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Summary

This thesis discusses the development of design support for motion control systems,
using a mechatronic design approach. The placement module of the Philips Fast
Component Mounter (FCM), an industrial pick-and-place machine, is used as a
running example.

To fully exploit the advantages of mechatronic design, tuning a ready-for-use
controller is not sufficient. Rather, an elaborate and complex trajectory for the
design of a control system has to be followed to obtain a deep understanding of the
design problem. By providing high-quality design support the amount of knowledge
about the design problem early in the design process will increase. This is
important, as at these moments there is still considerable design freedom.
Consequently, better founded design decisions can be made and the development
time decreases.

Two distinct stages of mechatronic control system design are addressed: conceptual
design and detailed design.

For conceptual design an assessment method is formulated that supports the design
of a feasible reference path generator, control system and electromechanical plant
with appropriate sensor locations, in an integrated way. This method is based on a
classification of standard transfer functions, plant models and closed-loop systems.
The assessment method can be applied in several ways, depending on the available
knowledge about the design problem. Together with dedicated computer support,
the assessment method quickly provides insight in the design problem and feasible
goals and required design efforts can be estimated at an early stage.

For detailed design, a transparent and structured design method is proposed, in
order to meet the more or less conflicting requirements for a controlled system, in
terms of performance, stability, disturbance attenuation and robustness. A
standard control configuration is used that involves a feedback component, a
disturbance observer, a feedforward component and a reference path generator.
Starting from a successful conceptual design, the structured design method
supports the (evolutionary) design of motion control systems, by providing relevant
design procedures and computer support. It enables the design of control systems,
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which are successful in practice, with fairly simple means, in relatively short time
and simultaneously with the design of the plant.

In a mechatronic design process, physically motivated plant models are generally
used to describe the dynamic behavior of the electromechanical plant. The physical
parameter values in such a model are often only known within bounds. Computer
support, based on Quantitative Feedback Theory (QFT), has been developed for
the design of control systems which assure that the motion specifications are met,
despite this uncertainty. A review on dealing with physical parameters in QFT is
presented, as well as a procedure that converts point-to-point motion specifications
into appropriate frequency-domain specifications. The resulting design support
gives a clear view upon the influence of physical parameter uncertainty on the
design of the closed-loop system.

By means of practical application to the placement module of the FCM, we
illustrate the design support presented in this thesis. We mainly focus on
evaluation of the design enhancement and not on maximization of the performance
of the controlled system.

The design support presented in this thesis helps the designer to more easily gain
insight in the design problem, without requiring advanced control engineering skills,
while indicating whether performance and robustness demands of the final design
are being satisfied. An important consequence is that the required overall
development time decreases.



Samenvatting

Dit proefschrift behandelt de ontwikkeling van ontwerpgereedschappen voor
bewegingsregelingen voor elektromechanische systemen, waarbij gebruik wordt
gemaakt van een mechatronische ontwerpaanpak. De plaatsingsmodule van de
Philips Fast Component Mounter (FCM), een industriéle pick-and-place machine,
wordt als lopend voorbeeld gebruikt.

Om de voordelen van de mechatronische ontwerpaanpak volledig te benutten, kan
niet volstaan worden met het inregelen van een bestaand regelsysteem, maar moet
een uitgebreid traject voor het ontwerpen van een regelsysteem worden gevolgd om
een diep inzicht in het ontwerpprobleem te verkrijgen. Door het aanbieden van
goede ontwerpondersteuning, kan de kennis van het ontwerpprobleem vroeg in the
ontwerp proces, vergroot worden. Dit is belangrijk want op dat moment is er nog
aanzienlijke ontwerpvrijheid. Het gevolg is dat beter gefundeerde ontwerpkeuzes
gemaakt kunnen worden en dat de ontwikkeltijd af neemt.

Twee verschillende ontwerpstadia worden besproken: het conceptuele en het
gedetailleerde ontwerpstadium.

Voor het conceptueel ontwerp is een methode geformuleerd die het geintegreerd
ontwerpen van de referentiepadgenerator, het regelsysteem en  het
elektromechanische proces inclusief sensor locatie, ondersteund. Deze methode is
gebaseerd op een classificatie van standaard overdrachtsfuncties, proces modellen
en gesloten-lus systemen. De methode kan op verschillende manieren worden
toegepast, afhankelijk van de beschikbare kennis over het ontwerpprobleem. In
combinatie met de specifieke computerondersteuning verschaft de methode inzicht
in het ontwerpprobleem en kunnen realistische doelen en de benodigde inspanning
vroeg in het ontwerpproces ingeschat worden.

Voor het gedetailleerde ontwerp wordt een transparante en gestructureerde ontwerp
methode voorgesteld, om de min of meer tegenstrijdige eisen van een geregeld
systeem te behalen. Deze eisen zijn gesteld in termen van prestatie, stabiliteit,
verstoringsonderdrukking en robuustheid. Een standaard regelaarconfiguratie wordt
gebruikt, die bestaat uit een terugkoppeling, een vooruitkoppeling, een
verstoringschatter en een referentiepadgenerator. Uitgaande van een succesvol
conceptueel ontwerp ondersteunt de gestructureerde ontwerpmethode het
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(evolutionair) ontwerpen van bewegingsregelingen, door het aanbieden van
relevante frequentiedomein georiénteerde ontwerpprocedures en computer-
ondersteuning. Het maakt het ontwerpen van regelsystemen mogelijk, die succesvol
zijn in de praktijk, met tamelijk eenvoudige middelen, in een relatief korte tijd en
simultaan met het procesontwerp.

In een mechatronisch ontwerpproces worden in het algemeen fysisch gemotiveerde
modellen gebruikt om het dynamische gedrag van het elektromechanische proces te
beschrijven. De waarden van de fysische parameters in deze modellen zijn vaak
alleen bekend binnen bepaalde grenzen. Computerondersteuning, gebaseerd op
Quantitative Feedback Theory (QFT), is ontwikkeld voor het ontwerpen van
regelsystemen die er voor zogren dat de bewegingsspecificatie gehaald wordt
ondanks deze onzekerheid. Een overzicht van het gebruik van fysische parameters
in QFT wordt gepresenteerd, evenals een procedure die bewegingsspecificaties
omzet in geschikte frequentiedomein eisen. De resulterende ontwerpondersteuning
geeft een helder beeld van de invloed van fysische parameter onzekerheid op het
ontwerp van het gesloten-lus systeem.

Door middel van een praktische toepassing op de plaatsingsmodule van de FCM,
illustreren we de ontwerpondersteuning uit dit proefschrift. We richten ons met
name op de evaluatie van de ondersteuning en niet op het maximaliseren van de
prestatie van het geregelde systeem.

De ontwerpondersteuning uit dit proefschrift helpt de ontwerper om op eenvoudige
wijze inzicht in het ontwerpprobleem te verkrijgen, zonder vergaande
regeltechnische vaardigheden te verlangen, terwijl wordt aangegeven of de
prestatie- en robuustheideisen van het uiteindelijke ontwerp gehaald kunnen
worden. Een belangrijke gevolg is dat de vereiste ontwikkelingstijd korter zal zijn.



List of symbols and abbreviations

Symbol Meaning Unit

c stiffness (translation) [N-m"]
damping (translation) [N-s-m"]

e maximum positional error [m]

g stability margin in s-plane

I motion distance [m]

1 transformation ratio

j V=1

k stiffness (rotation) [N-m - rad’]

k, gain in velocity loop [N-m?.s]

K motor constant [N-m- A"l

k, gain in position loop [N -m"]

m mass [kg]

n(t) measurement noise

p(s,q) polynomial with physical parameters

q (vector of) physical parameter(s)

r(t) reference path [m]

s Laplace operator

5 low-frequency disturbance suppression

t time [s]

b motion time [s]

u(t) control signal, i.e. plant input

ue(t) control signal from C

u (1) forcing function or control signal from F

o(t) measured velocity [m - s

w(t) disturbance signal

i(t) estimated disturbance signal

x(t) state (vector)

Z(t) estimated state (vector)
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Zo (1) observer state (vector)

Ty (T) state (vector) of disturbance model

T, initial state

y(t) measured (position) output [m]
2(t) output (position) to be controlled [m]
A system matrix

A, system matrix of disturbance model

B input matrix

C output matrix

C, output matrix of disturbance model

C(s) feedback compensator transfer function

D throughput matrix

E observer transfer matrix

E, relative maximum positional error

F (input) force [N]
F(s) prefilter transfer function

G relative stability margin in s-plane

H(s) command response or closed-loop transfer function

I unit matrix

J inertia [kg - m?]
K proportional gain

L observer gain matrix

Ly observer gain matrix for disturbance model

Ly observer gain matrix for plant model

L(s) loop transfer function

Ly(s) nominal loop transfer function

My peak of the sensitivity function

P(s) plant transfer function

P(s,q) plant transfer function with physical parameter uncertainty

P, (s) nominal plant transfer function

Q Q-box

S(s) sensitivity function

S, (8) observer sensitivity function

Su(s) input sensitivity function

T torque [N - m]

T(s) complementary sensitivity function
T,(s) observer complementary sensitivity function
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C
D(jwa)
F

Fe (jwa)
VN (jwin)
7_(spec
N(jwi7Q)
@)

)

,PH] (S’Q)
B, (5Q)

R

Zpec

control system or feedback component
denominator template

feedforward component or prefilter
value set

template

frequency tolerance band
numerator template

disturbance observer

physical (electromechanical) plant
mixed uncertainty model
parametric plant family

reference path generator
thumbprint specification

set of waveform structured signals

absolute damping

lower-bound on frequency tolerance band
tameness factor

upper-bound on frequency tolerance band

performance constant for second-degree reference path
performance constant for third-degree reference path

phase margin

motor angle

frequency ratio

periodic ratio

derivative time constant

high-frequency roll-off time constant
integral time constant

i-th elementary waveform function
frequency

anti-resonance frequency

bandwidth

gain cross-over frequency

velocity loop quantity

upper limit of low-frequency disturbance
frequency of the peak of the sensitivity function
position loop quantity

resonance frequency

[rad]
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List of symbols and abbreviations

&
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N
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ke .
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[ WA

COM
FCM
PCB
PM

QFT

RA

frequency for observer poles [rad - s
relative damping

unstructured uncertainty

Laplace transform of #th elementary waveform function
frequency space

optimal dimensionless controller settings for position loop
optimal dimensionless controller settings for velocity loop

complex plane
imaginary part
real part

anti-resonance - resonance
center of mass

double integrator

Fast Component Mounter
non-minimum phase

Printed Circuit Board
Placement Module
Quantitative Feedback Theory
resonance

resonance - anti-resonance
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]_ Introduction

1.1 Products involving motion control

In modern society, an increasing number of products is in operation that relies on
automatic control of motion. This motion may be the primary function of the
product, such as in cruise control of cars, but more often it is a precondition for the
functionality of a product. This can be seen in consumer products such as compact-
disc players, videocassette recorders and cameras, as well as in professional
products such as assembly machines. These products all have moving parts that
require high-performance automatic control; see e.g. (Steinbuch and Norg, 1998).
When the functionality of a product relies on accurate motions, then motion
control is a crucial issue in the design of that product.

Global market developments show a continuous demand for new, cost-effective,
high-quality products. Simultaneously, the market fosters the need to develop these
products at a very rapid and accelerating pace. These trends have consequences for
the design of both products and production machines, because there is less time to
design and manufacture higher-quality products, at lower costs. Technological
advances and enhancement of the design process are required to fulfill these needs.

As an illustration we consider current developments in electronics. Technological
advances lead to larger variations in the size of electronic components and to
components with more pins. As a consequence, the requirements for assembly
machines for printed circuit boards (PCB’s) are changing. Assembly operations
must be performed more flexibly, faster and with higher accuracy. An example of
the current state of the art is the Fast Component Mounter (FCM) of Philips
(Philips, 2000). Flexibility is obtained by enabling in-flight component centering
and fault detection by means of a laser alignment system. This machine is capable
of placing 60,000 components per hour, under nominal conditions. The FCM
comprises a series of up to 16 servo-controlled pick-and-place robots, the so-called
Placement Modules or PM modules. In figure 1.1 a schematic diagram of the
motion in y-direction of the PM module is shown. A more elaborate description of
the FCM is given in appendix A.
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FIGURE 1.1  Schematic diagram of a placement module of the FCM

Control aspects within the integrated design of this type of electromechanical
motion systems are subject of this thesis. While focusing on the role these aspects
play or should play in the design process, support is developed to enhance the
design.

Section 1.2 describes the scope of research; topics that are discussed are control
engineering, mechatronic design, motion control in the mechatronic design process
and the use of design tools. In section 1.3 the aim of research is defined and section
1.4 finally gives an outline of the contents of this thesis.

1.2 Scope of research

1.2.1 Control engineering

From the desired functionality of a product, several tasks can be deduced for the
design of a technical (sub) system. The objective of control engineering is to obtain
a certain dynamic behavior that allows the system to actually perform these tasks
in an optimal way. In case of the PM module of an FCM, the functionality is to
mount electronic components on a PCB. The main task of this module can be
characterized as moving the pipette along the spindle from one position to another,
within a certain time and with certain accuracy (figure 1.1), i.e. to perform a point-
to-point motion.

Controlled systems are generally represented by a block diagram as in figure 1.2,
where the following elements can be distinguished:
- The plant P is the system to be controlled. It has inputs w, outputs z that
have to be controlled and measured outputs y.
- The reference path generator R produces a reference signal r that indicates
the desired behavior for the output z of P.
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- The control system C uses the reference signal r of R and measurement y of P
to generate a control signal u to manipulate the output z of P.

r
3>

R C —2%>» P >

FIGURE 1.2  Block diagram of a controlled system

Once the task has been determined and some knowledge about P is available, one
can start with the design of the control system. In case the designer lacks thorough
knowledge and experience of specific problems in this problem domain, two possible
design trajectories exist:

1. Short trajectory. A ready-for-use controller is applied, which is tuned for the
particular problem; see e.g. (Astrdm and Higglund, 1995).

2. Elaborate trajectory. A custom-made controller is obtained through an
iterative design process that involves problem specification, modeling,
identification, linearization, controller design, simulation, evaluation and
implementation.

The controller obtained by the short trajectory generally gives worse performance,
but the development time is relatively short. The elaborate trajectory can lead to
far better solutions, but only if the designer has the skills to gain a deep
understanding of the problem. The consequence for the design process is that the
elaborate design trajectory causes a longer development time. Not all designers will
have sufficient skills, therefore Graebe stated an open challenge in the field of high-
performance robust control, i.e. “decreasing the control engineering skills required
of a designer” (Graebe, 1999). From this perspective, we will take a closer look at
each of the individual steps in the elaborate trajectory:

Problem specification. The task for the (control) system often has to be
transformed into specifications that can be handled by available design methods.
Tasks are often indicated in space and time, e.g. the point-to-point motion for the
PM module of the FCM. A design method such as optimal control requires
specifications to be expressed in terms of an appropriate cost criterion. It is not
straightforward to find a criterion that will indeed be adequate for the task.

Modeling the plant. Controllers are generally designed on basis of a dynamic model
of the plant. Different analytical modeling techniques can be used for obtaining a
plant model, depending on the design stage, the design knowledge, the desired
model or the type of plant. Examples of techniques that are used for modeling
mechanical plants are finite element methods (Zienkiewicz, 1971; Cook, 1974) and
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multi-body systems (Wittenburg, 1977; Kane and Levinson, 1985; Jonker, 1988).
Bond graphs (Paynter, 1975; Cellier, 1991) are both a modeling technique as well
as a representation that is suited well for systems involving different physical
domains. Other useful representations are equations, block diagrams and iconic
diagrams.

Identification. In addition to analytical modeling, an analytical plant model can be
obtained or verified by experimental modeling. In this case a finite number of data
is extracted from the physical plant. Consecutively, several techniques are
available, in both time and frequency domain, to identify models from these data.
Identification techniques can also be used to estimate parameter values of the
analytical model on the basis of measured data (Soderstrom and Stoica, 1989;
Ljung, 1999).

Linearization and reduction. The resulting plant model often is too complex, i.e., it
may contain nonlinearities and higher-order terms that initially do not have to be
considered for control system design. To obtain a suitable plant model,
linearization (Kailath, 1980) can be applied and consecutively the resulting linear
model can be reduced to an appropriate order (Decoster and van Cauwenberghe,
1976a; Decoster and van Cauwenberghe, 1976b; Wortelboer, 1994). This allows the
application of analytical design methods for linear systems.

Controller design. Once specifications and a suitable plant model are obtained, the
actual design of the control system can start. There are many methods for control
system design (Levine, 1996). Which of the methods is preferable depends on the
specifications, the plant model and the knowledge and experience of the designer.

Simulation and evaluation. To predict the behavior of the controlled system,
simulations are performed with both the linear reduced-order model and with the
full-order, nonlinear model. Using simulation results, frequency responses and other
tools, the design of the controller is evaluated. Depending on the outcome,
iterations will take place or the controller will be implemented.

Implementation. Once the design of the controller has been evaluated successfully,
the control system can be implemented. In mechatronic systems the control system
is generally implemented as a computer algorithm.

Remark 1.1

The implementation of the controller in a computer results in the
interconnection of a continuous-time system with a discrete-time system. Due to
sampling and quantization, this may have consequences for the dynamic behavior
of the total system (Astrom and Wittenmark, 1997). However, in this thesis we
will only consider continuous-time controllers, which is justified when the
discrete-time controller is implemented appropriately.
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1.2.2 Mechatronic design

Before a new system is ready for production, decisions have been made on how the
system will function, what its components are, how its components will be
produced and assembled, and many more. These decisions are part of the design
process (Ullman, 1997). In the design process we distinguish the following steps:
1. User specifications. Give a rough description of the functions and properties
of the product.
2. Technical specifications. Translate the user specifications into quantified
technical terms and split up the overall functionality in subfunctions.
3. Conceptual design. Generate concepts that are to perform the different
subfunctions and make a selection based on rough evaluations.
4. Detailed design. Generate physical embodiments of the selected concepts and
make a rough selection, based on ample evaluation.
5. Fvaluation. Perform thorough analysis of the selected concepts and designs
and make a definitive solution.
6. Documentation. Make the complete documentation needed for the
manufacturer of the prototype.
7. a-test. Manufacture and test each subsystem.
. B-test. Assemble and test the complete system.

og)

De Vries (1994) proposed a model of designing, in order to explain the applicability
of design support on the basis of characteristic features of the design process and to
predict what kind of support would increase chances for successful completion of
the design process. Three characteristics of design were identified as crucial (De
Vries, 1994):

- design is context dependent.

- design problems are ill-structured and incomplete.

- design involves a time-constrained initiation of change.

Therefore, we will view design as a contextually situated evolutionary process. This
concerns the product being designed as well as the knowledge about the design
problem.

The design and development activities in the design process are related to the field
of systems engineering. This is not an engineering discipline in the same context as
for example electrical and mechanical engineering, but it can be considered as “a
process employed in the evolution from the point when a need is identified through
the production and/or construction and ultimate deployment of that system for
consumer use” (Blanchard and Fabrycky, 1990). This was recognized as essential in
product or system design, because the engineering specialists in the underlying
disciplines were not capable of considering the system as a whole. An important
characteristic of systems engineering is that an integrated approach is employed to
the design of the system as a whole. The purpose is to achieve a design that
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optimally uses the design freedom in all underlying disciplines. A desired
functionality can be implemented in one or another physical domain or an
imperfection in one part of the system can be compensated for by another part.

Generally, complex design problems are solved by separation into partial
subproblems. Hence, one uses the fact that complex problems, like designing, are
“ill-structured in the large, but well structured in the small” (Simon, 1973).
Complex ill-structured design problems are split into small well-structured
problems, to which local problems solvers are applied. However, the application of
an integrated design approach complicates the design process, as domain specific
subproblems should be solved by taking into account the consequences of a solution
in other domains or by finding alternative solutions in other domains (figure 1.3).
As these choices may have major consequences for the design, it is wise to make
these choices early in the design process. Therefore, “the conceptual design task is
of crucial importance when using an integrated problem solving approach” (De
Vries, 1994).

domain 3
ill-structured
problem

domain 1

consequences
other domains

domain 2 - ¢

well-structured|
problem

local
problem solver

i

FIGURE 1.3 Schematic structure of solving ill-structured problems
(adapted from (Simon, 1973))

In this thesis, the design of controlled electromechanical systems is considered. The
application of an integrated approach to this multidisciplinary field is referred to as
mechatronics. Mechatronics is defined in various ways; two useful definitions are:

Definition 1.1a Mechatronics

Mechatronics is a technology which combines mechanics with electronics and
information technology to form both functional interaction and spatial
integration in components, modules, products and systems (Buur, 1990).
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Definition 1.1b Mechatronics

Mechatronics is a synergistic combination of precision mechanical engineering,
electronic control and systems thinking in the design of products and
manufacturing processes (IRDAC, 1986).

The first definition stresses the fact that mechatronics considers functional
interaction and spatial integration of subsystems. The second definition indicates
that mechatronics is not a conventional engineering discipline or a technology, but
a design approach. A more restrictive description, which is however suitable for our
present concerns, is that “mechatronics encompasses the knowledge base and the
technologies required for the flexible generation of controlled motion” (Van Brussel,
1996).

Mechatronics considers the design of controlled electromechanical systems as a
whole, instead of a subsequent design of domain specific subsystems. Classical
design patterns started with the design of the mechanical subsystem, followed by
the design of electronics and finally the design of the controller. In order to obtain
functional interaction and spatial integration, subsystem designs need to overlap,
and hence simultaneous involvement of several disciplines needs to be realized in a
coordinated way. Or, as Isermann (1996) states: “simultaneous engineering has to
take place”. The design process of controlled electromechanical systems with a
mechatronic design approach is therefore generally more complex, but leads to
systems with a superior price-performance ratio. Other credits that are claimed by
mechatronic design are that it leads to more flexibility, higher performance, higher
reliability and that it often opens up a new dimension to the product’s operation
(Hewit and Bouazza-Marouf, 1996). The application of mechatronics can even lead
to the design of products that would have been impossible without this
interdisciplinary and synergistic approach (Van Amerongen, 1998).

The complexity of today’s products is often such that generally a team of people
from diverse areas of expertise is required to transform an idea into a product
(Ullman, 1997). Mechatronic design is teamwork; the specialists from the
underlying disciplines that work in this design team must have the ability to look
beyond the design problem within their own field, in order to profit from the
advantages of mechatronics design.

1.2.3 Motion control in the mechatronic design process

This research is focused on a particular class of mechatronic systems:

Definition 1.2 Electromechanical motion system

An electromechanical motion system is an electrically actuated mechanical plant
that requires the control of the position of the end-effector (figure 1.4).
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electromechanical plant P

reference path
generator R

actuator transmission, end-effector

FIGURE 1.4  Electromechanical motion system

Characteristics of this class are that a path generator indicates a reference path for
the end-effector. The actuator drives the end-effector through a transmission. The
controller processes information from the (position) sensors that are generally
located at the actuator and/or the end-effector, such that the desired behavior of
the position of the end-effector is obtained.

Within this restricted class of electromechanical motion systems, we define motion
control in a mechatronics sense:

Definition 1.3 Motion Control

Motion control is that part of the mechatronic design process that is concerned
with the design and implementation of the control system C and the reference
path generator R for the position of the end-effector of electromechanical motion
systems.

Control engineering, as one of the underlying disciplines of mechatronics, is
concerned with the improvement of the dynamic behavior of complex technical
systems conform the requirements. It is directed towards synthesis, using methods,
techniques and tools from systems engineering and several other disciplines. Control
theory is concerned with obtaining fundamental knowledge, by taking an abstract
perspective, such that it provides a profound mathematical basis for practical
application.

McClamroch (1998) assessed the conflict between the abstract perspective of
control theory and the application perspective of control engineering: “The former
views a control system in terms of abstract input-output equations or state
equations and poses control questions in abstract terms. The latter takes a more
concrete view and attempts to make use of the special physical features of such
systems, both in forming control problems and in designing controllers. The control
design approach associated with the former view attempts to formulate a standard
mathematical problem that captures the important control design objectives. The
latter view makes use of prior knowledge and experience with similar operational
control systems together with extensive trail and error; moreover it often views
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control design as only a part of the larger issue of system design.” The last
statement corresponds with our view of mechatronic control system design.

In (Astrom and Wittenmark, 1997) this conflict is described as “reconcile the large-
scale, fuzzy, real problem with the simple well-defined problems that control theory
can handle”. This problem can be found in many engineering disciplines, but
“control engineering is a field where a comparatively sophisticated theory is needed
to understand problems” (Astrém and Wittenmark, 1997).

The best approach is an integration of both perspectives. The abstract perspective
of control theory offers many formalisms, methods and techniques for solving
general (complex) control problems, while the physics-based application perspective
of control engineering can exploit the context of the total system. McClamroch
(1998) asserts that more attention needs to be given to achieving true integration
of both perspectives.

When we want to achieve this integration of perspectives, a deep understanding of
the practical design problem is required, in order to formulate the problem in
abstract terms that control theory can handle. This deep understanding is also
required to fully exploit the advantages of mechatronic design. Therefore, the
elaborate trajectory for control system design has to be followed (section 1.2.1).
Ideally, this is done during the design of the overall system, i.e. during mechatronic
design. However, this trajectory can also be followed to improve the performance
and robustness properties of an existing electromechanical system.

1.2.4 Design tools

The rapid technological developments and the continuing need for reduced time-to-
market of new products demand more and more advanced design tools. Design
tools are instruments that support parts of the design process and may exist in the
form of methods, techniques and software. Successful application of mechatronic
control system design requires proper design tools to handle complexity and to
support the elaborate design trajectory.

Control theory provides a wide variety of methods for the design of controllers.
Most of these methods are developed from a mathematical perspective and consider
the plant as unalterable. Examples of these design methods are optimal control
(Anderson and Moore, 1971; Kwakernaak and Sivan, 1972), Quantitative Feedback
Theory (Horowitz, 1982; D'Azzo and Houpis, 1995; Houpis and Rasmussen, 1999)
and H control theory (Doyle et al., 1989; Kwakernaak, 1993; Zhou et al., 1996).

There are only a few methods for the design of controllers for electromechanical
motion systems that do look upon the design problem from a mechatronic
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perspective. These methods simultaneously consider the design of the controller and
the plant. Examples can be found in (Groenhuis, 1991; Rankers, 1997; Koster et al.,
1999). However, these methods do not consider all aspects of control system design
and are generally not sufficient on their own to obtain high performance.

For the design of modern control systems, the use of computer tools is
indispensable. Such tools facilitate (automated) manipulations of the proposed
design, allow to record and browse through relevant knowledge and experience, and
document the process (Van Amerongen et al., 2000). In the control community,
Matlab and Simulink (MathWorks, 2000) are widespread tools for modeling,
controller design, identification and controller realization. These tools do not
provide specific support for problems of mechatronic control system design.
“Because mechatronic design is a relatively young area, the level of support is
below that of the individual domains that can be found in mechatronic systems”
(Breunese, 1996).

It is our belief that design tools that are currently available can be enhanced to
better support mechatronic design of control systems for electromechanical motion
systems.

1.3 Problem statement and approach

Section 1.1 signaled an increasing need for electromechanical motion systems with
higher performance and good reliability that are developed within shorter time.
These demands can be partially met by the application of a mechatronic design
approach, but at the cost of a more complex design process (section 1.2.2). Within
this design process more attention needs to be given to achieving true integration of
the abstract perspective of control theory and the physics-based application
perspective of control engineering; moreover, the design of the control system
should be considered as a part of the design of the system as a whole (section
1.2.3). To fully exploit the advantages of mechatronic design and of integration of
perspectives, an elaborate and complex trajectory for the design of a control system
has to be followed to obtain a deep understanding of the design problem (section
1.2.1 and 1.2.3). These requirements confirm the need for enhancement of existing
design tools, in order to better support the design of control systems for
electromechanical motion systems (section 1.2.4).

