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ABSTRACT
In this work, an active vibration control method using compliant-based actuators is proposed for controlling
a wide range of vibration and its noise-associated applications. The compliant-based actuator combines a
conventional actuator with elastic elements, such as passive springs, that can be demonstrated to have better
accuracy and robustness for force control compared to conventional stiff actuators. At high frequencies, the
actuator behaves like a passive spring with low impedance, providing a better shock resistance to the
actuator than the stiff actuator. These capabilities are beneficial for developing an effective vibration
isolation system, particularly for controlling the vibration transmissibility at important low frequencies. The
effect of compliant stiffness on the vibration control performance is investigated. It is shown that
Proportional-Derivative (PD) control method using a compliant-based actuator can be used to obtain
effective control of force transmissibility at low frequencies.
Keywords: Active Vibration Control, Compliant Actuators, Force Control
I-INCE Classification of Subjects Number(s): 46.4

1. INTRODUCTION
Vibration has an inhibiting effect on many precision industrial processes in addition to structures
and transportation; such as for building and vehicle suspension system, hence the need for a means of
cancelling this vibration. Various forms of vibration control strategies have been used over the years
either passive (1), semi-active (2,3) or active (4); each with its own benefits and disadvantages.
Active vibration and noise control systems are usually made up of actuator drives (in the form of
piezoelectric, pneumatic, etc.) connected to PID controllers (5). Nevertheless, the paper presents the
use of compliant-based actuator with the aim of controlling vibration at low frequency.
Generally, compliant-based actuators can be defined as an actuation mechanism that allows the
deviation from the actuator’s equilibrium position, depending on the applied external force (6). The
equilibrium position indicates the position of the actuator when the actuator gener ates zero force or
zero torque. This actuator combines a conventional actuator with elastic elements, such as passive
springs, which has the potential for active vibration control system. In fact, compliant-based actuators
can be regarded as a novel actuator concept compared to the conventional ‘stiff’ actuators that are
commonly used in robotic application, such as for walking robots (7), rehabilitation robots (8),
exoskeletons (9) and medical applications (10). Industrial robots are normally operated using ‘stiff’
actuators to achieve precise position control for high repeatability, although it can cause a low
performance for force control. Moreover, the ‘stiff’ actuators cannot counter well the external impacts
and shocks caused by the environment (11). In contrast, these issues can be dealt better by using
compliant actuators.
The first compliant-based actuator was developed by MIT Artificial Intelligence Laboratory (7,12),
called the Series Elastic Actuator (SEA). SEAs are built from a combination of motors, linear springs,
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sensors and gear transmission (12). A number of other SEA designs have also been explored in
(13,14). In contrast to ‘stiff’ actuators, where the actuator saturation leads to high torques at high
load accelerations (such as the onset of a movement), the SEA takes on the natural impedance of the
elasticity at high frequencies (7). Therefore, the more accurate and stable force control can be
performed as the link rigidity is reduced.
This work considers the use of a compliant actuator for vibration control applications. The
objective is to evaluate the behaviour of compliant actuator through the compliance analysis (Section
3) and force transmissibility analysis (Section 4). This aims to reduce the force transmission from the
external disturbance to the ground, by using the compliant actuators that have been shown to have
advantages for robotic actuation applications (15,16):
 Low output impedance, back-driveability and ability to store and release energy,
 Increasing the fidelity and stability of force control,
 Impact energy absorption to handle the external shock loads.
These properties are beneficial for developing an effective vibration isolation system, particularly
for controlling vibration transmissibility at important low frequencies. However, the majority of
previous works only focused on developing control to achieve accuracy and stability in robotic
applications. Therefore, this paper aims to reveal a novel active vibration control mechanism using a
compliant-based actuator. The performance of actuator with respect to its compliant stiffness is
investigated, which assists in the selection of the actuator compliance.

