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In this paper a linear parameter-varying antiwindup approach is examined to provide antiwindup compensation
for adaptive active microgravity vibration isolation. For such systems, antiwindup protection is essential because of
actuator saturation in response to inertially based forces acting on the isolated platform. For the example presented
in this paper, a static antiwindup compensator scheduled based on the measurement of the rack displacement is
designed so that it applies a correcting signal only when the control force is saturated. The linear parameter-varying
antiwindup scheme is combined with a linear parameter-varying controller that shifts its focus from a soft setting to a
stiff setting depending on the need for acceleration minimization or relative displacement reduction to prevent the
isolation rack from bumping onto its hard stops. The performance of the overall closed-loop system is validated by
extensive simulations that demonstrate the need and benefits of the linear parameter-varying antiwindup

compensation.

1. Introduction

CTIVE 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 microelectronic devices, impose extremely stringent
vibration isolation requirements resulting in the need for novel
optimization-based active vibration control schemes. Microgravity
vibration 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,
fundamental physics, chemical processing, fluid mechanics, and
biotechnology. However, due to a variety of external and internal
vibrations and acoustic excitations the ISS acceleration environment
is expected to significantly exceed the micro-g specifications of
many acceleration-sensitive experiments. The strict microgravity
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
vibrations (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 [1-5].

In [5], a linear parameter-varying (LPV) controller was designed
to provide adaptive microgravity vibration isolation performance.
The designed adaptive LPV controller provides improved isolation
and position control over the full range of operating conditions via
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the use of parameter-dependent weighting functions. However,
because the controller is of high gain and high bandwidth,
disturbances such as inertially based forces applied to the isolated
platform cause the controller to command values to the actuator that
exceed its saturation limits. During such events, isolation
performance is degraded and modifications of the nominal control
algorithm are necessary to keep the system well behaved.

Actuator saturation exists in almost all engineering control
systems. Because of saturation, the actual plant input is different
from the controller output. This discrepancy is called controller
windup [6]. Because actuator saturation is ignored in linear control
design, controller windup could result in degradation from expected
linear performance, large overshoot, or possible instability [7]. As a
result, actuator saturation has received increasing attention from the
systems and controls research community [§-10]. However, due to
the complexity of the antiwindup problem, early antiwindup
schemes were mostly heuristic in nature. Only in the last decade has
the problem been addressed in a more systematic way with stability
guarantees and clear performance specifications.

A popular approach to saturating control is the antiwindup method
that employs a two-step design procedure. The idea here is to first
design the linear controller by ignoring the saturation nonlinearity
and then add antiwindup compensation to minimize the adverse
effects of saturation on closed-loop performance. In [11], a rigorous
definition of antiwindup compensation was provided in terms of £,
stability and performance. The performance of the antiwindup
augmentation is characterized by the £, norm of the deviation
between the actual response of the augmented closed-loop system
and the ideal response of the unconstrained system. In [12], linear
matrix inequality (LMI)-based antiwindup compensator synthesis
with input—output quadratic stability and performance guarantees for
a stable system is presented. Most previous antiwindup compensator
designs are only applicable to open-loop stable linear time-invariant
(LTI) systems, hence limiting their usefulness in practical problems.
When the system is nonlinear and open-loop unstable, the control
synthesis problem becomes very difficult to solve and therefore
global stabilization cannot be achieved [9,13]. To solve the
antiwindup problem for such systems, the results in [12] are extended
to unstable systems in [14] by restricting the bound on input
nonlinearity to a small conic sector, thereby leading to regional
stability. Moreover, the antiwindup control scheme for LTI plants in
[15] is generalized to linear parameter-varying systems in [16]
because of the relevance of LPV control to nonlinear systems. An
alternative systematic antiwindup approach that can be brought to
bear on the nonlinear and open-loop unstable system is to embed it
within a larger LPV problem; see [10,14] for details. This allows
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standard LPV stability and performance methods to be applied to the
problem. However this single-step approach may result in
conservative designs.