By contemplating the issues mentioned above, we define the aim of this research as:
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Aim of Research

Enhance (mechatronic) design of control systems for electromechanical motion
systems, such that insight in the design problem is obtained more easily, the
control engineering skills required of the designer decrease and performance and
robustness properties of the final design improve. As a result, the required
development time should decrease.

Figure 1.5 reflects the design paradox of Ullman (1997) and visualizes our aim of
research. Design enhancement should increase the amount of knowledge about the
design problem early in the design process, when there is still considerable design
freedom. Consequently, better founded design decisions can be made and the
development time decreases.

100 ¢
present situation
80 r I
Knowledge about aimed situation
R the design problem
+= ()0 [
S
= 40 |
<
20 Design
Sfreedom

Time into design process

FIGURE 1.5 Objectives of design enhancement

From the model of designing De Vries (1994) identified three ways to enhance
designing:
1. formalize design knowledge.
2. automate activities on the basis of formalized design knowledge.
3. incorporate formalized knowledge and automated activities in computer-based
systems that are helpful in design practice.

We will use this approach in order to reach our aim of research. We will address
two distinct stages in the design process, i.e. conceptual design and detailed design,
as these stages concern design problems with different characteristics, designers
work in different ways and different kinds of design support are required. In order
to evaluate the (automated) design enhancement, we will consider the design of a
control system for the PM module of the FCM as a practical application.
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1.4 Outline of thesis

In chapter 2 we will address conceptual design. First, we shortly describe the
specific problems in this design stage. Standard situations will be classified in
different forms. An existing design method, appropriate for a restricted class of
systems, is modified such that it is applicable to other classes as well. Finally, the
modified design method is used to develop computer-based support, which includes
design automatons for model simplification and model reduction.

In chapter 3 a framework for the detailed design of motion controllers is proposed.
This framework will guide the designer from the conceptual design towards a final
design in a structured way. Gradually, more disturbances, uncertainties and
nonlinearities are incorporated in the plant model while the control system is
extended with appropriate functionality. For the control system we use a standard
configuration that contains a reference path generator, a feedback component, a
feedforward component and a disturbance observer. Computer support for detailed
design is provided as a 20-sim library (Controllab Products, 2000) containing
standard templates and components for control system design.

During detailed design, one may have to deal with physically motivated plant
models that contain uncertain physical parameters. In chapter 4 we argue that
Quantitative Feedback Theory (Horowitz, 1982) is an appropriate controller design
method in these situations. However, before being able to apply QFT, the designer
has to construct uncertainty regions in the Nichols chart (templates) and has to
convert time-domain specifications into the frequency domain. These are not
straightforward tasks. In chapter 4 we will review several template construction
methods and we will formulate a procedure to convert the specifications. The result
will be an automated design tool, which uses 20-sim (Controllab Products, 2000)
and the Matlab QFT toolbox (Borghesani et al., 1994), that supports the design of
a control system, given time-domain performance specifications and a plant model
with uncertain physical parameters.

Chapter 5 discusses the practical application of the proposed design enhancement.
We present a design of the control system of the PM module of the FCM, which
has been introduced in this chapter.

In chapter 6 the design enhancement and experimental results are discussed.
Finally the conclusions are drawn.
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2.1 Introduction

In section 1.2.2, we indicated that the conceptual design stage is crucial during
mechatronic design of electromechanical motion systems, as the functional
interaction over problem domains and the spatial integration of subsystems are best
determined early in the design process. When we reconsider typical choices made
by the designers of the FCM, we see that they have not chosen for a machine that
employs a single high-performance pick-and-place robot with a working area
corresponding to the maximum dimensions of a PCB. Rather, a machine with
multiple pick-and-place modules was designed that operates on a narrow strip of
the surface of a PCB at a relatively low speed. This minimizes wear and assures
that positioning accuracy can be attained more easily. This choice is typical for the
conceptual design stage and it has major consequences for the remainder of the
design process, including the design of the control system.

We define the conceptual design problem of controlled electromechanical motion
systems as:

Definition 2.1 Conceptual design problem

Obtain a feasible design for the path generator, control system and
electromechanical plant with appropriate sensor locations, in an integrated way.

When we want to achieve this aim, we encounter two major difficulties: control
theory requires definitive specifications and a definitive model of the
electromechanical plant, although both are not available. We will provide a
solution to these problems by formalizing design knowledge in four steps:

1. Formulate time-domain task specifications.

2. Classify standard electromechanical plants.

3. Characterize plant dynamics.

4. Characterize closed-loop dynamics.
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Before we address these steps, we consider plant models that are typically used
during conceptual design. According to Oelen (1995) these models should:

- be simple and of low order;

- have a small number of parameters,

such that the model of the controlled system provides:
- reliable estimates of the dominant dynamic behavior;
- reliable estimates of the attainable bandwidth of the controlled system.

Plant models should preferably be linear, unless their principle of operation
depends on their nonlinearity. The advantage of these simple models is that these
can be more easily interpreted by the designer and, additionally, plant properties
can more easily be related to properties of other subsystems. Rankers (1997) states
that “if simulations, based on an elementary model of the product, show that the
specifications are not met, then chances are extremely small that the final product
will perform according to specifications”.

The class of electromechanical motion systems (definition 1.2) considered here
requires positioning of an end-effector. The simplest representation of the dynamic
behavior of these systems is a second-order model, i.e. a moving mass with an
applied force (figure 2.1a). When we also incorporate the fact that the plant has
limited stiffness and we consider a lumped parameter approach, then we obtain a
fourth-order model that takes into account the dominant compliance, e.g. figure
2.1b.
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FIGURE 2.1  Iconic diagram of common plant models
a) moving-mass system
b) mass-spring-mass system

Definition 2.2 Fourth-order model

A fourth-order model is a lumped parameter representation of the dominant
dynamic behavior of electromechanical motion systems, in which only the rigid-
body mode and the lowest mode of vibration are taken into account.

The mass-spring-mass system with an applied force of figure 2.1b indicates a
common fourth-order model. In section 2.2.2 an overview will be given of all
standard fourth-order models within the class of electromechanical motion systems.
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Statement 2.1 The use of fourth-order plant models

For conceptual design of controllers for electromechanical motion systems,
fourth-order plant models are most suited, as these models are simple and of low
order, have a small number of parameters, and yet competently describe the
performance-limiting factor. Therefore, they are a good basis to provide reliable
estimates of the dominant dynamic behavior and the attainable closed-loop
bandwidth.

During model building, one generally comes up with a plant model that is not a
standard fourth-order model. It will consist of interconnected component models,
such as models of actuators, transmissions and guidances. As a result, the plant
model will be of higher order and it will contain transmission ratios and therefore
many parameters. This can be seen in the plant model of the PM module of the
FCM. This model is built from several component models, as shown in the bond
graph model of figure 2.2. The component models of the transmission (belt drive)
and the spindle have a finite stiffness and include a transmission ratio. The model
of the frame contains a finite stiffness as well, thus the plant model has an order
higher than four, contains two transmissions and many parameters (refer chapter
5).

T

—> (actuator

—L— Gransmission) —2— ( spindle 3

FIGURE 2.2  Bond graph model of the placement module

If possible, this model has to be converted to a standard fourth-order model, since
we are only interested in the rigid-body mode and the lowest mode of vibration.
Therefore, model simplification and model reduction techniques have to be applied.
Model simplification will simplify the representation of the model without changing
the contents of the underlying mathematical descriptions. Typical actions that are
performed during simplification are the removal of dependent elements and the
application of transformation rules. Model reduction techniques will change both
the representation and the contents of the plant models. A typical action is the
removal of higher-order effects. When a plant can be represented by a fourth-order
model, then application of model simplification and reduction techniques should
result in a plant model in a standard form. The parameters in this transformed
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model should be a combination of the parameters of the original model, in order to
be able to relate the results of the design methods to the initial plant model.

Statement 2.2 Model simplification and reduction

During conceptual design, model simplification and model reduction techniques
should preserve the relations between the parameters of the transformed model
and the parameters of the original model, in order to relate individual
component characteristics to the dominant plant behavior and vice versa.

When a fourth-order model competently represents a plant, the controlled system
can be designed in an integrated way. ILe., the interaction between the control
system, the electromechanical plant and the path generator can be taken into
account explicitly during the design process. An example of a method featuring
this, referred to as the assessment method, has been developed by Groenhuis (1991).

plant design motion
proposal specification
plant

modeling

linear lumped
,,,,,, parameter
plant model

simplification

|

reduction

Mass-spring-mass PD-type control ,
model path generator

A\

assessment
method

performance assessment,
,,,,,,,,,,,,,,,,,,,, » recommended parameter
values

FIGURE 2.3  Conceptual design procedure
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In figure 2.3 the overall procedure for conceptual design of electromechanical
motion systems, according to the assessment method, is indicated. The problems in
this design procedure, which will be addressed in this chapter, are that:
- the assessment method of Groenhuis (1991) is only applicable for one class of
fourth-order electromechanical motion systems;
- the design steps simplification, model reduction and assessment are laborious,
error prone and time consuming.

Therefore, in this chapter we present:
- a generalization of the assessment method;
- an (automated) algorithm for model simplification;
- an (automated) algorithm for model reduction;
- computer-based support for performance assessment,

whereby extending and enhancing the design procedure of figure 2.3.

The classification of standard electromechanical plants and characterization of
plant dynamics are described in section 2.2. Section 2.3 describes a generalization of
the assessment method and a characterization of closed-loop dynamics, such that
the assessment method can be applied to all standard plants. In literature, several
techniques for model simplification and model reduction have been described.
However, most do not comply with statement 2.2 or are not described in a way
suited for automation. In section 2.4 and 2.5 algorithms for respectively automated
model simplification and automated model reduction are formulated that do fulfill
these requirements. Section 2.6 discusses the development of a computer tool to
support the assessment method. Finally, in section 2.7 the conclusions are
presented.

This chapter is an extended and revised version of previous publications: (Coelingh
et al., 1997b), (Coelingh et al., 1997c), (Coelingh et al., 1998) and (Van Amerongen
et al., 2000).

2.2 Fourth-order plant models

2.2.1 Basic characteristics of fourth-order transfer functions

When designing control systems on the basis of a fourth-order plant model, we
consider the plant transfer functions from the input force F to both the measured
position y, which is used for feedback, and to the position to be controlled z. In the
moving mass model of figure 2.1a the position to be controlled is identical to the
measured position. In the fourth-order model of figure 2.1b two positions z, and ,,
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and their corresponding velocities, can be measured and fed back. Depending on
which position is measured (y = z; or y = ), a different plant transfer function
P(s) will result. The denominator polynomial of the transfer function P(s), i.e. the
characteristic polynomial, is always the same for a particular dynamic system. The
numerator polynomial in the different transfer functions depends on which position
is considered. In (Miu, 1991) it is described how the numerator of a transfer
function of a control systems with mechanical flexibilities depends on the location
of the actuator and the sensor. In this section, we will discuss five types of transfer
functions at an abstract level. These five types characterize all transfer functions of
standard fourth-order models. This characterization originates from (Koster et al.,
1999) and (Rankers, 1997), but here a different notation is used (Van Dijk, 1999)
and an additional transfer function type is included. The transfer function P(s) is
the transfer function from the input force (u = F) to a position (z; or z,) in which
mechanical damping is neglected. In general, damping does not dominate the
dynamics of the mechanism and it unnecessarily complicates the considerations
that follow here.

Remark 2.1

During conceptual design of control systems, we do not explicitly consider the
influence of friction. Mechanical friction is difficult to estimate and highly
nonlinear (Armstrong-Hélouvry et al., 1994); it should preferably be minimized
by means of proper mechanical design. In any way, it will usually be impossible
to anticipate friction characteristics of a plant during the conceptual design
stage.

Miu (1993) shows how a zero pair moves along the imaginary axis for different
locations of the sensor. We will use this phenomenon, which is referred to as
migration of zeros, to characterize different types of plant transfer functions. We
consider the location of the complex conjugate zero pair in the s-plane with respect
to the complex conjugate pole pair. We will refer to these pairs as the anti-
resonance frequency respectively the resonance frequency of a plant transfer
function.

Type AR: Anti-resonance - Resonance
The type AR transfer function is:

1 2 +wh WP
PAR(S) =" 2—1; . —;, Wy < Wy (21)

where the mass m is the total mass to be moved, w,, is the anti-resonance frequency
and w, is the resonance frequency. The Bode diagram and the pole-zero map in the
splane are shown in figure 2.4. Note that the anti-resonance frequency of a type
AR transfer function is smaller than the resonance frequency; i.e. the zero pair,
located on the imaginary axis, is closer to the origin than the pole pair.
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FIGURE 2.4  Bode diagram and pole-zero map of a type AR transfer function

The low-frequency behavior (LF) resembles that of a double integrator:

1

wi? 2

Pg (Jwp =

with a slope —40 dB per decade and a phase of —z radians. In the middle-
frequency (MF) region, i.e. frequencies between the anti-resonance and resonance
frequency, the system behaves like a constant gain:
N2
1
(Jw) (2.3)

P, . (jw) ~ =
AR MF 9 9 2
m(jw) wy  Mmwy

This also means that at the anti-resonance frequency, the phase shifts from —7 to 0
radians. For frequencies larger than the resonance frequency, we see the high-
frequency behavior (HF):

Gored __u o

Pir (JW)gr =~ 5

m(jw) (ol of  m(w) o
The amplitude characteristic for higher frequencies rolls off with a slope of —40 dB
per decade and the phase shifts back to — 7 radians.

Type D: Double integrator
The type D transfer function is given by (2.1) with w, = w,, such that it can be
rewritten as:

H(8) = — (2.5)

where m is the total mass to be moved. It seems that we actually have to do with a
second-order transfer function that physically is related to a mass with an applied
force. However, the denominator polynomial is of second order because the
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numerator polynomial apparently has two roots that are identical to two roots of
the denominator polynomial, i.e., pole-zero cancellation occurs. This can be clearly
seen in the pole-zero map of figure 2.5. The corresponding Bode diagram shows a
constant slope of —40 dB per decade, while the phase is — 7 radians.
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FIGURE 2.5  Bode diagram and pole-zero map of a type D transfer function

Type RA: Resonance - Anti-resonance

This type is comparable to the type AR transfer function, but differs because for
the type RA system the resonance frequency is smaller than the anti-resonance
frequency. The transfer function of a type RA transfer function is:

(S) =— 5 — War > Wy (26)

In the s-plane this type is characterized by a zero pair on the imaginary axis that is
located further away from the origin than the resonance pole pair. The Bode
diagram and the pole-zero map are shown in figure 2.6.
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FICURE 2.6  Bode diagram and pole-zero map of a type RA transfer function
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The low-frequency behavior of this transfer function can be approximated by:

1

P jw N —
RA(-] )LF m(jw)2

(2.7)

with a slope of —40 dB per decade and a phase of —7 radians. The middle-
frequency behavior, between the resonance and anti-resonance frequency, is

characterized by:

Wy

P Wy ¥ ——————
e S G

(2.8)

The slope is now —80 dB per decade and the phase shifts to —2x radians. The
high-frequency behavior follows from:

. (jw)’ oy W
Poa (Gw)ap ~ ; ; = ; (2.9)
A mjw) (o) of  m(jw) wh
where the phase shifts back to — 7 radians.
Type R: Resonance
The type R transfer function is:
1 w?
P.(s)=— —— 2.10
R( ) ms® s° + wf ( )

This transfer function type has no zero pair (or rather, a zero pair at a frequency
outside the frequency range of interest) and thus no anti-resonance frequency. The
Bode diagram and corresponding pole-zero map are shown in figure 2.7.
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FIGURE 2.7  Bode diagram and pole-zero map of a type R transfer function

For the lower frequencies (LF), much smaller than w,, this system behaves like a
double integrator:
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. 1

with a phase equal to —7 radians. At the resonance frequency w, the response will
go to infinity and the phase will rapidly change to —2 radians. For frequencies
higher than the resonance frequency (HF) the amplitude characteristic rolls off with
a slope of —80 dB per decade:

w?
Py (jw)gr =~ W (2.12)

Type N: Non-minimum phase
The transfer function of a type N system is:

1 82 —w? w?
P.(s) = . & .= 2.13
N( ) ms®  §* + w? —wgr ( )

This type is characterized by a zero at s = + w,, (figure 2.8). Because of the zero in
the right-half plane this type is referred to as non-minimum phase. The Bode
diagram is also shown in figure 2.8.
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FIGURE 2.8  Bode diagram and pole-zero map of a type N transfer function

For lower frequencies (LF), i.e. below w,, this system behaves like a double

integrator:

1
P, (jw N — 2.14
N (Jw)Lp m(jw )2 ( )
with a phase equal to —7 radians. At the resonance frequency w, the phase will
change to —27 radians. For frequencies above the resonance frequency (HF) the
amplitude characteristic rolls off with a slope of —40 dB per decade:
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1 w?

2

—— (2.15)

Py (jw)gr =~

Depending on the relative size of w, and w,, three different situations can occur:
- When w, is smaller than w,,, the high-frequency asymptote is located below
the low-frequency asymptote, as in figure 2.8.
- When w, equals w,, the high-frequency asymptote equals the low-frequency
asymptote.
- When w, is larger than w,,,
low-frequency asymptote.

the high-frequency asymptote is located above the

2.2.2 Classes of electromechanical motion systems

The basic transfer functions listed above can be used to describe four classes of
electromechanical motion systems. The plant models describing these classes are
referred to as standard (fourth-order) plant models. The classes are characterized by
the mechanical subsystem that contains the dominant stiffness. We distinguish
(Koster et al., 1999):

1. The flexible mechanism

2. The flexible frame

3. The flexible actuator suspension

4. The flexible guidance

We will indicate how the dynamic behavior of these systems is described by the
basic transfer functions. For each class, more than one transfer function can be
obtained, depending on the location of the sensor. Note that for a particular plant,
the denominator, and therefore the resonance frequency w,, as well as the total
mass to be moved m, are unique. The anti-resonance frequency w,, varies with the
location of the sensor.

The flexible mechanism
When the dominant stiffness ¢ is located in the mechanism, the system can be
described by the mass-spring-mass model of figure 2.9.
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FIGURE 2.9  Iconic diagram a) and bond graph b) of the flexible mechanism
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The input force (v = F) acts on the motor mass m, at position z,. The position of
the end-effector mass m, is z;, which is also the position to be controlled z. When
we measure the position of the actuator (y = x,), we obtain a transfer function of
type AR. The parameters in this transfer function are the total mass m, the anti-
resonance frequency w,, and the resonance frequency w,. The expressions for these
parameters, in case of a flexible mechanism, are:

m = m, +m, (2.16)
c
= |= 217
e = o (217)
W= |—+ = (2.18)
my My

The transfer function from the input force to the position of the end-effector (y =
7,) is of type R. The expressions for the relevant parameters are as in (2.16) and
(2.18).

The flexible frame

The model of figure 2.10 describes the situation where the dominant stiffness c¢ is
located in the supporting frame. The mass of the frame is m, at position z,. The
mass m, is a rigid body containing, amongst others, the mass of the actuator and
the end-effector. The position of this rigid body z; is the position to be controlled z.
This position can be measured with respect to the frame or with respect to the
fixed world, resulting in a different type of transfer function.
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FIGURE 2.10  Iconic diagram a) and bond graph b) of the flexible frame

The transfer function from the input force (u = F) to the position measurement
with respect to the frame (y = x,—x,) is of type AR. The expression for the
parameters m, w, and w, of the type AR transfer function, in case of the flexible

frame, are:

m = m, (2.19)
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Wy = [|—— (2.20)
m; +m,

w = |— (2.21)

When the end-effector position is measured with respect to the fixed world (y = ),
we obtain a transfer function of type D. The single parameter in this transfer
function is m (2.19). The resonance frequency w, is cancelled by an anti-resonance
frequency of equal magnitude, according to (2.21).

The flexible actuator suspension

The model of figure 2.11 represents a system consisting of a rotating actuator with
a transmission that is contained in a flexible suspension. Linear movements of the
end-effector m, are a combination of movements due to actuator rotations and
suspension vibrations. The actuator, with an applied torque 7, has an inertia J.
Together with the transmission ¢ it is placed in a suspension with mass m, and
stiffness c¢. The velocity of the end-effector m, is the addition of the velocity of the
suspension and the transformed angular velocity of the actuator. In figure 2.11 it is
shown how the torque 7T, the actuator position ¢ and the actuator inertia J have
been transformed.
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FIGURE 2.11  Iconic diagram a) and bond graph b) of the flexible suspension
The transfer function from the input force (u = T/%) to the position of the actuator

(y = ip) is of type AR. The expressions for parameters in the type AR transfer
function of the flexible actuator suspension are:

m = iZ +m, (2.22)
i
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R L — (2.23)
m; +m,

y _\/ (J+i2m1)c

J (m1 + m, ) + i2m1m2

(2.24)

When the position of the end-effector is measured (y = z;), a type RA transfer
function is obtained. The expression for the anti-resonance frequency w,, is:

C
w = — 2.25
wdr m2 ( )

Remark 2.2

In (Miu, 1991) a physical interpretation of transfer function zeros for simple
control systems with mechanical flexibilities is described. It is shown that
whereas the poles are the resonances of a flexible structure, the zeros are the
resonances of a constrained substructure. In case of the flerible mechanism,
flexible frame and flexible suspension, the anti-resonance frequency can be looked
upon as the resonance frequency of the system in case the actuator is blocked,
i.e. constrained.

The flexible guidance

The final class is characterized by a flexibility in the guiding system. In figure 2.12
the dynamics of this class are illustrated. Due to an input force (u =F) the mass m
will move in the z-direction. Additionally, F' will excite a rocking mode around the
center of mass (COM), due to the flexibility c¢. The inertia of the guided system is
denoted by J.

Lm
F' . F
a 7 Ty
f m /_\1 J Ta'x 1
COM | L L
BFS.——0 0——1
¢ ¢ | o I
TF 1 TF
ar / \ —(ix
[0} 0]
< b . b e I.J

a) b)
FIGURE 2.12  Sketch a) and bond graph model b) of the flexible guidance
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The type of transfer function from the input force (v = F) to the measured position
(y = z) depends on geometrical properties: the distances ¢; and a,. The expressions
for parameters in the transfer function are:

k
R [ — 2.2
War \ J + maa (2.26)
k
= = 2.27
L @)

where,

k= 2ch? (2.28)

We can distinguish five situations:

1. When F and 2z are at the same side of the COM (a, > 0 and
a > 0 or a, < 0 and @ < 0) we obtain a type AR transfer function, because
Wy < Wy

2. When either F or z are exactly located at the COM (a, = 0 or a; = 0), we
obtain a type D transfer function, as w,, equals w,. Note that a, = 0 or a; = 0
are two different situations, where the rocking mode of the plant is
unobservable respectively uncontrollable.

3. When F and z are at different sides of the COM (a, > 0 and a; < 0) or (a, <
0 and ¢ > 0) we obtain a type RA transfer function, under the condition that
J+ ma,a > 0.

4. When F and z are at different sides of the COM and J + m a, ¢, = 0 we
obtain an R type transfer function, as w,, is located at infinity.

5. When F and z are at different sides of the COM and J + m a, a; < 0 we
obtain an N type transfer function, as w,, is complex.

2.3 Assessment method

In (Groenhuis, 1991) as well as in (Koster et al., 1999) formalized design knowledge
has been described for the design of electromechanical transient systems, for which
the dominant stiffness is located in the mechanism, i.e. figure 2.9. A design
procedure has been formulated that aims for the minimization of the positional
error of the end-effector after a change in the reference path (point-to-point
motion). The plant model is fourth order, but only two states are measured for
control, i.e. a position and a velocity, such that only the rigid-body mode of the
plant is controlled. The design procedure can be applied in several ways, thus
advocating a true mechatronic design approach. An advantage of this method is
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that little information about the plant is needed, while a reliable estimation of the
worst case performance can be obtained. We will extend this method such that it is
applicable to all classes of electromechanical motion systems presented in section
2.2.2. Therefore, we will first determine the dimensionless parameters that allow us
to describe general plant transfer functions independent of particular problem
settings. A similar approach has been presented in (Astrbm et al., 1992) for process
control. Next, closed-loop characteristics are classified and optimal dimensionless
controller settings are obtained, as well as relations between dominant plant
characteristics, performance and reference path characteristics. Finally, the
assessment method is described in the form of a design procedure.

2.3.1 Dimensionless parameters and closed-loop characteristics

Before we can consider the closed-loop transfer function, we have to make a choice
for the control system C. We have chosen a PD-type control system that
implements a proportional action k, on a positional error and a proportional action
k, on a measured velocity v. The positional error is obtained as the difference
between a measured position y and the reference path r. The variable to be
controlled is the position of the end-effector 2. This general closed-loop transient
system is shown in figure 2.13.

FIGURE 2.13  General closed-loop transient system

Remark 2.3

The basic characterization of fourth-order transfer functions of section 2.2.1
holds for transfer functions from input force to position. This characterization
can also be applied to transfer functions from input force to wvelocity, when the
term s° in the denominator is replaced by the term s.

Remark 2.4

For each class of electromechanical motion systems a position and velocity can
be measured at either the end-effector or the actuator, possibly with respect to
the frame. Alternatively, the designer can opt for measuring the position of the
end-effector and the velocity of the actuator.



2.8 Assessment method 29

We will introduce some (dimensionless) quantities that allow us to draw general
conclusions for controlled fourth-order systems. First we define two loop quantities:
the position loop quantity w,and the velocity loop quantity wg:

k
Wy = 4|2 (2.29)
m
k
wy = Ed (2.30)

where m is the total mass to be moved.

An important dimensionless quantity, which is related to the plant, is the frequency
ratio p:

2
war
— | Xar 2.31
p=[2) (231)
This ratio relates the resonance frequency of a plant to the anti-resonance
frequency.

So far, the plant transfer functions have been described without mechanical
damping, as damping is not of importance for conceptual design of the controlled
system. However, during the simulations we will implicitly use a small amount of
damping. The polynomials of the basic fourth-order transfer functions consist of a
combination of the terms, of which the following will be extended with an amount
of damping, as shown here:

5 — s(s+ )
s2 4+ w? — $2 4+ 2¢, w5 + w?

2 2 2 2
S + war - S + 2Carwar3 + wal‘

The dimensionless controller settings €, and (), relate the loop quantities w, and wy
to the anti-resonance frequency of the plant. These settings can be considered the
dimensionless versions of the proportional actions &, and £,.

Wy (2.32)

wy = Q- wy (2.33)

The reference path is assumed to be a smooth spline function. The smoothness is
determined by a degree. If the reference path is of degree 2, it involves two pieces
of second-order polynomials. If it is of degree 3, it involves three pieces of third-
order polynomials. The reference path specifies, in terms of the position of the end-
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effector, a distance h,, that has to be covered within a motion time ¢,. The control
goal is to guarantee an upper bound e, on the absolute value of the positional error
of the end-effector after the reference path has reached the end point ( figure 2.14).

2 : Il
= |y typical
& responses
2 ! 2¢f
o
L
w
tm
time [s]

FIGURE 2.14  Reference path and typical responses

The maximum relative positional error FE, is defined as the ratio between the
positional error ¢, and the motion distance h,:

B =5

A crucial dimensionless quantity is the periodic ratio 7 that relates the anti-
resonance frequency of the plant and the motion time #:

27

war tHl

(2.35)

T =

We will now discuss the closed-loop transfer functions H(s), i.e. the transfer
functions from the reference path r to the measured position y, when using a
control system as in figure 2.13. The transfer function H(s) is also referred to as the
command response. We use the classification of plant models and plant transfer
functions discussed in the previous section, as well as the dimensionless quantities
introduced above. So far we obtained:

- a classification into four electromechanical motion systems.

- a characterization of five plant transfer functions, i.e. transfer function types.

