of poles and zeros were

Complex zero: w, = 5459 (868 Hz), £=0.158

Complex pole: w, =4098 (652Hz), £ =0.231
Figure 4.19 shows the frequency response of this compensator. And Figure 4.20 shows
the Bode plot of the corresponding open loop response including the compensator

dynamics.
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Figure 4.19. Compensator frequency response
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Figure 4.20. Open-loop frequency response including compensator

performance.
The overall 8x8 decentralized feedback controller, G¢(s), was obtained by

0
G.(s)=1

Figure 4.17 and Figure 4.20 clearly show the effect of the compensator; the excessive
phase lead at low frequencies below 1000Hz was reduced and at the same time the

magnitude was increased in the low frequency range in order to enhance low frequency

assembling the determined SISO compensator transfer function, g.(s) as

Z.(s) 0 - 0 S

gc(s) 0 E D
g : 0 g E (4.4)
oo w0 g.(s)D

The noise reduction (i.e. disturbance rejection) performance of this 8x8 decentralized
feedback controller was estimated from the 8x8 sensitivity frequency response matrix,

S(w). The sensitivity matrix, S(w), is defined as

142



pe :Sq)d (45)

where p. is the error microphone pressure vector and pg is the disturbance (fan
noise)vector (see Chapter 2 for a diagram). This matrix, S(w), can be obtained by

calculating
S=(+G,G)" (4.6)

where G is a measured 8x8 plant frequency response matrix, and G is the controller

matrix above. The level of noise reduction is expressed by the "gain" of the matrix, S,

||S |j)d” - pe
ool Ipal

(4.7)

which is the ratio of the norm of the error microphone pressure vector, pe, to the norm of
the disturbance (fan noise)vector, pg. This ratio being less than one represents noise
reduction, while being more than one represents noise amplification.

It should be noted that the noise reduction level indicated by Equation (4.7) varies
with the phase direction of the disturbance vector, pg. The maximum and the minimum
noise reduction levels can be obtained by calculating the maximum and the minimum

singular values, o, of the S(®w) matrix:

max(0(S(w))) = max(”pe”) for allp,

Pa (4.8)
min(0(S(w))) = min(”pe” ) forallp,

Pq

Figure 4.21 shows the singular value plot of the S(w) matrix. The plot indicates the
maximum and the minimum singular values of the S(w) matrix (along with intermediate
singular values), thereby indicating the possible range of noise reductions for all pg.
Figure 4.21 indicates that the noise reduction would be mainly concentrated in the mid-
frequency range of about 800 to 1800 Hz. The stability of the MIMO system can also be
evaluated from this plot by observing the maximum level of the high-frequency
amplification or the spillover peaks. In Figure 4.21, the maximum of 10 dB of noise

amplification is seen at around 3800 Hz, indicating a relatively small stability margin.
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Figure 4.21. Singular values of the sensitivity matrix S(w)

In a case where the phase direction of the disturbance vector, pq, is known, the
noise reduction performance can be obtained for that particular disturbance direction.

Figure 4.22 shows the noise reduction performance (i.e. Equation (4.7)) obtained for
py=l-1-1-1-1 1 1 1| 4.9)

which represented the disturbances sensed by the four microphones on one side of the
duct are 180 degrees out-of-phase with the other four on the other side of the duct. This
particular selection of the disturbance vector was based on a finding from the fan noise
identification experiment in Chapter 2 that the fan noise was asymmetric and dominantly
plane wave in the low frequency range below 1800 Hz (see Figure 2.5). As for the
disturbance phase direction above 1800 Hz, Equation (4.9) above was likely not an
accurate representation of the actual disturbance. However, the dependency of the noise
control performance on the disturbance phase directions was not significant in this

frequency range due to weaker cross-couplings between channels, as indicated in Figure
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4.21 by the relatively small differences between the maximum and the minimum singular

values.
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Figure 4.22. Estimated 8x8 decentralized feedback controller performance (local)

assuming asymmetric plane wave disturbance.

The estimated performance result in Figure 4.22 indicates that noise reduction effect is
mainly obtained in the frequency of about 500 to 1500 Hz with an average peak reduction
of 8 dB at 1200 Hz. Small noise reduction of about 2 to 3 dB is also indicated in the
frequency range of 1800 to 3000 Hz, followed by spillover peaks at about 3800 and 5000
Hz. By comparing Figure 4.22 with the preceding figures (Figure 4.17 to Figure 4.20), it
can be observed that low frequency performance is somewhat improved by the
compensator. It is also observed that there is a rather abrupt loss in noise control

performance at about 1800 Hz. This is apparently due to the effect of a complex zero
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identified at 1944 Hz (see Table 4.2), which is seen as a "dent" in the open-loop
frequency response in Figure 4.17.

It is also observed in Figure 4.22 that the indicated noise control performance is
rather moderate compared with the level of performance that has been suggested by the
theoretical result of Figure 3.45 in Chapter 3. This was to be expected to some extent due
to the difference in the way a controller was designed. It should be recalled that, in the
simulation studies in Chapter 3, an optimal control design method was used to yield high-
order, fully-coupled MIMO controllers, whereas the present decentralized controller was
designed by a non-optimal control design approach. However, the most significant
performance limiting factor here is suspected to be the additional time delay that was
present in the actual experimental plant dynamics as indicated in Figure 4.18. Especially
for a present case where a relatively high-frequency control performance is required, time
delay could be a significant factor that limits the performance of a feedback system. The
reason for the difference in time delay suggested in the analytical and the experimental
plant dynamics is unclear at this point. However, one potential reason might have been
the use of finite number of duct modes in the analytical model. Another potential reason
is that there might have been some unmodeled phenomena in the actual plant dynamics
that was not fully included in the analytical model.

The decentralized feedback controller above was implemented with analog
components. Detailed descriptions of the controller circuit including the realization of

the compensator transfer function are provided in Appendix D.
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4.3.2 Active Control Performance Results

The noise control effect of the implemented hybrid active noise control system was
experimentally determined. The experimental apparatus presented earlier by Figure 4.3
was used to measure the active control effect on the global fan noise power radiated from
the fan duct. In order to clearly identify individual contributions from the feedforward
and the feedback control, measurements were taken with respect to the following three
cases:

Case 1: Feedforward control is on, while feedback control is off

Case 2: Feedback control is on, while feedforward control is off

Case 3: Both feedforward and feedback control are on (hybrid control)
Case 1: Feedforward control