In this paper, the LPV antiwindup technique developed in [16] is
applied for antiwindup protection of a microgravity vibration
isolation system controlled by an adaptive LPV controller as
proposed in [5]. There are some main differences of the application
considered in the present paper compared with the aircraft control
example examined in [16]. For the antiwindup problem considered
here, the plant is marginally stable LTI, whereas the controller is
LPV. A static, that is, no dynamic state, LPV antiwindup
compensator is designed to augment the nominal LPV controller. A
static antiwindup compensator is more practical than full or reduced-
order dynamic ones because it is easier to implement. Also a static
antiwindup compensator stops influencing the nominal system as
soon as the controller comes out of saturation. Parameter-dependent
Lyapunov functions are used for the antiwindup compensator design
to guarantee the best possible performance. Numerical simulations
are used to demonstrate the effectiveness of the combined LPV
antiwindup compensation scheme in an adaptive active microgravity
isolation problem.

The organization of the paper is as follows: Section II introduces
the LPV antiwindup compensator design method. Antiwindup
compensator synthesis for the adaptive active microgravity isolation
problem is presented in Sec. III. Section IV discusses the LPV
antiwindup design results and simulation studies for a specific
microgravity isolation problem. Finally concluding remarks are
found in Sec. V.

II. Antiwindup Synthesis for Linear
Parameter-Varying Systems with Input Saturation
The antiwindup synthesis approach used in this paper is based on
robust stability and performance results for sector-bounded
uncertainties and it has been systematically presented in [16]. The
antiwindup control structure is shown in Fig. 1, where P(6) is the
linear parameter-varying plant described by

-)'Cp Ap (9) Bpl (9) BpZ (9) xp
e [ = Cpl(e) Dpll(e) Dp12(0) d (D
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actuator nonlinearity o () under consideration is defined as follows:

u; [u;] < uf™

o) = ntuun >
where sgn(.) denotes the signum function. Following standard two-
step antiwindup procedures, a nominal practical (rate independent)
LPV controller K,,,(0) is designed first, ignoring the input
nonlinearity. The nominal LPV controller K, (6) is designed to
stabilize the open-loop system when no input saturation exists, and
its design determines the nominal performance of the closed-loop
system. The structure of this nominal controller is

Xy A (0) Bk(g)][xk] [Ul]
= + ®
|: u ] |:Ck(9) D (0) y )
where x; € R" is the controller state. The inputs v; and v, are
additional inputs added after the nominal design and are used for

antiwindup augmentation. The LPV antiwindup compensator is of
the form

% .
- — Aaw (9, 9) Baw (0) Xaw
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where x,,, € R"w is the antiwindup compensation state. The adverse
effect of input saturation is minimized in an H, norm sense by using
the LPV antiwindup compensator. By reducing the dead band
nonlinearity A; =1—[o(u;)/u;] to sect[0,k;] with 0 <k; <1,
regional stability for open-loop unstable systems can be obtained.
The notation sect [0, k;] denotes a conic sector [0, k;]. The following
result provides synthesis conditions for the antiwindup compensator
[16].

Theorem I: Consider scalars 0 < k; < 1,i=1,2,...,n,, and the
LPV open-loop system P(f) with a stabilizing nominal LPV
controller K, (6). If there exist a pair of positive-definite matrix
functions R;,(6), S(6), and a diagonal matrix function

V() = diag{v,(6), v(6), ..., v, (6)} > 0

Clell
—2D,L,AV(I - A~")BT, —2D,,A"'V(I— AT)DT,

T
B,

where x, € R" is the plant state, y € R™ is the measurement,
o(u) € R™ is the saturated control input, e € R" is the controlled
output, and d € R" is disturbance input. The parameter vector 6 is
not known a priori but can be measured in real time. It is assumed that
0 takes values in a compact set and has a bounded variation rate. The

P(8)

Kon(6) |

o(u)

Fig. 1 Antiwindup controller structure.
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where A =diag{k,,k,,....k, }, then there exists an n,th-order

antiwindup compensator K, (6) to stabilize the closed-loop system
and guarantee L, gain performance |e|, < y|d|, when the
condition |u;| < [1/(1 — k)]u™,i=1,2,...,n, holds.

