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WA01-1 1
Adaptive stabilization of mobile manipulators

Colbaugh, Richard New Mexico State Univ.

This paper considers the motion control problem for uncertain mobile
manipulator systems comprised of a robotic arm mounted on a
wheeled mobile platform; more specifically, we address the problem
of stabilizing mobile manipulators in the presence of uncertainty
regarding the system dynamic model. It is proposed that a simple
and effective solution to this problem can be obtained by combining
ideas from homogeneous system theory and adaptive control theory.
Thus the proposed control system consists of two subsystems: a
(homogeneous) kinematic stabilization strategy which generates a
desired velocity trajectory for the mobile manipulator, and an
adaptive control scheme which ensures that this velocity trajectory is
accurately tracked. This approach is shown to provide arbitrarily
accurate exponential stabilization to any desired configuration, and
can be implemented without knowledge of the system dynamic
model.

WA01-2 6
Optimal control of 2-input chained systems using higher-order
method

Faiz, Nadeem Univ. of Delaware
Agrawal, Sunil K. Univ. of Delaware

In this paper, an optimal motion planning scheme for a class of
nonlinear systems, called Chained Systems, is developed. A higher-
order method developed by the authors is used to construct the
trajectories of the system.

WA01-3 8
Multiple simultaneous specifications control problem and its
application

Liu, Hugh H. T.  Univ. of Toronto
Mills, James K. Univ. of Toronto

A practical control system design problem may require that several
different performance specifications be considered at the same time.
Therefore, there exists a need for a control design methodology to
meet the multiple performance specifications simultaneously. This
paper develops a new control design method with a two-stage
procedure to solve such a multiple simultaneous specification (MSS)
problem. The proposed convex combination method is further
applied to a commercial robot. The experimental results verify the
effectiveness of this method.

WA01-4 13
Analysis and control of redundant nonholonomic mechanical
systems

Colbaugh, Richard New Mexico State Univ.
Trabatti, Mauro New Mexico State Univ.
Glass, Kristin New Mexico State Univ.

This paper introduces the notion of kinematic redundancy in
nonholonomic mechanical systems, identifies some of the interesting
properties which result because of the presence of the redundancy,
and initiates a study of the control and application of these systems.
It is shown that kinematic redundancy in nonholonomic system can
be exploited both to simplify the problem of controlling these systems
and to enhance their performance capabilities.

WA01-5 16
Minimum-time trajectory planning for manipulator with controlled
velocity profile

Duleba, Ignacy Tech. Univ. of Wroclaw
Sasiadek, Jurek Z. Carleton Univ.

In this paper minimum time trajectory planning problem with
controlled velocity profile has been solved. A path-tracking algorithm
with a tracking error kept in given range is presented. Some

extensions of the algorithm are discussed. The concepts are
illustrated with examples.

WA01-6 21
New robot control algorithms in terms of quasi-velocities

Kozlowski, Krzysztof R. Poznan Tech. Univ.

In this paper we present new control algorithms for robots whose
dynamics are described in terms of quasi-velocities. In the paper we
incorporate into the forward dynamics algorithms new control laws in
terms of normalized and unnormalized quasi-velocities. We consider
two cases: end point trajectory tracking and trajectory tracking
algorithms. It is shown that by proper choosing of the Lyapunov
function candidate a dynamic system with appropriate feedback is
asymptotically exponentially stable and follows desired trajectory in
the task space. The control laws track, desired position, velocity, and
acceleration in Cartesian space. All control laws have new
architecture in the sense that they are derived in the so called quasi-
velocity and quasi-force space, and at any instant of time
generalized positions and forces can be recovered from order O(N)
recursions, where N denotes number of degrees of freedom of the
manipulator. Paper contains also proposition of a sliding mode
control, originally introduced by Slotine and Li, which has been
extended to the sliding mode control in the quasi-velocity and quasi-
force space. We believe that these algorithms are not available in the
robotics literature and are new architectures for robot control.

WA02-1 26
Time-varying steering control for an autonomous highway vehicle

O’Brien, Richard United States Naval Academy
Iglesias, Pablo A. Johns Hopkins Univ.

An automated steering controller design is presented for a
fundamentally new driving maneuver. The task for the controller is to
steer the vehicle through a series of lane change maneuvers while
traveling at a time-varying speed. A linear, time-varying steering
controller is synthesized using a design procedure based on the
solution of a H-infinity optimal control problem. This controller is
compared to several time-invariant steering controllers and it is
shown that the time-varying controller provides performance that a
time-invariant controller can not.

WA02-2 31
A variable look-ahead controller for lateral guidance of four wheeled
vehicles

Hingwe, Pushkar Univ. of California at Berkeley
Tomizuka, Masayoshi Univ. of California at Berkeley

A variable look-ahead controller for the lateral guidance of vehicles
for Automated Highway Systems is proposed. The control objective
is to make the lateral error at a certain point ahead of the vehicle
zero. The distance of this point from the vehicle is called the look-
ahead distance. An input-output linearization controller to achieve
this objective is proposed. It is shown that the yaw internal dynamics
can be damped at all longitudinal velocities if the look-ahead
distance is a certain quadratic function of the longitudinal velocity.

WA02-3 36
Control and steering feel issues in the design of an electric power
steering system

Zaremba, Alexander T. Automated Analysis Corp.
Liubakka, M. K. Ford Motor Co.
Stuntz, R. M. Ford Motor Co.

In this paper, we address control and steering feel issues in the
development of electric power assist steering (EPAS) systems. The
steering system performance requirements impose natural
constraints on the compensator dc gain, phase lag over a frequency
range of driver inputs, and pole and zero locations. We develop a
novel method based on a nonlinear constrained optimization
procedure for fixed-structure optimal controller synthesis for EPAS.
The control law obtained minimizes an objective function (H_2-norm)



for a given controller structure, while accounting for requirements of
steering torque amplification, steering response and steering feel.

WA02-4 41
Robustly stabilizing PID controllers for car steering systems

Wang, Long DLR Oberpfaffenhofen
Ackermann, Juergen DLR Inst. for Flight Guidance

Yaw rate feedback to the front wheel steering angle via a PID
controller with positive gains is analyzed. It is shown that
oversteering cars in their stable velocity range cannot be made
unstable by any such controller. For understeering cars bounds on
the vehicle parameters for the possible loss of stability are derived.

WA02-5 43
On the limitations of force tracking control for hydraulic active
suspensions

Alleyne, Andrew Univ. of Illinois at Urbana-Champaign
Liu, Rui Univ. of Illinois at Urbana-Champaign
Wright, Heather Univ. of Illinois at Urbana-Champaign

This paper presents analysis of a particular force tracking control
problem for rectilinear hydraulic actuators governed by a servovalve.
It presents no new theory, but rather uses a revealing model
reduction insight coupled with classical analysis to explain a physical
phenomenon. As such, this work is an attempt to explain why a
seemingly innocuous problem is more subtle than initially believed. A
motivation for this problem is given along with prior attempts at a
simple solution. The solution method evaluated is a common
Proportional-Integral-Derivative type of controller. It is shown that the
simple PID is quite adequate for other types of control objectives
such as force regulation or position tracking. However, this simple
solution method is shown to be inadequate for force tracking due to
fundamental limitations of the problem formulation. Therefore, more
advanced control algorithms are shown to be a necessity rather than
a luxury.

WA02-6 48
A multiobjective approach for H-2 and H-infinity active suspension
control

Takahashi, R. H. C. Fed. Univ. of Minas Gerais (UFMG)
Camino, Juan F. Univ. of Campinas
Zampieri, Douglas E. Univ. of Campinas
Peres, Pedro L. D. Univ. of Campinas

This paper presents a methodology for the multiobjective design of
active suspension control. The method is based on existing
algorithms of optimal control synthesis with cost function employing
some weighting of the primary objectives “user comfort,”
“rattlespace” and “road-holding ability.” The optimal H-2 and the
central H-infinity controllers are used as two instances of such
algorithms. The method leads to (local) Pareto-optimal solutions and
allows the direct specification of controller constraints in terms of that
primary objectives. An example shows the superiority of the
proposed methodology in relation to classical designs.

WA03-1 53
Robustness analysis of a class of discrete-time recurrent neural
networks under perturbations

Feng, Zhaoshu Univ. of Notre Dame
Michel, Anthony N. Univ. of Notre Dame

A robustness analysis is conducted for a large class of discrete-time
recurrent neural networks for associative memories under
perturbations of system parameters. The present paper aims to
provide an answer to the following question: given a discrete-time
neural network with specified stable memories (specified
asymptotically stable equilibria), under what conditions will a
perturbed model of the discrete-time neural network possess stable
memories that are close (in distance) to the stable memories of the
unperturbed discrete-time neural network model? Robustness
stability results for the perturbed discrete-time neural network model
are established and conditions are obtained for the existence of
asymptotically stable equilibria of the perturbed discrete-time neural

network model which are near the asymptotically stable equilibria of
the original unperturbed neural network. In the present results,
quantitative estimates (explicit estimates of bounds) are established
for the distance between the corresponding equilibrium points of the
unperturbed and perturbed discrete-time neural network models
considered herein.

WA03-2 58
Subset based training and pruning of sigmoid neural networks

Zhou, Guian Arizona State Univ.
Si, Jennie Arizona State Univ.

In the present paper we develop two algorithms, Subset Based
Training (SBT) and Subset Based Training and Pruning (SBTP),
using the fact that the Jacobian matrices in sigmoid network training
problems are usually rank deficient. The weight vectors are divided
into two parts during training, according to the Jacobian rank sizes.
Both SBT and SBTP are trust region methods. Comparing to the
standard Levenberg-Marquardt (LM) method, these two algorithms
can achieve similar convergence properties as the LM but with less
memory requirements. Furthermore the SBTP combines training and
pruning of a network into one comprehensive procedure. Some
convergence properties of the two algorithms are given to
qualitatively evaluate the performance of the algorithms.

WA03-3 63
Adaptive neural network architectures for nonlinear function
estimation

Kavchak, Michael A. Univ. of Waterloo
Budman, Hector Univ. of Waterloo

Adaptive radial basis function neural networks have been
implemented in process controllers and estimators to approximate
nonlinear functions which characterize the model. This work merges
concepts from the study of wavelets, multiresolution analysis, and
adaptive control and estimation theory. Existing algorithms adapt
weights associated with each basis function in a grid with fixed node
spacing and a specified dilation. However, the function being
estimated may have dominant frequencies which may not be ideally
suited by the chosen dilation. An algorithm which allows for
simultaneous adaptation of coefficients and dilation is presented and
evaluated. An alternative strategy is presented which combines the
advantages of multiresolution neural network architectures with the
ability of adaptive estimation laws to deal with time-varying systems.
The performance of this adaptive multiresolution network
architecture is compared to the dilation adaptation algorithm.

WA03-4 68
Neural network approach to locating acoustic emission sources in
nondestructive evaluation

Spall, James C. Johns Hopkins Univ.
Maryak, John L. Johns Hopkins Univ.
Asher, Mark S. Johns Hopkins Univ.

Many methods have been proposed for the nondestructive
evaluation (NDE) of objects or structures. The analysis of acoustic
emission (AE) signals produced during cracking in a material is a
promising approach for NDE. We discuss the advantages and
disadvantages of AE testing and describe some of the difficulties in
applying classical signal processing (deconvolution) techniques to
AE analysis of a complex system. In particular, determining the
location of the source of an AE is a highly nonlinear inversion
problem for which classical deconvolution approaches are
inapplicable. We present a neural network (NN) approach that has
the potential to overcome many of the difficulties in nonlinear
inversion. The approach is demonstrated on a steel I-beam.
Although work remains in taking the concept to a large-scale
practical implementation, the approach seems in principle to address
some of the most vexing aspects of this challenging problem.

WA03-5 73
Neural-based adaptive control design for general nonlinear systems
and its application to process control

Ge, S. S. National Univ. of Singapore



Hang, Chang Chieh National Univ. of Singapore
Zhang, T. National Univ. of Singapore

In this work, a neural-based adaptive controller is presented to solve
the tracking control problem for a general class of unknown nonlinear
systems. The proposed controller ensures that the output tracking
error converges to a small neighborhood of the origin. The weight
updating law of neural networks (NNs) is derived using Lyapunov
theory and the stability of the closed-loop system is guaranteed. The
proposed control scheme has been successfully applied to the
composition control in a continuously stirred tank reactor (CSTR) in
chemical processes.

WA03-6 78
B-spline recurrent neural network and its application to modelling of
nonlinear dynamic systems

Chan, C. W. Univ. of Hong Kong
Cheung, K. C. Univ. of Hong Kong
Jin, H. Beijing Univ. of Aero. & Astro.
Zhang, Hongyue Beijing Univ. of Aero. & Astro.

A new recurrent neural network based on B-spline function
approximation is presented. The network can be easily trained and
its training converges more quickly than that for other recurrent
neural networks. Moreover, an adaptive weight updating algorithm
for the recurrent network is proposed. It can speed up the training
process of the network greatly and its learning speed is more quickly
than existing algorithms, e.g., back-propagation algorithm. Examples
are presented comparing the adaptive weight updating algorithm and
the constant learning rate method, and illustrating its application to
modelling of nonlinear dynamic system.

WA04-1 83
On robustness measures and the feasible set of the LMI arising in
the stability analysis

Mesbahi, Mehran California Inst. of Tech.

We present a recent result in the area of algorithmic theory of
stability and robustness. The emphasis will be placed on the
relationship that exists between the size of the solution of an LMI
which arise in the stability analysis on one hand, and the robustness
property of the underlying system on the other.

WA04-2 85
Generalized uncertainty and quadratic stabilizability: an LMI
approach

Arzelier, Denis LAAS-CNRS
Peaucelle, D. LAAS-CNRS
Garcia, G. LAAS-CNRS

A new framework for the modeling of uncertainties affecting the
dynamical matrix of a L.T.I. system is proposed in this paper. This
modeling extends the ones developed in the small gain and passivity
context. We also define a new setup for LTI systems which
generalizes passivity setup or beta-bounded setup. In such a
framework, a transfer function is supposed to verify a generalized
sector constraint associated with a symmetric matrix. A state-space
characterization is proposed and it is shown that it is equivalent to a
condition of quadratic stability of the uncertain model with
generalized uncertainty. Finally, the problem of robust state-
feedback synthesis is considered in the quadratic setup. A convex
optimization problem based on a necessary and sufficient condition
is developed. A numerical example illustrates these results.

WA04-3 87
Closed form solutions for a class of LMIs

Parrilo, Pablo A. California Inst. of Tech.
Khatri, Sven Hiralal California Inst. of Tech.

An exact solution for a special class of cone-preserving linear matrix
inequalities (LMIs) is developed. By using a generalized version of
the classical Perron-Frobenius theorem, the optimal value is shown
to be equal to the spectral radius of an associated linear operator.
This allows for a much more efficient computation of the optimal

solution, using for instance power iteration-type algorithms. This
particular LMI class appears in the computation of upper bounds for
some generalizations of the structured singular value mu (spherical
mu). Examples and comparisons with previous techniques are
provided.

WA04-4 92
Local stabilization of discrete-time linear systems with saturating
controls: an LMI-based approach

Gomes da Silva, Jr., J. M. Univ. of Porto Alegre
Tarbouriech, Sophie LAAS-CNRS

This paper deals with the problem of local stabilization of linear
discrete-time systems subject to control saturation. An LMI-based
framework is proposed in order to compute a saturating state
feedback that stabilizes the system with respect to a given set of
admissible initial states and, in addition, guarantees some dynamical
performances when the system operates in the zone of linear
behavior (without control saturation).

WA04-5 97
LMI solution to gain-constrained robust deadbeat pole assignment

Tam, Hei Ka Univ. of Hong Kong
Lam, James Univ. of Hong Kong

A novel optimization approach to robust deadbeat control is
proposed. The design problem is cast into a convex programming
task in which a special measure of closed-loop eigenvalue sensitivity
is minimized. Advantages of the proposed method include: (1) Global
optimality is guaranteed when the solution set is non-empty; (2)
Constraints on the feedback gain can be catered naturally; (3)
Minimum-gain deadbeat control design can be readily treated.

WA04-6 99
Using linear matrix inequalities for guaranteed cost control with
arbitrary rank uncertainty matrices

Costa, E. F. USP-EESC
Oliveira, Vilma A. USP-EESC

In this paper we consider the guaranteed cost control problem
(GCCP) for systems with structured uncertainties. Previous work in
this area considers systems with uncertainty matrices of rank-1 type
in a framework of Linear Matrix Inequalities (LMIs) wherein scaling
matrices are incorporated to avoid an adequate a-priori rank-1
decomposition of the uncertainty matrices. We present an approach
to the GCCP for systems with arbitrary rank uncertainty matrices in
which an upper bound for the cost is minimised by solving an
optimisation problem with LMIs. The search for an adequate
overbounding of the uncertainties is included in the optimization
problem thus avoiding an iterative search by trial and error. A
numerical example is presented in order to illustrate the
effectiveness of the proposed approach.

WA05-1 104
State constrained sliding mode controllers

Innocenti, Mario Univ. of Pisa
Falorni, Marco Univ. of Pisa

The present paper develops a sliding mode controller in the
presence of inequality constraints on the system state variables.
State constraints may arise in many situations, such as limitations on
allowable position and speed for the case of mechanical systems. A
formal framework for the controller synthesis is presented, and a
validation using a spacecraft attitude control problem is used for the
testing of the proposed algorithm.

WA05-2 3884
Global sliding-mode control for companion nonlinear system with
bounded control

Yan, Weisheng Northwestern Poly. Univ.
Xu, Demin Northwestern Poly. Univ.
Ren, Zhang Northwestern Poly. Univ.



Based on feedback linearization, quasi-time-optimal control and
sliding-mode control theory, a kind of quasi-time-optimal
continuously time-varying sliding-mode for robust control of nonlinear
uncertainties systems subject to input constraint is presented. The
proposed sliding surface can adapt it to the initial conditions of the
system and the controller can be composed of two parts, one part is
used to turn the nonlinear system into linear system by feedback
linearization, and the other part is used to realize the quasi-time-
optimal control for feedback linearized system. By this means,
insensitivity of the system to external disturbance and parameter
uncertainties is guaranteed from the very beginning of the proposed
control action, and the system error convergence rate can be greatly
increased. The advantages of the proposed scheme are indicated by
comparison with the Bartoszewicz’s scheme [5], and the Lyapunov
theory is used to prove the existence of a sliding mode on the
surface.

WA05-3 109
Robustness of discrete-time variable structure control to parametric
uncertainties and exogenous disturbances

Eun, Yongsoon Seoul National Univ.
Cho, Dong-Il Seoul National Univ.

A robust stability condition for discrete-time variable structure control
is proposed. Conventionally the discrete-time variable structure
control method with a variable structure uncertainty estimator
approach requires a bounded changing rate of the uncertainties to
ensure robust stability. However, when uncertainties vary as a
function of state variables, which occur with parametric uncertainties,
it is not practical to assume a bounded rate on the uncertainties. In
this paper, uncertainties are assumed to consist of exogenous
disturbances and parametric uncertainties. An uncertainty
compensator is used to deal with the former, and a robust stability
condition is derived using Small Gain Theorem for the latter.

WA05-4 114
Discrete variable structure control for linear multivariable systems:
the state feedback case

Tang, Choon Y. Oklahoma State Univ.
Misawa, Eduardo A. Oklahoma State Univ.

This paper presents a state feedback discrete variable structure
controller for linear multivariable systems with unmatched additive
uncertainties. It is shown that the controller guarantees the
attractiveness and invariance of the boundary layer. In contrast to
existing schemes, it utilizes one sliding hyperplane regardless of the
number of inputs. This attribute enhances the design freedoms of
tracking error dynamics inside the boundary layer while preserving
robustness. It allows the use of well-established linear control design
strategies under an eigenvalue constraint. A numerical example is
used to illustrate the proposed technique.

WA05-5 119
Digital second order sliding mode control of SISO uncertain
nonlinear systems

Bartolini, Giorgio Univ. degli Studi di Cagliari
Pisano, Alessandro Univ. degli Studi di Cagliari
Usai, Elio Univ. degli Studi di Cagliari

In this paper a digital variable structure control algorithm, directly
derived from a continuous one, previously presented by the authors,
is considered. The discretization effects of the control law on the
system behaviour are analyzed for a class of uncertain SISO
systems, and the sufficient conditions under which the considered
digital VSC is able to perform a real second order sliding mode are
derived. Furthermore the dimensions of the boundary layer of the
sliding manifold are evaluated in the case the control amplitude is
chosen according to an optimality criterion. The application of the
considered digital VSC to a mechanical system with first order
dynamics of the actuator is presented as an example.

WA05-6 125
Discrete-time sliding mode control: a new design strategy applied to
induction motor drives

Neves, Francisco A. S. DEESP UFPE
Menezes, Benjamin R. CPDEE-UFMG
Silva, Selenio R. CPDEE-UFMG

In this paper, a robust discrete-time sliding mode speed controller for
induction motor drives is proposed. A nonlinear sliding surface is
used to achieve fast response with low overshoot. A very simple
control law is proposed in order to avoid torque oscillations inherent
to usual discrete-time sliding mode design techniques. With the
proposed design methodology, discrete-time sliding mode existence
conditions are ensured. Simulation and experimental results show
the effectiveness of the proposed algorithm.

WA06-1 3858
A very simple robust adaptive controller with a large range of
command signals and tolerable uncertain delays

Olbrot, Andrzej W. Wayne State Univ.
Dedecjus, Wlodzimierz Wayne State Univ.

A very simple robust adaptive control system is proposed. It
performs very well under large variety of plant perturbations. The
structure of the system is motivated by the gain adaptation problem.
Proof of local stability is given. Computer simulations prove that the
proposed system tolerates large uncertain time delays much better
than both classical and recent adaptive controllers. In addition, the
range of command signals for which the proposed system delivers
good performance is much larger as compared to previously known
controllers.

WA06-2 131
Controller structure and tuning for unmeasured-load rejection

Hansen, Peter D. The Foxboro Co.

Feedback PID and deadtime controller structures and tuning
strategies are compared for processes containing deadtime and
subjected to unmeasured loads. A fourth tuning parameter is shown
to provide good setpoint response when a PID loop is tuned to reject
load upsets. An algebraic tuning method is shown to be effective
when the process is characterized by an auto-regressive Taylor
series in the differential operator.

WA06-3 137
A modified augmented error algorithm for adaptive noise cancellation
in the presence of plant resonances

Bayard, David S. Jet Propulsion Lab

A difficult and well-known problem for adaptive noise cancellation
arises when there are plant resonances blocking the noise
cancellation path. A new algorithm is proposed for this problem
based on a modification of the Augmented Error algorithm of
Monopoli. It is shown using a recently developed LTI analysis
framework that the modified algorithm has several performance and
robustness advantages over both the Filtered-X and Augmented
Error algorithms for this class of problems.

WA06-4 142
Multi drug infusion control using an indirect adaptive pole placement
algorithm

Palerm, Cesar C. Rensselear Polytechnic Inst.
Kaufman, Howard Rensselaer Polytechnic Inst.

This paper presents the application of a multivariable, indirect-
adaptive pole placement controller to a physiological system.
Although highly nonlinear, the system will be modelled by a
difference equation, which is initially identified off-line. As the system
evolves the model is updated via on-line recursive identification and
the controller is correspondingly updated. An example is given,
which illustrates the ability of the controller to adapt in response to
changing system dynamics.

WA06-5 144
Adaptive tracking using ARMARKOV/Toeplitz models

Venugopal, Ravinder Univ. of Michigan
Bernstein, Dennis S. Univ. of Michigan



An adaptive algorithm is developed for the MIMO tracking problem.
The MIMO system and controller are represented as
ARMARKOV/Toeplitz models, and the parameter matrix of the
compensator is updated on-line by means of a gradient algorithm.
The algorithm does not require any knowledge of the plant.
Simulation results on a fourth order system are presented.

WA06-6 149
Adaptive control of continuous-time chaotic systems

Wang, Jie Northeastern Univ.
Piao, Ying-Guo Northeastern Univ.
Zhang, Hua-Guang Northeastern Univ.

A new method of parametric adaptive control is presented for a
nonlinear system with multi-parameters. The Lyapunov method is
used to prove parametric control equations are global asymptotically
stable. It has been shown that the method in this paper is a very
effective one to analyze parametric adaptive control for chaotic
systems.

WA07-1 151
A structurally based approach to model order reduction using bond
graphs

Wilson, Bruce Northeastern Univ.
Shafai, Bahram Northeastern Univ.
Uddin, Vali Northeastern Univ.

This paper introduces an approach to model order reduction that
retains structural information in the reduced order model (ROM).
Neither traditional methods such as aggregation nor modern
techniques that employ H-infinity theory maintain a link between the
structure of the original model and the reduced order model. In other
words, the state variables and the coefficients of the reduce model
have no connection to the state variables of the original model. In
contrast, the algorithm developed in this paper, which uses tree-
structured transfer functions derived from bond graphs, maintains a
subset of the original state variables in the reduced order model and
maintains structural significance in the state variable coefficients.
The advantage of the tree structure is that the reduce models are
available directly from a single transfer function. The algorithm is
outlined and the properties of the reduced models are indicated. The
algorithm and three modern methods are applied to an eighth-order
electromechanical system, and the absolute errors between the
original and ROMs are compared.

WA07-2 157
Optimal model reduction of stable delay systems

Zhang, Liqian Univ. of Hong Kong
Lam, James Univ. of Hong Kong

A model reduction method for stable delay systems under L-2
optimality is introduced in this paper. The reduced models may take
the form of either a stable finite dimensional system or a delay
system with reduced order finite dimensional part. Based on the
Routh parametrization of stable systems, the two cases are studied
under a unified framework of unconstrained optimization. Numerical
examples are used to illustrate the effectiveness of the proposed
method.

WA07-3 162
Model reduction of discrete linear systems via frequency domain
balanced structure

Wang, Dali Florida Atlantic Univ.
Zilouchian, Ali Florida Atlantic Univ.