First, the noise control effect of the 2x2 BPF feedforward control was measured, while
the feedback control was kept inactive. Figure 4.23, Figure 4.24 and Figure 4.25 below
show the noise control results obtained with the fan static pressure, Py, adjusted to
0.07, 0.09 and 0.11 inH,O (inches of water column), respectively. Both local and global
noise control effect are shown. The local noise control effect is indicated by the change
in average error microphone pressure spectrum, while the global noise control effect is
indicated by the change in global sound power spectrum. It should be noted that the
microphone signals were band-pass filtered from 315 to 1600 Hz, while the global sound

power spectrum was A-weighted.
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In Figure 4.23, which represents the lowest fan static pressure case among the three, the
first four BPF tones at 370 Hz, 740 Hz, 1110 Hz, and 1480 Hz are clearly visible in the
error microphone and the global power spectrum, rising 5 to 12 dB above the broadband
noise level. Figure 4.23 (a) shows that the feedforward control has reduced these four
BPF tones by about 5 to 10 dB, locally at the error microphones. It is observed that the
third and the fourth BPF tones were reduced down to the level of the broadband noise.
As for the first two BPF tones, the local reduction performances were not quite as good,
indicating some room before the broadband noise limit was reached. The cause for this is
not clear at this point. Figure 4.23 (b) shows the corresponding global noise reduction
performances where the sound power components associated with the first four BPF
tones were reduced by about 4 to 5 dB. It is observed from Figure 4.23 (a) and (b) that
the local BPF reduction levels were consistently smaller than the corresponding global
noise power reduction levels. This follows the trend observed in the analytical studies in
Chapter 3 that the global noise control performances were always less than the associated
local noise control performances.

Figure 4.24 and Figure 4.25 show the local and global performances of the
feedforward control at increased static pressures, simulating the situations where
resistance to airflow is higher due to increase in flow obstructions (e.g. densely-packed
electric equipment chassis). One can observe from the figures that the increase in fan
static pressure has an effect of reducing the magnitude of the BPF tones relative to the
broadband noise. It is observed in Figure 4.24, which represents the medium static
pressure case at 0.09 inH,O, that the third BPF tone was almost disappeared.
Consequently, there was no control performance obtained at this BPF tone. The rest of
the BPF tones were reduced quite successfully in the error microphone spectrum, down
almost to the broadband noise level. Figure 4.24 (b) shows 5 to 6 dB of corresponding
global noise power reductions. For the high fan static pressure case (0.11 inH,O) of
Figure 4.25, it is observed that the BPF tones were further reduced, except for the first
BPF tone which was somewhat increased in magnitude. In the error microphone
spectrum, the second and the fourth BPF tones were only about 5 dB above the
broadband noise and the third BPF was not negligible. As a consequence, only moderate

local and thus global reductions were obtained at these BPF tones. As for the first BPF
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tone, a large BPF tone reduction could have been expected since it was sizably large in
magnitude (about 17dB above broadband). However, the actual result obtained was
moderate 6 dB in local reduction and 4 dB in global reduction. It is plausible that the
inefficiency of the speaker in the low frequency range might have affected the
performance. However, this is rather inconclusive since the first BPF was in fact reduced
quite successfully in some cases like Figure 4.24 and also in the forthcoming hybrid
control performance results in Figure 4.32 and Figure 4.33.

Figure 4.26 shows a summary of the local and the global reduction levels obtained
at the first four BPF tones. It clearly shows that the local BPF reduction levels were
consistently larger than the corresponding global BPF reduction levels. It also shows that
the overall performance of the BPF feedforward control is affected by the level of the fan
static pressure, which tends to change the magnitudes of the BPF tones relative to the
broadband noise. Figure 4.26 shows a tendency that the BPF feedforward control is most
effective when the fan static pressure is low and therefore the BPF tones are relatively

prominent against the broadband noise.
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Figure 4.26. BPF feedforward control effect summary

Case 2: Feedback control

Next, the noise reduction effect of the 8x8 decentralized feedback control was measured
while the feedforward control was turned off. Figure 4.27, Figure 4.28 and Figure 4.29
show the local and the global noise control effects obtained at Pg, = 0.07, 0.09 and
0.11 inH,O, respectively. It should be noted that the local noise reduction results are
shown by the change in the average pressure spectrum from the eight in-duct
microphones. Figure 4.30 summarizes the local and the global noise control results in

terms of change in spectrum.
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Figure 4.30 shows that essentially identical performance results were obtained for the
three fan static pressure cases. This shows that the performance of the feedback control
is not affected by the change in noise spectrum due to the static pressure variation. This
is in contrast to the case of the BPF feedforward control, whose performance is affected
by the change in the magnitudes of the BPF tones caused by the static pressure variation.

The local noise reduction performance indicated in Figure 4.30 (a) agrees
relatively well with the estimated performance in Figure 4.22. The result indirectly
reconfirms that the disturbance phase direction of Equation (4.9) was, in fact, appropriate
in estimating the noise reduction performance. Figure 4.30 (a) shows that the local noise
reduction was obtained in a relatively broad frequency range from 500 to 1700 Hz, with a
maximum reduction of 7 dB.

Two spillover peaks are observed in Figure 4.30 (a) at about 3500 Hz and 5000
Hz. Recall that these two spillover peaks were also indicated in the performance
estimation in Figure 4.22. It is observed that the magnitudes of the spillover peaks were
relatively large. Especially the peak at 5000 Hz was large, indicating that the stability
margin was small. This was because the gains of the feedback compensators were
adjusted to the maximum levels allowed before causing instability. However, it is
observed from the corresponding error microphone spectrum in Figure 4.27 to Figure
4.29 that the impact of these high frequency amplifications was limited since they were in
the high frequency range where the noise level was small.

Figure 4.30 (b) shows that the global noise power reduction was obtained in the
frequency of 500 to 1500 Hz with a maximum reduction of 6 dB. The corresponding
global sound power spectrum in Figure 4.27 to Figure 4.29 show that this corresponds to
the reduction of the major broadband noise peak at about 1000 Hz, which was attributed
to the axial duct mode resonance. This is consistent with the analytical results in Chapter
3 (see Figure 3.45 and Figure 3.46), where it was found that the feedback control is most
effective in reducing the mid-frequency noise peak caused by the undesirable axial duct
mode resonance. It is also observed that the global noise control performance
corresponded relatively well with the local noise control performance, except in the high
frequency range above 1500 Hz. In the high frequency range, especially above 2000 Hz,

the active control shows little influence on the global performance; and the total radiate
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fan noise power level is seen to be neither significantly reduced or amplified, despite of
the change in local noise level. It should be recalled that similar behavior was also

observed in Figure 3.45 and Figure 3.46.
Case 3: Hybrid feedforward-feedback control

The BPF feedforward and the feedback control were simultaneously operated and its
noise control effect was measured. The configurations and the settings of the
feedforward and the feedback controller were unchanged from the individual experiments
above. Figure 4.31, Figure 4.32 and Figure 4.33 show the measured noise reduction
levels obtained by the hybrid control for fan static pressure of 0.07, 0.09 and 0.11 inH,O,
respectively. Again, both local and global control results are presented. It should be
noted that there are two error microphone spectrum plots for the local control result: one
corresponding to the out-of-duct microphones for the feedforward control and the other

corresponding to the in-duct microphones for the feedback control (see Figure 4.11).

