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1. Introduction

Many algorithms used for broadband active noise control are based on the adaptive Least Mean Square (LMS) algorithm
[1]. The low complexity and the relatively good robustness properties are the major advantages of the LMS algorithm.
Recent algorithms solve many of the problems associated with the speed of convergence of the older algorithms. The basis
for a particular class of such algorithms has been given by Elliott [2] as the preconditioned LMS algorithm. The version
based on the filtered-error algorithm [3] is more efficient for multiple reference signals than the filtered-reference
algorithm. A proper implementation of the filtered-error preconditioned LMS algorithm solves many of the problems
associated with early implementations of the LMS algorithm, such as slow convergence due to frequency dependence of
the secondary path and cross-coupling in the secondary path [4]. However, the controller is model-based and is, therefore,
still sensitive for mismatch between the model and the plant. This model mismatch reduces the overall performance of the
controller. Model mismatch can be caused by variations in parameters such as temperature, boundary conditions, etc. For
some control schemes, online adaptation of the model is possible in principle but a large amount of additional noise
has to be injected in the system for rapid changes in the model [5]. Furthermore, if the controller uses model-based
preconditioning or factorization, then these time-consuming operations should be performed online as well. Robust
control approaches are known [6] as well as probabilistic methods leading to frequency-dependent regularization for
optimum filtering [7,8] and adaptive control [9,10]. Such algorithms can be tuned for a particular application but require
additional effort in the design stage and presume that sufficient a-priori knowledge is available about the uncertainty.
An alternative approach is to use a high-authority and low-authority control (HAC/LAC) architecture [11], where the goal
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of the low-authority controller is to add active damping to the structure. Active damping can be implemented using
different strategies. The use of a HAC/LAC architecture yields three major advantages [11]. Firstly, the active damping
extends outside the bandwidth of the HAC control loop, which reduces the settling times outside the control bandwidth.
Secondly, it is easier to gain-stabilize the modes outside the bandwidth of the outer loop. And thirdly, the large damping of
the modes inside the controller bandwidth makes them more robust to parametric uncertainty. In the paper by Herold
et al. [12], a method using piezoelectric sensors and actuators and positive position feedback(PPF) was described. In the
PPF-method, a second-order filter is used as the control filter which is combined with positive feedback. The control filter
is then tuned to reduce one of the desired resonance peaks.

In the present paper, an approximately collocated and dual sensor-actuator pair is used, suitable for broadband
damping as described by Elliott et al. [13]. If the actuator-sensor system is dual and collocated, a simple decentralized
proportional feedback controller is sufficient to add damping due to the fact that the overall energy that is stored in the
system will be reduced [11]. As such, less detailed a-priori information is required about the model uncertainty. Active
damping is not very effective for frequencies that do not coincide with the poles and zeros. To gain further reductions for
such frequency components a model-based controller is used such as the RMFeLMS algorithm as described in this paper.
Section 2 gives a description of the panel, the control architecture, the control hardware and the particular implementation
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Fig. 1. Configuration of the high-authority/low-authority control architecture applied to a sandwich panel with piezoelectric patch actuators,
piezoelectric patch sensors and accelerometers.
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Fig. 2. Dimensions of the active panel used in the experiments. A mount with a thread was used to attach extra weight to the panel (indicated by a
circle).
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of the adaptive MIMO control algorithm. Section 3 presents the results on the design of the decentralized feedback
loops and the combination of decentralized feedback with adaptive MIMO control. Results are given for the speed of
convergence, reduction of the mean-squared error and the robustness of the system.
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Fig. 3. Architecture of the FPGA (without the LAC unit).
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Fig. 5. Regularized modified filtered-error adaptive control scheme with IMC [14,4].
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Fig. 6. The transfer functions for the collocated sensor-actuator pairs from 0 to 1 kHz; piezoelectric actuator to acceleration sensor, five pairs of the
available nine pairs were used.
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Fig. 7. As Fig. 6, except for the frequency range being 0-10 kHz.
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2. Methods

In this paper, a particular implementation a MIMO adaptive algorithm (HAC) is combined with a decentralized feedback
controller (LAC). The implementation of the adaptive algorithm uses the inverse of the minimum-phase factor of the
secondary path, combined with a double set of control filters to eliminate the negative effect of the delay in the adaptation
loop [14]. The latter algorithm is combined with a regularization technique that preserves the factorization properties [14].
The secondary path is estimated using subspace identification techniques [15]. This enables the use of reliable numerical
techniques for the minimum-phase/all-pass decomposition using inner-outer factorization [16,17]. The resulting
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Fig. 8. Influence of low-authority controller on the transfer function of the plant, as measured from the piezoelectric actuator to the piezoelectric sensor,
while the feedback loop was from the piezoelectric actuator to the acceleration sensor. The decimation filter was switched off; an interpolation filter with
a stopband attenuation of 50 dB was used.

