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Abstract 
 
This paper investigates the active vibration control of clamp beams using positive position feedback (PPF) controllers with a sen-

sor/moment pair actuator. The sensor/moment pair actuator which is the non-collocated configuration leads to instability of the control 
system when using the direct velocity feedback (DVFB) control. To alleviate the instability problem, a PPF controller is considered in 
this paper. A parametric study of the control system with PPF controller is first conducted to characterize the effects of the design pa-
rameters (gain and damping ratio in this paper) on the stability and performance. The gain of the controller is found to affect only the 
relative stability. Increasing the damping ratio of the controller slightly improves the stability condition while the performance gets worse. 
In addition, the higher mode tuned PPF controller affects the system response at the lower modes significantly. Based on the characteris-
tics of PPF controllers, a multi-mode controllable SISO PPF controller is then considered and tuned to different modes (in this case, three 
lowest modes) numerically and experimentally. The multi-mode PPF controller can be achieved to have a high gain margin. Moreover, it 
reduces the vibration of the beam significantly. The vibration levels at the tuned modes are reduced by about 11 dB. 
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1. Introduction 

Structures should be designed to exclude unintended vibra-
tions, inevitably generated by unwanted disturbances due to 
various sources. The unwanted disturbances lead to undesired 
vibration of structures, and the structural vibrations cause 
weak structural reliability, functional inaccuracy or structural 
damages. Reduction of the vibration can solve these problems.  

Structural vibrations can be reduced by several approaches 
in two categories: classical methods (structural redesign, and 
passive control, for example) and active control methods. For 
classical methods, the passive control method is commonly 
adapted, because the structural redesign generally leads to 
high expenses. The passive control methods include damping 
materials, barriers, decouplers, mass loadings and so on. These 
passive treatments work more effectively at higher frequencies 
and so they have practical limitations in reducing low fre-
quency vibrations which are the dominant causes of structural 
weaknesses and damages. An alternative method for reducing 
structural vibrations is active vibration control (AVC), which 

has emerged as a viable technology to low frequency control 
[1]. Representative active vibration controls are as follows: 
direct velocity feedback (DVFB) and positive position feed-
back (PPF). 

DVFB is an active vibration control method based on the 
structural velocity feedback. It is a simple proportional con-
troller. The controller can be just a power amplifier, and so it 
can be implemented at low cost. In addition, DVFB produces 
skyhook damping [2], which reduces vibrations at all the fre-
quencies when the actuator generates a point force at the feed-
back sensor location. This collocated sensor/actuator configu-
ration is described as dual, making DVFB unconditionally 
stable with an infinite gain margin. Elliott [3] and Balas [4] 
suggested a robust AVC system using DVFB with a collo-
cated sensor/force actuator pair. 

However, DVFB has severe instability problems when the 
actuator generates a moment pair (by a PZT patch, for exam-
ple) and the feedback velocity is taken at the mid-point of the 
moment pair [5]. The instability is caused by the non-
collocation of the sensor/moment pair actuator. The non-
collocation causes a phase shift due to the geometrical differ-
ence between the positions of the sensor and the actuation [6]. 
Since the phase shift is proportional to the frequency, this 
source of instability works critically at a high frequency [7]. 
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Hong implemented DVFB control system with a non-
collocated sensor/actuator configuration for aluminum beams 
analytically and experimentally [8]. They found that the con-
trol system becomes only conditionally stable due to the non-
collocation, and so the gain margin can hardly be obtained. 
Eventually, the performance of DVFB control system with 
non-collocated sensor/actuator configuration is limited. To 
alleviate the sources of the instability when using a moment 
pair actuator, Gardonio [9] suggested a phase leg compensator 
and he applied it for a multi-channel smart panel. They found 
that the phase compensator improves the stability status. Hong 
[10] successfully implemented a robust DVFB for honeycomb 
structures since the honeycomb structure is found to have low 
pass filter mechanism. The low pass filter mechanism leads to 
roll-offs at high frequencies so that the control system is stabi-
lized. Hong [11] also suggested a solution to improve stability 
using triangularly shaped PZT actuators. They placed the tri-
angular PZT actuator at the end of a fixed beam to make a 
collocated configuration. 