It can be seen that the antiwindup compensator (3) is essentially a
rate dependent compensator that is not a practical compensator from
an implementation viewpoint, when parameter-dependent Lyapunov
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functions are applied. However the rate dependence only enters the
compensator matrices A,,, and C,,, so that the corresponding static
compensator is a rate independent compensator. Such a compensator
is preferable because it is easier to implement. The synthesis LMIs
for the static antiwindup compensator can be obtained by enforcing
R = S~'. The following result provides the synthesis conditions for
the static antiwindup compensator design.

Proposition 2: Consider scalars 0 < k; <1,i=1,2,...,n,, and
the LPV open-loop system P () with a stabilizing nominal controller
Kom(0). If there exist a positive-definite matrix function R(6) and a
diagonal matrix function V(0) = diag{v;,v,,...,v,, } > 0 satisfy-
ing

RyAT + AR — Ry,
—2B,,A"1V(I — A1)BT,

design is to achieve a desired level of isolation between the base
acceleration X,y and the inertial acceleration X,, of the isolated
platform. Figure 3 shows a typical target isolation curve used for
microgravity isolation devices on board the ISS. This figure defines
the attenuation from the off broad translational acceleration
magnitude to the on broad translational acceleration magnitude [3,4].
As can be seen the target isolation curve has a—20 dB/decade rolloff
between 0.01 and 10 Hz, and remains constant at —60 dB above
10 Hz. Low frequency (less than 0.01 Hz) station disturbances cause
relative motion between the rack and the station, and to prevent the
rack from bumping into its hard stops, the control system must cause

* *
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then there exists a static antiwindup compensator K, () to stabilize
the closed-loop system and guarantee £, gain performance | e|, <
y|\d|l, when the condition |u;| < [1/(1 — k)Ju™, i=1,2,...,n,
holds.

The above LMI conditions are infinite dimensional due to their
dependence on the parameter vector . However they can be solved
by standard gridding techniques; see [17] for example. After solving
for the unknown R, S, and V, the antiwindup compensator gain

_ Aaw Baw
@ [ CEIW Daw ]
can be computed explicitly using Theorem 2 in [16].

Note that the synthesis condition for the antiwindup compensator
is obtained by reducing the dead band nonlinearity A; =1—
[o(u;)/u;] to sect [0, k;] with 0 < k; < 1 and then obtaining regional
stability for open-loop unstable systems. This will restrict the
magnitude of the control input signal «; to be less than [1/(1 — k;)]
u™*_ Tt is usually hard to verify condition |u;| < [1/(1 — k;)Ju
because the u)s are the controller outputs. Using the results in [18],
when there is no direct feedthrough from the disturbance to the
system output, a domain of attraction and maximum size of
disturbance can be estimated. However the estimated stability region
could be conservative.

In the following section, the static antiwindup control synthesis is

applied to provide antiwindup compensation in an adaptive active
microgravity vibration isolation problem.

where

III. Antiwindup Compensator Design for Active
Microgravity Isolation Control

In [5], an adaptive LPV controller with parameter-dependent
performance requirements is designed for an active microgravity
isolation system. A brief overview of the system description is
provided here and the reader is referred to [5] for details. A schematic
of the isolation system is shown in Fig. 2. The goal of the control

Dgll _ylnd

the rack to follow the motion of the station. Hence it is not desirable to
attenuate low frequency disturbances, and this is captured by the
hump in the curve below 0.01 Hz [4]. In addition, the isolated
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Isolated platform M 4 X,
|
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e
Base l | &
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Ko(0)
Relative displacement
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Fig. 2 Schematic of the isolation system.
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Fig. 3 Typical target microgravity isolation curve.
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platform must operate in a limited rattle space of 0.5 in., and hence an
additional design constraint is that the relative displacement x,, —
Xo¢ does not exceed the 0.5 in. rattle-space limit to prevent the
platform from bumping into its hard stops. To achieve these
objectives the LPV controller is scheduled on the relative
displacement 6,;. By scheduling on relative displacement, the LPV
controller is able to shift its focus from a “soft” setting to a “stiff”
setting depending on the need for acceleration minimization or
relative displacement reduction to prevent bumping. Parameter-
dependent weighting functions are used to achieve this objective.
Weights that depend parametrically on the scheduling variables 6,
are appended to the basic LTI plant to create the generalized LPV
plant for control design. For small displacements, the acceleration
weight is large and the displacement weight is small, whereas for
large displacements the displacement weight is large and the
acceleration weight is small. Using this gradual weight change the
controller shifts focus from acceleration minimization to displace-
ment restriction depending on the position of the rack.