Table 1
Reduction of the error signals for a feedback controller for different step sizes o after 60 s.

o 10 % £ % e T
MSE reduction (dB) 7.8 9.0 9.4 9.3 9.0 8.4

Table 2
Reduction of the error signals for a feedforward controller using different step sizes o after 60 s.

o 1 5 5 10 % 0 8
MSE reduction (dB) 194 212 221 223 224 226 218
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algorithm, the so-called regularized modified filtered-error least mean square algorithm (RMFeLMS) has good convergence
properties as compared to the standard filtered-reference and filtered-error algorithm [4].

The HAC/LAC architecture was tested on a panel with piezoelectric transducers for the reduction of noise transmission,
a cross-section of which can be found in Fig. 1. The dimensions of the panel and the positions of the actuators and the
sensors are given in Fig. 2. The height and the width of the piezoelectric actuators and the sensors are both 76 mm; the
thickness is 0.5 mm. Nine piezoelectric patch actuators and nine piezoelectric patch sensors were attached to the panel [4],
of which the middle pair and the four pairs in the corners were used. The panel was built from two Printed Circuit Boards
(PCBs) with a honeycomb layer in between. One advantage of this approach is that electronics can be integrated. Another
advantage is that the actuator and the sensor can be placed on different faces of the panel, which improves the control of
the acoustically relevant out-of-plane vibrations because the in-plane coupling between the actuator and the sensor is
reduced [18]. Five collocated accelerometers were used for active damping with decentralized control using the
piezoelectric patch actuators. The control results were obtained with a perspex box on which the panel was mounted.
Inside this perspex box, noise was created with a loudspeaker which led to vibrations of the panel [4]. It is noted that large
reductions of the error signals may lead to pinning of the control locations and thus to the formation of a new boundary
condition yielding additional resonances at higher frequencies in the sound transmission spectrum [13]. These new
resonances may cause an increase in the transmitted sound. Noise reductions for a similar panel can be found in Ref. [4].

Active damping is often realized using an analog controller [19-21]. One of the advantages of an analog controller is its
low delay when compared to a digital controller. In this paper, a digital controller with a high-sample rate is used, such
that the analog and digital controllers have identical performance for frequencies within the control bandwidth. The
dedicated analog interface board was developed containing ADDA converters operating at a relatively high-sample rate (in
this case 100 kHz). The lower sample rate was derived from the high-sample rate by downsampling. This made it possible
to run the LAC and HAC controller at different sample rates, i.e., 100 and 2 kHz, respectively. The interface between the
PCI-104 system running the HAC algorithm and the ADDA unit was implemented in reconfigurable hardware, in this case a
Field Programmable Gate Array (FPGA), (see Fig. 3). The FPGA incorporates the following functional units: the decimation
filters, the interpolation filters, the glue logic for the PCI bus interface and the low-authority controller (Fig. 4). The
decimation filters and the interpolation filters were designed in such a way that the desired compromise between group-
delay, filter transition band characteristics and stopband attenuation was obtained.

A block diagram of the multiple-input multiple-output adaptive controller as used for the high-authority controller is
shown in Fig. 5. A detailed description of this algorithm can be found in Refs. [14,4]. Relevant for the experiments as
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described in this paper are the definition of the update rule for the controller and the regularization of the secondary path.
For the description of the MIMO controller, we assume that there are K reference signals, L error sensors and M actuators.
Denoting n as the sample instant, the update rule for the controller coefficients is

