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Abstract

When applying feedback control in active noise control, phase lag caused by transducer dynamics and time
delay between microphones and noise sources limits the bandwidth of the controller considerably. The proposed
method to increase stability is to compensate the phase lag by applying a Smith compensator. The compensator
needs a model of the acoustic plant. As model, only the transducer dynamics are taken into account in this
investigation. The compensator results in a considerable higher control bandwidth. Nevertheless, the demands
on the transducer dynamics still remains high. The experiments demonstrate that phase lag can be partly
compensated, but the poor transducer dynamics do not allow to close the control loop.

1. Introduction to a simple diagonal system matrix. However, the
state variables are not physical measurable quantities.
In active noise control, the application of feedbackZhen Wu et al [2] uses the wave equation to build the
controllers is not straight forward. One of the moststate space model, and measures pressures and their
important causes of this impopularity is their limited derivatives at discrete positions. The total number of
bandwidth, as consequence of the time delay betweegmeasurements equals the half of the number of states,
sensor and actuator, the presents of a high numbevhich still makes it impractical to implement.
of acoustical modes and the dynamics of the sensor Clark and Frampton [3] presents a classical con-
and actuator. Feedback controllers put much highetroller design approach using a lead-lag network to
demands on the dynamics of the transducers as th@eate a time delay compensation. The controller
adaptive feedforward controllers. Otherwise, the conis based on the work of Clark and Cole [4], who
troller itself can be implemented on cheap analog cirhave demonstrated that a colocated volume velocity
cuitry, while the feedforward algorithms has to besource and pressure sensor can be used to attenuate
implemented digitally on DSP’s. Even today, thethe acoustic sound field using direct output feedback
mass production of active noise control systems isontrol. The controller can have infinite gain mar-
prevented mainly by the cost of the DSP-chip. gins theoretically. In practice, the transducer dynam-
In modern control theory, the system dynamics ardcs and the acoustic time delay in particular limits the
described in state space models [1]. The controllecontrol bandwidth considerably. The applied lead-lag
is developed by minimizing a quadratic cost crite-network compensates a part of the phase delay to ob-
rion wherein the controller performance and the contain a higher control bandwidth. The theoretical max-
trol effort are taken into account. It results in a stateimum phase compensation for a first order lead-lag
feedback controller. Two major problems comes for-network amounts 90
ward in this approach. First, the state space model The time delay compensator proposed in this pa-
must contain sufficient dynamics to model the acousper is based on a Smith compensator [5], which uses
tic plant high enough in frequency. In practice, thea plant model in conjunction with a pure time de-
plant dynamics have to be modeled one decade ilay in feedback over the controller. The stability
frequency above the controller bandwidth, such thatondition of this feedback loop around the controller
resonance amplitudes remain below the zero dB levaletermines the maximum time delay which can be
of the open loop gain of the controlled system. Oth-compensated. The Smith compensator needs a plant
erwise, instability can occur. Second, it is difficult model for time delay compensation. It is impractical
to measure the state variables. When modal deconte use the complete acoustic plant transfer function.
position of the state space matrix is used, it leads'he plant model has to be reduced to a model which



remains robust against environmental changes whiclihe stability of the loop is now recovered, the time

occurs during the controller action. In practice, it isdelay does not effect the stability. The compensator
possible to limit the plant model to the sensor and acheeds a model of the plant, which will determine the

tuator dynamics, which can be developed and built tayuality of the compensation. Also, an additional con-

remain robust against environmental changes, even idition is, that the closed loop formed by the controller

different circumstances. and the Smith compensator must be stable.

