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Abstract 
In the last two decades, different actuators like piezoelectric, piezoceramic...etc are 
used for vibration control of beams, plates and shells. These actuators are suitable 
for control of vibration with small deflections, which require small amount of control 
force. Recently, the electromagnetic actuators are used for vibration control of 
bending moment and shear strain of these structures. In cases, which require a 
large deflection and control force, the electromagnetic actuators are more suitable. 
In the present study a magnetic-electromagnetic type actuator is used for control of 
lateral vibration of plates. The operating principle of the actuator depends on the 
attraction or repulsion forces that exist between the two magnets in lateral direction. 
The theory of electro-magnetic actuator is derived using the classical 
electromagnetic theory. A finite element model was developed and augmented into 
the compression finite element model [1]. The theoretical predictions of the 
performance of the controller are validated experimentally. Good agreement is 
obtained between the theoretical and experimental results. 

1. Introduction 

Active Constrained Layer Damping treatment (ACLD) is widely used recently for 
vibration damping of beams, plates and shell using piezo-electric sensor/actuator[2]. 
However, this method is suitable for control of vibration with small deflections which 
require small amount of control force, it is very difficult to be applied in cases, which 
require a large deflection and control force. This means other method is required for 
vibration damping of structures with large deflection. Zheng, et al. [3) have studied 
the vibration control of plate using moment type electromagnetic actuators which 
consists of rectangular permanent magnetic chips and a cylindrical coil actuator for 
control the bending moment of plates. The analysis performed was based on 
electromagnetic theory, and the relation between the control force and the control 
current has been obtained. They also found that if three actuators were properly 
oriented, it would be possible to perform deflection control, whether as cylindrical 
bending or twisting. Frangos, et al. [4) study the current controller design for an 
electromagnetic actuator using an on-line parameter optimization approach and they 
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that the controlled system has sever nonlinearites. This nonlinearites are due to 
nonlinear electromagnetic force, a nonlinear variation of inductance with position and 
force and a limited control voltage. The main advantage of their on-line optimization 
is the system nonlinearites are directly incorporated in the current controller design 
and the effectiveness of on-line parameter optimization depends on the selection of 
an appropriate controller structure and optimization function for the specific 
application at hand. However, this design utilize only electromagnetic actuators and 
give good results, the vibration control problem becomes very difficult if the power 
shut off, this is because the design can not work as passive controller. Baz [5] found 
a new surface treatment called Magnetic Constrained Layer Damping (MCLD) that 
provides effective means for attenuating undesirable structural vibrations. That 
treatment acts as smart damping material which consists of integrated arrays of 
constrained viscoelastic layer controlled passively by a specially arranged network of 
permanent magnets. The interaction between the magnets and viscoelastic layers 
enhance the energy dissipation of damping treatment by increasing the shear strain. 
Although that arrangement does not need electronics or circuits and have good 
results with vibration damping, there still need to another design for controlling plate 
with high vibration amplitude. In the present work, a new approach is introduced in 
which the electro-magnetic actuators are used as active means for controlling the 
lateral vibration of plates. This arrangement is called Active Compressional 
Constrained Layer Damping (ACCLD) treatment. The ACCLD represents an 
improvement over the conventional ACLD and MCLD, as it control the compression 
deflection of visco-elastic layer using the electro-magnetic actuators. Because this 
actuators produce significantly large amount of control force, i.e. it is possible now to 
control structure with large deflection or large vibration amplitude, also this design 
utilize viscoelastic core which can work as passive controller if the power shut down. 