Wi(n+1) = Win)—oe” (n)x’T (n—i), 1)

where the i-th set of coefficients of the control filters are represented by the M x K matrix W;, where i=0...Ny—1, i.e.,
W(Qq) = Z,Nggl q~'W;, where q is the unit delay operator. Furthermore, e”(n) is the M x 1 vector of auxiliary error signals,
x'(n) is the K x 1 vector of delayed reference signals, and « is the convergence coefficient. In the actual implementation, a
normalized LMS update rule was used, combined with ‘leakage’ of the control coefficients [10].
The regularization was implemented by defining an augmented plant G(q):
— G(q)
“@= {Greg(cn} ' @)

in which the L x M-dimensional secondary path G(q) is augmented with an L' x M—dimensional transfer function Greg(q).
For the implementation as described in this paper, the regularization was based on a simple weighting of the M x 1 vector
of control signals u(n), which also limits the inversion of zeros in G(q) that are close to the unit circle, resulting in more
stable behavior of the M x M-dimensional inverse G,(q)~'. The regularizing transfer function Greg(q) was defined as

Greg(@) = \/Blu, 3)

in which g is a scalar quantity and in which Iy, is an M x M identity matrix. The all-pass factor G; and the minimum-phase
factor G, are obtained from an inner-outer factorization such that G = G;G,. The adjoint G; is combined with a delay D of
Np samples in order to ensure that Dﬁf is predominantly causal. The transfer function G, subtracts the contribution of the
actuators on the reference signals, as required for internal model control (IMC) [22].
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Fig. 10. Performance measured on the sensors for a feedback controller using IMC.
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3. Results
3.1. Influence of LAC on the secondary path

For the idealized low-authority controller having the purpose to add damping to the system the phase should be
between —90° and +90° for each collocated pair. Figs. 6 and 7 can be used to judge the practical setup involving the
piezoelectric patch actuator and the accelerometer regarding this requirement. In Fig. 6, it can be seen that for frequencies
up to 1 kHz the phase is between 0° and +180°. Thus, with an integrator the phase will be between —90 and +90°. In Fig. 7,
it can be seen that for higher frequencies the phase lag is larger. Based on these results, the decentralized controllers were
configured with an integrator and a first-order roll-off above 1 kHz. The gain was adjusted in such a way that a gain margin
of at least 6 dB was obtained for each collocated pair, resulting in a maximum feedback gain of 64. For lower feedback
gains the gain margin was higher. Significant cross-talk exists between the non-collocated pairs, which for some
frequencies can be as large as the transfer function between the collocated pairs. The results confirm that if the actuator
and sensor are located at the same place and are energetically conjugated, or approximately as in this paper, then the
controller can be implemented in a decentralized manner [11,19]. The influence of LAC on HAC is taken into account in the
system identification for HAC. The influence of LAC on the measured transfer function for HAC is shown in Fig. 8. It can be
seen that resonances and antiresonances can be damped, particularly at low frequencies. For higher frequencies and for
higher feedback gains some spillover can be observed. For this particular configuration also a controller configuration was
tested in which the center actuator-sensor pair had a higher gain than the other pairs (see Fig. 8). Among the
configurations studied, this configuration was found to give the best compromise between damping performance and
spillover.

3.2. Selection of the convergence coefficient

In order to select a suitable value of the convergence coefficient o, the influence of & on the convergence speed and the
MSE was studied by measuring the error signals for a duration of 60s. At the beginning of each measurement the
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Fig. 11. Performance of the feedforward controller.
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controller was switched off for 5 s and then it was switched on for 55 s. The reduction was calculated by taking the first 4 s
and the last 4 s, using ensemble averages based on 32 measurements. For the feedback controller the following parameters
were used: Ny,=80, Np=80, y=107>, in which y sets the amount of leakage [10] of the control coefficients. The
regularization parameter 5 was set to —20 dB. In Table 1, the result for a number of different step sizes o is given. A plot of
the different convergence curves is not included due to the fact that the curves were almost identical: only the MSE errors
were different. From Table 1, it can be concluded that o = J; gives the best possible reduction after 60 s.

For the feedforward controller, the following parameters were used: Ny=350, Np=80, y =107, The regularization
parameter f§ was set to —30 dB. The procedure used to measure the results for feedforward control was the same as used
in the feedback scenario described in the previous paragraph, this time using 16 measurements. The different MSE values
after convergence for different values of o can be found in Table 2. The convergence curves for different values of o can be
found in Fig. 9. From these results, it was concluded that an « of J; was a good trade-off between convergence speed and
steady-state MSE for HAC.

