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This paper investigates the possibility and effectiveness of multi-mode vibration control of a plate
through real-time FPGA (Field Programmable Gate Array) implementation. This type of embedded
system offers true parallel and high throughput computation abilities. The control object is an
aluminum panel, clamped to a Perspex box’s upper side. Two types of control laws are studied. The
first belongs to non-model based control. This control law is designed to generate active damping
within the designed bandwidth. The second control law is model based H-infinity robust control. A
system identification process is needed before the controller comes out. Each of the control laws is
implemented on a FPGA target, which is powerful enough to achieve high throughput control loop
rates. The experimental control results demonstrate that the non-model based control law has sufficient
authority to suppress the interesting modes. The model-based robust control law’s control performance
is not so positive compared to the previous method. Therefore, it is not recommended for this

application.
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1. INTRODUCTION

Multi-mode vibration control of plate structures has
numerous potential applications ™ for . automobiles,
aircraft cabins and satellite solar array panels, etc. The
vibration behavior of these/ structures under various
mechanical disturbances are characterized by multiple
resonances within the excitation spectrum. Vibration
resonances are harmful to the structure, which may
induce excessive noise and reduce the service life. As
piezoelectric material has the ability to behave as sensor
and actuator, and can be easily integrated within the
structure [1]. This technology has great value for such
applications [1].

The sensor and actuator can be placed on, or
embedded into the structure, and the structure’s
dynamic properties can be sensed or changed through
the properly designed controller. With respect to multi-
mode vibration control application, the most effective
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method is to generate active damping at these
interesting resonances. Several control laws have been
developed to resolve this issue. For instance, the feed-
forward FXLMS control has been applied to suppress
the vibration of a stiffened panel [2]. The sub-band
adaptive filtering can improve the adaptive filter’s
stability and performance on vibration suppression [3,
4]. When the reference is not available, positive position
feedback (PPF) control can be used to generate active
damping, if the modal frequency is known [5]. Since the
PFF controller suffers from local stain and can’t handle
with the modal frequency’s variation, a number of
PPF’s improved version algorithms have been proposed
[6]. Generally, feedback control is more convenient than
the feed-forward control, as the latter requires the
disturbance information in advance, which is mostly
unavailable in practice. Recently, non-linear system
modelling [7] and adaptive neuro fuzzy control law [8]
regarding the suspension system has been presented.
Simulation results indicate its effectiveness, which
paves the way for the further experimental verification.
When the active control system is considered for
application, powerful real-time platform is required to
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guarantee the desired control rate. Concerning the
hardware, recently, the development of modern Field-
Programmable Gate Array (FPGA) technology provides
a new way of rapid control prototyping. Hardware
timing and reconfigurable properties imply that it is
flexible and true parallel in nature [9]. The real-time
property guarantees that the control law can be
implemented  within  specific  time intervals
determinately with nano-second scale of jitter. Also, the
power consumption is very low. These advantages are
very attractive  for  engineering  applications.
Accordingly, FPGA platform is chosen as the real-time
device in the following active vibration control
experiments. In view of active control laws, two types
of controllers are needed to be compared, one is non-
model based, the other a model-based controller. The
major difference between the two types of controllers
lies on whether the system identification process is
needed or not. In addition, little research work has been
done about comparing the two types of controller
applied to multi-mode vibration control of a plate. In
this study, two control laws are synthesized and
demonstrated for multi-mode vibration control: one
belongs to non-model based control, and the other is
model based robust control. Each of the control laws
has the capability of puttingthe control authorities
within a certain frequency band. Therefore, it is
interesting to compare them with respect to this
application. Each controller is deployed on a Xilinx
Virtex-5 LX110 FPGA platform, which is powerful
enough to achieve high control rates throughput due to
its physical parallemechanism.

In Section 2, the experimental system is set up and
control plant’s dynamic property is described. In
Section 3, a novel non-model ~based controller is
proposed and the active control experimental results
demonstrate that the FPGA ‘target is suitable for the
active vibration control application. In Section 4, the
robust H-infinity controller is designed and the active
control is implemented and compared with the previous
algorithm. The final "conclusion section gives some
comments concerning the two control laws and gives
the authors’ recommendation.

2. CONTROL PLANT DESCRIPTION AND
EXPERIMENTAL SYSTEM SETUP

The control plant is an aluminum plate, which is fixed
by a frame and is mounted on a Plexiglas box. Inside
the cavity, a loudspeaker is driven by an audio power
amplifier to generate stochastic acoustic excitation to
the plate (see Figure 1). Before active control starts, an
experimental modal analysis test is carried out to obtain
a clear view of the plate’s dynamic properties. For the
test, 169 measurement points are distributed evenly on
the plate, which is shown in Figure 2.