In this paper, a novel model reduction technique for discrete linear
time invariant systems is presented. The proposed technique is
based on a conceptual view point of the controllability and
observability Grammians balancing of a system in an arbitrary
frequency range. It can be considered as the generalization of the
Moore’s balance structure approach in a specific frequency range of
operation. Two modified Lyapunov equations are derived for the
proposed frequency domain balancing. Various properties of the
reduced model such as controllability, observability, stability, its

uniqueness and the error bound are examined. A comparison study
of the proposed method with the Moore’s time domain technique is
presented using a sixth order digital filter.

WA07-4 167
Optimal filter reduction for unstable discrete-time systems

Xie, Lihua Nanyang Tech. Univ.
Yan, Wei-Yong Nanyang Tech. Univ.
Soh, Yeng Chai Nanyang Tech. Univ.

This paper is concerned with the H2 optimal reduced order filtering
for a linear unstable discrete-time signal model. The objective is to
obtain a reduced order filter that not only gives rise to a stable
filtering error transfer function but also minimises the H2 norm. We
shall first derive a parameterization of a set of filters of fixed order
which lead to stable filtering error transfer functions. Such a
parameterization is given in terms of an arbitrary orthogonal
projection matrix. As a consequence, the problem of minimizing the
H2 norm of the filtering error transfer function over the set of reduced
order filters is formulated as an equivalent unconstrained parametric
optimization problem over a compact manifold. Two gradient based
algorithms are then proposed to compute an optimal reduced order
filter.

WA07-5 172
Weighted balanced model reduction of a flexible structure

Madelaine, Beatrice ONERA-CERT
Chretien, Jean-Pierre ONERA-CERT

The determination of the structural modes which are important for
control is a major issue in the field of active control of flexible
structures. The paper is devoted to the application of an iterative
model reduction proposed by Enns to a 2 d.o.f. flexible pointing
system. The framework of weighted balanced reduction is first
recalled, together with the choice of weights preserving closed-loop
stability. The illustrative example and the control design methodology
are then presented. Enns' iterative reduction procedure is applied
and the results obtained are reviewed. Improvements are proposed
to trade off model order and controller robustness.

WA07-6 178
Learning models from data: the set membership approach

Milanese, Mario Politecnico di Torino

The problem of identifying complex linear systems from noise
corrupted data is investigated, considering that only approximate
models can be estimated and the effects of unmodeled dynamics
have to be accounted for. The paper presents a unified view of the
Set Membership Identification Theory (SMIT), as recently evolved by
the author and coworkers, aiming to deliver not only a model of the
system to be identified, but also a measure of its approximation.
Optimality and convergence results are reported, related to
identification problems for different settings of experimental
conditions and noise assumptions.

WA08-1 183
Robust optimal control of linear discrete time systems using primal-
dual interior-point methods

Hansson, Anders Stanford Univ.
Boyd, Stephen P. Stanford Univ.

In this paper is described how to efficiently solve a robust optimal
control problem using recently developed primal-dual interior-point
methods. Among potential applications are model predictive control.
The optimization problem considered consists of a worst case
quadratic performance criterion over a finite set of linear discrete-
time models subject to inequality constraints on the states and
control signals. The scheme has been prototyped in Matlab. To give
a rough idea of the efficiencies obtained, it is possible to solve
problems with more than 1000 variables and 5000 constraints in a
few minutes on a workstation.

WA08-2 188
Optimal two-degree of freedom controllers



Keviczky, Laszlo Hungarian Academy of Sciences
Banyasz, Csilla Hungarian Academy of Sciences

This paper presents the optimality of a generic form for two-degree
of freedom controllers. The optimality is expressed by two simple
serial compensators and can be performed in H-2 and H-infinity
norm space. It is shown how these filters - depending on the
reference signal, the output disturbance and the invariant process
factors - should be selected by the solutions of Diophantine
equations.

WA08-3 190
Optimization of network signal timing

Yu, Xiao-Hua Univ. of California at Irvine
Stubberud, Allen R. Univ. of California at Irvine

A typical urban traffic network is a complicated large-scale stochastic
system which consists of many interconnected signalized traffic
intersections. This paper develops a decentralized real-time adaptive
control strategy for the traffic networks based on Markov decision
theory. Computer simulation results of this new approach on a five
intersection traffic network indicate significant improvement over the
traditional fully actuated control algorithm.

WA08-4 195
Numerically efficient approximations to the Hamilton-Jacobi-Bellman
equation

Lawton, Jonathan Brigham Young Univ.
Beard, Randal W. Brigham Young Univ.

In this paper we present an implementation of the Successive
Galerkin Approximation (SGA) algorithm to the Hamilton-Jacobi-
Bellman (HJB) equation that is less sensitive to Bellman’s curse of
dimensionality. The SGA algorithm takes an arbitrary stabilizing
control law and improves the performance of the control law. Until
now the SGA algorithm could only be applied to low order systems.
An elementary application of the SGA algorithm results in many
multidimensional integrations that increase exponentially as a
function of the size of the state space and polynomially as a function
of the size of the Galerkin basis. The main result of this paper is the
elimination of the exponentially growing number of multidimensional
integrals. To do so we make several minimally restrictive
assumptions about the dynamics of the system and the Galerkin
basis elements. As a result we reduce the problem to the calculation
of one-dimensional integrals: the number of these integrations
increases polynomially as a function of the size of the state space
and linearly as a function of the size of the Galerkin basis.

WA08-5 200
Time-optimal control of the swing using impulse control actions

Luo, J. C. Univ. of Minnesota
Lee, E. Bruce Univ. of Minnesota

In this paper, we use the necessary conditions developed previously
to deal with the task of time-optimal control for the swing. For
completeness we also briefly describe the main results on impulse
control. The simulation results shows how to deal with this task
easily by using impulse control theory including feedback impulse
control action.

WA08-6 205
Optimal control of nonlinear continuous-time systems: design of
bounded controllers via generalized nonquadratic functionals

Lyshevski, Sergey Purdue Univ. at Indianapolis

By using the Hamilton-Jacobi framework and sufficiency theory, this
paper presents a solution of the constrained optimization problem for
nonlinear systems with soft and hard bounds imposed on control.
The developed concept is based on the application of a generalized
nonquadratic cost, and nonquadratic return functions are applied.
Necessary and sufficient conditions for optimality are used.
Specifically, necessary conditions have been used to synthesize the
bounded controllers, and sufficient conditions are applied to verify
the optimality. The constrained optimization problem is solved for

nonlinear systems, and the offered results extend the application of
the Hamilton-Jacobi theory by using a generalized nonquadratic
cost. The design procedure is reviewed in the context of motion
control applications. Analytical, numerical, and experimental results
are presented for a servo-system actuated by a permanent-magnet
DC motor. The designed nonlinear controller is experimentally
verified.

WA09-1 210
An exposure-dependent spacecraft pointing control criteria for high
resolution spectroscopy

Bayard, David S. Jet Propulsion Lab

A new pointing control criteria is derived to support high resolution
space spectroscopy. The criteria maps desired specifications on
allowable flux offset (imposed by scientists for accurate calculation of
spectral line ratios) into standard pointing control definitions in terms
of bias and jitter.

WA09-2 215
Robust control of the IRS-P2 satellite

Srivastava, S. C. Univ. of California at Irvine
Banavar, Ravi N. Indian Inst. of Tech.
Venkateshwarlu, A. Indian Space Research Org.

This paper describes the efforts towards the design of a robust
controller for the IRS-P2 (Indian Remote Sensing Satellite) satellite.
The IRS- P2 is used for the purpose of imaging earth. Uncertainties
in the dynamics and severe constraints on the allowable rates of
attitude angles, motivated a multivariable robust control approach to
the problem.

WA09-3 217
Position and attitude control of a spacecraft by sliding mode control

Terui, Fuyuto National Aerospace Lab.

Future spacecraft such as the Orbital Maneuvering Vehicle or
“Remover” which tries to capture and remove large space debris
objects in orbit need to be able to perform large angle and
complicated position maneuvers in space. The equation of motion of
a rigid body that performs attitude and translational motion (six
degrees of freedom motion) is a nonlinear equation. This paper
applies sliding mode control that can handle a nonlinear system to
the six degrees of freedom control for such a vehicle. Its feasibility is
investigated through a numerical simulation of proximity flight around
a tumbling target object.

WA09-4 222
Satellite attitude control using only magnetorquers

Wang, Ping Univ. of Alabama at Huntsville
Shtessel, Yuri B. Univ. of Alabama at Huntsville

This study presents a method to control the attitude of spacecraft
using only magnetorquers without the gravity gradient boom. The
main challenge is that the control torque can only be generated
perpendicular to the geomagnetic field. If the dynamics model is
expressed in the geomagnetic frame, the system can be divides into
two parts: the outer loop and inner loop. The stability of the outer
loop is proved by LaSalle's and Floquet's theorems. The inner loop
has devastating disturbance torque. Considering the disturbance
torque, the sliding mode controller is designed in the inner loop. The
results of the simulation of this method are presented herein.

WA09-5 227
Symbolic computations in nonlinear control of multibody space
systems

Rui, Chunlei Univ. of Michigan
Kolmanovsky, Ilya V. Ford Motor Co.
McClamroch, N. Harris Univ. of Michigan

Symbolic computations can facilitate the development of models and
control systems for multibody spacecraft systems. This paper
describes a program written for Maple that performs symbolic model



derivation and Lie bracket computations that are required for control
development.

WA09-6 229
Control problems for the planar motion of a rigid body with an
unactuated internal degree of freedom

McClamroch, N. Harris Univ. of Michigan
Rui, Chunlei Univ. of Michigan
Kolmanovsky, Ilya V. Ford Motor Co.
Cho, Sangbum Univ. of Michigan
Reyhanoglu, Mahmut Texas State Tech. College

We study control problems for a specific mechanical system
consisting of a rigid base body with an unactuated internal degree of
freedom. The key assumptions are that the translational and
rotational motion of the base body can be completely controlled by
external forces and moments, while the internal degree of freedom is
unactuated. This specific example is representative of a class of
underactuated mechanical control systems that are not linearly
controllable. This class of control problems presents major
theoretical and practical difficulties, and such models do arise in
important terrestial and spacecraft applications. Our focus in this
paper is on the simplest mechanical example in this class; it
illustrates important features and difficulties associated with the class
of such problems.

WA10-1 234
Formal verification of PLC programs

Rausch, Mathias Carnegie Mellon Univ.
Krogh, Bruce H. Carnegie Mellon Univ.

This paper presents an approach to the verification of programs for
programmable logic controllers (PLCs) using SMV, a software
package for formal verification of state transition systems. Binary
PLC programs are converted directly into SMV modules that retain
the variable names and execution sequences of the original
programs. The system being controlled is modeled by a C/E system
block diagram which is also transformed into a set of SMV modules,
retaining the structure of the block diagram model. SMV allows the
engineer to verify the behavior of the control program over all
possible operating conditions. Mechanisms are discussed for
representing correctly the concurrent execution of the PLC programs
and the plant model using SMV primitives. The SMV approach to
PLC program verification is illustrated with an example.

WA10-2 239
Discrete event system approach for delay fault analysis in digital
circuits

Westerman, Glenn Lexmark International Inc.
Kumar, Ratnesh Univ. of Kentucky
Stroud, Charles E. Univ. of Kentucky
Heath, J. Robert Univ. of Kentucky

Discrete Event System (DES) modeling techniques are used for
delay fault modeling and analysis of an integrated circuit design.
DES is a dynamical system that evolves according to asynchronous
occurrence of certain discrete changes, called events. An integrated
circuit may be considered as a discrete event system. This formal
analysis technique helps avoid the large cost of simulation. DES
delay gate models and circuit path delay models are developed as
well as algorithms that provide design testability evaluation and
robust delay fault test generation.

WA10-3 244
Exploiting symmetry in the synthesis of supervisors for discrete event
systems

Eyzell, Jose M. The Fed. Univ. of Santa Catarina
Cury, Jose E. R. The Fed. Univ. of Santa Catarina

In this paper we investigate a method to exploit the symmetry
inherent to many systems in order to reduce the computational
complexity of the supervisory control problem (SCP). We
characterize symmetry using notions of group theory and show that
under the condition of existence of a special group of permutations

acting on the alphabet of a (regular) language we can define a
quotient automaton representation for the language which has, in
general, a much smaller state space than its original deterministic,
trim and minimal (in number of states) automaton representation. We
then propose an algorithm to synthesize a solution to the SCP which
is similar to the classical one but performed on reduced automata.
Special attention is given to the particular case of systems whose
models contain similar components. The approach is illustrated by
an example of control of a small production line.

WA10-4 249
Active control of discrete event systems

Hafez, Wassim IST Group

This paper presents an information-theoretic approach to the
problem of active control of discrete-event systems. A discrete event
system is modeled as an automaton (Finite-State Machine, FSM)
with a set of unreliable actuation and sensing operations. Active
control strategies that exploit entropic actions of the automaton’s
actuation and sensing resources are described and compared to
standard stochastic and dual control algorithms. Illustrative examples
and an active control algorithm are presented.

WA10-5 254
Hybrid damage-mitigating control of mechanical structures

Zhang, Hui Pennsylvania State Univ.
Ray, Asok Pennsylvania State Univ.
Phoha, Shashi Pennsylvania State Univ.

The goal of damage mitigating control is to achieve a desired level of
trade-off between structural durability of critical component(s) and
dynamic performance of complex systems (e.g., aircraft, spacecraft,
and energy conversion systems). This paper presents the
architecture and design concept of a hybrid (i.e., combined discrete-
event and continuously-varying) damage-mitigating control system
for life extension and high performance of mechanical structures. It
focuses on the application perspectives of supervisory control in the
discrete-event setting. Based on a closed loop linear control system
at the lower tier, a variable-structure stochastic automaton is
employed for damage regulation, where stability and performance of
the hybrid system is maintained by the supervisory level discrete-
event controller.

WA10-6 259
Hierarchical supervisory control for batch processes

Tittus, Michael Chalmers Univ. of Tech.
Lennartson, Bengt Chalmers Univ. of Tech.

A Petri net based approach for the modeling of batch plants as well
as products is presented. With the focus on synchronization and
booking issues, we propose general Petri net building blocks for the
construction of recipes. These building blocks prove to be very
usable for supervisor synthesis and implementation. We also
introduce a hierarchical supervisor structure that implements
deadlock avoidance policies when executing a number of concurrent
recipes. It is shown that the presented hierarchical supervisor is far
less complex than a non-hierarchical one.

WA11-1 264
On explicit steady-state solutions of Fokker-Planck equations for a
class of nonlinear feedback systems

Brockett, Roger W. Harvard Univ.
Liberzon, Daniel Yale Univ.

We study the question of existence of steady-state probability
distributions for systems perturbed by white noise. We describe a
class of nonlinear feedback systems for which an explicit formula for
the steady-state probability density can be found. These systems
include what has been called monotemperaturic systems in earlier
work. We also establish relationships between the steady-state
probability densities and Liapunov functions for the corresponding
deterministic systems.

WA11-2 269



Stabilization of stochastic nonlinear systems driven by noise of
unknown covariance

Deng, Hua Univ. of California at San Diego
Krstic, Miroslav Univ. of California at San Diego

The paper poses and solves a new problem of stochastic (nonlinear)
disturbance attenuation where the task is to make the system
solution bounded (in probability) by a monotone function of the
supremum of the covariance of the noise. This is a natural stochastic
counterpart of the problem of input-to-state stabilization in the sense
of Sontag. Our development starts with a set of new global
stochastic Lyapunov theorems and a control Lyapunov function
formula for stochastic disturbance attenuation, followed by a design
for an exemplary class of stochastic strict-feedback systems. We
then address optimality and solve a differential game problem with
the control and the noise covariance as opposing players; for strict-
feedback systems the resulting Isaacs equation has a closed-form
solution. Finally, we address the problem of vanishing nonlinearities
where the equilibrium is preserved in the presence of noise, and
develop an adaptive stabilization scheme (based on tuning functions)
that requires no a priori knowledge of a bound on the covariance.

WA11-3 279
Lie algebraic methods in optimal control of stochastic systems with
exponential-of-integral sample cost: examples

Charalambous, Charalambos D. McGill Univ.

The optimal control of partially observed stochastic systems with
exponential-of-integral-sample cost is considered. The concept of
sufficient statistic algebra is introduced to construct finite-
dimensional controllers. This point of view leads naturally to the use
of Lie algebraic methods in addressing the questions of
classification, equivalence, minimum realization, and construction of
optimal controllers.

WA11-4 284
Solution of the state noise dependent optimal control problem in
terms of Lyapunov iterations

Gajic, Zoran R. Rutgers Univ.
Losada, Ricardo Rutgers Univ.

In this paper we present the solution to the algebraic Riccati-type
equation of the state noise dependent linear-quadratic optimal
control problem in terms of algebraic Lyapunov iterations. By
properly initializing the sequence of algebraic Lyapunov iterations we
got monotonic convergence from above to the positive definite
stabilizing solution of the algebraic Riccati-type equation. It has been
shown that the proposed algorithm requires much less computational
efforts than those used to solve the same problem.

WA11-5 289
Covariance assignment for stochastic model reference systems via
sliding mode control concept

Chang, Koan-Yuh National Central Univ.
Wang, Wen-June National Central Univ.

Based on the concept of sliding mode control, this paper studies the
error state covariance assignment problem for stochastic model
reference systems. Because of the invariance property of variable
structure systems, the matched model reference input and the plant
error term disappear on the sliding mode of the error system. With
the aid of Ito-formula, the controller is proposed. Combining the
sliding phase and hitting phase of the system design, the feedback
gain matrix G is derived to achieve the error state covariance
assignment.

WA11-6 291
LMI-based analysis of a class of nonlinear stochastic systems

Yaz, Yvonne Ilke Centenary College
Yaz, Edwin E. Univ. of Arkansas
Mohseni, Jafar Univ. of Arkansas
Olejniczak, Kraig J. Univ. of Arkansas

This work involves formulation of some problems arising in the
analysis and control of a class of discrete-time nonlinear stochastic
systems in terms of linear matrix inequalities. This allows one to
utilize a wide variety of numerical techniques available for tackling
both the feasibility problem and the actual numerical solution in an
efficient manner.

WA12-1 293
Further results on geometry of invariant algebraic sets

Nesic, Dragan Univ. of California at Santa Barbara

We investigate geometry of different forms of invariant algebraic
sets. Properties of these sets, which we present, are crucial for
investigation of controllability properties for a large class of
polynomial discrete-time systems. The results presented in the talk
generalize results on invariant algebraic sets that were recently
proved in the literature.

WA12-2 298
Reliable nonlinear control by exact linearization approach

Suyama, Koichi Tokyo Univ. of Mercantile Marine

Recently stability of control systems under possible failures in control
devices has been studied because of its practical importance. Such
theory is called "reliable control." But the theory can be applied
almost only to linear control systems. It is difficult to put the theory to
practical use. The author has presented a new type reliable control
system against sensor failures using decision by majority. The
objective of this paper is to extend the idea to nonlinear control
systems based on exact linearization in order to present reliable
nonlinear control systems intended for practical use.

WA12-3 303
Global stabilization of nonlinear systems with marginally unstable
free dynamics by small controls

Lin, Wei Case Western Reserve Univ.
Li, Xunjing Fudan Univ.

This paper presents sufficient conditions under which a fairly large
class of single-input nonlinear systems including feedforward
systems and the well-known ball-and-beam model, are globally
asymptotically and locally exponentially stabilizable by smooth state
feedback. A nested saturation controller with the state-dependent
saturation levels is constructed explicitly, using a novel design
approach which combines the nested saturation strategy (Teel,
1992; Sussmann, Sontag and Yang, 1994) for marginally unstable
linear systems subject to input saturation, with the low-gain design
technique (Lin, 1995 and 1996), developed for global asymptotic
stabilization of general non-affine systems with marginally stable free
dynamics. The power of the proposed low-gain design method is
demonstrated by solving a number of nonlinear control problems,
particularly, the global stabilization problem of a class of two-
dimensional nonlinear systems.

WA12-4 308
Nonlinear invariance: cross-positive vector fields

Meyer, David G. Univ. of Colorado
Piatt, Teri Univ. of Colorado
Wadley, Haydn N. G. Univ. of Virginia
Vancheeswaran, Ravichandran Univ. of Virginia
Kosut, Robert L. SC Solutions

This paper introduces the concept of cross-positivity for vector fields
and explores ramifications of cross-positivity relative to solutions of
ordinary differential equations. The motivation is to understand the
dynamic behavior of systems where the natural physics place
constraints on the vector field. Our results extend to nonlinear
systems several well-known results about properties of autonomous
linear systems when the A matrix satisfies special conditions.

WA12-5 313
Flatness, tangent systems and flat outputs

Fossas, Enric Univ. Politecnica de Catalunya
Franch, Jaume Univ. Politecnica de Catalunya



Palau, Antoni Univ. Politecnica de Catalunya

This communication deals with the problem of flatness in a nonlinear
multi input (m inputs) system. In the framework of differential
algebra, the tangent system is used in order to find out the mth. flat
output when m-1 flat outputs have been guessed. The quotient of
modules has appeared to be a cornerstone in this procedure.

WA12-6 318
Input/output linearization using time delay control and time delay
observer

Lee, Jeong Wan Korea Adv. Inst. of Sci. & Tech.
Chang, Pyung H. Korea Adv. Inst. of Sci. & Tech.

In this paper, input/output linearization (IOL) method using time delay
control (TDC) and time delay observer (TDO) is presented. This
method enables the IOL method to plants when all the states of plant
are not measurable or the measured plant output is very noisy. The
designed control system requires neither an accurate plant model
nor the real time computation of plant nonlinearity. Consequently, the
proposed control algorithm turned out to be computationally efficient
and easy to design for nonlinear plants. In a simulation for a second
order nonlinear plant, the output followed desired response well and
the control performance appeared to be superior to IOL using TDC
and numerical differentiation. Finally, in an experiment with a
pneumatic servo system, we obtained results consistent with those
obtained from the simulation, and it was confirmed that the proposed
control algorithm can be effectively used in a real closed-loop
system.

WA13-1 323
Nonlinear IMC and PID controller designs

Dong, Jiawen Case Western Reserve Univ.
Brosilow, Coleman B. Case Western Reserve Univ.

A general procedure is proposed for nonlinear IMC and PID
controllers for single-input single-output nonlinear systems. The
nonlinear IMC and PID controllers are designed to force the system
output to track a desired linear closed-loop trajectory, which is
tunable via a single, physically meaningful parameter: the trajectory
filter time constant. Two illustrative simulation examples are
presented, a highly asymmetric fourth order nonlinear process and a
non-isothermal Van de Vusse reactor. The nonlinear PID controller
performs as well as nonlinear controllers obtained by geometric
methods.

WA13-2 328
Optimization of nonlinear PI controllers for chemical processes

Wright, Raymond A. Dow Chemical Co.
Kazantzis, Nicolaos Univ. of Michigan
Kravaris, Costas Univ. of Michigan

Linear PI controllers are generally the most popular method for
controlling chemical processes due to their simplicity in
implementation and understanding. Many different methods are
available in textbooks and in the literature for tuning the controller
parameters so that in either a strict mathematical sense, or a loose
application sense, optimal performance can be achieved. For
nonlinear processes, however, the application and tuning of linear PI
controllers can be problematic, if the nonlinearity is severe enough.
The extension of linear PI concepts to develop a nonlinear PI control
law can lead to many alternative forms, primarily because the term
"nonlinear PI" does not specify the form of the control law; it only
specifies that the control law is not linear. Most prior work has
suggested ad hoc modifications of the controller parameters as
functions of the error, or parameter scheduling, or both. In this work,
the general properties a controller must posses to be classified as a
PI controller are defined. Linear PI controllers, in both model-based
and non-model-based forms are shown to exhibit these properties.
Starting from a general definition of PI controllers, a class of non-
model-based nonlinear controllers is developed and their optimal
tuning discussed. The development of model-based nonlinear PI
controllers is presented and different means to ensure optimal tuning
is shown. Finally, a chemical reactor example is presented to

illustrate the performance of each of the types of nonlinear PI
controllers developed.

WA13-3 333
Dynamic gain scheduled control for multivariable processes

Kwatra, Harpreet S. Purdue Univ.
Doyle III, Francis J. Univ. of Delaware

A controller which employs dynamically scheduled control
parameters has been introduced in earlier work by the authors. This
dynamic gain scheduling (DGS) algorithm is extended for
multivariable processes and systems with arbitrary relative degree.
The multi-input multi-output DGS controller is demonstrated on an
industrial benchmark problem - a solution copolymerization process.
Simulations show that the DGS controller is significantly better than a
four PI controller system, and compares favorably to a 3 x 3 model
predictive controller.

WA13-4 338
Global stability analysis for discrete-time nonlinear systems

Rios-Patron, Ernesto Univ. of Illinois at Urbana-Champaign
Braatz, Richard D. Univ. of Illinois at Urbana-Champaign

Developing computationally-efficient nonconservative stability
analysis tools for generic nonlinear systems has eluded researchers
for the past century. While this is a challenging problem, any
nonlinear system can be approximated arbitrarily closely as a
network of interconnections of linear systems and bounded
monotonic nonlinear operators. A computational approach is
developed for the stability analysis of such networks. The main
stability analysis tool is formulated as a linear matrix inequality
feasibility problem, which can be solved by ellipsoid or interior point
algorithms. The nonlinear stability analysis tools are applied to
artificial neural networks, which are nonlinear process modeling tools
that have been heavily studied in the past ten years, and are the only
generic black-box nonlinear models significantly used in the process
industries. Ideas for future work are outlined.

WA13-5 343
Anti-windup controller synthesis via linear parameter-varying control
design methods

Wu, Fen Dynacs Engineering Co., Inc.
Grigoriadis, Karolos M. Univ. of Houston
Packard, Andrew K. Univ. of California at Berkeley

In this paper, we provide a novel, systematic anti-windup control
synthesis approach for systems with actuator saturation using a
linear parameter-varying (LPV) design framework. The closed-loop
induced L2 gain control problem is considered. Different from
previous two-step design schemes, the proposed approach directly
utilizes saturation indicator parameters to schedule accordingly the
parameter varying controller. Hence, the synthesis conditions are
formulated in terms of Linear Matrix Inequalities (LMIs) that can be
solved very efficiently. The resulting gain-scheduled controller is
nonlinear in general and would lead to graceful performance
degradation in the presence of actuator saturation nonlinearities. An
aircraft longitudinal dynamics control problem with two input
saturation nonlinearities is used to demonstrate the potential of the
proposed LPV anti-windup scheme.