The parametric uncertainty in the spring constant K is taken into
account in the LPV design by modeling it as an input divisive
uncertainty [19]. This approach allows the controller to achieve
excellent isolation performance over the full range of base motion
environments, while at the same time preventing the isolated
platform from exceeding its hard rattle-space limits. However
because the controller is linear and aggressive, there are disturbances,
such as inertially based forces acting on the isolated platform, that
cause actuator saturation leading to significant degradation in
isolation performance. Hence adding an antiwindup protection loop
is necessary to ensure good isolation performance. The antiwindup
method presented in Sec. II is used for the antiwindup compensator
design.

In this paper, both the LPV controller and the LPV antiwindup
compensator designs are carried out for a simplified model of a
microgravity isolation system. In most of these isolation devices,
kinematic and dynamic decoupling is employed to account for mass
and inertia properties, stiffness cross coupling, and skewed location
of actuators and sensors. This decoupling reduces the control design
problem to six independent degrees of freedom (three translation
and three rotation). Because of this, the single degree-of-freedom
model is well justified from an engineering perspective, and is not
merely a theoretical simplification [3,4]. However it should be
emphasized that the proposed LPV control and antiwindup
compensator design can be applied to multi-degree-of-freedom
systems. The corresponding differential equation of motion is given

by
Mjéun + K(x(m - xoff) = Fext (9)

Deﬁning X1 = Xon = Xoff» X2 = Xon - )‘Coff’ d:= jéoff’ u= Fexl? and
y = [Xon, X117, Eq. (9) can be written in state-space form as follows:

K 1 K 1
—Mxl-l—ﬁu—d, Y1:_MXI+MM

Y2 =X

X1 = Xp, Xy =

The mass of the payload is assumed to be M = 15 slug and the
spring constant K is assumed to lie between 0 and 20 Ib/ft. The
nominal controller design follows the same lines as in [5] and will
not be repeated here.

Based on the above discussion, the system ‘“seen” by the
antiwindup controller is an LTI plant with the control loops closed by
an LPV controller. The LPV controller designed in [5] is
implemented using the linear interpolation of 11 grid-point
controllers. According to Proposition 2, to design a static LPV
antiwindup compensator, a set of matrix functions R(8,), V(6,),
which solve the associated LMIs (7) and (8), and minimize the
performance level y, need to be found. These inequalities can be
reduced to a set of finite dimensional LMIs, first by choosing
appropriate basis functions that define the functional dependence of
the matrix functions R(6,) and V(8,) on 6,, and then by gridding the
parameter space and solving the inequalities at the grid points [17].

However for validation purposes the constraints should be checked
later with a much denser grid. Because of the special structure of this
problem, that is, the plant is constant and the LPV controller is a
linear combination of 11 grid controllers, we select the same form for
the antiwindup design matrix functions as we did in the controller
design as follows:

e
R(6,) = Ry + O,R, + EdRz V() =V,

The rate bound of 8, is chosen to be the same as the LPV controller

design, that is, [—0.025 0.025] ft/s. As 6, appear linearly in the
LMIs (7) and (8), we only need to check the corresponding LMIs at
the extreme points. To maximize the guaranteed stabilization region,
the K value of sector-bounded input nonlinearity sect[0, A]is chosen
as close to 1 as possible with reasonable closed-loop performance
level. For the antiwindup design at hand A was chosen as 0.9999.
The LMIs are solved over the same parameter grid as was used in the
original LPV controller design, and the solutions R(8,) and V(8,) are
then verified to satisfy the constraints over a 101 point dense grid.
The corresponding closed-loop £,-gain performance level is 9.58.