2. DYNAMIC MODEL OF A COMPLIANT ACTUATOR
In this section, the dynamic model of a compliant actuator is developed as a basis for further
analysis on vibration control. The actuator is based on a rotary actuator (motor) combined with a rack
pinion system to achieve the linear actuation. The actuator generates motor torque Tm which is
controlled by regulating the electrical current i that flows through the motor armature. A compliant
actuator is constructed by adding a compliant element of stiffness kc as shown in Figure 1. Here, Jmp is
the overall rotational inertia of motor and pinion; x1 is the linear displacement of the rack of mass M p.
The actuator applies a force fl to the load of mass M l, whose linear displacement is x 2 . This is in
contrast to the ‘stiff’ actuator where an infinite stiffness element is theoretically used. In contrast, this
work investigates the use of the compliant actuator for active vibration control.
In this work, the mass-spring-damper configuration is used for the vibration control system as
shown in Figure 2, where k l and c l are the spring stiffness and damping coefficient of the system,
respectively. The control task is to minimize the force transmitted from the applied disturbance force fd
to the ground. The compliant actuator needs to be actively controlled to generate suitable control force
fl so to minimize the force transmissibility of the system.
x2
Ml

kc

fl

x1
Tm

Jmp

Mp

Figure 1 – The compliant actuator model with the rack pinion mechanism.

fd

x2

Ml
kl

cl

fl

Figure 2 – The load mass with a spring-damper isolation system.
By considering the compliant actuator model, the motor torque is related to the electrical current by
T m(t)=Kt i(t), where K t is the motor torque constant and t is the time parameter. It is assumed that there
is no viscous damping affecting the rotational motion of motor and pinion. The motion of the motor
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shaft can be derived both in time domain and Laplace domain, assuming zero initial conditions, as
follows:

Tm (t )  K t it   J mp t   Tp t   Tm (s)  K t I s  J mp ss   Tp s 

(1)

where ω is the shaft angular velocity, T p is the torque of pinion, and Ω(s) is the Laplace transform of ω.
By neglecting the backlash and other nonlinearities of the gear, the pinion torque T p(s) can be related
the pinion force F p (s) and the radius of pinion r by:

Tp s   rFp s  .

(2)

Moreover, the angular velocity of shaft and pinion, Ω(s), is related to the translational velocity of rack,
V(s). As  s  is the angle of motor shaft, then:

V s  rs   rs s  ,

(3)

x1

fp

x2
kc(x1 - x2)

kl.x2
Ml

Mp (rack)
𝑐(𝑥
c 1 − 𝑥2 )

(load)

fl

𝑐𝑙 . 𝑥2

fd

Figure 3 – Free body diagram of pinion’s rack and load.
Figure 3 describes the free body diagram for the pinion’s rack and load. The force transmitted from the
pinion torque, fp(t), will cause the motion of rack as governed by:

f p t   M p x1  kc x1  x2   cc x1  x2 

(4)

where kc is the spring stiffness and c c is the damping coefficient of compliant element. Here, cc can be
neglected as it is normally a very small value. On the other hands, the force fl (t) applied to the load
mass via the compliant element is:
f l t   k c x1  x2   cc x1  x 2  .
(5)
Then, the motion of the load mass is affected by the disturbance force fd (t) and the load force fl (t):

f d  k x1  x2   cc x1  x2   kl x2  cl x2  M l x2 .

(6)

After the equations of motion for the compliant actuator are obtained, the analysis can be performed in
the following Section.

3. COMPLIANCE ANALYSIS FOR VIBRATION CONTROL
Firstly, it is noted that the load force F l (s) is affected by the motor torque as shown in equation (7).

Tm (s)  J mp s 2 s   rM p s 2 X 1 s   rFl s  .