For each class a minimum of three sensor combinations and thus three closed-loop
configurations are relevant:
1. position and velocity measurement at the actuator;
2. position and velocity measurement at the end-effector;
3. position measurement at the end-effector and velocity measurement at the
actuator.
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where position and velocity may be measured with respect to the fixed world or
another reference, e.g. the machine frame. The dimensionless quantities are used to
characterize these closed-loop dynamics in general terms. When we combine this
with the transfer function types (section 2.2.1), we can describe closed-loop
dynamics in general terms, independent of a particular class (section 2.2.2). We will
refer to these closed-loop transfer functions as concepts.

Concept AR: Anti-resonance - Resonance

When both the open-loop transfer function from input force F to the measured
position y and to the measured velocity v are characterized by type AR, then the
closed-loop transfer function is called concept AR. This concept is applicable when
the actuator position and velocity of, for example, the flexible mechanism or the
flexible actuator suspension are measured (section 2.2.2). The closed-loop transfer
function H(s) from reference path r to the measured position y is:

S) _ (52 + wgr )kpwf (2 36)

mw? st + kdwr253 + (kp + wim )w?sQ + wﬁrkdwfs + wﬁrwfkp

H g (

Dividing the numerator and denominator by the total mass to be moved, i.e. m,
and substituting (2.34) and (2.35), results in the dimensionless transfer function:
(52 + wgr )wgwf

3 2 2 2,2 2 2 2,22
§° + (wp + wir )wrs + WarWwr's + Wy wpwy

H,,(s) =
AR( ) wzrs4 + wdwf

(2.37)

When we introduce (dimensionless) damping to the type AR plant transfer
function, we obtain:

2 2 2
1 5" + 2Carwar5 + War . Wr

P s) = .
(5) ms(s+ o)  s* +20ws +w? Wk

AR.d

(2.38)

Here, (,, is the relative damping of the zero pair and the subscript d indicates that
damping is included in the transfer function. The closed-loop transfer function is
now described by:

b252 +bs + b,

" as4—|—a53—|—a52+a5—|—a
4 3 2 1 0

AR (s) =

(2.39)

The coefficients in this transfer function with, respectively without damping, are:
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by = s by = wle?

bl = 2<arwarwgw1? bl -0

b= wgrwgwf by = wﬁrwﬁwf

a4 N wgr 0’4 = wzzr

a; = (26w, + @)wi, + wywy 4y = wyd? (2.40)
ay = <2aCrwr + w? )W“%r =+ (w% + 2CWarwy )w? a, = (Wir + wf) )WrQ

a = (a+ wy )wgrwf + 2 Wawiw? 4, = Wwhwy

a, = wihwlw? 0, = whwlw?

Concept D: Double integrator

When both open-loop transfer functions (from force F to the measured position y
and to the measured velocity v) are of type D, then the closed-loop transfer
function is called concept D. When we introduce damping in the type D transfer
function we obtain:

1
P e 2.41
D(S) ms(s + «) ( )

where « is the absolute damping of the real pole. The resulting closed-loop transfer
function from reference path r to the measured position y, with damping, is:

2
Wp

H_ (s) =
D’d() sz—i—(a—i—wd)s—l—wg

(2.42)

Remark 2.5

It can be shown that a plant characterized by this transfer function is not
observable and/or not controllable. When the location of actuators and sensors is
considered, this has to be taken into account. One can also take advantage of
this property, in order to avoid excitation of the resonance frequencies.

Concept RA: Resonance - Anti-resonance

When both open-loop transfer functions are of type RA, then the closed-loop
transfer function is referred to as concept RA. The expression for the transfer
function of concept RA is identical to the expressions for the concept AR transfer
function, i.e. (2.39) and (2.40). The difference is that the anti-resonance frequency
is larger than the resonance frequency in case of concept RA.
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Concept R: Resonance

When both open-loop transfer functions are of type R, then the closed-loop transfer
function is referred to as concept R. When we introduce damping in the type R
plant transfer function we obtain:

2

. - 2.43
ms(s+a) s+ 26w, s + w? (2.43)

1 w.

R.d (5) =

Here, (, is the relative damping of the pole pair and « is the absolute damping of
the real pole. The corresponding closed-loop transfer function is described by:
b

H, (s) = 0 2.44
R’d( ) a454 + a353 + a252 —+ s + a, ( )

The coefficients in this function, with respectively without damping, are:

2 2

b, = wiws 2
o pWr by = wpw;
a, =1 —
4 a, =1
ag; = 2Gw, + « ay =«
_ 2 _ 2 (2.45)
a, = 20w, + w; a, = w;
2 a, = ww?
a, = a—i—wd . 1 = WaWr
2 92 2,2
a, = Wpw; Ay = WpWr

Concept N: Non-minimum phase

A concept N transfer function occurs when both open-loop transfer functions are of
type N, i.e. are non-minimum phase. The expression for the closed-loop transfer
function is similar as for concept AR and RA, i.e. (2.39) and (2.40), with —w?
substituted for w? and the relative damping ¢,, equal to zero.

So far, we have discussed concepts where the position and velocity are measured at
the same location. Now, we will discuss concepts where the velocity is measured at
the actuator and the position at the end-effector. In terms of the basic transfer
functions this means that the transfer function from the input force F to the
measured velocity v is always of type AR and the transfer function from input force
F to the measured position y may be of type D, RA, R or N (refer section 2.2.2).

Concept AR-R

When the open-loop transfer function from the input force F to the measured
position y is of type R and from the input force F' to the measured velocity v is of
type AR, we obtain concept AR-R. This, for example, occurs when we measure the
actuator velocity and end-effector position of the flexible mechanism. We will
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derive the closed-loop transfer function H(s) from the reference path r to the
measured position ¥, using the block diagram of figure 2.15.

RT3 ki o5l P(s) LRy g (g2

\ 4

\ 4

FIGURE 2.15  Construction of closed-loop transfer function when using two sensors

We first close only the velocity loop of figure 2.15, with P,(s) a type AR transfer
function from the input force (v = F) to the measured velocity v. The resulting
closed-loop transfer function from the reference path r to the velocity v is:
14 (s° + Wi ot
H(s)=—5 = (2.46)

7 3 2.2 7 2 272
R mwys® + kwis” + mwywrs + wikwy

Consecutively, we integrate the measured velocity v, which gives position y,, which
generally is the motor position. We replace the numerator of the resulting transfer
function with the numerator of the transfer function from input force F to the
measured position y;, i.e. replace the type AR numerator with the type R
numerator:

Hy(s) = H,(s) 2 Py(s) = H(s) ~ 1
L (2.47)

2 2.2 2 2 2 2
] (war s3 + Wawy§™ + Wy § + Wy Wy Wy )

Note that in (2.47) we divide by the type AR numerator and we multiply with the
type R numerator, which equals 1. Finally, we close the position loop of figure 2.15,
resulting in the closed-loop transfer function H(s) from reference path r to the
measured position y. Similarly as before, we substitute the dimensionless quantities
and we introduce (dimensionless) damping, such that we obtain:

b

0 (2.48)

" as4+a33+a52+as+a
4 3 2 1 0

AR-R,d(s) =

The coefficients in this function, with respectively without damping, are:
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_ 2.2 2
b() = War wp Wr bO = wgrwng
_ 2
ay = Wy a, = w2,
2 2 2
ag = (2§rwr+ a)war + wyw; ay = Wywy
. (2.49)
a, = (2a§rw + wi )wdr + 285w, w Gy = WyWar
_ 2 2
a, = (a + wy )warwr A = WyWarWry
_ 2 22
a, = wgrw2w2 ay = WyWyw;

Concept AR-D

When the open-loop transfer function from the input force F to the measured
position y is of type D and from F to the measured velocity v is of type AR, we
obtain concept AR-D. The transfer function is derived in a similar way as for
concept AR-R. The transfer function H(s) from r to v is identical to (2.46). The
type AR numerator is now replaced with a type D numerator, similar as in (2.47),
but with:

wp  (4el)

Py(s) = (52 T2 2
ar r

(2.50)

Subsequently closing the position loop gives the closed-loop transfer function H(s)
for concept AR-D:

b,s> +bs+b
Hyppals) = —3 2 3 : 2 : (2.51)
’ a,s + a3$ + ayS + s + a,

The coefficients in this function, with respectively without damping, are:

b 2,2

= 2,2

2 wpwwr b2 = wpwar
2, 2
b = 2¢wwpwyy by =0
2,2 2 _ 2,2 2

by = wrwpwar by = wWrwpWar

— 2 _ 2
a, = Wyr a4 = War

(o ) ) B 9 (2.52)
ay = Crwr+ o Jwyr + WqaWr a3 = Wyr

2 2 2 2 = (u? 22

a2 = (QQCrWr + wr + W )w'rll‘ Jr 2Carwarwdwr a2 (wr + wp )war
_ 2 2
a, = (a + wy )warw + 2¢,w, w2w2 4 = WyWarlry

2,202
a, = wfwngr 4y = Wy WpWa,
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Concept AR-RA

When the open-loop transfer function from the input force F to the measured
position y is of type RA and from F to the measured velocity v is of type AR, then
the closed-loop transfer function is referred to as concept AR-RA. This transfer
function is obtained in a similar way as above, but with:

ar*

2 2 2 )
_ War . (S tw
- 2 2 2
(8 + War war*

By(s) (2.53)

where w,« indicates the anti-resonance frequency of the type RA transfer function,
which is larger than w,, and w,, is the anti-resonance frequency of the type AR
transfer, which is smaller than w,. The closed-loop transfer function H(s) for
concept AR-RA is:

b232 +bs + b,

Hyppaals) = 0,57 T a,5° + 0,5 + ags + ag (2.54)

b, = wgwir%? b, = wgwgrwf

by, = QCM*WM*WEW;%Q by =0

by, = wir*wgwgrwf by, = wjr*wgwiw?

ay = wzrwjr* ay = wirwir*

a; = (2Gw, + a)wgrwzr* + wdwzr*wf a; = wdw:r*wf (2.55)

ty = (20Guy + o Yokl + ty = (W2 3 Y
Bl + Wt

a, = (a + w, )wzrwzr*wf + 2(M*war*wl2,w§rwf a4 = LL)d“’zr‘“uir*wf

a, = wgr*wgwgrwrg Gy = wgr*wgwiwf

Concept AR-N

When the open-loop transfer function from F to the measured position y is of type
N and from F to the measured velocity v is of type AR, the closed-loop transfer
function is referred to as concept AR-N. The transfer function is similar to concept
AR-RA according (2.54) and (2.55), with the relative damping (,, equal to zero and

w?, substituted by —w?, .
ar ar

For each class of electromechanical motion systems of section 2.2.2 we will now
summarize the concepts that can be applied. For the first three classes this is
straightforward as for each class we can distinguish three concepts, as indicated in
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table 2.1, table 2.2 and table 2.3, that correspond to the three possible

combinations of sensor locations.

Measurement: y, v Concept
., T R
Ty, T AR
Ty, I, AR-R

TABLE 2.1 Concepts for the flexible mechanism

Measurement: y, v Concept
Ty, T, D
T — Ty, Ty — Ty AR
Ty, T, — T AR-D

TABLE 2.2 Concepts for the flexible frame

Measurement: y, v Concept
T, RA
i, i AR
7,10 AR-RA

TABLE 2.3 Concepts for the flexible suspension

For the flexible guidance (section 2.2.2, figure 2.12) it is more complicated to
indicate the applicable concepts. In the left two columns of table 2.4, we indicate
the concepts for the situations where the position y and velocity v are measured at
the same location, i.e. at a.. At the right two columns we assume that the velocity
is measured at the location where the force excites the system, i.e. at q;, and the

position is measured at a..



38 2 Conceptual design

Measurement: y, v Concept Measurement: y, v Concept
xax 73."‘&X "'E(lx 7‘®af
ax > 0anda; >0 AR ay > 0anda; >0 AR
ay < 0anda; <0 ay < 0anda; <0
xa_\ 7j"aA\ Ia‘( 71}(1‘.
D : AR-D
axzoorafzo a, =0
xax 73."‘(1X max 7‘®af
ay > 0and a; <0 ay > 0anda; <0
RA AR-RA
ay <0Oanda; >0 ay <0anda; >0
J + maga, >0 J + maga, >0
Tq, 7=ll.7ax Ty, ?ia(
ay > 0and a; <0 ay > 0anda; <0
R AR-R
ay <0anda; >0 ay <0anda;, >0
J + maya;, =0 J + maya;, =0
L, 7j;ax Lg, 73.311{
ay >0anda; <0 ay >0anda; <0
N AR-N
ay <0anda, >0 ay <0anda, >0
J + mayga; <0 J + mayga; <0

TABLE 2.4 Concepts for the flexible guidance

2.3.2 Dimensionless optimal controller settings

By performing numerous simulations with the dimensionless closed-loop transfer
functions H(s), feasible dimensionless controller settings for the different concepts
can be obtained (Groenhuis, 1991). Different values for the dimensionless controller
settings €2, and (), result in different values for the loop quantities w, and w,and in
turn result in different closed-loop transfer functions H(s). For all these transfer
functions, the positional error is determined, for identical reference paths. The
feasible settings are defined as those values that result in a sufficiently small
positional error with a sufficiently large stability margin. This stability margin
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defines a forbidden region between -g and 0 in the s-plane, for the poles of the
closed-loop system H(s). The dimensionless version of this margin is defined as:

G =17 (2.56)

war

A sufficient stability margin is considered to be attained for G = 0.2. The optimal
dimensionless controller settings are defined as those settings that result in the
smallest positional error with a sufficient stability margin, for different values of
the frequency ratio.

Remark 3.6

When we determine the feasible dimensionless controller settings, we implicitly
assume that the settings that lead to a minimal error of the measured position y,
also lead to a minimal error of the end-effector position z.

Concept AR
In figure 2.16 three charts are shown with feasible regions for different frequency
ratios.

& 2

p=0.1 p=105

1.2 1.2
0.8 0.8 %/
0.4 0.4

0 04 08 12 16 0 04 08 L2 16
% p=08
1.2 [ E, <1%
08 ] 1%<E<2%

' ﬁ ] 2%< B, <4%
0.4 1 4% <E <8%

0 04 08 12 16

FIGURE 2.16  Regions with feasible dimensionless parameters for concept AR with
p=01p=05andp=0.8
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These regions indicate values of €2 and €2, that result in a relative positional error
E, smaller than 0.01, 0.02, 0.04 and 0.08, while meeting the stability margin (2.56).
The difference between these charts is the value for the frequency ratio p that is
used: 0.1, 0.5 respectively 0.8. The values for the damping used in the simulations
are similar as the values used in (Groenhuis, 1991) and reflect practical settings:
a = 001w, ¢ = 0.15 and (,, = 0.06. During all simulations discussed in this
section we use a second-degree reference path with a motion time ¢, of 1 [s] and a
periodic time constant 7 of 0.4.

From these three charts we select the optimal dimensionless controller settings for
concept AR as €2, = 0.8 and €2y = 0.9, which are indicated in figure 2.16 by means
of a cross hair. The cross hair cannot be located exactly in the regions with
minimal error for all values for the frequency ratio p, rather an acceptable location
as close as possible to these regions has been selected.

Concept D

For concept D similar simulations are performed, with the single damping
parameter « equal to 0.01-w,. The response of this concept is independent of the
frequency ratio p, therefore only a single chart is shown in figure 2.17. The optimal
dimensionless controller settings for concept D have been selected as 2, = 0.9 and
Q4 = 0.9, as indicated by the cross hair in figure 2.17.

Q

o E E, <1%

0.8 1 1%<E<2%
L1 2%<E <4%

v [ ] 4% < E <8%

0 04 08 12 16

FIGURE 2.17  Regions with feasible dimensionless parameters for concept D

Concept RA

For the concept RA transfer function no feasible dimensionless quantities exist, as
the required stability margin (2.56) cannot be met. This can be illustrated by
means of the root-loci of figure 2.18.

The root-locus for the concept RA transfer function shows, unlike the concept AR
root-locus, that the closed-loop poles can never be shifted further into the left half
plane than the location of the zero pair. As the zeros do not meet the stability
margin (2.56), the closed-loop poles of the concept RA transfer function will not
meet this margin either.
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FIGURE 2.18  Root-loci for a) concept AR and b) concept RA transfer functions

Remark 2.7

The closed-loop systems discussed in this section contain an inner and an outer
loop. However, a root-locus can only be drawn for a single loop. When we
construct a root-locus, we construct it with a closed velocity loop. The actual
locus now depends on the controller setting Q. In figure 2.18 the velocity loop is
closed with 0y, = 0.9.

Concept R

The feasible dimensionless controller settings for concept R are shown in figure 2.19
for a frequency ratio p of 0.1. The values for the damping parameters used in the
simulations are: @ = 0.01-w, and (, = 0.15. The optimal dimensionless controller
settings for concept R have been selected as 2, = 1.4 and Q4 = 0.45. These are
indicated in figure 2.19 by means of the cross hair.

% p=0.1

0.6

04f [\ [ —7

0.2

0 04 08 12 16 Q,

FIGURE 2.19 Regions with feasible dimensionless parameters for concept R.

Concept N

For concept N a similar phenomenon occurs as for concept RA. The stability
margin (2.56) cannot be met and therefore, no feasible dimensionless controller
settings exist. In figure 2.20 the root locus is drawn with €, = 0.1.



42 2 Conceptual design

20 Im

10

-10

-20

0 //—J Re
220 0 20

FIGURE 2.20 Root locus of concept N

The complex pole pair immediately enters the right half plane and the system
becomes unstable. For larger values of 2, the complex pole pair is already located
in the right half plane and the system is always unstable.

Concept AR-D
The feasible dimensionless controller settings for concept AR-D are shown in figure
2.21 for three different values of the frequency ratio p: 0.1, 0.5 and 0.75.

% p=0.1 & p=0.5
1.2 1.2
0.8 0.8 %
0.4 ﬁ 0.4
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t p=10.75
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' 1 2%<E<4%
4 D
0.4 [ 1 4% <E<8%

0 02 04 06 08 Q

FIGURE 2.21  Regions with feasible dimensionless parameters for concept AR-D
with p = 0.1, p= 0.5 and p = 0.75
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The optimal dimensionless controller settings are €2, = 0.7 and ; = 0.7.

Concept AR-RA

For concept AR-RA we have to consider two different frequency ratios, as we
consider two different anti-resonance frequencies, i.e. w, and w,+ The frequency
ratio for w,+ is defined similarly as (2.31):

o (Wae Y
P

Wr

(2.57)

The feasible controller settings are now determined for different combinations of
two frequency ratios.

% p=0.1 & p=0.1
1.2 pr=1.0 1.2 pr=14
0.8 0.8 7
0.4 0.4
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Qd p= 0.8 Sz(l Y4 0.8
1.2 pr=1.0 1.2 pr=14
0.8 0.8

%
0.4 0.4 L~
0 02 04 06 08 € 0 02 04 06 08

FIGURE 2.22  Regions with feasible dimensionless parameters for concept AR-RA

The optimal dimensionless controller settings are €, = 0.6 and ©, = 0.6.

Concept AR-R

The feasible dimensionless controller settings for concept AR-R are shown in figure
2.23 for two different values of the frequency ratio p: 0.1 and 0.5. The selected
optimal dimensionless controller settings are €, = 0.6 and ©, = 0.7.
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FICURE 2.23  Regions with feasible dimensionless parameters for concept AR-R
with p = 0.1 and p = 0.5

Concept AR-N
Similarly as for concept AR-RA, we have to consider two different frequency ratios
for concept AR-N. A difference is that the frequency ratio p* can now be smaller
than 1, as the real zeros can be located closer to the origin than the complex pole
pair. For different combinations of the frequency ratios we determine the feasible
dimensionless controller settings.
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FIGURE 2.24  Regions with feasible dimensionless parameters for concept AR-N
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The selected optimal dimensionless controller settings are €2, = 0.5 and €, = 0.6.

In table 2.5 the conditions on the frequency ratios and the optimal dimensionless
controller settings for all concepts are summarized.

Concept Condition Optimal setting
Q, Qq4
AR 01<p <08 0.8 0.9
D - 0.9 0.9
RA - - -
R 0.1 <p <0.12 1.4 0.45
N , - ,
AR-D 0.1 <p <0.75 0.7 0.7
AR-RA ?.'01 ipp* i 23 0.6 0.6
AR-R 0.1<p <05 0.6 0.7
AR-N s o - 0.5 0.6

TABLE 2.5 Optimal dimensionless controller settings

2.3.3 Dimensionless problem-plant relation

Using the dimensionless quantities and the optimal dimensionless controller
settings, we can determine a relation between the specification, i.e. the desired
motion of the end-effector, and the plant, which is independent of the particular
problem setting. This relation is expressed in terms of the maximum relative
positional error FE, and the periodic ratio 7. We consider the dimensionless closed-
loop transfer functions, i.e. the concepts described in the previous section, with the
optimal dimensionless quantities of table 2.5. In numerous simulations the periodic
ratio 7 is varied, by applying different second-degree reference paths to the
(optimal) closed-loop transfer functions. For all values of 7 the relative positional
error is calculated. The upper bound for second-degree reference paths can be
expressed as (Groenhuis, 1991):

Ey=¢-7 (2.58)
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where ¢ is a constant that depends on the particular concept that is considered. We
mainly consider the situations where the relative positional error is smaller than
1%, as this is generally required by modern electromechanical motion systems.

Concept AR

The relation between the relative positional error FE, and the periodic ratio 7 for
concept AR is calculated for three different values of the frequency ratio p: 0.1, 0.5
and 0.8. During all simulations discussed in this section we use an anti-resonance
frequency w,, of 1 [rad/s]. The values for the (dimensionless) damping used in each
concept equal those of the previous section. In figure 2.25 the results of the
simulations with a second-degree reference path are shown. The straight line
indicates the estimated upper bound of the positional error. For 7 < 0.4 the
constant ¢ in the expression for the upper bound (2.58) for concept AR equals 0.09.

EO

concept AR £=0.09
107!
107
1079
107
0.03 0.1 04 7

FIGURE 2.25 The relative positional error as a function of the periodic ratio T for
concept AR and second-degree reference paths, using p = 0.1, p =
0.5 and p = 0.8

Concept D

The relation between the relative positional error F, and the periodic ratio 7 for
concept D is shown in figure 2.26a. The constant € in the expressions for the upper
bounds of concept D equals 0.07.

Concept R

The results for concept R are shown in figure 2.26b for two values of the frequency
ratio p: 0.1 and 0.12. The upper bound for a second-degree reference path is
characterized by € = 0.06.
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FIGURE 2.26  The relative positional error as a function of the periodic ratio T for
a) concept D and for b) concept R using p = 0.1 and p = 0.12

Concept AR-D
For concept AR-D simulations have been performed for a frequency ratio p of 0.1,
0.5 and 0.75. The results are shown in figure 2.27a. The upper bound for a second-

degree reference path is characterized by € = 0.11.
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FIGURE 2.27  The relative positional error as a function of the periodic ratio T for
a) concept AR-D, b) concept AR-RA, ¢) concept AR-R and
d) concept AR-N.
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Concept AR-RA

The results for concept AR-RA are shown in figure 2.27b, for four different
combinations of the two frequency ratios. The first frequency ratio p equals 0.1 or
0.8 and the second ratio p* equals 1 or 1.4. The upper bound for a second-degree
reference path is characterized by ¢ = 0.17.

Concept AR-R

For concept AR-R simulations are performed for a frequency ratio p of 0.1 and 0.5.
The results are shown in figure 2.27c. The upper bound for a second-degree
reference path is characterized by € = 0.12.

Concept AR-N

Finally, the results for concept AR-N are shown in figure 2.27d, for four different
combinations of the two frequency ratios. The first frequency ratio p equals 0.1 or
0.5 and the second ratio p* equals 0.5 or 1.4. The upper bound for a second-degree
reference path is characterized by € = 0.22.

Instead of using a second-degree reference path, the designer may choose a third-
degree reference path, i.e. a reference path with limited jerk. When the same
simulations as above are performed, an upper bound for third-degree reference
paths can also be determined. The upper bound is characterized by:

E,=v-7 (2.59)

In table 2.6 the dimensionless problem-plant relations for all concepts are
summarized for both second- and third-degree reference paths.

Concept Condition Performance constants
€ A

AR 0.1 <p <08 0.09 0.35

D - 0.07 0.21

R 0.1 <p <0.12 0.06 0.06

AR-D 0.1 <p <0.75 0.11 0.33
0.1 <p <08

AR-RA 10 < g% < 1.4 0.17 0.60

AR-R 0.1 <p <05 0.12 0.40
0.1 <p <0.5

AR-N 0.5 < p* < 14 0.22 0.60

TABLE 2.6 Dimensionless problem-plant relations
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2.3.4 Application of assessment method

So far, we have determined (dimensionless) relations between the attainable
performance, the reference path and the plant, which are independent of the
particular problem setting. Together with the optimal dimensionless controller
settings, we use these relations to formulate an assessment method that can be used
in various ways, depending upon the specific design context. The three crucial
design parameters are the periodic ratio 7, the anti-resonance frequency w,, and the
relative servo error Ej;. Once two of these three design parameters are chosen, the
third will follow automatically. If the frequency ratio p lies between it's lower and
upper bound given in table 2.5, the optimal controller settings can be found, such
that the controlled system fulfills all specifications. This is visualized in figure 2.28.

Reference Path
tm P

Plant

w
Way Wy

IN

P

min

10 S IOTI] ax
Controller

kp =m (Qp W(LQL)

kq=m Qqwyr

Performance
€

FIGURE 2.28 Application of assessment method

Design procedure 2.1 Assessment method
1. Determine the class of electromechanical motion systems that is at hand.

2. Determine the concept that is at hand, by looking at the location of the
position and wvelocity sensor. Refer to table 2.5 to verify whether optimal
dimensionless controller settings can validly be applied.

3. Depending on the situation perform one of the following three alternatives:
a) When the reference path and the desired performance are fized, calculate
the periodic ratio 7, using table 2.6 and:

[E ,E
7=,-2 or 7= 32
€ Y

Determine the minimum required anti-resonance frequency of the plant
with:

27
War, req =
’ L~
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b)

This value can be used to calculate the required (dominant) stiffness of a
particular plant, as well as the resonance frequency w,, in case the mass
distribution is assumed to be fixed.

When the reference path and the anti-resonance frequency of the plant are
known, calculate T according to:

and determine the attainable performance, using table 2.6 and:
E0=5-72 07“E0:*y-7'3

When the desired performance and the anti-resonance frequency of the
plant are known, calculate 7 as a function of the motion distance hy, using
table 2.6 and:

60 5 60
= or =
" € hrn 7 Y- hm

Next, determine the reference path, by finding a trade-off between the
motion distance h, and the motion time t,, that fulfills the equality:

eo 27

€ hm War tm

4. When the frequency ratio p fulfills the requirements of table 2.5, the control

system for a particular problem setting and a particular controller
configuration can be implemented by:

k, =m-(Q, - wy)* and ky=m- Q- wy

P

2.4 Model simplification algorithm

2.4.1 The need for simplification

Component-based modeling is a convenient way for the designer to build a model
of the dynamic behavior of an electromechanical plant. This can be done efficiently
when a library of reusable component models is provided (Breunese et al., 1998).
However, connecting standard component models will generally result in a plant
model that it is difficult to analyze and comprehend, due to a high order,
dependency among elements and a redundant structure. In the final model, only
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the phenomena relevant for the problem addressed should be included. Therefore,
systematic methods must be employed to remove superfluous modeling elements
and structure (Rinderle and Subramaniam, 1991). We will use bond graphs to
describe the plant models, because simplification rules have been formally described
and bond graphs are applicable in any energetic domain.

Simplification will transform the representation of the model without changing the
contents of the underlying mathematical descriptions. In order to avoid laborious
and error prone model simplification, automation is preferred, which requires that
all simplification rules have to be described explicitly and ordered appropriately.
During simplification, the relations between the parameters of the simplified and
the original plant model have to be preserved (statement 2.2).