159



30l ~ Control off -30- | Control off

—— Control on

—— Control on

Average Sound Pressure (dB)
A
[6)]
T

Average Sound Pressure (dB)

_507
_55,
_607
_652 ‘ ““““3 — 2 ‘ ““““3
10 Frequency (Hz) 10 Freque%%y(Hz)
(a) Out-of-duct microphone average (b) In-duct microphone average
40 1 T T T
I B Control off
351 . — Control on |
z
~ 30
—
@
= 25
2
S 20
)
3 15
a
©
5 10
[}
)]
5
O L
10° 10°

Frequency(Hz)

(c) Total sound power

Figure 4.31. Hybrid control effect at Py, = 0.07 inH,0O: (a) Out-of-duct microphone

average, (b) In-duct microphone average, (c) total sound power spectrum (A-weighted)

160



- Control off
—— Control on

Average Sound Pressure (dB)
|
N
a1

-30

- Control off
—— Control on

Average Sound Pressure (dB)

_507 -
55 _ =70
-eor 1 " -80
-65 1 1 o | 1 1 IR R |
102 103 102 3
Frequency (Hz) Frequency(Hz)

(a) Out-of-duct microphone average

40 T T T T

(b) In-duct microphone average

35

30

25

20

15

10

Sound Power (dB ref 1e-12 W)

Control off
—— Control on

O 1 1 1 1 1

(c) Total

10°

Frequency (Hz)

sound power

Figure 4.32. Hybrid control effect at Py, = 0.09 inH,O : : (a) Out-of-duct microphone

average, (b) In-duct microphone average, (c) total sound power spectrum (A-weighted)

161



—~30 - Control off | 1
=-30F : ~ Controloff | 4 @
S b —— Control on % —— Control on
235/ 4 5-40
] [}
2_40 4
Q— ~ — e
a a-50
ETr I
-60
B-501 19
S g
&-55- 4 &0
: E
< _gok ]
60 _80
-65 I I Lo | I L I I Lo |
107 10° 10? 10°
Frequency (Hz) Frequency(Hz)
(a) Out-of-duct microphone average (b) In-duct microphone average
45 T T T T
----- Control off
40 ) — Control On ||
o 35+ - -
T' N
2 "
o 301 : _ _
o z
o
S 25 =
,g /
5 20 -
a
©
S 15 i
o
N
10+ -
5 L B
2 3
10 10

Frequency(Hz)

(c) Total sound power

Figure 4.33. Hybrid control effect at Py, = 0.11 inH,0 : : (a) Out-of-duct microphone

average, (b) In-duct microphone average, (c) total sound power spectrum (A-weighted)

162



o

T
-0 - Feedforward
~-05 | =G Feedback _
2 —6— Hybrid
- | - -0
g -1 O — = = === e - 7
c e-----""- & ---___
- -15F -0 =
c
>
o
L .
®
w 0o
3-250 —° -
£
3 -3 .
c
I
=
O_351 _|
-4 | | |
0.07 0.09 0.11
pstatic (inHZO)
(a) 10-6400 Hz
0 \
- © - Feedforward

705 | -o- Feedback N
Z —6— Hybrid
g 1r -
g O —m— -9
‘g -1.5+ O == . e - """ —
=}
o
S ol .
I
S
‘=251 -
(0]
()]
5 -3f .
Ny
O

-3.5 —

- | | |
0.07 0.09 0.11
pstatic (InHZO)

(b) 100-2000 Hz

Figure 4.34. Overall sound power reduction effect of hybrid control: (a) 10 - 6400 Hz,
(b) 100 - 2000 Hz

163



It 1s observed from the above figures that both BPF tones and the broadband fan noise
were reduced by the hybrid control. The first four BPF tones at 370, 740, 1100 and 1480
Hz were reduced mainly by the feedforward control, while the broadband noise in the
mid-frequency range of 500 to 1500 Hz was reduced by the feedback control.
Comparison of the hybrid control results in Figure 4.31, Figure 4.32 and Figure 4.33 with
the results from the individual feedforward and feedback control experiments shows that
the noise reduction performance of the hybrid control was essentially the superposition of
the individual performances obtained by the BPF feedforward control and the feedback
control. It suggests that the BPF feedforward control and the feedback control can be
combined and operated simultaneously without adversely affecting each other's
performance.

Figure 4.34 summarizes the hybrid control performance results in terms of the
overall reduction in radiated fan noise power over the frequency range of 10 to 6400 Hz
and 100 to 2000 Hz. Note that the figure includes the overall noise reduction levels
calculated for each of the feedforward and the feedback control, based on the individual
performance results presented earlier. It is observed from Figure 4.34 (a) that the overall
fan noise power was reduced by about 2.5 to 3 dB by the hybrid control. And it is further
observed that the amount of total noise reduction obtained by the hybrid control was
approximately equal to the summation of the noise reductions obtained solely from the
feedforward and the feedback control. Closer observations reveal that the total noise
control level obtained by the hybrid control performance slightly exceeded the sum of the
individual performances of the feedforward and the feedback control. This is suspected
to due to small improvement in the BPF feedforward control performance, which was
possibly attributed to the reduction in the duct acoustic resonance by the feedback
control. It has been reported in literature [42, 44] that the additional damping provided
by the feedback control has a positive effect on the performance of an adaptive
feedforward controller in that it reduces the length of the plant impulse response, which

results in a faster convergence time for the adaptive algorithm.
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4.4 Total Active-Passive Control Effect

This section summarizes the overall global noise reduction effect of the active-passive
control fan duct approach. Figure 4.35 and Figure 4.36 show the fan noise power
spectrum measured for the following three cases:

1. Fan without duct (baseline)

2. Ducted fan, hybrid active control off

3. Ducted fan, hybrid active control on
The difference in sound power spectrum between the first and the second case above
represents the passive control effect of the fan duct, which was previously presented in
Section 4.2. The active noise control effect is represented by the difference between the
second and the third case. The results were obtained for fan static pressure of 0.09 and

0.11 in H,O.
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The above results clearly show the overall noise control characteristics of the active-
passive control fan duct. The fan duct provided the passive noise reduction in the low
frequency range by the duct air-mass loading effect and also in the high frequency range
by the sound absorption effect of the passive liner. Then, the hybrid active noise control
provided further noise reductions of both BPF tones and the broadband fan noise in the
mid frequency range.