In this context, we consider a PPF controller using a mo-
ment pair actuator to be an alternative method for solving 
stability problems due to the non-collocation of the sen-
sor/moment pair actuator. The PPF controller was initially 
used to suppress the vibration of large flexible structures [12, 
13]. It has been then used for many applications [14-16]. It 
works like a dynamic absorber, which is commonly used to 
control resonant vibration using a single degree of freedom 
mechanical system whose resonance is tuned to the structural 
resonance to be controlled. The PPF controller is also a single 
degree of freedom system electronically implemented with its 
resonance frequency tuned to one of the structural resonance 
frequencies. This control system has hence outstanding advan-
tages. The control system is robust and performs significantly 
well at the target frequency, because the high control action 
can be generated at the resonance of the controller due to the 
tuning stated in literatures [12, 14]. Additionally, the control 
instability due to the non-collocation of the sensor/actuator 
can be removed by the low pass filter behavior of the PPF 
controller leading to rapid roll-offs in the open-loop transfer 
function at high frequencies [17]. The tuning scheme and the 
low pass filter behavior of the PPF controller are the main 
feature for its robustness and good performance. 

In this paper, an active control of clamped beams using PPF 
controller with the sensor/moment pair configuration (non-
collocation) is investigated. This study consists of the para-
metric study of the design parameters of PPF controllers and 
the implementation of a multi-mode PPF controller designed 
based on the parametric study. In section 2, the equation of 
motion of a clamped beam with the lumped masses for sen-
sors/actuators is formulated. In section 3, the proposed PPF 
control system is mathematically formulated and then derived 
for a multi-mode controllable SISO system implementation. 
Section 4 examines how the design parameters of the PPF 
controllers affect the stability and performance of the PPF 
controllers. In section 5, simulations of the stability and per-

formance of the multi-mode controllable SISO PPF control 
system for the clamped-clamped beams are conducted. Ex-
periments on the PPF controller are presented in section 6. 
Finally, in section 7, conclusions are given. 

 
2. Equation of motion of clamped beams with lumped 

masses of sensors and actuators 

Consider a clamped-clamped beam having lumped masses 
as shown in Fig. 1. The lumped masses represent the force 
transducer, the PZT actuator, and the displacement sensor. 
The equation of motion for the system can be obtained as [18] 
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where E is Young’s modulus, I  is the moment of inertia of 
the beam and η  is the loss factor to be expressed as the 
equivalent viscous damping, 2 snζ . ρ  is the mass density, 
A  is the cross sectional area, pm  is the mass of the force 

transducer on the beam, and sm  is the total mass of the pie-
zoceramic patch and the displacement sensor on the beam. So 

p FTm m=  and s PZT dispm m m= + . pf  is the external force 
applied at px  and sT  is the control moment pair at 1sx  and 

2sx . For harmonic motions, the response, y , can be ex-
pressed as 

 
( , ) ( , ) j ty x t Y x e ωω= .                        (2) 

 
Assuming that the general solution is expressed as a super-

position of the modal function, 
 

( , ) ( ) ( )Φ pY x xω ω=                          (3) 
 

where p  is the column vector of modal displacement, ( )Φ x  
is the row vector of the mode shape function at the location of 
x , defined by 

 
[ ]1 2( ) ( ) ( ) ( )p T

Np p pω ω ω ω= , and          (4) 

[ ]1 2( ) ( ) ( ) ( )Φ Nx x x xφ φ φ= .              (5) 

FTm
sT

pf

dispm

mL 5.0=

mxs 35.0=

mxp 1.0=

PPFH
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PZTm

rY

 
Fig. 1. Simulation model for active feedback control system for a 
clamped beam with a sensor/actuator pair system. 
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Utilizing the orthogonality of the mode shape functions 
leads to the matrix equation as 

 
2 2

1 2

(2 ) ( )

( ) ( )( )

I diag diag p
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sn sn sn

T
T s s

p p s

j
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x x
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∂ ∂⎡ ⎤= + −⎢ ⎥∂ ∂⎣ ⎦

     (6) 

 
where snζ  is the nth modal damping ratio, snω  is the nth 

frequency of the structure, and ( )Φ x
x

∂
∂

 is the row vector of 

differentiation of the mode shape function at the location of 
x , defined by 

 
1 2 ( )( ) ( ) ( )Φ N xx x x

x x x x
φφ φ ∂∂ ∂ ∂⎡ ⎤= ⎢ ⎥∂ ∂ ∂ ∂⎣ ⎦

.       (7) 

 
The response at the sensor point ( sx x= ) of the clamped 

beam subjected to an external force and moments can be ob-
tained as 

 
( , ) ( ) ( )Φ ps sY x xω ω= .                       (8) 

 
Fig. 2 shows the displacement of the clamped beam at 

0.7L , excited by the primary force ( 1pf = ) at 0.2sx L=  
without control. Note that, however, the lumped masses at 
0.2L , for the mass of the upper part of the force transducer, 
and at 0.7L , for the masses of the displacement sensor and 
the PZT actuator, are taken into account. The mechanical 
properties and masses used in this simulation are listed in Ta-
ble 1. 

