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Linear Parameter-varying Control for Active
Vibration Isolation Systems with Stiffness Hysteresis
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Abstract: We consider the use of linear parameter-varying methods for the control of stiffness hysteresis in
vibration isolation systems. We assume that the hysteresis model is known, and we describe it using a stiff-
ness parameter that takes values in a compact convex set. The proposed parameter-dependent controller is
continuously scheduled based on real-time measurements or estimates of the stiffness, and provides guaran-
teed stability and performance for the full range of stiffness variability. The method is applied to a simplified
model of a microgravity vibration isolation system with an umbilical stiffness hysteresis non-linearity. Sim-
ulations show that the parameter-varying design is stable in the presence of hysteresis and that the desired
isolation performance is achieved over the full range of displacements considered. The results are compared
with those obtained with a fixed robust �� controller that considers the stiffness variability as uncertainty.
We discuss robustness issues and demonstrate the effect of hysteresis model uncertainty in the implementa-
tion of the proposed control scheme.

Key words: Active vibration isolation, linear parameter-varying control, hysteresis, aerospace systems.

1. INTRODUCTION

Active vibration isolation has become an important enabling technology in a wide range of
engineering applications ranging from space science to the machining of precision parts.
Recent applications, such as the microgravity isolation in space and the lithography of mi-
croelectronic devices, impose extremely stringent vibration isolation requirements resulting
in the need for novel optimization-based active vibration control schemes. Microgravity vi-
bration isolation is a critical function onboard the International Space Station (ISS). A main
objective of ISS is to serve as a premier on-orbit laboratory for conducting acceleration-
sensitive scientific research in diverse disciplines, such as material science, combustion, fun-
damental physics, chemical processing, fluid mechanics, and biotechnology (National Re-
search Council, 2000). However, owing to a variety of external and internal vibrations and
acoustic excitations, the acceleration environment is expected to significantly exceed the mi-
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528 F. ZHANG ET AL.

crogravity specifications of many acceleration-sensitive experiments. The strict micrograv-
ity isolation requirements along with the wide range of the excitation frequencies make this
an extremely challenging vibration isolation problem. Low-frequency excitations (less than
0.001 Hz) are due to gravity gradient forces and atmospheric drag. Intermediate range vibra-
tions (from 0.001 to 1 Hz) are mostly transient in nature due to astronaut motion and thruster
firings. High-frequency vibrations (above 1 Hz) are caused by sinusoid steady-state sources,
such as pumps, compressors, exercise equipment and fans, as well as transient sources, such
as impacts. Both classical and modern control approaches have been proposed recently to
address the microgravity vibration isolation control problem (Knopse et al., 1991� Hamp-
ton et al., 1996� Fialho and Thampi, 2000� Fialho, 2000). Grodsinsky and Whorton (2000)
presented a survey of active vibration isolation systems for microgravity applications.

A great challenge in the control of many vibrating systems is the presence of non-
linearities, such as hysteresis. Many mechanical and structural systems exhibit hysteretic
behavior due to friction, phase transition, or backlash, such as smart materials (shape mem-
ory alloys, piezoceramics, and magnetostrictive materials), concrete reinforced structures,
gear systems, and vibrating structures with umbilicals. In a vibration isolation system, hys-
teresis can cause a number of undesirable effects, including poor performance, steady-state
errors, limit cycle behavior, or loss of stability. Recently, control design methodologies with
guaranteed stability and performance bounds have appeared that take account of system hys-
teresis using passivity approaches, inversion methods, or robust control (Pare and How, 1998�
Pare et al., 1999, 2001� Gorbet et al., 2001). In these approaches a fixed linear or non-linear
controller is designed to accommodate the hysteresis non-linearity in the system

In the present work, a novel approach for active control of hysteretic systems is proposed,
using a linear parameter-varying (LPV) framework. The methodology is applied to a sim-
plified one-dimensional model of a microgravity isolation system that includes an umbilical
stiffness hysteresis non-linearity. The LPV control methodology provides a systematic con-
trol procedure with guaranteed stability and performance for non-linear systems and linear
systems with parameter variability. The LPV controller is scheduled (adapted) in real-time
based on the current operating point determined by the real-time measurement of the sys-
tem parameters. The corresponding control synthesis results in the solution of linear matrix
inequality (LMI) optimization problems that can be solved efficiently (Boyd et al., 1994).