Table 4.3 summarizes the total sound power reduction levels obtained by the
active-passive control. Two sets of noise reduction values are presented in the table: one
for a frequency range of 10-6400 Hz and the other for 100 to 2000 Hz. The former
essentially covers most of the fan noise frequency spectrum, while the latter focuses on
the range where the fan noise power is most concentrated. It should be also noted that the

sound power spectrum is A-weighted.
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Table 4.3. Active-passive control effect summary

Pstatic (inH,0) 0.09 0.11
Frequency Range (Hz) 10-6400 100-2000 10-6400 100-2000
Passive Control (dB) -2.60 -2.28 -2.43 -2.27
Active Control (dB) -2.09 -2.48 -1.96 -2.33
Active-Passive Control (dB) -4.70 -4.76 -4.39 -4.61

Table 4.3 shows that, for py.. = 0.09 inH,O, the overall fan noise power was reduced by
4.7 dB by the active-passive control in the frequency range of 10-6400 Hz, in which 2.1

dB was from the active control effect, and 2.6 dB was from the passive control effect.

Similar performances were also obtained for the case of pggic = 0.11 inHO.

observed that, for the frequency range of 100 to 2000 Hz, where the fan noise was most
prominent, the impact of the active noise control effect became more significant. It is
also observed that passive noise reduction levels are only slightly smaller for 100-2000
Hz than for 10-6400 Hz. This suggests that the passive noise reduction effect was mostly

due to the low frequency noise reduction of the duct air-mass loading and not to the high

frequency reduction effect of the passive liner.
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4.5 Application: PC Case Fan Noise Control

In order to evaluate the practical utility of the current approach, the same active-passive
control fan duct was installed into a typical desktop computer chassis to control the noise
emitted from a chassis fan. A chassis fan is typically installed at an air outlet or an inlet
of a computer chassis for ventilation and it is often a dominant source of noise emitted
from a computer. In this experiment, the global noise control performance of the active-
passive control fan duct was evaluated by measuring the total radiated fan noise power
using a hemispherical array of microphones surrounding the computer chassis in an

anechoic chamber. Figure 4.37 and Figure 4.38 illustrate the experimental setup.
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Figure 4.37. Computer fan active-passive noise control experiment setup
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(b)

Figure 4.38. Computer fan active-passive noise control experiment setup images: (a)

active-passive control fan duct installation, (b) sound power measurement setup

It should be noted that the hemispherical microphone array shown in the figures above

measured only half of the total sound power emitted from the computer chassis. The total

169



sound power emitted from the computer chassis was estimated by doubling the half
sound power with an assumption that the same amount of power is emitted above and
below the chassis.

As shown in Figure 4.38, the active-passive control fan duct with a chassis fan
contained inside was installed at the back of the computer chassis in such a way that the
fan forced the air out from the chassis. It should be noted that the only noise source in
this experiment was the chassis fan running within the fan duct. Other noise sources
typically present in a computer, such as hard disk drives, optical drives and CPU fans,
were not included.

The configuration of the hybrid active noise control system used in this
experiment was unchanged from the previous sections. In order to evaluate the overall
active-passive noise control performance, the sound power measurements were
performed for the following cases:

1. Chassis fan without the fan duct

2. Chassis fan without the fan duct, with the hybrid active noise control turned off

3. Chassis fan without the fan duct, with the hybrid active noise control turned on
Note that the first case represented the original condition of the computer and constituted
the baseline noise level. The passive noise control effect was observed from the
difference between the first and the second case, while the active noise control effect was
observed from the difference between the second and the third case. And, the total
active-passive noise control effect of the fan duct was observed from the difference
between the first and the third case.

In measuring the total sound power, especially for the first and the second case
above, care was taken to maintain a consistent fan static pressure, in this case, of 0.09
inH,O in order to minimize a potential bias due to the variation in sound power with the
fan operating condition. This particular fan static pressure was selected since the impact
of the fan ducting to the airflow rate was found to be insignificant at this pressure as
shown in Figure 4.7. Fan static pressure was monitored by a differential static pressure
transducer, which indicated the level of static pressure developed in the chassis relative to
the atmospheric pressure.

Figure 4.39 shows the result of the sound power measurements.
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Figure 4.39. Computer fan noise control experiment, active-passive control result
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As shown in Figure 4.39, the performance result was very similar to the results obtained
earlier by the double-baffle table experiment. Passive noise reductions were obtained by
the air-mass loading effect of the fan duct in the low frequency range and also by the
sound absorption effect of the passive liner in the high frequency range. Then, the hybrid
active noise control system provided further reductions of both BPF tones and the
broadband fan noise in the mid frequency range. The result also reconfirms the validity
of the double-baffle table setup in the earlier experiments in this Chapter and also the
assumption of the infinite-baffled duct in the analytical studies in Chapter 3.

Table 4.4 below summarizes the overall active-passive noise reduction values
calculated in the frequency range of 100 to 2000 Hz. (Spectrum components above 2000
Hz were excluded in the calculation due to the presence of high background noise in the
measured signal as shown in Figure 4.39). The overall active-passive noise reduction in
this frequency range was calculated to be 4.9 dB where 2.6 dB was from the passive
effect and 2.3 dB was from the active effect. The noise reduction effect was clearly

audible.

Table 4.4. Overall active-passive noise reduction obtained from the computer chassis test

Frequency Range (Hz) 100-2000

Passive Control (dB) -2.6
Active (Hybrid) Control (dB) 2.3
Active-Passive Control (dB) -4.9
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4.6 Summary

Experimental investigations were carried out to study the noise control characteristics of
the active-passive control fan duct. An experimental fan duct unit utilized the segmented
fan duct design introduced in Chapter 3.

Experimental passive noise control results confirmed the trend observed in the
analytical studies in the previous chapter. The results showed that, by housing a fan into
a lined short duct, global radiated fan noise power can be reduced at both low and high
frequency frequencies. The low frequency noise reduction is obtained by the mass-
loading effect of the air volume in the duct, while the high frequency noise reduction is
obtained by the sound absorption effect of the passive liner. The experimental result also
showed the expected control performance degradation in the mid frequency range due to
a duct axial resonance effect.