2. Theory of Electromagnetic Actuator (compression type) 

The electromagnetic actuator consists of electromagnetic layer interacting with a 
permanent magnetic layer with air gab of height s. The electromagnet consists of 
thin solenoid or coil with thickness h, total number of turn N, and number of turn per 
unit length n as shown in Fig. 1 

2R 
Electromagnet 

(solenoid) 1.111=1"31. , 	r 
i= -Js2  + x2  

Charge Q 

Permanent magnet 

Fig. 1 Schematic drawing of electromagnetic actuator 
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The interaction of forces between the solenoid and the permanent magnet can be 
obtained using Coulomb's law [6]. The electric field at the output of the solenoid and 
its effect on a charge q which, represent one pole of the permanent magnet is 
deduced. According to applying Coulomb's law, he force F between two charges q, 

and q2 , as shown in Fig. (2) is given by: 
 F = 99 2 r- 	(Gaussian system of units) 	 (1) 
r 2  

q2 

qi 

Fig 2 Two electric charges 

where q = charge in coulomb and r = distance between charges 
If there is n charges q, ,q2  , 	q„ at a distance r from a charge Q, then by using 

principle of superposition , the total forcei' on Q is given by: 

F F, + F2 	= k 2  r, +
q2Q 

 r2
2  

v  

= Q(112-ri^  +121r; ...) = 	E 
r2  

where the electromagnetic field E is: 

E = 
2 

- 
r 

The electric field depend on the shape of source charge i.e. line charge, surface 
charge or volume charge. The used solenoid represents surface charge, a , with 
respect to a charge, Q, which, represent one pole of the permanent magnet, as 
shown in Fig 1. 
The solenoid electric field can be written as: 

E(Q)-= JL o- cL4 	 (4) 

where / = vector between the surface charge a and the charge Q, l" = unit vector. 
Substituting into the above equation, then the vertical component of the electric field 
is given by: 

R  a2xxdr  
E(Q)= s2  +x2 	 2 	

(5) 

where 2 71-  thc = elementary area dA of solenoid with radius ,R and s= distance 
between solenoid and permanent magnets. The result of the above integration is: 

E =2741— 	
s's 	

(6) 
+ R2 1 

 

in analogy with electric field the equivalent magnetic field can be represented as: 

(2)  

(3)  



B(s) =130[1 

The force 
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two magnets equal 

hB"(s) 
2)] 
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(7)  

(8)  
F. = q.B(s) 

go.{B(s+h)_8(s__h)l_q 

2
s 	

2 NS +R 
between the 

L 	2) 	t 
The term between bracket represent variation of electromagnetic field 
respect to s , i.e. it's derivative with respect to s.  

R 2  
F= 

(s2 + R2 

h = M represent magnetic moment of permanent magnet 
Bo 	magnetic field inside solenoid 

The magnetic field inside solenoid can be represented as [7]: 
Bo  = pN I 	 (10) 

where p permeability of core, N number of turn and I current 
R2  

F— m 	3  pN I 	 (11) 
(s2  + R2  

Actually due to vibration of the plate, the distance s changes such that. s = st As, 

and so the current, I changes to I ± A/ therefore. equation (11) is a nonlinear 
equation and under the following assumption the equation can be linearized: The 
variation of s is very small specially after squaring its value in the above equation, 
one can assume that s constant , however, m,p,N,and R are constants. Usually 
laser sensor is used to measure the variation in displacements by volts, which can 
be transferred to either current or displacement. Under the above assumption one 
can say that the force between two magnets will vary linearly with current. The 
above equation will be validated experimentally as it will be seen later. 

3. Coupling between Stiffness of Electromagnetic Actuator and 
Structure Stiffness 

The idea of controlling the vibration of plate can be briefly explained from the block 
diagram of the system transfer function, shown in Fig 3. The measured 
displacement, X, , transferred into voltage, (7,, using the laser sensor gain, Cs  , and 
the sensor voltage is multiplied by the amplifier gain, G, to get strong signal ,V0,. 
This voltage is transferred into current, I using the coil resistance, R and the 
obtained current will get into the electromagnetic actuator resulting in an 
electromagnetic force, F through the controller gain G. 
The output voltage of laser sensor V, is related to the measured displacement by the 
equation 
V, C, X, 	 (12) 
The amplified laser sensor voltage signal is 