The dominant vibrations occur at the lowest three modes. 
These vibration levels are -38.06, -52.06, and -66.65 (dB ref. 
1m), respectively. In this study, these modes are selected as 
the target modes to be controlled. 

 
3. Positive position feedback control 

The PPF controller was initially proposed by Fanson and 
Caughy [12]. They successfully implemented on active vibra-

tion control system for large structures using a sensor and 
actuator pair. The PPF controller was developed to control for 
one mode of the control system. They expressed the equations 
of PPF control as a pair of 1 DOF structure and compensator 
on the modal domain. The compensator generates the control 
force which acts as a damping force at target mode of the 
structure to be controlled. Note that the equations are defined 
on the modal domain. On the other hand, the system lies on 
the physical domain. Hence, the behaviors of both structure 
and compensator should express on the physical domain. The 
behavior of the structure is already expressed as Eqs. (6) and 
(8). In addition, the compensator equation for PPF control is 
as follows: 

 
2 2 22 1,2, ,i ci ci i ci i i si ci i cq q q g p i Nζ ω ω ω ω+ + = =       (9) 

 
where iq  is the ith response of the compensator, ciζ  and 

ciω  are the ith damping ratio and the ith natural frequency of 
the compensator, respectively. ig  is the ith feedback gain, 

siω  is the ith natural frequency of the structure to be con-
trolled, and cN  is the number of the compensators. 

Fig. 3 shows the block diagram of the active control system 
using PPF controller for the clamped beam shown in Fig. 1. It 
should be noted that the feedback sensor mounted on the beam 
measures the physical displacement, while the compensator 
denoted by Eq. (9) requires the modal displacement. The mo-
dal displacement can be approximately evaluated from the 
measured displacement by using Eq. (8). Pre-multiplying the 
pseudo inverse of the mode shape matrix at sx x= , the modal 
displacement can be expressed as 

 
( )p Φ s rx Y+=                             (10) 
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Fig. 2. Displacement of the clamped beam at the feedback sensor loca-
tion ( 0.7sx L= ), which is excited by a unit force at 0.2L . 

 

Table 1. Mechanical properties. 
 

Young’s modulus (GPa) E  78 
Density ( 3/kg m ) ρ  2850 

Length ( m ) L  0.5 
Width ( m ) b  0.03 

Thickness ( m ) h  0.002 
Loss factor η  0.002 

Mass of upper part of force transducer ( kg ) FTm  0.006 
Mass of PZT ( kg ) PZTm  0.009 

Mass of displacement sensor ( kg ) dispm  0.0024 
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Fig. 3. Block diagram of active feedback control using PPF controller.
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where +  denotes the pseudo inverse. It should be also noted 
that the moment pair actuator generates control action, sT , in 
physical domain, while the compensator is ready to supply the 
signal, iq , for each mode to the compensator. The magnitude 
of the control action (which is in practice a voltage signal driv-
ing the moment pair actuator, PZT patch for example) is com-
posed by the superposition: 

 
( ) cΦ E qT

s sT x=                           (11) 
 

where cE  represents the transform matrix to extract the con-
trol modes from the modal displacement. 

Now, we can define the plant response which is the feed-
back sensor signal to the unit control action, 1sT = . From Eqs. 
(6) and (8), 

 
12 2

1 2

( ) ( ) (2 ) ( )

( ) ( )

Φ I diag diag

Φ Φ

s s s s

T
s s

G x j

x x
x x

ω ω ζ ω ω ω
−

⎡ ⎤= − + +⎣ ⎦

∂ ∂⎡ ⎤× −⎢ ⎥∂ ∂⎣ ⎦

.  (12) 

 
We can also define the transfer function of the compensator, 

( )PPFH ω , which is the output signal, sT , from the compensa-
tor to the sensor signal, rY : 

 
( ) ( ) ( ) ( )PPF c cH Φ E gH E ΦT

s sx xω ω +=           (13) 
 

where 
 

2( )g diag i sig ω= , and                       (14) 
2

2 2( )
2

H diag ci

ci ci cij
ωω

ω ω ζ ω ω
⎛ ⎞

= ⎜ ⎟⎜ ⎟− +⎝ ⎠
.           (15) 

