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Abstract

This thesis is concerned with the robust H,,/u control and uncertainty description of
mechatronic systems including robot manipulators. We apply the advanced H,,/u
Control theory to real mechanical systems; a magnetic bearing, an active pantograph
system, and robot manipulators. Then I evaluate the performance of the control
theme and power of expression of LFT against various forms of uncertainties. And
I show that H,,/u control theory has a very good framework to treat uncertainties,
in order to guarantee robust stability and robust performance.

For the robust control design, the choice of weighting functions which are design
parameters plays an important role to decide control performance. I propose some
method to quantify the model uncertainties by perturbation of model parameters.
From this quantified uncertainties, we decided the weighting functions for design
systematically.

Further, I applied this robust control theory to control a robot manipulator in order
to show the effectiveness of H,/u control law for nonlinear systems. I design robust
control system by three approaches The first approach is g-synthesis with exact

linearization, and the second one is the constant scaled H,, control, which is effective
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in order to guarantee robust stability for nonlinear uncertainty. The last one is gain

scheduling approach with linear parameter varying model representation.

No mathematical system can exactly model a real physical system. For this reason we
must be aware of how modeling errors might adversely affect the performance of a control
system. The issue of uncertainty is at the main theme of control engineering, since a feed-
back configuration can significantly affect the sensitivity of the system behavior to uncer-
tainty at the component level. This is the main motivation for the construction of feedback
systems, but also the main potential danger as unmodeled effects can. Consequently, to
perform good designs, the control engineer must be furnished with rich descriptions of
uncertainty and tools to assess their impact in a complex system.

In this thesis, the robust H./p control and uncertainty description of mechatronic

systems including robot manipulators is discussed.

The contribution of this thesis is as follows.

e I develop the H,,/u Control technology and apply the advanced H.,/u Control theory
to real mechanical systems; a magnetic bearing, an active pantograph system, and
robot manipulators. Then I evaluate the performance of the control theme and power
of expression of LFT against various forms of uncertainties. And I show that H,/p
control theory has a very good framework to treat uncertainties, in order to guarantee

robust stability and robust performance.

e In robust control design, controller performance depends on choice of weighting func-
tion as design parameters. I propose some methods to quantify the model uncer-
tainties by perturbation of model parameters and performance specifications. From
this quantified uncertainties, we decided the weighting functions for control system

design systematically.

e I apply this robust control theory to control a robot manipulator in order to show
the effectiveness of H,/u control law for nonlinear systems. Our three approaches

taken here were as follows.
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— p-synthesis with exact linearization of nonlinear plant

— constant scaled H., control to guarantee robust stability for nonlinear uncer-

tainty

— linear parameter varying model representation and gain scheduling approach

Chapter 2

A general robust control problem is descrived in Chapter 2. At first, framework of the
robust control was described, especially about modeling, uncertainty, and uncertainty de-

scriptions. Then H,, control problem/theory, and p-analysis and synthesis approach was

introduced.

Chapter 3

Chapter 3 is concerned with the robust control of unstable magnetic suspension systems.

Section 3.1

In this section, we evaluate a controller designed by p-synthesis methodology with an
electromagnetic suspension system. We obtain a nominal mathematical model as well as a
set of plant models in which the real system is assumed to reside. With this set of the models
we design the control system to achieve robust performance objective utilizing p-synthesis
methodology. First, four types of different model structures are derived based on the several
idealizing assumptions for the real system. Second, for every model, the nominal value as
well as the possible maximum and minimum values of each model parameter is determined
by measurements and/or experiments. A nominal model is naturally chosen, this model has
the simplest model structure of all four models and makes use of nominal parameter values.
Then, model perturbations are defined to account for additive unstructured uncertainties
from such as neglected nonlinearities and model parameter errors. Next, we define a family
of plant models where the unstructured additive perturbation is employed. The method
to model the plant as belonging to a family or set plays a key role for systematic robust
control design. Then, we setup robust performance objective as a structured singular value
test. For the design, the D — K iteration approach is employed. Finally, the experimental
results show that the closed-loop system with the u-controller achieves not only nominal

performance and robust stability, but in addition robust performance.
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Section 3.2

In this section, we propose the gain scheduled H,, robust control scheme with the free pa-
rameter for a magnetic bearing in order to eliminate the unbalance vibration. We treat the
changing unbalance vibration caused by varying rotational speed as the known frequency-
varying disturbance, and adjust the controller gain according to the rotational speed of the
rotor using the free parameter of the H,, controller. The obtained controller has high gain
at the operating frequency. First, the dynamics of the AMB system is considered and a
nominal mathematical model for the system is derived. Next, the conditions for the exis-
tence of controllers are derived, and, we design the gain scheduled H, robust controllers
using LSDP. It rejects the sinusoidal disturbance of the varying rotor speed. Finally the

simulations and experimental results show the effectiveness of this proposed method.

