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I. Introduction

T HE tuned mass damper (TMD) suppresses structural vibration
responses by improving the damping performance of the primary

vibration system. This apparatus has been applied successfully to
vehicles [1], aircraft [2], buildings [3,4], and spacecraft [5].
With the development of space technology, the demands for the

stability of space telescopes [6], such as the James Webb Space Tele-
scope with pointing stability of 0.004 arc sec [7], the Space Interfer-
ometryMission [8], and the Terrestrial Planet Finder [9], are becoming
increasingly prominent. As an effectivevibration attenuation apparatus,
the TMD has been applied to improve image stability and the perfor-
mance of space telescopes, e.g., Camelo and Adamm et al. used the
TMD with variable damping and frequency to improve the surface ac-
curacy of a segmentedmirror of a large spacemirror [10,11]. Compared
with the passive TMD, the active TMD (ATMD) is more suitable for
applications in space because of its smaller mass and volume.
The control strategy of the ATMD is an important factor of the

performance of the ATMD. Many control strategies have been
researched, including pole placement [12,13], state parameter
feedback [14,15], positive position feedback (PPF) [16,17], and time-
delay feedback [18]. PPF is an effective control strategy for vibration
active control and has been extensively adopted for its advantages of
good stability and low energy requirements [19–24], e.g., the NASA/
DLR Stratospheric Observatory for Infrared Astronomy used

multiple ATMDs with PPF to suppress structural flexible resonance
at 37 and 75 Hz [16], Cohan and Miller used PPF to control the
dynamic wavefront for lightweight mirrors of a space telescope [23],
and deMarneffe et al. developed a six-axis vibration isolation system
for a space application with PPF [21]. The application of PPF to an
ATMD requires a compensator, which is designed according to the
dynamic parameters of the actuators, to ensure stability [17,25].
Consequently, the variation in the dynamic parameters of the actuator
in usemay affect the vibration attenuation and stability of theATMD,
which restricts the application of the ATMD to a space device
requiring high stability, such as a space telescope.
The dynamic-response amplitude–frequency curve of the primary

system with and without the ATMD is usually used to access the
vibration attenuation effect [26,27]. The basic objective of applying
anATMD to the optical payload is to improve the image quality of the
optical system. Therefore, not only the amplitude-frequency curve
but also the integrated optomechanical analysis [28,29] is required to
evaluate the vibration attenuation effect of the ATMD.
The present study proposes a novel control strategy of the ATMD

that consists of proportional control and PPF. The strategy has the
advantages of good stability and independence from dynamic
parameters of the ATMD and is thus suited to space devices. To solve
the low-frequency resonance problem of the space telescope caused
by vibration isolators, ATMDs with the developed control strategy
are applied, and an integrated optomechatronics analysis is carried
out to verify the vibration attenuation effect of the presented method.
The note is organized as follows. Section II describes the ATMD

control strategy for a single-degree-of-freedom system and multi-
degree-of-freedom system in detail. Section III presents the
integrated optomechatronics simulation approach and simulation
results. Concluding remarks on the ATMD are presented in Sec. IV.

II. Control Strategy of the Active Tuned Mass Damper

A. Control Strategy for a Single-Degree-of-Freedom System

The ideal PPF force control system for a single degree of freedom
is depicted in Fig. 1. The primary vibration system consists of a
lumped mass and a soft spring k in parallel with the damping c. An
accelerometer is placed on the mass. The control force Fideal is
calculated with the PPF controller and is exerted on the mass directly.
Fideal can be expressed as

Fideal � G�s� �xp (1)

where G�s� is the transmission function of the PPF controller and is
expressed as [30]

G�s� � −g
s2 � 2ξfωfs� ω2

f

(2)

with ξf and ωf being the damping and filter frequency of the
controller, respectively. As shown in Eq. (2), the parameters of the
PPF control are g, ξf, and ωf.
For the ideal PPF force control system, the gain g of the PPF can be

