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Abstract

A physical control problem is studied with theH` and them methodology. The issues of modeling, uncertainty
modeling, performance specification, controller design, and laboratory implementation are discussed. The laboratory
experiment is a double inverted pendulum placed on a cart. The limitations in the system with respect to performance
are the limitation in the control signal and the limitation of the movement of the cart. It is shown how these perfor-
mance limitations will effect the design ofH` andm controllers for the system. © 2005 ISA—The Instrumentation,
Systems, and Automation Society.
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1. Introduction

The pendulum system is one of the classical ex-
amples used in connection with feedback control.
The inverted single pendulum is a standard ex-
ample in many text books dealing with classical as
well as modern control. The reason is that the sys-
tem is quite simple, nonlinear, and unstable. In
connection with the classical control, the single
inverted pendulum system has among other things
been used to show that the system cannot be sta-
bilized by using just aP controller. In spite of the
fact that the system is unstable, the design of sta-
bilizing controllers for the system can be done rea-
sonably easy. However, this is not the case when
considering the quite more complicated double in-
verted pendulum system. It is more complicated to
design/tune stabilizing controllers for the system.
Therefore more advanced controller architectures
and advanced design methods need to be applied.

This involved different types of model based con-
trollers designed by using, e.g.,H2 based meth-
ods,H` based methods, andm based methods.

A benchmark problem for robust controller de-
sign derived by Wei and Bernstein@1# has been
described in a special issue in AIAA Journal of
Guidance, Control, and Dynamic, Vol. 15, No. 5,
1992. The benchmark problem is a linear two-
mass-spring system with uncertain masses and
spring constant. Compared with the double in-
verted pendulum system, the linear benchmark
problem is less complicated, but still a quite chal-
lenged design problem. A number of different de-
sign approaches has been applied on the linear
benchmark problem, among them alsoH` con-
troller design andm synthesis, see Refs.@2–7#.

The main problem in the design of stabilizing
controllers for the double inverted pendulum sys-
tem is the tradeoff between robust stability and
performance. This tradeoff is limited and there is
not much space for reduction of the robustness to
increase the performance of the system. The rea-
son is the nonlinearities in the system together
with the limitations/saturations in the system. The
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limitations in the system are, e.g., maximal power
to the motor~maximal acceleration of the cart!,
and maximal length of the track, to mention the
two most important limitations. In spite of this
limited tradeoff between robustness and perfor-
mance of the system, it is possible to design con-
trollers that can handle this tradeoff in a system-
atic way. Design methods such as, e.g.,H2 , H` ,
andm based methods can be applied for handling
this tradeoff in a systematic way.

This paper describes a complete design proce-
dure for the design of advanced stabilizing con-
trollers for the double inverted pendulum system
together with an implementation of the controllers
on a laboratory system. This leads to the following
items that will be considered:

• system modeling,
• system analysis,
• uncertainty modeling,
• design problem formulation,
• controller design,
• analysis of the closed-loop system,

• implementation of controllers on a micro-
controller,

• validation of the closed-loop system on the
laboratory system.

Due to the lack of space, the first three items will
only be considered briefly. A more detailed de-
scription of these parts can be found in Ref.@8#.
This paper is organized as follows: In Section 2,

Fig. 1. Principal diagram of the double inverted pendulum
system.
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