3.3. Influence of LAC on the steady-state mean-square error

Control results for a HAC/LAC architecture using an adaptive MIMO feedback algorithm are shown in Fig. 10. The
convergence coefficient was set to o = J; (see Section 3.2). It can be seen that the reduction of the error signals for MIMO
control (HAC) is higher than for the decentralized control (LAC). The combination of HAC and LAC leads to the largest
reduction of the error signals. The average improvement by adding the low-authority controller to the high-authority
controller is approximately 1.4 dB.

Control results for a HAC/LAC architecture using an adaptive MIMO feedforward algorithm are shown in Fig. 11. The
convergence coefficient was set to o =75 (see Section 3.2). It can be seen that the reduction of the error signals for MIMO
control (HAC) is considerably higher than for the decentralized control (LAC). As with feedback control the combination of
HAC and LAC leads to the largest reduction of the error signals. The average improvement by adding the low-authority
controller to the high-authority controller is approximately 4.4 dB.
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3.4. Influence of LAC on the convergence speed

The objective was to find out how LAC influences the overall performance in terms of speed of convergence. Based on
Section 3.2 it was decided to set o to a value of j; for the feedback controller as well as for the feedforward controller. The
convergence under influence of LAC using a feedback HAC strategy can be found in Fig. 12. To show the impact of the LAC
clearly, it was decided to leave the LAC switched off for the first 5 s and switched on for the remainder of the time. The two
plots in Fig. 12 demonstrate the difference between a high-authority controller with and without LAC. The plots show that
LAC does not significantly influence the speed of convergence. However, the MSE improves with approximately 1.5-2 dB.

The same experiment was also carried out for the feedforward HAC algorithm. In this scenario, the reference signal was
directly taken from the noise generator. The results of this measurement can be found in Fig. 13. In this scenario, the LAC
unit was again switched off for the first 5 s and then switched on for the remainder of the duration. It can be concluded
that the LAC unit does not influence the speed of convergence. However, it does improve the MSE by approximately 5 dB.

For both feedback HAC and feedforward HAC, LAC does not modify the speed of convergence. Apparently, the
preconditioning part of the RMFeLMS algorithm, which is designed to remove the eigenvalue spread of the autocorrelation
matrix of the filtered-reference signal [10], works as expected since LAC has a significant influence on this eigenvalue
spread.

3.5. Influence of LAC on the robustness

A subsequent set of tests was performed to study the influence of LAC on the robustness of the controller. The
robustness was evaluated by adding different weights to the panel. The high-authority controller for these tests was based
on a model that was obtained without the additional weight. Fig. 14 shows the phase difference between the situations
with added mass and without added mass of the models as identified for the high-authority controller for the cases that
the low-authority controller was switched on and for the case that the low-authority controller was switched off. In this
figure, it can be seen that for low frequencies the system is less sensitive to the addition of mass when the low-authority
controller is switched on. Therefore, it was expected that the robustness of the present high-authority controller would
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Fig. 13. Convergence curves for MIMO feedforward control with and without LAC.
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Fig. 14. A plot of the phase difference between systems with and without additional weight. The first curve uses no LAC and the second one has LAC
enabled. In this case a weight of 40.60 g was added to the panel.

Table 3
Influence of added weight on the performance of a feedback controller. The reduction was measured after 180 s and was the average MSE reduction in dB
over all five sensors. A step size o= J; was used. The model for IMC and the RMFeLMS algorithm were identified without the additional weight.

Weight (g) MSE reduction (dB)

p=-20dB B =-25dB B=-30dB

LAC on LAC off LAC on LAC off LAC on LAC off
00.00 114 104 12.0 10.5 121 11.8
18.17 11.5 104 124 109 13.0 11.6
27.00 11.6 103 12.5 11.0 124 11.3
33.82 11.6 104 12.7 11.2 12.8 11.6
40.60 12.2 - 11.8 - 12.8 -
47.32 11.5 - 11.8 - - -
5417 12.2 - 12.4 - - -
61.05 11.5 - 12.3 - - -
67.85 12.0 - 12.7 - - -
74.96 119 - 12.0 - - -
81.67 11.8 - 12.2 - - -
88.41 11.7 - 12.6 - - -
95.22 119 - - - - -

benefit from the addition of the low-authority controller since the robustness of the adaptive high-authority controller is
primarily determined by the phase of the secondary path [10].