WA13-6 348
A new approach to closed loop autotuning for PID controllers

Luo, R. F. National Instruments, Inc.
Qin, S. Joe Univ. of Texas at Austin
Chen, Dapang National Instruments, Inc.

A simple method for the autotuning of PID controllers which keeps
the PID controllers in closed loop is proposed. A limit circle is
generated through setpoint relay to extract relevant information
about the process dynamics. Ziegler-Nichols tuning formulas based
on the reaction curve method and the ultimate gain and ultimate
period method are used to calculate the PID parameters. Extensive
simulations have shown that the proposed method is accurate and
needs not to switch off the existing controller.



WA14-1 (I) 353
Ensuring control integrity of critical systems subjected to
electromagnetic disturbances: problem overview

Belcastro, Celeste M. NASA Langley Research Ctr.

An assessment process for verifying the control integrity of critical
flight systems in adverse, as well as nominal, operating
environments is currently under development at the NASA Langley
Research Center. The assessment process involves a combination
of analysis, simulation, and tests and is comprehensive in that it
addresses (i) closed-loop operation of the controller under test, (ii)
real-time dynamic detection of controller malfunctions, and (iii) the
resulting effects on the aircraft relative to the stage of flight, flight
conditions, and required operational performance. In support of the
development of this process, closed-loop High-Intensity Radiated
Fields (HIRF) effects experiments were performed on a fault tolerant
flight control computer (FCC). This paper presents an overview of
the problem of ensuring the integrity of critical control systems
operating in harsh electromagnetic environments, and an approach
for the assessment of these systems. A description of the closed-
loop HIRF experiments, upset data obtained from the FCC during the
experiments, and closed-loop effects on the simulated flight of the
aircraft are also presented.

WA14-2 (I) 359
Modeling electromagnetic disturbances in closed-loop computer
controlled flight systems

Gray, W. Steven Old Dominion Univ.
Gonzalez, Oscar R. Old Dominion Univ.

High intensity electromagnetic radiation has been demonstrated to
be a source of computer upsets in commercially available digital
flight control systems. In this paper we introduce an electromagnetic
disturbance model which can be used for stability analysis and
augmentation of any such digitally implemented control law. The
model is composed of a Markovian exosystem supplying radiation
events to a discrete-time jump linear system which models how the
radiation interferes with the nominal operation of the closed-loop
system. We discuss how this model can be used to characterize
stability and how it can be parameterized and validated in an
experimental setting.

WA14-3 (I) 365
System level error models for safety critical control systems

Elks, Carl R. NASA Langley Research Ctr.
Johnson, Barry W. Univ. of Virginia
Perrone, Paul G. Perrone Consultants

The problem of verifying the functional integrity of control system in a
range of operating conditions is a key issue in the design and
development of safety critical systems. The integrity can be
compromised by a variety of source, these include, Hardware faults,
design errors, and Electro-magnetic disturbances. In the past, the
prime method for demonstrating the functional integrity of a control
system in the presence of faults has been fault injection. Most fault
injection methodologies are fraught with a host of limitations with
respect to modeling the effects of EMI upsets. This paper presents a
system level error model for a generic control computing platform.
Errors are modeled from a high level system perspective without
consideration for the actual physical failures, and the implementation
details. This error model serves to classify error patterns which may
occur in the information flow during EMI exposure.

WA14-4 (I) 370
Robustness issues of flight control in high-intensity radiated fields

Chang, Bor-Chin Drexel Univ.
Lau, A. C. Drexel Univ.

Controller malfunctions induced by high-intensity radiated field can
lead to events that affect flight stability, operational performance, and
aircraft structural integrity. In this paper, we address the robustness
issues for flight control systems under the influence of high-intensity
radiated field.

WA14-5 (I) 374
Monitoring functional integrity in critical control computers subjected
to electromagnetic disturbances

Belcastro, Celeste M. NASA Langley Research Ctr.

Verifying the integrity of control computers operating in harsh
electromagnetic environments is a key issue in the development,
certification, and operation of control systems performing flight
critical functions for future transport aircraft. Harsh electromagnetic
environments (EME) are caused by sources such as lightning, high-
intensity radiated fields (HIRF) from radars and radio frequency (RF)
transmitters, personal electronic devices carried onto the aircraft by
passengers, electromagnetic interference and incompatibilities with
onboard equipment, onboard or ground-based terrorists using RF
weapons, and erroneous ground-based or airborne military activities.
This paper considers the problem of applying analytical redundancy,
distributed detection techniques, and decision fusion to monitoring
the integrity of a fault tolerant flight control computer with redundant
processors for real-time laboratory and in-flight applications. This
work is in the initial phase and focuses on the formulation of the
design problem. The analytical redundancy for each control
command is based on the nominal control law calculation using
linear parameter varying (LPV) modeling techniques. Malfunctions in
the control law calculation of each processor are detected with
statistical decision rules. The threshold of the decision rules is based
on the residual between the measured control law calculation (that
may result from computer malfunctions) from the control computer
and the estimate of the correct command obtained from an LPV
Kalman filter. Therefore, the decision rules are scheduled over the
varying parameters. Malfunctions in each processor are detected by
fusing the decisions from M control law calculation monitors.
Malfunctions in the fault tolerant controller are detected by fusing the
decisions from the monitors for N processors. Analysis of the
performance of the distributed monitoring system is discussed.

WA14-6 (I) *
Discussion

Belcastro, Celeste M. NASA Langley Research Ctr.

WA15-1 379
Submarine pitch and depth control using FCMAC neural networks

Lin, Chujen Intelligent Automation, Inc.
Xu, Roger Intelligent Automation, Inc.
Kwan, Chi-Man Intelligent Automation, Inc.
Haynes, Leonard Intelligent Automation, Inc.

A non-model based nonlinear adaptive control scheme was
developed to control the depth and the pitch of submarines operating
in shallow water. This control scheme utilizes a special type of neural
networks called the Fuzzy Cerebellar Model Arithmetic Computer
(FCMAC) to compensate the nonlinear dynamics of submarines. An
on-line tuning scheme with no off-line training phase was used to
update the weights in the FCMAC. Simulation results show that this
control scheme has superior performance and robustness under
various scenarios. Preliminary results also show that FCMAC control
can enhance the failure recovery capability.

WA15-2 384
Design of a marine autopilot using quantitative feedback theory

Desanj, D. S. Univ. of Strathclyde
Grimble, Michael John Univ. of Strathclyde

The paper presents a full envelope frequency domain based
Quantitative Feedback Theory control system design for a marine
autopilot. An initial H-infinity controller was designed for a nominal
plant. The design was then improved using a quantitative analysis of
the closed-loop specifications. The full envelope control design was
obtained by an analysis of plant uncertainty. Control system designs
were then validated through non-linear simulations.

WA15-3 389
Control of underwater vehicle/manipulator with composite dynamics

Canudas de Wit, Carlos ENSIEG - INPG
Olguin Diaz, Ernesto ENSIEG - INPG



Perrier, Michel Centre de Toulon-zone de Bregaillon

This paper is devoted to the problem of control design of an
underwater vehicle/manipulator (UVM) system composed of a free
navigating platform equipped with a robot manipulator. This
composite system is driven by actuators and sensors of different
nature having substantially different bandwidth characteristics. Such
a difference allows for a setup which can be naturally treated by
standard singular perturbation theory. The major finding here is that
the computed torque control law can be substantially simplified while
preserving the closed-loop stability, in the sense of perturbation
theory.

WA15-4 394
Research issues in autonomous control of tactical UAVs

Chandler, Philip R. Wright Patterson Air Force Base
Pachter, Meir Air Force Inst. of Tech.

This paper summarizes the enabling technologies for an
autonomous tactical UAV. Current technologies are adequate for
semi-autonomous UAVs that operate in a relatively structured
environment. For tactical UAVs in a rapidly changing uncertain
environment the present techniques are inadequate. The essence of
autonomous control is rapid in-flight replanning under uncertainty.
This is cast as a large optimization or decision problem. Monolithic
and decomposition techniques are discussed for the solution of large
decision problems. Hierarchical decomposition is the most promising
approach, but suffers from an inadequate theoretical basis. Finally,
research areas are proposed to address the decomposition problem.

WA15-5 399
Singularity-free regulation of underwater vehicle-manipulator
systems

Antonelli, Gianluca Univ. degli Studi di Napoli Federico II
Chiaverini, Stefano Univ. degli Studi di Napoli Federico II

In this paper a sliding mode approach for the regulation problem of
Underwater Vehicle-Manipulator Systems (UVMS) is developed.
Based on the body-fixed and joint-space coordinates dynamic model,
a control law is derived which avoids the inversion of the system
Jacobian, thus overcoming the occurrence of kinematic singularities.
Further, to avoid representation singularities of the orientation,
attitude control of the vehicle is achieved through a quaternion based
error. A Lyapunov-like analysis is used to prove the error
convergence. Finally, numerical simulation shows the performance
of the control scheme in a practical case study involving a full-
dimensional task.

WA15-6 404
Decentralized fuzzy control of multiple nonholonomic vehicles

Driessen, Brian J. Sandia National Labs.
Feddema, John Sandia National Labs.
Kwok, Kwan S. Sandia National Labs.

This work considers the problem of controlling multiple nonholonomic
vehicles so that they converge to a scent source without colliding
with each other. Since the control is to be implemented on a simple
8-bit microcontroller, fuzzy control rules are used to simplify a linear
quadratic regulator control design. The inputs to the fuzzy controllers
for each vehicle are the noisy direction to the source, the distance to
the closest neighbor vehicle, and the direction to the closest vehicle.
These directions are discretized into four values: Forward, Behind,
Left, and Right; and the distance into three values: Near, Far, and
Gone. The values of the control at these discrete values are obtained
based on the collision-avoidance repulsive forces and an attractive
force towards the goal. A fuzzy inference system is used to obtain
control values for inputs between the small number of discrete input
values. Simulation results are provided which demonstrate that the
fuzzy control law performs well compared to the exact controller. In
fact, the fuzzy controller demonstrates improved robustness to noise.

WA16-1 (I) *
Annus mirabilis 1956: the renaissance of mathematical system
theory

Kalman, R. E. Swiss Federal Institute of Technology

WA16-2 (I) 411
Seminal contributions of Bob Bass to control

Bucy, R. S. Univ. of Southern California
Lo, J. T. Univ. of Maryland

Dr. R. W. Bass is one of the pioneers in the development of the
modern control theory. Some of his fundamental contributions
including the Bass-Roth theorem, the GASP program for
synthesizing the Kalman filter, the Bass-Gura formula, a preliminary
result anticipating the maximum principle, and the Bass-Norum-
Schwartz filter are briefly reviewed. His role in the celebrated RIAS
Mathematics and Control groups is briefly reminisced.

WA16-3 (I) *
Robustness analysis: from Bass (1956) through 1998

Doyle, John C. California Inst. of Tech.

WA16-4 (I) 415
Sensitivity of control computations

Hewer, Gary Naval Air Warfare Center
Kenney, C. Univ. of California at Santa Barbara
Laub, Alan J. Univ. of California at Davis

The work of Bob Bass and others on the sensitivity of dynamical
systems in control inspired continuing research on the accuracy and
condition of control computations. In the following we provide details
on some of the matrix extensions of the performance bounds Bass
developed using the qualitative theory of ordinary differential
equations. The theory of these matrix performance bounds has been
matched with reliable numerical procedures for their computation.

WA16-5 (I) 420
R. W. Bass: mathematician/mentor

Schwartz, Larry Raytheon Systems Co.

Reminiscences of the author’s experiences with R. W. Bass,
particularly those illustrating the role of mentor.

WA16-6 (I) 424
Some little-known results of Bob Bass in mathematical system theory

Johnson, C. D. Univ. of Alabama at Huntsville
Morgan, Jr., Bernard S. Teledyne Brown Engr.

In this paper some of the important but little-known pioneering results
in mathematical system theory, developed by Dr. Robert W. (Bob)
Bass in the period 1956-1965, are described. In particular, Bass’s
early researches on describing-function theory, the pole-assignment
problem, control canonical forms, full-order state-observers, bang-
bang/sliding-mode control laws, minimax control theory, and general
linear system theory are described and documented.

WA17-1 (I) 431
Deriving the human interface from the automatic controls

Bristol, Edgar H. The Foxboro Co.

Any significant control system is intended to implement a well
defined set of tasks in cooperation with some operator, making
human interfacing central to the design of effective controls.
Applications designed by control engineers alone can easily fail for
lack of effective human interfacing. But control and human
interfacing have different traditions, the one based on a primarily
mathematical theory, the other on scenarios, formalized testing,
social science, and visual or psychological design. Modern control
requires more systematic treatment of the paired technologies, in
order to better guide the interface design, and support the economic
implementation of combined system designs. Such treatment would
also allow interface designs which adapted to dynamic changes in
the application situation. The paper will introduce the topic,
discussing the role of the operator in the face of different classes of
control function, setting the stage for other papers dealing with
different human factors issues behind this kind of situation adaptive
interfacing. It will also show how control systems and human



interfaces can be implemented to parallel each other automatically,
when derived from a common statement of control intent (in this case
expressed in statements in a proposed computer process control
language).

WA17-2 (I) 444
Failure detection methods to predict loss of control involving human-
interface devices: part II, empirical validation

Repperger, Daniel W. Wright Patterson Air Force Base
Haas, M. W. Wright Patterson Air Force Base
Schley, P. C. Systems Research Laboratories
Koivo, A. J. Purdue Univ.

A companion paper [1] has addressed certain theoretical issues
concerning the design of a human-interface device to help predict
the loss of tracking control when a human operator is involved in a
position tracking scenario. This Part II paper will describe the
empirical validation of such a system with human subjects within a
laboratory scenario. Such an apparatus can be used to help mitigate
the loss of control by giving the operator a warning a priori or
possibly used to adapt a display or controller (adjust the automation
level).

WA17-3 (I) 447
Effects of force feedback on operator’s skills in tele-operated
systems

Koivo, A. J. Purdue Univ.
Repperger, Daniel W. Wright Patterson Air Force Base

The system studied consists of a human operator, a stick driven by
the force generated by the human hand, and a plant (e.g., a robotic
arm) whose input comes from the stick. The system output is the
position which is to be placed on a specific location by the human
operator. The force from the stick output can be fed back (as a
reflected force) and combined with the force applied by the human.
The goal here is to study the effects of the reflected force feedback
on the skills of the human operator. The recently induced
probabilistic skill index is used to evaluate the performance of the
operator performing specified tasks. The tasks are quantified by
means of probabilistic difficulty index. Four cases of different
reflected feedback loops are studied. For each case, experimental
data were collected when a human operator was performing a task
of a know difficulty index. The probabilistic skill index is then used to
quantify the effects of the reflected force feedback loop. Thus, this
study provides evidence for evaluating the relative effects of the
reflected forces on operator’s skills in the teleoperation.

WA17-4 (I) 450
Automated adaptive control of display characteristics within future air
force crew stations

Haas, M. W. Wright Patterson Air Force Base
Repperger, Daniel W. Wright Patterson Air Force Base

The Human Effectiveness Directorate of the Air Force Research
Laboratory is developing and evaluating human-machine interface
concepts to enhance overall weapon system performance by
embedding knowledge of the operator’s state inside the interface,
enabling the interface to make informed, automated decisions
regarding many of the interface’s information management display
characteristics. Some of these characteristics may be information
modality, spatial arrangement, or temporal organization. By
increasing the ability of the interface to respond, or adapt, to the
changing requirements of the human operator in real-time, the
interface will provide information management which appears
intuitive to the operator. The adaptation of display characteristics is
enabled by the availability of three technologies; (1) highly flexible
display devices, (2) computational models of situation awareness,
workload and operator performance, and (3) direct physiologic and
behavioral measurement of the operator. This paper summarizes Air
Force Research Laboratory exploratory research and development
efforts in the areas of multi-sensory switching of display modality,
automated display adaptation based on behavioral metrics, and the
use of operator state estimation, in conjunction with operator models,
to drive display adaptation algorithms within closed-loop systems.

WA17-5 (I) 453
A study of adaptive stick controllers in human interface systems

Repperger, Daniel W. Wright Patterson Air Force Base
Phillips, C. A. Wright State University
Haas, M. W. Wright Patterson Air Force Base

A summary of research regarding adaptive and other active stick
controllers is given. A description of adaptation mechanisms is
explained based on properties of patterns of stick responses in
specially-constructed phase planes. A relationship between energy-
related functions shows some interesting methodologies to adapt or
change a stick’s force-displacement characteristics.

WM01-1 456
Position control of multiple robots manipulating a flexible payload

Sun, Dong Univ. of Toronto
Mills, James K. Univ. of Toronto
Liu, Yun Hui Chinese Univ. of Hong Kong

Robotic manipulation of a flexible payload is a complex and
challenging control problem. This paper shows in theory that under
the widely used scheme of PD plus gravity compensation, the
position/orientation of a general flexible payload manipulated by
multiple robots approaches the desired one, and simultaneously the
vibration of the payload at each contact is suppressed. The vibration
suppression at each contact is helpful to suppress all vibrations of
the flexible body. The “clamped-free” model is used to decompose
the dynamics of the payload into two distinct dynamic subsystems.
This allows us to treat these dynamic subsystems separately and
prove that desired motion trajectories can be achieved with the
proposed scheme. An example of experiment of manipulating a
flexible sheet using two industrial CRS A460 robots is described
finally.

WM01-2 461
Friction characterization and controller design for a two axis
manipulator

Kuehner, J. Univ. of New Brunswick
Diduch, C. P. Univ. of New Brunswick

In this paper we provide a methodology for the design and
implementation of a control system for a planar direct drive
manipulator that reduces the effects of non-linear friction. The friction
is characterized by a series of off-line experiments that capture
dependencies on position and velocity. The characterization is built
into a database that is coupled with an on-line feedback controller to
enhance positioning accuracy.

WM01-3 463
Model independent friction compensation

Sankaranarayanan, S. Polytechnic Univ.
Khorrami, Farshad Polytechnic Univ.

In this paper, it is shown that our earlier robust adaptive nonlinear
controller for friction compensation achieves a robust performance
for a general class of models capturing friction dynamics. The
advocated control design methodology can be used with many
existing dynamic models of friction and is robust to parametric and
dynamic variations in these friction models. Furthermore, the
properties of a generalized dynamic friction model are set-forth and
these generic properties are exploited for control design purposes. It
is also shown that many of the popular dynamic models fall within
the class of models considered. The advocated controller guarantees
global asymptotic tracking of the states of a one degree-of-freedom
system in the presence of dynamic friction effects. Simulation studies
are done for three popular dynamic friction models and a stochastic
version of one of the dynamic friction models. These simulations
sufficiently elucidate the robustness and performance aspects of the
advocated control design methodology.

WM01-4 468
Quaternion-based impedance with nondiagonal stiffness for robot
manipulators

Caccavale, Fabrizio Univ. degli Studi di Napoli Federico II



Siciliano, Bruno Univ. degli Studi di Napoli Federico II
Villani, Luigi Univ. degli Studi di Napoli Federico II

In this paper an energy-based argument is used to derive the
dynamic equation of a mechanical impedance at the end effector of a
robot manipulator, both for its translational part and for its rotational
part. The adoption of unit quaternions to describe orientation
displacements leads to a geometrically consistent definition of the
stiffness in the impedance equation. Remarkably, off-diagonal
elements in the equivalent stiffness matrix are considered; namely,
coupling forces with orientation displacements and coupling
moments with position displacements. The equilibrium and the
stability of the impedance equation are discussed as well as the
geometric properties of the stiffness matrix.

WM01-5 473
Control design for systems in chained form with bounded inputs

Luo, Jihao Univ. of Virginia
Tsiotras, Panagiotis Univ. of Virginia

Discontinuous, time-invariant controllers have been recently
proposed in the literature as an alternative method to stabilize
nonholonomic systems. These control laws are not Lipschitz
continuous at the origin and hence they may use significant amount
of control effort, especially if the initial conditions are close to an
equilibrium manifold. We seek to remedy this situation by
constructing bounded convergent controllers (with exponential
convergence rates) for nonholonomic systems in chained form.

WM01-6 478
Impedance control with varying stiffness for parallel-link manipulators

Park, Jong Hyeon Hanyang Univ.
Cho, Hyun Chul Hanyang Univ.

This paper proposes a new impedance control algorithm based on a
variable stiffness-matrix, for parallel-link manipulators without the
measurement of the tip position. It assumes that only the link lengths
and velocities as well as the contact force at the tip are measured,
and that the motion range is small around an operating point so that
the nonlinear dynamics can be linearized. One of the key ideas is to
change the stiffness matrix of the impedance model in order to
compensate dynamics model parameter errors. In simulations, it is
shown that despite the simplicity of the algorithm, its performance is
similar to that of the control law based on the nonlinear dynamics
with the correct parameters estimates, and that it is robust to
estimation errors of some parameters such as the platform mass and
the leg masses.

WM02-1&2 (I) 483
Hardware-in-the-loop vehicle and powertrain analysis and control
design issues

Powell, Barry Ford Research Lab.
Sureshbabu, Natarajan Ford Research Lab.
Bailey, Kathleen Ford Research Lab.
Dunn, M. T. Ford Research Lab.

Powertrain and vehicle control systems are rapidly becoming
extremely sophisticated. In order to maintain product technology
competitiveness, minimize product and control system complexity,
and contain development costs and timing, correspondingly more
sophisticated control system development tools and methodologies
are required. Hardware-in-the-Loop simulation technology offers
promise to bridge the challenging gap between system modeling and
actual prototype system hardware implementation. This paper
contains a discussion of some of the principal analytically related
issues associated with a HIL powertrain laboratory.

WM02-3 (I) 493
The Illinois Roadway Simulator: a hardware-in-the-loop testbed for
vehicle dynamics and control

Brennan, Sean Univ. of Illinois at Urbana-Champaign
Alleyne, Andrew Univ. of Illinois at Urbana-Champaign
DePoorter, Mark Univ. of Illinois at Urbana-Champaign

The Illinois Roadway Simulator (IRS) is a novel, Hardware in the
Loop (HIL) scale vehicle testbed used to study vehicle dynamics and
controls. An overview of this system is presented, and individual
hardware issues are addressed. System modeling results on the
vehicles and hardware are introduced, and comparisons of the
resulting dynamics are made with full sized vehicles. To address the
realism factor of using scaled vehicles, comparisons are made
between vehicle responses of full and 1:10 scale vehicles. Finally,
the IRS is used to examine the effect of actuator dynamics on a
particular vehicle control application.

WM02-4 (I) 498
Hardware-in-the-loop simulation for the investigation of truck diesel
injection systems

Schaffnit, J. Darmstadt Univ. of Tech.
Sinsel, S. Darmstadt Univ. of Tech.
Isermann, Rolf Darmstadt Univ. of Tech.

Faced with the need to reduce development time and cost, the
hardware-in-the-loop (HIL) simulation increasingly proves to be an
efficient tool in the automotive industry. It offers the possibility to
investigate new engine control systems with fewer expensive engine
dynamometer experiments and test drives. In the scope of a
research collaboration, Daimler Benz and Darmstadt University of
Technology are developing a hardware-in-the loop simulator for the
investigation of the electronic engine management of the new
Mercedes Benz truck engine series 500 and 900. This paper first
describes the necessary models for real-time simulation of the
subsystems Diesel engine, turbo charger and vehicle. Then the
setup of the simulator test bench is introduced and the performance
of the simulator is demonstrated by several experimental results.

WM02-5 (I) 503
ABS/traction assist/regenerative braking application of hardware-in-
the-loop

Bailey, Kathleen Ford Research Lab.
Powell, Barry Ford Research Lab.
Villec, G. N. Ford Research Lab.

The paper presents a description of a real-time dynamic model of an
Electric Vehicle with Anti-lock Brake System (ABS), Traction Assist,
and Regenerative Braking (ATR) as an application for a Hardware-
in-the-Loop testbed. It presents a dual model concept and its
advantages for studying sensor noise and hardware/software
interface issues. The paper includes simulation results from the real-
time dynamic ATR model.

WM02-6 (I) 508
The versatile hardware-in-the-loop laboratory: beyond the ad hoc
fixture

Stasko, J. C. Ford Research Lab.
Crandell, R. L. Ford Research Lab.
Dunn, M. T. Ford Research Lab.
Sureshbabu, Natarajan Ford Research Lab.
Weber, W. Ford Research Lab.

The versatile hardware-in-the-loop laboratory can aid large system
development by refining the models of the individual components
during system integration. Selection of hardware, software
development and laboratory architecture is discussed. Some general
notes on the facility are given.

WM03-1 513
Adaptive decoupling control of multivariable nonlinear non-minimum
phase systems using neural networks

Yue, Heng Northeastern Univ.
Chai, Tianyou Northeastern Univ.

In this paper, we develop an adaptive neural decoupler for discrete-
time multivariable nonlinear non-minimum phase systems. Using
Taylor’s formula, the nonlinear system can be viewed as a linear
non-minimum phase system with measurable disturbances. The
feedforward decoupling strategy which was used in linear systems is
employed and static decoupling can be achieved. For unknown



systems, one group of neural networks are trained off-line to
estimate the Jacobian matrix, another group are used to approximate
the nonlinear terms on-line. So adaptive decoupling is developed.

WM03-2 515
Direct adaptive control of non-affine nonlinear systems using
multilayer neural networks

Zhang, T. National Univ. of Singapore
Ge, S. S. National Univ. of Singapore
Hang, Chang Chieh National Univ. of Singapore

A direct adaptive control method is presented for a class of non-
affine nonlinear systems using multilayer neural networks (MNNs).
The proposed controller ensures that the output of the system tracks
a given bounded reference signal and the output tracking error
converges to an epsilon-neighborhood of zero, while the stability of
the closed-loop system is guaranteed by Lyapunov’s stability theory.