B(s) with 

	3 	 (9) 



vo  v, 
G 

1 

R 
C, 

Laser sensor 	Controller 
const. 	 gain 
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VG  =G V, 	 (13) 
The current voltage relationship is 

=-V-s•-•-• 	 (14) 

Substituting value of VG from equation (13) into (14) 

GR

, 	
(15) 

From equation (11) the force current relationship can be assumed as 
F, =C1I 	 (16) 
Substituting value of current from equation (15) into equation (16) leads to force 
displacement relationship 

F, = Cr(G C 
 

X, =C X, 	 (17) 

where. F and Cr are actuator force and actuator gain respectively. 

Controller Stiffness kf  

F 

Actuator force 

Fig. 3 Stiffness due to electromagnetic controller Kf 

4. Controller Stiffness Matrix Contribution to the Structural 
Stiffness Matrix K 

Through this analysis a clamped-clamped plate with ACCLD patch is used. The 
plate/ACCLD system is divided into n quadrilateral elements. Each element has 4 
nodes and each node has six degrees of freedom as w,,w,„,w,,,w„ vv,„„ 	, 

where w„ 	are deflection, slope (with respect to x and y) of 1 5t  layer and 

w,,w3 „,w3y  are deflection, slope (with respect to x and y) of 3rd  layer. The equation 

of motion of the whole structure is given by: 
rK11-x1=-1F,1 
	

(18) 

GC From equation (17), F = C (=)X s  the whole values between the previous 
f  R 

brackets are constants and considered as C. Hence, Fe  can be written as: 
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lo o o c 	00 

0 
nxl 	1 x n 	 nx l 
,Fe, can be represented in matrix form as 
[F, I - [kJ  Pc] 	 (20) 
The constant of equation (17) now transferred into n x n matrix, representing the 
stiffness matrix due to controller force, Kt. 
[M1) + Pc] 	 (21) 
The above mentioned theory augmented into the compression finite element model 
to transfer the passive compression model (CCLD) into an active compression 
model (ACCLD). 

5. Dynamic Performance of the Electromagnetic Actuator 

The theoretical prediction of the performance of the actuator is validated 
experimentally in this section. The actuator consists of a viscoelastic high-density 
foam sandwiched between an electromagnet and a permanent magnet (Neodymium 
Blocks) (type NB2518181475-35) as shown in Fig. 4. The electromagnetic force of 
the coil acts along the same line of action as that of the magnetic force of permanent 
magnet. The operating principle of the actuator depends on the attraction or 
repulsion forces that exist between the two magnets. For controlling the first mode of 
vibration, the actuator is placed at the middle of fixed-fixed plate. Hence, as the 
plate moves up the polarity of the electromagnet is designed to be the same as 
permanent magnet, N-N, which leads to repulsion force pushing the plate down. But, 
once the plate starts going down, the polarity changes to be S-N and attraction force 
is generated pulling the plate up. Actually the laser sensor used here is utilized to 
detect the vibration and provide the negative feedback signal necessary to control 
the electromagnetic actuator. The viscoelastic rubber-foam is used as passive 
means for vibration damping. 

Base Structure 

Electromagnetic 
Layer 

LVaisyecorelastic 

Permanent 
Magnet 

Fig. 4 Schematic drawing of ACCLD patch 
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5.1 Static Deflection — Current Characteristic 

Experiments are carried out to determine the static deflection, current characteristics 
of the electromagnet. The test specimen consists of a viscoelastic material 
sandwiched between a permanent magnet and an electromagnet. The polarity of 
electromagnet is arranged such that it makes attraction force with the permanent 
magnet. The experimental set-up consists of a test specimen connected to an AC 
current supply. The current supplied to the actuator is connected as an input to an 
analog to digital converter (A/D). The laser sensor output is connected to the A/D 
converter. The outputs from the ND converters are connected to the computer. A 
schematic drawing of the experimental set-up is shown in Fig. 5. The static 
displacement-current characteristics of ACCLD are displayed in Fig. 6. From this 
figure, it is shown that the current increases with the electromagnetic force. The 
characteristics are almost linear as is predicted by the theoretical model. 