The algorithm that will be described is only applicable to a particular class of bond
graph models (Van Lochem, 1997), i.e. models that are tree-like compositions of
linear single-port elements, junctions, sources and non-modulated transmissions.
This class does not contain bond loops as in figure 2.29, because transmissions
cannot be removed from these loops.

= %

TF 1 TF

aq - d?

FIGURE 2.29 Transmission in bond graph loop

Generally, the models of the electromechanical motion systems considered in this
thesis comply with these criteria. Exceptions are those models than contain a
flexible guidance, as discussed in section 2.2.2.

Definition 2.3 Model simplification problem

Given a bond graph model of an electromechanical plant that complies with the
criteria mentioned above, automatically simplify this model to a model without
transmissions, dissipative elements and dependent storage elements, and without
redundancy in the junction structure.
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2.4.2 Bond graph simplification rules

Before the simplification algorithm will be described, some well-known
simplification rules for model transformations will be summarized, as these play a
special role in this context. For other bond graph simplifications rules we refer to
(Breedveld and van Amerongen, 1994).

Transmissions

The two types of transmissions that are considered are the transformer ( TF) and
the gyrator (GY). A transmission can be eliminated from a model by joining it with
a storage element or a source. Some examples are shown in figure 2.30. The
parameter value and the type of storage element may change due to this
simplification, as well as the source type and its modulation factor. The factor &
indicates the transformation ratio of a variable of a particular bond graph element.
Initially this factor equals one, but due to transformations of an element this factor
will be changed.

TP = —— ik

n

YLk = ——Car{%]
)
st = ——fa i us
n

FIGURE 2.30  Elimination of transmissions

Two transmissions connected by one bond can be replaced by one transmission
(Breedveld, 1984b). This simplification is carried out by first determining the type
of the new transmission and calculating the new expression for the parameter
value. Next, one transmission is eliminated and the other is replaced by the new
transmission. The four possible combinations are shown in figure 2.31.

TF —— TF = TP
nl TLQ nan

GY GY = 7 TF 7
7’1 772 71' 751

TF ——GY = —GY
n T nr

GY—~TF = QY
r n rn-l

FIGURE 2.31 Joining of transmissions

Finally, transmissions can be propagated across junctions (Breedveld, 1984a), as
shown in figure 2.32.
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FIGURE 2.32  Propagation of a transmission

2.4.3 The simplification algorithm

These simplification rules will now be captured in an algorithm that fulfills the
requirements of statement 2.2. The algorithm has been implemented in the
mechatronic design environment 20-sim (Controllab Products, 2000). Bond graph
storage elements, junctions and sources are extended with a special factor F,
already introduced in the previous section. Storage elements and junctions contain
a signal port through which a variable can be obtained for purposes of display or
control. From a 1-junction the flow signal can be obtained, from a 0-junction the
effort signal and from a storage element the state. Modulated sources contain a
signal port through which a signal can be provided that modulates a flow or an
effort. Both types of signals will be multiplied with the factor & that initially equals
1.

When transmissions are propagated through the model, signals and parameters will
be transformed. When for example the motor inertia is transformed, the motor
velocity is probably transformed as well, thus creating a virtual motor velocity. The
factor k of the 1-junction representing the motor velocity will be divided by the
transformation factor. The actual motor velocity can thus be obtained by
multiplying the virtual motor velocity with the new value of the factor k. In this
way the simplified model can be related to the original model. Original input and
output variables will be preserved, such that a controller designed for the simplified
model can be connected to the original model without alterations.

As design specifications are generally given in terms of the position of the end-
effector, it is convenient to use the coordinates of the end-effector as a reference in
the simplified plant model. Therefore, transmissions will be propagated away from
this reference point. Use is being made of an existing propagation machine
(Breunese, 1996).

After application of the algorithm to models of electromechanical motion systems,
it should be possible to compare the relevance of masses and stiffnesses, as these
are expressed in unambiguous coordinates. The designer can for example determine
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that a particular stiffness is very large with respect to other stiffnesses and
therefore not relevant for the dominant dynamic behavior.

When we remind remark 2.1 and the assessment method described in the previous
section, we note that friction and damping are not considered. Therefore, the
simplification incorporates the removal of dissipative elements. The consecutive
steps of the algorithm are described below.

Design procedure 2.2 Simplification algorithm

1. Remowve dissipative elements.

2. Determine the direction of propagation for the transmissions, away from the
end-effector, and assign this direction to all bonds.

3. Simplify the junction structure by removal of dangling junctions, joining of
neighboring junctions and elimination of double differences.

Eliminate dependent storage elements.
Join neighboring transmissions.

Join transmissions with neighboring storage elements and sources.

NS G

Propagate transmissions through the graph according to the indicated
direction of propagation.

8. Repeat the steps 3 to 7 until no action can be performed in anymore.

The bond graph model has now either been simplified according the requirements
of statement 2.2, or the bond graph model is not a member of the class of models
considered here.

2.5 Model reduction algorithm

The simplified model of the electromechanical plant is generally not in the form of
a standard plant model required by the assessment method. A standard fourth-
order model only contains the lowest mode of vibration, while a simplified model
may contain several modes as it may be of higher order. To convert a simplified
model to the standard form, a model reduction method is required. In literature,
various systematical methods for model reduction have been described. A common
method used for mechanical systems is modal truncation (Skelton and Hughes,
1980; Rankers, 1997). When a state-space system is written in Jordan form, the
states can be ordered such that the eigenvalues are located on the diagonal of the
system matrix in increasing order, i.e. from the lowest to the highest vibration
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mode. When the model is truncated, only the higher modes are removed. The
advantage is that the poles of the reduced model are a subset of the poles of the
original model. A comparison between different reduction methods is presented in
(Decoster and van Cauwenberghe, 1976a; Decoster and van Cauwenberghe, 1976b)
and (Wortelboer, 1994).

Isaksson and Graebe (1993) state that good control requires a model that
approximates the magnitude of the frequency response of the plant P(jw), starting
at lower frequencies and continuing to the highest possible bandwidth. In our
situation we want to reduce the model before applying the assessment method. The
appeal of the assessment method lies in its simplicity and its mechatronic
character. Therefore, an explicit requirement of a model reduction method is that it
preserves the physical interpretation of the model.

Definition 2.4 Model reduction problem

Given a successfully simplified bond graph model of an electromechanical motion
system, automatically reduce this model to a standard plant, while preserving
physical interpretation and maintaining the possibility to apply the controller
that has been designed for the reduced model, to the original model.

2.5.1 Model reduction for assessment method

There are two physical properties of a plant model that have to be preserved after
model reduction:

1. The total mass that has to be moved. This can be seen from the expression
for the controller settings (design procedure 2.1), where both controller
parameters in the position and the velocity loop are proportional with the
total mass. If the total mass is changed, the values for the controller settings
will be different and, as a consequence, the controller applied to the original
model or the real-world plant will not work according to expectation.

2. The location of the stiffness that results in the lowest mode of vibration.
When this location is preserved, it can be determined to which class of
electromechanical motion systems the plant belongs. As a result, the types of
transfer function from input force F to motor position and end-effector
position are known. When the outcome of the assessment method is that a
desired performance cannot be met with a certain model, the location of the
stiffness gives an indication for the mechanical subsystem(s) that should be
altered.

Existing reduction methods result in mathematical models, in which the physical
interpretation of the lowest vibration mode is lost (property 2). Therefore, we
present a simple reduction method that fulfills these criteria.
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For model reduction, we consider the transfer function from the input force to the
position of the motor, when appropriate with respect to the frame. This transfer
function P(s) always consists of a series of anti-resonance resonance pairs,
independent of the type of standard plant that will result. The advantage is that
the reduced transfer function is always of type AR. The frequency response P(jw)
can be automatically calculated from a bond graph model. Next, it has to be
determined which stiffness in the physical model results in the lowest mode of
vibration. Once the dominant stiffness is determined, the other stiffnesses can be
removed from the model and the model can be simplified, using the algorithm from
section 2.4.3. The result will be a plant model in one of the standard forms of
section 2.2.2.

This simple reduction method will be illustrated by means of the bond graph model
of figure 2.33 that represents a general electromechanical motion system. Four
different situations will be considered, each with the dominant stiffness located in a
different mechanical subsystem.

bl - . o .
f};?m: (ﬁcfl ﬁmm T.cll ﬁml
il ! 0 ! 0 ! Lm, (Cxe5t I:im,
F flexible mechanism 1 F F
F
S 0 1 0 1
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flexible L

suspension L

FIGURE 2.33  Generalized higher-order motion system

The values of the masses are m; = 10 [kg], m, = 1 [kg], m; = 1 [kg], m, = 2 [kg],
my, = 10 [kg] and m, = 2 [kg]. In table 2.7 four situations are presented. The
columns indicate the resulting standard plant. For each situation the values of the
stiffnesses in the model are given, as well as the dominant (anti-) resonance
frequencies for the original and reduced model. The dominant stiffness in each
situation is underlined. Next, the positional error for the original and reduced
model are given. The errors correspond to a second-degree reference path with ¢, =
1 [s] and A, = 1 [m].
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Flexible frame Flexible Flexible Flexible
mechanism 1 mechanism 2 actuator
suspension

G [N/m] 1.0-10° 2.0-107 2.0-107 2.0-107

c, [N/m] 5.0-10° 5.0-10° 5.0-10° 1.25-10°

¢ [N/m] 5.0-10° 2.5-10° 5.0-10° 5.0-10°

Cy [N/m] 5.0-10° 5.0-10° 1.25-10° 5.0-10°

original model

Wy [rad/s] 254 271 341 304

W, [rad/s] 316 425 392 333

€ [m] 6.64-10°7 1.01-10™ 5.15-10° 3.8:10°

reduced model

War [rad/s] 250 250 353 310

W, [rad/s] 316 433 387 330

€ [m] 5.69-10" 0.90-10" 4.50-10° 3.2-10°

TABLE 2.7 Result of model reduction

It can be seen that the (anti-) resonance frequency of the original and the reduced
model correspond reasonably well. This also holds for the positional error obtained
with the reduced model in comparison to the error obtained with the original

model.

Remark 2.8

Model reduction to fourth order has to be performed with care in case the second
mode of vibration is situated close to the first mode, as this may result in an
unstable closed-loop system. A factor 3 is gemerally sufficient for the relative
distance between these modes. When this factor is smaller, the second vibration

mode should have sufficient physical damping.

2.5.2 The reduction algorithm

The approach described in the previous sub-section is summarized in a step-wise

procedure:
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Design procedure 2.3 Model reduction

This procedure is applicable to models that have been simplified by design
procedure 2.2.

1. Determine the two lowest modes of vibration in the transfer function from the
input force to the position of the actuator.

2. Check whether the second mode of vibration is situated closer to the first
mode than a factor 3. If so, give a warning.

3. Determine which stiffness in the model results in the lowest mode of
vibration.

4. Determine in which mechanical subsystem this dominant stiffness is located.
5. Remove all other stiffnesses from the model and simplify the model.

6. Determine which class of electromechanical motion system is at hand.

2.6 Automated performance assessment

The assessment method can be applied in several ways, as indicated by design
procedure 2.1 and figure 2.28. This flexibility is both an advantage and a
disadvantage of the method. It allows for a true mechatronic design approach, but
it does not provide transparent insight in the dependencies between different design
parameters. However, these dependencies are a key factor for successful application
of the method. By means of computer-based support this problem can be overcome,
when it is focused on the implementation of the relations between different design
parameters. A change in one design parameter should immediately be reflected in
other design parameters. If for example a smaller positional error is required, then
either a larger motion time ¢,, or an increase of the dominant stiffness of the plant
should be presented as solutions.

2.6.1 Constraints satisfaction

Dependencies can be compared quite natural to constraints. Ullman (1997)
describes a possible view upon the design process as: “when a new problem is
begun, the design requirements effectively constrain the possible solutions to a
subset of all possible product designs”. The assessment method indicates that the
relative positional error F, and motion time ¢, constrain the dominant stiffness of

m
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the plant (possible product designs). Besides design requirements, laws of nature
also constrain possible designs.

In object-oriented programming constraints are considered to be functional
relationships between entities of an object model (Rumbaugh et al., 1991). These
relationships must be maintained during the design process, such that a change in
one property results in a corresponding change in dependent properties of other
objects. This process is called propagation. Implementation of the dependencies in
computer support can actually be done by such constraints. Technical details about
these constraints and propagation are explained in (De Vries et al., 1997).

As propagation will at any time satisfy the dependencies between reference path,
plant and performance, an appropriate controller can always be determined, under
the condition that the frequency ratio lies between its lower and upper bound
(figure 2.28). The exact values of the controller settings depend on properties of the
plant, such as the total mass to be moved and the lowest mode of vibration.
Relations between plant and controller can also be implemented by means of
constraints, such that a valid controller and thus a controlled-system that fulfills all
specifications always exist, although the plant may obtain unrealistic parameter
values.

As the constraints can be solved in several directions, the causal relations between
constraint variables are not fixed. Therefore, bi-directional arrows between
constraints and constraint variables are used here after. Blocks, which contain the
equation the constraint is based on, represent constraints. The following objects can
be recognized in the design process of electromechanical motion systems that have
properties that play a role in the constraint system:

Plant

Design parameters related to the plant are the total mass m, the anti-resonance
frequency w,,, the resonance frequency w, and the frequency ratio p. These depend
on physical properties of the plant, i.e. the mass contribution and the dominant
stiffness. This dependency is different for each class of motion systems, as indicated
in section 2.2.2. Design parameters and physical parameters are implemented as
constraint variables. The relations between these constraint variables have to be
maintained during the design process and will therefore be implemented by
constraints. If, for example in the flexible mechanism, a larger end-effector mass
occurs due to a change in the specifications, this will be propagated to either a
higher stiffness or a lower anti-resonance frequency, such as in figure 2.34.
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FIGURE 2.34  Ezample of plant constraint

Specifications and performance

The specifications consist of the parameters for the motion time ¢, and for the
motion distance h,. The absolute maximal positional error e, can be considered as a
part of the specifications and of the performance, as it is a predicted value. The
main dependencies between plant, reference path and performance (figure 2.28) can
be implemented by only two constraints, as the third dependency is redundant. In
figure 2.35 an illustration of the working principle of these two main constraints is
given. It indicates how a change of the motion time f, or anti-resonance frequency
w,, may affect the maximal relative positional error F,, when using a second-degree
reference path.

@\ constraint constraint

FIGURE 2.35 Main constraints in the assessment method

Controller

The two parameters of the controller can at any time be determined on basis of the
dimensionless quantities and the plant parameters. Constraints can be made using
the equations for the proportional action in the position loop k, and the velocity
loop k;. The dimensionless controller setting have a fixed value for a particular
concept and the other variables are already existing in the constraint system.

2.6.2 Computer support

The mechatronic design environment 20-sim (Controllab Products, 2000) supports
conceptual mechatronic design from a modeling perspective. The assessment
method is implemented as a design tool in the 20-sim environment, using a
centralized propagation technique and a constraint solver as described in (De Vries
et al., 1997).
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Model of the system under design

The underlying plant model of the design tool is a linear fourth-order state-space
description. The elements of the matrices depend on the physical parameters in the
plant model. The constraint variables can be considered “pointers” to these
parameters in the state-space description. If a constraint variable changes, the
state-space description is automatically updated. Also a model of the reference path
generator and the controller exist that have a similar connection to the constraint
variables describing these phenomena. At any stage in the design process the
underlying models correspond to the situation in the constraint system, such that a
valid mathematical description of all sub-systems of the design exists.

Representation of design parameters

To provide better “look and feel”, the design parameters are presented together
with a corresponding representation. The plant model of a flexible mechanism with
the physical parameters motor mass, end-effector mass and dominant stiffness are
shown together with an iconic diagram in figure 2.36.
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FIGURE 2.36  Iconic diagram with corresponding design parameters

A physical parameter is related to its representation by a constraint, such that a
larger mass results in a larger mass icon. Similarly, an increase in the dominant
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stiffness will result in a smaller stiffness icon. The iconic diagram will provide the
designer with a feeling of the behavior of the system to be controlled. Looking at an
iconic diagram with for example a large end-effector mass and a small stiffness
intuitively shows that it is difficult to control fast motions of the end-effector.

Multiple view is offered on the system under design. The lowest vibration mode
and the frequency ratio are shown in a Bode diagram of the open-loop system. A
closed-loop Bode diagram shows the attainable bandwidth w,. The reference path
and an indication of the response are shown in a time plot. The design parameters
related to this diagram are the motion time, motion distance and the absolute
positional error. Again the representation is related to the values of the underlying
design parameters by means of constraints.

Functionality

There exist many dependencies in the systems that are all implemented by means
of constraints. A change of one parameter can result in a change of many other
parameters. Therefore, the possibility to fix a design parameter is provided by a
“lock” as indicated in figure 2.36. Once a design parameter has a desired value it
can be fixed, such that the constraint system cannot change it anymore.

Remark 2.9

A prototype of the design tool has been realized for the flexible mechanism.

2.7 Conclusions

The aim of conceptual design is to obtain a feasible design for the reference path
generator, control system and electromechanical plant with appropriate sensor
locations, in an integrated way. For transient systems, i.e. positioning systems, this
has been worked out.

First we described standard problems, by means of a classification of four
electromechanical motion systems. These classes use standard fourth-order plant
transfer functions, which are referred to as types. Dimensionless quantities are used
to characterize closed-loop behavior, i.e. reference path generator, controller and
plant. Again several standard closed-loop transfer functions have been defined,
which are referred to as concepts.

For these standard problems we have determined standard solutions. Relations
between the dimensionless quantities of the reference path, controller and plant
have been obtained heuristically by means of numerous simulations. These relations
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can now be used in an assessment method, which considers functional interaction
between domain specific subsystems and considers consequences of solutions and
alternative solutions in other domains.

Interactive computer-based support is developed for conceptual design of
electromechanical motion systems, using constraints, such that it:

- supports the complete conceptual design stage;

- supplies design automatons for fast and correct model simplification and
order reduction, while maintaining physical plant parameter interpretation;

- provides transparency in the relations between different design parameters;

- supports application of the assessment method in an explorational design
mode, as local design goals can easily be changed, while information after a
change is preserved;

- puts emphasis on the interpretation of the results instead of the application of
procedures.

The principal benefits of the assessment method and the computer support are that
they quickly provide insight in the design problem and that feasible goals and
required design efforts can be estimated at an early stage.
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3 Detailed design

3.1 Introduction

After conceptual design, the design process will proceed towards a design proposal
that is to be the guideline for prototyping. The character of the design problem at
hand will gradually change. During detailed design, we need to incorporate the fact
that “the real underlying problem in engineering control system design invariably
involves the on-line feedback control of an uncertain, usually nonlinear, physical
process. ... The engineer usually likes to work with, and benefits from, a systematic
approach to the design problem; such systematic approaches are often the outcome
of past design experience” (Athans, 1971). The systematic design approach should
contain a well-balanced trade-off between the theoretical need for generality and
the practical quest for domain specific solutions (Konda et al., 1992).

Taking into account these considerations, we will develop a transparent and
structured design method for electromechanical motion systems, using the outcome
of past design experience. Problems that such a design method should address are
that:

1. the plant model is only partially known;

2. control theory is method-oriented and not problem-oriented;

3. the control system evolves with the plant model.

Ad 1

After conceptual design, the design proposal will contain a simple model of the
electromechanical plant. When the design process is continued, modeling and
experimentation is used to gain more insight in the structure and properties of this
subsystem. Phenomena will be incorporated in the plant model, which did not
appear in the simple models of conceptual design, such as nonlinear friction and
disturbances. Gradually, the plant models will evolve towards more detailed
models, such that they better represent the real-world behavior.
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Remark 3.1

We assume that a complete realized plant is not yet available due to the
mechatronic design approach, thus no information can be obtained through
measurements and system identification.

Several models of the electromechanical plant may be used that suit different
purposes, such as (Oelen, 1995):

- Determination of the control system, i.e. determination of the controller
structure and choice of parameters. These models should give a good
approximation of the dominant properties of the system to be controlled.

- Evaluation of the control system. Effects present in the real plant should be
present in the model. However, the predictions of the momentaneous values
of the variables in the model do not need to match the exact value of the
corresponding variables of the real plant, i.e. the model should provide
qualitative accuracy. FE.g., if the plant has high-frequency poles, then these
should be incorporated in the model, but the damping of these high-frequency
vibrations does not have to match the damping of the corresponding
vibrations in the real plant.

- Incorporation in the control system. A plant model may be incorporated in
the control system, such as in observers, feedforward components or
linearizing feedback. In these models a trade-off has to be made between
computational cost and quantitative accuracy.

Ad 2

The technical specification for a controlled electromechanical motion system will
contain a description of the task it has to perform. This task is generally specified
in terms of time and space. During conceptual design we partially dealt with this
problem, as the assessment method can directly deal with the task description.
Most controller design methods used in detailed design require design specifications
for performance, stability, disturbance attenuation and robustness, which generally
have to be expressed in abstract terms, such as cost criteria, desired frequency
responses, weighting functions or desired locations of the closed-loop poles. The
designer somehow has to convert the task description into an appropriate design
specification, something that is not always straightforward.

During modeling of electromechanical plants, several unfavorable effects will be
incorporated that have to be dealt with by the control system. Examples are
friction, geometric nonlinearities, uncertain physical parameters and actuator
saturation. However, controller design methods often cannot deal with these
problems explicitly. This is due to the fact that control theory is method-oriented,
while the designer works problem-oriented. Design methods can cope with plant
problems that are defined in more abstract terms, such as unstructured uncertainty
and input disturbance. Again the designer is forced to convert the descriptions.
“The success of the design process often hinges on the capability of the engineer to
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understand the physics of the problem and his ability to translate physical
requirements and constraints into mathematical language” (Athans, 1971). This
process is referred to as modeling the disturbances (Steinbuch and Norg, 1998).

Ad 8

It has been mentioned that plant models evolve during the design process. In an
integrated design approach like mechatronics, it is required that the controlled
system is evaluated as a whole. Thus the control system will need to evolve along
with the plant model. The controller proposed during conceptual design has to be
evaluated and possibly modified at several occasions. Ideally, this is done in close
relation with the physics of the plant model, such that the influence of the control
system can be related to the properties of the plant, i.e., the mechatronic approach
can be maintained.

Considering the problems summarized above, we define the detailed design problem
as:

Definition 3.1 Detailed design problem

Formulate a transparent and structured design method that, given a successful
conceptual design, supports the (evolutionary) design of a control system that
achieves:

- performance

- robust stability

- disturbance attenuation

- robustness for model uncertainties,
while assuring that these are maintained when the design is materialized.

During conceptual design, several design proposals will generally have been
evaluated and those that promise to be successful will be taken into the detailed
design stage. During detailed design, we assume several properties of the
electromechanical plant to be unalterable, i.e.:

- task specifications

- location of the sensor(s)

- approximate location of the lowest mode of vibration

Also the reference path, e.g. second- or third-degree path, chosen during conceptual
design, will generally be unaltered. However, in some situations an exception will be
made, as discussed in section 3.4.

In section 3.2 we will discuss an existing design philosophy and we will explain how
it can be used to come to a structured design method. We will introduce a control
configuration that we will use throughout this chapter. In section 3.3 we will derive
a design procedure for the feedback component in this configuration. Some design
issues for the so-called open-loop forcing function, the feedforward component and
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reference path generator are discussed in section 3.4. A design procedure for the
disturbance observer in the control configuration is derived in section 3.5. To
support the structured design method, we provide a library of components and
templates in the mechatronic design environment 20-sim. The ideas behind this
library are described in section 3.6. Finally, in section 3.7, we evaluate the
structured design method and we draw conclusions.

3.2 Controller design philosophy

The detailed design problem (definition 3.1) makes clear that a control system has
to achieve several objectives. We will discuss the design of a control system that is
built from a combination of different components. However, the actual design of
these components is not straightforward, as they cannot be designed independently.
In order to properly deal with this, we need to take a closer look at the interaction
of the components. A similar problem, in the use of Linear-Quadratic-Gaussian
(LQG) control, motivated Athans (1971) to describe a design philosophy, consisting
of three basic steps:

1. Deterministic ideal response analysis and design.

2. Stochastic estimation analysis and design.

3. Stochastic feedback control system design.

This philosophy has been rewritten and extended with new insights in classical
control theory by De Roover (1997). We will use this philosophy to come to a
structured design procedure for detailed control system design.

3.2.1 Controller design philosophy

First we will summarize the design philosophy formulated by De Roover (1997).
Here, we will omit the first step, i.e. modeling the plant, the disturbances and the
specifications, as we focus on control system design. In section 3.5 we come back to
the issue of disturbance modeling. Modeling the specifications is discussed in
chapter 2 and in section 4.5.

Deterministic ideal response synthesis

Consider the case that there are no disturbances acting on the plant and that there
are no model uncertainties. When the plant model is a lumped LTI system, it can
be described as:

Py (3.1)
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The model P, uniquely describes how the states z(t) and the output y(¢) respond to
any input u(t). We assume that the task of the controlled system is described by an
ideal deterministic output time function y4(f). The goal is to determine the ideal
deterministic input time function, denoted wgy(t), which results in the ideal
deterministic state trajectory x4(f) and thus in the desired ideal deterministic
output time function y,(t). The term ideal means “in the best possible way”, i.e.
the ideal output y4(t) should be a realistic output motion and not a hypothetical
output motion. The computed ideal responses should incorporate any available
knowledge of the performance limiting properties of the physical plant, e.g.
dynamic effects or actuator saturation.

Robust regulation and nominal tracking

Once the ideal responses are known, we consider the actual plant P, where we have
to deal with disturbance w and model uncertainties. The actual output of this plant
will deviate from the ideal one. This deviation is:

Sy(t) = y(t) = y,q (1) (3.2)

When the actual output has to follow the ideal output as close as possible, a
control correction éu(t) is needed in addition to the ideal input wgy(t), in order to
compensate for this deviation:

u(t) = uy, (t) + ou(t) (3.3)

The computation of du(t) on basis of the measured deviation éy(t) is referred to as
robust regulation, as the output is regulated around its ideal value. The dynamic
system that performs this regulation is the feedback compensator C, for which three
tasks have been identified:

- stabilization of the control system;

- suppression of disturbance signals;

- reduction of the effects of model uncertainty.

By separating the controller in a deterministic ideal part and an uncertain part,
tracking ideal time functions is separated from robust regulation. The
interconnection of the two is shown in figure 3.1. Exact tracking is only obtained in
the nominal case where the actual plant P equals the ideal plant P,, therefore
nominal tracking is achieved.



70 3 Detailed design

\

Y+ Oy

FIGURE 3.1  Interconnection of deterministic ideal time functions with robust
feedback compensator (De Roover, 1997).

Robust asymptotic tracking

Under special conditions, not only robust regulation and nominal tracking can be
achieved, but also robust asymptotic tracking. Three possible situations have been
identified:

1. P=Py,and we W

2. P =Py, and uy, yq € W

3. P=7Py and w=0.

where W is the set of waveform structured signals (appendix B). The second
condition in situations 1 and 2 means that the disturbance respectively ideal input
and output can be described by (semi) deterministic signals (Johnson, 1976). In
these situations, robust tracking can be achieved when an internal model of the
signal generating system is incorporated in the feedback compensator C. An
example is the disturbance observer (Johnson, 1971), which will be discussed in
section 3.5. In situation 3, robust tracking can be achieved by incorporating the
model uncertainty into the design of the ideal deterministic inputs and outputs. For
details of this situation we refer to (De Roover, 1997).

