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included that of a single error sensor microphone, the 2 “ear microphones,” and 4 of the

additional 12 microphones located in the upper plane nearer the front of the cab.  Those

four microphones were chosen to monitor noise levels furthest from the error sensor, but

in the region where the operator’s head was most likely be if the operator leaned forward.

Figure 5.8  Microphones used to measure the performance of the ANC system.
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CHAPTER 6

MEASUREMENTS AND RESULTS

6.1 System Identification

As discussed in Chapter 4, the process of system identification (SysID) enables

proper operation of the filtered-x adaptive algorithm—the heart of the control system.

The net result of SysID is a set of digital filters, representing the impulse responses of the

various components of the secondary signal path(s), which are convolved with the

reference input signal to produce the filtered-x signals.  The accuracy of the SysID filters,

or models, depends on such system variables as input and output signal gains, sampling

rate, and filter length.  For the measurements discussed below, all signal gains were

adjusted to allow for maximum use of the full scale voltage range of the ADC’s and

DAC’s, with some headroom to prevent clipping.

6.1.1 Sampling Rate Versus Filter Length

In order to gain a better understanding of how the quality of the SysID filters

depends on sampling rate and filter length, the minimum mean square error (MMSE)

between the output of the SysID filters and the output of the true secondary path was

found as a function of sampling rate and filter length.  This MMSE was determined

according to Equation 4.23.  Figures 6.1 and 6.2 display the MMSE for one component of

the particle velocity path and the pressure path, respectively.
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Figure 6.1  Velocity path model MMSE
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Figure 6.2 Pressure path model MMSE

Figure 6.1 shows a strong dependence on sampling rate for the MMSE obtained for the

velocity path.  Minimum error in particle velocity path estimate was expected to have

some dependence on sampling rate due to the integration over time required to obtain

particle velocity from pressure measurements.  This integration is performed as a

summation in the DSP, so the higher the sampling rate, the smaller the time difference
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Figure 6.6  High resolution squared impulse response for the acoustic pressure path,
measured with the cab door closed.  The sampling rate for this measurement was 96 kHz.

It should be noted that these results are for tests involving many frequencies,

where a broadband SysID filter is required.  If steady state pure tones are used, it is not

necessary to match the full impulse response, since the SysID filter is only required to get

the proper magnitude and phase response at a single frequency, which can be

accomplished with a minimum of two coefficients.  As far as bandwidth is concerned, the

SysID filter must be valid over the frequency range in which the control system is

intended to operate.  This requirement should be met as long as the sampling rate of the

DSP is more than twice the cutoff frequency of the antialias filters for the error sensor

and reference signal.  The electronics, including the ED sensors, were designed to allow

frequencies up to 400 Hz to be controlled.  However, experiments conducted in this

research were conducted for tonal noise frequencies up to 200 Hz.  In the event that
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future research efforts explore the control of additional types of noise within a tractor

cab, including higher harmonics of the engine firing frequency, the maximum control

frequency of 400 Hz will likely be beneficial.

To investigate the dependence of the control system performance on sampling

rate, similar tests were conducted with sampling rates of 1 kHz and 4 kHz.  The chart in

Figure 6.7 demonstrates a comparison of reductions in Leq for several sampling rates and

filter lengths.  Each color in the graph represents a different sampling rate.  The best of

the results shown in Figure 6.5 was chosen to represent the performance with a 2 kHz

sampling rate.  Results were obtained for the 1 kHz and 4 kHz sampling rates with the

same filter length, and then with filter lengths that captured the same amount of the

impulse response (50 ms) as that for the 2 kHz case.  Performance in the 2 kHz case was

superior to that obtained with either of the other sampling rates.

Figure 6.7  ANC performance dependence on sampling rate.  A single control channel was
used in these measurements.
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6.1.2  SysID and Stability Issues

Since the research currently being discussed used offline SysID almost

exclusively (see Chapter 4), some work was undertaken to understand the implications of

using linear time-invariant (LTI) SysID models in a time-varying system.  Some possible

changes to the actual system that might be encountered in the target application of this

control system were considered.  SysID measurements were performed with the cab door

open and closed, with the subwoofer control speaker in two locations, and at various

temperatures.  Three squared impulse response magnitudes are displayed in each of

Figures 6.8 and 6.9, which correspond to the pressure and velocity paths, respectively.

Figure 6.8  Pressure path squared impulse response magnitudes.  The MMSE was on the
order of 10-4 for pressure.
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Figure 6.9  Particle velocity path squared impulse response magnitudes. The MMSE was on
the order of 10-6 for particle velocity.