(7)

Since θ(s)=X 1 (s)/r, the displacement of pinion’s rack X1 (s) can be related to the load force F l (s) and the
displacement of load mass X 2(s), as:

Fl s   X 1 s cc s  k c   X 2 s cc s  k c   X 1 s  

Fl s   X 2 s cc s  k c 
.
cc s  kc 

(8)

By substituting X 1 (s) from equation (8) to equation (7), the motor torque can be expressed as:
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 2  J mp

 rM p   rkc  rscc
s 
r

Tm s    

sc c  k c





 F s    s 2  J mp  rM   X s  .
p  2

r
 l

 



(9)

Moreover, by considering the case where there is no load displacement, the transfer function from the
motor torque to the load force becomes:

rFl s 

Tm s 

scc  k c
.

2  J mp
s 
 M p   scc  k c
r2



(10)

The above results show that the gain of the transfer function decreases at high frequencies, due to
the existence of compliant element. If T m is considered to be zero, the impedance Z(s) can be obtained,
which is the transfer function from the load displacement to the load force:

J

J

s 3 cc  mp 2  M p   s 2  mp 2  M p 
r
r
F s 



.
Z s   l

(11)
J
X 2 s 

2  mp
s 
 M p   scc  k c
r2


rkc
For both transfer functions, there is a resonance that occurs at  2 
where H is defined as
H
{(J mp /r)+rM p}. It can be seen that the actuator characteristics highly depends on the compliant
stiffness, i.e. increasing the compliant stiffness will increase the resonance frequency. This will be
investigated further in this work when the effect of load dynamics is considered in the modeling.
3.1 Comparison of Compliant Actuators and Conventional ‘Stiff’ Actuators
The effect of compliance on the actuator performance can be more clearly explained from the
following frequency response Fl (s)/X1 (s).

Fl s  cc M l s 3  (k c M l  cc cl ) s 2  (k c cl  cc kl ) s  (k c kl )
.

X 1 s 
M l s 2  (cc  cl ) s  (k c  kl )

(12)

Since the compliant element generally has a very low damping, c c can be assumed to be zero so
F l(s)/X 1 (s) can be simplified as:

Fl s 
M l s 2  cl s  k l
.
 kc
X 1 s 
M l s 2  cl s  ( k c  k l )





(13)

It can be observed from the derived frequency response that there are anti-resonance and resonance
characteristics, whose frequencies can be respectively estimated as 1 

kc  kl
kl
and  2 
. In
Ml
Ml

this case, the anti-resonance occurs at a lower frequency than the resonance, ω 2> ω 1. It is important to
look at the property of compliant actuator at higher frequencies, where the relationship between the
rack’s displacement and load force can be simply expressed by the compliant stiffness k c :

Fl s 
 kc .
X 1 s 

(14)

The results indicate the general benefit of the compliant actuator, since at higher frequencies, the
position of rack is directly linked to the position of motor output shaft. Therefore, the error in the shaft
position will not be translated into the large force error at the load. In other words, at high frequencies,
the actuator behaves like a passive spring with low impedance. This is in contrast to the conventional
‘stiff’ actuator which a small error of the shaft will result in a larger force error of the load at high
frequencies (17). Thus, for a particular vibration control application as being investigated in this work,
such a compliant actuator will have benefits in achieving a more accurate force control for minimizing
the force transmissibility of the vibration system.
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In order to investigate the characteristics of the proposed compliant actuator for active vibration
control application, the simulation model of the actuator is developed by using parameter values listed
in Table 1.
Table 1 – Modelling parameters of the compliant-based actuator.
Definition