Controller components

In literature the two-degrees-of-freedom (2-DOF) controller, e.g. figure 3.2, is well
known. The name originates from the freedom to process the reference signal r and
the feedback signal y independently. It seems that this controller configuration has
three degrees-of-freedom, i.e. R, C and F. But there are at most two independent
parts in the control signal u, namely a part independent of the measured output y
and a variable dependent of the measured output y (De Roover, 1997). However,
given a compensator C, one can choose different combinations of R and F that
result in the same output y. This can be exploited so as to facilitate the design of
the components R and F. Instead of degrees-of-freedom, we will therefore refer to
the number of controller components (CC). The control system of figure 3.2, for
example, is a 3-CC controller.
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FIGURE 3.2  General 2-DOF or 3-CC servo system

Controller design framework
Based on the previously described design philosophy De Roover (1997) proposed
the following control design framework:

1.

2.

Model the plant and the disturbance signals w as extensively as necessary to
achieve the desired (high) performance;

Given a (nominal) model of the plant, design a deterministic force input
signal u; that drives the output of this plant model y along a desired
trajectory, such that both the force input and the desired trajectory optimally
satisfy the desires of the user;

. Given a (nominal) model of the plant, design a feedback compensator that

achieves (robust) regulation, i.e. attenuation of disturbances and robustness
against parameter variations and unmodeled dynamics;

. Implement 2. and 3. in the 3-CC nominal tracking scheme of figure 3.2;
. If the force input u; and reference trajectory r can be modeled as persistent

signals, robust asymptotic tracking can be achieved by extending the
controller with an internal model of these signals.

3.2.2 Towards a structured design method for mechatronic control systems

The design philosophy and controller design framework outlined above are not
readily applicable in the mechatronic design process, for two reasons:
1. starting point. The first step of the framework is to model the plant,

disturbances and specifications as extensively as needed. However, in section
3.1 we argued that during detailed design the plant model is only partially
known and that this model will only gradually evolve to a description that
competently represents the real-world system.

. objective. The design philosophy is developed with the aim to describe how

the three design variables (R, C and F) should be combined such that the
performance of the controlled system is mazimized (De Roover, 1997). This
implies that the most advanced design tools are to be used, with the possible
consequence of a complex control system and a complex design process.
However, in many designs, the designer will not have to obtain maximum
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performance, especially not at the cost of a complex control system. Often, a
designer will be satisfied when the performance is satisfactorily within a
specific context, i.e. when it is good enough.

We will therefore develop a structured design method for mechatronic control
system design, using the basic ideas of the presented philosophy, but sometimes
with different implementations. The structured design method will use a particular
control configuration.

Definition 3.2 Control configuration

The control configuration is the decomposition of the overall control system into
a set of components with predetermined interactions.

Roughly four types of components will be distinguished (figure 3.3):

1. The reference path generator R that generates the reference path r.

2. The feedback component C that uses the reference path r and the measured
output y, to generate a control signal u,.

3. The feedforward component F that has the reference path r as input and
generates a forcing function wu,.

4. The disturbance observer O that uses the control signal u and the measured
output y to estimate the states of the plant and the disturbance model, in
order to estimate and compensate the input disturbance w acting on the
plant.

2}
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FIGURE 3.3 Control configuration used in structured design method

Reference path generator R

The design philosophy makes clear that a choice of reference path r is part of the
design of the control system. The reference path will approximately indicate the
desired motion for the end-effector, but the actual signal should be chosen in
harmony with the other components of the control system and the
electromechanical plant.
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Feedback component C

The most important component of the control configuration in figure 3.3 is the
feedback component. In some cases, all four objectives (refer definition 3.1) can be
achieved by only a reference path generator and a feedback component, i.e. a 2-CC
controller. However, this is generally not possible or desirable, as it is difficult to
design such a component meeting multiple objectives. For a stable closed-loop
system, we can state that the output y of a controlled system has to follow the
reference path r with a small error e and has to reject disturbances w, despite
model uncertainties. It is well known that this can theoretically be achieved by a
feedback component C with large gain. However, in practice this will not work, as a
large gain can make the system unstable and it increases the cost of feedback.

Statement 3.1 Cost of feedback

The cost of feedback is an indication for the pitfalls of feedback. An appropriate

measure for the cost of feedback is the feedback gain, as large feedback gains:

1. will result in a large control signal u; this requires large power, an expensive
actuator and the electromechanical plant has to deal with large inputs;

2. cause measurement (or sensor) noise n to affect the system output z
unattenuated.

Feedforward controller F

According to the design philosophy, the main function of the feedforward
component F is to generate the forcing function wu, which results in nominal
tracking. Addition of a feedforward component to a 2-CC controller may improve
performance, without affecting the stability, disturbance attenuation and
robustness properties. Similar as for the feedback component, the feedforward
component should be designed such that the plant input w will not become
“unpleasant”, i.e., the cost of feedforward should also be limited. E.g., large or fast-
changing inputs have to be avoided. The design of this component is shortly
discussed in section 3.4.

Disturbance observer O

The main function of the disturbance observer O is to attenuate disturbances
acting on the plant. Under special conditions, this observer can be designed
independent of the feedback component. Disturbance observer design is discussed in
section 3.5.

The functions of the control system can thus be distributed over different
components in the control configuration. This may be used to simplify the design
and the design process. We start with a 2-CC configuration containing R and C.
We will only add a feedforward component F or a disturbance observer O when
necessary.
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An initial 2-CC configuration is obtained during conceptual design, were we mainly
focussed on performance and robust stability. We will shortly reflect upon the
assessment method, presented in the previous chapter, in the light of the design
philosophy and design framework described above. During assessment, we only used
simple plant models, due to limited knowledge of the plant. Therefore, only parts of
step 2 and 3 of the design framework, i.e. design of an ideal input and robust
regulation, were relevant. The assessment method is consistent with these steps:

- Ideal deterministic response synthesis. In the assessment method, we do not
use a forcing function u in order to obtain an ideal deterministic input wu,.
The consequence is that errors between the output y and its ideal value yy,
are not only caused by disturbances and modeling errors anymore. Errors also
originate from the fact that plant dynamics are implicitly ignored. In the 2-
CC configuration, we only generate a plant input uw when an error has
occurred, i.e. a difference between the ideal output g, and the output y. This
error also occurs under nominal conditions, i.e. when we would exactly know
the dynamics of the plant and no disturbances are present. In terms of the
design philosophy we can state that during conceptual design we have chosen
the reference path 7 equal to the ideal output ;. Within the assessment
method the reference path can be chosen such that it represents a realistic
output motion. A second-degree reference path, for example, can be
constructed from a maximum acceleration and velocity, thus incorporating
physical limitations of the amplifier, actuator or mechanical subsystem. The
assessment method can also be applied such that it proposes a second-degree
reference path with certain maximum acceleration and velocity. This proposal
incorporates knowledge of dynamical effects of the plant that limit the
performance. The values of the maximum acceleration and velocity can now
be used to select an appropriate amplifier and actuator.

- Robust regulation and nominal tracking. The feedback component acts upon
the error between the reference path r and the measured output y. When we
consider the control system used in conceptual design, we see that the
measured output consists of two components, i.e. a measured position and a
measured velocity. The measured position is compared to the reference path.
The measured velocity is implicitly compared to zero, i.e., it is assumed that
the ideal velocity time function is zero. For servo systems, which also have to
track the reference path for ¢ € [0, ¢,], this makes no sense. For transient
systems performing point-to-point motions, the ideal velocity in the time
interval of interest (¢ > ¢,) is indeed zero. The measured position does not
necessarily correspond to the position to be controlled z. In these cases, the
reference path indicates an ideal time function for the measured position and
it is assumed that the position to be controlled will automatically follow.

As long as the extensions of the plant model are indeed extensions and not
significant modifications, the results of the assessment method are valid and should
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be reused during detailed design. This holds for the reference path generator, the
control system as well as the plant.

3.3 Feedback component

3.3.1 PID controller structure

In this section, we will discuss the design of PID feedback components that can be
integrated in the control configuration of figure 3.3. We will use PID control, as
this contains the primary actions that are generally required for control of
electromechanical motion systems. Furthermore, industrial applications commonly
use these fixed-order motion controllers. If the requirements cannot be met, the
PID can easily be extended by means of, for example, loop shaping (see chapter 4)
or by addition of a notch filter. These extensions require an initial feedback
controller, for which the PID discussed in this section forms a good starting point.

A PID has three parameters, corresponding to: the proportional, integral and
derivative action. Roughly, it can be stated that these actions all have their own
function. The proportional action primarily provides a desired bandwidth, the
derivative action primarily ensures stability and the integral action provides extra
gain at low frequencies, in order to suppress low-frequency disturbances. Because
the controller also acts on measurement noise n, it is necessary to reduce the
feedback gain at high frequencies. This can be achieved by means of a roll-off filter.
The design of this filter will be integrated in the design procedure.

In chapter 2 we discussed feedback components C for electromechanical motion
systems that use the reference path, a measured position and a measured velocity
as inputs. Depending on the concept, the position and velocity were measured at
different locations in the plant. Three different combinations were considered,
where position and velocity were measured with respect to the fixed world or
another reference, e.g. the machine frame. These combinations are:

1. position and velocity measurement at the actuator;

2. position and velocity measurement at the end-effector;

3. position measurement at the end-effector and velocity measurement at the

actuator.

In this section we will not use actual velocity measurements, but rather construct a
velocity signal from a position signal using a tame derivative action. The reason is
that commonly position sensors are used. The consequence is that one position
sensor is required in combinations 1 and 2 and two position sensors are required in
combination 3. We distinguish two different PID configurations:
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1.  The PID compensator, which generates a control signal u, using an error,
i.e. the difference between the reference path r and a measured position ,
as inputs (figure 3.4a). This compensator can only be applied in
combinations 1 and 2.

2. The PID controller, which generates a control signal u, using the reference
path r and two measured positions (y;, %) as inputs (figure 3.4b). The
inputs g, and y, may be chosen identical. The essential difference is that
the derivative action does not operate on r. The controller can be applied
in all three combinations.

4 c
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FIGURE 3.4  a) PID compensator and b) PID controller configuration

The transfer function of the PID compensator in series form with a second-order
roll-off filter is described by:

7.8 +1
C.(s)=K- -
Pl(s) 7.8
7.5+ 1
C =4 3.4
ds (5) Tdﬁs +1 (3.4)
1
C =
h (5) T8+ 1
such that

o= o= [0 (2528 [ ) on

where K denotes the proportional gain, 7; the integral time constant, 7, the
derivative time constant and 7, the high-frequency roll-off time constant. The
tameness factor [ is chosen such that the derivative action is effective over a
limited frequency range only. In order to have a derivative effect, [ is chosen
smaller than 1.

An asymptotic Bode plot of the PID compensator is shown in figure 3.5. The
tameness factor § determines the magnitude of the phase lead that will maximally
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occur. When (3 becomes larger and gets closer to 1, 1/74 and 1/0r; will move
towards each other, such that the phase-lead effect will be reduced.
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FIGURE 3.5  Asymptotic Bode plot of the PID compensator

The PID controller, as indicated in figure 3.4b, is described by three separate
transfer functions. The proportional and integral action C,(s), as well as the roll-off
filter C,(s) are given in (3.4). The (parallel) derivative action is described by:

TdS

Cdp (5) =
The measurement y, entering the derivative action Cy,(s) can either be the actuator

position or the end-effector position, depending on the concept that is considered.
The meaning of the parameters in (3.6) is the same as in (3.5).

We define the problem we address in this section as:

Definition 3.3 PID design problem

Given a standard fourth-order plant model, design a PID controller or PID
compensator, which:

1. achieves sufficiently high bandwidth w,;

2. giwes sufficient suppression of low-frequency disturbances;

3. ensures a mazimum peak-value of the magnitude of the sensitivity function;
4. uses limited control energy.

The bandwidth is defined as:

Definition 3.4 Bandwidth w4

The bandwidth w, is the frequency for which |1 — T(jw)| first crosses the 0 dB-
line from below.
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where T(jw) is the complementary sensitivity function. When a compensator is
used, this implies the more common definition of bandwidth, i.e. the frequency
where the sensitivity function S(jw) first crosses the 0 dB-line from below, see e.g.
(Skogestad and Postlethwaite, 1996). However, this is not true for the controller
configuration, as the sum of the sensitivity and complementary sensitivity function
do not equal 1. The bandwidth w; defined above provides a good indication for the
closed-loop performance and is applicable for both configurations.

Before we actually derive a design procedure, we will shortly describe the relation
between the PID design addressed in this chapter and assessment method of
chapter 2.

After successful application of the assessment method, a proposal for a controlled
system is available, including a sensible reference path, an indication of the lowest
mode of vibration of the plant and the sensor locations. Unlike during conceptual
design, we will consider these properties of the system design to be unalterable at
this stage. For the values of the proportional actions in the controller, merely a
sensible indication is given. After more extensive modeling of the dynamic behavior
of the plant, the controller should be reconsidered. Now, not only performance
plays a role, but also additional aspects such as the stability margin, disturbance
attenuation and the cost of feedback. The design procedure discussed here is more
appropriate for this purpose, as the specifications are stated in terms of the
sensitivity function, i.e. frequency-domain design, and the controller includes an
integral action. One major benefit of frequency domain design is the close link to
experimental information that can be obtained by measuring the frequency
response. However, it is desirable to reuse the controller settings proposed in the
conceptual design. We will show that it is wise to use the bandwidth w, of the
conceptual design as the starting point of the PID design.

3.3.2 PID design for second-order plants

Firstly, we consider the design of PID compensators (figure 3.4a) with a roll-off
filter, as described in (De Roover, 1997). We use this systematic approach to PID
design, as it tailored to electromechanical motion systems and it provides the
designer with more insight in design trade-offs than tuning rules, such as in e.g.
(Rankers, 1997). Secondly, we make some modifications to this approach. Finally,
we formulate a design procedure, which starts from frequency-domain specifications
and a second-order plant model, i.e. a moving mass model:

P(s) = —5 (3.7)

with m denoting the total mass to be moved.
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The specification used in the design procedure of De Roover (1997) are:
1. sufficiently high bandwidth w,.
2. sufficient suppression of low-frequency vibrations: | S(jw)| < § for w < w.
3. maximum peak-value of the sensitivity magnitude: |S(jw)| < M.
4. limited control energy.

where the sensitivity function, with PID compensator C(s) according (3.5), is given
by:

1

56) =17 P(s)C(s)

(3.8)

and the peak of the sensitivity function is defined as:

Definition 3.5 Peak of the sensitivity function Mg
The peak of the sensitivity function My is:

Mg = max|S(jw)| = [S(jw)l,

The sensitivity function is a suitable means to specify the functionality of a
feedback component (refer section 3.2.1). Requirements 1 and 2 correspond to the
function of disturbance suppression, while requirement 3 corresponds to the
functions stability and robustness. Requirement 4 is used to find the best of all
candidates, i.e. the one with the smallest cost of feedback. When the control
configuration consists of only a feedback compensator and a reference path
generator, i.e. a 2-CC control system, the PID compensator also has to provide
performance. This can be specified by means of the bandwidth w.

All specifications are now expressed in terms of the sensitivity function. However, a
disadvantage of using the sensitivity function is that it is very insensitive to a
major cost of feedback: the effects of measurement noise n (Horowitz, 1991).
Therefore, we always need to inspect the complementary sensitivity function T71(s)
after the design of the feedback component.

PID compensator
For the PID compensator we consider the peak of the sensitivity function Mg in
more detail. A typical open-loop Nyquist plot of the loop transfer function L(jw) =
P(jw) C(jw) is shown in figure 3.6a, where P(jw) and C(jw) are derived from (3.7)
respectively (3.5).
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FIGURE 3.6  a) Nyquist plot of L(jw) b) Sensitivity function peak reduction
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A close-up of the loop transfer function of the PID controlled moving-mass system
around the point (—1, 07) is shown in figure 3.6b. The maximum phase lead of the
PID compensator is less than 90° and should occur at about the phase margin. It
can be seen that when the phase lead at the phase margin increases, the graph is
pushed away from the point (—1, 0j). The same will happen at the frequency where
|S(jw)| = Mg. Hence, there is a close relation between the maximum peak of the
sensitivity function Mg and the phase margin ¢,. For a given My it is guaranteed
that (Skogestad and Postlethwaite, 1996):

2M.

B > 2arcsin[L] (3.9)
S

Thus, to allow a certain maximum on the sensitivity function, a minimum phase
margin has to be guaranteed.

P

My < (QSin 7))_1 (3.10)

Note that this is a necessary and not a sufficient condition. As the phase change
caused by the plant P(jw), (3.7), is always —180°, the minimum required phase lead
of the PID compensator ¢, corresponds to the required phase margin ¢,. The
magnitude of this phase lead is determined solely by the tameness factor 3 :

extra phase lead ¢, tameness factor
0° 1
55° 0.1
78° 0.01

TABLE 3.1 Relation between extra phase lead and tameness factor (8
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Not only the amount of phase lead is important, but also the frequency at which it
occurs. It is desirable to put the maximum phase lead at the frequency where the
sensitivity function peaks .. This ensures that Mg is small enough, using
minimum phase lead ¢,. The smaller this phase lead, the smaller the gain at that
and higher frequencies, which corresponds to the requirement of limited control
energy. The relation between the required bandwidth «j, and the frequency at the
peak of the sensitivity function has been stated as: “For good designs, this
frequency w,,, is approximately two times the bandwidth” (De Roover, 1997). The
compensator parameter 7, determines at which frequency the phase lead ¢, occurs,
i.e. in the middle between 1/7, and 1 /fr,. On a logarithmic scale this means:

log (73 ) + log ﬁ’lT('l 1
( d ) 5 ( 1 ) = lOg(wpcak) ~ lOg(QWb) 4 Ty = 2%)—\/3 (311)

In order to obtain the desired bandwidth w,, the proportional gain K is used. We
obtain an expression for K by evaluating the expressions for the plant and the
compensator. We will approximate the expression for the compensator for a
particular frequency range. In the frequency range between 1/7, and 1 /fry (refer
figure 3.5), where the bandwidth «, will be situated, the compensator can be
approximated by:

TqJw, + 1

Ol =

(3.12)

Using this approximation together with the fact that |1 — T(jw,)| = 0 dB, gives an
expression for K:

_ 6B +1

Low-frequency disturbances have to be suppressed up to a frequency «, such that
in this region |S(jui)| < s. This can be achieved by the integral action of the PID
compensator, i.e. by finding a proper value for the parameter 7. In order to find an
expression for 7, we will again approximate the expression for the compensator, but
now for the low-frequency range:

Os) ~ — (3.14)

7,8

Furthermore, the sensitivity function in the low-frequency range can be
approximated by:

(3.15)
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Remark 3.2

The approzimations are justified as long as 1/7; is sufficiently smaller than 1/7,
and |P(jw)C(jw)| > 1. Rankers (1997) suggests choosing 1/, about 3 times
larger than 1/7;.

When we combine these approximations with requirement 2, we obtain the
expression for 7

5K

T, >
! mwf’

(3.16)

In order to suppress high-frequency components in the loop, i.e. high-frequency roll-
off, an additional filter is added to the PID compensator. The extra pole should not
deteriorate the stability margin, therefore it should be situated further away than
the pole of the derivative action (1/fr,), but as low as possible to limit the
controller bandwidth.

Evaluation of design method

Although this a useful and systematic method for the design of PID compensators:
- it is not applicable for concepts using 2 measurements;
- the disturbance is assumed to be an output disturbance.

In electromechanical systems, disturbances are often expressed conveniently in
terms of force, thus input disturbances are more appropriate. In the compensator
configuration, input disturbances can easily be transformed into output
disturbances, when the plant is linear and time invariant. However, when two
measurements are used this transformation is more complex.

Comparison of configurations

In order to address these two problems, we will first compare some characteristic
closed-loop transfer functions of a second-order plant with both a PID compensator
and a PID controller. By means of a subscript we indicate the input and output
variable of a transfer function, e.g. T,,(s) indicates the complementary sensitivity
function from reference path r to the output 2 Additionally we consider the
transfer functions from the input disturbance w and the measurement noise n to
the measured output y. For the compensator configuration we obtain the familiar
expressions:

PC
I =1P0
P
SVVZ — H—PC (3-17)
PC

T, = ———
n 1+ PC
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where we omitted the Laplace operator (s) for reasons of simplicity. For the
controller configuration we obtain:

PC.C

T = h™ pi
“ "1+ PC,C, + PC,Cy
P
S, = 3.18
Y1+ PCC, + PCCy (3.18)
PC,C.,
A 1 pl
" T 14 PC,C,; + PC,Cy.

Other important closed-loop transfer functions, used in the design method, are the
sensitivity function S and 1 — T,,. For the compensator we obtain the well-known
expression:

1

For the controller configuration we obtain:

1
1+ PC,C + PC,C
1+ PC,C,,
1+ PC,C,; + PC,Cy,

S:

d
’ (3.20)

1_1—‘rz:

Here, we see that the sum of S and T,, is not 1 anymore, as this feedback
component actually has two degrees of freedom. When we assume that C, + G, =
C, as § < 1, we can conclude that:
S, is identical for both configurations;
- T, is identical for both configurations;

n

T, is different.

Remark 3.3

With z we denote the output to be controlled. In case only position measurement
at the actuator takes place, we consider the actuator position the output z to be
controlled, although we are primarily interested in the position of the end-
effector.

Remark 3.4

The design procedure will use more system representations than only the
sensitivity function. It is wise to use these multiple views, as we have already
indicated that the suppression of measurement noise is not wvisible in the
sensitivity function.
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Input disturbances
Instead of output disturbances, we will now consider input disturbances. The
specification is: |S,,(jw)| < § for w < wj, where S,, is the input sensitivity function.
Again, we approximate the expression for the PID compensator in the low-
frequency range:

c~f (3.21)

TS

Furthermore, the input sensitivity function can be approximated by:
P 1
Swl == =|= 3.22
Sl = || = |5 (322)

Combining these approximations with the new specification for disturbance
attenuation gives the new expression for ;:
s K
T < a (3.23)

L <
“

Remark 3.5

Whenever 1/7; is smaller than w, this indicates that the integral action is not
necessary, i.e., the requirement is also met without integral action. In these
cases PD control can be applied.

PID controller

In concepts that use two measurements, only the PID controller (figure 3.4b) can
be applied. The corresponding parameters can, of course, be determined using the
procedure as indicated above. However, we indicated that the performance, i.e. w,
is different when wusing a controller configuration. The consequence is that
application of the design method will result in a different bandwidth than specified.
Therefore, we will determine new expressions for the parameters of the PID
controller, using a similar approach.

A disadvantage of the PID controller structure is that it cannot be described by a
single loop transfer function, such that frequency analysis is not straightforward.
Instead, we use the following transfer function:

L = & (3.24)
1+ PC'thp

Le., the transfer function from the input of C; to the position z, with the position
loop ¥, closed. The expression for the transfer function 1 — T,,(s), including roll-off
filter, is:
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1+ PC’th
1- Trz = L
1+ PC’hC1Di + PCthp (3.25)
_ 1
L +1

As before, the function of Cj,(s) is to limit the peak of the sensitivity function. The
lead coefficient § can be chosen with the aid of table 3.1, but generally 0.1 is used.
The derivative time-constant 7, should again be chosen such that the extra phase
lead ¢. is located at the frequency where the sensitivity function peaks.

compensator
rrrrrrrrrr controller

10"

FIGURE 3.7  Comparison of loop transfer functions with a PD compensator and a
PD controller

In figure 3.7 we compare a typical loop transfer function L of a PD compensator
and a loop transfer function L' of a PD controller; the integral action is omitted for
reasons of simplicity. A similar phase at the gain crossover frequency w, is
approximately achieved by choosing the derivative time constant of the PD
controller equal to:

1

“ LT (3.26)

Ta

Definition 3.6 Gain crossover frequency w,

The gain crossover frequency w, is the frequency where |L(jw)| first crosses the 0
dB-line from above.

To obtain the desired bandwidth w, we derive an appropriate expression for the
proportional gain K. Using the fact that |1 — T,,(jw,)| = 0 dB and the expression
for Cy,(jw,) from (3.6), gives an expression for K:
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wﬁrgﬁ +1

K =2u’m
b (4%7'3/62 + Zanggﬁ +1

(3.27)

The expression for the integral time constant 7; is identical as for the PID
compensator, as the input sensitivity functions are identical, therefore:
s K
T <= (3.28)
“
The high-frequency roll-off filter is also determined similarly as for the PID
compensator.

Remark 3.6

Commonly, the integral action in a 2-CC control configuration is only switched
on after the motion time, i.e. for t > t,, in order not to deteriorate the
positional error.

Design procedure

We can now summarize the findings above in one design procedure.

In order to reuse the results of conceptual design, we suggest to determine the
bandwidth w, of this closed-loop system and use this as the initial specification:
1. sufficiently high bandwidth w, i.e. the frequency where |1 - T,,(jw)| = 0 dB.
2. sufficient suppression of low-frequency disturbances: |S,,(jw)| < s for w < w.
3. maximum peak-value of the sensitivity magnitude: |S(jw)| < M.
4. limited control energy.

Design Procedure 3.1 PID design using a second-order plant model
1. Determine m, i.e. the total mass to be displaced.

2. Determine whether to use a PID compensator or a PID controller.

3. Determine the amount of phase lead ¢, necessary for the desired mazimum
peak of the sensitivity function My and the tameness factor [ using table 3.1.
Generally, the parameter G is chosen equal to 0.1.

4. Determine the frequency at which the extra phase lead should be located, i.e.
the frequency where the sensitivity function peaks w,.,.

w

peak = 2wb

Neat, determine the value of derivative time constant T4 to position the extra
phase lead at this frequency. For the compensator respectively controller use:
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1 1
" 90 JB Ty JB

5. Determine the proportional gain K to obtain the desired bandwidth w,. For
the compensator respectively controller use:

wﬁTiﬁ +1
ngg +1

6. Determine the integral time constant T, in order to obtain a desired gain at
low frequencies. For the compensator and controller use:
s K
T < —-—

L <
“

3 11

K =2u’m
b wfﬂ'iBQ + 2w§7'§ﬂ +1

K = 2w§m[

7. Choose the high-frequency roll-off time constant 1, < (Ory, but as large as
possible to limit the controller bandwidth.

Remark 3.7

So far, we have not given suggestions whether to use a compensator or a
controller configuration. We come back to this issue in chapter 5.

Example
In section 3.2.2 we shortly discussed the PD controller, used during conceptual
design, in the light of the design philosophy of section 3.2.1. Here, we will illustrate
the differences between the compensator and the controller configuration by means
of an example. We model the PM module of the FCM as a moving mass, with m =
8.83 [kg]. The specifications are:

1. bandwidth w, = 266 [rad/s].

2. suppression of low-frequency disturbances: |S,,(jw)| < s = —120 [dB] for w <

w = 10-7 [rad/s].
3. maximum peak-value of the sensitivity magnitude: | S(jw)| < Mg = 6 [dB].
4. limited control energy.

The parameter values according design procedure 3.1 are given in table 3.2.
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parameter compensator controller
configuration configuration
8 0.1 0.1
Tq 5.93-10° 2.97-10°
K 4.50-10° 12.2:10°
T 1.42:10° 3.54-107
Th 3.0-10™ 1.5-10*

TABLE 3.2 Parameter values of PID compensator and PID controller

First, we omit the integral action and the roll-off filter, to illustrate the essential
difference between the two structures. We consider the transfer function 1 — T,,(s),
as shown in figure 3.8:

20 F

0 1. PD compensator
% 2. PD controller with compensator settings
- 2 3. PD controller
2 40 3 1
&
= .80

-120 “h : ’

10’ 10t 10° ' 10t

log w [rad/s]

FIGURE 3.8  Magnitude of 1-T,,(s) for different PD implementations

We see that the compensator indeed fulfills the specifications, i.e. the bandwidth wj,
is approximately 266 [rad/s] and the peak of the sensitivity function Mg < 6 [dB]
(response 1). When we use the same settings (first column of table 3.2) for the PD
controller, we see that the bandwidth is lower: w, = 180 [rad/s] (response 2). When
we apply the settings that have been determined for the controller configuration
(second column of table 3.2), we again obtain a bandwidth w, of approximately 266
[rad/s] (response 3).