The impulse response curves for the two cases of cab door open and cab door

closed appear very similar except for the different amplitudes of the respective peaks.

This is true of both the pressure as well as the particle velocity paths.  However, the

impulse response obtained with the subwoofer placed on the chair, much closer to the

error sensor than where it is shown in Figure 5.1, is significantly different than the other

two.  A significant portion of the energy in the impulse response is shifted earlier in time,

which is to be expected due to the reduction in the propagation time of the acoustic signal

between the subwoofer and error sensor.

For comparison, the impulse responses obtained at three different temperatures

are shown in Figure 6.10.  These impulse responses are virtually identical, which

suggests that temperature is not likely to significantly impact ANC system performance

in an actual tractor cab.
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Figure 6.10  Particle velocity impulse response comparison at three different temperatures.
These responses were obtained with the cab door closed.

Figure 6.11 displays the results comparing the reduction in Leq achieved with

SysID filters obtained in the conditions just described.  For these measurements, the cab

door was closed and the system was run at a temperature of 26 ºC, using the SysID filter

coefficients obtained at the various temperatures or cab configurations.  As suggested by

the impulse response curves, the variations in temperature, from the time the SysID filter

coefficients were obtained, did not significantly impact the control system performance.

The SysID filters obtained at 44 ºC did yield slightly less reduction of the Leq, however.

The system did not become unstable using the open door SysID filters, but the

performance was noticeably reduced.  The only case that caused stability problems was

having one of the control speakers, the subwoofer, closer to the error sensor when offline

SysID was performed than when the control algorithm was run.  These results support the

idea that one of the most important parameters for the successful operation of the ANC

º

º

º
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system is the initial time delay through the secondary path.  The range of temperatures

likely to be encountered in an actual tractor cab, along with typical dimensions of such a

cab, appear to be such that the change in the initial time delay, as a function of

temperature, is insignificant.
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Figure 6.11  ANC performance using SysID filters that may not accurately model the
current secondary path.

One additional test performed to check stability of the system with regard to

SysID models was to move the mock cab from the large hallway where it normally rests

into an anechoic chamber.  For many of the frequencies of interest, however, the

anechoic chamber was as resonant as the hallway, which exhibits strong modes near 50

and 60 Hz.  The anechoic chamber at Brigham Young University ceases to be anechoic

below approximately 70 Hz.  The results just discussed actually involved SysID filters

obtained with the cab in the hallway, but the control was run inside the anechoic

chamber.  The results were actually quite similar to those obtained in the hallway, so

moving the cab into the chamber did not change the system enough to significantly

degrade system performance.
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6.2 Static System Performance

The static performance of the ANC system was measured at several fixed

frequencies by the array of microphones described in Chapter 5.  Initially, the control

system was operated using a single frequency coming from a signal generator, which was

used to drive the noise source as well as to provide the reference input.  An additional set

of measurements reveals the performance of the control system when recorded steady

noise from an actual tractor engine is broadcast into the mock cab and a tachometer

signal from the engine is used as the reference input.  Several plots follow, which

compare the tonal attenuation achieved by the ANC system at various frequencies.  Also

compared in the plots are performance values for ED and SP-based control in dual and

single control channel configurations.  In the single channel configuration, only a single

control filter was implemented in the DSP and the output of that filter was sent to both

satellite control speakers, rather than just one of them.  The measurements involving

recorded tractor noise only employed 2-channel control.  In all cases the control system

was run with a sampling rate of 2 kHz, control filters with 32 coefficients, and SysID

filters with 300 coefficients (300 was the ANC system’s default SysID filter length).

6.2.1 Static Attenuation of Single Tones

The following three figures, Figure 6.12 through Figure 6.14, show the

attenuation achieved by the control system at seven discrete frequencies.  These

frequencies were chosen so that several of them corresponded to the predicted modal

frequencies of the mock cab (Figures 5.2-5.5).  The chosen frequencies were 50, 80, 113,

125, 154, 171, and 195 Hz.  Additional performance measures of the control system at 50

Hz can be seen in section 6.1.1.  Single channel control was not run at 50 Hz.
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Figure 6.12  Attenuation of various tones, measured at the error sensor, comparing ED and
SP control in 1 and 2-channel control configurations.

As shown in Figure 6.12, minimizing squared pressure provided superior

attenuation at the error sensor, even for the single-channel case.  Minimization of ED

provided significant amounts of attenuation, but that attenuation was generally 10 dB less

than that obtained with the SP-based control.  The single control channel performed

nearly as well as the two-channel control configuration in almost all cases.