A hybrid feedforward-feedback active noise control system was implemented and
its performance was determined. The system was a combination of a feedforward
controller designed for BPF noise reduction and a feedback controller for broadband
noise reduction. The feedforward controller significantly reduced the global emission of
all the major BPF fan tones, whose frequencies were typically at 370 740 1100 and 1480
Hz. It was observed that the feedforward control performance was influenced by the
prominence of the BPF tones relative to uncorrelated broadband noise. As a result,
feedforward control was found to be more effective for low fan static pressure conditions,
in which the relative magnitudes of the BPF tones were larger. In contrast, the
performance of the feedback controller was independent of the fan static pressure. The
implemented feedback controller significantly reduced the broadband content of fan noise
in the frequency range of 500 to 1500 Hz. The main performance-limiting factor for the
feedback controller was considered to be the time delay, which was somewhat more than
the level predicted by the analytical plant model. The global noise control performance
of the hybrid feedforward-feedback controller was observed to be essentially the
superposition of the individual performances of the feedforward and the feedback

controller.
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The total noise control performance of the active-passive fan duct was observed to
be in accordance with the trend shown in the analytical studies in Chapter 3. The passive
control reduced fan noise at both low and high frequencies. Then, the active control
enhanced the overall noise reduction performance by compensating for the undesirable
effect of duct axial resonance in the mid frequency range and also further reducing BPF
tones. The total reduction in radiated fan noise power was determined, for instance, to be
4.7 dB, in which 2.7 dB was from the passive control and 2.0 dB was from the active
control. It should be emphasized that this was obtained without significant degradation
of fan airflow performance.

In order to demonstrate the practical utility of the noise control approach, the
active-passive noise control fan duct was applied to reduce the global noise emission
from a fan installed in an actual PC chassis. The noise control performance result was
similar to that obtained by the baffle table setup, thereby validating the experimental and
the analytical methodologies of the thesis. The total fan noise power reduction of 4.9 dB
was achieved, in which 2.6 dB was from passive control and 2.3 dB was from active

control.
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Chapter 5

Conclusions and Recommendations

A new active-passive approach for controlling the global noise emission from a small
axial fan has been investigated in this thesis. The approach involved the installation of a
fan in a compact duct with both passive and active noise control functions. There were
two major components to the investigation. The first part of the thesis concentrated on
the theoretical investigations into the potential noise control performance of such
approach. Then, the second part of the thesis involved the design, implementation and
testing of an active-passive noise control fan duct.

In order to obtain analytical models of the proposed fan noise control approach, a
general analytical modeling methodology was formulated first. The formulation was
based on the approach utilized by Muehleisen who has investigated modal scattering at
various duct discontinuities [20]. This modeling method enabled the systematic
development of the comprehensive analytical models of the ducts with multiple
discontinuities.

By extensively applying the proposed modeling approach, high-fidelity analytical
models of the fan ducts were developed. The matrix-based modeling method allowed
one to naturally incorporate full modal impedance matrices in the models including
cross-mode coupling terms at duct open ends, which have typically been ignored in
previous studies on active control of noise in ducts. Then, an axial fan as a noise source
was modeled as a distributed force, which was represented as a sum of modal forces.
This fan model was validated experimentally by observing the characteristic noise
radiation pattern.

Two alternate designs of active-passive fan duct were considered for analytical
investigations. The first was a simple, passively-lined, short duct with a 2x2 active

control. The second was an internally segmented, passively-lined, short duct with an
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8x8 active control. Analytical models for the two cases were validated experimentally
by comparing analytical and experimental plant frequency responses. The acoustic loss
factors, which represented the effect of foam passive liner, were also estimated from the
experimental frequency responses. Then, passive and active noise control performances
for these two designs were determined and compared. For active control, both
feedforward and feedback control were considered. Attention was paid particularly to
the effect of different error microphone positions to the local and the global active noise
control performance.

An experimental unit of an active-passive fan duct was designed and
implemented. The segmented fan duct design with eight-speaker configuration was
adapted. A hybrid feedforward-feedback active control system was designed and
implemented. The feedforward control part was designed specifically for the reduction
of harmonic BPF tones, while the feedback control part was designed to reduce
broadband fan noise content. Passive noise control effect of the fan duct was determined
by measuring the difference in global fan noise power with and without the fan duct in
an anechoic chamber. Both local and global noise power reduction effect of the active
noise control system was determined at several different fan operating conditions. The
results were summarized to show the overall passive-active noise reduction performance
of the fan duct. Furthermore, the performance of the fan duct was measured in a more
realistic setup using an actual personal computer chassis in order to demonstrate the

utility of the noise control approach.

Major findings of the thesis are summarized as follows:

It has been shown both analytically and experimentally that by housing a fan in a
short passively-lined duct, the global fan noise emission can be reduced by two
distinct mechanisms. The mass-loading effect of the bulk air volume in the duct
provided noise reductions at low frequencies, while the passive liner provided the
reduction of high frequency noise. It has been shown that these noise attenuation
effects are also accompanied by an undesirable duct axial resonance in the mid-

frequency range, which negatively impacts the overall passive control performance.
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Analytical and experimental investigations have shown that the global noise control
performance of a compact, passively-lined fan duct can be enhanced further by
incorporating an active noise control. It was found that the active control can further
reduce the global fan noise emission in the low-to-mid frequency range. Active
control is shown to be particularly effective in compensating for the undesirable mid-
frequency duct resonance, thereby enhancing the overall noise reduction effect of the

fan duct.

Analytical results have shown that global noise control potential of the segmented
fan duct with an 8x8x control is significantly higher than that of the non-segmented
fan duct with a 2x2 control with respect to both control bandwidth and attenuation
depth. The increase in control bandwidth is attributed to the shifting of the first cross
duct mode cut-on to a higher frequency. The segmented duct with an 8x8 control
configuration was observed to be beneficial for both feedforward and feedback

control.

It was shown experimentally that both harmonic and broadband content of global fan
noise radiation can be reduced simultaneously by wusing a hybrid
feedforward/feedback control. The feedforward control part was effective in
reducing global fan noise power associated with the first four BPF tones, while the
feedback control part was effective in reducing the broadband global nose radiation
in the frequencies starting from 500 to 1500 Hz. While the performance of the
feedback control part was not affected by the variations in the fan operating
condition, the BPF feedforward control part did change significantly due to change
in the relative prominence of BPF tones against broadband noise floor. It was
observed that the BPF feedforward control was more beneficial when the static
pressure across the fan was relatively low and consequently BPF tones were more

prominent.
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The total global active-passive noise control effect of the implemented active-passive
fan duct was measured to be 4.7 dB in which 2.7 dB was from passive control and
2.0 dB was from active control. This was achieved without significant degradations
of the airflow performance of the fan. Similar global noise control performance
results were obtained also in a realistic experimental setup using an actual PC
chassis, thereby demonstrated the robustness and the utility of the current noise

control approach.

The followings are recommended for future investigations.

Regarding the analytical modeling of the fan duct, the followings may be considered.
- Consider the effect of reactive impedance of the passive liner
- Introduce the frequency-dependent acoustic loss factor for the passive liner
- Use of non-uniform modal force terms for the fan source

- Include the noises emitted from the fan exhaust vortices

Further explorations may be carried out in order to optimize the design of the active-
passive noise control fan duct, possibly with respect to the geometry of the duct

and/or configurations of the active control systems.