2. Smith compensator 3. Smith compensator applied

The Smith compensator is applied in systems where on active noise control in a

the time delay becomes comparable with the plant duct

time constant. The time delay continuously adds

phase lag and reduces the stability margin of the corf™ fé€dback noise attenuator will be implemented on
troller. The stability margin can be recovered by con- duct, presented infigure 2. The ductis 2.480 m long

: ) )
necting the Smith compensator in closed loop aroun@?d has 18.15 10 m* cross-section, wherein two
the controller, as presented in figure 1. 6” loudspeakers are fitted. The primary loudspeaker

is situated at the right end of the duct, the secondary
loudspeaker at 0.430 m from the open end. The error

R P microphone is situated at 0.21 m from the open end.
s Q
primary = |
loudspeaker error

. . . . microphone
figure 1: Block diagram of a Smith compen- secon darf
er

sated control system. loudspea

In this diagram,R is the controller transfer func- figure 2: Scheme of the duct system.

tion, P is the plant transfer function anél is the
Smith compensator. The plant transfer function con-
tains a linear parf, and the planttime delayp. 1 7 T

i
P=peos 1 -
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whereins = j w is the Laplace variable. To demon- -

strate the effect of the compensator, the uncomper

antrofler
sated controlled system becomes unstable when th
open loop transfer function

figure 3: Electrical analog circuit of the duct
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khe =1 (2) system.

When the controller is compensated with a Smith

- A model is created using an electrical analog cir-
compensator containing

cuit, presented in figure 3. The noise generating
S=PF(1-eTrs (3) loudspeaker is regarded as a volume velocity source
Iprim. The duct is modeled as the sequence of the
the stability condition of the compensated loop be-lossy transmission lin€g1, 72 and7'3. At the open

comes end, the acoustic radiation impedance of free air, rep-
RPyeTns — 4) resented by the coil-resistor combinatibmand Ra,

1+ RFy (1— e Tp %) B closes the circuit. The noise cancellation loudspeaker
which ultimately results in is modeled in more detail. The coil impedanke

the magnetic motok' m, the diaphragm mass with
RFy=-1 (5) suspension spring, the damping/ and finally, the



acoustic radiation surfacé are taken into accountin Each circle is rotated by an angle dependent on the

the loudspeaker model. The higher diaphragm modesme delay. The-1-point is enclosed by the circles,

are neglected. The error microphone is modeled asonsequently the closed loop is unstable.

an ideally signal amplifier. The controller containsa Now, the Smith compensator is connected in

proportional controller with gain 10and the Smith closed loop around the controller. The Smith compen-

compensator. sator contains the loudspeaker transfer function be-
The uncompensated plant transfer function is pretween output volume velocity and input current, and

sented in figure 4. When the noise cancellation loudthe time delay between loudspeaker and error micro-

speaker would be an ideally volume velocity source phone:

the phase of the plant transfer function would be kept

within 180°, and the controller would be uncondition- S=KpA——F——"—r

ally stable, as demonstrated by Clark and Cole [4]. mS +ds+k

The loudspeaker dynamics and the time delay beynereink,, the motor constants the sound radiat-
tween loudspeaker and error microphone bound thgyg surface;n the diaphragm mass, the diaphragm
control bandwidth. suspension spring,the damping and’p, the time de-

lay between loudspeaker and microphone. The con-
“0 troller transfer function with the compensator, pre-

S (1-e3 (9

“ A prese sented in figure 6, is the closed loop transfer function
. / between controller and compensator.
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figure4: Simulated open loop transfer function ’
between error microphone and canceling loud- e
speaker in the duct. <o | " o oo ot
frequency
20 Tods withoet' Ton — figure 6: Closed loop transfer function of the
T controller with the Smith compensator in feed-
10 //-——\\ back.
0 e\
R This compensator has the property that it has the
g 1o é \ )\ same gain at the high frequency range in compari-
) \%gé( \ / ) son with the low frequency range. The gain drops
20 R L in between, where the phase lead is gained. A normal
\ \_// / lead-lag circuit ends with a higher gain at the high fre-
-30 / quency range in comparison with the low frequency
\\ / / range, depending on the gained phase lead.
“ o 0\1?(20/30 p” ) This closed loop has to be stable. This can be
real judged in the Nyquist plot of the open loop transfer
figure 5. Nyquist contour of the transfer func- function of the controller with the compensator, pre-
tion presented in figure 4. sented in figure 7. The contour may not include the

—1 instability point.
The Nyquist plot, presented in figure 5, of this
transfer function shows the circles of the resonances.
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figure 7:  Nyquist contour of the open loop
transfer function of the controller with the
Smith compensator.

figure 9:  Nyquist contour of the open loop
transfer function of the controller with the
Smith compensator.