At the microphones near the operator’s ears (the ear microphones), the SP control

still outperformed the ED control at the lowest frequencies.  This can be seen in Figure

6.13.  A the higher frequencies, above the crossover frequency between the subwoofer

and satellite control speakers, the ED control provided the best attenuation.  At these

higher frequencies, there is more of a modal response in the cab, and it is at these

frequencies where ED control is expected to perform better.  At the lowest frequencies,

there is no real modal response in the cab, so the SP control is expected to perform at

least as well as the ED control.  At 154 Hz, the SP control actually produced a higher

noise level at the operator’s ears than existed without control, presumably due to the
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proximity of the nodal region in the mode that exists near 154 Hz.  The SP error sensor

probably had difficulty observing the noise in the cab at that frequency.  Again, for SP

control the single and dual channel configurations provided nearly identical results.  For

ED, however, the single channel case actually provided significantly better attenuation at

113 Hz, but in general the dual channel control provided the best performance by at least

a small margin.
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Figure 6.13  Attenuation of various tones, measured at the ear microphones, comparing ED
and SP control in 1 and 2-channel control configurations.

A spatial average over the 12 distributed microphones in the cab provided a

global performance measurement.  At most frequencies, all control configurations yielded

similar levels of attenuation, as shown in Figure 6.14.  At 154 and 171 Hz, ED control

outperformed SP control, even though all configurations produced a net increase in the

average noise level at 154 Hz.  The lesser performance at the highest 3 frequencies,

especially at 154 and 171 Hz, might have been predicted based on the mode shapes for

the mock cab shown in Chapter 5.  The error sensor was positioned inside the nodal

region for the mode near 171 Hz, shown in Figure 5.4.  The sensor was also quite close to
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the nodal region for the second mode of the cab, shown in Figure 5.3.  The nodal

structures at these frequencies suggest an observability problem for a pressure sensor, but

not necessarily for an energy density sensor.

12-Microphone Spatial Average
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Figure 6.14  Attenuation of various tones, averaged over 12 distributed microphones,
comparing ED and SP control in 1 and 2-channel control configurations.

6.2.2 Static Attenuation of Recorded Tractor Noise

Tractor noise recordings were made at four different engine speeds, and those

recordings were played back inside of the mock cabin in order to test the control system.

A tachometer signal was recorded as well and was routed to the reference input of the

ANC system electronics.  A toggle switch routed this signal through the aforementioned

programmable frequency multiplier, which converted the signal into an appropriate

reference signal for the filtered-x control algorithm.  The desired reference signal was a

sinusoid at the engine firing frequency for each of the recordings.  The frequency

multiplier circuitry provided a square wave signal at the appropriate frequency, and the

signal was then low-pass filtered to reduce undesired harmonics.  The four recordings

captured engine firing frequencies of roughly 41, 91, 99, and 117 Hz.
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Figure 6.15  Attenuation of tractor engine tones, measured at the error sensor, comparing
ED and SP control in a 2-channel control configuration.
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Figure 6.16  Attenuation of tractor engine tones, measured at the ear microphones,
comparing ED and SP control in a 2-channel control configuration.

Similar to what was seen with the synthesized sinusoid, Figure 6.15 shows that

the SP control outperforms the ED control at the error sensor.  Figure 6.16 shows a

narrowing of the gap between the two control systems when observed at the operator’s

head position, with the ED control providing better attenuation near the operator’s head at
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91 Hz.  For the global measurement, shown in Figure 6.17, the SP control continues to

provide superior attenuation, but the differences are essentially insignificant.

12-Microphone Spatial Average
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Figure 6.17  Attenuation of tractor engine tones, averaged over 12 distributed microphones,
comparing ED and SP control in a 2-channel control configuration.

6.3 Dynamic System Performance

Control system performance for attenuation of a frequency varying tone was also

measured using a synthesized excitation signal, as well as recorded noise due to tractor

engine speed sweeps.  Dynamic performance measurements were made in order to

compare ED and SP-based control.  These measurements were performed in single and

dual channel control configurations, except when recorded tractor noise was used, in

which case only a dual channel control configuration was used.  Again the system was

operated with a 2 kHz sampling rate, 32-tap control filters, and 300-tap SysID filters.

The performance measure was the achieved reduction in Leq over the duration of the

excitation signal.  The equivalent sound level was measured by 1 of the error sensor

microphones, the 2 ear microphones and 4 of the 12 distributed microphones.  The reason
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for the reduced microphone count was the need to stream all data to hard disk for post

processing, which proved to be difficult with the SignalCalc 620 system.  An 8-channel

hard disk recording system provided a simpler means for obtaining the desired data.  The

microphones used were those nearest the top of the cab and closest to the front.