Figure 1. Test structure to be investigated

Geometry1

Figure 2. Mesh points for experimental modal analysis

For a vibration system, the response between a
moving impact hammer and a fixed point can be
expressed using the modal superposition method [10]:

_< {4} (F@}{4)
X(@)= g—szi + joC, +K, @

where M,, K, and C, are modal mass, modal stiffness

and modal damping of the test structure, respectively.

These FRF responses can be obtained and analyzed
with the help of NI 9234 DAQ card and M+P So
Analyzer modal software. The identified first five modal
frequencies and the mode number information are
summarized in Table 1.

TABLE 1. Mode number and natural frequencies of the test
structure

Mode number Natural frequencies (Hz)

1-1 mode 56.1
1-2 mode 75.3
2-2 mode 117.0
1-3 mode 154.2
2-3 mode 1747
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In the low frequencies, the acoustic wavelength A can
be expressed as:

A=cl f )

where ¢ and f are the acoustic wave propagation speed
and the frequency, respectively. Since the acoustic
wavelength is much larger than the plate’s dimension,
this type of excitation can be approximately considered
as plane wave excitation in the low frequencies.
Therefore, the 1-1 mode and 1-3 mode can be excited
effectively by the loudspeaker, and thus become the
main interesting modes concerning vibration control. A
piezoelectric actuator is bonded at the center of the
plate. With a properly designed control law, it can exert
sufficient control authority to these modes.

The schematic diagram of the experimental system is
shown in Figure 3. An accelerometer (PCB 352A56, 1.8
gram) placed at the center of plate and conditioned by a
B&K 2693 signal conditioner is used to sense the
vibration. The acceleration sensing has been wildly used
in the structure dynamics, the signal is acquired by the
NI-9215 DAQ card and is sent into NI CRIO FPGA
controller. A piezo power amplifier links the controller’s
analog output NI-9263 DAQ card and the piezoelectric
actuator. Besides the real-time control system, a
Windows based cDAQ-9178 system is used to generate
stochastic excitation for acoustic excitation and
monitoring.

Program development platform E
—
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TCPAP USB.
Real-time FPGA control Ex¢itation genemation
target and monitoring

Audio power
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Figure 3. Schematic diagram of the experimental system
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Figure 4. Bode plot of the controller with different damping
ratios

3. NON-MODEL BASED FEEDBACK CONTROL

Theoretically, when the sensor and actuator is
collocated, the velocity can be fed back directly to the
actuator with a constant gain. It generates active
damping to the structure. The direct velocity control law
[11] can be written as:

H(s) =k ®)

Since this type of control law is a simple gain and
does not need the system identification process, it
belongs to non-model based control law.

In practice, the sensor and the piezoelectric patch
cannot be physically collocated. In addition, phase lag
and distortion are existing in the electrical system,
which means the control system has limited bandwidth.
Also, high frequency disturbances have large influence
on the controller’s stability. However, as shown in
Equation (3), the constant gain feedback means the
controller does not roll off at higher frequencies. Thus,
the control law’s gain margin is small and the resulting
control. may not be satisfying. Here, an improved
feedback control law is proposed, which can be written
as:

S+2w,8

HE)=k——F7—""—
©) " +2w,8s+ )

(4)

The control law’s bandwidth @, is set to 500 Hz in
this test. The damping ratio ¢ mainly influences the

amplitude and phase responses. Here, the Bode plots
with various £ are shown in Figure4.

Figure 4 notes that this proposed controller behaves
like pure velocity feedback below the cut-off frequency.
Moreover, this controller rolls off gradually above the
cut-off frequencies, which is a favorable property. The
damping ratio influences the controller’s gain and phase
transition properties beloww,. In the following

experiment, this parameter is set to 0.7, which is a
balance of the above issues.

Since the controller does not rely on the structure’s
model, it belongs to the non-model based control. After
the controller has been synthesized, the Laplace S
domain is further transformed into Z domain for
discrete  time  implementation. The  bi-linear
transformation method [12] is selected which has the
form of:

,_L+Ts/2
1-Ts/2

()

where T is the sampling time of the discrete system. It

is set to 5x10° second in this experiment.

The FPGA behaves as a reconfigurable circuit, the
connections can be optimized and modified in the
development stage. Here, the control logic is developed
with the help of graphical LabVIEW FPGA module.
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The data flow programming greatly simplifies the
VHDL description, which is favorable for rapid control
prototyping. The graphic FPGA code (Figure 5) can be
transformed into the VHDL and Bitfile automatically
with LabVIEW FPGA module and Xilinx ISE complier.
The flowchart is shown in Figure 6.