WM03-3 520
Adaptive output feedback control for general nonlinear systems
using multilayer neural networks

Zhang, T. National Univ. of Singapore
Ge, S. S. National Univ. of Singapore
Hang, Chang Chieh National Univ. of Singapore

In this paper, the adaptive output feedback control problem is
investigated using multilayer neural networks (MNNs) for a class of
general nonlinear systems. The adaptive output feedback controller
is developed based on a high-gain observer which is used to
estimate the time derivatives of the system output. The Lyapunov
stability of the resulting closed-loop system is guaranteed and the
tracking error converges to a small neighborhood of the origin. The
effectiveness of the proposed controller is illustrated through an
example of composition control for a continuously stirred tank reactor
(CSTR) system.

WM03-4 525
New neural adaptive control of nonlinear discrete-time systems

Zhu, Yong Zhejiang Univ.
Qian, Jixin Zhejiang Univ.

For a class of discrete-time nonlinear systems, an available adaptive
control scheme using multi-layered neural networks is presented. It
can not only solve the tracking problem but also simplify the neural
network model. It is also shown that the closed-loop system is
uniformly ultimately bounded and parameters of the neural networks
are convergent.

WM03-5 527
A neural network method for the nonlinear servomechanism problem

Chu, Yun-Chung Chinese Univ. of Hong Kong
Huang, Jie Chinese Univ. of Hong Kong

The solution of the nonlinear servomechanism problem relies on the
solvability of a set of mixed nonlinear partial differential and algebraic
equations known as the regulator equations. Due to the nonlinear
nature, it is difficult to obtain the exact solution of the regulator
equations. This paper proposes to solve the regulator equations
based on a class of recurrent neural network, leading to an effective
approach to approximately solving the nonlinear servomechanism
problem. The resulting design method is illustrated by application to
the well-known ball and beam system.

WM03-6 532
Multivariable internal model adaptive decoupling controller with
neural network for nonlinear plants

Ho, Daniel W. C. City Univ. of Hong Kong
Ma, Z. Northeastern Univ.

Combining neural network identification technique and internal model
control (IMC) strategy, a novel non-parametric design for nonlinear
plants is presented. Based on this idea, a multivariable adaptive
decoupling internal model controller (DIMC) is developed to deal with
multivariable nonlinear coupling systems with unknown structure and

parameters. A neural network is used to detect the unknown
nonlinear internal model. One advantage is that the design does not
require the computation of the inverse model of the IMC parameters,
but only depends on system input-output data and neural network
output. The effectiveness of the proposed method is demonstrated
by simulation experiments.

WM04-1 537
mu-analysis and synthesis of state feedback systems based on
multipliers and LMIs

Chen, Gan Osaka Prefecture Univ.
Sugie, Toshiharu Kyoto Univ.

This paper provides a new mu analysis and synthesis method of
state feedback systems. First, we derive a sufficient condition for the
dynamical system to have mu less than a specified value gamma by
using parameter-dependent multipliers and the positive real lemma.
It requires no higher order multiplier and no frequency sweep while
being less conservative than former methods. Second, based on this
result, we give an LMI condition for the existence of a state feedback
gain which achieves that mu of the closed loop system is less than
given gamma. Finally, an illustrative numerical example is given.

WM04-2 542
A new LMI approach to performance control of linear parameter-
varying systems

Scorletti, Gerard ENSTA
Fromion, Vincent Univ. di Roma

In this paper, we consider the control of affine linear parameter
varying systems, that is, linear systems whose state space matrices
are affine function of time-varying parameters. When these
parameters are measured in real-time, an affine LPV controller is
sought to ensure stability and performance. In contrast with previous
approaches, the time-varying parameters are not assumed to evolve
in a polytope. To the purpose, we propose a systematic way to
exploit the special structure of certain (nonlinear) physical systems.

WM04-3 547
Subspace controller design to the mixed H2/H-infinity synthesis with
uncommon LMI solutions

Shimomura, Takashi Osaka Univ.
Fujii, Takao Osaka Univ.

This paper proposes an interesting technique for LMI-based
synthesis of mixed H2 / H-infinity controllers that has the potential to
avoid some of the inherent conservatism of current LMI methods.
Here we obtain smaller size LMI formulas which are similar to
“elimination procedure of variables (EPV)” but partially retains the
control variables, although they are completely eliminated in EPV. It
enables us to carry out “change of variables (CV)” for control design
in a subspace. Eventually, jointly convex LMI formulas for the mixed
problem are established, which allows for uncommon LMI solutions.

WM04-4 550
A LMI solution in the H2 optimal problem for singularly perturbed
systems

Garcia, Germain LAAS-CNRS
Daafouz, Jamal LAAS-CNRS
Bernussou, Jacques LAAS-CNRS

This paper proposes a solution to the infinite time near optimal
regulator problem for singularly perturbed system through a LMI
formulation. It gives an alternate solution to the Riccati equation
approach for the same problem. The original problem is decomposed
into two well behaved reduced order problems: the first one
formulated on the slow subsystem and the second on the fast
subsystem. The solutions of these problems are combined in order
to build a composite controller which is optimal when the singular
parameter tends to zero. The main advantage of the proposed
approach based on LMIs is the possibility to include structural
constraints allowing to solve some particular control problems.
Among the problems involving structural constraints, pole placement
in a sector is explored in this paper.



WM04-5 555
Robust control for a benchmark problem via nonlinear matrix
inequalities

Collins, Jr., Emmanuel G. Florida A&M - Florida State
Sadhukhan, Debashis Florida A&M - Florida State
Watson, Layne T. Virginia Poly. Inst. & State Univ.

When the LMI formulations for mixed structured singular value
analysis is extended to robust synthesis, it leads to nonlinear matrix
inequalities (NMI’s), and under certain conditions bilinear matrix
inequalities (BMI’s), a special case of NMI’s. In this paper an
improved continuation algorithm for the solution of NMI’s, which
requires the solution of a series of LMI’s, is proposed. The use of this
algorithm is illustrated by designing a fixed-structure robust controller
for a benchmark problem.

WM04-6 557
H-infinity control for discrete-time linear systems with Frobenius
norm-bounded uncertainties

Boukas, El-Kebir Ecole Poly. de Montreal
Shi, Peng Univ. of South Australia

In this paper, we consider the problems of robust stability and control
for a class of uncertain discrete-time linear systems with Frobenius
norm-bounded parameter uncertainties in all matrices of the system
and output equations. Necessary and sufficient conditions for the
above problems are proposed. A linear static state feedback control
law is designed, which is in terms of a Riccati inequality.

WM05-1 562
Continuous sliding mode control

Shtessel, Yuri B. Univ. of Alabama at Huntsville
Buffington, James M. U.S. Air Force Research Lab.

A robust, continuous sliding mode controller, who reaches sliding
surfaces in a finite time, is developed for output tracking in nonlinear
SISO systems. Mathematical analysis is validated via computer
simulations.

WM05-2 564
Sliding mode control for uncertain input-delay systems

Hu, Kejian Univ. of Florida
Basker, V. R. Univ. of Florida
Crisalle, Oscar D. Univ. of Florida

A sliding mode control design is proposed for a class of uncertain
input-delay systems based on a transformation that converts the
original system into a delay-free form. It is shown that asymptotic
stability of the transformed system guarantees the asymptotic
stability of the original system. The reaching condition and the
asymptotic stability are assured through a proper choice of the
switching function and the controller parameters. The advantages
over state feedback are discussed along with an approach for
reducing the problem of chattering.

WM05-3 569
Sliding modes and fast periodic oscillations of singularly perturbed
relay control systems

Fridman, L. M. Samara Architecture & Civil Eng. Acad.

As a mathematical model of chattering in the small neighbourhood of
switching surface in the sliding mode systems we examine the
singularly perturbed relay control systems (SPRCS). The sufficient
conditions for existence of fast periodic solutions in such systems are
found. Their stability is investigated. It is proved that the slow
motions in such SPRCS are approximately described with equations
obtained from the equations for the slow variables of SPRCS by
averaging along fast periodic motions. It is shown that in the case
when the original SPRCS contains the relay control linearly the
averaged equations and equations which describe the motions of the
reduced system in the sliding mode.

WM05-4 574

Modular backstepping design of an estimation-based sliding mode
controller for uncertain nonlinear plants

Bartolini, Giorgio Univ. of Cagliari
Ferrara, Antonella Univ. of Genova
Giacomini, L. Univ. of Genova

A partially recursive backstepping-like procedure to design
estimation-based controllers for uncertain nonlinear systems is
presented in this paper. Its motivation relies on the intent of reducing
the computational load of the n-steps backstepping design by
exploiting the promising features of second order sliding mode
control. The proposed approach exhibits modularity, in the sense
that the controller is proved to guarantee input-to-state stability
regardless of the choice of the parameter estimation mechanism.

WM05-5 579
Robust sliding hyperplane design for parametric uncertain systems
by Riccati approach

Kim, Kyung-Soo Korea Adv. Inst. of Science & Tech.
Park, Youngjin Korea Adv. Inst. of Science & Tech.

In this note, we propose a novel method to design a robust sliding
hyperplane in the presence of parametric uncertainty, which may be
mismatched, based on the quadratic stability with scalings. The
robust sliding hyperplane on which the sliding motion is quadratically
stable is constructed from the Riccati solution matrix which solves
the quadratic stabilizability via static linear full state feedback in the
absence of external disturbances. The proposed method is effective
in that it does not require the canonical transformation and enables
us to optimize the sliding motion by applying the robust H2 control
idea.

WM05-6 584
Dynamically synthesized variable structure controller with integral
modes

Soto, Jose-Miguel V. Univ. de Concepcion
Sbarbaro, Daniel G. H. Univ. de Concepcion

A variable structure strategy for achieving asymptotic output tracking
under step reference changes with smooth control actions is
presented. The robust controller is designed using an integral part
and a dynamical sliding mode component. Thus, the controller
features zero steady state error, insensitivity to plant parameters
uncertainty and external disturbances, with reduced chattering in the
control signal. These characteristics make the approach specially
suitable for real process applications. A simulation example and
experimental results in a pressurized tank are provided to show the
feasibility of the proposed controller.

WM06-1 589
Fitting controllers to data

Cabral, Fabricio B. Lab Nacional de Comput. Cientifica
Safonov, Michael G. Univ. of Southern California

The problem of optimally fitting controllers to data is formulated and
solved in the behavioral framework of Willems expanded to
accommodate partial information about signals. This formulation is
applied to the case in which the class of controllers considered is the
same as the one used in model reference adaptive control problem
and in which we minimize the induced norm of the control error. The
solution to this problem, besides illustrating an use of the saying “let
the data speak” to its extremes, gives a robustness-oriented
perspective on model reference adaptive control.

WM06-2 594
Adaptive estimation of nonlinear discrete time systems

Skantze, Fredrik P. ABB Robotics Products
Loh, Ai-Poh Massachusetts Inst. of Tech.
Annaswamy, Anuradha M. Massachusetts Inst. of Tech.

This paper concerns adaptive estimation of dynamic systems which
are nonlinearly parametrized. A majority of adaptive algorithms
employ a gradient approach to determine the direction of adjustment,
which do not suffice for estimation in systems with nonlinear



parametrization. We introduce a new algorithm which employs a
different regression vector and leads to globally stable estimation.

WM06-3 599
Adaptive control of linear MIMO systems using backstepping
approach

Wu, Yu-Qiang Central Queensland Univ.
Yu, Xinghuo Central Queensland Univ.

In this paper, an adaptive control scheme based on the backstepping
approach is proposed for linear time-invariant MIMO systems. The
assumption on a priori knowledge of the gain matrix can be easily
checked for certain plants. Under this scheme, the global stability of
the closed-loop system is guaranteed and the tracking error tends to
zero regardless of the relative degree of the systems.

WM06-4 604
Exponential tracking error convergence bounds for overparametrized
adaptive feedforward systems

Bayard, David S. Jet Propulsion Lab

Many practical adaptive feedforward systems are overparametrized
and for this reason will not satisfy persistent excitation (PE)
conditions. For these systems, a weaker PE condition is proposed
under which it is shown that the tracking error (the error between the
desired and estimated outputs) converges exponentially. Bounds are
given on the exponential rate of convergence useful for systematic
optimization and design purposes. Interestingly, it is also shown that
some (but not all) of the robustness properties associated with full
PE are retained under the weakened PE condition.

WM06-5 609
A design method of universal model reference adaptive controller

Miyasato, Yoshihiko Inst. of Statistical Mathematics

In most of the studies of model reference adaptive control, it is
assumed that relative degrees and signs of high-frequency gains of
controlled processes are known exactly. This is because the
knowledge of those indices is needed to determine the order and
structure of the adaptive controller with sufficient freedom of
achieving exact model-matching. However, it makes the scope of
application of model reference adaptive control too restrictive, since
those indices cannot be specified a priori in many cases. In the
present paper, a design method of universal model reference
adaptive controllers for processes with uncertain relative degrees r,
r+1 or r+2 (with known r), and with unknown signs of high-frequency
gains, is given. This is an extension of Morse’s universal adaptive
controllers where it was assumed that the relative degrees are
uncertain but known to be 1 or 2. It is shown that single adaptive
control schemes can deal with unknown signs of high-frequency
gains, and enlarged uncertainties of relative degrees compared with
the previous works, and that the resulting model reference adaptive
control systems are asymptotically stable.

WM06-6 614
A tuner that accelerates parameters

Pait, Felipe M. Univ. de Sao Paulo
Atkinson, Paulo A. Univ. de Sao Paulo

We propose a tuner, suitable for adaptive control and (in its discrete-
time version) adaptive filtering applications, that sets the second
derivative of the parameter estimates rather than the first derivative
as is done in the overwhelming majority of the literature.

WM07-1 618
Closed-loop model validation: an application to an unstable
experimental system

Chen, Li Univ. of California at Santa Barbara
Smith, Roy S. Univ. of California at Santa Barbara

This paper presents a model validation technique based on closed-
loop, sampled, experimental data, which is applicable to open-loop
unstable systems. Closed-loop probing signals are used to generate
the I/O information for the stabilized system. Sampled

measurements are then taken to check the validity of the open-loop
unstable system model. A general closed-loop model validation test
is derived by applying the lifting theory on the hybrid system at the
sampling period. Sufficient conditions are also derived using
decimated data sets to alleviate the computation problem.
Application to an inverted pendulum experimental system is
illustrated in this paper.

WM07-2 623
Performance preserving controller reduction via additive perturbation
of closed loop transfer function

Wang, G. Univ. of Western Australia
Sreeram, Venkatappa Univ. of Western Australia
Liu, W. Q. Univ. of Western Australia

In this paper, a new performance preserving controller order
reduction method is proposed. Here performance preservation
indicates that the norm bound of the closed loop transfer function
with reduced order controller is not greater than the norm bound of
the closed loop transfer function with full order controller. We adopt
the additive perturbation of closed loop transfer function and obtain a
sufficient condition for the performance preservation. Then two kinds
of useful weightings are derived and the controller reduction problem
is solved via frequency weighted model reduction problem.

WM07-3 629
Model validation for structured uncertainty models

Rangan, Sundeep Univ. of Michigan
Poolla, Kameshwar Univ. of California at Berkeley

Model validation concerns the problem of determining if an observed
data record is consistent with a given model with prescribed
uncertainty bounds. In this paper, we consider time-domain and
frequency-domain validation of linear fractional transformation (LFT)
uncertainty models with multiple uncertainty blocks. These structured
uncertainty models serve as the basic model for H-infinity and mu-
synthesis robust control design. An exact solution to the validation
problem is presented in the single block case, and an approximate
test related to a D-scaling procedure is proposed for the multiple
block problem. The proposed validation tests can be evaluated
through convex programming methods. A simple numerical example
is presented.

WM07-4 634
Guaranteed error bounds for model reduction of linear time-varying
systems

Lall, Sanjay California Inst. of Tech.
Beck, Carolyn Univ. of Pittsburgh
Dullerud, Geir E. Univ. of Waterloo

New techniques are presented for the model reduction of linear time-
varying and linear periodically-varying systems, including the
formulation and proof of guaranteed upper bounds for the error. The
commonly used method of balanced truncation for linear time-
invariant systems is generalized to the time-varying case with explicit
error bounds that are derived based on generalizations of the ‘twice-
the-sum-of-the-tail’ formula. The development of these reduction
results for time-varying systems relies on a new operator framework
for analysis of linear time-varying systems, in combination with
recent model reduction methods for uncertain systems.

WM07-5 639
LQ design for two-time-scale systems by unified approach using
delta operators

Shim, Kyu-Hong Wichita State Univ.
Sawan, M. Edwin Wichita State Univ.

We present Linear Quadratic design for singularly perturbed systems
by a unified approach with delta operators. We convert two-time-
scale discrete system to two-time-scale unified system and solve the
problem and compare the results of the two systems. This
comparison is made to manifest a better finite-word-length
characteristics of the delta operator system.



WM07-6 644
Further results on Hankel singular values and vectors of a class of
infinite dimensional systems

Ohta, Yoshito Osaka Univ.

This paper considers the Hankel singular value problem for a class
of infinite dimensional systems. The class consists of Hankel
operators whose symbol is a polynomial of a general inner function
with coefficient in stable rational functions. This is a generalization of
commensurate delay systems to include a wider class of systems.
The paper makes use of the system having Hamiltonian matrix
working on the Beurling subspace.

WM08-1 649
Mixed L1/H2 controllers for continuous time systems

Amishima, Takeshi Pennsylvania State Univ.
Bu, Juanyu Pennsylvania State Univ.
Sznaier, Mario Pennsylvania State Univ.

In this paper we consider the problem of minimizing the L1 norm of a
closed-loop transfer function while keeping its H2 norm under a
specified level. It will be shown that the optimal closed-loop impulse
response has finite support, and thus a non-rational Laplace
transform. To solve this difficulty we propose a method for
synthesizing rational controllers with performance arbitrarily close to
optimal.

WM08-2 655
Optimal ripple-free deadbeat controllers for systems with time delays

Elaydi, Hatem New Mexico State Univ.
Paz, Robert A. New Mexico State Univ.

A ripple-free deadbeat controller for systems with time delays is
proposed. This approach to the problem uses an affine matrix
parametrization of the Diophantine equation. Based on this
parametrization, LMI conditions are provided for optimal or
constrained controllers with design quantities such as overshoot,
undershoot, control amplitude, “slew rate” as well as for norm
bounds such as L1, L2, L-infinity and H-infinity.

WM08-3 660
Multi-objective MIMO optimal control design without zero
interpolation

Salapaka, Murti V. Iowa State Univ.
Khammash, Mustafa H. Iowa State Univ.

In this paper optimal controller design which address the concerns of
the H2 and the L1 norms is studied. In the first problem a positive
combination of the H2 and the L1 norms of the closed loop is
minimized. In the second the L1 norm of a transfer function is
minimized while restraining the another below a prespecified level.
Converging upper and lower bounds are obtained. Relation to the
pure L1 problem is established. The solution methodology does not
involve zero interpolation to characterize the achievable closed-loop
maps. Thus obtaining the controller from the optimal closed-loop
map is very straightforward.

WM08-4 665
Optimal H2 synthesis of controllers with relative degree two

Corrado, Joseph R. Georgia Inst. of Tech.
Haddad, Wassim M. Georgia Inst. of Tech.
Bernstein, Dennis S. Univ. of Michigan

This paper considers fixed-structure H2-optimal relative degree two
controller synthesis. The problem is presented in a decentralized
static output feedback framework developed for fixed-order (i.e., full-
and reduced-order) dynamic controller synthesis. A quasi-
Newton/continuation algorithm is used to compute solutions to the
necessary conditions. To demonstrate the approach, a flexible
structure example is considered.

WM08-5 667
Optimal closed loop control for nonlinear systems using Chebyshev
polynomials

Jaddu, Hussein Japan Adv. Inst. of Sci. & Tech.
Shimemura, Etsujiro Japan Adv. Inst. of Sci. & Tech.

A method is proposed to construct the optimal feedback control law
of nonlinear optimal control problem. The method is based on two
steps: The first step is to determine the open loop optimal control
and trajectories, by using the quasilinearization and the state
parameterization via Chebyshev polynomials of the first type. The
second step is to use the results of the last quasilinearization
iteration, when acceptable convergence error is achieved, to obtain
the optimal feedback control law. To show the effectiveness of the
proposed method, the simulation results of a nonlinear optimal
control problem are shown.

WM08-6 672
Loss of quality in optimal control

Nwokah, Osita D. I. Southern Methodist Univ.
Happawana, Gemunu S. Southern Methodist Univ.
Afolabi, Dare Purdue Univ. at Indianapolis

System optimization over a parameter space produces optimal
solutions which lie on the bifurcation set of the ambient space. As
such, the optimality (quality) metric (as a function of the parameters)
is highly sensitive to the parameters, to the point of inducing
instability for differential parameter variations. Singularities in this
function diffeomorphically induce corresponding degenerate
singularities in the optimal closed loop characteristic polynomials,
which serves as a signature for potential catastrophic loss of quality
that is most easily exhibited by the resulting dynamic instability. In
this paper we examine the loss of quality in H-infinity and related
optimal systems via these diffeomorphic degenerate closed loop
poles.

WM09-1 (I) 679
Fault tolerant control design for parameter dependent systems

Vos, David W. Aurora Flight Sciences
Motazed, Ben Aurora Flight Sciences

This paper addresses application of a fault tolerant control design
technique for parameter dependent systems in two phases, namely
(1) control law design and (2) sensor and actuator failure detection
and isolation and reconfiguring. Traditional solutions (i.e. gain
scheduling) to the parameter dependent control problem typically
assume slow variation of the system dynamics, which is not
necessarily valid for the case of fast parameter variations. The basis
of the technique is the casting of the problem in a framework, which
is an extension of feedback linearization, to account for the time
varying nature of the system. A coordinates transformation, when
combined with a linearizing control law including terms accounting
for time variation of the parameters, defines a structure for designing
the control system for parameter dependent systems with fast
parameter variation. The framework is extended to the case of
control system failure detection and isolation (FDI) and reconfiguring,
thus facilitating design of sensor and actuator failure detection
algorithms for parameter dependent systems. The combined control
and FDI systems then offer a structured design approach for fault
tolerant control of parameter dependent systems. The techniques
are demonstrated on (1) a unicycle robot, (2) a Perseus UAV, and
(3) a Cessna O2 aircraft.

WM09-2 (I) 681
Aerodynamics and flight control design for hovering micro air
vehicles

Motazed, Ben Aurora Flight Sciences
Vos, David W. Aurora Flight Sciences
Drela, Mark Massachusetts Inst. of Tech.

A general overview is presented on a new area of development,
namely the 15-cm and smaller Micro Air Vehicle (MAV) technology.
The general set of postulated mission requirements is the driver for
the design configuration and performance specifications for this class
of aircraft. Low-Reynolds number and thus low-aerodynamic
efficiency, power density, weight, and stability in the presence of gust
are significant technical challenges for the MAV-sized class of



platforms to conduct long-endurance and range missions. A 15-cm
hovering MAV concept is presented, with design attributes to
circumvent the stabilization and control issues associated with the
conventional helicopter. Aerodynamic, stabilization, and control
approaches and analysis are presented.

WM09-3 (I) 684
Solar-powered formation-enhanced aerial vehicle systems for
sustained endurance

Chichka, David F. Univ. of California at Los Angeles
Speyer, Jason L. Univ. of California at Los Angeles

It has long been known that aircraft flying in close formation can
achieve an overall efficiency much greater than is possible for each
aircraft flying alone. When coupled with possible near-term advances
in solar-electric power storage and aeronautical propulsion systems,
it is theoretically possible to create a formation flight system that is
capable of truly infinite endurance. This paper discusses a research
effort currently underway that addresses the design and
implementation of such a system. A brief overview of the system
concept is given, and some of the particular problems inherent are
more fully discussed. In particular, the difficulties involved in the
autonomous control of such systems are presented and discussed.

WM09-4 (I) 689
SOLUS: an autonomous aircraft for flight control and trajectory
planning research

Atkins, Ella  M. Univ. of Michigan
Miller, Robert H. Univ. of Michigan
Van Pelt, T. H. Univ. of Michigan
Shaw, Keith Univ. of Michigan
Ribbens, William B. Univ. of Michigan
Washabaugh, Peter D. Univ. of Michigan
Bernstein, Dennis S. Univ. of Michigan

The University of Michigan has developed a fixed-wing model aircraft
(SOLUS) with an embedded control system to develop and
demonstrate UAV technology. The analytical objective of this project
is the development of intelligent flight control and trajectory planning
techniques, focusing on automated fault detection and recovery. Our
experimental objective is to implement and evaluate these
techniques on SOLUS for various mission and fault scenarios.

WM09-5 (I) 694
Combined CDGPS and vision-based control of a small autonomous
helicopter

Rock, Stephen M. Stanford Univ.
Frew, Eric W. Stanford Univ.
Jones, Hank Stanford Univ.
LeMaster, Edward Stanford Univ.
Woodley, Bruce R. Stanford Univ.

Recent results in merging Carrier-Phase Differential GPS (CDGPS)
sensing with vision-based sensing to control a small autonomous
helicopter are presented. The helicopter is a heavily modified yet
low-cost kit helicopter that includes a full on-board CDGPS system,
stereo video cameras, and sufficient computational capabilities to
perform fully autonomous missions. The demonstration mission
presented here is a search of a field to find an object followed by the
tracking of that object (using the vision system) as it moves around
the field. The helicopter system is described and the performance in
accomplishing the task is presented.

WM09-6 (I) 699
Development of the rapid flight test prototyping system for unmanned
air vehicles

Hallberg, Eric Naval Post-Graduate School
Kaminer, Isaac Naval Post-Graduate School
Pascoal, Antonio M. Inst. Superior Tecnico

This paper describes the development of a rapid prototyping system
for flight testing of guidance, navigation, and control algorithms for
unmanned air vehicles. The system affords a small team the ability
to take a new concept in guidance, navigation, and control from initial

conception to flight test. In order to do this, a number of engineering
problems had to be overcome addressing a gamut of issues
including weight, power, portability, risk, electronic interference,
vibration, manpower, etc. The main contribution of the paper is the
proof of concept flight test demonstration of a new integrated
guidance and control algorithm.