very large, and consequently large active damping can be achieved.
For the practical control system with the ATMD, the dynamic
characteristics of the actuator of the ATMD may affect the stability
and performance. The common configuration of the practical control
system with the ATMD dynamics is presented in Fig. 2. In this
configuration, the ATMD is usually used as an inertial actuator
whose natural frequency is lower than the target frequency band.
Constrained by the dynamic characteristic of theATMD, the gaing of
the PPF controller cannot be as large as the ideal PPF force control, or
the system will become unstable. Moreover, the system may also be
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unstable in the case that the damping of the ATMD ca is very small
[31]. To ensure the stability and performance of the ATMD, the
control system requires a compensator, which is designed according
to the dynamic characteristic of the ATMD.Because the performance
depends very much on the accuracy of dynamic parameters, the
variation of the dynamical parameters of the ATMD in use strongly
affects the compensation effect.
To solve the problems stated previously, a novel control strategy is

proposed as shown in Fig. 3. In this control strategy, an added
accelerometer is attached to themass of theATMD. In Fig. 3, xp is the
displacement of the primary system, and xa is the displacement of
the ATMD.
According to Newton’s second law, the active force exerted at the

primary system can be written as

FATMD � −ma �xa (3)

From Eq. (3), it is clear that the force FATMD is proportional to the
acceleration of the mass ma, and the active force may thus be
controlled by controlling the acceleration of the mass ma.
To ensureFATMD is equal toFideal, proportional control is adopted.

The difference between the active force FATMD and the ideal feed-
back force Fideal is taken as the error signal. The error signal is
amplified through the proportional controller and transferred as a
control signal to drive the actuator:

Fact � K�FATMD − Fideal� (4)

where K is the gain of the proportional controller.
In essence, this practical control system implementing the

proposed strategy is equivalent to the ideal PPF force control. It has
the advantage that the system performance is independent of the
actuator characteristic. As a result, the stability and performance of
the control system are unaffected by the variation of the dynamic
characteristics of the ATMD.
Tovalidate the effectiveness of the control strategy, simulations are

carried out using the model shown in Fig. 3. Table 1 gives the
specifications of the primary system. Table 2 gives the parameters of
the ATMD in different cases.
Figure 4 compares the root loci of the gain K of the proportional

controller in different cases. It is seen that the ATMDdynamics affect
the positions of the closed poles. The closed-loop poles of the
ATMDs in different cases converge to the same position as the gain g
tends to infinity, and the finally positions of the closed-loop poles are
the same as those of the ideal PPF force control. As shown in Fig. 4,
when the gain g is greater than 12, the closed-loop poles are
extremely close to the final position in case 1, and the gainK in cases
2 and 3 are 23 and 36, respectively. It demonstrates that the closed
poles of the ATMD with low natural frequency move much more
quickly, and a further increase in gain K does not strongly affect the
performance of the system.
When the K varies from 0 to∞, the root locus may be in the right

half-plane. However, as theK increases, the root locus moves back to
the left half-plane and keeps the system stability. Figure 4 shows that
largerK is needed to keep stability when the natural frequency of the
actuator is higher. In this simulation, the stability of the system can be
achieved when the gain K is greater than 94.6 in case 3.
Figure 5 shows the transmissibility curves of the primary mass

with and without ATMDs. It is seen that the vibration attenuation
effects of the ATMDs with different dynamic characteristics are
identical, which indicates that the inherent dynamic characteristics of
the ATMD can be ignored using the proposed control strategy. In
addition, the ATMD with the proposed control strategy can achieve
the same attenuation effect as the ideal PPF force control.

B. Control Strategy for a Multi-Degree-of-Freedom System

The sensitive payloads are almost a continuous flexible structure in
practice, especially for a space telescope. Thus, in practical
applications, multiple ATMDs are required to achieve the effect of
mitigation vibration. If we approximate the payload structure as
having a finite number of degrees of freedom, we can formulate a
transformation between physical and modal coordinates. A control
strategy based on the modal space is adopted in this study as shown
in Fig. 6.
Themodal coordinatematrix obtained by analysis ormeasurement

may be described as

Fig. 1 Schematic diagram of the ideal PPF force control system.

Fig. 3 Schematic diagram of the developed PPF controller system.