Fig. 5 Schematic drawing for experiment used to measure 
deflection-current characteristics 
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Fig 6 Static deflection-current characteristics 
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5.2 Deflection-Frequency Characteristics for Constant Current 

Sweep experiments have been conducted to sweep the current as a function of frequency 
in order to obtain the Deflection-Frequency characteristics for different current levels. The 
AC current supply is connected as input to the channel A of the FFT analyzer (model 
ONO SOKKI, CF910), while the output from laser sensor was connected to channel B of 
the analyzer as shown in Fig. 7. In this manner the transfer function of the actuator can oe 
obtained. The vertical deflection-frequency characteristics are shown in Fig. 8 for low and 
high gains. From this figure, it is noticed that the characteristics is nearly constant up to 
frequency of 70 Hz. Actuator resonance at about 125 Hz is evident. Such characteristic is 
particularly suitable for controlling the first three modes of vibration of the plate, which are 
< 50 Hz. 

Fig. 7 Schematic drawing for experiment used to measure 
deflection-frequency characteristics 

Frequency , Hz 

Fig. 8 Deflection-frequency characteristics 
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5.3 Measuring of Electromagnetic Force 

Electromagnetic force of the actuator is monitored using a load cell (model ALD-MINI-
UTC-50, A.L. Design, INC., Buffalo, NY), as shown in Fig 9. The load cell has sensitivity 
of 2.1/22.24 mV/N. When the current is passed through the electromagnet, an attraction 
force is generated. As the input current is increased the attraction force is found to 
increase, almost in a linear fashion as shown in Fig 10. 

Fig. 9 Experiment used to determined the variation of 
electromagnetic force with current 
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Fig. 10 Electromagnetic magnetic force-current characteristics 
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5.4 Electromagnetic Force — Frequency characteristics for Constant 
Currents 
A dynamic FFT analyzer is used to generate the frequency sweep. The current supplied 
to the actuator is connected to the channel B of the FFT analyzer as input, while the 
output from load cell is connected to the channel A, as shown on Fig. 11. According to 
this arrangement one can measure the electromagnetic force-frequency characteristics of 
the actuator at constant current as shown in Fig. 12. The transfer function between the 
current supply signal and the load cell signal is automatically determined as magnitude 
ratio (dB) and phase angle (deg.). Fig. 13 shows plot of the transfer function as 
magnitude and phase for electromagnetic actuator with frequency range from 0-200 Hz. 
Moreover Fig. 14 shows the magnitude and phase of the actuator transfer function for 
frequency range from 0-500 Hz 

Electromagnet — 

Fig. 11 Experiment setup used for measuring variation of 
electromagnetic force with frequency 
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Fig. 13 Transfer function of electromagnet 
(a) magnitude (b) phase 
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Frequency, Hz 

a) 

11,T,;;;;;gTe-  
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b) 

Fig. 14 Transfer function of electromagnet - frequency range 0 - 500 Hz 
(a) magnitude (b) phase 

5.5 Electromagnetic Controller 

The electromagnetic actuator is bonded to the center of fixed-fixed plate, to control 
the first mode. The treatment consists of the ACCLD with a viscoelastic material 
sandwiched between a permanent magnet and an electromagnet. The poles of the 
electromagnet change from north to south when the plate vibrate to generate either 
attraction or repulsion forces when the electromagnet interacts with the permanent 
magnet. 