Chapter 4

In this chapter, we improve the control performance of active pantograph system which
has very oscillating property, at the resonance frequency by applying u-synthesis. We con-
sider parametric uncertainty and uncertainty caused by unmodeled dynamics, and measure
their quantities, and for these uncertainties, we setup the robust performance problem.
And then, we solve the above problem, design a robust controller. Finally, we show sev-
eral experimental results, and indicate the effectiveness of proposed control system design

methodology by comparing conventional H, controller with time and frequency responses.

Chapter 5

In chapter 5, robust control of robot manipulators is discussed.

Section 5.1

In this section, we utilize exact linearization approach and apply u-synthesis to the obtained
linearized robot manipulator. For the design we consider the time delay of the controller
implementation. First, we consider a dynamics of the robot manipulator, and derive a linear
model as well as the uncertainties for the model. We employ the computed-torque method
to obtain a simple linear model for manipulators. Second, we construct the generalized
plant which is considered the above uncertainties, and set robust performance objectives as
a structured singular value test. We design control systems by D — K iteration approach.

Three controllers are designed in consideration of time delay. After that, we carry out a
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lot of experiments using a DSP. Experimental results show that the effectiveness of the
compensation of nonlinearity and the performance of the robust u controller. Further, we
show a control performance depends on time delay of the controller implementation by

experiments.

Section 5.2

This section propose a linear robust control scheme for the robotic trajectory tracking
based on the H, control theory. We demonstrate the robustness of the proposed scheme
by experiments on a parallel link robot manipulator. Taking the actuator dynamics into
account, the nominal linear dynamic model of the manipulator is derived. The coupling
betweerl joints and the gravity forces are treated as the real structured uncertainties. These
uncertainties are nonlinear, but bounded by known constants, hence the constant scaled
H,, control scheme is employed to achieve robust performance specifications. The controller
is designed with consideration of the perturbation of link parameters, which is caused by
loads putted on the end of the hand. The experimental results show remarkable robustness

of the proposed controller.

Section 5.3

In this section, we apply a linear parameter varying approach to a flexible joint robot
control. At first, we introduce the flexible joint robot, and after that derive the LPV form
of the nonlinear flexible-link robot manipulator. Then, we review background material on
LPV systems, gain scheduling control and u-synthesis. At last, I show the design procedure,
and simulation results for the flexible-link robot manipulator system, and evaluate the

effectivenes of the proposed approach.

Chapter 6

Finally, I conclude this thesis.

—247 -



FURXDBERROES

TR 84EILA20RICE 1 B CEELZRS, FRIFE1ABRRKE 2ERIEEZASLHEL,
BHEWHRT LB 2R Lz, FLT2H4BONEEROR, BREERTok. B, O
RRIIBITHIHELBRARIIRZDbDE LT,

WMRELSH: BHFEEZ, FRO64E3ARAFERS AT AREER (FLER) 29BL, [
FEARXVRZTERF L LT3EH, ER - FRIY, fEIRCHETIHEFTLHRELToTE
Tre ZOM, BeDHRIXEEORNATHERLTNS, BHIWBERERBIVOCDERAMIZEY, &
TREETELAEOEAZETH O LY LI,

MY BHRIL, EEOAD bu=sZRVRTARZRL, SIEMSOBEETNVOREIRED
BRI T 28E L, Hoo/p HIHEROBIMEDORH 2T o TV 5. BEB I UFHHMEIIUT O3
HThb, _

(1) 73D Hoollf/ p Rt CRITEBHICHE L TWERE T A —F 2B VR LREHEICL Y,
RMHICHRET D FEEREL TV, 2) EHRB VAT ATHDI Ry hv=talL—FRRLT,
Hoo#lfHl/n BFERA WL NI MIHRRFEEZREL TS, B) HEOAI = AV AT A
Iz Hooll|fl/ n 8REF 2 A L, FHENPEDORBEES L v R MEBBIZRT 38 ME %2 ERMITHRIEL T
w5,

o, FEIE Hoo/ p IR OERIZE L THRD TERLEHFETDH S,

LicSo THRRBXIZL, BL (I%) OFEMEZTIET IO LHELR,

—-248-