 
The open loop transfer function (OLTF) can be finally ob-

tained by considering the relationship of the signals ( rY , pY  
and sY  shown in Fig. 3), 

 
( ) ( ) ( )

( ) ( ) ( ) ( )pΦ p G
r p s

s s

Y Y Y

x T

ω ω ω

ω ω ω

= +

= +
             (16) 

 
where pp  is the modal displacement by external force. Using 
Eqs. (11) and (16), the controlled displacement at the sensor 
can be 

 
[ ] 1( ) ( ) ( ) ( )PPF pI GH Φ pr sY xω ω−= + − .          (17) 

 
Reminding the standard form of the closed loop transfer 

function of negative feedback control systems, the OLTF can 
be written from Eq. (17) as, 

 
( ) PPFOLTF GHω = − .                      (18) 

 

Fig. 4 shows the plant response when 0.7sx L= . The phase 
lies between 180−  and 0  up to 7.7kHz while it lies be-
tween 0  and 180  at frequencies higher than 7.7kHz, as 
shown in Fig. 4(a). This phase shift occurs where the wave 
length of the mode is shorter than the half length of the PZT in 
high frequencies [19]. Fig. 4(b) shows that the plant cannot 
obtain the active damping without aids of controllers. Note 
that the location of the sensor/actuator at 0.7sx L=  is taken 
from previous work done by Hong [19]. He studied the ef-
fected of the location of the sensor/actuator pair on the stabil-
ity and the performance of control systems. He revealed that 
the system is under conditionally stable and has little gain 
margin when the sensor/actuator pair is located at the ends of 
the structure. In order to ensure the stability of the feedback 
system, the moment pair actuator should be located between 
0.3L  and 0.7L . So, the location of the sensor/actuator pair is 
selected at 0.7sx L=  in order to maintain a high gain margin. 

Fig. 5 shows the transfer function of the PPF controller. 
This controller is tuned to the third mode resonance of the 
structure (208 Hz in this case). The controller is specially de-
signed to produce the active damping at the tuned mode with a 
high gain margin. This can be achieved by the two features: 
phase shift and high frequency roll-off. The phase shift is oc-
curred at the tuned mode from 0  to 180−  as shown in Fig. 
5. It helps to give the active damping to the control system. 
The transfer function of the PPF controller, shown in Fig. 5, 
gives a high amplification at the tuned mode and gives a roll-
off over the high frequencies. Therefore, it can reduce un-
known effects of unmodeled response in the high frequency 
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Fig. 4. Plant response at 0.7L . 
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range. 
Fig. 6 shows the OLTF of the active control system with the 

PPF controller tuned to the third mode of the structure. The 
magnitude of the OLTF is amplified at the tuned mode and the 
corresponding phase is shifted by 180 , as shown in Fig. 6(a). 
This phase shift causes the Nyquist curve of this mode to be in 
the right half plane, as shown in Fig. 6(b). Note that the phase 
shift is due to the phase characteristics of the PPF controller 
shown in Fig. 5. It can be also seen that the magnitude of the 
OLTF is decreased as the frequency is increased at the fre-
quencies higher than the tuning frequency. This high fre-
quency roll-off is also due to the magnitude characteristic of 
the PPF controller. The high frequency roll-off of the PPF 
controller is similar to that of the second order low pass filter. 
Since potential instability due to the non-collocated sen-

sor/actuator pair can be alleviated by the high frequency roll-
offs, a high gain margin of the control system can be obtained. 

 
4. Effects of design parameters of PPF controllers 

The design parameters of the PPF controller are the tuning 
frequency, the damping ratio and the feedback gain. They 
significantly affect the stability and the performance of the 
control system. The tuning frequency is the resonance fre-
quency of the PPF controller which is selected to be a reso-
nance frequency of the structure to be controlled [20]. In this 
section, therefore, the effects of the gain and the damping ratio 
of the PPF controller on the stability and the performance of 
the control system are mainly investigated. 