Symbol

Unit

Value

Jmp

kg.m2

1.90e-3

r

m

0.016

Mass of pinion’s rack

Mp

kg

0.15

Damping coefficient for the compliant element

cc

N.s/m

30

Stiffness of the compliant element

kc

N/m

4.8e4

Motor torque constant

Kt

N.m/A

5.80

Mass of load

Ml

kg

14.0

Stiffness of vibration isolation system

kl

N/m

4.8e3

Damping coefficient of vibration isolation system

cl

N.s/m

9.0

Moment of inertia for the motor and pinion
Radius of pinion

Figure 4 – Frequency response plot of Fl(s) /X1(s) for varying compliant stiffness kc.
Figure 4 shows the frequency responses F l(s)/X 1 (s) for the compliant actuators with two different
values of compliant stiffness. The results indicate that the load force generally increases with the
frequency for a given position of rack, X 1, or the position of motor output shaft. Similar to the case
observed for the rotational compliant actuator (17), the effect of the position error for this linear
motion can lead to a large load force error for the high compliant stiffness system, which is not
desirable for high precision force control. This situation is important when a position-control based
actuator, such as a servomotor is used, since a small position error can cause to a large force error.
In contrast, a compliant actuator with sufficiently low stiffness can avoid such a problem. Moreover,
it can be seen from Figure 4 that the load force will be proportional to the position of the motor output
shaft at higher frequencies. Thus, the load force applied to the load mass can be determined directly to
the position of shaft by the compliant stiffness.
3.2 Effects of the Compliant Actuator to System Dynamics
In the previous discussion on the compliant actuator, the dynamics of the load mass is not
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considered. For the vibration control application, however, it is necessary to include the dynamics of
the load mass as part of the whole system. It can be seen that changing the compliance stiffness will
impact on the overall system dynamics since there are two inertia systems connected by compliances,
i.e. a compliantly coupled system. Thus, the stiffness of compliant element will impact on the overall
control performance. To investigate this, the relationship between the motor torque and the load force
can be re-written as follows by including the load dynamics.





rFl s 
rkc M l s 2  cl s  k l
.

Tm s  HM l s 4  Hcl s 3  H (k c  k l )  rkc M l s 2  rkc cl s  rkc k l

(15)

When a conventional ‘stiff’ actuator is used or k c   , so the transfer function becomes:





rFl s 
r M l s 2  cl s  k l
.

Tm s  ( H  rM l ) s 2  rcl s  rkl

(16)

Based on the transfer function, there are anti-resonance and resonance in the system, whose respective
frequencies are 1 

kl
and  2 
Ml

rkl
.
H  rM l

Figure 5 – Frequency responses rFl(s) /Tm(s) for different compliant actuator systems.
Frequency responses rF l (s) /Tm (s) are plotted in Figure 5 that compares two compliant actuator
systems without and with load dynamics. For the system with load dynamics, anti-resonance occurs at
lower frequency than the resonance frequency. In addition, two distinct frequency regions are also
shown in Figure 5, a region below the anti-resonance frequency and another region above the
resonance frequency.
At the lower frequency region, rF l(s) /Tm (s) has a unity gain with a zero phase difference, i.e. the
motor torque is directly transmitted into the load force without any phase delay. However, at higher
frequency region, the gain of rF l (s) /Tm (s) decreases below one with a non-zero phase difference, as the
frequency increases. This can be expected because of the existence of compliant element used in the
actuator. Although this reduces the operational bandwidth of actuator, the use of compliant element
has the benefit of good external shock absorption (17), and this is an essential advantage for vibration
control applications that can experience impulse-like excitations. On the other hands, as the stiffness
of compliant element increases, the resonance frequency increases correspondingly which also
increases the overall frequency bandwidth. In other words, there is a constant magnitude of the load
force for a given motor torque. This behaviour can be seen for a ‘stiff’ actuator with a relatively high
resonance frequency. Since the priority of active vibration control application is on low frequencies, it
is reasonable to use the compliant actuator with a reduced operational bandwidth as a compromise for
other benefits that such an actuator can offer.
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4. CONTROL OF FORCE TRANSMISSIBILITY
4.1 Force Transmissibility
In developing an active vibration isolation system, one of the primary tasks is to minimize the force
transmitted from an external disturbance to the ground. In this case, transfer function F t(s)/F d (s) can be
used to describe the force transmissibility of the system. It can be shown that Ft (s)/F d(s) is described
by:

Ft s  Hcl s 3  Hkl  rcc cl s 2  r (cc k l  k c cl ) s  rkc k l
,

Fd s 
Ds 

(17)

Ds   HM l s 4  ( H (cc  cl )  rcc M l )s 3  H k c  k l   rkc M l  rcc cl s 2  r (cc k l  k c cl )s  rkc k l

. (18)

The system becomes a fourth order system due to the additional second order system contributed by
the compliant actuator. The change of compliant stiffness will affect the overall force transmissibility
so that a proper selection of the stiffness should be done to achieve a good vibration isolation
performance, either in passive or active ways. The effect of changing the compliant stiffness can be
observed in Figure 6. It is noted that the magnitude of force transmissibility decreases at higher
frequencies, while the addition of second order system of actuator generating an additional weakly
resonance in the system.