5.6 Active Compressional Constrained Layer Damping (ACCLD) 
The active compression constrained layer damping (ACCLD) is a new class of 
treatment is developed to achieve high authority control force. Due to the attraction 
or repulsion forces generated between the two magnets, a compression or 
expansion of the viscoelastic layer will occur. This leads to vibration damping due to 
energy dissipation in the viscoelastic material. 
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5.7 Experimental Set up 
The tested square plate is mounted with clamped edges .A shock test is carried out 
on the clamped plate to determine its natural frequencies . Table 1 shows the modes 
of vibration of the plate within a range from 0 -200 Hz. A single ACCLD patch is 
bounded to its geometric center. The frequency generates in the dynamic FFT 
analyzer is used to excite the plate using the sweep function. A sine sweep 
experiment is carried out to determine the effect of ACCLD on vibration damping of 
plate The output from the sweep function is magnified using a power amplifier 
(model 6260, JBL, UREI Electronic Products) which is used to derive the speaker. 
The plate vibration is monitored using laser sensor type (LA4Ohr) Also, the sound 
radiation from the plate is monitored using a % inch microphone (B & K instruments, 
type 4165) The output of either the laser sensor or the microphone is used to 
generate the necessary control action. This action is developed using a filter 
(WAVEETEK dual Hi / Lo model 432), which is connected to a low noise amplifier 
(type, AM5), and another power amplifier (Wilcoxon Research type, PA7C), in 
series. The ACCLD arrangement is shown in Fig. 15 for laser feedback.. The laser 
sensor is used to feedback the control voltage. Fig. 16 shows the plate vibration with 
feedback from the laser sensor itself for three different gains. Fig. 17 shows the 
sound pressure level for the same three gains, with feedback from the laser sensor. 
Tables 2 and 3 give the frequency and damping ratio of the first mode of vibration for 
the plate with a single patch of ACCLD. Table 2 gives the modal parameters using 
the laser sensor, while Table 3 gives these parameters using the microphone signal. 
In these tables as the controller gain increases, the damping ratio increases and the 
natural frequency decreases. 

Table 1 Modes of vibration of plate using impact hammer 

1 n 271- 	--TP 4'h 15m 

Freq. Range 0 -100 Hz 19.0 59.0 	I 59.0 78.75 N/A 
Freq. Range 0 -200 Hz 18.5 57.75 	J 57.75 78.0 133.5 

Table 2 Effect of gain on fundamental frequency and damping ratio 
using laser sensor 

Controller gain , kd First mode frequency 	, 
Hz 

Damping ratio 

0 19.18 0.0128 
89.44 19.19 0.0179 
184.75 18.8 0.0311 
362.17 18.52 0.0769 

Table 3 Effect of gain on fundamental natural frequency and 
damping ratio using microphone output 

Controller gain , kd First mode frequency , Hz Dam • in• ratio 
0 19.19 0.0125 
89.44 19.01 0.0181 
184.75 18.83 0.0316 
362.17 18.57 0.0805 
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Speaker 

Fig. 15 schematic drawing of the magnetic constrained layer 
damping experiment. 
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Fig. 16 Normalize vibration amplitude with laser 
feedback and open cavity . 
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output from olio. with feedback from laser 
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Fig 17 Sound pressure level of open cavity with laser 
feedback at different gain. 

Conclusions 
This paper has presented a theoretical and experimental procedure for the magnetic —
electromagnetic controller. The dynamic performance and characteristic of the controller 
was obtained. The variation of displacement and force with current are almost linear as 
expected theoretically. The controller characteristics was nearly constant up to frequency 
of 70 Hz. Actuator resonance was about 125 Hz then it became nearly constant again up 
to 500Hz. Such characteristic was particularly suitable for controlling the first three modes 
of vibration of the plate, which are < 50 Hz. The potential of using the electromagnetic 
actuator for damping the lateral vibration of clamped-clamped plate was shown. Using the 
viscoelastic material during the design of the controller works as a passive means for 
vibration damping. Good agreement was obtained between the theoretical and 
experimental results for force-current relationship. 
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