Now, we also incorporate the integral action and we will look at three closed-loop
transfer functions 1 — T,(s), S,,(s) and T,(s), for the same three situations as
above (see figure 3.9).
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20

— 0 5 1. PID compensator
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FIGURE 3.9  Magnitude of 1-T,,(s), S,,(s) and T,,(s) for different PID
implementations

First of all we can see that the PID compensator and PID controller design
according to design procedure 3.1, approximately fulfill all specifications. The PID
controller configuration requires more proportional gain K in order to obtain the
desired bandwidth w,. As a consequence, more low-frequency disturbance
attenuation and more noise amplification occurs.

3.3.3 PID design for fourth-order plants

In this section we want to verify to what extent design procedure 3.1 is also
applicable to fourth-order models (Waarsing, 1999). For fourth-order plant models
with a PID controller, stability is not guaranteed a priori, as it is for second-order
plant models. Stability depends on the type of fourth-order plant transfer function
(refer section 2.2.1) and the control system, i.e. the concept (refer section 2.3).
Therefore, we first consider the relation between the plant models P(s) and PID, in
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order to obtain guidelines for stability. Consecutively, we extend the design
procedure such that it is applicable to all concepts that possibly yield a stable
closed-loop system.

Stability analysis

In (Rankers, 1997) a stability analysis is presented for fourth-order systems, using a
PID compensator. We will shortly summarize the results. Consider the loop
transfer function L(s) of a second-order plant model with a PID compensator (3.5),
as shown in figure 3.10.

E‘ \
=
9 I
o
g
log w [rad/sec]

P
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A
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FIGURE 3.10 Ideal open-loop frequency response without first mode of vibration for
the PID compensator

The frequency range (figure 3.10) can be divided into three regions, separated by a
—m crossing of the phase plot. In the low-frequency range the phase is below —m,
due to the integral action. In the middle-frequency range the phase is above —m,
due to the phase-lead of the derivative action and in the high-frequency range the
phase again drops below —7. The borders of these regions can be roughly estimated
by comparing figure 3.5 with figure 3.10. This comparison shows that the first -«
phase crossing of the PID compensator occurs somewhere in the middle of 1/7; and
1/74, which marks the end of the low-frequency region. The high-frequency region
starts from the second —m phase crossing of the PID compensator, somewhere in
the middle of 1/0r4 and 1/7,. The medium-frequency region lies in between.

To illustrate how a vibration mode may affect the stability of the loop, (Rankers,

1997) extended the original plant model with one extra mode in each of the three

frequency ranges. Three concepts with a PID compensator were considered and it

was concluded that:

Concept AR: concept AR is possibly unstable when the vibration mode is located
in the low- or high-frequency region, due to the extra phase lead.
When located in the middle-frequency range, the extra phase lead
will only add to the existing phase lead, which improves the
stability.
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Concept RA: concept RA has the opposite effect. If the vibration mode is located
in the middle-frequency region, it will possibly be destabilizing, but if
located in either the low- or high-frequency region, the system will be
stable.

Concept R:  concept R is never stable when the vibration mode is located in the
low- or middle-frequency region. If located in the high-frequency
region this concept can be dealt with.

In chapter 2 we also discussed concept D and concept N controlled systems. When
a PID compensator is to be designed for a type D transfer function, the controlled
system will always be stable, as it does not contain a vibration mode. Concept N
will result in an unstable closed-loop system. Only when the vibration mode is in
the high-frequency area, this concept can be dealt with.

When a PID controller is used instead of a compensator, this approach of stability
inspection cannot be used. In the previous section we did define a loop transfer
function L/(s), i.e. the transfer function from the input of C(s) to the position to
be controlled z. However, a vibration mode cannot be superimposed on the loop
transfer function with a second-order plant model, as the position loop of ¥, is
closed (3.24). In section 3.3.2 we indicated that the closed-loop poles are located at
the same position for both the controller and compensator -configuration.
Additionally, we will reuse the results of chapter 2 with regard to stability of
different concepts. In the assessment method of chapter 2, the bandwidth «, is
implicitly chosen close to the vibration mode, but always smaller, i.e. the medium
frequency range. When the vibration mode is in the high-frequency area the plant
behaves as a moving mass. However, there may be a risk of instability when the
vibration mode is not located far enough into the high-frequency region.

Concept Low Medium High

AR O + O + stable
D + + + O risk of
RA + — + instability
R — — O — not
N — — O applicable

AR-D + + O

AR-RA — O o

AR-R - ] U

AR-N - o U

TABLE 3.3 Stability of concepts for vibration modes in different frequency
regions
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In table 3.3 we give an indication for the risk of instability for all concepts,
independent of the used configuration. It is indicated whether a concept is stable,
has a risk of instability or is not applicable; this either means that the concept is
unstable, or that risk of instability is such that it is not wise to use this concept in
the indicated frequency region.

Remark 3.8

In table 3.3 we only discussed stability issues and not the other requirements of
the PID. Generally, the vibration mode will be located in the medium or high-
frequency region. When a vibration mode is located in the low-frequency region,
this may have significant effects on the performance.

Design procedure

A PID is not able to control a vibration mode; it primary controls a second-order
plant, i.e. a moving mass system. We need to consider the first mode of vibration
in order to get an indication of this performance-limiting factor. The design
procedure 3.1 is therefore only applicable to those concepts marked with + or O in
table 3.3. For a particular problem this table should be checked beforehand; the
actual stability margin(s) also should be verified after the design.

In the situations that the vibration mode is located within the bandwidth w, a
small modification is required. The plant approximation at w4 is now different:

: 1 WF
Pljw, ) v ———- = (3.29)
m( jw, )" Y
This implies that the control system sees a different mass:
m=m- ‘:; (3.30)

As a consequence, the expressions for the proportional gain, which contain the
mass, should be adapted. The new expression for the proportional gain K for the
compensator is:

2 2 (, 2.2
K =9 )m* ngdQﬁ +1 _ 2wf}mwar wadQB +1 (3.31)
Wity +1 of Wiy +1
and similar for the proportional gain of the controller:
2uPmu; W% + 1
K = 29m [ Tyl ] (3.32)
Wf wﬁrdﬁ + 278 + 1

In the situations that PID control can only be applied when the vibration mode is
located in the high-frequency area, it is important that the high-frequency roll-off
comes as soon as possible. In these cases we recommend choosing 7, as:
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= — (3.33)

3.4 Feedforward and reference path generator

In this section we will shortly discuss the design of the feedforward component and
the reference path generator. We will not present any new material, but merely
indicate some design issues.

In the design philosophy we mentioned that the third degree of freedom in a 3-CC
controller concerns the implementation of the reference path generator R and the
feedforward component F, i.e. in those components that generate a control signal
dependent on the reference path r and independent of the measurement y. This
part of the control signal is referred to as the forcing function w. De Roover (1997)
gives a survey of alternative design methods for open-loop forcing functions that
drive the output of a plant model along a desired trajectory, such that both the
force input and the desired trajectory optimally satisfy the desires of the user.
These methods are classified into input synthesis and input filtering techniques. In
the first category forcing functions are designed with the desired vibration reducing
properties from scratch, while in the second category the forcing function are
shaped with an a priori control signal, such that resulting filtered input possesses
the desired vibration reducing properties.

The essential task of the controlled system can be characterized as moving a mass
from one location to another. In order to do so, the mass first has to be accelerated
and consecutively decelerated. The corresponding forcing function is a single bang-
bang function. However, the electromechanical plant will additionally contain
flexible modes, which are ignored when applying this technique. These modes can
(theoretically) be dealt with by introducing additional switching instances.
Practical disadvantages are that modeling errors can easily result in significant
residual vibrations, while the actuator will almost constantly operate in saturation
mode and a large number of switching moments between extreme values may
reduce the life-time of the actuator (De Roover, 1997). This can partially be
overcome by the use of e.g. an input synthesis technique such as limited jerk
profiles. These are smoothened forcing functions that reduce the excitation of high-
frequency modes. One can also use an input filtering technique such as notch
filtering or inverse plant dynamics filtering.

Early in the detailed design stage, we only have simple plant models available. The
consequence is that the design of a forcing function is also relative simple. Often
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the use of this simple model is also sufficient. Rankers (1997) indicated that in
many industrial control systems, the model assumes that the electromechanical
plant behaves as one rigid body on which Coulomb and viscous forces are applied
by the guiding systems. Thus the simple design used early in the design process can
partially be maintained during realization of the system. Rankers (1997) indicates
that tuning of the parameters of this feedforward component is generally quite
straightforward, as in most cases it only involves an estimation of the total moving
mass and experimental determination of coulomb and viscous friction effects of the
plant.

We will consider this relative simple design of the forcing function, i.e. the design
of a feedforward component and a reference path generator, as generally the
resulting performance is good enough. However, we will do this in the light of the
design philosophy of section 3.2.1, in order to make clear how to modify and reuse
the design when more advanced techniques are to be applied. An existing design
can be improved upon by means of, for example, input filtering techniques, where
we reuse the control signal of the existing design as the required a priori control
signal.

The block diagram of figure 3.1, can easily be manipulated such that we obtain the
more familiar configuration of figure 3.11.

R -
» F1 »

\ 4

id yi(l ; >

FIGURE 3.11  Alternative implementation of ideal and uncertain part

The variables in this figure are those used in the design philosophy. When we
compare this diagram with the control configuration of figure 3.3, we see that the
ideal input wu, corresponds to the forcing function u; and the ideal output wuy,
corresponds to the reference path r. When P, is described by:

Pa: Bals) = el (3.34)
and the feedforward component F contains the total mass to be moved m, we
obtain the well-known situation of acceleration feedforward. The reference path
generator R contains a component JF ', which now equals m™. In practical

situations F may be extended with additional dynamics, e.g. inverse dynamics
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filtering, while the reference path generator is unaltered, i.e. F ' still equals m™

and P, is described by (3.34).

The development of a reference path generator from the forcing function is thus
easily accomplished by utilizing the rigid body mode of the plant (Meckl, 1994).
Application of the bang-bang forcing function to a simple mass will result in a
second-degree reference path, as the model P, essentially is a double integrator.
When a limited jerk profile is used in this situation, we obtain a third-degree
reference path. Here, we see the relation with the reference paths used in the
previous chapter.

The situation in figure 3.11 can thus be viewed upon as acceleration feedforward.
Additionally, velocity feedforward is sometimes used to improve the performance of
the system. This kind of feedforward is attractive when a PID controller
configuration is used (refer figure 3.4). When the corresponding feedforward
component is identical to the feedback component in the position loop 1,, this
configuration can be rewritten as a PID compensator. In section 3.2.2 we indicated
that in the controller configuration, the ideal velocity trajectory is implicitly chosen
zero. When we use velocity feedforward, we actually provide a more realistic ideal
trajectory that is in agreement with the ideal trajectory for the measured position.
In (Groenhuis, 1991) a comparison is made of different feedforward components for
a flexible mechanism, using the controller configuration in the feedback component.
These simulation results indicate that when a feedforward component is used in
combination with a PID controller configuration, the addition of a velocity
feedforward will further improve the performance. This confirms the ideas
presented in the design philosophy.

The design of the forcing function in the structured design method will depend on
the amount of detail in the plant model. Initially, a simple design will suffice, which
may gradually be improved upon.

- Start with a moving mass model for P, and use a bang-bang force profile
when a second-degree reference path was initially used or a limited jerk
profile when a third-degree reference path was used.

- Always add velocity feedforward to acceleration feedforward in case the
feedback component consists of a PID controller configuration.

- When suffering from residual vibrations of high-frequency modes, use a
limited jerk profile instead of a bang-bang profile.

- Use notch filtering or inverse dynamics filtering in F to reduce residual
vibrations of the lower vibration modes.

- When the design is materialized or when an indication of viscous and
Coulomb friction are available, incorporate this knowledge in the F.

When this is not sufficient, one can incorporate more extensive plant knowledge in
the design of the forcing function and the generation of the reference path via P,.
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This is out of the scope of this thesis and we refer to (De Roover, 1997) for these
techniques. Alternatively, one can use modern techniques as Iterative Learning
Control (ILC) (Bien and Xu, 1998) or Learning FeedForward Control (LFFC)
(Velthuis, 2000), (Otten et al., 1997). Advantages of these techniques are that only
a limited amount of a priori plant knowledge is required to obtain high
performance.

3.5 Disturbance observer design

An important reason for the use of feedback is the attenuation of disturbances.
Disturbances in practical control systems can be divided in two categories. The first
category contains stochastic disturbances, which are normally characterized by
statistical properties, such as mean value, covariance and power spectral density.
The second category contains waveform-structured signals, which show
distinguishable patterns, at least over short time intervals. In this section we focus
on waveform-structured signals W, as these are appropriate to describe important
disturbances in electromechanical systems and can explicitly be incorporated in the
design of the control system.

The internal model principle (IMP) states that “a regulator is structurally stable
only if the controller utilizes feedback of the regulated variable, and incorporates in
the feedback path a suitably reduplicated model of the dynamic structure of the
exogenous signals, which the regulator is required to process” (Francis and
Wonham, 1976). l.e., a feedback component has to include an internal model of the
dynamics of the disturbance it tries to attenuate. A controller structure that
includes such a model is the disturbance observer (Johnson, 1971). In this section
we will derive a design procedure for a disturbance observer, as a part of the
control configuration of figure 3.3. Theory on waveform-mode descriptions of
realistic disturbances is given in appendix B, which describes how disturbance w,
consisting of linear waveform descriptions, can be interpreted as the output of an
autonomous system (figure 3.12), subject to a set of initial conditions, according to:

Ty = Ay Ty, 2y (ty) = Ty

3.35
w = Cw . "I‘.’UJ ( )

where z, € R™ 1is the vector of disturbance states, w € R" is the vector of
disturbances. The pair {4,, C,} constitutes constant matrices with appropriate
dimensions, i.e. A, € R™*™ (Ce R"*"
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w szo
f > G >
Ay

FIGURE 8.12 Disturbance model

3.5.1 Disturbance observer

The general concepts of observer theory have been described extensively in
textbooks, such as (Anderson and Moore, 1971), (Kailath, 1980) and (Astrém and
Wittenmark, 1997). These concepts are also applicable to the disturbance observer.

We assume that the plant P, without disturbances, is linear time-invariant, such
that it can be described as:
= Az + Bu

(3.36)
z=Cx + Du

where z € R” is the vector of (physical) states, u € R" is the vector of plant inputs
and z € R* is the vector of plant outputs. The quadruplet { A, B, C, D} constitutes
constant matrices with appropriate dimensions. This model can be used to estimate
the states:

i = A% + Bu (3.37)

where & € R? is the vector of estimated states. The estimated state vector z will
equal the vector of (physical) states z, when both the plant model (3.36) and the
estimation (3.37) are driven by the same input. That is, when the plant model is
completely correct and the initial conditions are identical. Generally, this will not
be the case and an error signal is used to adjust the estimated states. The error
signal is the difference between the measured output y and the estimated output
and is called the innovation signal. This signal is multiplied by the observer gain
matrix Ly € R¥¥. This type of observer is called an asymptotic state observer.
When the throughput matrix D is assumed to be zero, we obtain:

& = Ai + Bu + Ly(y — C%) (3.38)

The observer can be augmented with a disturbance model. The state space model
of this augmented observer is:
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A BC,
0 Aw

B
0

z

+| |u (3.39)

Ly

Ty

Here, we assumed that the disturbance enters at the plant input. Now, the
innovation signal is multiplied by the observer gain matrices Ly for the plant states
and Ly € R™*Y for the states of the disturbance model. In the augmented observer
of figure 3.13 the disturbance model and plant model are indicated separately.

Y

/\47
i i —A+
LD LP
Ty disturbance
model
+ iy
> O,
+ f Y
BN
Ay
u Y+ LY+ z
s p s > C
A plant
model

FIGURE 3.13  Observer with disturbance model

This observer can again be represented as an asymptotic state observer with the
following matrices:

A BC, B L

P
_ - C. =\C 0|.L= dz, = 3.40
AU 0 Aﬂy ) o 0 ) o [ ]7 LD al x() w ( )
and an estimation of the disturbance according:
R z
=0 C,] . (3.41)

The estimated input disturbance can be used to attenuate the real input
disturbance. When only the disturbance estimate, and not the complete estimated
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state vector, is fed back, the observer of figure 3.13 is called a disturbance observer.
This is shown in figure 3.14.

FIGURE 3.14 Plant with disturbance observer O

Remark 3.9

The principle of separation also holds for the disturbance observer, therefore the
poles of the closed-loop system can be placed independently from the poles of the
augmented observer (Profeta et al., 1990).

Remark 3.10

Profeta et al. (1990) also prove that, provided that both {A, C} and {4,, C,} are

observable, a vector [Ly Lp|* can be found such that the observer poles can be

placed substantially anywhere desired, subject to the physical limitations of the

system and:

1. no pole-zero cancellation takes place (Kailath, 1980), i.e. no eigenvalue of
A, is a zero of the plant model the disturbance acts upon.

2. the zero frequency gain of the plant must not be zero

When these conditions are fulfilled, the design of the disturbance observer reduces
to a pole-placement problem. The poles have to be placed such that the desired
attenuation of the disturbance is obtained.

Now, we will investigate how we can use a disturbance observer in the structured
design method. Therefore, we first consider the block diagram of figure 3.14.
Within this diagram we will consider four transfer matrices:

1.
2.
3.

the transfer matrix from input u, to output z;

the disturbance compensation transfer matrix from disturbance w to output z;
the disturbance estimation transfer matrix from disturbance w to the estimated
disturbance w ;

the transfer matrix from the measurement noise n to the output z.
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We will start with the first two transfer matrices. From figure 3.14 we can see that,
when we neglect the measurement noise n, the Laplace transform of the output z
can be expressed as:

Z=P-(W+U, -W) (3.42)

where P is the actual plant transfer matrix. When we replace W in (3.42) by an
expression in terms of U,, Wand Z, using (3.39) - (3.41), we obtain:

sX, = A X, + B,(U. - W)+ L(Z - C,X,)

N . . (3.43)
w=[0 C,|X, =GX,
This expression can be rewritten as:
(sI, — A, +LC, + B,G)X, = BU. + LZ <
(3.44)

X, = (sI,, — A, + LC, + B,G) ' (BU. + LZ)
where I, € R**% denotes the unit matrix. Combining (3.42) - (3.44) results in:

7 = P(W +U, = G(sl,, — A + LCy + B,G) " (BU, + LZ)) (3.45)
This expression can be written as two separate transfer matrices, .e. from input U,

to output Z and from disturbance W to output Z. The transfer matrix that has to
be inverted can be rewritten using (3.39):

sl, — A+ L,C 0
sI, — A, +LC, + B,G = (3.46)
o LDC' sl, — A,
The inverse of this block matrix can be determined using (Kailath, 1980):
Q oy Q! 0
— 3.47
w v —VlwQt vl ( )
provided @' and V' exist. Application to the matrix (3.46) results in:
(s, —A+L,C)" 0
" v » § (3.48)
—(5[% —Aw) LDC(SIi —A—l—LPC’) (5[1.“ —A,)
Additionally, we use the well-known matrix identity (Kailath, 1980):
_ ~1 _
(1, —C(st, = A)"Ly) =1, =C(sl, A+ L,C) ' L (3.49)
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Substitution of (3.49) and (3.48) into (3.45) leads to the first two desired transfer
matrices. From input U, to output Z:

Z=(I,+PE)"'P(I, + EC(sl, — A)B)U, (3.50)
and from disturbance W to output Z:

Z = (I, + PE)'PW (3.51)
where

B =(Cy(sly = Ay) " Ly )(1 +C(sl, = 4)L, ) (3.52)
which is the transfer matrix from Zto W , i.e. the observer transfer matriz.

When we compose expressions (3.50) and (3.52), we obtain the third transfer
matrix, from Wto W :

W =E(I,+PE)y'P-W (3.53)
and the fourth transfer matrix from N to Z:

Z=—(1,+PE)'PE-N (3.54)

When we consider the transfer matrices above, we recognize two standard transfer
matrices:

S, =(I, + PE)™! (3.55)

T, = (I, + PE) ' PE (3.56)

where S, is called the observer semsitivity function and T, the complementary
observer sensitivity function.

Expression (3.50) shows that a disturbance observer has no influence on the
transfer matrix from input U, to output z when the plant is modeled correctly, i.e.
when:

P=C(sl, - A) B (3.57)

The observer sensitivity function is the transfer matrix from the output disturbance
w,,, to the output z. So far, we have only considered input disturbances. However,
as the system is presumed to be linear, the input disturbance w can easily be
rewritten to an output disturbance w

out*

|74

out

= PW (3.58)
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Hence, we obtain a familiar expression:

Z =(I, + PE)Y"'PW = S,W.

out

(3.59)
We also shortly investigate the influence of modeling errors. We write the plant as:
P=F +A (3.60)
where
P, =C(sl, - A) B (3.61)

P, stands for the nominal plant transfer matrix that is incorporated in the observer
and A is the modeling error, i.e. the unstructured uncertainty. When we assume w
= 0, we can write (3.50) as:

Z =(I, +PE)"'PU, + (I, + PE)"' PERU. (3.62)
Rewriting, and using the fact that S, + T, = I gives:
Z =(8,P +T,P))U, = (P, + S,A)U, (3.63)

We know that the sensitivity function S, is small at low frequencies and close to
one at high frequencies. This means that, at low frequencies, the feedback
component sees a plant with a dynamic behavior equal to the dynamic behavior of
the nominal plant transfer matrix P,. At high frequencies, the observer cannot
influence the plant anymore and the original plant transfer matrix is again
obtained. As always, the indefinite region is the crossover region, where the
behavior of the plant, as seen by the feedback component, will be a transition from
the observer model P, to the real plant P.

Statement 3.2

The plant with disturbance observer, seen by the feedback component, behaves as
the model of the plant in the disturbance observer P,, in the frequency range
where the disturbance observer is active, i.e. where |S,| < 1.

When we combine (3.50) and (3.59) and we disregard measurement noise, we
obtain an expression for the output Z, according figure 3.14:

Z=(I,+PE)"P(I, + EC(sl, —A)B)U. + (I, + PE)"'W,

out

(3.64)

When we close the loop with the feedback component C, and assume r = 0, we
obtain:

(3.65)

out

Z = (I, +PE)""P(I, + EC(sl, — A)B)(—CZ) + (I, + PE)"'W,
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When the plant is modeled correctly, i.e. equality (3.57) holds, this expression can
be rewritten as:

Z =—-PCZ + (I, + PE)"'W

out

(3.66)
Thus the sensitivity function of the overall control configuration can be written as:

Z=(I,+PC) I, +PE)'W
( ) b Wow (3.67)
=5.-8,-W

out

Thus:
S=5.-8, (3.68)

where S, is the sensitivity function of the control configuration with only a feedback
component, i.e. a 1-DOF or 1-CC controller, and S is the sensitivity function of the
control configuration with both a feedback component and a disturbance
compensator.

Statement 3.3 Separation of sensitivity functions

The sensitivity function S of the overall control configuration can be obtained
from a multiplication of the sensitivity function S., of the closed-loop with only a
feedback component, and the observer sensitivity function S,, when the plant is
modeled correctly.

Similarly, we can investigate the influence of the measurement noise N. When we
assume the input disturbance W to be zero, we can write for the output Z:

Z=(I,+PE)"'P(I, + EC(sl, —A)B)U — (I, + PE)"' PEN (3.69)

When we again close the loop with the feedback component C and assume r = 0,
we obtain:

Z =(I, + PE)"'P(I, + EC(sl, — A)B)(—CZ — CN)
. 3.70
— (I, + PE)"' PEN (3.70)

When the plant is modeled correctly, i.e. equality (3.57) holds, this expression can
be rewritten as:

7 = -PCZ — PCN — (I, + PE) ' PEN (3.71)

The measurement noise attenuation of the overall control configuration can be
written as:
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Z = (I, +PC)"(-PC—(I, + PE)"' PE)N

3.72
= _(710 +SCTO)N ( )

The disturbance observer does not affect the measurement noise attenuation of the
closed-loop system according —T., under the condition that the product of the
sensitivity function S, and the complementary observer sensitivity function 7T, is
small compared to T..

3.5.2 Design issues

In the structured design method, the disturbance observer will only be designed
when a feedback component is already available. In the PID design procedure, the
specifications for disturbance attenuation were expressed in terms of the input
sensitivity function S,,(s). With respect to disturbance attenuation, we stated that
|Sy,(jw)| < s for w < w. For the design of the disturbance observer, we will use the
same specifications, thus requiring minimal information about the actual
characteristics of the disturbances. The observer should sufficiently attenuate every
possible disturbance, not a specific waveform, up to a certain frequency w.

From (3.67), we can derive an expression for the input sensitivity function of the
control configuration with disturbance observer. For SISO systems we can write:

7 = S,8.PW = 848c)W = Sy, W (3.73)

where S, is the input sensitivity function of the control configuration with only a

feedback component. The observer sensitivity function is:

1+C (sl —A) 'L
g - —L _ i (s, —A) Ly - (3.74)
1+PE 14 C(SI@ - A) Ly + P(S)Cw(s]zw - Aw) Ly

The feedback component, in the 1-DOF configuration, will give a certain
suppression of low-frequency disturbances, expressed in the magnitude of the input
sensitivity function S,,,. When this is insufficient, a disturbance observer can

c,wz*

introduce an additional attenuation factor, according (3.67):
|Sws (G| = | Sepws ()| +18, (jw)|  [dB] (3.75)
For the observer sensitivity function this means that:

1S, (jw)| < (s — |SC‘WZ(jw1)|) = o[dB] for w < w (3.76)
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Remark 3.11

The designer should be well aware that, due to the Bode sensitivity integral, an
extra suppression at low frequencies will result in extra gain at other frequencies.

Sy A

| S (J)] [dB]

log w [rad/s]

FIGURE 3.15  Extra disturbance suppression due to disturbance observer

In order to give the observer sensitivity function, and thus the overall input
sensitivity function S,,, the specified characteristics, we will place all poles of the

observer sensitivity function at frequency w,. The coefficients of the characteristic
polynomial of S

x(s)=s"+a ws" M+ 4 aWl s + W 3.77
1

n—1
will be chosen such that we obtain a Butterworth polynomial or that its roots are
all located at —w,.

Consequently, the observer sensitivity function will peak at about this frequency.
The low-frequency slope of the observer sensitivity function is determined by the
order of the disturbance model; a disturbance model of order k results in a slope of
20-k [dB/decade]. When a Butterworth polynomial is used, the peak of the
sensitivity function at w, occurs at about twice the frequency of the crossing of the
0 dB-line. When the poles are placed on the real axis this ratio c¢ is about 3. These
observations allow for an approximate frequency w, for the poles of the observer:

w, & c-w - 10208 (3.78)

This expression shows a trade-off between the order k of the disturbance model and
the frequency w,. Experience learned that k should generally not be chosen larger
than 3. The frequency w, can also not be increased infinitely. When the peak of the
observer sensitivity function S, is located close to the peak of §,,,, the disturbance

observer will interfere with the feedback component. This occurs when w,
approximates 2-w;,. When w, is much smaller, the sensitivity function S, will
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damp the peak of the observer sensitivity function. As a rule of thumb we state
that w, should be smaller than 0.5 - w,.

1 Real-poles pattern
2 Butterworth pattern

|5, (jw)| [dB]
Step response

1 Real-poles pattern
2 Butterworth pattern

log w [rad/s| time [s]

FIGURE 3.16 Real-poles versus Butterworth pattern

In figure 3.16 the difference between a real-poles pattern and a Butterworth pattern
is illustrated. When the poles are placed on the real axis, we see a relative small
peak in the observer sensitivity function and a relative well-damped step response.
A Butterworth pattern gives better attenuation in the low-frequency area.