WM10-1 704
From modelling control systems using Grafcet to analyzing systems
using hybrid automata

Frensel, G. Delft Univ. of Tech.
Bruijn, P. M. Delft Univ. of Tech.

Grafcet is a language which is used for the specification of control
systems, although it is not very well suited for the verification of the
specification. This paper describes the translation of grafcet
specifications into hybrid automata. This translation is a part of a
framework which enables not only the verification of a grafcet but of
a hybrid system consisting of a discrete controller and a continuous
process. The approach taken is based on the construction of a
situation graph which serves as the underlying structure in the
translation of a grafcet in its equivalent hybrid automaton.

WM10-2 706
Complementarity problems in linear complementarity systems

Heemels, Maurice Eindhoven Univ. of Tech.
Schumacher, J. M. CWI
Weiland, Siep Eindhoven Univ. of Tech.

Complementarity systems are described by differential and algebraic
equations and inequalities similar as in the Linear Complementarity
Problem (LCP) of mathematical programming. Typical examples of
such systems include mechanical systems subject to unilateral
constraints, electrical networks with diodes, processes subject to
relays and/or Coulomb friction and many more. Such systems switch
between various modes as results of state events: when a system
variable crosses a certain value, continuation in the current mode is
no longer possible. A suitable mode has to be selected to switch to.
Such a mode transition can be accompanied by a jump of the state
variable. The mode-switching behaviour may be seen as interaction
of differential equations and switching rules. Systems containing
such mixed behaviour are called hybrid systems. For LCS the so-
called Rational Complementarity Problem (RCP) turns out to be
crucial to solve well-posedness issues. In the first part of the paper, it
is proven that existence and uniqueness of initial solutions to linear
complementarity systems is equivalent to existence and uniqueness
of solutions to the RCP. The second part is concerned with the
relation between solvability of RCP and the solvability of a family of
LCPs. The strength of the results is demonstrated by presenting
sufficient conditions for uniqueness of solutions to relay systems.

WM10-3 711
Identification of hybrid systems

Hoffmann, Ingo Univ. of Dortmund
Engell, Sebastian Univ. of Dortmund

In this contribution, we propose an approach to identify a linear
model of a hybrid dynamical system from measured data. The
continuous-discrete model has a special structure and consists of
four components: hyperspheres to approximate the switching
manifolds, a transition-table and I/O-models to approximate the
discrete and the continuous dynamics of the hybrid system and local-
linear maps to consider interaction phenomena between the discrete
and the continuous part. The procedure to identify the free
parameters of the hybrid model bases on statistical and standard
system theoretical methods. The application is illustrated using
practical examples of hybrid systems.

WM10-4 713
Exponential stability of a certain class of hybrid systems and digital
feedback stabilizers

Mancilla-Aguilar, J. L. Univ. of Buenos Aires
Garcia, R. A. Univ. of Buenos Aires
Troparevsky, M. I. Univ. of Buenos Aires



Due to the use of digital feedback controllers in the control of
continuous-time systems, new methods of analysis must be
developed in order to study the behaviour of the resulting closed-
loop system. These closed-loop systems are hybrid systems in the
sense that some of their states evolve in continuous time while
others change only in a discrete time set. In this work we study and
characterize the exponential stability of the hybrid systems that result
from the use of piecewise constant feedback control laws in the
control of general nonlinear systems. We apply these results to the
problem of stabilization via digital feedback controllers.

WM10-5 718
A scheduling method for network-based control systems

Kim, Yong Ho Daewoo Electronics Co.
Park, Hong-Seong Kangwon National Univ.
Kwon, Wook Hyun Seoul National Univ.

This paper presents a scheduling method for network-based control
systems with three kinds of data (periodic data, sporadic data, and
messages). As a basic parameter for the scheduling method for
network-based control systems, a maximum allowable delay bound
is used, which guarantees stability of network-based control systems
and is derived from characteristics of the given plant using the
Lyapunov theorem. The presented scheduling method for network-
based control systems can adjust the sampling period as small as
possible and allocate bandwidth of network for three kinds of data. In
addition to those, the presented method guarantees real-time
transmission of sporadic and periodic data, and minimum
transmission for messages. The proposed method is shown to be
useful by an example.

WM10-6 723
An integrated control of strip casting process by decentralization and
optimal supervision

Hong, Keum-Shik Pusan National Univ.
Kim, Sung-Hoon Pusan National Univ.
Lee, Kyo-Il Seoul National Univ.

In this paper modeling and control of a twin roll strip caster is
investigated. Mathematical models for the strip casting process are
obtained by analyzing five critical areas such as the molten steel
level of the pool, solidification process, roll separating force and
torque, roll dynamics including hydraulic actuators, and roll drive
system. Two-level control is proposed. At low level, three local
subsystems are independently feedback-controlled by suitable local
controllers which perform well for each subsystem. At high level, all
reference signals to the low level subsystems are generated by an
optimal controller from the perspective of regulating the strip
thickness and roll separating force. Simulations are provided.

WM11-1 728
Control for Markovian jumping discrete-time systems with different
forms of uncertainties

Shi, Peng Univ. of South Australia
Boukas, El-Kebir Ecole Poly. de Montreal

In this paper, we investigate the H-infinity control problem for a class
of linear discrete-time systems with Markovian jumping parameters.
Our attention is focused on the design of linear state feedback
controller such that both stochastic stability and a prescribed H-
infinity performance are required to be achieved when the real
system under consideration has different types of uncertainties.
Sufficient conditions are proposed to solve the above problem, which
are in terms of a set of solutions of coupled algebraic Riccati
inequalities.

WM11-2 733
Guaranteed cost control of discrete-time Markovian jumping
uncertain systems

Boukas, El-Kebir Ecole Poly. de Montreal
Shi, Peng Univ. of South Australia

The problems of robust quadratic mean square stability and
stabilization for a class of uncertain discrete-time linear systems with

both Markovian jumping parameters and Frobenius norm-bounded
parametric uncertainties are studied in this paper. Necessary and
sufficient conditions for the above problems are proposed.
Furthermore, the problem of robust quadratic guaranteed cost
control for the underlying systems is investigated. A guaranteed cost
control is designed to ensure the cost function is within a certain
bound, irrespective of all admissible uncertainties.

WM11-3 738
White water and broke recirculation policies in paper mills via
Markovian jump linear quadratic control

Khanbaghi, M. Ecole Poly. de Montreal
Malhame, Roland P. Ecole Poly. de Montreal
Perrier, Michel Ecole Poly. de Montreal

With the increasing closure of white water circuits in paper mills,
breaks in the sheet of paper have become a system-wide
disturbance. Upon recognizing that such breaks can be modelled as
a Markov chain type of process which when interacting with the
continuous mill dynamics yield a jump Markov model, jump linear
theory is proposed as a means of constructing white water and broke
recirculation strategies which minimize process variability. A
methodology is proposed to choose the performance measure
design parameters so as to keep mean time between incidents of
fluid in broke and white water tanks overflowing, or reaching
dangerously low levels sufficiently long.

WM11-4 744
Monotonicity of algebraic Lyapunov iterations for optimal control of
jump parameter linear systems

Gajic, Zoran R. Rutgers Univ.
Losada, Ricardo Rutgers Univ.

In this paper we show that the sequences of the solutions of the
decoupled algebraic Lyapunov equations used for finding the
positive semidefinite stabilizing solutions of the coupled algebraic
Riccati equations of the optimal control problem of jump parameter
linear systems are monotonic under proper initialization.

WM11-5 746
Robust H2-control for discrete-time Markovian jump linear systems

Costa, Oswaldo Luis V. Univ. of Sao Paulo
Marques, Ricardo P. Univ. of Sao Paolo

This paper deals with the robust H2-control of discrete-time
Markovian jump linear systems. Uncertainties satisfying some norm
bounded conditions are considered on the parameters of the system.
An upperbound for the H2-control problem is derived in terms of an
LMI optimization problem. For the case in which there are no
uncertainties, we show that the convex formulation is equivalent to
the existence of the mean square stabilizing solution for the set of
coupled algebraic Riccati equations arising on the quadratic optimal
control problem of discrete-time Markovian jump linear systems.
Therefore, for the case with no uncertainties, the convex formulation
considered in this paper imposes no extra conditions than those in
the usual dynamic programming approach.

WM11-6 751
On a class of quadratic tests for detection of abrupt changes in
signals and systems

Nikiforov, Igor V. Univ. de Tech. de Troyes

The problem of detecting changes (faults) in systems and signals is
addressed. We establish new results on a class of quadratic change
detection algorithms which are based on the chi-square statistic. We
compare optimal sequential and nonsequential strategies in the
problem of abrupt change detection in multivariate Gaussian signals.
Unfortunately, the optimal sequential algorithms lead to a
burdensome number of arithmetical operations. In order to reduce
the computational burden we examine the recursive versions of the
chi-square CUSUM and chi-square GLR algorithms. It is shown that
these recursive algorithms have statistical performances which are
similar to the original algorithms. We also propose a very simple



heuristic solution to the case of unknown magnitude of change. This
solution is a competitor for the window-limited GLR algorithm.

WM12-1 756
Universal regulators for minimum phase nonlinear systems

Khalil, Hassan K. Michigan State Univ.

We consider a single-input single-output (SISO) nonlinear system
which has a well defined normal form with asymptotically stable zero
dynamics. Using only knowledge of the relative degree and the sign
of the high-frequency gain, we design an output feedback integral
controller which asymptotically regulates the output to a bounded
time-varying reference signal with a constant limit. We give regional
as well as semi-global results.

WM12-2 761
Robust tracking of a nonlinear system with parameter uncertainties

Kwon, Sung-Il Univ. of Pittsburgh
Cain, James T. Univ. of Pittsburgh
Regan, Amy Los Alamos National Lab.

In this paper, we discuss the problem of the robust output tracking of
a class of nonlinear systems which has time varying, exogenous
signal and slowly-varying parameter uncertainties. The approach is
based on the equilibrium manifold, which depends upon continuously
both the exogenous signal and the parameter uncertainties. In order
to achieve the control objective, we propose two loop control law.
The nonlinear closed loop system achieves boundedness of state
and robust output tracking within a prescribed level.

WM12-3 766
Robust stabilization of MIMO uncertain nonlinear systems without
strict feedback conditions

Liu, Xiaoping Louisiana State Univ.
Zhou, Kemin Louisiana State Univ.
Gu, Guoxiang Louisiana State Univ.

A robust controller is developed for a class of multi-input multi-output
uncertain nonlinear systems for which robust backstepping method
may not be applicable directly. The new design employs robust
backstepping and forwarding construction of a Lyapunov function.

WM12-4 771
A new robust nonlinear feedback design for a class of uncertain
systems

Ben Ghalia, Mounir Duke Univ.

This paper presents a robust tracking control scheme for a class of
nonlinear uncertain systems. The control algorithm is developed
based on a new fuzzy model representation of uncertain systems
recently introduced by the author. The fuzzy set-based model,
developed for control purposes, describes system dynamics via
fuzzy differential equations, thereby accommodating system
uncertainty in a tractable way. The asymptotic tracking problem is
formulated for a family of desired trajectories and the fuzzy model-
based tracking controller is systematically designed without imposing
restrictive structural conditions on system uncertainties. This fact
puts the proposed fuzzy control scheme in advantage over existing
control techniques, in that it can be applied to a wider range of
physical systems.

WM12-5 776
Robust stabilization of a class of MIMO nonlinear systems: sliding
mode control & passification approach

Lee, J. S. Seoul National Univ.
Shim, H. Seoul National Univ.
Byun, Jijoon Seoul National Univ.
Seo, Jin H. Seoul National Univ.

We consider the robust stabilization problem of a class of MIMO
nonlinear systems, using sliding mode control and passification
approach. In particular, we deal with a class of systems which are
minimum phase and are of relative degree {1,...,1}. Using continuous
approximation of the sliding mode control, an ultimate boundedness

result is obtained. Under an assumption of vanishing perturbation,
asymptotic stability is shown. Under an assumption of exponentially
minimum phase, robust passification is achieved. Simulation results
are given.

WM12-6 781
Semi-global state feedback H-infinity control of nonlinear systems:
an approach via linear systems with self-scheduling parameters

Azuma, Takehito Waseda Univ.
Watanabe, Ryo Osaka Univ.
Uchida, Kenko Waseda Univ.

In this paper, we consider semi-global L-2 gain analysis and semi-
global state feedback H-infinity control design for nonlinear systems
described as linear systems with self-scheduling parameters. First
we show a method to convert linear systems with self-scheduling
parameters into linear systems with scheduling parameters based on
evaluation of the domain of the self-scheduling parameter. Second,
using the tools for linear systems with scheduling parameters, we
discuss semi-global L-2 gain analysis and semi-global H-infinity
control design and propose an approach together with feasible
formulas of computation.

WM13-1 786
Robust stability analysis of constrained model predictive control

Zheng, Alex Univ. of Massachusetts

In this paper, we show that a Model Predictive Controller is robustly
stable on a linear plant if and only if some corresponding Model
Predictive Controller is nominally stable. Thus powerful nominal
stability results can be used to analyze robust stability properties of
Model Predictive Controllers. We will discuss how the results may be
used to synthesize robust controllers. The effectiveness of this
method is illustrated on an idle speed control problem.

WM13-2 791
Receding horizon implementation of optimal servo problem:
application to a nonlinear process with input multiplicities

Seki, Hiroya Mitsubishi Chemical Corp.
Morari, Manfred ETH Swiss Fed. Inst. of Tech.

A receding horizon technique is developed for nonlinear systems
which exhibit input multiplicity behavior. Based on local linearization
of the nonlinear process model around its trajectory, an infinite-time
horizon linear quadratic optimal control problem is formulated with
penalty on the control input as well as on its time-derivative in the
performance index, so that it can handle a singular static gain
situation. The local linearization approach is shown to be
asymptotically stable and achieve a zero steady state error response
at the operating point with a nonzero static gain. At the zero static
gain operating point, it is shown that the closed loop can be made
asymptotically stable by giving an “unreachable” set-point.

WM13-3 796
An identification approach to nonlinear state space model for
industrial multivariable model predictive control

Zhao, Hong Aspen Technology, Inc.
Guiver, John Aspen Technology, Inc.
Sentoni, Guillermo B. Aspen Technology, Inc.

Extending application of model predictive control technology has
encountered new challenges from the chemical and polymer
industries where the processes show strong nonlinear dynamic
behavior and necessitate nonlinear dynamic models for MPC. This
paper presents an approach to identifying nonlinear state space
models from plant data. This approach uses a direct identification
scheme and integrates several technologies including a hybrid
linear-neural network model, PCA and PLS modeling algorithms and
on-line adaptation to address the robustness of the identification and
the resultant model. Two examples are presented to demonstrate the
features of the approach.

WM13-4 801
Nonlinear dynamic matrix control using local models



Townsend, Shane Queen’s Univ. of Belfast
Lightbody, Gordon Queen’s Univ. of Belfast
Brown, Michael Queen’s Univ. of Belfast
Irwin, George W. Queen’s Univ. of Belfast

This paper proposes the concept of using a Local Model Network
(LMN) to identify a highly nonlinear chemical process, and to
implement a  Dynamic Matrix Controller (DMC) that uses the local
model network as its internal model. The LMN is constructed of local
linear AutoRegressive with eXternal input (ARX) models, and is
trained using a hybrid learning approach developed by McLoone et
al. It is shown how this LMN structure is linked to a long range
predictive controller, specifically Dynamic Matrix Control. Originally, a
linear step response model was used as the internal model of the
controller, however to extend to the control of a highly nonlinear
process, step responses for different operating points are extracted
from the LMN. Simulation results for the method, when applied to a
pH neutralization process, indicate an improvement in control over a
standard DMC controller.

WM13-5 806
Analysis and performance of the LP-MPC and QP-MPC cascade
control system

Ying, Chao-Ming Washington Univ.
Voorakaranam, Srikanth Washington Univ.
Joseph, Babu Washington Univ.

The objective of this paper is to address some of the theoretical and
practical issues related to the implementation of two stage model
predictive control schemes such as LP-MPC and QP-MPC. Single
stage QDMC has the drawbacks of steady state offsets, inconsistent
setpoints and does not take into account economic objectives. The
addition of another stage on the top of QDMC is used to address
these problems. Results of the application of two stage MPC to the
Shell Challenge problem are presented. A comparison is made with
the single stage conventional QDMC and some interesting
observations are reported. Stability and dynamic performance issues
are also considered in this paper.

WM13-6 811
Optimization of feeding profile for baker’s yeast production by
dynamic programming

Berber, Ridvan Univ. of Ankara
Pertev, Cenk Santa Farma Pharmaceutical Co.
Turker, Mustafa Pak Food Ind., Inc.

An optimal substrate feeding strategy for an industrial scale fed-
batch fermenter is determined through iterative dynamic
programming in order to maximize cell-mass production and to
minimize ethanol formation. The objective function is maximized with
respect to the sugar feed rate. Obtained optimal policy indicates that
considerable increase in yeast production may be achieved while
minimizing the undesired by-product, ethanol.

WM14-1 (I) 813
A perspective on systems and controls engineering in the earth
moving and construction industry

Duffy, John D. Caterpillar Inc.

This paper presents an industry focus on the requirements of
systems and controls engineering for production intent machines in
the earthmoving and construction industry. Mobile machinery
operates in an ill-structured environment which subsequently makes
it difficult to define requirements in complete engineering terms. This
in turn makes it difficult to judge the feasibility of introducing a control
or system onto a production machine. To address this problem,
several top level metrics are introduced to evaluate performance.
These include measuring the machine efficiency by the cost per ton
of material moved or quantity of material moved per gallon of fuel,
and machine utilization as the percentage of total shift time. These
metrics are then used to gain a perspective of current controls
development for mobile machinery and its feasibility in production.

WM14-2 (I) 818

High performance swing velocity tracking control of hydraulic
excavators

Yao, Bin Purdue Univ.
Zhang, Jiao Caterpillar Inc.
Koehler, Douglas Caterpillar Inc.
Litherland, John Caterpillar Inc.

The objective of the swing motion control of an industrial hydraulic
excavator is to regulate the supplied flow rate to hydraulic swing
motors such that the excavator follows the swing velocity command
given by the human driver with a smooth acceleration/deceleration in
spite of various uncertainties. Difficulties in the design of a high
performance controller are: (i) The swing inertia is time-varying and
unknown due to the movement of the linkage and the unknown
payload in the bucket; (ii) Hydraulic parameters such as bulk
modulus exhibits large variations during actual operation; (iii) The
system is subjected to mild extent of uncertain nonlinearities (e.g.,
leakage flows of swing motors) during normal operations on a flat
ground; and (iv) The system may experience large extent of
uncertain nonlinearities when operating on an uneven ground; the
swing torque due to gravity forces on a slope surface is usually very
large and changes quite rapidly. All these difficulties are addressed
in the paper and a high performance adaptive robust control
algorithm that can deliver the required performance is presented.
Simulation results are presented to illustrate the proposed method.

WM14-3 (I) 823
Identification and control of electrohydraulic actuator modeled as a
linear periodic system

Kim, Dean H. Bradley Univ.
Tsao, Tsu-Chin Univ. of Illinois at Urbana-Champaign

In tracking of periodic signals, the nonlinear dynamics of
electrohydraulic actuators are modeled as linear periodic systems
perturbed along periodic input and output trajectories. System
identification of linear periodic systems is first performed and then
periodic repetitive controllers are designed and implemented within
the valid range of the linear approximation. Successive iterations of
the identification and control are then performed to drive the system
output towards the desired output trajectory.

WM14-4 (I) 828
Robust controller design for a variable displacement hydraulic motor

Plahuta, Michael J. Purdue Univ.
Franchek, Matthew A. Purdue Univ.
Stern, Hansjoerg Purdue Univ.

Presented in this paper is the robust control of a variable
displacement hydraulic motor (VDHM). A feedback control structure
consisting of two nested loops is employed. The inner feedback loop
controls the position of the rocker arm which actuates the wobbler
plate of the motor. The outer feedback loop regulates the motor shaft
velocity such that shaft speed is guaranteed at steady state despite
external torque loads. The control loops are closed in succession
closing the inner loop first. For each loop design, step response data
is collected from a VDHM laboratory test stand to generate analytical
systems level models. Based on these models, feedback controllers
are designed using classical loop shaping techniques. Feedback
control, as opposed to feedforward control, maintains motor shaft
velocity under nonpredictive torque loading conditions. In addition,
the feedback structure eliminates the need for extensive system
calibration when considering system parameter changes that result
from component aging.

WM14-5 (I) 833
A systematic approach to the control of electrohydraulic
servosystems

Alleyne, Andrew G. Univ. of Illinois at Urbana-Champaign

This paper develops a systematic methodology for the control of a
class of feedback linearizable systems and applies it to an
electrohydraulic servosystem. The class of systems to be dealt with
are those that are single input and can be put in Strict Feedback
Form. Additionally, it is assumed that the relative degree of these



systems is greater than one and the zero dynamics are stable. For a
system with relative degree r, a series of r system errors are defined.
An input-output feedback linearization method is then used to control
each error through the use of synthetic inputs. Subsequently, the
entire closed loop system is analyzed for stability. The approach is
conceptually similar to previously developed Integrator Backstepping
methodologies. However, unlike some previous investigations which
have relied exclusively on a Lyapunov analysis, this work presents a
stability analysis including a Passivity formulation. There are two
main advantages of the proposed approach which become
significant during implementation. One practical advantage is that the
resulting controller leads to synthetic inputs which are decoupled in a
certain sense. This leads to a compartmentalization of modeling
efforts associated with the controller development. A second
advantage of this method is that the system model need not be
differentiated in the control formulation. A class of modeling error is
introduced and compensated for. The resulting control is able to
guarantee specified boundary layer tracking. Finally, the approach is
implemented on a hydraulic cylinder governed by a electronically
controlled servovalve.

WM14-6 (I) *
Discussion

Chiu, George T.-C. Purdue Univ.

WM15-1 838
Control of fluid mixing using entropy methods

D’Alessandro, Domenico Univ. of California at Santa Barbara
Dahleh, Mohammed A. Univ. of California at Santa Barbara
Mezic, I. Univ. of California at Santa Barbara

The problem of motion planning for fluid mixing is considered. The
control problem consists of determining the flow that will mix best
among the ones achieved by composing purely horizontal and
vertical shears on a two dimensional torus. This is a prototypical
problem for many practical fluid flow applications, and describes the
basic stretching and folding mechanisms involved in mechanical
mixing. Our approach is to study the mixing process using the
ergodic theoretic concepts of strong mixing and entropy. In a more
general context, we develop the necessary tools for an ergodic
theory of sequences of transformations. The paper continues the
research started in [D. D’Alessandro, M. Dahleh and I.Mezic, Control
of mixing in fluids flow: a maximum entropy approach, IEEE Trans.
Aut. Control, to appear]. A number of generalizations of the previous
results are presented. In particular, the maximum entropy
optimization problem is posed and solved here not only on the
sequence of the shear flows to be applied but also on the shape of
the functions involved. The solution of the problem turns out to have
a direct physical interpretation linking some facts in ergodic theory
and fluid dynamics. Other general results, such as the
characterization of mixing properties for sequences under a suitable
convergence assumption, are also applied to our physical problem.

WM15-2 844
Decentralized, modular real-time control for machining applications

Yook, John Univ. of Michigan
Tilbury, Dawn M. Univ. of Michigan
Chervela, Kalyani Univ. of Michigan
Soparkar, Nandit Univ. of Michigan

Several different architectures for a control system for a
reconfigurable machining system are considered, in terms of the
inherent delays and their effects on the system performance. It is
shown how time delays associated with distributed architectures
impact the performance of the control algorithms, and how different
types of communication protocols could be implemented to meet the
required deadlines. A two-axis contouring system is considered in
some detail, and the effects of various delays on the contour error
are determined by simulation. These analytic and simulation results
can be used to specify the maximum allowable communication
delays in the system. Control requirements for a manufacturing
control system can thus be mapped to temporal constraints on the
data managed for the environment.

WM15-3 850
Dynamic model based robust tracking control of a differentially
steered wheeled mobile robot

Zhang, Yulin Univ. of California at Davis
Hong, Daehie Univ. of California at Davis
Chung, Jae H. Univ. of California at Davis
Velinsky, Steven A. Univ. of California at Davis

The expansion of wheeled mobile robot usage to applications with
high loads and speeds requires reliable tracking control that is robust
to the disturbances emanating from external loads and the wheel-
ground contact. The motion of such robots can be accurately
described with a dynamic model that includes both the external
forces and a complex tire model. However, control design from the
full dynamic model is not practical due to its complexity and non-
analytic form. In this paper, we derive a simplified dynamic model
which is adequate for control design and treat the remaining terms
as model uncertainty. Then, the uncertainty is analyzed and a robust
control algorithm is designed. The performance and robustness is
proven through computer simulation.

WM15-4 856
Imbalance identification and compensation for an airborne telescope

Wilson, Edward NASA Ames Research Center
Mah, Robert NASA Ames Research Center
Guerrero, Michael C. NASA Ames Research Center
Galvagni, Alessandro E. NASA Ames Research Center
Wallace, Mark NASA Ames Research Center
Winters, Jose NASA Ames Research Center

Airborne telescopes are typically supported by spherical bearings to
prevent angular motions of the aircraft from affecting telescope
pointing accuracy. Mass balancing of the telescope about the center
of rotation is necessary to minimize the motor torque requirements. A
static-balancing procedure that uses peg-mounted and moving
counterweights to make the telescope center of mass coincident with
the center of rotation is presented. Force-transducer measurements
of the imbalance torque were used to identify the mass imbalance. A
least-squares-directed search algorithm was developed to optimize
placement of peg-mounted and moving counterweights for coarse
and fine balancing. When implemented on a ~100 kg laboratory
prototype, the procedure achieved balancing to within a mass-
moment error of 0.005 kg-m in less than 5 minutes. This is more
accurate and up to 50 times faster than had been accomplished
using previous methods. Two key developments for the achievement
of these results were (1) imbalance identification using force
transducers with both high accuracy near zero and high load
capabilities and (2) an optimization method to place the discrete
counterweights.

WM15-5 861
Robust control of an active tilting actuator for high-density optical
disk

Kang, Ji-Yoon Samsung Adv. Inst. of Tech.
Yoon, Myung-Gon Samsung Adv. Inst. of Tech.