Fig. 7 shows the variation of the OLTF of the third mode 
tuned PPF controller for the gains of 42.2 10−× (thick solid 
line), 31.5 10−× (thick dashed line), 21.0 10−× (faint solid line) 
and 11.0 10−× (faint dashed line). The damping ratio of the 
PPF controller is set to 28.0 10−× . The magnitude of the 
OLTF is increased at all the frequencies as the gain is in-
creased, as shown in Fig. 7(a), while the phase of the OLTF is 
not changed. Fig. 7(b) shows the OLTF normalized by the 
corresponding feedback gains for the four gains. The four 
Nyquist curves are perfectly overlapped owing to the gain 
normalization. This overlap indicates that the magnitude of the 
OLTF is proportional to the gain so that the active damping at 
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Fig. 5. Bode diagram of the response of the third mode tuned PPF
controller. 
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Fig. 6. Open loop transfer function with a PPF controller tuned to the 
third mode of the structure. 
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Fig. 7. Variation of the open loop transfer function of active control 
systems at 0.7L  with the feedback gain of PPF controllers with a 
sensor/actuator pair. The PPF controllers are tuned to the third mode 
with damping ratio of 28.0 10−×  and gains of 42.2 10−× (thick solid 
line), 31.5 10−× (thick dashed line), 21.0 10−× (faint solid line) and 

11.0 10−× (faint dashed line). 
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the tuned mode increases as the gain increases. There are the 
two Nyquist curves in the first and second quadrants. These 
two responses correspond to the modes lower than the tuned 
mode. This behavior is due to the low pass filter effect of the 
PPF controller, as shown in Fig. 5. This effect leads to the 
enhancement in the close loop response where the Nyquist 
curves of the two modes are in the unit circle about ( 1, 0)j−  
at some frequencies. 

Fig. 8 shows the variation of the displacement response of 
the closed loop control system at 0.7L  of the beam with 
feedback gains of 47.0 10−× (dashed line), 38.8 10−× (dot-
dashed line), 29.5 10−× (dotted line) and 29.73 10−× (thin 
solid line) subjected to a PPF controller tuned to the third 
mode of the structure. The uncontrolled displacement re-
sponse (fain solid line) to the disturbance, pf , at 0.2L  is 
also shown in Fig. 8 for comparison. The damping ratio of 

28.0 10−×  is used. Two key features are shown. First, the 
closed loop displacement at the feedback sensor ( 0.7sx L= ) 
is decreased at the target mode as the gain is increased. This is 
illustrated by the increase of the magnitude of the OLTF as the 
gain is increased, shown in Fig. 7(a). Second, new peaks 
around the tuning frequency are also found. The difference 
between the frequencies of the new peaks increases as the gain 
is increased, as if the mass ratio is increased in dynamic ab-
sorbers [21]. 

In addition to the effects of the gain on the response of the 
closed loop control system around the tuning frequency, the 
gain also affects the response at the modes lower than the 
tuning frequency: significant changes in magnitude and reso-
nance frequencies. For the gain of 38.8 10−× , the resonance 
frequencies of the first and the second modes are significantly 
decreased: the frequency of the first mode decreased from 
39Hz to 14Hz and that of the second mode from 101Hz to 
85Hz, with magnitude reduction of 45dB at the tuned mode. 
In the case of the gain slightly increased to 29.5 10−× , the first 
resonance frequency is decreased further while the second 
resonance remains. A further increase of the gain makes the 

first resonance approach to 0 Hz. This phenomenon can be 
explained by the response of the OLTF crossing the negative 
real axis around 0 Hz in the Nyquist plot. These responses are 
also within the unit circle about the ( 1, 0)j−  point. 

The Nyquist curves at the lower modes move toward the 
Nyquist point and vary the frequency contents inside the unit 
circle. This behavior at the end leads to the variation of the 
lower mode response in terms of the magnitude and the natu-
ral frequency. 

The variation of the resonance frequency at the lower 
modes can also be illustrated by the behavior of the transfer 
function of the PPF controller shown in Fig. 5. The essential 
feature of the transfer function of the PPF controller for this 
explanation is the phase behavior, in that there is no phase 
change at frequencies lower than the target frequency. Since 
the feedback signal is proportional to the displacement at the 
actuator location, the PPF controller plays a role of the stiff-
ness at frequencies lower than the target frequency. Note that 
the PPF controller decreases the stiffness as the gain increases 
when connected positively as shown in Fig. 1. Due to the 
phase change of 90  at the target frequency, the PPF control-
ler generates a damping force. Moreover, owing to the phase 
change of 180  at frequencies higher than the target fre-
quency, the PPF controller generates an inertia force. 