The proportional controller using the Smith com-
pensator is applied to cancel the noise radiating from |n figure 10, the simulation of the active noise con-
the duct. The open loop transfer function of the ductroller in the duct is presented. The pressure during
with controller and compensator included is displayedime at the error microphone is displayed. The thin
in figure 8. The phase of the compensated system ifne is the sound pressure without controller active
kept within 18C in the frequency range up to 2 kHz. with a frequency of 180 Hz and 15 kPa amplitude.
The bandwidth can now be chosen around 800 Hzwhen activating the controller without Smith com-
while the uncompensated case is hardly controllablgensation, the controller is unstable and the simula-
at all. The amplitude of the transfer function is de-tjon has stopped when the amplitude becomes larger
creased in the bandwidth region by the compensateghan 1 MPa, which occurs almost directly after acti-
controller, resulting in a slightly decrease of the con-vating the controller. When the Smith compensator
trol performance. is applied, the controller using the same gain remains
stable, and the sound pressure is reduced to 1.3 kPa.
The Smith compensator is capable to improve stabil-
ity considerably, using a simplified plant wherein only
transducer dynamics are taken into account.
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figure8: Simulated open loop transfer function 20000
between output volume velocity of the loud-
speaker and input sound pressure of the micro- w1

phone, with proportional controller and Smith
compensator.

time ¢

figure 10: Simulated sound pressure at the er-

The Nyquist loop of the controlled system is pre-
sented in figure 9. The instability poirtl is now ex-
cluded from the loop, resulting in a stable controller.

ror microphone during time of a proportional
active noise controller in a duct, with and with-
out Smith compensation.



4. Experimental issues .
Experiments are carried out to implement a propor- *
tional controller with a Smith compensator on the
duct system. The duct system has the same dimerg
sions as described in the simulation section. Theg
experiments were not successful in the sense that:a 0
closed loop could not be achieved. The measurements_
shown in the figures are open loop measurements:
The main reason that the loop could not be closed ™
is the poor dynamic behaviour of the loudspeaker as -
demonstrated in figure 11. The diaphragm of the
loudspeaker exhibits several modes in the working -
frequency range, starting from 300 Hz, causing an
continuous increase of amplitude of the loudspeaker
transfer function, together with a continuous phase
lag. The increase of the loudspeaker transfer function
amplitude amounts 10 to 15 dB. The consequence

is that it becomes impossible to make a simple con- .«
troller with approximately 800 Hz bandwidth. Nev-
ertheless, the action of the Smith compensator can ®
be demonstrated on the measured open loop transfer z
functions. §
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figure 11: Measured transfer function of the

noise canceling loudspeaker between input coil This
current and output sound pressure in free space, °
with 0.2 m distance between microphone and
loudspeaker.

The plant transfer function is presented in fig-
ure 12. The phase reaches th&80/deg at 350 Hz.
When the Smith compensator is applied, the phase
wrap is postponed until 800 Hz, as displayed in fig-
ure 13. If the loudspeaker dynamics could be im-
proved, a controller with approximately 400 Hz band- e
width could be applied.
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figure 12: Measured transfer function between
the noise canceling loudspeaker and the error
microphone in the duct.
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figure 13: Measured open loop transfer func-
tion between the noise canceling loudspeaker
and the error microphone in the duct, with a
proportional controller and Smith compensator.

Conclusions

investigation leads to the following conclusions:

The Smith compensator allows a higher control
bandwidth by compensating phase lag due to
time delay between error microphone and noise
cancellation loudspeaker.

e The Smith compensator requires a model of the

acoustic plant. A reduced plant model wherein
only the transducer dynamics are taken into ac-
count is sufficient.

The Smith compensator is connected in feedback
over the controller. The closed loop formed by



the controller and the compensator must also be
stable. The maximum phase lag which can be
compensated is bounded by its stability criterion.

e The demands on the transducer dynamics re-
mains high. A closed loop could not be per-
formed in the experimental setup due to unsat-
isfactory loudspeaker dynamics.
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