The organization of the paper is as follows. Section 2 introduces a general vibration
isolation problem and discusses the use of LPV methods to address stiffness hysteretic non-
linearities. Section 3 introduces key performance objectives and control design constraints in
the control of microgravity vibration isolation systems. Design and validation of LPV con-
trollers for microgravity isolation is the subject of Section 4. The designed LPV controllers
are compared with fixed robust�� designs to demonstrate their improved performance. Ro-
bustness issues and the effect of hysteresis model uncertainty in the implementation of the
proposed control scheme are presented in Section 5. Finally, concluding remarks are found
in Section 6.

2. THE GENERAL VIBRATION ISOLATION PROBLEM

Consider a single-degree-of-freedom model of a vibration isolation system whose rigid body
dynamics is represented schematically in Figure 1. Here M represents the mass, K represents
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Figure 1. Spring–mass system.

the stiffness, Fext represents the external control force generated by a force actuator, and xon,
xoff represent onboard and offboard displacements, respectively. Structural damping is negli-
gible for the microgravity isolation problem considered here (Knopse et al., 1991� Hampton
et al., 1996� Fialho and Thampi, 2000� Fialho, 2000). The corresponding differential equation
of motion is

M �xon � K [xon � xoff] � Fext� (1)

Defining x1 :� xon � xoff, x2 :� �xon � �xoff, d :� �xoff, u � Fext, and y :� [ �xon� x1]T , we can
write (1) in state-space form as follows:

�x1 � x2� (2)

�x2 � � K

M
x1 � 1

M
u � d� (3)

y1 � � K

M
x1 � 1

M
u� (4)

y2 � x1�

The control problem considered in this paper is the use of output feedback y� i.e. inertial
acceleration and relative position, to robustly stabilize the closed-loop system and achieve
a desired level of disturbance rejection from the external disturbance d (i.e. offboard accel-
eration) to the measured output y. The challenge in the present work is that owing to the
presence of umbilicals, the stiffness parameter K shown in Figure 1 is assumed to vary non-
linearly as a function of the relative displacement. In particular, the stiffness force versus
displacement curve exhibits a hysteretic behavior.

One possible approach to the problem is to linearize the hysteresis curve over a range
of displacements, resulting in a set of stiffness values over which robust stability and per-
formance must be achieved. Then, a single robust LTI controller can be designed to stabi-
lize the system over the full range of stiffness values. Obviously, the achievable robustness
will depend on the resulting range of stiffness variation, and at the cost of isolation perfor-
mance degradation. Hence, this approach has a high degree of conservatism. A significantly
less-conservative approach would be to design a single non-linear controller that explic-
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itly accounts for the stiffness non-linearity such that the best isolation performance can be
achieved regardless of the umbilical hysteresis. In this paper we consider the application of
LPV methods to the latter approach� see Becker and Packard (1994), Apkarian et al. (1995),
and Wu et al. (1996) and references therein. The non-linear plant is linearized over a range
of displacements and the resulting family of linearizations is modeled as a LPV system. LPV
methods are then used to design a gain-scheduled controller that adjusts its dynamics based
on the current stiffness estimate.