We design a new actuator for optical disk pick-up device in order to
control the tilting motion. The newly designed actuator makes it
possible to control the tilting motion actively, while the conventional
actuator prevent tilting with passive spring. We present the 3DOF
dynamic model of the wire spring type actuator and suggest a design
method of voice coil motor. To consider the assembling error, such
as the difference of mass center and force center, we designed a
robust H-infinity controller. The simulation results show the designed
actuator with MIMO H-infinity controller enhances the rejection of
tilting motion compared with conventional actuator with SISO lead-
lag compensator.

WM15-6 866
Integrating directional constraints in intelligent, hybrid, pde-ode
motion controllers

Masoud, Ahmad A. Royal Military College of Canada
Masoud, Samer A. Jordan Univ. of Science & Tech.



This paper addresses an important problem that has remained, to
the best of the authors’ knowledge, neglected in the motion planning
literature. That is the incorporation of directional constraints along
with obstacle avoidance in steering a robot to a target zone. In this
paper Harmonic field motion planners which can only deal with
isotropic workspaces are generalized to incorporate anisotropic
workspaces with pre-imposed directional constraints. Theoretical
developments along with simulation results are provided.

WM16-1 (I) 868
Lessons learned in nonlinear systems and flexible robots through
experiments on a 6 legged platform

O’Brien, John F. Rensselaer Polytechnic Inst.
McInroy, John E. Univ. of Wyoming
Bodtke, Dan Univ. of Wyoming
Bruch, Mike Univ. of Wyoming
Hamann, Jerry C. Univ. of Wyoming

Both NASA’s Jet Propulsion Laboratory (JPL) and the University of
Wyoming (UW) have constructed 6 legged platforms, or hexapods.
The hexapods are intended to provide precise motion and six
degree-of-freedom vibration isolation. Two experiments performed
on these hexapods provide lessons in nonlinear systems and flexible
robots. In the area of nonlinear systems, it has been learned that
multiple hard saturations can induce limit cycles, undesirably turning
an active vibration isolator into a vibration generator. Thus, new
analysis tools for multiple hard nonlinearities in multi-dimensional
systems are needed to explain and avoid these limit cycles. In the
area of flexible robots, it has been learned that model-based
decoupling approaches, similar to the “computed torque” approaches
commonly used for robots, may not work in practice despite a
reasonably good match between modeled and measured dynamics.
Consequently, analytical methods of predicting the level of
decoupling which will actually be achieved in practice are needed.

WM16-2 (I) 873
Control testbeds and flight demonstrations: transitioning theory to
application

Miller, David W. Massachusetts Inst. of Tech.
Mallory, Gregory J. W. Massachusetts Inst. of Tech.

Over the past decade, the Space Engineering Research Center
(SERC) and Space Systems Laboratory (SSL) at the Massachusetts
Institute of Technology (MIT) have developed and operated
numerous dynamics and controls testbeds and flight experiments in
university laboratories, government facilities and Shuttle/MIR. These
programs have been in support of multi-instrument pointing
platforms, acoustic control, and space-based optical interferometry.
Having experienced a diverse combination of experiments in a wide
variety of environments and at many levels of technology maturity,
has given the SERC/SSL insights into the benefits and drawbacks of
conducting such programs. This presentation will elaborate upon the
manner in which experimental objectives were developed, what
lessons were learned in the design and operation of these
experiments, as well as the experiences of how such experiments
have changed the posture of the associated controls technology from
the perspective of readiness for insertion into various applications.

WM16-3 (I) 879
Control technology lessons learned: case study using the micro-
precision interferometer testbed

Neat, Gregory W. Jet Propulsion Lab
Abramovici, Alex Jet Propulsion Lab

This paper presents a partial account of control lessons learned
during the development of the Micro-Precision Interferometer (MPI)
testbed. These lessons came about through the design,
implementation and test of a specific testbed control system.
However, the described lessons are not specific to the application.
The topics range from global aspects like how to measure system
performance to detailed compensator implementation issues. All of
the insights presented would not have been reached without taking
this hardware step.

WM16-4 (I) *
Commentary on Control Experiments

Neat, Gregory W. Jet Propulsion Lab

WM16-5 (I) *
Commentary on Control Experiments

Bernstein, Dennis S. Univ. of Michigan

WM16-6 (I) *
Panel Discussion

WM17-1 (I) 884
An overview of the fault protection design for the attitude control
subsystem of the Cassini spacecraft

Brown, G. Mark Jet Propulsion Lab
Johnson, Sue A. Jet Propulsion Lab

This paper describes Cassini’s fault tolerance objectives, and how
those objectives have influenced the design of its Attitude Control
Subsystem (ACS). Particular emphasis is placed on the architecture
of the software algorithms that are used to detect, locate, and
recover from ACS faults, and the integration of these algorithms into
the rest of the object-oriented ACS flight software. The interactions of
these ACS “fault protection” algorithms with Cassini’s system-level
fault protection algorithms is also described. We believe that the
architecture of the ACS fault protection algorithms provides
significant performance and operability improvements over the fault
protection algorithms that have flown on previous interplanetary
spacecraft.

WM17-2 (I) 899
A state-space fault monitor architecture and its application to the
Cassini spacecraft

Macala, Glenn A. Jet Propulsion Lab

The Cassini spacecraft fault protection design includes fault monitors
that use a state-space architecture to monitor the performance of
spacecraft functions. This paper reports on the design of these
monitors.

WM17-3 (I) 902
A model-based thruster leakage monitor for the Cassini spacecraft

Lee, Allan Y. Jet Propulsion Lab
Brown, M. Jay Jet Propulsion Lab

The Cassini spacecraft uses thrusters to maintain three-axis attitude
control and to perform many other functions. If one of the thrusters
leaks, the opposing thrusters will be fired excessively to maintain the
commanded attitude. Obviously, the draining of hydrazine and the
excessive firings of thrusters must be stopped quickly. A set of three
model-based leakage detection monitors has been designed and
implemented in the flight software to protect Cassini against the
occurrence of this unlikely event. Test results indicate that this
design can detect thruster leakage quickly and robustly. Once the
leak is detected, the onboard fault protection logic will activate
remedial actions which include the swapping of thruster branches.

WM17-4 (I) 905
Fault-tolerant guidance algorithms for Cassini’s Saturn orbit insertion
burn

Gray, D. L. Jet Propulsion Lab
Brown, G. Mark Jet Propulsion Lab

This paper describes a strategy that provides maximum assurance
that Cassini’s Saturn orbit insertion (SOI) will be successful. First, the
criticality of the SOI to the mission is shown and how it reduces to an
energy only correction. Then, autonomous on-board diagnostic and
response algorithms are described that respond to any combination
of problems that might be encountered during the burn. An accurate
restart algorithm is implemented to complete the energy correction if
at all possible.

WM17-5 (I) 909



Introduction to complex fault protection software testing
Johnson, Sue A. Jet Propulsion Lab

This paper describes how fault protection software verification testing
has been addressed for the Attitude and Articulation Control
Subsystem on the Saturn-bound Cassini spacecraft. The verification
included definition of failure injection capabilities to the test beds.
The Cassini Fault Protection test program evolved using several test
phases to complete separate goals which taken together
encompassed all of the flight software complexities. This phased
testing approach developed high confidence in the robustness and
correctness of the FP flight software. Over 500 prelaunch tests of the
flight software in a realistically modeled environment were used to
ensure the design is robust to single faults. In the process we found
that many double fault scenarios are handled by the Cassini Attitude
and Articulation Control Subsystem fault protection software design.

WP01-1 912
Robust control for rigid serial manipulators: a general setting

Chen, Ye-Hwa Georgia Inst. of Tech.
Leitmann, George Univ. of California
Chen, Jyh-Shin General Motors Corp.

We design a robust control for serial-link mechanical manipulators
with revolute and/or prismatic joints. The properties of the inertia
matrix are first analyzed. It is shown that the inertia matrix can
indeed be used to construct Lyapunov functions, even though some
of the joints are prismatic. A robust control is proposed without
assuming properties of the manipulator system other than uniform
positive definiteness of the inertia matrix. The generic properties of
the inertia matrix are also readily applied for other control designs.

WP01-2 917
Control of uncertain nonholonomic mechanical systems using
differential flatness

Barany, E. New Mexico State Univ.
Glass, Kristin New Mexico State Univ.
Colbaugh, Richard New Mexico State Univ.

This paper considers the problem of controlling uncertain
nonholonomic mechanical systems which are differentially flat, that
is, which admit a set of (flat) outputs with the property that there is a
one to one correspondence between system trajectories and output
curves. It is proposed that a simple and effective solution to this
problem can be obtained by combining a trajectory generation
algorithm for the flat outputs with an adaptive tracking scheme for a
set of “reducing” outputs; these reducing outputs are a subset of the
configuration coordinates and are easily obtained. This approach is
shown to ensure accurate motion control despite considerable
uncertainty regarding the system dynamic model, and to be
generalizable to provide compensation for uncertainty in the
kinematic model as well.

WP01-3 922
Decentralized robust control of robot manipulators

Tang, Yu National Univ. of Mexico
Guerrero, Gerardo National Univ. of Mexico

This paper presents a novel robust decentralized control for robots. It
follows the design procedure for a class of interconnected nonlinear
mechanical systems presented recently by Tang and Tomizuka
(1997). The rationale under this design procedure is to compensate
high-order interconnections in states among subsystems. The
resulting controller is extremely simple, consisting of a linear state-
feedback plus a signal designed to compensate for the coupling
among the joints, parameter uncertainty and bounded disturbances.
The implementation of the controller needs no robot model
knowledge. This feature plus its suitability for parallel processing
implementation makes the proposed controller a promise for a robot
to perform fast-tracking tasks. Experiment results are included to
illustrate the performance of this controller.

WP01-4 927

On the boundedness of kinetic energy of a two degree of freedom
manipulator

Aguilar, Carlos I. CINVESTAV-IPN
Bonilla, Moises E. CINVESTAV-IPN

In this paper we show that a ratio of kinetic energy vs displacement,
of a two degree of freedom parallel manipulator, is uniformly
bounded when applying a dynamic linear control law. This is
important, since this enables us to apply an implicit control law to the
robot in order to linearize its behaviour.

WP01-5 929
A simple linear stablizing controller for RLED robot manipulators with
uncertain models

Ailon, Amit Kwangju Inst. of Sci. & Tech.
Gil, M. I. Ben Gurion Univ. of Negev
Choi, Eun S. Kwangju Inst. of Sci. & Tech.
Ahn, Byung H. Kwangju Inst. of Sci. & Tech.

This study considers the stability problem of a rigid-link electrically
driven (RLED) robot manipulators. We present a linear controller
which ensures local exponential stability. As far as the mechanical
subsystem is concerned, we assume that only bounds on the
unknown parameters are available.

WP01-6 934
Robust control of redundant manipulators with constraints using a
general reduced order model

Stepanenko, Yury Univ. of Victoria
Su, Chun-Yi Univ. of Victoria

Redundant manipulators can achieve additional objectives in
conjunction with the main task of tracking desired end-effector
trajectory. When these additional objectives are expressed in the
form of motion constraints, control algorithms can be developed to
satisfy both the main and additional tasks simultaneously without
explicit computation of the inverse kinematics. This paper considers
the problem of controller design for redundant robots in the presence
of uncertainties in the dynamic model. It is proposed that a simple
and effective solution to this problem can be obtained by: first using
a reduction procedure to obtain a lower dimensional system which
retains the structure property of the original system; second based
on the theory of guaranteed stability of uncertain systems, controlling
the reduced system in such a way that the complete system is driven
to the goal configuration.

WP02-1 939
A lateral position sensing system for automated vehicle following

Alleyne, Andrew Univ. of Illinois at Urbana-Champaign
Williams, B. Univ. of Illinois at Urbana-Champaign
DePoorter, Mark Univ. of Illinois at Urbana-Champaign

This paper investigates the use of photoresistive light sensor arrays
as a possible lateral position sensing system for a vehicle, or several
vehicles, following a lead vehicle under separate control. A brief
motivation for the use of such a sensing array is followed by a
derivation of an appropriate sensor layout. It is shown that the
sensing array has several benefits including cost, simplicity,
redundancy, and near linearity. Experimental results are given for a
scaled vehicle following maneuver using a simple lateral control
strategy. The results show that the sensor array may be attractive for
lateral alignment in vehicle following maneuvers.

WP02-2 944
Moving cluster classification technique with Lidar traffic monitoring
application

Cheok, Ka Chai Oakland Univ.
Nishizawa, Shinichi Oakland Univ.
Young, William J. Oakland Univ.

A number of methods exist for grouping static data points into
clusters. Very few methods, however, consider clustering techniques
for grouping dynamic or moving data points. For the purpose of
classifying dynamic data into sets of moving clusters, it is necessary



to consider the dynamic states, such as position, velocity,
acceleration, rotation, etc., of the data. The clustering algorithm must
correctly classify the clusters, even if the moving data clusters cross
paths and intersect with each other. This paper presents a Dynamic
Clustering Method that has been successfully developed and applied
to moving laser radar data for an on-board automobile traffic
monitoring application. The DCM employs multiple Kalman filters to
track the dynamic states of the data points, and a cluster
classification and predictor algorithm to identify objects in the
information.

WP02-3 950
Stability of an automated vehicle platoon

Wang, Yibing Tsinghua Univ.
Han, Zengjin Tsinghua Univ.

In recent years much attention has been focused on the
development of Automated Highway Systems (AHS), where the
concept of automated vehicle platoons is crucially relied on. In the
view of control an automated vehicle platoon can be regarded as an
interconnected nonlinear system. Among a variety of issues involved
in the design and operation of this system, the stability issue is of
much concern both in theory and practice. The purpose of this paper
is to derive some general conditions under which every intra-platoon
vehicle is individual stable and the overall platoon is string stable. By
considering stability properties of nonlinear systems with slowly
varying inputs, we present two individual stability theorems for the
intra-platoon vehicles and a string stability theorem for the whole
platoon. It is demonstrated that a stable automated vehicle platoon
can be achieved if the vehicular controllers are suitably designed.

WP02-4 955
Adaptive lift control of an electrohydraulic camless valvetrain system

Anderson, Mark D. Univ. of Illinois at Urbana-Champaign
Tsao, Tsu-Chin Univ. of Illinois at Urbana-Champaign
Levin, Michael B. Ford Motor Co.

The paper presents an adaptive feedback control of valve lift for an
electrohydraulic actuator [1] for camless variable valve timing engine
operation. The adaptive control maintains peak value of lift in
presence of variations in engine speed, hydraulic fluid temperature
and manufacturing variability of valve assemblies.

WP02-5 957
NARMAX modeling and robust controller design of internal
combustion engines

Glass, John W. Purdue Univ.
Franchek, Matthew A. Purdue Univ.

Presented in this paper is robust controller design procedure utilizing
a discrete nonlinear model. This model is converted to a describing
function representation for the purpose of robust feedback controller
design. The ideology for the describing function recovery is
developed in the form of an algorithm which can be extended to
other NARMAX model structures not considered here. For the
engine idle speed control of this study, a SISO NARMAX model of
the engine is given between the By-Pass Idle Air Valve (BPAV) and
engine speed. From this model, a describing function representation
is obtained for controller design subject to the time domain tolerance
of 100 rpm on idle speed perturbations despite a nonmeasurable 20
Nm external torque disturbance. The controller is validated through
numerical simulations as well as experimental verification.

WP02-6 962
GMDH method applied to nonlinear identification of a turbocharged
diesel engine

Gamo, S. Ouenou Univ. de Picardie-Jules Verne
Rachid, Ahmed Univ. de Picardie-Jules Verne
Ouladsine, Mustapha Univ. de Picardie-Jules Verne

This paper deals with nonlinear identification of a Diesel engine. A
review of the GMDH theory is also presented. Because of its
complexity, the fuel flow injected into the cylinders depends on many
nonlinear interactions. That is why two methods well adapted to

nonlinear systems has been used for the identification of the Diesel
injected fuel flow.

WP03-1 964
A class of modified Hopfield networks for control of linear and
nonlinear systems

Shen, Jie Univ. of Missouri-Rolla
Balakrishnan, S. N. Univ. of Missouri-Rolla

This paper presents a class of modified Hopfield neural networks
(MHNN) and their use in solving linear and nonlinear control
problems. This class of networks consists of parallel recurrent
networks which have variable dimensions that can be changed to fit
the problems under consideration. It has a structure to implement an
inverse transformation that is essential for embedding optimal control
gain sequences. Equilibrium solutions are discussed. Numerical
results for a motivating aircraft control problem (linear) are
presented. Furthermore, we formulate the state-dependent Riccati
equation method (SDRE) for a class of nonlinear dynamical system
and show how MHNN provides the solution. Two examples that
illustrate the potential of this network for the SDRE method are also
presented.

WP03-2 970
Neural network-based control design: an LMI approach

Limanond, Suttipan Arizona State Univ.
Si, Jennie Arizona State Univ.

In this paper we address a neural network-based control design for a
discrete-time nonlinear system. Our design approach is to
approximate the nonlinear system with a multilayer perceptron of
which the activation functions are of the sigmoid type symmetric to
the origin. A linear difference inclusion representation is then
established for this class of approximating neural networks and is
used to design a state-feedback control law for the nonlinear system
based on the Certainty Equivalence Principle. The control design
equations are shown to be a set of linear matrix inequalities where a
convex optimization algorithm can be applied to determine the
control signal. Further, the stability of the closed-loop is guaranteed
in the sense that there exists a unique global attraction region in the
neighborhood of the origin to which every trajectory of the closed-
loop system converges. Finally, a simple example is presented so as
to illustrate our control design procedure.

WP03-3 975
Inverting recurrent neural networks for internal model control of
nonlinear systems

Kambhampati, C. Univ. of Reading
Craddock, Rachel Univ. of Reading
Tham, M. Univ. of Reading
Warwick, Kevin Univ. of Reading

In this paper, we show how a set of recently derived theoretical
results for recurrent neural networks can be applied to the production
of an Internal Model Control system for a nonlinear plant. The results
include determination of the relative order of a recurrent neural
network and invertibility of such a network. A closed loop controller is
produced without the need to retrain the neural network plant model.
Stability of the closed loop controller is also demonstrated.

WP03-4 980
The properties of latitudinal neural networks with potential power
system applications

Chen, Dingguo Oregon State Univ.
Mohler, Ronald R. Oregon State Univ.

The properties of latitudinal neural network architecture are
investigated. It is shown that the latitudinal neural networks structure
possesses some nice properties which relate the approximation error
to the number of neurons used in each sub-neural network and to
the number of sub-neural networks. First, piecewise quadratic
continuous functions can be approximated by a neural network with
quadratic squashing sigmoidal functions in a constructive manner.
Further, piecewise polynomial functions of degree m (greater than 2)



can be approximated by a neural network with generalized sigmoidal
functions. Then based on the introduction of total variation norm and
finite smooth-decomposition, some convenient approximation
properties of the latitudinal neural network structure can be derived.
Finally, the potential application of the theoretical achievement in this
paper to power systems, which is part of the ongoing project
research, is discussed.

WP03-5 985
A recurrent neural network for global asymptotic tracking control of
disturbed nonlinear systems

Jiang, Dan-Chi Chinese Univ. of Hong Kong
Wang, Jun Chinese Univ. of Hong Kong

In this paper we present a recurrent neural network for global
asymptotic tracking control of discrete-time time-varying nonlinear
affine systems with disturbances. The objective is to control the
system so that its output can track, from any initial point, an
exogenous reference output generated by a known time-varying
dynamics. First, we extend the dissipative inequality to a composite
system combining the original system and the exogenous reference
system. This composite system is not required to have an equilibrium
point. Then, by choosing an appropriate time-varying quadratic
storage function, the extended dissipative inequality leads to a group
of linear matrix inequalities. This group of linear matrix inequalities is
mapped to several convex optimization problems. To solve these
convex optimization problems, a gradient flow system is developed.
In addition, an augmented gradient flow system is carefully proposed
to avoid the complicated computation of matrix inverses. A recurrent
neural network is designed to realize this augmented gradient flow.
At each time step, the recurrent neural network generates a desired
control input based on the present state and the system model. The
effectiveness and characteristics of the proposed neural controller
are demonstrated by simulation results.

WP03-6 990
Design of position controller of linear pulse motor using neural
networks

Moon, Chun Sub Yeungnam Univ.
Park, Jung Il Yeungnam Univ.
Lee, Ki Dong Yeungnam Univ.
Lee, Suk Gyu Yeungnam Univ.
Lee, Jae Hyung Samick Industrial Co.

In this paper, we introduced the neural network of feedback error
learning type to improve position accuracy of a linear pulse motor. A
linear pulse motor is direct drive motor that has good performance in
terms of accuracy, velocity and acceleration compared with the
conventional linear motion system consisting of rotary motor, gear
and screw spindles. In general, conventional position controllers of
linear pulse motor disregard the modelling error and load variations,
which cause inaccuracy in position control. In order to compensate
for these factors, we introduced a neural network based on learning
feedforward component, which is used to the conventional feedback
controller consequently. The simulation results show that the
proposed controller works efficiently for accurate position control of
LPM.

WP04-1 (I) 992
Parametric uncertainty modeling: an overview

Belcastro, Christine M. NASA Langley Research Ctr.

Robust control system analysis and design is based on an
uncertainty description, called a linear fractional transformation
(LFT), which separates the uncertain (or varying) part of the system
from the nominal system. This paper provides an overview of the
parametric uncertainty modeling process for nonlinear parameter-
dependent systems.

WP04-2 (I) 997
Global nonlinear parametric modeling with application to F-16
aerodynamics

Morelli, Eugene A. NASA Langley Research Ctr.

A global nonlinear parametric modeling technique is described and
demonstrated. The technique uses multivariate orthogonal modeling
functions generated from the data to determine nonlinear model
structure, then expands each retained modeling function into an
ordinary multivariate polynomial. The final model form is a finite
multivariate power series expansion for the dependent variable in
terms of the independent variables. Partial derivatives of the
identified models can be used to assemble globally valid linear
parameter varying models. The technique is demonstrated by
identifying global nonlinear parametric models for nondimensional
aerodynamic force and moment coefficients from a subsonic wind
tunnel database for the F-16 fighter aircraft. Results show less than
10% difference between wind tunnel aerodynamic data and the
nonlinear parameterized model for a simulated doublet maneuver at
moderate angle of attack. Analysis indicated that the global nonlinear
parametric models adequately captured the multivariate nonlinear
aerodynamic functional dependence.

WP04-3 (I) 1002
LFT formulation for multivariate polynomial problems

Belcastro, Christine M. NASA Langley Research Ctr.
Chang, Bor-Chin Drexel Univ.

Robust control system analysis and design is based on an
uncertainty description, called a linear fractional transformation
(LFT), which separates the uncertain (or varying) part of the system
from the nominal system. Low-order LFT models are difficult to form
for nonlinear parameter-dependent systems. This paper presents a
numerical computational method that can be used to construct low-
order LFT models for multivariate polynomial and rational problems
based on simple matrix computations. This LFT modeling method
makes current robust and linear parameter varying (LPV) control
analysis and design methods accessible to a broad class of difficult
practical problems.

WP04-4 (I) 1008
Linear fractional representations of systems with rational uncertainty

Cockburn, Juan C. FAMU-FSU

In this paper the linear fractional representation problem of systems
with rational parametric uncertainty is addressed. First it is shown
that this problem can be solved using the structured tree
decomposition algorithm. Minimality and order reduction of these
linear fractional representations is discussed. An example is
presented to illustrate this method and compare several approaches
to order reduction.

WP04-5 (I) 1013
Computational study and comparisons of LFT reducibility methods

Beck, Carolyn Univ. of Pittsburgh
D’Andrea, Raffaello Cornell Univ.

A set of computationally tractable model reduction algorithms are
described which may be used to determine minimal realization
dimensions for uncertain systems represented by linear fractional
transformations on structured uncertainty sets; these computational
tools are also applicable to multi-dimensional systems. The methods
described utilize linear matrix inequality methods, in addition to
straightforward coordinate transformations and truncations. These
algorithms are evaluated on a variety of example systems that are
constructed to be reducible.

WP04-6 (I) 1018
Computation of LFT uncertainty bounds with repeated parametric
uncertainties

Lim, Kyong B. NASA Langley Research Ctr.
Giesy, D. P. NASA Langley Research Ctr.

A new methodology in which linear fractional transformation
uncertainty bounds are directly constructed for use in robust control
design and analysis is proposed. Existence conditions for model
validating solutions with or without repeated scalar uncertainty are
given. The approach is based on minimax formulation to deal with
multiple non-repeated structured uncertainty components subject to



fixed levels of repeated scalar uncertainties. Input directional
dependence and variations with different experiments are addressed
by maximizing uncertainty levels over multiple experimental data
sets. Preliminary results show that reasonable uncertainty bounds on
structured non-repeated uncertainties can be identified directly from
measurement data by assuming reasonable levels of repeated scalar
uncertainties.

WP05-1 1023
Towards an integrated welding testbed: temperature field control

Silver, David Tulane Univ.
Salmon, Rene Tulane Univ.
Barbieri, Enrique Tulane Univ.
Drakunov, Sergey V. Tulane Univ.

The reported research deals with temperature field control using
sliding modes. We concentrate our attention on the design of sliding
mode control algorithms and their simulation verification for
distributed parameter systems described by partial differential
equations but with finite dimensional control variables. Through the
use of the Partial Differential Equation (PDE) Toolbox, Simulink(r),
and Matlab(r) we have developed a set of Matlab functions that allow
using finite element models in Simulink. Specifically, in our research
we use a finite element model of a steel plate in our closed loop
control simulations done with Simulink. The current model for our
research includes not only the finite element model of the plate but
also that of a simple welding machine. The long-term goal is to
develop an integrated robotic welding testbed. In this paper, some
new theoretical results are highlighted with regards to the distributed-
parameter model and the sliding mode controller design; then, the
Simulink block that adds finite-element modeling capabilities is
presented; and finally, the current status of our experimental testbed
is described and some simulations are included.