Table 1 Specifications of the primary system

Notation Specification Value

mp Mass of the primary system 100 kg
fp Natural frequency of the primary system 20 Hz
cp Viscous damping coefficient of primary

damper
753.6 N∕�m · s−1�

ξp Damping ration of the sensitive payload 0.03

Table 2 Parameters of the ATMD in different cases

Value

Notation Specification Case 1 Case 2 Case 3

ma Mass of the actuator, kg 5 5 5
fa Natural frequency of the actuator, Hz 10 20 30
ca Viscous damping coefficient of the

second damper, N∕�m · s−1�
6.28 12.56 18.84

ξa Damping ration of the actuator 0.01 0.01 0.01

Fig. 2 Schematic diagram of the practice PPF controller system
considering the dynamic characteristic of the inertial actuator.
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�Φtot� � �ϕ1 ϕ2 · · · ϕn � (5)

where �Φtot� is the n × n eigenvector matrix of �M−1��K� and denotes
the first n modes, and ϕn is the n × 1 vector of the nth-order mode.
The coordinate change from physical space to modal space is

amod � �Φtot�Ta (6)

where amod is an n × 1 vector containing all the system physical
coordinates, a is an n × 1 vector containing all the system physical
coordinates and can bemeasured by accelerometers, and �Φtot�T is the
transpose of the modal coordinate matrix �Φtot�.

Employing a modal coordinate transformation, the multi-degree-
of-freedom coupling system can be converted to a series of decoupled
scalar systems. Therefore, the control system can be designed
according to the single-degree-of-freedom control system described
previously. The mode controller can be described as

G�s� �

2
6664
G1�s� 0 · · · 0

0 G2�s� · · · 0

..

. ..
. . .

.
0

0 0 0 Gn�s�

3
7775 (7)

where Gn�s� is the controller used for the nth-order mode.
The control forces in themodal coordinate system can be described

as

Fmod � G�s�amod (8)

The poles with the noraml
       PPF force control

The poles with the noraml
       PPF force control

The poles with the noraml
      PPF force control

-3

a)

b)

c)

Fig. 4 Root locus of the control system in different cases: a) case 1, b) case 2, and c) case 3.

Without ATMD
Case 1
Case 2
Case 3

Without ATMD

Case 1
Case 2
Case 3

0 1 2

Fig. 5 Transmissibility curves of the primary system without and with
different ATMDs.

PP
F 

co
nt

ro
lle

r

Proportional controller Accelerometer

ATMD

Flexible primary
       system

Fig. 6 Schematic diagram of the multi-degree-of-freedom control
system.
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Transforming the control forces from amodal coordinate system to
a physical coordinate system, the control forces in the physical
coordinate system can be derived as

FPPF � �Φtot�Fmod � �Φtot�G�s��Φtot�Ta (9)

Using the previous formulas, the PPF active forces may be
obtained. Assigning the PPF active forces to each independent
proportional controller of the ATMD, the practical active forces can
be described by

Fact � K�−Ma − FPPF� (10)

where M � diag��m1 m2 : : : mn �� is an n × n diagonal
matrix consisting of mass parameters of multiple actuators, a �
� a1 a2 · · · an �T is the n × 1 vector of the acceleration of
actuators, andK � diag�� k1 k2 · · · kn �� is the diagonal matrix
of the gain.

III. Integrated Optomechatronics Analysis

In response to the demands of space science missions, there are
many very precise optical instruments in space telescopes. Such
optical payloads are very sensitive to pointing disturbances. The
dynamic perturbations of optical mirrors and detectors can notably
degrade image quality. To meet the requirements of high pointing
stability, vibration isolators are usually inserted in the transmission
path between the disturbance source [32] and payload. A vibration
isolation system was proposed and the way to obtain the optimal
design parameters and configuration of the isolation system was
discussed in [33]. However, vibration isolators lead to system
resonance at the corner frequency, which cannot be solved by
optimizing the design parameters and configuration. The general
solution to this problem is to increase the damping of the isolators.
However, the increasing damping affects the isolation effect of the
isolators at high frequency. One effective approach used to solve this
problem is to adopt ATMDs.
The telescope considered in this note is a classic Cassegrain system

with a parabolic primary mirror and a hyperbolic secondary mirror.