3. ACTIVE MICROGRAVITY ISOLATION: CONTROL OBJECTIVES

AND CONSTRAINTS

The generic vibration isolation model discussed in Section 2 applies to the case of active mi-
crogravity isolation systems. Several such systems have been developed in the past decade
and have been tested on various orbiting platforms� see Grodsinsky and Whorton (2000) and
the references therein. Examples include the suppression of transient accelerations by levita-
tion (STABLE), the microgravity vibration isolation mount (MIM), the glovebox integrated
microgravity isolation technology (g-LIMIT), and the active rack isolation system (ARIS).
The first three are experiment payload-level isolators, while ARIS is the only system that
isolates a complete payload rack. In all of these systems the mass M in Section 2 represents
the flotor or isolated platform. Power, data, cooling fluid, and other resources must be passed
to the isolated payload via umbilicals and this is captured by the stiffness element K . The
force u :� Fext represents active forces applied by the control actuators, while y1 :� �xon and
y2 :� xon�xoff are the inertial acceleration of the isolated platform and relative displacement
between the platform and the base. The dynamics of the pushrod actuators are neglected in
the control design but the saturation limit of the actuator force is taken into account. In most
of these isolation devices, kinematic and dynamic decoupling is employed to account for
mass and inertia properties, stiffness crosscoupling, and the skewed location of actuators and
sensors. This decoupling reduces the control design problem to six independent degrees of
freedom (three translation and three rotation). Owing to this, the single-degree-of-freedom
model in Section 2 is well justified from an engineering perspective, and is not merely a the-
oretical simplification (Grodsinsky and Whorton, 2000). However, it should be emphasized
that the proposed LPV control approach for vibration isolation in the presence of stiffness
hysteresis is not limited to single-degree-of-freedom systems.

The main performance objective is to achieve a specified level of isolation that can be
quantified as the ratio of the isolated platform (onboard) acceleration to acceleration of the
base (offboard). Figure 2 shows the target isolation curve, i.e. the target attenuation from
offboard to onboard acceleration for ISS microgravity isolation requirements. As can be
seen, the target isolation curve has a �20 dB per decade rolloff in the region between 0.01
and 10 Hz, and levels off at �60 dB thereafter. Isolation is allowed to exceed 0 dB at low
frequencies in order to allow the isolated platform to track base motion at these frequencies.
This is required in order to prevent the base from bumping into its mechanical hardstops.

Umbilical stiffness non-linearity, plant uncertainty, sensor noise, and the limited rat-
tlespace impose constraints on the design of controllers to meet the isolation curve in Fig-
ure 2. These constraints exist, to varying degrees, in both the payload- and the rack-level
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Figure 2. Target frequency response isolation curve.

isolation systems discussed above. However, they are most accentuated in rack-level sys-
tems, leading to more challenging control design problems. Owing to this, we focus our
attention on rack-level isolation, namely ARIS, in the following. A schematic of the ARIS
system is shown in Figure 3.

The ARIS control system senses rack acceleration via three triaxial accelerometer heads,
and uses eight push-rods driven by rotary-type voice coil actuators to perform active vibration
isolation. Position sensors housed in the actuator assembly are used to sense the relative
position between the rack and the station. Electrical power, data, and other essential resources
are routed through a set of umbilicals that are attached to the bottom of the rack. The rack
must operate within the 	0�5 in (	1�27 cm) rattlespace enforced by hardstop bumpers. The
reader is referred to Grodsinsky and Whorton (2000), Fialho and Thampi (2000), and Fialho
(2000) for details.

3.1. Control Design Constraints

3.1.1. Umbilical Hysteresis

The umbilicals do not have a constant stiffness K within the whole range of rack motion,
but they demonstrate a hysteretic characteristic (Figure 4)� see Fialho and Thampi (2000)
and Fialho (2000). As can be seen in Figure 4, as displacement increases umbilical stiffness
gradually decreases from Ksmall to Klarge. On hysteresis turnaround the stiffness increases
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Figure 3. Schematic of the ARIS system.

back to the larger Ksmall value. We remark that the “large” versus “small” notation refers
to displacement, and that Ksmall � K large. From a LPV perspective, this hysteretic variation
in stiffness can be modeled as a parameter variation between the maximum (Ksmall) and
minimum (Klarge) values of the stiffness K . The stiffness can be estimated in real-time using
either an on-line stiffness identification or an accurate model of the umbilical hysteresis. This
stiffness estimate can then be used to schedule the LPV controller in real-time.