Fig. 9 shows the variation of the OLTF of the third mode 
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Fig. 8. Variation of the performance of active control systems at 0.7L
with the feedback gains of PPF controllers with a sensor/actuator pair
under the fixed damping ratio of 28.0 10−× . The PPF controllers are
tuned to the third mode with gains of 47.0 10−× (dashed line), 

38.8 10−× (dash-dotted line), 29.5 10−× (dotted line) and
29.73 10−× (thin solid line). And uncontrolled response is faint solid

line for comparison with controlled response. 
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(a) Bode diagram 
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(b) Zoomed Nyquist diagram 

 
Fig. 9. Variation of the open loop transfer function of active control 
systems at 0.7L  with the damping ratio of PPF controllers with a 
sensor/actuator pair. The PPF controllers are tuned to the third mode 
with the gain of 25.0 10−×  and damping ratio of 35.0 10−× (solid 
line), 22.0 10−× (dashed line), 28.0 10−× (dash-dotted line) and 

12.0 10−× (dotted line). 
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tuned PPF controller with the damping ratios of 35.0 10−× , 
22.0 10−× , 28.0 10−×  and 12.0 10−× . The gain of 25.0 10−×  

is used for this simulation. As shown in Fig. 9(a), the magni-
tude of the OLTF is decreased as the damping ratio is in-
creased at the tuned mode, but it is not changed at the other 
modes. The phase around the tuned mode is significantly 
changed when the damping ratio is increased. The phases of 
the OLTF are varied in a wider frequency range as increasing 
damping ratio, as shown in Fig. 9(a). This phase behavior can 
be represented more clearly as shown in Fig. 9(b). The two 
hollow marks (○ and △) are all at 202 Hz : ○ for cζ  = 

35.0 10−×  and △ for cζ  = 12.0 10−× . Besides, the two 
solid marks (● and ▲) are all at 215 Hz. : ● for cζ  = 

35.0 10−×  and ▲ for cζ  = 12.0 10−× . The bandwidth of 
the PPF controller is not varied with the change of the damp-
ing ratio. Also the responses within the unit circle about 
( 1, 0)j−  move away from the Nyquist point as the damping 
ratio increases. So, the control system is stabilized with the 
increase of the damping. 

Fig. 10 shows the variation of the closed loop displacement 
response with the damping ratio of the PPF controller. The 
PPF controller is tuned to the third mode of the structure. The 
damping ratios of the PPF controllers are 35.0 10−× , 

22.0 10−× , 28.0 10−×  and 12.0 10−×  for this simulation. The 

feedback gain of the PPF controller is set to 21.0 10−× .  
The control performance (reduction in the structural re-

sponse) is decreased as the damping ratio of the PPF controller 
is increased, as we expected from the examination of the 
OLTF shown in Fig. 9(a). Note that new peaks at both side of 
the tuning frequency are emerged, and their levels are de-
creased as the damping ratio is increased. This is explained by 
the enhancement directly related to the existence of the OLTF 
response in the unit circle about ( 1, 0)j− . There exist two 
frequencies (202 Hz and 215 Hz in this case) in the spectrum 
of the closed loop displacement where the displacement levels 
do not vary as the damping ratio change. These two frequen-
cies correspond to the points where the Nyquist curves cross 
the unit circle, as shown in Fig. 9(b). The effective bandwidth 
of the PPF controller is not, therefore, changed. But the re-
sponses of the first and second modes are shifted to the lower 
frequency range by about 2 Hz. This shift is due to the reduc-
tion of the structural stiffness by the PPF controller [20]. 

 
5. Implementation and evaluation of the multi-mode 

PPF controller 

Based on the examination of the behavior of the PPF con-
troller, a SISO multi-mode control is examined in this section. 
To realize the SISO multi-mode PPF controller, a control sig-
nal is obtained by summation of the signals from PPF control-
lers which are tuned to each mode and connected in parallel 
form. The parameters of the PPF controllers are set based on 
the results of the parametric study conducted in the previous 
section. The controllers are designed from the highest mode 
first and then to the lower modes in order to adapt the effects 
of the higher mode controller on the response of the lower 
modes. 