The optical layout of the telescope studied in this research is depicted
in Fig. 7. Figure 8 is the finite-element drawing of this approach. The
architecture of the isolation system is based on the Stewart–Gough
configuration, which consists of six isolation struts. Six ATMDs are
attached at the upper end and along the axis of each strut. With this
configuration, the ATMDs can attenuate effectively six resonant
modes of the system.
To verify the effectiveness of this method in improving the image

quality of the optical system, integrated optomechatronics analysis
that predicts the jitter performance of the optical system is adopted.
This integrated simulation combines the optical payload, isolation
system, and ATMDs using the transmission function. The jitter
performance of the optical system is defined as the line-of-sight
(LOS) motion measured at the detector plane. For flexible optics, the
microvibration may change the shape of the optical surfaces, and it is
thus important to account for the deformations of the optical surfaces.
The average rigid-bodymotions can be calculated using interpolation
elements (RBE3 in Nastran) [34] or linear equations as follows.
The fit displacement of node i due to the motions is

d ~xi � Tx � ziRy − yiRz

d ~yi � Ty − ziRx � xiRz

d ~zi � Tz � yiRx − xiRy (11)

where d ~xi, d ~yi, d ~zi are respectively the displacements at node
position xi, yi, zi due to rigid-body motions; Tx, Ty, and Tz are the
translations along the coordinate axes; and Rx, Ry, and Rz are the
rotations about coordinate axes.
The error E is defined as the difference between the actual optical

surface nodal displacements and the rigid-body values calculated
previously:

E �
Xn
i�1

�wi�dxi − d ~xi�2 � wi�dyi − d ~yi�2 � wi�dzi − d ~zi�2�

(12)
where wi is the weighting function of node i.
Taking partial derivatives with respect to each term (Tx,Ty,Tz,Rx,

Ry, Rz) and setting the result to zero, the average rigid-body motions
can be obtained asFig. 7 Optical layout of a telescope.

Fig. 8 Structure of the optical payload: a) finite-element model, and b) explosive view of the FEM.

Table 3 Natural frequencies and mode shapes

Mode Natural frequency, Hz Mode shape

First 9.7 Tilting around the y axis
Second 9.7 Tilting around the x axis
Third 16.5 Piston along the z axis
Fourth 17.1 Rolling around the y axis
Fifth 17.1 Rolling around the x axis
Sixth 19.6 Twisting around the z axis
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8>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>:

∂E
∂Tx

�
Xn
i�1

wi�dxi − �Tx � ziRy − yiRz�� � 0

∂E
∂Ty

�
Xn
i�1

wi�dyi − �Ty − ziRx � xiRz�� � 0

∂E
∂Tz

�
Xn
i�1

wi�dzi − �Tz � yiRx − xiRy�� � 0

∂E
∂Rx

�
Xn
i�1

wif�dyi − �Ty − ziRx � xiRz��zi − �dzi − �Tz � yiRx − xiRy��yig � 0

∂E
∂Ry

�
Xn
i�1

wif−�dxi − �Tx � ziRy − yiRz��zi � �dzi − �Tx � yiRx − xiRy��xig � 0

∂E
∂Zz

�
Xn
i�1

wif�dxi − �Tx � ziRy − yiRz��yi − �dyi − �Ty − ziRx � xiRz��xig � 0

(13)

Substituting the nodal data of optical surfaces into Eq. (13)
and solving these equations yields the average rigid-body motions
(Tx, Ty, Tz, Rx, Ry, Rz). The average rigid-body motions can also
be calculated by interpolation elements in MSC.NASTRAN
software.

Image motion, as a function of time and frequency, can be
computed from finite-element analysis. Thismethod assumes that the
image motion is a linear function of the optical element displacement
[34,35]. The relationship of the image motion (Δx, Δy) and the
average rigid-body motions (�T�optics) can be expressed as

Fig. 9 Mode shapes of the first six modes of the isolation system.
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�
Δx
Δy

�
� �L�img�T�optics (14)

where �L�img denotes optical sensitivity coefficients that can be
obtained from an optical design code.
The dynamic equation of the system can be written as

�Ms2 � Bs� K�fug � fPg (15)