Indeed, the robustness of the adaptive controllers improved by the addition of the low-authority controller. The results
for the robustness of the adaptive feedback controller are summarized in Table 3. This table contains the average
reductions of the error signals provided the system was stable. The reductions are given for different values of added
weight as well as different values of the regularization of the controller. It can be seen from the results in this table that,
firstly, larger weights can be added if LAC is switched on, and therefore, the robustness improves by the addition of LAC,
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Table 4
Influence of added weight on the performance of a feedforward controller. The performance was measured after 180 s. A step size « = 7; was used. The
model for the RMFeLMS algorithm was identified without additional weight.

Weight (g) MSE reduction (dB)

p=-25dB p=-30dB B=-35dB

LAC on LAC off LAC on LAC off LAC on LAC off
00.00 25.4 214 27.5 22.2 27.6 22.6
18.17 25.3 21.6 26.9 21.5 28.7 22.8
27.00 24.7 - 26.2 - 273 -
33.82 25.2 - 22.6 - - -
40.60 - - - - - -

Table 5

Influence of added weight on the performance of a feedback controller. The performance was measured after 180 s. A step size o =41—0 was used. In this
case the LAC unit was switched off but the model used LAC and was used for IMC and the RMFeLMS controller. This model was identified without
additional weight but with LAC switched on. The regularization level § was set to —25 dB.

Weight (g) 00.00 18.17 27.00 33.82 40.60 47.32 54.17 61.05 67.85
MSE reduction (dB) 113 11.7 11.9 11.6 11.7 114 114 115 -

secondly, that higher levels of the regularization parameter f also lead to increased robustness, and thirdly, for low values
of f the improvement by LAC is marginal. Furthermore, the regularization by § does not seem to influence the robustness if
LAC is switched off. Especially for regularization levels of § = —20 dB and —25 dB there is a significant improvement of the
robustness by the addition of LAC. Similar results can be found for the feedforward controller, as shown in Table 4,
although in this case the emphasis of the improvement is on the reduction of the mean-square value of the error signal
instead of the robustness. The relative importance of the robustness and the reduction of the mean-square error is
influenced by the value of the regularization level /5, which was not equal for the feedforward controller and the feedback
controller. The regularization level for the feedback controller was set to a somewhat higher level than for the feedforward
controller. One reason is that, on the one-hand, it does not make sense to use an extremely small regularization level for
feedback controllers since it will not reduce the mean-square error anymore. On the other hand, if the value of the
regularization level is set too high for the feedforward controller then the performance gain of the feedforward controller
over the feedback controller is relatively small.

An interesting observation was that the robustness of the adaptive feedback controller also increased if the model was
obtained with LAC switched on but for which, during control operation, the LAC was switched off. The results of these tests
can be found in Table 5. Apparently, the reduced phase in the model itself is beneficial for the robustness of the controller.
This suggests that the addition of numerical damping to the a-priori determined transfer functions would lead to improved
robustness. By doing so one could obtain more robust controllers without an additional effort of implementing the
decentralized controllers. One technique to realize the numerical damping is to apply an LQR regulator [6] to the identified
plant and set the weighting matrices in such a way that the desired amount of damping is obtained. Alternatively, if the
plant contains significant phase delays, one could add damping to the minimum-phase factor of the plant. Nevertheless, it
was found that the full HAC-LAC control strategy resulted in the best performance and robustness properties.

4. Conclusion

In this paper, real-time results were shown of a combination of fixed decentralized feedback control (low-authority
control) with multiple-input multiple-output adaptive control (high-authority control). The system was applied to a panel
with piezoelectric actuators, piezoelectric sensors, and acceleration sensors. The HAC/LAC architecture was realized as a
high-speed decentralized controller on a field programmable gate array (FPGA) and a medium speed centralized controller
on a central processing unit (CPU). For the configurations that were studied, the increase in robustness was most
noticeable for an adaptive feedback controller, whereas, for the adaptive feedforward controller, the improvement of
performance was most noticeable with respect to the reduction of the mean-square value of the error signals.

It was found that low-authority control has no significant influence on the speed of convergence of the high-authority
controller as used in this paper, both for feedback and feedforward configurations.

It was also shown that secondary path models with added damping, as obtained with low-authority control, can lead to
improved robustness even if high-authority feedback control is used without low-authority control. This suggests that
artificially added damping, which could be added numerically to the models obtained from system identification, can lead
to improved robustness properties.
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