WP05-2 1028
Saturation protection for feedback linearizable systems using sliding
mode theory

Buffington, James M. WL/FIGC
Shtessel, Yuri B. Univ. of Alabama at Huntsville

It is shown that sliding mode control is equivalent to feedback
linearization with an appropriate choice of desired output dynamics.
It is this equivalence that leads to the development of a control
command limiting algorithm that provides actuator saturation
protection for input/output feedback linearizable systems with more
inputs than outputs. The command limiting algorithm is integrated
with an optimal control redundancy algorithm to form a complete
control allocation method. The control allocation minimizes control
effector deflections for control redundant situations and limits control
commands for control deficient situations. The control allocation
method is applied to a tailless fighter aircraft model.

WP05-3 1033
Adaptive variable structure torque ripple cancellation for permanent
magnet stepper motors

Melkote, Hemant Polytechnic Univ.
Khorrami, Farshad Polytechnic Univ.

Torque ripple compensation for permanent magnet stepper motors is
considered in this paper. The control design methodology is based
on our earlier work on adaptive variable structure control [1]. A
current-level controller is derived for a detailed model of the motor
which achieves asymptotic tracking of a reference trajectory while
compensating for uncertainties in the mechanical dynamics of the
motor. The proposed robust nonlinear controller requires the use of
only one adaptation parameter. The control design methodology is of
variable structure type with a smooth control action. Simulation
results for position and for constant velocity tracking show the
efficacy of the proposed control design.

WP05-4 1038
IVSC-based speed estimation for an ac induction motor

Chern, Tzuen-Lih National Sun Yat-Sen Univ.
Chang, Jerome National Sun Yat-Sen Univ.

This paper proposes a method which uses only HALL current sensor
to estimate the velocity and flux of an AC induction motor. The
integral variable structure control (IVSC) approach is firstly employed
to design an observer such that the observer can track actual state
of the plant and minimize the steady state estimation error. An
adaptive speed estimator is synchronously designed by incorporating
switching function of variable structure system theory with Lyapunov
function. Simulation results demonstrate that the presented system
has potential for both fast and accurate estimation of motor speed.
Furthermore, the robustness of estimation system for resisting load
disturbance and motor parameter variation is also guaranteed.

WP05-5 1043
A direct approach to adaptive controller design and its application to
inverted pendulum tracking

Ge, S. S. National Univ. of Singapore
Hang, Chang Chieh National Univ. of Singapore
Zhang, T. National Univ. of Singapore

This paper considers the direct adaptive control of a class nonlinear
systems using multilayer neural networks (MNNs). The proposed
method avoids the possible singularity problem of the controller
usually met in adaptive controller design. Combining with sliding
mode control strategy, the proposed controller guarantees the global
stability of the closed-loop system and the tracking error converging
to zero asymptotically. The controller is applied to an inverted
pendulum control to show its effectiveness.

WP05-6 *
Withdrawn

WP06-1 1048
Stability margins of nonlinear optimal regulators with nonquadratic
performance criteria involving cross-weighting terms

Chellaboina, Vijaya S. Georgia Inst. of Tech.
Haddad, Wassim M. Georgia Inst. of Tech.

In this paper we derive guaranteed gain, sector, and disk margins for
nonlinear optimal and inverse optimal regulators that minimize a
nonlinear-nonquadratic performance criterion involving cross-
weighting terms. Specifically, sufficient conditions that guarantee
gain, sector, and disk margins are given in terms of the state, control,
and cross-weighting nonlinear-nonquadratic weighting functions. The
proposed results provide a transparent generalization of the
“meaningful” inverse optimal nonlinear regulator stability margins as
well as the classical linear-quadratic optimal regulator gain and
phase margins.

WP06-2 1053
Feedback attenuation and adaptive cancellation of blade vortex
interaction noise on a helicopter blade element

Ariyur, Kartik B. Univ. of California at San Diego
Krstic, Miroslav Univ. of California at San Diego

Blade vortex interaction (BVI) noise has been recognized as the
primary determinant of the helicopter's far field acoustic signature.
Given the limitations of design in eliminating this dynamic
phenomenon, there exists a need for control. We believe that this
paper is the first model-based effort to attempt the same. We present
herein the application, first of feedback control strategies, and then of
adaptive cancellation on Leishman and Hariharan's linear
aerodynamic model of a trailing edge flap. Lift fluctuations caused by
vortices are taken as output disturbance. The contribution of the
vortices to lift is obtained from Leishman's indicial model for gusts.
The use of an active structure for actuation is assumed, and the
actuator is approximated as a lag element. To design an adaptive
cancellation scheme that is applicable not only to BVI but also to
general problems with periodic disturbances, we start with the
classical sensitivity method, and arrive at an adaptive scheme whose
stability we discuss via averaging. Sacks, Bodson, and Khosla
arrived at the same result by introducing a phase advance into a
pseudo-gradient scheme.



WP06-3 1058
Adaptive step rate control of a stair stepper exercise machine

Shields, Joel Univ. of California at Berkeley
Horowitz, Roberto Univ. of California at Berkeley

In this paper adaptive control of a stair stepper exercise machine is
considered. The dynamics of the functional components of the
exercise machine are modeled and experimentally identified. Based
on this identified system, a regulator is designed to control the step
rate both under nominal conditions and when disturbances are
acting. The disturbances acting on the system result from the
unpredictable behavior of the user. Using the multivariable circle
criterion, the closed loop error dynamics of the system are proven to
be locally asymptotically stable. Experimental results confirm the
analysis and demonstrate the nominal and disturbance rejection
properties of the controller.

WP06-4 1063
Experimental results on discrete-time nonlinear adaptive tracking
control of a single-link flexible manipulator

Rokui, M. Reza Concordia Univ.
Khorasani, Khashayar Concordia Univ.

The goal of this paper is to present experimental results on an
adaptive tracking control strategy for a single-link flexible
manipulator. The controller is designed based on the discrete-time
nonlinear adaptive feedback linearization technique developed by
the authors and later applied to a flexible link manipulator. The
experimental results are compared with those of non-adaptive
feedback linearization and conventional PD controller strategies. The
results reveal that the adaptively controlled closed-loop system
performance is improved compared to the non-adaptive feedback
linearization and PD control schemes.

WP06-5 1068
Design of improved adaptive controllers using partial certainty
equivalence principle

Filatov, Nikolai Ruhr-Univ. of Bochum
Unbehauen, Heinz Ruhr-Univ. of Bochum

New approximative assumption of the partial certainty equivalence
(PCE) has been recently suggested for adaptive control of nonlinear
and linear stochastic systems. For derivation of a suboptimal
controller with the PCE the certainty equivalence (CE) assumption is
used only for the part of the system states and unknown parameters.
The PCE control policy has a simple form for linear systems with
unknown parameters. At the same time it provides cautious system
behaviour and some persistent excitation required. It is suggested in
the present paper to design adaptive control using the PCE
assumption and bicriterial optimization for providing the optimal
persistent excitation. Thus a dual controller is derived. The synthesis
problem is formulated for general nonlinear systems and considered
for linear systems in details. The resulting controller demonstrates
improved system behaviour and short time of adaptation. A
simulated example is used to demonstrate the potential of the
suggested method and its superiority over the PCE and the usually
applied CE policies.

WP06-6 1073
Self-tuning LQG control subject to input constraints: robustness
aspects

Krolikowski, A. Tech. Univ. of Poznan
Kubiak, Tomasz Tech. Univ. of Poznan

The problem of amplitude-constrained self-tuning tracking LQG
control of ARMAX system is considered. First, a suboptimal
algorithm proposed by Toivonen for discrete-time stochastic system
subjected to amplitude-constrained input is described. The key idea
of this algorithm is the approximation (due to the input constraint) of
the stationary probability density function (pdf) of the state by the
gaussian pdf. The gradient of the cost function is then used to derive
the iterative procedure for calculation of the stationary feedback gain.
An extension of Toivonen’s method is presented to handle the
control problem for constant or piecewise constant set-point. Stability

of the LQG self-tuning control is shortly described. A second-order
system is simulated showing good performance of the control system
and an essential influence of the amplitude constraint on the
identification/control behavior.

WP07-1 1075
Modeling of differential-algebraic thermofluid systems using
singularly perturbed dynamics

Gordon, Brandon W. Massachusetts Inst. of Tech.
Liu, Sheng Massachusetts Inst. of Tech.

Dynamic systems described by an implicit mixed set of Differential
and Algebraic Equations (DAEs) frequently arise when modeling
thermofluid control systems. This paper describes a general
approach based on singular perturbation analysis for adding fast
dynamics to a system of DAEs so that they can be expressed in an
explicit state space form. Conditions for convergence and
approximation methods are investigated. The approach is illustrated
for a model of a two-phase flow heat exchanger.

WP07-2 1080
State space and transfer function modeling of evanescent waves in
two-dimensional acoustics

Sane, Harshad S. Univ. of Michigan
Bernstein, Dennis S. Univ. of Michigan
Grosh, Karl Univ. of Michigan

With intense current interest in active noise control, it is desirable to
develop models of acoustic phenomena that are useful for state-
space-based control methodologies. Consequently, this paper
extends the one-dimensional modeling of acoustic transfer functions
developed in earlier work to the case of two-dimensional acoustics.
This extension must therefore account for the phenomenon of
evanescent waves, which are non-propagating and thus affect only
the near field. While evanescent waves are well understood within
the context of wave models, their presence is less apparent in state-
space-based model modals. This paper thus presents a derivation of
state space models for two-dimensional acoustics which are shown
to predict the presence of evanescent waves.

WP07-3 1085
A GSMP model-framework for continuous-time dynamic systems

Zhuang, Zhifeng Univ. of Duisburg
Frank, Paul M. Univ. of Duisburg

In the paper the framework of Generalized Semi-Markov Processes
is applied to represent the continuous-time continuous variable
dynamic system with inaccurate parameters. In this model
framework, the characteristics of state abstraction in qualitative
reasoning is retained and a probability measure for depicting the
uncertain system is provided. This is a step towards diminishing the
gap between the analytical model with complete knowledge and the
qualitative model with only coarse information. To more specifically
describe the behavior of the system, a Markov chain is constructed,
which is represented by linear differential equations. The intensity
matrix of the Markov Chain turns out to be the system matrix of the
equations. The matrix is sparse and can be computed with the
formulae given in the paper.

WP07-4 1090
A simulation study of fish behavior affected by obstacles

Nakamine, H. Kyoto Univ. of Education
Sannomiya, Nobuo Kyoto Inst. of Tech.

In this paper, a mathematical model is proposed to describe various
behavior patterns adapted to different environments around a fish
school. In this model each individual fish behaves autonomously,
and at the same time a specific order of the school is formed based
on the environmental effect and the information exchange among
other individuals. Simulations are carried out for the case where the
school is affected by a square obstacle. Especially, the relationship
between the order of the school and the state of each individual is
investigated.



WP07-5 1092
An integrating approach for modeling nonlinear dynamic systems
with embedded logic

Jordan, Mario A. Univ. Nac. del Sur
Sentoni, Guillermo B. Carnegie Mellon Univ.

In this paper a general approach for modeling of a wide class of
technical systems is introduced that include both smooth and
nonsmooth nonlinear dynamics such as those generated by
embedded relays, saturation, backlash, hysteresis, dead-zone, etc.
The paper is also concerned with the solutions of global trajectories
and is supported by the theory of Filippov of differential equations
with discontinuous right-hand side and regularization methods.

WP07-6 1094
Nonlinear modeling of a moored floating platform in stochastic
environment

Jordan, Mario A. Univ. Nac. del Sur
Duga, Gabriel E. Univ. Nac. del Sur

In this work the steps for physical modeling of a scale prototype of
semisubmergible floating platform in stochastic environment are
presented. The model takes into account embedded actuators for
dynamic positioning and leveling in six degrees of freedom which
allow the platform to be global controllable. In the modelation of
environment the effects of waves are separated into high- and low-
frequency components. This division is appropriate for the different
actuators. The resulting state-space model is highly nonlinear mainly
due to the change of ballast in each vessel and due to the structure
of the fluid interaction dynamic.

WP08-1 1099
Optimal and robust control of a group of single-input linear systems
using linear uncertain technique

Shue, Shyh-Pyng Wichita State Univ.
Agarwal, Ramesh K. Wichita State Univ.
Shi, Peng Univ. of South Australia
Sawan, M. Edwin Wichita State Univ.

Optimal and robust control of a group of single-input linear systems
are presented. The formulation of the optimal state feedback
controller is developed for a group of linear systems derived from a
nonlinear system under attractive domains. Choosing a particular
linear system as the desired model, the rest of the systems are
assumed to be parameter-uncertain. Selection of a suitable
weighting matrix for the performance index is used as a key method
to optimally control this particular system and robustly stabilize the
rest of the linear systems, simultaneously. It is shown that the above
problem can be solved if an algebraic Riccati equation (ARE) has a
solution. The state weighting matrix of this ARE can be linearly
formulated for all uncertain coefficients and factors. If the weighting
matrix is selected to satisfy certain constraints, the solution of ARE is
positive, and all closed loop systems are stable. Control of a group of
linearized longitudinal motions of an aircraft is employed to illustrate
the potential of the proposed method.

WP08-2 1104
The NLQGP problem: application to a multistage manufacturing
system

Westman, John J. Univ. of Illinois at Chicago
Hanson, Floyd B. Univ. of Illinois at Chicago

The Nonlinear Quadratic Gaussian Poisson (NLQGP) problem
denotes an optimal control problem with nonlinear dynamics and
quadratic costs with both Gaussian and Poisson noise disturbances.
The NLQGP problem provides a comprehensive model for many
applications since the disturbances considered are quite robust and
add extra realism to physical models. The problem is examined and
is illustrated with an application to a multistage manufacturing
system (MMS) in an uncertain environment.

WP08-3 1109
Robust non-fragile LQ controllers: the static state feedback case

Famularo, D. Univ. della Calabria

Abdallah, Chaouki T. Univ. of New Mexico
Jadbabaie, Ali Univ. of New Mexico
Dorato, Peter Univ. of New Mexico
Haddad, Wassim M. Georgia Inst. of Tech.

This paper describes the synthesis of non-fragile or “resilient”
regulators for linear systems. The general framework for fragility is
described using state-space methodologies, and the LQ/H2 static
state-feedback case is examined in detail. We discuss the
multiplicative structured uncertainties case, and propose remedies of
the fragility problem using a convex programming framework (LMIs)
as a possible solution scheme. The benchmark problem is taken as
an example to show how controller gain variations can affect the
performance of the closed-loop system.

WP08-4 1114
Extended LQR model with noise amplification

Zes, Dean Orbital Sciences

We examine the control of a linear system in which the noise is
amplified by a quantity which is quadratic in the state and in the
control. We develop the Bellman-Hamilton-Jacobi partial differential
equation for our problem, assuming a quadratic cost index. We find
that the optimal control can also be expressed in conventional
feedback form u=-k(t)x(t). The important case of k(t)=k leads to a
time invariant partial differential equation for the evolution of the
probability density function. The solution is discussed and the steady
state case is exhibited. Our model is a continuous version of the
discrete model first analyzed by Jacobson, and more recently by
Yaz.

WP08-5 1116
An H-infinity-optimal alternative to the FxLMS algorithm

Sayyarrodsari, Bijan Stanford Univ.
How, Jonathan P. Stanford Univ.
Hassibi, Babak Stanford Univ.
Carrier, Alain C. Lockheed Martin

We study a general setting of active noise cancellation problems
from the H-infinity point of view and present a solution that optimally
limits the worst case energy gain from the interfering measurement
errors, external disturbances, and initial condition uncertainty to the
residual noise. The optimal bounding of this energy gain is the main
characteristic of the proposed solution. To impose a finite impulse
response (FIR) structure on the controller, we suggest an adaptation
scheme for the weight vector of an FIR filter that approximates the H-
infinity-optimal solution. Our discussions in this paper explain; (i) why
and how this new adaptive scheme generalizes previous results on
the H-infinity-optimality of the LMS algorithm, (ii) why it is an
alternative for the widely used Filtered-X Least-Mean-Squares
(FxLMS) algorithm, and (iii) how the formulation provides an
appropriate framework to address the issues of modeling error and
robustness. Simulations are used to compare the performance of the
proposed (approximate) H-infinity-optimal adaptive scheme with the
FxLMS algorithm.

WP08-6 3889
Stability and performance measures of stochastic system with
uncertainties

Liu, Jun Nanyang Tech. Univ.
Fadali, Mohammed Sami Univ. of Nevada

In this paper, a new approach is proposed to design the stable
closed loop stochastic system with uncertainties to satisfy the
predefined performance constraint. The relationship between
uncertainties and the performance of the system is established. The
disturbance from the outside of the system is modeled as noise
input. Thus, we solve the robust control problem in the setting of
stochastic system.

WP09-1 1122
Recovery guidance for linear systems with input and state
constraints

Devasia, Santosh Univ. of Utah



Meyer, George NASA Ames Research Center

When a fixed regulator is used to stabilize a desired state trajectory
(guidance law), large initial tracking errors can lead to input
saturation, which can result in performance deterioration. A method
to modify the guidance law for recovering state-trajectory tracking
(without violating input and state constraints) is presented. Although
it may be feasible to find such a satisfactory recovery guidance
maneuver for a given initial tracking error, online development of
recovery guidance maneuvers may not be computationally tractable.
A technique is developed to use precomputed recovery guidance
maneuvers (for a finite set of initial tracking errors) to generate
recovery guidance maneuvers for other initial errors.

WP09-2 1128
A decomposition approach to output tracking for multivariable
nonlinear non-minimum phase systems

Al-Hiddabi, Saif A. Univ. of Michigan
McClamroch, N. Harris Univ. of Michigan

It is common wisdom that if a multivariable nonlinear system, affine
in the controls, is non-minimum phase then dynamic inversion is not
applicable for output tracking. We introduce a new approach in this
paper in which a multivariable nonlinear control system is
decomposed into two parts: a minimum phase part and a non-
minimum phase part. For the minimum phase part dynamic inversion
can be used to achieve output tracking. The non-minimum phase
part can be suitably controlled by linear feedback, but the
decomposition often leads to a simpler non-minimum phase problem
than the original. It is necessary to restrict the class of output
commands to be tracked according to the properties of the non-
minimum phase part. These restrictions are identified by using
results from robust control theory for commands that are
perturbations of a command corresponding to a closed loop
equilibrium.

WP09-3 1133
Robust flight control of a VSTOL aircraft using polynomial matching

White, Brian A. Cranfield Univ.

The paper describes the method of Polynomial Matching and its
application to a multivariable VSTOL aircraft. The theory of
Polynomial Matching Eigenstructure Assignment is described,
together with the controller structure. Robustness is described over a
range of speeds from hover to 200 knots, together with a full speed
envelope controller.

WP09-4 1138
Modeling, simulation, animation, and real-time (MoSART) control of
helicopter systems

Lim, Chen-I Arizona State Univ.
Rodriguez, Armando A. Arizona State Univ.

This paper describes a Microsoft Windows ’95/NT, Visual C++,
Direct-3D based software environment for simulating and visualizing
high-performance helicopter systems. Different simulation and
animation models may be selected by the user. Users are also able
to alter model and controller parameters on the "fly" - thus allowing
them to quickly examine different scenarios. Both two dimensional
bitmaps and three-dimensional polygon representations are used for
animation. Real-time plotting and graphical indicators are also
employed to help users abstract-out key phenomena. The
environment also accommodates data exchange with MATLAB.
Simulation data generated from within MATLAB may be visualized
and animated with the helicopter environment. Conversely, users
may readily export simulation data to MATLAB and use the
associated toolboxes for post-processing and further analysis. The
MoSART helicopter environment is a valuable tool for enhancing
both education and research. Examples are presented to illustrate its
utility.

WP09-5 1143
Sliding mode control of the X33 vehicle in launch mode

Shtessel, Yuri B. Univ. of Alabama at Huntsville

Jackson, Mark NASA Marshall Space Flight Center
Hall, Charles NASA Marshall Space Flight Center
Krupp, Don NASA Marshall Space Flight Center
Hendrix, N. Douglas NASA Marshall Space Flight Center

A "nested" structure of the control system for the X33 vehicle in
launch mode is developed. The outer loop (guidance) and the inner
loop (rates) continuous sliding mode controllers are designed.
Simulations of the 3-DOF model of the X33 launch vehicle showed
an accurate, robust, de-coupled tracking performance.

WP09-6 1145
Comparison of dynamic inversion and LPV tailless flight control law
designs

Buffington, James M. WL/FIGC
Sparks, Andrew G. Wright Lab.

This paper compares two inner loop flight control law designs for a
tailless fighter aircraft model developed from aerodynamic wind-
tunnel test data. Dynamic inversion and linear parameter varying
control using parameter dependent Lyapunov functions are each
used to design control laws for the nonlinear model. The aircraft
design model and design requirements are the same for each
method.

WP10-1 1150
Pole placement using constant output feedback

Kabuli, M. Guntekin Univ. of California at Davis
Gundes, A. Nazli Univ. of California at Davis
At, N. Univ. of California at Davis
Koca, M. Univ. of California at Davis

Pole placement by constant output feedback for single-input single-
output, linear, time-invariant systems is considered. Root-loci
intercepts with domain boundary for a general class of desirable
closed-loop pole locations are computed using a single generalized-
eigenvalue problem based on state-space representations. Suitable
output feedback gain intervals can be determined without graphics.

WP10-2 1152
Asymmetric order doubling: a pole placement method for
nonminimum phase systems

Ravuri, Muralidhar Massachusetts Inst. of Tech.
Asada, Haruhiko Massachusetts Inst. of Tech.

A new pole placement method is developed by modifying the
symmetric root locus method associated with a class of linear
quadratic regulators (LQR). Similar to the symmetric root locus, the
method presented in this paper places the same number of
additional poles and zeros as that of the original plant, and the root
locus is drawn for the order-doubled system to obtain the closed loop
poles. Unlike the symmetric root locus method, however, the new
method allows us to place additional poles and zeros at asymmetric
locations, i.e., not at the mirror image with respect to the imaginary
axis. It is shown that, despite the asymmetric root locus, a physically
meaningful state feedback gain exists for an arbitrary root locus
parameter as long as all the branches of the root locus are separated
into left and right half planes. The design procedure to obtain a
stable state feedback controller from the left half plane (LHP) portion
of the asymmetric root locus is developed. This method generalizes
the LQR method and is, in particular, more suitable for nonminimum
phase systems when the symmetric choice of poles and zeros do not
necessarily satisfy all the design criteria. For example, if the
nonminimum phase zeros are close to the imaginary axis, the
dominant poles have slow dynamics even for high control gains in
the LQR method. Our method allows us to shape the root locus in an
asymmetric manner so that these poles can be placed away from the
imaginary axis. Our method also broadens the loop transfer recovery
by providing a systematic way of continuously shifting the location of
poles to a much larger set. This algorithm is implemented on a 3D-
coordinate measuring machine (CMM) which exhibits a nonminimum
phase behavior. A significant improvement over the traditional LQR
method is obtained in terms of speed of response and settling time



while maintaining many of the robustness and performance features
of LQR.

WP10-3 1159
Dominant pole placement with maximum zero/pole ratio phase-lead
controllers

Coelho, Carlos Alberto Escola Fed. de Eng. de Itajuba

The parameters of maximum zero/pole ratio phase lead controllers
for control systems are determined according to a graphic process,
which is presented in the control literature without any mathematical
explanation. The controller design is aimed at making the system to
have a specified dominant pair of complex poles. The analytical
treatment of the problem leads to very simple formulas, whereby the
controller parameters can be quickly and accurately calculated.

WP10-4 1165
A look at the pole/zero structure of a Stewart platform using special
coordinate basis

Thayer, D. Univ. of Washington
Vagners, Juris Univ. of Washington

The cubic hexapod, or Stewart platform, has become a popular
approach to the problem of active control of vibration because it can
be placed directly in the path of vibration transmission and provides
6-axis isolation. Typically the control approach has been to use
classical techniques with a variety of sensors, but a multi-input, multi-
output (MIMO) approach holds much promise. Before designing
controllers, however, it is important to know a great deal about the
model, particularly the zero structure. Information on the size and
position (minimum vs. non-minimum phase) of system zeros is
necessary in predicting the opportunity for robustness recovery in
MIMO controller design. A technique known as special coordinate
basis (SCB) was applied to a model of a hexapod that was
constructed by the Hood Technology Corporation and the University
of Washington. Examining sensors including load cells, geophones
and linear variable differential transformers (LVDT’s), it was found
that, though the use of other sensors offers some significant
advantages for MIMO control over classical approaches, the well
known robustness recovery tool known as loop transfer recovery
(LTR), cannot be used because of the presence of small non-
minimum phase zeros.

WP10-5 1170
Pole assignment with optimal performance

Hu, Ting-Shu Univ. of Waterloo
Lam, James Univ. of Hong Kong

A unified gradient-based treatment for optimizing certain
performance indices under the constraint of pole assignment is
provided. By introducing a free optimization parameter and solving a
Sylvester matrix equation, compact gradient formulas are derived for
general purpose gradient descent numerical implementation. Special
problems including robust stability, pole assignment and H2
sensitivity reduction are employed to illustrate the technique.

WP10-6 1175
A new dynamic output feedback compensator design for pole
assignment

Tsui, Chia-Chi

This paper proposes a new approach which is applicable for any
open loop system either with more outputs than inputs or with at
least one stable transmission zero, for the design of dynamic output
feedback compensator (DOFC) and for pole assignment. Although
this DOFC cannot always guarantee arbitrary pole placement of the
feedback system, it has three unique advantages: 1) the DOFC
poles are part of the feedback system poles and thus the DOFC
stability is guaranteed; 2) this new DOFC can implement state
feedback control which is most powerful and whose design is well
developed; 3) the design is decoupled into two pole assignment
problems of orders r and n, respectively while the existing design has
order n+r, where n and r are the orders of open loop system and
DOFC, respectively.

WP11-1 1177
Inequality-based reliability estimates for complex systems

Hill, Stacy D. Johns Hopkins Univ.
Spall, James C. Johns Hopkins Univ.