We will now derive expressions for the observer gains, in order to support the
designer with well-chosen defaults (Waarsing, 1999). These expressions are
determined for plant models without damping. During actual application of the
disturbance observer, damping should be incorporated in the plant model. Within
limits, the default observer gains can be reused. Otherwise, new values have to be
determined, for example using Matlab.

3.5.3 Design of a disturbance observer

Second-order plant models

First we consider the situation that the plant is modeled as a second-order system,
i.e. a moving mass. The observer transfer matrix (3.52) can be rewritten, using the
disturbance model (refer appendix B):
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J}?Ul 0 1 0 Lot
qu xUJQ ( )
= : P L tO :‘T’wO
00 AN (3.79)
‘rbwk 00 --- 0 xwk
T
wt) =[1 0 = 0] [z, 3, o ow]

and a state space description of the second-order plant:

0 1 0
&t = Ax + Bu = x4+ |u
00 — (3.80)

y:CerDu:[l O}ZE

where the states are the velocity respectively the position of the moving mass. This
results in:

k k
Z Ly s 522 Ly s
E(s) = —=L = 5—=1 (3.81)
. s+ L, s+ L
1+ ZLP I Pl P2
=

where, k is the order of the disturbance model.

2(.2
B 1 B ms (s + prls + LP’2 ) (3.82)
L+ P(s)E(s) b ; '
ms> (52 + LP,1S + LP"2 > + SQZLDJS"
i=1

SO (5>

Here, both the plant P and the plant model in the observer are modeled as a
moving mass, i.e. equality (3.57) holds. Rewriting gives:

m(sk+2 + LPJSIQH—I 4 Lp‘25k>

So(s) = - (3.83)
m<sk+2 + Lplylsk+1 4 LP128k>_~_ ZLD’iskfi
i=1

In order to place the poles at desired positions, we have to make the characteristic
polynomial monic:

k
. 1 i
X(s) = (8592 4 Ly s570 4 L s ) + —3 L st (3.84)
i=1
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k L= [LP LD]T

T
L= [Xz X1 ng}

9 T
L= [X3 Xo X mXo]
3 T
L=x, Xy _mxy mx,_mxo|
TABLE 3.4 Observer gains
We can rewrite the characteristic polynomial as:
X(s) = s + x84+ (3.85)

Using the observer gain vector L, we can place the roots of x(s) at desired locations
(3.78). The coefficients of the characteristic polynomials and thus the observer
gains (table 3.4) can be chosen according a real-pole pattern (table 3.5) or a
Butterworth pattern (table 3.6).

n+k (54 w, )2
3 $3 + 3w,s® + 3uls + W
4 st dw,s® + 6ups? + duls + Wy
5 $° + Buw,st +10u2s® 4+ 10w?s® + buwits + wd
6 s + 6w,s” + 15uPst + 20wis® + 15wis® + 6wls + Wb
7 $T + Tw,s® + 21u?s® + 35wist 4 35wis + 21wds® + Twls + W

TABLE 3.5 Real-pole polynomials
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n+k Butterworth polynomial
3 $3 4+ 2w, 8% + 2uls + WP
4 st 2.6w,s® + 3.4uPs® + 2.6uwis + wi
5) s + 3.24w,s* + 5.240Ps® + 5.24wis? + 3.24wis + W
6 s% 4+ 3.86w,s” + 7.46u2st + 9.14w3s® + T7.46wis® + 3.86wds + w5
7 5T 4 4.49w,5% + 101028 + 14.6w3s? + 14.6wls® + 10.1w25% + 4.4908s + w

TABLE 3.6 Butterworth polynomials

Fourth-order plant models

In deriving the observer gains in the previous section, we used a state space
description of the plant model. To improve transparency, it is wise to use physical
quantities as position and velocity as state variables, e.g. (3.80). For fourth-order
models it is attractive to use the position and velocity of both the motor mass and
the end-effector mass. However, this will not give a unique disturbance observer for
all classes of fourth-order models, as there is no unique state space description. As
an example we will describe the derivation of the observer gains for the flexible
mechanism, with position measurement at the motor, i.e. concept AR.

The state space description of the flexible mechanism is:

i 0 1 0 0z, g
i B —w2 0 WP 0| oo
i | 0 0o 0 1| "
Ty WE - ("jgr 0 w:%r - wrz 0 :Ll? -
M
y=[10 0 0]z (3.86)

>y =10 0 1 0]s

where z; is the end-effector position and z, the motor position. The transfer
function from the measured motor position ¥, to the estimated disturbance can be
written as:
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E(s) = - (3.87)

1
J
C.
> ¢
Jj=0

where, k is again the order of the disturbance model and the coefficients c;, for the
flexible mechanism are given in table 3.7.

J ¢

0 LP,Z(wlg_WQQI)+LP4w‘H
1 Loy (6 — ) + Ly
2 Ly, + of

3 LP,3

4 1

TABLE 3.7 Coefficients for flexible mechanism

The observer sensitivity function is:

4
muis® (8% + o? )Zc].sj
S,(s) = ; =0 . (3.88)
mu?,s? (52 +u? )chsj + (32 + W2 )wfsQ (52 + wf) LDJ.s’i
j=0 i=1

Both the plant P and the plant model Py(s) in the observer are modeled as a
flexible mechanism, i.e. equality (3.57) holds. Rewriting gives:

4
mwngc].sk“
S,(s) = ; =0 . (3.89)
mwﬁchjsk” + (82 + WA )waLDJsk’i
=0 i=1

In order to place the poles at desired positions, we again make the characteristic
polynomial monic:
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4 k
x(s) = chsk” + %(SQ + wgr)ZLDﬁisk’i (3.90)
=0 ar =1

Similar as for second-order plant models, we can place the roots of x(s) at desired
locations (table 3.5 and table 3.6) by means of the observer gain vector L. The
expressions for the observer gains are more complex when fourth-order plant
models are used. For a first- and second-order disturbance model we obtain,
respectively:

Xs@hr — X3@hr + X4
X4W§r - ng-zr + Xo (“jgr (szr - wr2>
iy (af = of) ool — o 68 T xg
XyWar — Wy — XqWar whe (Wi — of)
Lo enlen o) L= X (3.91)
X4 X4 - wrz
X3 — &F x;m
Xom of
W X
W

Design procedure

Now, we will summarize the design procedure for the disturbance observer. We
assume that the procedure will be used after the design of the feedback component,
e.g. according design procedure 3.1. It is wise to use a feedback component without
integral action, as the disturbance observer will incorporate one or more integral
actions. The disturbance observer is required when the disturbance attenuation of
the feedback component is not sufficient. The overall specification for input
disturbance attenuation is: | S,,(s)| < s for w < «

Design Procedure 3.2 Disturbance observer design

1. Identify the order of the plant n and determine the appropriate state-space
model of the plant.

2. Set the order of the disturbance observer k to 1.
3. Determine the suppression provided by the feedback component, |S,.,(ju1)]-

4. Determine the suppression required of the disturbance observer:
g=%8= |Sc7wz (jw1)|

5. Select a real-pole polynomial or a Butterworth polynomial of order n+k from
table 3.5 respectively table 3.6.
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6. Determine the location of the observer poles in terms of the frequency w,
using:

a
W, & ¢ w - 1020k

where ¢ is 3 for a real-pole polynomial and 2 for a Butterworth polynomial.
7. Verify whether:

wy, < 0.5 w,

If not, increase k and go to step 5. Note, k is usually not larger than 3, if
this is still not sufficient, the bandwidth w, should be reconsidered.

8. Determine the observer gain L.

3.6 Library of control systems

In the first chapter we argued that the formalized design knowledge should be
incorporated in computer-based support, in order to enhance the design process.
We will do so in the form of a library of control systems. As we advocate a
mechatronic design approach, there will be a close relation between the design of
the control system and model building. Therefore, we will apply the approach
described in (De Vries et al., 1993), (De Vries, 1994) and (Nilsson, 1993) for model
building, polymorphic modeling, to the formalized design knowledge described in
this chapter. The basic idea of polymorphism will first be reviewed shortly. The
results of the work of De Vries have been implemented in the mechatronic design
environment 20-sim (Controllab Products, 2000), which we will also use for our
purpose.

3.6.1 Polymorphism

An important characteristic of both model building and control system design is
that these are recursive and interactive processes. The global direction is
downwards: one usually starts with decomposing the top level system into
subsystems, and in the next step it is further developed by decomposing these
subsystems again (De Vries, 1994). The heart of this process is formed by three
aspects (De Vries and Breedveld, 1992) that are addressed simultaneously:

- the decomposition of the system into interrelated subsystems

- the classification of these subsystems and relations

- the representation of the resulting model
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In order to enable the use of powerful decomposition, classification and
representation concepts, a new concept for model building was introduced:

Definition 3.7 Polymorphic modeling

Polymorphic modeling is the combined application of modularization and
subtyping during model building, i.e., the division of a subsystem description into
a subsystems type and a subsystem specification, and the expression of a
subsystem type in terms of one or more designated other types (De Vries, 1994).

Polymorphic modeling introduces an abstraction barrier between essential
properties and incidental properties of a subsystem. Essential properties are typical
of a subsystem, i.e., those properties that are necessary for the classification of a
subsystem. Incidental properties are not typical and may take varying form. The
key issue is that incidental properties are not part of the subsystem type, but are
part of the subsystem specification. As a consequence, one type may have several
specifications.

This polymorphic modeling approach is useful as (De Vries, 1994):

- it improves classification of subsystems by means of generic as well as specific
typing;

- it completes representation of models by separately depicting essential and
incidental characteristics;

- it further enhances reuse, because subsystem types and subsystem
specifications can be reused separately;

- it enables a subsystem library to be organized in a kind-of-hierarchy, such
that subsystems are typed (classified) incrementally downwards.

We will use polymorphism to come to a hierarchical library of control systems.

3.6.2 Hierarchical subsystem library

In this section we will propose a type hierarchy and for each type we will list some
relevant specifications. De Vries (1994) suggests several rules for building a
hierarchical subsystem library. An important rule states that it is preferable to first
subtype according to connection characteristics and then to structural
characteristics. When we apply this rule to the control configuration of figure 3.3,
we obtain the hierarchy as in figure 3.17, where some specifications of R and O are
already indicated. We will discuss the hierarchy per branch.
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Controller
components
Reference path Feedforward Disturbance Feedback
generator R component F observer O component C

2nd-degree path

2nd-degree path (uf) R nth-order plant model

3rd-degree path kth-order disturbance mocdel

3rd-degree path (ug)
FIGURE 3.17  Hierarchy of control system components

Reference path generator

The type reference path generator has no input ports. The output ports are the
reference path r and a vector consisting of the reference velocity, acceleration and
forcing function. In figure 3.17 four specifications are indicated. These specifications
are (refer section 3.4):

- 2nd-degree path. The reference path generator contains analytical expressions
for the outputs. The designer has to indicate the motion time ¢, the motion
distance h,, and/or maximums for the velocity and acceleration.

- 2nd-degree path (u;). The reference path generator contains a desired open-
loop forcing function wu and an ideal plant model P, (figure 3.11), i.e. a bang-
bang force profile and a moving mass model P,,.

- 3rd-degree path. Similar as 2nd-degree path, except additionally a maximum
jerk has to be specified.

- 3rd-degree path (u). Similar as 2nd-degree path (1), except a limited jerk
profile is used instead of a bang-bang profile.

Feedforward component

In figure 3.18 the hierarchy of feedforward components is shown.The overall
feedforward component F can be a composition of several of its subtypes, as
indicated by the four specifications of F. The subtypes are force, velocity and
acceleration feedforward. The input port is a vector consisting of the reference
velocity, acceleration and forcing function. The output is a control signal w. In
section 3.4, we already discussed some design aspect of the feedforward component.
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Feedforward
component F

/\

F, v)-feedforward
F, a)-feedforward

v, a)-feedforward

e~~~

F, v, a)-feedforward

Force (F) Velocity (v) Acceleration (a)
feedforward feedforward feedforward
inverse plant dynamics k inverse plant dynamics

notch filter notch filter

friction compensation

FIGURE 3.18 Hierarchy of feedforward components

We will shortly discuss the subtypes:

Velocity feedforward. This subtype is only used in combination with a
feedback component that contains a controller configuration. The input of
this component is the reference velocity. The specifications correspond to the
components in the velocity-loop of the feedback component (refer section 3.4).
Force feedforward. The input is a forcing function u. In section 3.4, we
mentioned the wuse of inverse dynamics, notch filtering or friction
compensation. These are specifications of this subtype.

Acceleration feedforward. The acceleration of the reference path is the input
of this subtype. Two specifications are considered: inverse dynamics and
notch filtering.

Feedback component

In the hierarchy of feedback components we consider two subtypes, i.e. the
compensator and the controller.

Feedback
componcent C

/\

Compensator Controller
PD PD (v and y)
PID PD (y and y,)
PID + filter PID (v and y)

PID (g and y,)
PIDT (v and y)
PID+(y] and 1/2)

FIGURE 3.19 Hierarchy of feedback components
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The difference between these subtypes has been discussed in section 3.3. The input
ports of the feedback component are the reference path r and the measurement y.
The measurement y of the controller consists of two components: i.e. two position
measurements y; and y, or a position measurement y and a velocity measurement v.
The first has been discussed in this chapter and the latter in the previous chapter.
Figure 3.19 shows that for each subtype, PD and PID specifications are supplied.
The design procedures for the feedback component have been incorporated in the
component descriptions. That is, the designer can indicate the specifications for the
controlled system in order to obtain an appropriate control system.

Disturbance observer

The disturbance observer type is characterized by two input ports, i.e. the control
signal u and the measurement y, and an output port, i.e. the estimation of the
disturbance. In figure 3.17 a specifications is shown in terms of the plant model
order n and disturbance model order k. The library will contain disturbance models
of maximally order three and second- or fourth-order plant models. Expressions for
the default values of the observer gains derived in section 3.5.3, are incorporated.

For the overall control configuration we consider four specifications. Each
specification is composed of a different combination of components, as indicated in
figure 3.20.

Control
configuration

R+C
R+C+F
R+C+0
R+C+F+ 0O

FIGURE 3.20 Specifications of control configuration

The library of control systems thus supplies standard configurations, which can be
considered templates for the design of motion control systems.

The library of control systems presented here enhances computer-supported design
of electromechanical motion systems, conform the evolutionary nature of design.
The designer can start with simple plant models and a simple control configuration.
When more detail is incorporated in the plant model, the control system can be
extended gradually changing the type and/or specification of the configuration
and/or of the components, with the help of the library structure.
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3.7 Evaluation and conclusions

In order to meet the more or less conflicting requirements for a controlled system,
in terms of performance, stability, disturbance attenuation and robustness for
model uncertainties, a transparent and structured design method is proposed.
Starting from a successful conceptual design, this method supports the
(evolutionary) design of motion control systems.

The overall control system consists of several components that, within limits, have
their specific functionality. The decomposition proposed here uses a reference path
generator, a feedback component, a feedforward component and a disturbance
observer. For two components in this configuration, i.e. the feedback component
and the disturbance observer, design procedures are given.

For the feedback component, we suggest to use PID controller and PID
compensator configurations. The essential difference being that the derivative
action does not operate on the reference path, in case of the controller
configuration, but only on the measured output. The design procedure for both of
these relies on a second- or fourth-order plant model. By means of quantitative
specifications, in the form of bounds on appropriate frequency responses,
expressions for the design parameters have been derived. Performance-related
specifications naturally follow from the conceptual design; disturbance-related specs
enter the overall design in this stage. By stepwise calculation of the design
parameters, a feedback component is designed that meets the specified frequency
responses of the closed-loop system (if possible).

When the specifications of the disturbance attenuation cannot be met by a
feedback component only, the control configuration can be extended with a
disturbance observer. For this component, also a design procedure is given, as a
natural extension of the design procedure of the feedback component. The
underlying idea is that the sensitivity function of the overall control configuration
is the product of the observer sensitivity function and the sensitivity function of the
control configuration without disturbance observer.

The structured design of the control configuration starts with a conceptual design
of a controlled system, with only a feedback component. It is recommended to
bring this design into the frequency domain, by determining its bandwidth w4,
Next, a PD controller should be designed, using the bandwidth «; in the design
procedure for the feedback component. This controller configuration should be
maintained when a concept with 2 measurements is used or when no additional
components are used. In other cases, a compensator should be designed. The plant
model will gradually become more complex during this design stage. Whenever the
controlled system does not work as desired, the control configuration can be
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modified or extended with appropriate means. For each component, an indication is
given on how the control configuration can be improved.

The structured design method does not prescribe a single recipe for all problems,
but merely gives a number of solutions that can be used whenever required. These
solutions are incorporated in a library of control systems. The result is a computer-
supported design method that, with fairly simple means, allows the design of a
good-enough control system in relative short time.



4 Physical parameter uncertainty

4.1 Introduction

Controller design for electromechanical motion systems generally uses physically
motivated plant models. However, the behavior of any real system is never known
completely. The real-world system may change with time (components may age or
their parameters may vary with temperature) or operating conditions may vary
(load changes, disturbances). As the ultimate goal of mechatronic design is to build
a system that will work in the real world, the control system must be able to with-
stand internal perturbations as well as external disturbances. Assuming that the
environment does not change, the problem is model uncertainty; a mathematical
representation of a system often involves simplifying and sometimes wishful
assumptions (Stefani et al., 1994). Therefore, in designing control systems, one has
to deal with model uncertainty. Horowitz (1982) states the same in a powerful one-
liner: the true importance of feedback is in achieving desired performance despite
uncertainty. In this chapter we will focus on these aspects for electromechanical
motion systems, in a more specific sense than in chapter 3.

The desired performance of controlled electromechanical motion systems concerns
the motion of an end-effector. Similar as in previous chapters, we consider point-to-
point motions where the end-effector has to move over a distance A, within the
motion time ¢, (figure 4.1). The positional error, i.e. the maximum absolute error
after the motion time, should be smaller than a specified maximum positional error
€ Most controller design methods cannot deal with these task specifications
directly and a conversion to controller design specifications is necessary. The result
of the conversion should be such that violations of the task specifications, due to
uncertainties, are transparent during design.

Uncertainties are often represented such that they lend themselves well for
mathematical analysis. Whenever possible, it is more appropriate to use a physically
motivated uncertainty representation. During the design process as well as during
operation, the physical parameters in the model are not known exactly. Lower and
upper bounds for these parameters can often be indicated, resulting in so-called
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parametric uncertainty. In physical models of electromechanical plants, typical
uncertain physical parameters are stiffness, mass and damping.

9 i allowed responses
g Py — uncertain closed-
z y o Q nepee

z 2¢.t loop responses

o
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tm
time [s]

FIGURE 4.1  Matching problem of specifications and uncertain closed-loop
responses

In figure 4.1 the essential problem addressed in this chapter is indicated: the task
and the allowed uncertainty are specified quantitatively and these have to be
fulfilled by the closed-loop system, despite quantitatively specified physical
parameter uncertainty. We formally define this problem as:

Definition 4.1 Matching problem

Given the motion and uncertainty specifications (figure 4.1) and a physical
model of the electromechanical plant with physical parameter uncertainty, design
a control system that meets the specifications despite the uncertainty.

This can be considered a particular problem that may arise in the detailed design
stage of chapter 3. In this chapter we will develop a (computer-supported) tool in
order to deal with the matching problem.

Remark 4.1

We will consider uncertain linear time-invariant continuous-time SISO systems,
where the notion of transfer functions can be used freely.

Section 4.2 gives a motivation for using Quantitative Feedback Theory for
controlling electromechanical motion systems with uncertain physical parameters.
The philosophy and design procedure of QFT are described in section 4.3. This
section is concluded with a discussion of problems encountered during application
of QFT design to electromechanical motion systems. The two major problems are
addressed next. Section 4.4 describes the theoretical background on systems with
uncertain physical parameters and reviews possibilities for converting these into
uncertainty regions in the Nichols chart. Section 4.5 deals with the problem of the
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conversion of time-domain specifications into frequency-domain specifications. A
new conversion algorithm is presented. Based on the theory from sections 4.4 and
4.5, computer-based support has been developed using the 20-sim environment
(Controllab Products, 2000) that can be used in combination with the Matlab QFT
toolbox (Borghesani et al., 1994). In section 4.6 the computer-based support is
discussed. Section 4.7 presents the conclusions.

4.2 Motivation for Quantitative Feedback Theory

The particular property that a controlled system must possess in order to work
properly in uncertain situations is called robustness. Mathematically, this means
that the controller must perform satisfactorily not just for one plant, but for a
family (or set) of plants. The problem of designing controllers that satisfy robust
stability and robust performance specifications is called robust control. Often, plant
uncertainties are considered to be norm-bounded variations of a frequency response
function or of matrices in a state-space description. These uncertainty
representations are mathematically motivated; they lend themselves well for
mathematical analysis. Nevertheless, whenever possible we will use a physically
motivated uncertainty representation. To emphasize the importance of this insight,
Ackermann postulates the “first basic rule of robust control”:

Statement 4.1 Basic rule of robust control

Require robustness of a control system only for physically motivated parameter
values and not with respect to arbitrarily assumed uncertainties of the
mathematical model (Ackermann, 1993).

A robust controller design method that does not ignore Ackermanns rule in
advance is known as Quantitative Feedback Theory (Horowitz, 1991; Houpis and
Rasmussen, 1999). QFT has been developed for linear and nonlinear, time-invariant
and time-varying, continuous and sampled-data, uncertain SISO and MIMO plants,
and for both output and internal variable feedback (D'Azzo and Houpis, 1995).
Several successful applications of QFT to electromechanical motion systems have
been reported, e.g. (Landau et al., 1995) and (Park et al., 1997).

As early as in 1959 Isaac Horowitz was the first to recognize the importance of
uncertainty in feedback design (Jayasuriya, 1993). This insight led Horowitz to the
development of the design methodology now known as QFT. The reason for the
term “quantitative” can best be explained by quoting Horowitz:
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Statement 4.2 Quantitative feedback

The true importance of feedback is in “achieving desired performance despite
uncertainty”. If so, then obviously the actual design and the cost of feedback
should be closely related to the extent of the uncertainty and to the narrowness of
the performance tolerances. In short, it should be quantitative (Horowitz,
1982).

QFT aims at satisfying quantitative bounds that are imposed on the variations in
the closed-loop transfer function or command response H(s) as a result of specified
variations of the open-loop transfer function L(s). The control configuration used in
QFT is shown in figure 4.2.

r o+ U z

FIGURE 4.2  Control configuration used in Quantitative Feedback Theory

The command response H(s) and loop transfer function in this configuration are:

L) _ psy . 1) (4.1)

H(S)ZF(S)'TL(S)—

L(s) = P(s)C(s) (4.2)

where F(s) is the prefilter, C(s) the compensator, P(s) the plant transfer function
and T(s) the complementary sensitivity function. The QFT design method relies on
the graphical representation of the open-loop transfer function in the Nichols chart.
In this chart, the effects of open-loop variations on the closed-loop transfer function
can be seen easily.

Remark 4.2

The control configuration of figure 4.2 is different from the configuration
considered in chapter 3. In section 4.5.7 we will therefore shortly discuss the
relation between the design methods described here and in the previous chapter.

Ackermann distinguishes two categories of approaches for the design of robust
control systems. The first category contains “one-shot” procedures that lead to
controllers that guarantee robust stability for a plant family and that do not
require further robustness analysis. Examples are g-optimization and H__-optimal
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control (Doyle et al., 1989; Kwakernaak, 1993; Zhou et al., 1996). The second
category contains tools that help the designer to understand the design conflicts
between operating conditions and different specifications and support an interactive
design process involving trail and error procedures and robustness analysis of the
resulting closed-loop system, e.g. QFT. At first sight only the first category looks
appealing. However, these methods generally violate the basic rule of robust control
and often lead to controllers of unnecessary high order and with insufficient
flexibility for trade-offs with other design requirements. If the evaluation of the
resulting closed-loop system is done by other criteria than those used directly in the
design (for example by step responses or simulations with a nonlinear plant model),
then the design procedure becomes a trail and error procedure anyway
(Ackermann, 1993).

Jayasuriya separates QFT from other frequency domain robust control methods,
such as LQG/LTR, H_-optimal control and gsynthesis for (Jayasuriya, 1993):
- it emphasizes cost of feedback as measured in terms of controller bandwidth;
- its ability to deal nonconservatively with parametric, nonparametric and
mixed uncertainty models;
- its utilization of both amplitude and phase of the loop transfer function,
pointwise in frequency, for the quantification of performance.

Although QFT has also been subject to criticism for its pragmatism (Doyle, 1986;
Yaniv and Horowitz, 1987) and H_-optimal control can also be successfully applied
to electromechanical motion systems (Steinbuch and Norg, 1998), we will use QFT
to deal with systems with uncertain physical parameters. The main reason is the
ability of QFT to deal non-conservatively with the uncertainty models (Jayasuriya,
1993). In contrast, H,-optimal control and g-synthesis will generally yield conservative
estimates of the plant uncertainty and hence, Ackermann's basic rule of robust control
will be violated. Secondly, it appears that QFT gives the best designs for hard SISO
control problems, see e.g. (Landau et al., 1995) and (De Roover, 1997).

4.3 Quantitative Feedback Theory

4.3.1 QFT design problem

The purpose of robust control is to obtain good performance even though the
behavior of the plant is not completely known. “Good performance” can be
described as a closed-loop transfer function gain | H(jw)| lying in a certain tolerance
band, shown as a shaded area in the Bode diagram of figure 4.3.

0 < o(w) < |H(jw)| < B(w) (4.3)
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The magnitude of this desired closed-loop transfer function is equal to 0 dB up to a
certain frequency and decreases rapidly above this frequency (high-frequency roll-off).
Usually, the bounds a(w) and ((w) are specified in such a way that the variation | 3(w)-
a(w)] is sufficiently small in a significant frequency range w < «, over which benefits of
feedback are desirable. In choosing the limits a(w) and f(w), it is unrealistic to specify
tight variations beyond a frequency wi, because it is inevitable that the system
sensitivity increases in the high-frequency range. So for w > w, it is generally assumed
that |8(w)/a(w)| can be very large while the actual values |a(w)| and |5(w)| are small.

20
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= tolerance
=, band A\ AW
— -20 ¢t
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-60 ‘

log w [rad/s]
FIGURE 4.3  Design specifications; tolerance band for the closed-loop gain |H(jw)|

If the plant is minimum-phase, i.e., the plant has no open-loop zeros in the right half
splane, the magnitude of the closed-loop transfer function completely characterizes the
closed-loop performance. In that case only the specifications in (4.3) have to be met in
order to obtain robust performance. If the plant is non-minimum phase, additional
tolerance bounds should be defined for the phase of the closed-loop transfer function
(Jayasuriya, 1993; D'Azzo and Houpis, 1995).

The system to be controlled, i.e. the electromechanical plant, can be represented by
a model that contains both structured and unstructured uncertainty, i.e. mized
uncertainty. The way in which unstructured uncertainty enters QFT design is via a
constraint on the closed-loop magnitude. This closed-loop magnitude constraint
guarantees a certain stability margin for each member of the family of plants with
structured uncertainty. Preliminaries and notation of uncertain systems will be
explained in section 4.4.1.

The goal of the QFT design problem, for the family of plants with mixed uncertainty,
is to determine an admissible pair of strictly proper, rational, and stable transfer
functions C(s) and F(s) in the 2-DOF configuration of figure 4.2, such that they
achieve:
- robust stability: the closed-loop system is stable for all members of the plant
family with mized uncertainty;
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- robust performance: the given frequency-domain specifications are satisfied for
all members of the plant family with structured uncertainty.

During the QFT design procedure, it is tried to keep the gain of the compensator
C(s) as small as possible. Of all compensators fulfilling the requirements, the one
having the minimum high-frequency gain is the optimal compensator (Thompson
and Nwokah, 1994).