3.1.2. Rack Structural Dynamic Uncertainty

The model in Section 2 represents only rigid body (rack mass and umbilical stiffness) modes
and it is therefore valid only for low frequencies. Above 26 Hz, rack flexible modes come into
play and hence the controller must robustly stabilize those flexible modes that are control-
lable and observable from the actuators and accelerometers. Owing to significant uncertainty
in the damping, natural frequency, and shapes of the modes, the approach adopted in the
present work is to roll off the control loop so as to gain-stabilize these structural modes. This
enforces a constraint on the allowable control bandwidth. In the present work, we consider
the acceleration open-loop transfer function (measured by breaking loops at the acceleration
inputs to the controller) to be constrained below the piecewise linear gain-stabilizing con-
straint curve formed by joining the points (27 Hz, �15 dB), (43 Hz, �45 dB), and (78 Hz,
�54 dB) as proposed by Fialho (2000).
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Figure 4. Umbilical force versus position hysteresis.

3.1.3. Accelerometer Noise

Accelerometers tend to be noisy at low frequencies owing to a variety of effects, such as
measurement biases, drift, and electronic noise. The controller senses this false acceleration
and attempts to cancel it, thereby causing the rack to move around in its rattlespace. This can
be mitigated by ensuring that the transfer function from the accelerometer noise to onboard
acceleration is small at low frequencies.

3.1.4. Position Sensor Noise

The position sensors, on the other hand, tend to be noisy at high frequencies. In order to
reject this noise, the position control loop must be adequately rolled off at high frequencies.

3.1.5. Constraint on Rack Displacement

Transient propulsive station disturbances, such as venting and thruster firings, cause relative
motion between the station and the rack. In order to validate any designed controller, a rep-
resentative transient velocity profile is chosen and applied to the model in order to determine
whether the relative displacement remains within 	0�5 in (	1�27 cm). This is necessary to
ensure that the rack does not bump into its hardstops during normal operation.

In this paper the mass of the rack is assumed to be M � 39 slugs (569�16 kg), and
the spring constant K is assumed to vary hysterically between 40 and 120 lb ft�1 (between
583.76 and 1167.52 N m�1). The actuation force saturation limit is set at 3 lb (13.34 N). The
controller uses measurements of the onboard acceleration y1 and relative displacement y2.
The acceleration is filtered through a transfer function T �s� � 1000��s�1000�. This filtering
ensures that the measurement equations do not contain the parameter. Sensor noise and
gain-stabilizing constraints along with their corresponding weighting functions are added
as design constraints. We remark that the performance specifications and uncertainty models
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Figure 5. LPV design interconnection.

considered in this work are similar to those used in a previous �� control designs for the
full-order case (Fialho, 2000).

4. THE LPV CONTROL DESIGN

We formulate the control design problem as a LPV problem with respect to the variable stiff-
ness parameter K . We assume that an analytical or experimental model of the system hys-
teresis non-linearity is available. Subsequently, the slope of the hysteresis non-linearity that
varies between known upper and lower bounds is used as a scheduling parameter ��t�. The
stiffness K ranges in the interval [K large� Ksmall] � [40� 120] lb ft�1 �[583�761167�52] N m�1�
and its value is estimated in real time from the known hysteresis model based on the current
measurement of the rack displacement. We seek to design a LPV controller that is scheduled
based on the current value of K and provides guaranteed stability and performance for the
full range of the parameter variation in the hysteresis non-linearity. This approach is sub-
stantially different from past approaches that require a fixed controller to accommodate the
hysteresis non-linearity.

Frequency weighting functions are used to implement the control design objectives and
performance specifications. An augmented control design interconnection is then formed
using the open-loop plant model along with the selected weighting functions. The proposed
control design interconnection used for the LPV design is shown in Figure 5. The offboard
acceleration aoff is filtered through a shaping weight Wdist which is roughly the inverse of
the target isolation curve (see Figure 6). The weight Wpos on the position output is chosen
to have an approximate integral term to minimize steady-state position error and rolls off at
high frequencies (see Figure 7). The onboard acceleration (aon� is weighted with a constant
performance weight Wperf. The weight Wa on the acceleration sensor noise is also selected
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Figure 6. Offboard acceleration weight.

to be constant. Here Wposnoise rolls up at high frequencies in order to reject high-frequency
position sensor noise (see Figure 8). The uncertainty weight Wuncout scales the uncertainty to
meet the gain-stabilizing constraint, thereby rolling off the acceleration loop as desired (see
Figure 9).