VHDL code

‘ Xilinx Compiler
Bitfile

}
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Figure 6. Flowchart for the FPGA implementation
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Figure 7. Vibration control result in time domain
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Figure 8. Vibration control result in frequency domain

Figure 9. Robust controller design for the augmented system

The experimental vibration control results are shown
in Figures 7 and 8.

As shown in Figure 8, the plate’s 1-1 mode and 1-3
mode are suppressed by 10 dB and 14 dB, respectively.
In addition, many <other maodes are suppressed
remarkably as well. With the help of roll-off property of
the controller, little control spill-over is observed.

4. MODEL BASED H-INFINITY FEEDBACK
CONTROL

The robust control is the most significant approach with
respect to tracking and disturbance application [13-15].
Here, the McFarlance-Glover robust control design
method [16] is adopted in this study. The control plant is
augmented with a pre and post compensator W, and W,

to obtain desired loop shaping property (Figure 9).
Then, the robust H-infinity algorithm is applied to the
augmented model for synthesis, which meets the
stability and performance requirement. The synthesized
controller is expressed as K_. The final controller is

constructed by multiplying W, ,K_  and W, together
(Figure 10).

K =W,K_W, 6

In order to design the controller K, the control
plant’s model has to be well known. Although the plant
model can be synthesized through the FEM (Finite
Element Method) model, it usually cannot fit the
experimental result very well. Here, the measured
frequency response data is utilized by the frequency
subspace identification method to identify the control
plant.

Figure 10. Synthesized loop shaping robust controller
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Figure 11. Control plant and identified system model

The robust controller only guarantee to be stable
with regard to the identified model, it is usually
advisable to include more system dynamics of the
control plant. As the actual control plant contains

M. Yuan / TRANSACTIONS B: Applications Vol. 29, No. 2, (February 2016) 229-235

infinite vibration modes, proper choice should be made
between the controller’s order and the system
identification bandwidth. In this study, the identification
bandwidth is set to 300 Hz.

As the frequency response plot could provide clear
insight of the structure’s dynamic properties, it is chosen
as the model validation approach during the system
identification process. After iterating trials between
model refinement and validation, the identified
model which best capturing the system’s dynamic
properties is adopted. The final measured FRF
(Frequency Response Function) curve and the fitted
FRF curve are illustrated in Figure 11. The identified
model order is 16. The curve fitting result is fairly good
at the main resonances.

The identified state space matrixes of A, B, C can be written as follows:

[ -8.14035  -191008 694114 235219 37.1745  426.245 395.606
1661.84 1.2421 340.664 80.3937  89.4061  -3.63845  -1.95241
-36.7966  -112.714  -24.498 -10355 322092  426.255  -393.609
0869374 274991 101398  -329016 -21.7787 -99.6369  -91.8056
-31128  -0.802164  -5.84826 46031 107271 783066  -304.864
—4.6554 0518488  21.0264 455244 639579  0.688173  15.1598
-358904  -0.602344  12.4006 171654 173333 -13.7257  0.991382

Ao 0817276 3.99031 0.73882  -1.32115 -27.6556 -590.796  -885.763
7| 0594327 0230707 101537 0928188 -107144  2.85388  -0.853037

-0.336501 010955 ~ -1.15648 0491014 -3.68606 -5.57574  -7.09335
00863167  0.0296289  0.176627  0.0150831  0.24385 ~ 0.535895 ~ -0.939961
-0.104712  0.0471378 0358925  0.201198  -1.06927  0.786055. 0511797
0.00722121 -0.0178906 0.0292829 -0.0339441 0.0925121 -0.0868095 0.0230333
-0.0216381 0.00658669 -0.0610621 0.0241484 -0.168422° 0.0755177  0.0176852
-0.0225593 0.0181687 -0.0751587  0.052386 -0.233107  0.195224  -0.0947373

| 00345887 -0.0108774 0112158 -0.0525904 0327782 -0.117301 -0.0452604

B:[4.50001 561259 1.68848 -4.7331 0.371725 -0.408167 0.756034 0.628756

Subsequently, the shaping filter can be applied to the

identified model. The pre compensator Wi is designed
as a high pass filter to reduce the static and low
frequency electrical noise induced by the accelerometer.
It is expressed as:

-~ S
5412

U]

The post compensator w, is designed to gradually
roll-off and the cut-off frequencies are set to 100 Hz and
400 Hz respectively.