One parameter of the ANC algorithm that can drastically affect the performance

of the system in dynamic conditions is the step size, µ, of the adaptive filter.  Generally,

decreasing µ in an adaptive filter decreases the residual error in the filter after it has

converged.  However, decreasing µ also slows the rate at which the filter converges.  In

the static measurements, no appreciable performance gain was achieved by making µ

smaller as long as it was small enough to ensure stability of the ANC algorithm.

Therefore, for the dynamic measurements discussed below, the step size was kept as

large as possible to enable the ANC system to adapt quickly without becoming unstable.

Generally, for the system being discussed, µ is on the order of 10-10 for both ED and SP-

based control in single as well as dual-channel control configurations.

6.3.1 Dynamic Attenuation, Swept Sine Excitation

The swept sine excitation signal used to obtain the results that follow exhibited

similar characteristics to the signal described in section 6.1.1.  The upper frequency was

200 Hz, rather than 120 Hz; the slow sweeps had a duration of four seconds with the end

frequencies held for four seconds; and the fast sweeps had a duration of one second with

the end tones held for one second.  A spectrogram of the signal appears in Figure 6.18.

The performance of the system was evaluated for the entire test signal as well as

for each of the individual sections of the test signal.  Figures 6.19 and 6.20 show that at

the error sensor and ear microphone locations, the 2-channel ED control provided the
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greatest reduction in Leq, followed by the 1-channel SP control.  This was true for the

entire duration of the test signal as well as for the portions including slower sweeps.

Figure 6.18  Swept sine excitation signal for studying dynamic ANC performance.
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Figure 6.19  ANC system reduction of Leq at the error sensor.  These results were obtained
with the control system operating at 2 kHz with 300-tap SysID filters.
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For the faster sweeps, the single channel ED and SP control configurations narrowly

outperform the dual channel cases.  Performance differences for the 4-microphone spatial

average were much smaller as shown in Figure 6.21.
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Figure 6.20  ANC system reduction of Leq at the ear microphones.  These results were
obtained with the system operating at 2 kHz with 300-tap SysID filters.
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Figure 6.21  ANC system reduction of spatially averaged Leq.  These results were obtained
with the system operating at 2 kHz with 300-tap SysID filters.

Figure 6.22 contains time-averaged spectra measured by the left ear microphone

without ANC, with ED control and with SP control.  There are clearly some regions of
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the spectrum where the ANC system provided significant levels of attenuation, but in the

region between 70 and 110 Hz, the noise level was actually increased somewhat.

However, the noise level between 70 and 110 Hz without control is noticeably lower than

frequencies above and below that range, so one would expect that the subjective effect

with a varying frequency would be improved with the implementation of ANC.

Figure 6.22  Time-averaged spectrum of swept sine excitation signal measured with and with
out ANC by the left ear microphone.

6.3.2 Dynamic Attenuation of Recorded Tractor Noise

Three recordings of tractor engine noise were used to measure the dynamic ANC

performance in the hopes of closely reproducing what might be achieved by placing the

control system in an actual tractor.  Each of the recordings contained engine speed

sweeps that varied the engine speed from its lowest to its highest limits.  Three sweep

rates were recorded, one rate for each recording.  The slowest rate was significantly

slower than that of the synthesized frequency sweeps discussed previously.  However, the
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medium engine speed sweep rate was comparable to the slow synthesized frequency

sweep rate and the fastest sweep rates for the tractor noise and synthesized excitation

signal were comparable as well.  The engine firing frequency stayed between 40 and 120

Hz.  This is the only set of measurements for which a person was actually sitting in the

mock cab while the control system was run.  Figures 6.23 through 6.25 show the results

for the dynamic tractor noise measurements.

All three measurement locations yielded very similar results. SP control

marginally outperformed ED control for the slow sweeps, but fell behind for the faster

speed sweeps.  In fact, when the engine speed was swept at the fastest rate, the SP control

resulted in a higher Leq than was present with no control, but the ED control always

provided some attenuation.
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Figure 6.23  ANC system reduction of Leq at the error sensor.  These results were obtained
with recorded tractor noise as the excitation signal and the control system operating at 2
kHz with 300-tap SysID filters.
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Reduction in Leq at Ear Microphones
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Figure 6.24  ANC system reduction of Leq at the ear microphones.  These results were
obtained with recorded tractor noise as the excitation signal and the system operating at 2
kHz with 300-tap SysID filters.
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Figure 6.25  ANC system reduction of spatially averaged Leq.  These results were obtained
with recorded tractor noise as the excitation signal and the system operating at 2 kHz with
300-tap SysID filters.