The resulting augmented control design interconnection has 24 states. A constant Lya-
punov function approach is used in the LPV design to accommodate the very fast stiffness
variation on the hysteresis turnaround. The designed LPV controller consists of two vertex
controllers. Let K be the estimated value of the spring constant at a given time, and K large and
Ksmall be the minimum and maximum values of the spring constant. If the vertex controller
matrices are given by �Ak1� Bk1�Ck1� Dk1� and �Ak2� Bk2�Ck2� Dk2�, then the instantaneous
LPV controller has state-space matrices given by the interpolation

�
Ak�K � Bk�K �

Ck�K � Dk�K �

�
� c

�
Ak1 Bk1

Ck1 Dk1

�
� �1� c�

�
Ak2 Bk2

Ck2 Dk2

�

where

c � Ksmall � K

Ksmall � Klarge
�
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Figure 7. Position output weight.

Figure 8. Position sensor noise weight.
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Figure 9. Output uncertainty rolloff weight.

4.1. Controller Validation

Once the LPV controller is designed, the range of stiffness variation [Klarge� Ksmall] is divided
into a fine grid of 100 points and the closed-loop eigenvalues are checked at each point for
validation (Apkarian and Adams, 1998). These show that the “frozen” LTI systems are sta-
ble. The designed controller was then verified through frequency-domain and time-domain
simulations. Figure 10 shows the isolation performance achieved by the two vertex LTI con-
trollers, as well as that achieved by several other controllers in the interior of the parameter
set [K large� Ksmall]. Clearly, the target microgravity isolation performance specifications are
attained almost perfectly. In Figure 12, one can easily see that the gain-stabilizing constraint
shown as a piecewise linear curve is also satisfied. Figure 13 shows the sensitivity of the
closed-loop system to position sensor noise, which rolls off at high frequencies as required.
Sensitivity to accelerometer noise is required to be small at low frequencies, as mentioned
previously. Figure 14 clearly shows that this is indeed the case.

For comparison, we design a fixed nominal �� controller using the same shaping
weights for the mean stiffness value �K large � Ksmall��2. The corresponding isolation per-
formance is shown in Figure 11. It can be seen that the nominal isolation curve for the mean
stiffness value is similar to the LPV design. However, for the maximum stiffness value Ksmall

the isolation performance of the fixed �� controller violates the target isolation curve at
the critical isolation frequency range between 0.01 and 0.1 Hz. For the minimum stiffness
value K large� the isolation curve starts to rolloff at frequencies below 0.01 Hz. Therefore, us-
ing the fixed �� controller the ability of the isolation platform to track the base motion is
significantly impaired at these frequencies and large relative displacement is expected.
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Figure 10. Isolation performance using the LPV controller.

Figure 11. Isolation performance using the�� controller.
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Figure 12. Acceleration open loop transfer function.

Figure 13. Position sensor noise sensitivity.
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Figure 14. Accelerometer noise sensitivity.

A non-linear hysteresis model of the spring was used to validate the performance of the
LPV controller using time-domain simulation. A representative velocity profile

V � �2
 10�3�1� e�t�20� ft s�1

is applied as an offboard velocity in the model to determine whether the rack motion is re-
stricted to 0.5 in (1.27 cm). D-implementation (Kaminer et al., 1995) is used to implement
the designed LPV controller. The differentiation operator in the D-implementation is re-
placed by a causal system with transfer function s��0�001s�1�. The results of the simulation
(see Figure 15) show that the required displacement constraint is met and the displacement
is significantly less than the fixed�� controller. In Figure 16, it can be seen that the control
force for both designs are kept within the	3 lb saturation limit of the actuators, but the con-
trol force of the LPV controller is less than that of the fixed H� controller. Figure 17 shows
the onboard acceleration which is very small and Figure 18 shows the stiffness estimation
during the simulation. Thus, the isolation performance is excellent with the maximum dis-
placement of the rack being within design specifications. This is due to the fact that LPV
control permits us to use a real-time estimate of the umbilical stiffness for control. These
results compare very favorably with those of Fialho (2000), where the stiffness variations
were modeled as an uncertainty in the model and were not available to the controller in real
time. In fact, neglecting the stiffness variations and simulating the fixed controller designed
for the mean stiffness value (Klarge� Ksmall��2 with the hysteretic non-linear stiffness results

 at UNIV HOUSTON on June 26, 2009 http://jvc.sagepub.comDownloaded from 

http://jvc.sagepub.com


LINEAR PARAMETER-VARYING CONTROL FOR ACTIVE VIBRATION 541

Figure 15. Rack displacement with the worst-case velocity profile.