As stated previously, by employing the ATMD, it follows that

Fact � g�−ΦG�s�ΦTs2ud −Ms2ui� (16)

where ud is the 6 × 1 position vector of isolator mounting points, and
ui is the 6 × 1 displacement vector of the actuators. The transmission
characteristics of the system in Eq. (14) can be added to Eq. (13) by
adjusting the coefficient matrices M, B, and K.
The first six natural frequencies and mode shapes of the system

obtained employing the finite-element model (FEM) are given in
Table 3 and Fig. 9 and are used to design the mode controller of
the ATMDs.
To verify the effectiveness of the ATMDs in improving the image

quality of the optical system, the LOS jitters of the optical system
with and without ATMDs are calculated. Six load cases are
considered. The cases are six disturbance accelerations applied to the
base platform in six directions as shown in Table 4.
Figure 10 compares the LOSmagnitudes of the optical systemwith

and without the ATMDs in different cases. Figures 10a, 10b, and 10e
show the translational vibration along the x axis, y axis, and z axis,
respectively. Figures 10c, 10d, and 10f show the rotational vibration
around the x axis, y axis, and z axis, respectively. It is seen that the
ATMDs effectively suppress the resonant peaks of the isolation
system, and moreover, the isolation effect of the isolation system at
high frequency is unaffected. In this study, the gain g of the PPF is

Table 4 Six load cases for LOS jitter analysis

Load case Acceleration
Frequency range,

Hz

Translational vibration along the x axis 10−3 m∕s2 1 ∼ 5 × 102

Translational vibration along the y axis 10−3 m∕s2 1 ∼ 5 × 102

Rotational vibration around the x axis 10−3 arc∕s2 1 ∼ 5 × 102

Rotational vibration around the y axis 10−3 arc∕s2 1 ∼ 5 × 102

Translational vibration along the z axis 10−3 m∕s2 1 ∼ 5 × 102

Rotational vibration around the z axis 10−3 arc∕s2 1 ∼ 5 × 102

a) b)

c) d)

e) f)
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Without ATMDs

With ATMDs

Without ATMDs

With ATMDs

Without ATMDs
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Without ATMDs

With ATMDs

Without ATMDs

With ATMDs

Without ATMDs

With ATMDs

-7
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-9

-1
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0 1 2 20 1 2 2

0 1 2 2

Fig. 10 Comparison of the LOS magnitude of the image with and without ATMDs in different cases.
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120, and the vibration attenuation ratios at the resonant peaks are
better than 10 dB. The peak attenuation is better with larger gain.
Because of the structural symmetry of the payload, the results in

Figs. 10a and 10b are almost identical, as in the comparison of
Figs. 10c and 10d and the comparison of Figs. 10e and 10f. There is
less image motion in Figs. 10a and 10b than in Figs. 10c and 10d,
which indicates that imagemotion on the detector ismore sensitive to
rotational vibration than to translational vibration.
The curves in Figs. 10c, 10d present a decreasing trend of the LOS

magnitudewith increasing frequency. This trend is due to the gradual
decrease in disturbance displacement with the rise in frequencywhen
the disturbance acceleration is invariable. Two peaks occur at low
frequency because of the resonance of the isolation system. Other
peaks occur at high frequency because of the elastic resonance of the
support frame.
The LOS magnitudes of the image shown in Figs. 10e and 10f are

constantly zero. Thus, the microvibrations along the z axis and
around the z axis do not affect the optic axis direction and thus have
no effect on the image quality of the optical system.
The natural frequencies and damping ratio of the system for

different modes are calculated and the results presented in Table 5. It
is seen that the natural frequencies of the optical payload with the
ATMDs are not notably different from those without ATMDs. With
the collocated configuration, theATMDs can increase the damping of
six modes of the system, especially in the z-axis direction, where the
increase reaches 632%. The damping ratios of vibrations around the
x axis and y axis increase less, by up to 347%.

IV. Conclusions

This study presented a novel active tuned mass damper (ATMD)
control strategy and investigated the application of the ATMD to the
vibration attenuation of a space telescope. This control strategy,
which combines proportional control and positive position feedback
(PPF), was shown to have good stability. Moreover, the control
strategy is independent of the dynamic characteristics of the ATMD.
The effectiveness of the presented control strategy was demonstrated
in simulations. The simulation results show that the control strategy
can achieve the same effect as ideal PPF force control. To verify the
vibration attenuation effect of the developed ATMDs applied to the
space telescope, an integrated optomechatronics analysis was
adopted. The optomechatronics simulation results show that the
ATMDs can efficiently attenuate the elastic resonance of the space
telescope and improve the image quality of the optical system. In
addition, theATMDsdo not reduce the isolation effect of the isolation
system at high frequency ranges.
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