_ 2x 7 x100 o 2x 7 x400
2 54+2x7x100 s+2x7x400

®)

The final loop shaping controller can be calculated
with the help of Matlab robust control command:[K,
CL, GAM, INFO]=ncfsyn(G, W1, W2). The final

-16.8277
-419.709
48.705
20.301
64.7141
923436
959.061
-1.25203
~110.485
161613
5.06068
0.580253
-0.154681
0.0856994
0.153106
-0.159672

25471 583305 -98.4486 138727  6.87034 0108596  -0.544095 -0.0129393]
-0.609381 ~114.263  0.52527  23.8541 -0.0308909 157946  0.00218516 -0.142299
-228115° 158723  82.6577 381073 546128 -0.289532 042039  0.0300342
-52.6344 0712642 18.6089  1.04492 -120172  0.144335 0.0911879 -0.0173521
-938912  17.3654  38.9653 -3.94195 -2.90127 -0.285206 0.238819  0.0281994
-0211511 229671 -0.817378 -52.51  0.0580854 -3.77835 -0.00428064  0.35971
-0.738751 222401 -0.131246 -51.7297 -0.0113545 -3.77262 0.00223821  0.362006
1658.08 -3.44469 -547.606 0.520463 33.3841  0.0522144  -2.44086  -0.0146742
-104673 20023 253329 337535 027082 -215762 0.0261952  1.91535
-121945 89115 -2057.41 218078  98.0465  0.137769 632261  -0.0340728
458784 47453 435559 134269 0158476  65.7994 -0.00588747 -5.16283
423799 -7.08491 -135129 411704 -761.714 -0.435702  38.829 0.152286
59438e-5 -2.02794 -251136 114551 0.0586112 -174829  0.255624 102.349
-1.05316 -1.30611 -1.50818 -1.9144 315989  -5.00232  907.403 2.3416
-0019823 -1.65234 2.80298 -2.732 -0.88998 -931.365 -383842  -2036.24
16926 198431 -176828 2.84884  -10.4609  20.1541 932.668 -37.3718 |

-0.538428 -0.252714 -0.128858 -0.0765309 -0.0569369 0.0287604 -0.0235529 0.00840301]'
C:[—9A01932 -3.73971 7.36054 0.46829 504887 11171 11.6054 -8.27804 3227 -1.04639 -0.431083 0.0695691 0.00556598 0.000727806 -—4.65619x107° 75.76694><10’6]

synthesized controller’s Bode plot is shown in Figurel2.
This model-based controller performs quite differently
from the non-model based controller. This robust
controller’s order is high, which means more
computational resource is required compared to the
previous non-model based type. This SISO controller
can be further discretized into:

x(n+1) = Ax(n) +Bu(n)

y(n) = Cx(n) + Du(n) C)]

The LabVIEW FPGA code is shown in Figure 13,
which is further compiled into FPGA Bitfile. The
control rates is still set to 20 kHz. Experimental
vibration control results for this controller are shown in
Figures 14 and 15. The control results indicate the
proposed robust control law’s performance is not as
effective as the previous method. After active control,
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no remarkable reduction can be seen in the time
domain. Although there is approximately 6 dB
suppression of the 1-3 mode, there is little reduction of
the 1st mode.

The robust controller’s experimental result is not
satisfying. One possible explanation is as follows: the
piezoelectric patch cannot efficiently excite the plate in
the low frequency. During the system identification
process, the 1% resonance peak is smaller as compared
to other vibration modes at high frequencies.
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Figure 12. Bode plot of the robust loop shaping controller
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Figure 14. Vibration control result in time domain
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Figure 15. Vibration control result in frequency domain

This means the signal/noise ratio is low for the 1%
mode, which brings great difficulty for the system
identification. In contrast, the 1% mode can be excited
efficiently under acoustic excitation.

Another possible reason is that the weighting
function selection can be classified to hit and trial to
some extent. Properly choosing the weighting function
indeed significantly influences the final robust
controller’s performance. With respect to multi-mode
vibration control, it is pressing to propose some optimal
loop shaping rules or more advanced robust control
laws to solve this issue. These two topics are very
channeling for complex mechanical systems, which will
be placed under study for our further research work.

5. CONCLUSION

In this research work, non-model based control and
model-based robust control are investigated to damp
multi-mode vibrations of an aluminum plate structure.
Both control laws are implemented through the FPGA
platform with high control loop rate. The non-model
based controller is simple and effective, the collocated
configuration and roll-off property guarantees that this
controller has enough gain margin; in contrast, the
model based robust controller needs sophisticated
system identification and robust control theory design
guide.

Experimental results demonstrate the proposed
method offering an effective solution for multi-mode
vibration suppression. Although in this study, the H
infinity robust controller’s performance is not
satisfying, the authors do not deny that the model based
control law may have superior performance compared
to the non-model based method. However, for this
application, the proposed non-model based approach is
more suitable for industrial circumstances.
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