Fig. 11 shows the OLTF of the active PPF control system 
with the sensor/moment pair actuator at 0.7L  of the 
clamped-clamped beam. The first mode tuned controller was 
designed for gain of 22.8 10−×  and damping ratio of 

25.0 10−× . The second mode tuned controller was designed 
for gain of 31.4 10−×  and damping ratio of 25.0 10−× . The 
third mode tuned controller was designed for gain of 

37.7 10−×  and damping ratio of 25.0 10−× . It can be seen 
from Fig. 11(a) that the magnitudes of the first, second and 
third modes of the combined OLTF are quite high. The per-
formances at these three modes are almost the same as those 
of the single mode tuned PPF controller at the tuned modes. 
The phase is almost in the active damping region of 90±  at 
the tuned modes. Hence, the structural displacement can be 
reduced at the first, second and third modes. As shown in Fig. 
11(b), the multi-mode controller is stable with a high gain 
margin according to OLTF. The magnitude of the OLTF re-
sponse within the unit circle about the ( 1, 0)j−  point is 
smaller than that outside the unit circle. Therefore, the magni-
tude enhancement is smaller than the reduction around the 
tuning frequency. 

Fig. 12 shows the closed loop response of the clamped 
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(a) Controlled responses 
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(b) Controlled responses at the third mode 

 
Fig. 10. Variation of the performance of active control systems at 
0.7L  with the feedback damping ratios of PPF controllers with a
sensor/actuator pair under the fixed gain of 21.0 10−× . The PPF con-
trollers are tuned to the third mode with damping ratios of 

35.0 10−× (dashed line), 22.0 10−× (dash-dotted line), 28.0 10−× (dot-
ted line) and 12.0 10−× (thin solid line). And uncontrolled response is
faint solid line for comparison with controlled response. 
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beam at 0.7L , excited by a concentrated force at 0.2L  
(solid) and subjected to the control moment pair at 0.7L  
(dashed). The disturbances are reduced about 11dB at each 
tuned mode, as shown in Fig. 11. 

 
6. Experimental implementation of the PPF control-

ler 

Based on the analytic examination of the PPF controller be-
havior, its performance is experimentally verified for the 
multi-mode (the first, second and third modes) in this section. 

Fig. 13 shows the schematic diagram for the measurement 
of the PPF control of a clamped beam. An aluminum beam 
with a length of 0.5m  is fixed at both ends. A force trans-
ducer, B&K 8200, and an exciter, B&K 4810, are located at 

0.2L . An accelerometer, B&K 4393, and a piezoceramic 
actuator are attached to the beam at 0.7L . The piezoceramic 
actuator is a rectangular shaped 1-3 mode PZT patch 
( 25 25 1Tmm mm× × ) whose material properties hold with 
PZT4 series, manufactured by Kyungwon Ferrite Ind. Co., Ltd 
(South Korea). The primary disturbance field of vibration is 
generated by a mini-shaker, B&K 4810, at 0.2px L=  with a 
power amplifier, B&K 2706. A signal generator, a built-in 
module of B&K Pulse, is connected to the power amplifier. A 
random signal is used in this experiment for the primary dis-
turbance. A force transducer, B&K 8200, is installed between 
the mini-shaker and the beam to measure the primary force. 
The measured primary force is used for normalizing the pri-
mary field of vibration. To do this, the force transducer is con-
nected to a conditioning amplifier, B&K 2692, and then to the 
input channel of the signal analyzer, B&K Pulse. The distur-
bances are measured by the accelerometer, B&K 4393, at 

0.7sx L= . The signal from the acceleration is conditioned 
and double integrated to the displacement signal by using a 
conditioning amplifier, B&K 2635, and this displacement 
signal is fed back to the DSP, dSPACE DS1103. The DSP 
generates a control signal that is input to the power amplifier, 
PCB AVC 790, to drive the PZT patch control actuator. The 
DSP is programmed to work as the PPF controller. This prac-
tical PPF controller is implemented by programming the trans-
fer 

 
2

2 2( )
2

H diag ci

ci ci cis s
ωω

ζ ω ω
⎛ ⎞

= ⎜ ⎟⎜ ⎟+ +⎝ ⎠
            (19) 

 
which is a rewritten form of Eq. (15) in the s-domain. Eq. (19) 
is coded using Matlab/Simulink. The transfer function, Eq. 
(19), is downloaded to the Rom of the DSP (dSPACE 
DS1103). Then the DSP works as the PPF controller. To con-
trol disturbances of the first, second and third modes, the con-
trol signal is obtained by the summation of the signals from 
each PPF controller, which is tuned to each mode and con-
nected parallel.  