Table 1. Stability range for “frozen” controllers with respect to stiffness variation.

“Frozen” controller Stability range with respect to stiffness variation
C�120� [120� 101]
C�100� [120� 83]
C�80� [120� 66]
C�50� [120� 41]
C�40� [120� 40]

in an unstable closed-loop system. Figure 19 shows the simulation results for this case when
the rack displacement diverges. In reality, the rack will bump into its hardstops when the
displacement is 0.5 in (1.27 cm). This point shows the importance of taking into account the
stiffness variability of the umbilicals in the control design as in the LPV control.

To further emphasize the need for LPV control, we obtain a series of “frozen” con-
trollers by fixing the LPV controllers at a grid of parameter values. Then, a series of closed-
loop systems are formed by applying the “frozen” controllers to the parameter-varying plant.
The stability range with respect to stiffness variation for each “frozen” controller is exam-
ined through eigenvalue tests of the corresponding closed-loop system at different stiffness
values. The results are summarized in Table 1, where C��� is used to denote the “frozen”
controller for a stiffness value � and the right column shows the parameter variation range
that results in stability. It can be observed that all “frozen” controllers (except controllers
designed for very low stiffness, such as C�40�) are not robust for the full parameter range.
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Figure 16. Control force with worst-case velocity profile.

Figure 17. Rack acceleration with the worst-case velocity profile.
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Figure 18. Stiffness estimation.

Figure 19. Displacement of the rack with the fixed �� controller.
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On the other hand, controllers designed for low stiffness have inadequate performance at the
full operating region. The above results demonstrate the inability of fixed LTI controllers to
provide adequate stability and performance over the full parameter variation range and the
advantage of the proposed LPV control.

5. IMPLEMENTATION ROBUSTNESS ISSUES

From a practical implementation viewpoint, one cannot expect that the real-time stiffness
estimates used to implement the LPV controller will be exact. The present LPV implemen-
tation uses a suitable hysteresis model to estimate stiffness. An alternative approach would
be to have a real-time identification scheme to estimate stiffness online. The success of this
scheme obviously depends on the accuracy of the hysteresis model. It is expected that as the
stiffness estimation inaccuracy increases the performance of the LPV controller will deteri-
orate.

Figure 20 compares the rack displacement responses with a �5% and �5% stiffness
estimation inaccuracy. The corresponding rack acceleration responses are presented in Fig-
ure 21. As is expected, underestimation of the stiffness leads to reduced motion of the rack
and deteriorates the isolation. On the other hand, overestimation of the stiffness leads to
larger motion of the rack. We observe that the above stiffness estimation inaccuracy does
not have a significant effect on the system’s performance and the rack displacement remains
within its desired limits. Hence, the LPV closed-loop system is shown to be robust with re-
spect to small stiffness estimation errors. However, as the stiffness estimation inaccuracy in-
creases, the performance of the LPV controller deteriorate significantly. Figure 22 shows the
rack acceleration with a 20% stiffness underestimation. Clearly, the isolation performance
is significantly degraded compared with the results in Figure 21. Figure 23 shows the rack
displacement with a 20% stiffness overestimation. It can be seen that the limit of the rack
displacement is violated and as a result, the rack will bump into the hard stops under the
representative velocity profile.

6. CONCLUSIONS

In this work, we have examined the design of LPV controllers to account for hysteretic
non-linearities in vibration isolation systems. The proposed LPV controllers are scheduled
based on the real-time measurement of corresponding variable system parameters and pro-
vide guaranteed stability and isolation performance. The methodology is applied to the con-
trol of ARIS that includes an umbilical stiffness hysteresis non-linearity. The designed LPV
controller is shown to satisfy the required vibration isolation constraints for the microgravity
environment onboard the ISS. The LPV controller is scheduled based on real-time stiffness
estimates, and is seen to perform significantly better than a fixed linear time-invariant con-
trollers such as those designed using�� methods.
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Figure 20. Rack displacement for different levels of stiffness estimation accuracy.