With respect to the active noise control experiments, the broadband feedback noise
control performance may further be improved, if the time delay can be reduced to the
level indicated by the analytical model, which predicted better feedback control

performances.
The use of novel actuators may be considered in order to replace the conventional

electromagnetic speakers. Actuators using piezoelectric films or electro-active

polymers may be considered.
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Appendix A

Fan Noise Model Validation Experiment

Detailed descriptions are given here for the experiment carried out to validate the modal
force fan model presented in Chapter 1. The approach was to install a fan in a simulated
infinite duct and to observe the expected asymmetric fan noise radiation. Figure A.l

below shows the experimental setup.

Anechoic wedge Microphone Fan Microphone Anechoic wedge

< 20 2 28 54 L L hi 20 >
90 z=0 90
Air inlet opening Air outlet openings
(area adjustable) Units: cm

Figure A.1. Experimental setup

The pressure fields, p, over the cross-sectional planes at z = z, and z = z; to the right and

the left side of the fan respectively are
p(x.y.z,)= ; aye Y, (x,y)

it (A.1)
p(x,y,z,)= ZbMe (%, )

where a), and b, are the modal wave amplitudes and y,(x, y) is the mode shape function.

For the fan model presented in Chapter 2, it is expected that the pressure field to the right
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and to the left be asymmetric with respect to the fan source position at z = 0. This means
that, for a given mode, M, the modal amplitudes, ay, and by, should be equal in
magnitude but 180 degrees out of phase from each other.

In order to determine the modal amplitudes, ay, and by, four microphones were
positioned at the four corners of each measurement plane as shown in Figure A.1. With
the four microphones, one can determine modes up to M = 4 as follows.

With respect to the right side cross section at z = z,, Equation (A.1) above can be

written into a matrix format as

O Gk g 0 0 O )0

) PN

_[:0 e ,(x,y)0
p(xy.z,)=5"g4 ks, 0

5&35 90 0 e 0 O s (o

=8 B0 0 0 eMPEL(YIE

= [aM] EL_jkMzr']d[ag [LpM (x) y) (A2)

=ay, [ Dy,(xy)

Given the measured pressures, p; to p, at the four microphone locations in the plane

along with Equation (A.2), one obtains

[p, P; P; p4]:aM @_Eh‘l’Ml Yz W ‘IIM4J (A.3)

where Wy is a 4x1 vector for the i-th microphone position. Then the 1x4 modal

amplitude vector, ayy, is obtained as

aM:[Pz P: Ds P4]Eﬁe_[ﬁ‘|’M1 Wn: W \IIM"])_I (A4)

The modal wave amplitudes, by, on the other side are also obtained similarly from the
microphone pressures, ps to ps.

The complex pressures for the all eight microphones, p; to ps were determined by
measuring the transfer functions, H;;, between the 1st microphone to the rest of the
microphones. That is, the 1st microphone served as a reference. Then, the complex

pressure at the i-th microphone, p;, was determined by

p, =H, p, (A.5)

185



And the complex pressure at the 1st microphone, p;, was obtained by

P, = |p,| " = \/3 EL/ G, (A.6)

where G,,; is the measured autospectrum of the 1st microphone pressure.

During the actual measurements of the transfer functions, H;;, it was necessary to
avoid the spectrum averaging process, which is usually utilized for transfer function
estimations. This is because of the observations that the obtained coherence values were
high (close to 1) only in the low frequency range up to about 1800 Hz blew the cut-on
frequencies of the cross-modes (M=2, 3). At frequencies higher than 1800 Hz, the
coherence values dropped abruptly and significantly (less than 0.2), indicating the
associated transfer functions data were unreliable at these frequencies. This behavior was
an indication that there was no consistency in relative phase relations between the modes,
(i.e. not correlated).

In order to circumvent this problem, instantaneous transfer function values, H,,, ,
were obtained from a single sampling of time data (say, k-th), and then, based on this
data, the instantaneous modal wave vectors, ayi and by were determined. Then, after
repeating this for N samples, the averages were taken for the relative magnitudes and the
relative phases of each corresponding entry (i.e. mode) of the two modal vectors, ami and

bmk. That is,

] N N N
E%:% o= LS || E%]“_MDZL 0 Y (A7)
v | N byry ObyO N bysy

where EJ ] signifies the expected value. The calculated values of Equation (A.7) obtained
for N=30 are provided in Figures 2.5 to 2.8 in Chapter 2, showing the relative magnitudes
and the relative phases of the wave amplitudes, a,s and by, for M =1 to 4. The expected
asymmetric radiation characteristics can be observed clearly in the figure for M=1. The
results are not as clear for higher-order modes (M=2 to 4) but the overall asymmetric
trend can still be observed especially for M=2 and 3. It is possible that the further
increase in the number of microphones may improve the results for the higher order

modes. Nonetheless, the result gives a good degree of validation for the fan model.
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Figure 2.9 in Chapter 2 shows the magnitudes of the estimated fan modal forces
for M=1 to 4. These values were estimated from the average magnitudes of the modal

wave amplitudes as
fu :(aM —bM)ES=QaM‘+‘bM‘)ES (A8)

with an assumption that the wave amplitudes, a), and by, are perfectly out-of phase (S is

the duct cross-sectional area).

187



Appendix B

Numerical Determination of Duct Open End Modal

Impedance Matrix

A method to numerically calculate the modal impedance of a rectangular open end is

described here. An open end of a rectangular duct is shown below.

Baffled
(infinite) \
- z

~<

Outside of
N y X duct
] Duct interior

Duct interior L,

=< /ﬁe\of 2
~ /

—~ Ly duct

Figure B.1. Rectangular duct open end

The modal impedance from the M-th modal velocity to the R-th modal pressure is

calculated by

= jk|r=r,|

_ Jkpc . ce
T JS'J -,

W (r W, (x, )dSds, (B.1)
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where \r—ro\is the distance between the observation point (x, y) and the source point,

point (x,, y,). For a rectangular open end shown in Figure B.1 above, the expression

becomes

_ jkpe LLyL.L, —/k\/(xx)+(yy)
oL I!Mm x, )+ (y=v,)

Ye(x,y Wy (x,,y, Jdxdydx,dy (B.2)

where
cos(—x) COS(iy)
Welx,y)= \/7 \/—

cos(—nx ) COS(

Yy(x,,y,)=
T

The usual numerical integration schemes, such as the Gaussian quadrature, cannot be

(B.3)

yu)

applied directly due to the singularities that arise whenever (x, y)=(Xo, Yo). In order to
circumvent the singularities, the following special integration scheme is used.