Fig. 14 shows the measured open loop transfer function of 
the multiple mode tuned PPF controller which is tuned to the 
structural first, second and third modes using a sensor/moment 
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(a) Bode diagram 
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(b) Nyquist diagram 

 
Fig. 11. Final controller open loop transfer function of the sen-
sor/moment actuator pair at 0.7L  of the clamped-clamped beam. 
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Fig. 12. Displacement of the clamped-clamped beam at 0.7L , excited 
by concentrated force at 0.2L  and subjected to control moment pair
at 0.7L  - without control (solid line) and with control (dashed line).
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Fig. 13. Schematic diagram for the measurement of the PPF control of 
a clamped beam. 
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actuator pair for the clamped beam at 0.7L . The first mode 
tuned controller was designed having the gain of 22.5 10−×  
and the damping ratio of 25.0 10−× . The second mode tuned 
controller was designed having the gain of 22.5 10−×  and the 
damping ratio of 25.0 10−× . The third mode tuned controller 
was designed with the gain of 31.5 10−×  and the damping 
ratio of 25.0 10−× . As shown in Fig. 14(a), the magnitude of 
the tuned modes is 10 dB higher than that of the any other 
modes, so that we can see the roll-off property of the PPF 
controller clearly. Therefore, we can expect the high perform-
ance at the tuned modes and the unknown effects of the con-

trol system will be reduced in the high frequencies. Also, the 
phase of the tuned modes lies in the active damping region of 

90± . Hence, the structural displacement will be reduced at 
the first, second and third modes owing to the active damping 
force. And the response of the open loop transfer function 
does not cross the ( 1, 0)j−  point, so that this control system 
will be stable, as shown in Fig. 14(b). 

Fig. 15 shows the measured displacement response of the 
clamped beam excited by a concentrated force at 0.2L  (solid 
line), and when subjected to PPF controller with sen-
sor/moment pair actuator system at 0.7L (dashed line). The 
structural response is experimentally reduced to about 11dB.  

 
7. Conclusions 

This paper investigated the active vibration control of 
clamp-clamped beams using PPF controllers with non-
collocated sensor/moment pair actuator configuration to over-
come the instability of DVFB controller due to the phase shift 
at high frequencies. The moment pair actuator is used as the 
control actuator and the displacement sensor is used as the 
feedback sensor located at the opposite center of the moment 
pair. This non-collocated configuration is the main source of 
instability problems in control systems. In order to overcome 
the instability problem due to the non-collocated sen-
sor/moment pair actuator configuration, a SISO system with 
multiple PPF controllers is implemented based on the results 
of the parametric study for the design parameters. Following 
conclusions are highlighted; 

A parametric study on the design parameters of the PPF con-
troller was conducted to characterize their effects on the stabil-
ity and the performance of the controller. The considered de-
sign parameters are the gain, and damping ratio of the control-
ler. The magnitude of the OLTF was increased without varia-
tion of the phase as the gain was increased. The gain did not 
thus change the stability characteristics, but did change the 
performance of the closed loop control system. Furthermore, 
the difference between the two frequencies at the new peaks 
due to the PPF controller was increased as the gain was in-
creased. Hence, the gain widened the bandwidth of the reduc-
tion at the tuned mode. The magnitude of the OLTF was de-
creased at the tuned frequency, and the phase of the OLTF was 
affected in a wider range of the tuned mode as the damping 
ratio was increased. Increasing the damping ratio made the 
control system more stable, but the control system required a 
higher gain to obtain the same performance. Note that the dif-
ference between the two frequencies at the new peaks due to 
the PPF controller did not vary as the damping ratio increased. 
Finally, when the PPF controller was tuned to a higher mode, 
the PPF controller significantly affected the response at the 
lower modes. The natural frequency of the combined system 
(structure and PPF controller) was decreased at the lower 
modes since the PPF controller reduced the stiffness. 

A multi-mode (the first, second and third modes) controlla-
ble PPF controller was implemented and verified to be stable 
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(a) Bode diagram 
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(b) Nyquist diagram 

 
Fig. 14. Measured open loop transfer function of the multiple mode
tuned PPF control system tuned to the structural first, second and third
modes using a sensor/moment actuator pair for the clamped beam at
0.7L . 
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Fig. 15. Measured displacement response of the clamped beam excited
by a concentrated force at 0.2L (solid line), and when subjected to
PPF controller with sensor/moment pair actuator system at
0.7L (dashed line). 
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and of high performance. The control signal was obtained by 
summation of the signals from each PPF controller, which was 
tuned to each mode and connected in parallel. The vibration 
levels at the tuned modes were reduced by about 11dB, as 
determined numerically and experimentally. 
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