IV. Linear Parameter-Varying Antiwindup
Design Results

The combined LPV control and antiwindup compensator
designed as discussed above was verified through time-domain
simulations. A nonlinear hysteresis model of the spring was used to
validate the performance of the LPV controller and antiwindup
compensator. The spring constant varies between 0 and 20 1bf/ft.
The saturation limit for the actuator force is set to be [—3 3] Ib.
Recall that the goal of the adaptive LPV controller designed in [5] is
to minimize the acceleration of the isolated platform, subject to
limited available rattle space. The goal of the antiwindup
compensator design is to minimize isolation performance
degradation in the presence of actuator saturation.

A representative inertial force profile (see Fig. 4) was applied to
the isolated payload when the payload is located at the center of its
rattle space to test the isolation performance when the displacement
is small. In this regime the LPV controller is focusing on minimizing
acceleration. The following three cases were simulated to
demonstrate the effectiveness of the designed antiwindup
compensator. The dash—dotted lines (case 1) in Figs. 5-7 show the
acceleration, actuator force, and relative displacement responses of
the nominal closed-loop system in the absence of saturation, that is,
for the theoretical case where the actuator can provide unlimited
control force. They serve as the benchmark nominal performance for
comparison purposes. The dashed lines (case 2) in the figures show
the same variables with the actuator force limited but with no
antiwindup compensation. The solid lines (case 3) in the figures are
the responses of the closed-loop system with the designed LPV
antiwindup protection under actuator saturation. It can be seen that

‘I 1.‘5 ‘2 2.‘5 C‘i 3.‘5 4
Time/s
Fig. 4 Inertial force profile.
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Fig. 7 Relative displacement.

the acceleration for case 2 is much larger than the acceleration for
case 1, whereas for both cases, the relative displacements are under
the displacement limit. Clearly, actuator saturation has degraded the
isolation performance significantly so that it is necessary to add
antiwindup protection to the system. The acceleration for case 3 is
much smaller than the acceleration for case 2, which indicates that the
isolation performance has been improved significantly by

15

20

L
25

30

35

40

45

50

Time/s
Fig. 8 Base motion disturbance profile.

introducing the designed antiwindup compensator. It is evident
that the acceleration responses are close for cases 1 and 3, which
implies that the antiwindup compensator has successfully minimized
performance degradation in the presence of saturation. Figure 6
indicates that the antiwindup compensator helps the controller get
out of saturation early, and also prevents large overshoot. Figure 7
shows that the relative displacement for case 3 is larger than in case 2.
This is expected because the payload is centered in its rattle space,
and hence the controller is focusing on minimizing acceleration.
However, it s still significantly below the displacement limit. Hence,
it can be concluded that the antiwindup compensator improves the
performance of the nominal controller under actuator saturation
when the relative displacement is small.

To test the antiwindup performance when the relative displace-
ment is large, an appropriate representative base motion displace-
ment profile shown in Fig. 8§ was applied to cause a large relative
displacement. The same inertial force profile as before was then
applied at 30 s and the same three cases were simulated for the above
base motion displacement profile. Once again it is seen that the
acceleration for case 3 is much smaller than case 2, while the
difference of the displacements is very small; see Figs. 9-11. Clearly,
the isolation performance is significantly improved by using the
antiwindup compensator.

It is noted that application of the single-step LPV antiwindup
scheme of [14] to this problem results in a conservative design where
the target isolation curve (Fig. 3) and the antiwindup and
performance objectives cannot be achieved simultaneously.
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V. Conclusions

In this paper, an LPV antiwindup scheme proposed in [16] has
been successfully applied to provide antiwindup protection for an
adaptive LPV controller for active microgravity vibration isolation.
Both the LPV controller and the antiwindup gain are scheduled based
on the measurement of the rack displacement. The design approach
followed a classical two-step antiwindup paradigm. Numerical
simulations have been used to illustrate the effectiveness of the
antiwindup design.
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