First, denote the integral as

T VT
[ LIJ (x’y}p ('xo’yo )dXdydxodyo B'4
””J(x x,f =y, oo

0000

Subdividing the domain of integration over the open end surface into smaller rectangular

elements, the quantity, /, is then calculated by

1=y 310, (B.5)

where 1,,, 1S

189



_ e_jk‘/( X, =%, )2 (v =y, )
[uv - J.I 2
2 x, =%, )+ (v, -v,)

2 LIJR(xu’yu }pM(xv’yv)dxudyudxvdyv (B4)

which is calculated for all combinations of the v-th source element and the u-th
observation element. The observation and the source coordinates, (x, y) and (x,, ¥,), are
respectively denoted as (x,, y,) and (x,, y,) for the purpose of subsequent discussions.
When the source element and the observation element are the same (i.e. u = v), then the
integration of the quantity, /,,, is carried out by directly applying Gaussian quadrature
since there are no singularities in that case.

As a review of Gaussian Quadrature method, an integration over a rectangular
area bounded by x = [a, b,] and y = [a,, b,], for example, is calculated by first

transforming the coordinate as
b b,
1= [ Fex.yjdedy=[ [ F(&En)J dédn (B.5)

where J is the determinant of a Jacobian matrix, which is a constant for this particular

case and given by
1
7=, -a )b, -a,) (B.6)

And the mapping between the original rectangular domain and the square-shaped domain

which is bounded by ¢ = [-1, 1] and = [-1, 1], is

x:(5+1)bx+(1—£)ax y:(n+1)by+(]—n)ay

’ B.7
2 2 (B.7)
Then, the integration of Equation (B.5) is calculated by
4 4 T
123 S wow F(&on,)0 =[w] QFcgn, Jdw ] (B.6)

J=1 i=1
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where w; and wj are the pre-determined weights corresponding to Gaussian points, (;, 7).

For the case of Equation (B.4), Gaussian quadrature is applied as

I, = !%I’F(xu,yu,xv,yv )dx, dy, Eixvdyv = quv(xv’yv Jdx,dy,
o : (B.7)

=[] di, (x5, |dldo2sws,, ~a,, a5, ~a, )
where, [w] is a 4x1 vector of weights, the quantity in parentasis is the determinant of the

corresponding Jacobian matrix and [fuv(xvi, »y)] 1s a 4x4 matrix containing the values of

the inner integral for 4x4 Gaussian points, (x,;, »,), over a source element, and obtained

by

v, = deex,, v, v, |d]do.25 a6, ~a,, @b, ~a, ) B

where [F] is a 4x4 matrix containing the values of the integrand of Equation (B.4)
evaluated at the locations, (x, , y,;) corresponding to Gaussian points, (;, #;) over an
observation element for a given source point, (X,;, }y)).

On the other hand, for u # v, the following procedure is carried out. As illustrated
in Figure B.2, the observation element, u, is further subdivided into four triangular

regions with the focal point of the triangles being a given source point, (x,;, y.j).

Zy
[ (aX, by) (bX7 by)
3% SI
Ly S2 S4
S3

Ay (aXa ay) (b a )
Xy 4y

< g

source Gaussian point
(XVi7 YVJ)

Figure B.2. Domain subdivisions
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Then, the integral over the observation element, u, with respect to a given source

Gaussian point is calculated by

[uv(xvi’yvj):IF(xu’yu’xv’yv)dxudyu +IF(xu’yu’xv’yv)dxudyu
S S,

B.9
+JF(xu’yu’xv’yv)dxudyu+IF(xu’yu’xv’yv)dxudyu ( )
3 Sy
Utilizing Gaussian quadrature, this becomes
A 4 T
Iuv(xvi’yv_/‘) = Z ([W] EﬁF(xu[’yuj’xv[’yvj) I:']J(xui’yu_/"xvi’yv_/‘)][ﬁw]) (B 10)

where [w] is a 4x1 vector of Gaussian weights and the quantity in the middle is a 4x4
matrix of the integrand in Equation (B.4) evaluated at 16 observation Gaussian points,
(>ui, yuj), for a given source Gaussian point, (Xy;, ;).

The integrations are again carried out in a square domain bounded by ¢ = [-1, 1]
and n = [-1, 1]. However, the mapping between the original triangular domain and the

square domain is given, in this case, as

EW/(E,U)%
x, x,. b a.nl ,
SCE: 0 Vi )CV] e ay 2({ r])D for S,
O v, Y by byD 3(&'7)%
@,(&.n)0
m’](f)rl)g
DCD le xvi xvi ax|:| Z(EJU)D
=0 for S B.11
3 o Y, Yy b %ag(f,n)g ’ ®.11
@,(&n)0
m’](f:n)m
DCD |]Zx bx xvi xvi D z(f:n)g
OO d for S3
W ﬁzy a, ij yV_/D 3(5:’7)D

W, (&0
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,(&.n)0
30 D b b %0 J(En)g
BH EVVJ a}, by yij 3(5;’7)%
w.(&.n)o

for Sy

and

wj(x,y)=§(1-f)(1-n) , wz(x,y):§(1+f)(1—n)
; ; (B.12)
w3(x,y)=;(1+f)(1+n) : w4(x,y)=z(1-f)(1+n)

The determinant of Jacobian matrix,

J| 1S

£y ML w0 0L ow MY o O
J| = X 1 " - X L L B.13
||%ZJC”GE@%”GUEEZJ””OU@%”OEE (813

where (x., V.;) are the x-y coordinate corresponding to the four corners of the square

domain. It should be noted that, this time, |J| , varies with the coordinate, (x, y), for a
given source point (x,;, yy). And it can be shown that the quantity,|J|, becomes zero at

the source point, (x,;, »,). This effectively removes the singularity in Equation (10),
which is the main reason for the procedure. Then, after determining Equation (B.10) this
way for all source Gaussian points (x,;, yy), the final quantity, /,,, is determined by
Equation (B.7).

The following figures show the calculated values of normalized modal

impedances, Zry/pc, for some selective modes (R, M) with L, =9.5 and L, = 9.4 cm.
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Figure B.3. Calculated open end modal impedance, Zzy,, for selected direct modes
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Appendix C

Eigensystem Realization Algorithm

The Eigensystem Realization Algorithm (ERA) was used in Chapter 3 in order to obtain
plant state space models based on analytical plant frequency responses. The ERA
procedure is described here in detail.

First, an array of unit impulse response matrices is obtained by performing
Fourier transform on the plant frequency response matrices, G(f;). The number of the
columns and the rows of the matrix, Y(t), are m and n for m-output-n-input plant. The
unit impulse response matrices, Y(tj), are also called Markov parameters and have the

following properties.

Y(1,)=Y, =D
Y(1,)=Y, =CB

Y(t,)=Y, =CAB (C.1)

Y(t,)=Y, =CA"'B
where the set of matrices, (A, B, C, D) constitute a discrete state space plant model. Note
that D matrix is directly obtained from Y,, and the remaining task is to identify the
matrices, A, B and C. This is achieved as follows.

