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A B S T R A C T  
 

 

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. 

 

doi: 10.5829/idosi.ije.2016.29.02b.12  
 

 
1. INTRODUCTION1 

 

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 

                                                           

1
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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 

 

 

 
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]: 

 (1) 

where ,  and  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 174.7 
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In the low frequencies, the acoustic wavelength  can 

be expressed as: 

 (2) 

where c 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.  

 

 

 
Figure 3. Schematic diagram of the experimental system 

 

 

 
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: 

 (3) 

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: 

 (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 below . 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: 

 (5) 

where  is the sampling time of the discrete system. It 

is set to 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.  

 

 

 
Figure 5. LabVIEW FPGA code of the controller 

 

 

 
Figure 6. Flowchart for the FPGA implementation 

 

 

 

 
Figure 7. Vibration control result in time domain 

 

 

 
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 modes 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  and  

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 . The final controller is 

constructed by multiplying  ,  and  together 

(Figure 10). 

 (6) 

In order to design the controller , 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 

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: 

 

 

 

Subsequently, the shaping filter can be applied to the 

identified model. The pre compensator  is designed 

as a high pass filter to reduce the static and low 

frequency electrical noise induced by the accelerometer. 

It is expressed as: 

 (7) 

The post compensator  is designed to gradually 

roll-off and the cut-off frequencies are set to 100 Hz and 

400 Hz respectively. 

 (8) 

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 

synthesized controller’s Bode plot is shown in Figure12. 

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: 

 (9) 

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
st
 resonance peak is smaller as compared 

to other vibration modes at high frequencies. 

 

 

 
Figure 12. Bode plot of the robust loop shaping controller 

 

 

 

Figure 13. LabVIEW FPGA code 
 

 

 
Figure 14. Vibration control result in time domain 

 

 

 
Figure 15. Vibration control result in frequency domain 

This means the signal/noise ratio is low for the 1
st
 

mode, which brings great difficulty for the system 

identification. In contrast, the 1
st
 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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چكيده

 

 یزی)درست برنامه ر FPGA یزمان واقع یقصفحه از طر یکچند حالت کنترل ارتعاش از  یمقاله امکان و اثربخش یندر ا

 یواقعی توان بالا و مواز اتیمحاسب ییشده توانا یجاساز یهایستمنوع از س یند. اشویم یبررس یساز یاده( پیهدروازه آرا

است. دو  پلاستیکی از جنس پرسپکسجعبه  یک یبه سمت بالا ینیوم منگنه شدهپنل آلوم گر یکدهد. کنترلیارائه م را

 یراییم یدتول یقانون کنترل برا ینا است بر مدل ناوابستهمتعلق به کنترل  قانون اول. اندشده یکنترل بررس یننوع از قوان

پیش از خروج از است.  یتنها یب-Hبر کنترل مقاوم  یشده است. قانون کنترل دوم مدل مبتن یباند طراح یفعال در پهنا

 یبرا یکافتوانایی  اب FPGAهدف  یک یکنترل بر رو یناز قوان یکاست. هر  یازمورد ن یستمس ییشناسا یندفرا ،کنترل

بر مدل  ناوابستهکه قانون کنترل  دهدینشان م یکنترل تجرب یجاجرا شده است. نتا ،حلقه کنترلبالای به نرخ  یابیدست

 یبر مدل قانون کنترل نسبت به روش قبل یاست. عملکرد کنترل مبتنمطلوب را دارسرکوب حالت  یبرا یقدرت کاف

 ود.شینم یهنرم افزار توص ینا یبرا ینبنابرا و ستنیمثبت  چندان
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