Figure 21. Rack acceleration for different levels of stiffness estimation accuracy.
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Figure 22. Rack acceleration (20% stiffness underestimation).

Figure 23. Rack displacement (20% stiffness overestimation).

 at UNIV HOUSTON on June 26, 2009 http://jvc.sagepub.comDownloaded from 

http://jvc.sagepub.com


LINEAR PARAMETER-VARYING CONTROL FOR ACTIVE VIBRATION 547

REFERENCES

Apkarian, P. and Adams, R., 1998, “Advanced gain-scheduling techniques for uncertain system,” IEEE Transactions
on Control Systems Technology 6(1), 21–32.

Apkarian, P., Gahinet, P., and Becker, G., 1995, “Self-scheduled H� control of linear parametrically varying sys-
tems: a design example,” Automatica 31(9), 1251–1261.

Becker, G. and Packard, A., 1994, “Robust performance of linear parametrically varying system using parameteri-
cally-dependent linear feedback,” Systems and Control Letters 23, 205–215.

Boyd, S. P., El Ghaoui, L., Feron, E., and Balakrishnan, V., 1994, Linear Matrix Inequalities in Systems and Control
Theory, Society for Industrial and Applied Mathematics, Philadelphia, PA.

Fialho, I. and Thampi, S., 2000, “The interplay between hardware and control system design in the development of
the active rack isolation system,” in Proceedings 41st AIAA Structures, Structural Dynamics and Materials
Conference, Atlanta, GA, pp. 575–583.

Fialho, I. J., 2000, “H� control design for the active rack isolation system,” in Proceedings of the American Control
Conference, Chicago, IL, pp. 2082–2086.

Gorbet, R. B., Morris, K. A., and Wang, D., 2001, “Passivity-based stability and control of hysteresis in smart
actuators,” IEEE Transactions on Control System Technology 9(1), 5–16.

Grodsinsky, C. M. and Whorton, M. S., 2000, “Survey of active vibration isolation systems for microgravity appli-
cations,” AIAA Journal of Spacecraft and Rockets 37(5), 586–596.

Hampton, D. R., Knopse, C. R., and Grodsinsky, C. M., 1996, “Microgravity isolation system design: A modern
control synthesis framework,” Journal of Spacecraft and Rockets 37(5), 110–119.

Kaminer, I., Pascoal, A. M., Khargonekar, P. P., and Coleman, E. E., 1995, “A velocity algorithm for the implemen-
tation of gain-scheduled controllers,” Automatica 31(8), 1185–1191.

Knopse, C. R., Hampton, D. R., and Allaire, P. E., 1991, “Control issues of microgravity vibration isolation,” Acta
Astronautica 25(11), 687–697.

National Research Council, 2000, Microgravity Research in Support of Technologies for the Human Exploration and
Development of Space, National Academy Press, Washington, DC.

Pare, T. E., Hassibi, A., and How, J. P., 1999, “Asymptotic stability for systems with multiple hysteresis nonlinear-
ities,” in Proceedings of the American Control Conference, Vol. 5, pp. 3038–3043.

Pare, T. E., Hassibi, A., and How, J. P., 2001, “A KYP lemma and invariance principle for system with multiple
hysteresis non-linearities,” International Journal of Control 74(1), 1140–1157.

Pare, T. E. and How, J. P., 1998, “Robust stability and performance analysis of systems with hysteresis nonlineari-
ties,” in Proceedings of the American Control Conference, Philadelphia, PA, pp. 1904–1908.

Wu, F., Yang, X. H., Packard, A. K., and Becker, G., 1996, “Induced L2 norm control for LPV systems with bounded
parameter variation rates,” International Journal of Robust and Nonlinear Control 6(9–10), 983–998.

 at UNIV HOUSTON on June 26, 2009 http://jvc.sagepub.comDownloaded from 

http://jvc.sagepub.com