Full-system testing for large-scale systems is often infeasible or very
costly. Thus, when estimating system reliability, it is desirable to
employ a method that uses subsystem tests, which are often less
expensive and more feasible. This paper presents a method for
calculating full-system reliabilities based on subsystem tests. The
method does not require that subsystems be independent. It
accounts for dependencies through use of certain probability
inequalities. The inequalities provide the basis for valid reliability
calculations while not requiring full-system tests or information on
greater-than-pairwise subsystem failure modes. We illustrate the
method in an example.

WP11-2 1180
Observability conditions for biased linear time invariant systems

Bembenek, Charlene L. Lockheed Martin M & S
Chmielewski, Jr., Thomas A. Sensar
Kalata, Paul Drexel Univ.

This paper addresses the existence of bias estimators in linear, time
invariant (LTI) systems. One approach to bias estimation is state
augmentation, in which a new state corresponding to each unknown
bias term is appended to the state vector. The Kalman filter is then
applied to the augmented system and the biases are identified as
part of the filtering process. A simplified observability rank test for the
existence of bias estimators for an LTI system with unknown,
constant state and measurement biases has been recently derived.
A reduced row observability test matrix is used to show a necessary
and sufficient condition for complete bias observability. This paper
investigates the use of additional measurements in the system and
their ability to alter the bias observability conditions of the system.
Examples are presented.

WP11-3 1185
Maximum entropy stochastic realization and robust filtering via
convex optimization

Wu, Shao-Po Stanford Univ.

We consider the problem of maximum entropy stochastic realization
given partial, uncertain covariance data of an observed time series.
The covariance uncertainties are described by upper and lower
bounds on the covariance sequence and the associated power
spectral density. Such a problem does not have an analytic solution
in general; however, it can be formulated as a nonlinear convex
optimization problem which can be solved globally and very
efficiently by recently developed interior-point methods. Maximum
entropy realization can be applied in robust filtering in the context of
designing the linear estimation filter that minimizes the worst-case
mean square error given uncertain covariances. We give an example
of robust Kalman filter design to illustrate the ideas.

WP11-4 1191
Reduced order Kalman filter design for interconnected singularly
perturbed systems

Qaddour, Jihad Mesa State College

The main objective of this short paper is to design a reduced order
Kalman filter for a class of large scale interconnected singularly
perturbed linear systems to achieve the minimum estimation error for
the estimation problem. Our assumption is that the large scale
system consists of several local subsystems interconnected to a
main subsystem. Two different approaches are applied to achieved
an optimal and near optimal reduced order Kalman filters. First, the
optimal projection equations approach has been used to achieve the
optimal solution. The optimal reduced order Kalman filter is
completely characterized by necessary conditions, resulting from
optimal projection equations. The first order necessary conditions for
the optimal steady state reduced order Kalman filter, in the presence
of uncorrelated disturbance and measurement noise, consists of one
modified Riccati equation, and two modified Lyapunov equations



coupled by a projection matrix whose rank is precisely equal to the
order of the filter and which determines the optimal filter gains.
Second, the singular perturbation theory has been used to achieve
the near optimal Kalman filter. This is approximately decomposed
into two filters in different time scales yielding the estimates of the
slow mode and the fast mode states.

WP11-5 1193
Impulse control of observations in nonlinear Kalman filtering

Basin, Michael V. Auto. Univ. of Nuevo Leon
Pinsky, Mark A. Univ. of Nevada at Reno

This paper develops the impulse control approach to the observation
process in nonlinear Kalman filtering problems, that results in
introducing discrete observations into the continuous observation
process. Impulsive modeling of the transition matrix in an
observation equation generates on-line computable jumps of the
estimate variance from its current position towards zero and, as a
result, leads to instantaneous reduction of the estimate variance.
Impulse observation control is useful in the filtering problems, where
it is necessary to urgently eliminate undesirable behavior of the
estimate variance (say, to terminate its fast transition to infinity) or to
ensure fast high-accuracy estimation on a short time interval (if the
noise in observations is too high).

WP11-6 3879
Integrated instrumentation and control design using finite signal-to-
noise models

Lu, Jianbo General Motors
Skelton, Robert E. Univ. of California at San Diego

In this paper, new signal-to-noise models are used to characterize
instrumentation design specifications and an integration of control
and instrumentation design is achieved by simultaneously designing
the feedback control law and the instrument signal-to-noise ratios to
meet performance requirements for the closed loop system. Iterative
algorithms are proposed to find locally optimal solutions. Assuming
that the signal-to-noise ratio is directly related to the instrumentation
cost, this integration provides a systematic procedure to design a low
cost control system. More importantly, this procedure identifies the
performance limiting component of a closed loop system.

WP12-1 1195
Nonlinear gain-scheduled control design using set-valued methods

Tu, Kuang-Hsuan Univ. of Texas at Austin
Shamma, Jeff S. Univ. of Texas at Austin

This paper presents a nonlinear gain-scheduled control design
approach using set-valued methods. Previous results for set-valued
methods for linear parameter-varying (LPV) systems are applied to
nonlinear systems with quasi-LPV representations. The proposed
design approach differs from traditional gain-scheduling in several
aspects: (1) linearization errors are accommodated as linear state-
dependent disturbances, (2) constraints on system states and
controls are specified, and (3) rates of transitions among operating
regions are explicitly addressed. As a consequence, even "local" set
point designs are nonlinear. Nonlinear parameter-dependent state
feedback which is guaranteed to achieve constrained regulation is
constructed by solving several linear programs.

WP12-2 1200
Control of LPV systems using a quasi-piecewise affine parameter-
dependent Lyapunov function

Lim, Sungyung Stanford Univ.
How, Jonathan P. Stanford Univ.

This paper presents a new finite-dimensional linear matrix inequality
(LMI) formulation for the induced L_2 norm synthesis of linear
parameter-varying (LPV) systems. The approach is based on a
nonsmooth dissipative systems theory using a continuous, quasi-
piecewise affine parameter-dependent Lyapunov function. The new
method is less conservative than previously published techniques
based on either affine parameter-dependent Lyapunov functions or
robust control techniques. Conservatism is reduced with this new

approach because the synthesis uses a very general class of
parameter-dependent Lyapunov functions. In contrast to the gridding
approach typically used to develop a computationally feasible
algorithm, this proposed approach guarantees the synthesis result.
We show that the numerical results using our approach, while
computationally intensive, can be used to develop many new insights
into the potential conservatism of various classes of Lyapunov
functions for LPV systems.

WP12-3 1205
Gain-scheduled control for substructure properties

Fedigan, Stephen J. Univ. of Virginia
Knospe, Carl R. Univ. of Virginia
Williams, Ronald D. Univ. of Virginia

In many control problems, the plant consists not only of the
controlled system but also of the environment which the system
inhabits. While the dynamics of the controlled system are normally
well characterized at the time of controller design, the environment’s
dynamics are often not completely known at this time. This paper
introduces a novel approach called a posteriori gain-scheduling for
addressing this class of control problems and evaluates the
suitability of LPV and D-K iteration design methods for a posteriori
gain-scheduling by applying them to a benchmark problem. The LPV
design method modified for time-invariant parameters exhibits
performance close to H-infinity optimal designs.

WP12-4 1210
Sufficient conditions for self-scheduled bounded amplitude control

Bett, Christopher Univ. of Notre Dame
Lemmon, Michael Univ. of Notre Dame

This paper considers the problem of synthesizing a parameter-
dependent output feedback controller for a continuous-time linear
parameter  varying (LPV) system so that a prespecified bound on
signal amplitude is satisfied by the controlled system. The main
result is a sufficient condition for the existence of an LPV controller
which guarantees an upper bound on the induced L-infinity norm of
the controlled system. The condition takes the form of linear matrix
inequalities (LMIs) which must be solved pointwise over a parameter
set. A set of LPV controllers which satisfy the performance
constraints are parameterized in terms of feasible solutions to the
LMI existence conditions. In the event that the parameter variations
are removed, the conditions reduce to necessary and sufficient LTI
synthesis conditions for bounded amplitude performance. The
existence conditions are amenable to efficient numerical techniques.

WP12-5 1215
Interpolation of observer state feedback controllers for gain
scheduling

Stilwell, Daniel J. Johns Hopkins Univ.
Rugh, Wilson J. Johns Hopkins Univ.

We propose a method of interpolating linear time-invariant controllers
with observer state feedback structure in order to generate a
continuously-varying family of controllers that stabilizes a family of
linear plants. Gain scheduling is a motivation for this work, and the
interpolation method yields guidelines for the design of gain
scheduled controllers. The method is illustrated with the design of a
missile autopilot using loop-shaping H-infinity controllers.

WP12-6 1220
Gain scheduling of a SISO autonomous nonlinear system using
chaos theory

Amin, Mayank B. Univ. of Minnesota

We consider output regulation for SISO nonlinear plants by gain
scheduling on the plant output. The objective of design is to keep the
states within prescribed bound from their instantaneous trim values
and output asymptotic tracking of a reference signal. Thus for the
output to have faster tracking response time, general nonlinear
feedback will not be helpful. Instead, we construct a controller using
synthesis of chaos and a scheduler monitoring the error between
reference signal and the output. The design eliminates the need for



scheduling variable to vary slowly yet the feedback system has
robust performance and nominal stability.

WP13-1 (I) 1225
Integrated robust identification and control of large scale processes

Featherstone, Andrew P. Univ. of Illinois at Urbana-Champaign
Braatz, Richard D. Univ. of Illinois at Urbana-Champaign

We propose the use of pseudo-singular values, which are closely
related to singular values but are allowed to have sign, as a
convenient approach for developing techniques for the identification
and control of large scale processes. Steady-state controllability can
be assessed directly in terms of the pseudo-singular values. It is
shown that to control an output disturbance direction with zero
steady-state error, it is necessary to correctly identify the sign of the
corresponding pseudo-singular value. At the identification stage, this
motivates the estimation of confidence intervals for the pseudo-
singular values from input-output data. A controller with integral
action should not attempt to manipulate in process input directions
corresponding to output disturbance directions that cannot be
controlled with confidence. These principles motivate a controller
structure appropriate for providing the robust control of poorly
conditioned large scale processes. Any controller design technique
can be applied to produce a controller with the proposed controller
structure.

WP13-2 (I) 1230
Integrated MIMO identification and robust PID controller design
through loop shaping

Adusumilli, Srinivas Arizona State Univ.
Rivera, Daniel E. Arizona State Univ.
Dash, Sachindra Honeywell Tech. Ctr.
Tsakalis, Kostas S. Arizona State Univ.

A framework for integrated identification and robust PID control for
multivariable processes is presented in this paper. The method relies
on robust loop shaping bounds computed directly from identification
data using the concept of the Structured Singular Value. These
performance bounds are then used to define the nominal loop shape
required to tune PID controllers.

WP13-3 (I) 1235
Practically-motivated input sequences for nonlinear model
identification

Pearson, Ronald K. Institut fur Automatik ETH, Zurich
Menold, Patrick H. Institut fur Automatik ETH, Zurich
Allgower, Frank Institut fur Automatik ETH, Zurich

We consider the use of binary sequences for the identification of
simple nonlinear dynamic models. The results presented illustrate
the nature of the interplay between the structure of the nonlinear
model, the switching probability of the binary sequence, and the
variability of the resulting parameter estimates. Extension to MIMO
problems are proposed.

WP13-4 (I) 1240
Control-relevant experiment design: a plant-friendly, LMI-based
approach

Cooley, Brian L. Auburn Univ.
Lee, Jay H. Auburn Univ.
Boyd, Stephen P. Stanford Univ.

In this paper, the non-convex control-relevant experiment design
developed in earlier works is transformed to a semidefinite program
with linear matrix inequality constraint. As a result, the computational
burden is greatly reduced. An example is presented to demonstrate
that the reduced computation time may be obtained without the cost
of degraded performance.

WP13-5 (I) *
Withdrawn

WP13-6 (I) 1245

Process identification using polynomial models
Ying, Chao-Ming Washington Univ.
Joseph, Babu Washington Univ.

This paper deals with the identification of linear systems using input-
output response data. Specifically we focus on nonparametric (finite
impulse or step response, FIR or FSR) models widely used in model
predictive control. A polynomial model is proposed to reduce the
number of parameters needed to represent the model. This leads to
parsimonious, yet extremely robust models. The time delay and
response time of the process can be explicitly included as
parameters in the model. Various properties of this approximation
including the variance of parameter estimates are given in the paper.
Simulation and experimental results show the superiority of this
approach over conventional methods especially at low signal/noise
ratios, when other conventional techniques fail. Most remarkably, no
prefiltering of the noise is necessary using this method. The
polynomials act as an adaptive filter to remove the noise.

WP14-1 *
JIT production planning approach with fuzzy delivery for mass
manufacturing sytems

Wang, Wei Northeastern Univ.
Wang, Dingwei Northeastern Univ.

WP14-2 *
JIP production planning with fuzzy delivery for OKP manufacturing
systems

Wang, Wei Northeastern Univ.
Wang, Dingwei Northeastern Univ.

WP14-3 1250
Single-item production-inventory control with shortages and back-
orders

Aliyu, M. D. S. King Fahd Univ. of Petroleum & Minerals
Al-Ajmi, K. H. King Fahd Univ. of Petroleum & Minerals

An inventory model of a single-item production system incorporating
deterioration and shortages/backorders is presented. The linear
quadratic theory (LQ) is used to develop an optimal policy which
minimizes a quadratic cost criterion of production, inventory holding
and shortages. The case of deterministic demand is considered and
results of simulations have shown good agreement with the theory
developed.

WP14-4 1252
A stack-based algorithm for deadlock avoidance in flexible
manufacturing systems

Lipset, Robert Ohio Univ.
Deering, Paul E. Ohio Univ.
Judd, Robert P. Ohio Univ.

A new method to detect deadlock in manufacturing systems that
contain single capacity resources is presented. The proposed stack-
based algorithm is polynomial in complexity, and is very simple to
implement for any flexible manufacturing system in this class. This
algorithm determines whether a system is in deadlock by trying to
calculate a sequence of safe part movements that empties the
manufacturing system of parts. If such a sequence exists, then the
system is not in deadlock. Some examples showing the application
of the algorithm are provided.

WP14-5 1257
Deadlock avoidance in petri nets with uncontrollable transitions

Moody, John O. Notre Dame Univ.
Antsaklis, Panos J. Notre Dame Univ.

Recent results in the literature have provided efficient control
synthesis techniques for the problem of deadlock avoidance in Petri
nets. These results are shown to fit within an established framework
for the enforcement of linear constraints on the marking behavior of a
net. Framing the problem in this way allows uncontrollable and/or
unobservable transitions to be included in the plant model when
deadlock avoidance is performed. This method for constructing



deadlock avoiding supervisors in the face of uncontrollable
transitions is described and illustrated with an example.

WP14-6 1259
Interobject spacing control and controllability of a manufacturing
transportation system

Krucinski, Martin Univ. of California at Berkeley
Cloet, Carlo Univ. of California at Berkeley
Horowitz, Roberto Univ. of California at Berkeley
Tomizuka, Masayoshi Univ. of California at Berkeley
Li, Perry Univ. of Minnesota

This paper presents a control and controllability approach for a
general manufacturing transportation system. The system transports
objects from a production unit to a stamping/packaging section. At
arrival time, the position and velocity of every object must
synchronize with the stamping device. The system constraints and a
simplified model of the system dynamics are developed. The hybrid
character of the system makes classical control approaches difficult.
A control scheme that controls interobject spacings and satisfies the
constraints is proposed. A controllability analysis, independent from
the control scheme and satisfying all constraints, shows the influence
of system parameters on system controllability. Simulations verify the
control scheme and controllability analysis.

WP15-1 1266
Qmotor 2.0: a pc based real-time multitasking graphical control
environment

Costescu, Nicolae Clemson Univ.
Dawson, Darren M. Clemson Univ.

This paper describes the motivation for as well as the design and
implementation of a PC based system used to implement advanced
control strategies without an embedded DSP board. This system is
called Qmotor 2.0. It takes advantage of modern CPU and real-time
operating system technology to deliver a product which can
concurrently execute a real-time control program on the same CPU
as the graphical user interface and other tools.

WP15-2 1271
Modelling and experimental investigation of carangiform locomotion
for control

Kelly, Scott D. California Inst. of Tech.
Mason, Richard J. California Inst. of Tech.
Anhalt, Carl T. California Inst. of Tech.
Murray, Richard M. California Inst. of Tech.
Burdick, Joel W. California Inst. of Tech.

We propose a model for planar carangiform swimming based on
conservative equations for the interaction of a rigid body and an
incompressible fluid. We account for the generation of thrust due to
vortex shedding through controlled coupling terms. We investigate
the correct form of this coupling experimentally with a robotic
propulsor, comparing its observed behavior to that predicted by
unsteady hydrodynamics. Our analysis of thrust generation by an
oscillating hydrofoil allows us to characterize and evaluate certain
families of gaits. Our final swimming model takes the form of a
control-affine nonlinear system.

WP15-3 1277
Nonlinear controller design for a crane system with state constraints

Yoshida, Kazunobu Shimane Univ.

For a crane system in which the trolley stroke and the pendulum
length are constrained to move in a specified range, a stabilizing
control law that damps the pendulum oscillation quickly has been
proposed using the Lyapunov’s second method. In deriving the law,
all the nonlinearities of the system are considered. The control
system has the structure where the trolley and the load are moved
according to sinusoidal reference functions generated from the
pendulum trajectory. The results of a numerical experiment show
that the design method realizes a high performance control system
with some robustness with respect to parameter variations in the
controlled system.

WP15-4 1284
Mixed objectives MIMO control design for a compact disc player

Dettori, M. Delft Univ. of Tech.
Prodanovic, V. Delft Univ. of Tech.
Scherer, Carsten C. W. Delft Univ. of Tech.

This paper investigates the application of LMI-based mixed
objectives design techniques to a CD player mechanism. In this
control design problem the main goal is to keep the time domain
amplitude of a tracking error signal bounded in the presence of
disturbances and norm bounded uncertainties. To this end we
identified in the H-infinity norm and in the so-called generalized H2
norm suitable measures to represent our specifications. The
resulting design is shown to exhibit significant performance
improvements if compared to a single-objective H-infinity design.

WP15-5 1289
Nonlinear optimal flow control for sewer networks

Marinaki, Magdalene Tech. Univ. of Crete
Papageorgiou, Markos Tech. Univ. of Crete

The problem of optimal water distribution to several retention
reservoirs in an urban sewer network during rainfall is considered.
The goal of the control actions is the minimization of overflows and
eventually the reduction of their polluting impact on receiving waters.
To this end, a nonlinear optimal control approach is used and the
numerical solution of the control problem is effectuated by use of a
feasible direction algorithm. A detailed study of the central control
problem for a particular large sewer network using this method is
presented. Results demonstrate the efficiency and the real-time
feasibility of the developed methodology.

WP15-6 1294
Control of a container crane: fast traversing and residual sway
control from the perspective of controlling an underactuated system

Hong, Keum-Shik Pusan National Univ.
Kim, Jae-Hoon Samsung Heavy Industries Co.
Lee, Kyo-Il Seoul National Univ.

In this paper the sway-control problem of a container crane is
investigated. The control loop is divided into two stages. The first
stage is a modified time optimal control for trolley traversing. The
velocity command for trolley traversing consists of three
components; a reference velocity and two feedback signals for
compensating the deviations of trolley and sway angle from their
desired trajectories. For trolley’s exact positioning the trolley
dynamics is identified via an error equation identifier structure. The
second stage is a nonlinear residual sway control that starts at the
end of first stage. The control design for the second stage is
investigated from the perspective of controlling an underactuated
system, and the control law combines the feedback linearization and
variable structure control.

WP16-1 (I) 1299
Using the web in your courses: the how-to’s and the why’s

Poindexter, Sandra E. Northern Michigan Univ.
Heck, Bonnie S. Georgia Inst. of Tech.

This paper gives an introduction to the topic of Controls Education on
the Web. Accompanied by a Web page <www.ece.gatech.edu/
users/192/web-use>, the material is partly tutorial enabling readers
to step in at their current levels and move forward in their Web
usage. For those readers who have not yet made use of the Web in
their courses, it will demonstrate models of Web sites for
consideration to suggest what can be done, and offer introductory
steps for implementation. Experienced Web users and developers
may use some of the more sophisticated models, identify what it
means to manage a course with a Web site, improve their own
design, and hear some tips on the hurdles to avoid. A discussion of
Web usage for controls courses is given as well. In the end, it is
hoped that every reader will find information to move them a step
forward from whatever their current level.

WP16-2 (I) 1304



Controls education on the WWW: tutorials for MATLAB and
SIMULINK

Tilbury, Dawn M. Univ. of Michigan
Luntz, Jonathan Carnegie Mellon Univ.
Messner, William C. Carnegie Mellon Univ.

Engineering in general and controls in particular have been
dramatically changed by the development of fast computers and
computation, simulation, and visualization software packages which
run on them. An impediment to even wider use of these powerful
tools is that they are frequently difficult to learn to use. The authors
have developed an effective paradigm for using the World Wide Web
as an education aid for tutoring students on the use of software tools.
The approach provides the information that students need when and
where they need it - at the computer. This paper describes the
application of this method to teaching the use of MATLAB for
controls and recent extensions for teaching the use of SIMULINK.

WP16-3 (I) 1309
A practical servomotor project: combining the web with simulation
tools to solidify concepts in undergraduate control education

Zywno, M. S. Ryerson Polytechnic Univ.
Kennedy, Diane C. Ryerson Polytechnic Univ.

Current technology enables the lecturer to use computer tools to
enhance the conceptualization of lecture material. This can be
especially useful in an engineering curriculum, as the course material
can be rendered less abstract through visual illustration of difficult
mathematical concepts. In this paper, we present an example of a
multimedia enhanced course in linear control theory, taught by
authors at Ryerson Polytechnic University (Toronto, Canada). In our
implementation of the course, we combine software simulations of
practical systems to illustrate control theory concepts with extensive
on-line course notes to assist with comprehension. Follow-up
analysis shows that the use of the WWW and computer tools to
enhance the learning process leads to increased enthusiasm,
comprehension, and information retention. A review of the process
required to create the technology enabled learning environment
shows that initially there is a great deal of work involved. However,
we conclude that the effort is justified by allowing a positive
qualitative change in the way we educate engineering students.

WP16-4 (I) 1314
The virtual control lab VCLAB for education on the web

Schmid, Christian Ruhr-Univ. of Bochum

This contribution shows a way in using the World Wide Web for
education. Especially the control engineering aspects are
emphasized. In the main part, the Virtual Control Lab (VCLab)
developed at Ruhr-University Bochum is presented. This Web
approach integrates software which uses the powerful computational
engine of MATLAB/SIMULINK to do extensive simulations and
interactive animation of control engineering experiments in virtual
reality driven by local or Web wide information.

WP16-5 (I) 1319
Access to an instructional control laboratory experiment through the
world wide web

Bhandari, Atul Netscape Communications Corp.
Shor, Molly H. Oregon State Univ.

The software for "Second Best to Being There," a distance learning
application that allows a remotely-located user to conduct
experiments in the Control Engineering Laboratory at Oregon State
University, has been redesigned and implemented in the Java
programming language. This permits the experiments to be run via
the world wide web. Access requires only a basic web browser that
runs Java and is possible from most computer platforms. User
authentication, security, and automatic logging of student laboratory
activity have been added, and the user interface design improved, to
turn this demonstration product into courseware.

WP16-6 (I) 1326
Remote laboratory experimentation

Shaheen, Mohammed Rosemount Analytical Inc.
Loparo, Kenneth Case Western Reserve Univ.
Buchner, Marcus R. Case Western Reserve Univ.

The aim of this work is to provide the students of both Case Western
Reserve and Cooper Union Universities with remote access to the
Bytronic Process Control unit, referred to as the process rig, in the
Process Control and Automation Laboratory at Case Western
Reserve University over the Internet. Using a web browser, the user
can log-in and post the parameters from a remote client to a
LabVIEW G web server which is connected to the process rig via a
PLC control module. When the server receives a request specifying
a Common Gateway Interface Virtual Instrument CGI VI, the server
loads the VI and starts its execution. The CGI then reads the
information that came with the request, controls the operation of the
process rig in accordance with the parameters posted by the user
and writes the data that is to be returned to the client. The output
data files are also uploaded to an anonymous ftp-site from which the
user can download them for further processing.

WP17-1 (I) 1330
The sensorless control of variable switched reluctance motors

Holling, George Advanced Motion Controls, Inc.

The tutorial discusses the current state of the sensorless control of
VSR motors. A brief overview of the functioning and operating
characteristics of a VSR motor is given. Current and voltage control
are discussed, as well as the importance of phase angle control. The
paper then examines a variety of approaches for the sensorless
commutation as reported in the literature. An attempt is made not
only to explain the working of the algorithm, but also to discuss the
advantages and drawback of the individual method for real life
industrial applications. Literature reference is cited to the extent
possible to allow the reader to investigate specific methods in more
detail.

WP17-2 (I) 1339
Sensorless control of a very efficient, hermetically sealed variable
switched reluctance motor

Schmitt, M. Advanced Motion Controls, Inc.
Yeck, M. Advanced Motion Controls, Inc.

The paper summarizes work on a sensorless drive for a hermetically
sealed compressor. We will examine the motivation, why sensorless
drives are ideally suited for this application. We will then describe
two approaches: one that failed to perform to our satisfaction and
one that worked well. We will examine the reasons for the
differences in performance and we will show results of the actual
implementation.

WP17-3 (I) 1342
A sensorless VSR drive for industrial variable speed applications

Chikada, Kenzo Nippon Electric Ind. Co., Ltd.

VSR motors are an important new technology and they are starting
to penetrate the industrial marketplace. Towards this goal NEC
DENSEI has developed a variable speed VSR drive using
sensorless control technology to be used in industrial applications.
The paper discusses the algorithm used in this product. The author
will discuss experimental results of the development. The paper will
also discuss difficulties that the company experienced during the
development. The author hopes to help the reader better understand
the problems associated with the sensorless control of VSR motors.

WP17-4 (I) *
Applications for sensorless VSR traction drives

Glubrecht, D. John Deere

WP17-5 (I) *
Feasibility of submersible VSR pump motors using sensorless
position feedback

Jones, D. Incremotion Associates