As shown in Figure 6.26, both ED and SP control provided significant levels of

attenuation throughout the range of the engine firing frequency of the tractor.  The

spectra displayed in Figure 6.26 represent the slowest recorded sweeps through the
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tractor’s range of engine speeds.  Figures 6.27 and 6.28 show similar spectra for the

measurements using medium and fast sweeps, respectively.  For the medium sweep rate,

the spectra in Figure 6.27 show some frequency regions where the ED control produces

higher net sound levels than the SP control, but fast sweep spectra in Figure 6.28 show

the ED control outperforming the SP control in nearly all frequency regions.

Figure 6.26  Time-averaged spectrum of recorded tractor noise excitation signal measured
with and with out ANC by the left ear microphone, using slow engine speed sweeps.
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Figure 6.27  Time-averaged spectrum of recorded tractor noise excitation signal at the left
ear microphone, using medium engine speed sweeps.

Figure 6.28  Time-averaged spectrum of recorded tractor noise excitation signal at the left
ear microphone, using fast engine speed sweeps.



67

CHAPTER 7

CONCLUSIONS

An active noise control system, which minimizes acoustic energy density, has

been successfully demonstrated in a mock tractor cabin.  The system was shown to

provide significant levels of attenuation when controlling tonal noise at fixed and varying

frequencies.  The ED-based algorithm often fails to provide better attenuation of static

tonal noise than a similar control algorithm that minimizes squared pressure, especially at

very low frequencies.  However, ANC system performance measurements for static noise

signals suggest that the tonal attenuation achieved by the ED-based control system is

more uniform throughout the cab than that achieved by the SP-based control.  Superior

tonal attenuation at the error sensor does not necessarily imply better noise reduction at

the tractor operator’s ears.  Also, more control channels and more powerful processors do

not necessarily provide any appreciable benefit in terms of control performance.

When compared to SP-based control, ED control generally provides better

attenuation of the equivalent sound level (Leq) for tonal noise that is swept in frequency.

ED control also provides attenuation near the tractor operator’s ears, which is generally

as good as, and often better than, the attenuation achieved by SP control.  However, the

additional component cost of an energy density sensor and the associated computational

requirements may not justify the use of ED-based control over SP-based control in small

tractor cabs with low modal density, especially when only low frequency engine tones are

to be targeted by the ANC system.  However, many real equipment cabins are larger than

the mock cab used in this research, and may benefit more from ED based control.

Additional advantages to ED control may also arise when controlling higher frequency
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tones, such as second or third order engine firing frequencies.

The main objectives of this research—to demonstrate the successful operation of

the active minimization of acoustic ED in a mock tractor cab and investigate its

performance with static and dynamic noise signals—have been achieved.  This work has

also provided some additional understanding of the impact of the SysID filters and DSP

capabilities on the ED-based control system, as well as a comparison of the relative

performance of ED and SP-based control systems using one and two control channels.

7.1  Recommendations for Future Research

The research discussed in this thesis assumed that fixed SysID filter coefficients

would allow the system to adapt more quickly to changes in the reference signal and

therefore, the noise to be targeted.  However, no effort was made to quantify the tracking

speed of the control system when using online system identification rather than the fixed

filter coefficients obtained via offline SysID.  Experiments could be conducted to

investigate this issue and perhaps some type of hybrid system could be developed in

which the control system would begin operation with a fixed set of SysID coefficients

available at run time, but include the ability to adapt to gradual or sudden changes in the

secondary path.  Additionally, for a similar ANC system to be employed in a real tractor,

the actual cab in which it would be installed would have to be investigated to obtain the

proper SysID filter lengths for optimal control performance.

The issue of maintaining a proper set of SysID models is one of maintaining

stability of the control algorithm.  In a commercial setting, in an actual tractor, it would

be desirable to have a very robust control system.  The goal is to reduce the amount of

noise in the cab rather than increase it, so some sort of automatic reset or other safety
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measures should be developed for such an application of ANC to prevent the equipment

operator from being exposed to even higher sound levels in the event that the control

algorithm does become unstable.

Time constraints did not allow for the investigation of including second and third

harmonics of the targeted tonal noise in the ANC performance measurements prior to the

writing of this thesis.  Although the dominant tone in many tractor cabs is the engine

firing frequency, harmonics of the engine firing frequency often make a significant

contribution to the overall sound level, as well.  Targeting these additional tones is

recommended for future investigation of this active noise control system.

The ED ANC system has been shown to provide essentially global control of the

fundamental engine firing frequency over the range of typical engine speeds.  Despite the

issues yet to be explored and challenges yet to be faced in the implementation of such an

ANC system in real tractor cabins, this research provides evidence that an energy based

control system can improve the working environment of equipment operators.
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