A generalized Hankel matrix, H(0), is formed by

v, Y, -~ Y, O
Y 0
_ 2 3
HO) = . § . (C.2)
U
%p Yp+q-1g

where is pm-by-gn for m outputs and » inputs and p and ¢ are chosen such that gr > pm.

Combining Equation (C.2) and (C.1),
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0 CB CAB - CA'B

)_BCAB CA’B
=0

H(0 (C.3)

D . -7 . + -2
CA’'B - ... CA’"’B
which can then be decomposed as
oc 0O
O 0
H(0)=P,[Q, =0CA’ (I]B AB A’B - A"'B| (C.4)
o . 0
o - O
AT
where P, is the observability matrix and Q, is the controllability matrix.. In order to

obtain the matrices, P, and Q,, a singular value decomposition can be performed on H(0)

as
HO0)=R[XZ S (C.5)

where the columns of the matrices, R and S, are orthonormal and X is a diagonal matrix

with singular values, g,

w, 0 00
0 0

H 0 "-H
where singular values are ordered so that, o; > 0, >...> gy. If only the first n singular
values and the corresponding column vectors of R and S are used, then the Hankel matrix

H(0) becomes
HO0)=R, X, 3, (C.7)
where
R,'R,=1,=S,’S, (C.8)

where I, is an identity matrix. Then the decomposition in the form of Equation (C.4) is

then easily obtained from Equation (C.7) by

HO =R, X, 3, =R, x, )i, s, ) (C.9)

n
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Thus, the observability and the controllability matrix are obtained as

p =R, x,") . Q="5) (C.10)

n

Once these matrices are obtained, then from Equation (C.4.), the B and C matrices of the

state space model is obtained by

B = firstncolumnsof Q, , C= first mcolumns of P, (C.10)

The remaining matrix, A, is obtained by first forming a shifted Hankel matrix, H(1) as

oy, Y, - Y, 0
O d
H(1)=D¥3 Yoo O
0 .. O
d
5//7” Yp+q@
OCAB CA’B --- CAB O (C.11)
_B:AZB CA’B 3 B
NSRS - . O
0 L.,-0
fCA’B -+ CA”"'B

=p, A, = (Rn [Enuz)m [(Zn1/2 mnT)
Thus
A= (Rn D:.nl/z)l:H(l) [ﬁznz/z |:$nT) (C.12)

The order of the identified state-space model (A, B, C, D) is adjusted by choosing the
number of singular values, n, in Equation (C.7). The equivalent continuous state space
model (A, B, Cc, D.), then, is obtained by
A _=log(A)/At , B,=A_(A-1)"'B
(C.13)
c.=C , D, =D

where At is the sampling time interval.
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Appendix D

MIMO Feedback Control Design

More details are provided here on the feedback control design procedure performed in the

analytical studies in Chapter 3. The process involved the Eigensystem Realization

Algorithm, a MIMO system identification procedure described in the previous Appendix

and the LQG optimal control design method described in Chapter 2. The involved steps

were as follows:

1.

Obtain MIMO plant frequency response matrices from the analytical model of the
fan duct (see Chapter 3)

Convert the plant frequency response matrices into corresponding impulse
response matrices (i.e. Markov parameters)

Perform the ERA (Eigensystem Realization Algorithm) system identification
procedure (see Appendix C) on the plant impulse response matrices and obtain a
plant state space model

Use the LQG optimal control design method (see Chapter 2) to determine a
feedback controller transfer function based on the plant state space model.

The performance of the determined feedback controller is checked by using the

original plant frequency responses of Step 1 above.

In Chapter 3, a separate feedback controller was designed for each plant associated with

the particular microphone position. Since it is not practical to present all the intermediate

results produced by the above steps for all iterations, only the results for a selected plant

case are provided below with respect to each of the two fan duct design cases, namely the

non-segmented fan duct with 2x2 control and the segmented fan duct with 8x8 control.
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D.1. Non-segmented duct with 2x2 control (Chapter 3, Section 3.1)

Figure D.1 to D.7 show the intermediate results produced during the feedback control
design process for the non-segmented fan duct with 2x2 control described in Section 3.1
of Chapter 3. The results shown correspond to the case of x = 0.2. The duct had a total
of two microphones and two speakers and therefore the associated plant was a two-input-
two-output system.

The first step was to obtain a state space model of the plant. The Eigensystem
Realization Algorithm (ERA) was used for this purpose based on the plant impulse
responses obtained by converting the frequency responses from the analytical plant
model. Figure D.1 and D.2 show the frequency responses of the identified and the
original plant for direct (input i to output i) and cross path (input i to output j),
respectively. The order of the identified plant was 35. Figure D.3 shows the singular
value plot of the identified plant model. Figure D.4 shows the singular value plot of the
feedback controller (2x2) designed by the LQG design method. The order of this
controller was the same as the plant model, which was 35. Figure D.5 shows the singular
value plot of the corresponding open-loop transfer function matrix. Figure D.6 shows the
singular value plot of the resulting sensitivity transfer function matrix, which indicates
the noise reduction performance of the feedback control system. Figure D.7 shows the
singular value plot of the sensitivity transfer function matrix obtained based on the

original frequency responses (Step 5).
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Figure D.7. Sensitivity singular values using original plant frequency responses

D.2. Segmented duct with 8x8 control (Chapter 3, Section 3.2)

The procedure is identical to the non-segmented duct case above except that the system is
now 8x8 instead of 2x2. The following figures show the intermediate results obtained for
the case of y = 2 (see Chapter 3 Section 3.2).

The sample frequency responses of the result of the ERA system identification of
the plant are shown in Figure D.8 and D.9. The order of the identified plant model was
set to 45. Figure D.10 shows the corresponding singular value plot of the identified plant
model. Note that there are a total of eight singular values at each frequency
corresponding to the 8x8 plant. Figure D.11 shows the singular value plot of the
controller designed by the LQG design method and Figure D.12 shows the corresponding
open loop singular value plot. Then the noise reduction performance are indicated by the
singular value plot of the sensitivity transfer function matrix shown in Figure D.13.
Figure 14 shows the sensitivity singular value plot obtained based on the original plant

frequency responses.
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Appendix E

Controller Circuitry

The following figure shows the overall block diagram of the implemented hybrid
feedforward-feedback controller. The controller combines eight independent channels of

feedback control loops and a 2x2 digital feedforward controller.
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Figure E.1. Hybrid Feedforward-Feedback Controller
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The following figures show the details of the feedback controller circuit (enclosed in

dotted line) in the Figure E.1.
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Figure E.2. Circuit detail
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Figure E.3 below shows a photo image of the implemented analog circuit.

re-amplifiers

Figure E.3. Implemented analog circuitry
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