Figure 6 – Force transmissibility for a system using a compliant actuator: varying values of γ= kc / kl.
4.2 Active Control of Force Transmissibility
Various force control methods have been used with compliant-based actuators but they are mainly
focused for robotic actuation applications (17-25). In this work, however, the focus will be on using
the compliant actuator for active vibration control applications. In particular, how the transmitted
force can be better controlled using a compliant actuator is observed. For this purpose, the effect of
Proportional-Derivative (PD) controller on the force transmissibility is investigated, by considering
the closed-loop system whose block diagrams are shown in Figure 7.
Fd(s)
2

Hs +r(scc+kc)
X2 ref = 0

+
+

Tm(s)
Kc(s)

scc+kc

-

+

1 / D s 

X2(s)
scl+kl

Ft(s)

Figure 7 – The closed loop PD controller based on the position feedback.
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In this system, a position sensor to measure the load disp lacement is used as the feedback sensor,
and a PD controller used as K c(s)=K p(1 + T D s), where K p and KpT D. s represent the proportional control
and derivative control terms, respectively.
Based on this closed-loop system configuration, the force transmissibility derivations have been
done. For brevity, only the derivation results are shown here:

Ft s  Hcl s 3  Hkl  rcc cl s 2  r (cc kl  k c cl ) s  rkc k l
,

Fd s 
Ds   K c s ( scc  k c )

(19)

Ds   Kc (s)(scc  kc )  HM l s 4  ( H (cc  cl )  rcc M l )s 3  H kc  kl   rkc M l  rcc cl  K pTD cc s 2 ...
  r (cc kl  kc cl )  K p TD k c cc s  kc (rkl  K p ) .

(20)

If it is considered that cc is very small, then the denominator of transfer function can be simplified to:

Ds  Kc (s)(scc  kc )  HM l s 4  Hcl s3  H (kc  kl )  rkc Ml s 2  kc rcl  K pTD s  kc (rkl  K p ) . (21)

Figure 8 – Frequency response of Ft(s) /Fd(s) with and without the active control system.
From equation (21), it can be observed that adding the proportional control K p tends to increase the
effective stiffness of the system, while the use of derivative control KpT D. s tends to rise the effective
damping of the system. The results can be seen in Figure 8 which shows the effect of derivative
controller in reducing the dominant resonance peak of the force transmissibility by approximately 17
dB. Here, the effect of derivative control is more significant than adding the proportional control ,
particularly for reducing the resonance peak. There is a slight increase of transmissibility at the second
resonance (16 Hz). However, it is considered to be a weak resonance, in contrast to the lower
frequency dominant resonance.

5. CONCLUSIONS
The use of compliant-based actuator for active vibration control applications has been proposed in
this work. The actuator consists of a rotary motor, linear spring and a set of rack and pinion. It is shown
that the characteristics of the actuator highly depend on the compliant stiffness. An active control
strategy using a PD controller is investigated for controlling the force transmissibility of a
mass-spring-damper system. It is found that the proportional control term can increase the effective
stiffness of the system, while the derivative control terms can increase the effective damping.
For vibration control, the dynamics of the load mass as part of the whole system and low frequency
range are shown to be important to be considered. The compliant-based actuator can be used to
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actively control the force transmission, as demonstrated by 17 dB of force transmis sibility reduction at
the dominant resonance based on simulations. Therefore, by considering the observed benefits of the
compliant actuators, it is demonstrated that they have good potential to be used for active vibration
control applications.
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