4.3.2 QFT design procedure

A short overview of the QFT design procedure will now be presented. For
mathematical details we refer to (Horowitz, 1991; Jayasuriya, 1993) and for a more
elaborate description of the design procedure refer to (D'Azzo and Houpis, 1995). In
the textbook of Houpis and Rasmussen (1999) both fundamentals and applications
are discussed. The design steps are summarized hereafter and are illustrated with
an example of a flexible mechanism with a small amount of mechanical damping:

by

P.(s) =
0( ) a4s4 + a3s3 + a232 + a8
b, = Ac
Gy = MMMy (4.4)

ag = (djgmy + dyym,)
a, = (emy + cmy + dody,)
ap = c(dyy + dy)

The values of the physical parameters are: gain A = 3.57-107°, load mass m, = 2
[kg], motor mass m, = 0.54 [kg], dominant stiffness ¢ = 1512 [Nm]|, damping on the
load d; = 0.11 [Ns/m] and the damping on the motor d, = 0.76 [Ns/m]. The roots
of the denominator polynomial of this nominal plant transfer function are: s, = 0,
s, = —0.34, s,, = —0.12 £ 59.6i. The nominal numerator equals: b, = 5.4-107% For
purposes of illustration, we assume a mathematically motivated uncertainty of the
numerator b, and the real pole s,, described by:

by € [2.8 1072 7.9. 10—2]

(4.5)
s, € =017 —0.34]
Initially we choose unit feedback, such that the nominal loop gain Ly(s) equals:
Ly(s) = Py(s)C(s) = Fy(s) (4.6)

The QFT design procedure contains the following steps:
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1. Choose the nominal plant transfer function Py(s). In the example, the

nominal version of (4.4) can be obtained by choosing a nominal value for the
uncertain physical parameters. A restriction on this choice is that the
nominal loop Ly(s) must satisfy the zero exclusion condition (Ackermann,
1993).

. Choose a set of critical frequencies. During the design procedure, satisfaction

of robust stability and robust performance boundaries is not obtained for all
frequencies. A set of critical frequencies should be selected, such that
satisfaction of the boundaries for these frequencies will guarantee satisfaction
of the boundaries for all frequencies in the range of interest. Five critical
frequencies are indicated with a small circle in the Nichols chart of figure 4.4.
The selected critical frequencies are: 0.2, 2, 5, 20 and 60 [rad/s].
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FIGURE 4.4  Open-loop response in Nichols chart including templates for critical

frequencies

3. Determine the templates that indicate the effect of parameter uncertainties on

the gain and phase of the nominal loop at a critical frequency. In figure 4.4
these templates are the gray areas that decrease in size for higher critical
frequencies. The effects of parameter uncertainties are the largest for the
critical frequency 0.2 [rad/s]. For mathematically motivated uncertainty the
extreme values of the uncertainties (4.5) correspond with the vertices of the
templates (figure 4.4):

A: ay, = 0.079, s, = —0.17 C a, = 0.028, s, = —0.34

B: a, = 0.079, s, = —0.17 D: ay, = 0.028, s, = —0.34
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4. Determine the stability boundaries, which serve as a guide during design of the
compensator C(s), for a number of critical frequencies. For each of the critical
frequencies, the stability boundary consists of the nominal points in the Nichols
chart for which the template touches the 6 dB-locus (i.e. the stability margin). For
the construction of these boundaries, one can think of fixing a pencil at the
nominal point in the template for a certain critical frequency. Next, the entire
template is moved around the 6 dB-locus, meanwhile keeping the pencil at the
nominal point of the template. In figure 4.5a, the template for the critical
frequency 0.2 [rad/s] is moved anti-clockwise around the 6 dB-locus, in four
steps. The contour that is found figure 4.5b, i.e. the line the pencil has drawn,
after having moved the template, is the stability boundary for the corresponding
critical frequency.

% {0 dB % {0 dB
= 10} 1 =0 ]
> S
3 3dB] I -3dB
S 18 of ]
o )
g S
< Q
3 5
g s
& -10F- 1248 € ot 12 45
o R L o e e
-270 -90 -270 -180 -90
Open-Loop Phase arg(L(jw))[deg] Open-Loop Phase arg(L(jw))[deg]

a) b)

FIGURE 4.5  Stability bound for critical frequency 0.2 [rad/s|

a) construction process
b) final result

5. Determine the performance boundary per critical frequency. A point on the
performance boundary may for instance be obtained by fixing the nominal
point of a template at a certain open-loop phase, and shifting the template up
or down until the lowest position is found where the actual variation in the
closed-loop gain equals the allowed variation, as specified by the tolerance
band. The closed-loop magnitude can be read from the closed-loop grid (or
M-lines) in the Nichols chart. In figure 4.6a this procedure is shown for the
critical frequency 5 [rad/s]. At an open-loop phase of —130° the template has
been shifted down and at location 2, the variation in the closed-loop gain
equals the allowed variation in closed-loop gain at 5 [rad/s] in the frequency
tolerance band of figure 4.6b. For phases smaller than —260° (location 3) the
locus already has been determined.
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FIGURE 4.6  Performance bound for critical frequency [5 rad/s]

a) actual closed-loop gain variation in Nichols chart
b) allowed closed-loop gain variation in Bode diagram

6. Design a compensator through lo

op shaping, such that it achieves:

- robust stability: at each critical frequency, the corresponding open-loop
response is on or to the right of the corresponding stability boundary;

- robust performance: at each cr

itical frequency, the corresponding open-loop

response is on or above the corresponding performance boundary.
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FIGURE 4.7  Loop shaping in the Nic

hols chart
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This goal should be achieved with a compensator of low complexity and
without over-design (i.e., the loop characteristic should be on the boundaries
rather than outside or above). In figure 4.7 it is shown how gain and phase
are added to the open-loop L(s) (i.e. insertion of a lead filter in the
compensator) at frequency 2 [rad/s], such that the combined stability and
performance boundaries are satisfied.

7. Design a prefilter F(s) such that the tolerance bounds of figure 4.3 are
satisfied. In figure 4.8 the complementary sensitivity function 77(s) resulting
after loop shaping is shown in the Bode diagram as response band A. Correct
loop shaping guarantees that the width of this response band is smaller than
or equal to the width of the tolerance band. The prefilter is designed such
that the response is manipulated into the tolerance band of figure 4.3. A
possible result is given as frequency response band B.

20

A

-20 t

[ H(jw)| [dB]

40 L

-60 :
log w [rad/s]

FIGURE 4.8  Prefilter design in a Bode diagram

4.3.3 Problems in QFT design

As the QFT design procedure heavily relies on calculations and graphics, computers
are well suited to support large parts of the design procedure. The Matlab QFT
toolbox (Borghesani et al., 1994) does support several design steps. However, there
remain some problems in the design of controllers for electromechanical motion
systems with uncertain physical parameters:

- The first major problem is the difference in the performance specifications for
electromechanical motion systems and the starting point of QFT design.
Performance specifications of electromechanical systems are typically stated
in terms of space and time, such that they have to be converted into the
frequency domain. Since there is no known way of exactly converting time-
domain specifications into a frequency-domain format, this conversion is
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Statement 4.3 Problems in QFT design

4.4 Template construction

considered to be an art (Jayasuriya, 1993). Note that this a general problem

for controller design and not specific for QFT.
Structured uncertainty of electromechanical systems is expressed in uncertain

physical parameters. The second major problem in applying QFT to these
systems is that this structured uncertainty has to be expressed in terms of
templates. For physically motivated uncertainty, it is difficult to determine
the shape of the templates. It is not always obvious which combinations of
parameter values contribute to the contour of the templates. This is caused
by the fact that physical parameters can affect a transfer function in many

different ways.

Two major problems arise during the application of QFT to electromechanical

motion  systems

with uncertain physical parameters. Uncertain physical
parameters have to be transformed into templates in the Nichols chart and time-

domain performance specifications have to be converted into the frequency

domain.

In this section we will discuss the problem that QFT requires uncertain physical
parameters in a physical plant model to be mapped onto templates in the Nichols
chart, as depicted in figure 4.9.

FIGURE 4.9

A

3
-box
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q
9 mi . ‘2>
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A

‘P(jwm
Template
Nichols Chart
arg(P(jwr)

Mapping a hyperrectangle @ onto a template F(jw, Q) in the Nichols
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In literature the similar problem of constructing value sets (i.e. uncertainty regions
in the complex plane) has received considerable attention. In this section we will
discuss some methods for template construction and select those that are useful for
models of electromechanical motion systems. For these methods we will develop
computer support that automatically generates the input for the Matlab QFT
toolbox (Borghesani et al., 1994), as discussed in section 4.4. Parts of the material
described in this section is also described in (Coelingh et al., 1998) and (Holterman,
1997).

We distinguish two classes of methods to obtain the contour of a template:

- Analytical methods determine the physical parameter combinations that yield
points at the contour of the template by symbolic analysis of the model
structure.

- Numerical methods determine the physical parameter combinations that yield
points at the contour of the template by numerical analysis of the model
structure.

4.4.1 Preliminaries on plant uncertainty models

First we will give some preliminaries on and the notation of uncertain plant models.
The physical parameters appearing in the plant model are all gathered in the
physical parameter vector ¢

q= {ql QG - G ]T (4.7)
The elements of ¢ are assumed to lie between mutually independent bounds:

4 € {qi,min; qi,max] (4.8)
where

Gmin < imax (4.9)

In case of inequality the parameter ¢; is said to be uncertain. The set of possible
uncertain parameter vectors is given by the hyperrectangle Q.

Definition 4.2 (-box

The Q-box is an hyperrectangle defined by the set

Q :{q =lo o - ql]T| G €| Ganins Gimae |p 1 =12 o l} (4.10)

A polynomial p of order n in s, containing real coefficients a,(¢) that are a function
of the uncertain physical parameters g, is denoted as:
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p(s,q)=> a;,(q)s (4.11)
i=0
A plant transfer function with uncertain physical parameters will be denoted as:
N(s,q)
P(sq)=—2> 4.12
D(s,q) (4.12)

where N(s,q) and D(s,q) are polynomials as defined in (4.11) of respectively order m
and n. The definition of a family allows us to describe different functions, such as
polynomials and transfer functions expressed in terms of s or jwin a general way.

Definition 4.3 Family

An uncertain function f with its corresponding Q-bozx is defined as a family

FeQ={fGo) | qe@) (4.13)

A plant with structured uncertainty can now be defined as a parametric plant
family:
Definition 4.4 Parametric plant family

The parametric plant is defined as a family denoted by:

am(q)sm ++%((I) | Q}
by, (q)s" + ... +b,(q)

Pp(s,Q)={P(s,q) = (4.14)

For a certain nominal parameter vector g, P(s,q,) is called the nominal plant, denoted
as Py(s).

Since one also has to cope with wnstructured uncertainty, the parametric plant
family is extended with an additional term. The plant to be controlled P(s,q) is
now assumed to be a member of the family of plants P, (s,@), which is formally
described by the following mized uncertainty model:

Definition 4.5 Mixed uncertainty model

The mized uncertainty model is defined as

The unstructured uncertainty is accounted for by means of the term A(s), which
satisfies:
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|A(jw)] < r(w) - (4.16)
Here:

fw), 0 <w< w,
r(w) = , (4.17)

(W), w>

is a typical description in which the low- to middle-frequency (up to «j) model has
primarily parametric uncertainty (i.e., e(w) = 0), whereas in the higher frequencies
(larger than «j) the model has also significant unstructured uncertainty characterized
by 7(w). This provides a band around the parametric plant subset P (s,Q)
(Jayasuriya, 1993). The reason for this distinction between low and high frequencies is
that usually the higher order modes of the plant are disregarded. However, it should be
noticed that it is possible for the plant to have significant unstructured uncertainty
even for frequencies smaller than «j,

The plant to be controlled P(s,q) is a member of the parametric plant family P,(s,Q).
When we evaluate this plant at a particular frequency w, and a particular point in
the @-box we obtain a point in the complex plane C. When we evaluate this plant
for the entire @-box at frequency w;, we obtain an uncertainty region called a value
set.
Definition 4.6 Value set

A walue set Fe(jw, Q) is defined as the set of complex numbers obtained by

evaluating a family F(s,Q) at a particular frequency w;:

Fe (jw,Q) = { T (jw,q) € Clg € Q} (4.18)

where C is the complex plane.

When the plant P(s,q) is evaluated at a particular frequency w; and a particular
point in the @-box we obtain a point in the Nichols chart N. When we evaluate
this plant for the entire @-box at frequency w; we obtain an uncertainty region
called a template.
Definition 4.7 Template
A template Fy(jw, Q) is defined as the set of points in the Nichols chart N
obtained by evaluating a family F(s,@) at a particular frequency w;:

A (39,Q) = { f (jw.a) € N | g € Q} (4.19)

where N is the Nichols chart.
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A value set can easily be transformed into an uncertainty region in the Nichols
plane, which is required for QFT. The point (R(f), S(f)) in a value set corresponds
to the following point:

[ovctan| 5 . 20108 (VR + 7)) (1:20)

in the Nichols chart. The contour of a value set is mapped onto the contour of the
corresponding template in the Nichols chart.

4.4.2 Analytical template construction

An uncertain parametric plant family can be written as the division of two
uncertain polynomial families :
N(Q)

P, (- =—1= 4.21
Depending on the structure of (4.21) different techniques can be applied for
constructing templates. We distinguish template addition and tree-structured
decomposition.

Template addition

The template Fy(jw,@) can be determined a priori if the numerator and the
denominator of the transfer function of the plant depend on different parameters.
In that case, the uncertain physical parameter vector ¢ can be split into ¢y € Qy for
the numerator and ¢, € @, for the denominator:

N ('7 QN)

The uncertain numerator and denominator families can both be represented in the
Nichols chart or splane for a particular frequency w;:

N (jw, Qy ) = {N(jwqu )| i € QN}

(4.23)
D(jw,Qp ) = {D(j%’qo )| I € QD}

The theory of constructing value sets from uncertain polynomials (Ackermann,

1993) can be used to construct a value set for both the numerator and

denominator. These can be converted to templates in the Nichols chart (4.20),

which can be added to construct a template of the plant transfer function. This

procedure is shown in figure 4.10. Each step will be discussed hereafter.
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FIGURE 4.10 Procedure for template addition

First we consider the problem of constructing templates for uncertain polynomials,
i.e. the first two steps in figure 4.10. Depending on the type of polynomial, the
contour of a value set can be calculated. For the determination of a value set, it is
important that the polynomial is classified in the simplest category.

Some well-known categories of polynomials are described hereafter in order of
increasing complexity.

Definition 4.8 Interval polynomial

An interval polynomial is a polynomial (4.11) for which the wuncertain
coefficients vector a ranges over the box:

A={a | o, €lo s a,] i=0 1 .., n} (4.24)

For an interval polynomial the coefficients a, are considered not to be a function of
other parameters. The contour of a value set is the rectangle between the complex
points corresponding to the Kharitonov polynomials ((Kharitonov, 1978) and
(Minnichelli et al., 1989)):

4

_ 2 3 4
=ay, tas+a, s +ag s ta 5.

: (4.25)
= 2 3 4
=ay_ T a s+ta,, s +ag s +ta s..

4

This rectangle can be transformed to a template in the Nichols chart using (4.20),
as shown in figure 4.11.
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FIGURE 4.11  Value set and template for interval polynomial.

Definition 4.9 Affine polynomials

An affine polynomial is a polynomial (4.11) for which all coefficients a(q) are
affine functions of the uncertain parameter vector q:

a;(q.) = ¢; +dl g, (4.26)

According to the Edge theorem of (Bartlett et al., 1988) a polynomial family
P(s,Q) with affine coefficients a,(¢) and hyperrectangle @ is stable if and only if the
edges of @ are stable. The (-box is mapped onto a closed convex polygon P(w,q).
All edges of the polygon P correspond to edges of @ (Ackermann, 1993). The
contour of the value set is obtained by calculating the polynomial value for all
vertices of the parameter space () and next determining the convex hull of these
points in the complex plane.

Consider the following polynomial with uncertain parameters ¢, ¢, ¢; € [-1; 1]:
P =g + 24, + (g, +245)s + (g5 + 2¢))s° + 5° (4.27)

The value set for w = 1 is given in figure 4.12. The points marked with +++, -++
etc. correspond to vertices of ). The edges of @ are mapped onto the straight lines
between these points. The contour of the value set is the convex hull of these
straight lines.
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FIGURE 4.12  Values set for affine polynomial.

Definition 4.10 Multilinear polynomials

A multilinear polynomial is a polynomial (4.11) with coefficients a,q) that are a
multilinear function of the uncertain parameter vector q, i.e. when all but one
uncertain parameter in q is kept constant, then a(q) is affine in the remaining
parameters in q.

Multilinear polynomials contain coefficients containing terms like ¢,¢», .05, ¢G5
etc, but no terms like ¢ or ¢,¢,>

For multilinear polynomials, the contour of the value set may correspond to
extreme values of one of the physical parameters, but interior points of ) may also
contribute to the contour. An illustration of this fact is given in figure 4.13. The
edges of @) are mapped onto the four straight lines A, B, C, D, creating the lighter
shaded area. However, an interior line in the (-box is mapped onto the curve
outside this polygon, thus creating the darker shaded area.

Im C

B Re

A

FIGURE 4.13  Value set for multilinear polynomial.

For multilinear polynomial families, a rough approximation of the value set may be
obtained with the use of the mapping theorem of Desoer (Zadeh and Desoer, 1963):
The convex hull of the value set P(jw,@) of a polynomial with multilinear
coefficient functions is the convex hull of the images of the vertices of Q. Thus
creating the triangle ABC in figure 4.13, which is somewhat conservative.
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Once the templates of the numerator and denominator polynomials are known, the
template Fy(jw, @) can be constructed by subtracting any denominator vector from
any numerator vector (figure 4.14a), i.e. the last step in figure 4.10:

arg (P (jw,,q)) = arg (N (J'wqu )) —arg (D (jwiqu )) (4.28)
|P (jwi?q)ldB = |num (Jw;ay )|dB - |den (Jw,4, )|dB (4.29)

For simplicity of notation, we will further omit the arguments of the templates.
Subtraction of a set of vectors, forming a template D in the Nichols chart,
corresponds to the addition of the mirror image D, ... of this template. Here, the
mirror image D, of template D is the result of rotation of around the origin D
over 180°.

Let n, be the nominal numerator in A and d, the nominal denominator in D (figure
4.14a). If the denominator would be certain, the mirrored template D, would
degenerate to the nominal mirrored denominator —d,. Template F would equal the
shifted template N = A — d,, and the nominal plant P, would correspond to the
shifted nominal numerator n, — d, (figure 4.14b). In case the denominator is
uncertain, the uncertainty in the entire plant increases. The shifted template N
must be extended with those points that can be reached within D, when the
nominal point —d, lies within N*. F thus can be constructed by shifting D,,...
around N, keeping the nominal point D, on the contour of A" (figure 4.14c).
Template F (figure 4.14d) can be regarded the result of the addition of the
templates N and D,

mirror*®

H A A

B N n;, i N ”03
A pal %
mirroy D
~
a4k E v
0 » >
3 arg(.) 0 arg(.)
0 (I) b)

o)

mirror

‘. ‘dB e ,/,,\m%'irwr

0 arg(. )>

c)

FIGURE 4.14 Template addition
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The results above have been generalized for robust analysis and design in (Barmish,
1989), (Chapellat and Bhattacharyya, 1989) and (Siljak, 1989).

Tree structured decomposition (TSD)

In some cases a transfer function can be decomposed into a tree structure of
simpler terms with disjoint subsets of the uncertain parameters (Ackermann, 1993).
The value sets of these disjoint subsets can be constructed independently, using the
techniques summarized above. Consecutively, the value set of the transfer function
can be constructed from the independent value sets, using operations as described
by Ackermann (1993).

The difficulty of this approach is that a decomposition has to be found that results
in disjoint subsets of uncertain parameters, i.e. determination of the tree structure.
Algorithms for TSD have been described in (Sienel, 1992) and (Ackermann, 1993).
These algorithms can be applied to polynomials, transfer functions or block
diagrams, requiring (extensive) symbolic manipulations, but they are not always
successful.

Sienel (1992) also shows that the tree structure can already be determined while
forming the model of a plant if one follows the rule to keep uncertain parameters at
their place and not to expand expressions unnecessarily. Wilson and Eryilmaz
(1999) use bond graphs to obtain a tree-structured transfer function from a model,
with as few algebraic manipulations as possible. In Wilson and Eryilmaz, 1998) the
same authors give rules that describe when a given input-output pair of a physical
plant model will lead to a tree-structured transfer function with disjoint
parameters. This property can be guaranteed for collocated input-output pairs, but
Wilson and Eryilmaz (1998) extend this property to a broader class of systems, and
provide a means to determine by inspection whether a given input-output pair will
result in a transfer function with disjoint parameters.

4.4.3 Numerical template construction

Gridding

If it is not possible or difficult to determine which physical parameter combinations
contribute to the contour of a template beforehand (a priori), the contour can be
determined a posteriori. In order to be certain about the contour of a template, one
should calculate the mapping (arg( P(jw,q)), |P(jw,q)|qs) for the entire @Q-box. The
response should thus be calculated for an infinite set of parameter vectors, which of
course is impossible. One can however approximate this infinite set with arbitrary
accuracy by a finite subset of parameter vectors in the (@-box. This subset is
referred to as the grid and the approximation technique is referred to as gridding.
The problem in gridding is to determine the density of the grid beforehand. Visual
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inspection of the template however yields an immediate answer to the question
whether an applied grid was dense enough or not. Therefore it is advisable to start
with a relatively low grid density that can be iteratively increased (figure 4.15 and
figure 4.16). Once the gridding result is dense enough, one has to determine the
points of the template that contribute to the contour.

q A | | A
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171 . . . . 4
5 arg(.)>
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FIGURE 4.15 Gridded Q-box and gridding result
q A | | A
2 B
17 oo 4 L
il .
.......... _ N \ \ :
D s 5 arg(.)
S 250
03 | s . \:‘}S" 4
0.3 2.5 % N

FIGURE 4.16 A denser grid, a better gridding result

The major drawback of gridding is the required computational effort. For m
uncertain parameters with each n grid points, a total of n™ responses have to be
determined. This method is only useful in situations with a small number (n < 4)
of uncertain parameters.

Convex Hull Algorithm

To overcome the combinatorial explosion caused by gridding Wilson et al. (1996)
developed an alternative algorithm to determine the convex hull of a value set or
template. Similarly as in the Generalized Mapping Theorem of Barmish and Tempo
(1996), the image set of an uncertain transfer function is obtained by a technique
that involves minimizing a scalar dot product and using the design parameters that
achieve this minimization to obtain a boundary point on the image set.

To obtain a value set, the mapping from the frequency space € and the
hyperrectangle ) into the complex plane is considered:
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Ve i QxQ— R()x3()cC (4.30)
where
Ve (@) = (R(P(jwr) ), S(P (jwrq) ) (4.31)

Ve(w,q) is projected onto a unit vector at angle # from the horizontal axis, and
consecutively minimized (figure 4.17). The magnitude of the projection of Vi(w,q)
onto this unit vector is obtained using the following dot product

H(w,6,q) = e P(jw,q) = cos@ R(P (ju,q)) + jsind S(P(jw,q))  (4.32)
Next, the point ¢ € @ is determined that minimizes (4.32):

H (0.4, ) = min (H (,0,9)) (4.33)

When the point g, is substituted in the mapping function (4.31), a boundary point
of P(jw,q) in the complex plane results. This optimization is repeated over a series
of angles, #={0, Af, ..., 270} and the collection of {g,}is substituted in (4.31).
The result is a collection of points that define the convex hull boundary of the
image set of the uncertain transfer function, denoted by 9P(jw). This boundary and

its interior points are referred to as the minimized frequency response template
(Wilson et al., 1996).

Im

H(&—U(]e,(];)

»

0 Re

FIGURE 4.17  Projection of uncertainty template onto unit vector

Adaptive Angular Sweep Algorithm

Both the Generalized Mapping Theorem (Barmish and Tempo, 1996) and the
Convex Hull Algorithm (Wilson et al., 1996) require gridding of the angle 6. Wilson
et al. (1999) recognized that a uniform grid makes no allowance for the location,
size or shape of a convex hull. Consequently, it introduces more computations than
typically necessary. Therefore, Wilson et al. (1999) developed an adaptive angular
sweep approach to grid the angle & nonuniformly such that the maximum normal
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distance between the boundary of the actual convex hull and its approximation
with a set of angles © is less than an arbitrary error bound.

4.4.4 Templates for electromechanical motion systems

Several techniques for template construction have now been discussed. Our aim is
to develop design support that automatically generates templates from a physical
model of electromechanical motion systems and a set of critical frequencies.
Therefore, we will select methods suitable for this class of systems and suitable for
automation.

Over-bounding

Before selecting suitable methods, we consider what may happen when template
addition is applied to a transfer function that shares dependency on some uncertain
physical parameters between the numerator and the denominator. We illustrate
this with the transfer function from input force to actuator position of the flexible
mechanism (4.4):

bys® + bys + b,

R = a4s4 + a353 + a252 + a;s

b, = Am,

b = Ad,,

b, = Ac (4.34)
ay = mym,

3 = (dygmy + dyym,)

ay = (emy + cmy + dygdy)

a; = c(dyy + dyy)

We assume that the mass of the end-effector m; is unknown but bounded; it may
vary between 100% and 200% of its nominal value. The damping d,, may vary

between 50% and 200% of its nominal value and other physical parameters are
assumed to be certain.
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FIGURE 4.18 a) shifted numerator sub-template
b) denominator sub-template
¢) overbounded template
d) actual template

When we apply template addition, we obtain the results as shown in figure 4.10
and figure 4.14. In figure 4.18a the template N of the numerator is shown. The
mirrored template D, ., of the denominator is shown in figure 4.18b. Addition of
the templates results in the over-bounded template of figure 4.18c. The actual
template P is much smaller, as can be seen from figure 4.18d. Thus, in this case
application of template addition results in significant over-bounding. In (Wilson et
al., 1996) possible consequences are shown by means of an example in which a
constant coefficient compensator fails to meet the design specifications when
analyzed using an interval plant such as above, while the specifications are actually
met when analyzed with more accurate plant models, i.e. a so-called minimized
plant and a gridded plant model. When using the interval plant, the designer has
to make the system robust for non-existing uncertainties and an unnecessary
increase of the cost of feedback is likely.

Analytical template construction

Analytical template construction methods, i.e. template addition and tree
structured decomposition, are only applicable to a limited group of plant models. In
the relatively simple problem of figure 4.18, the drawback of template addition is
already illustrated. The application of tree structured decomposition may be
difficult or impossible. The use of bond graph models (Wilson and Eryilmaz, 1998;
Wilson and Eryilmaz, 1999) does certainly simplify the problem of finding a
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decomposition, but it does not overcome the fact that a significant number of plant
models cannot be decomposed into a tree structure, for example the transfer
function from actuator force to end-effector position of the flexible mechanism
(Wilson and Eryilmaz, 1998). An attractive solution would be to decompose the
model in a tree structure as far as possible and apply a numerical technique to
those parts of the structure that contain repeated parameters.

Numerical template construction

For up to about four uncertain parameters, gridding is a straightforward, maybe
time-consuming, but nearly errorless method that can easily be automated. Its
applicability is not limited to a particular class of models. Ackermann (1993) states
that “in most practical cases gridding the whole @-box is more effective than
solving the system of equations”. The Adaptive Angular Sweep Algorithm (Wilson
et al., 1999) is also not restricted to certain classes of models and it can handle a
relative large amount of uncertain parameters.

Two numerical template construction methods are selected as suitable for
enhancing automated design of QFT-controllers for electromechanical motion
systems with uncertain physical parameters. For a small amount of uncertain
parameters gridding is attractive, because an interesting feature of automated
gridding is that the designer can select predefined grid-points (on the contour) of a
template and investigate which combination of parameter values corresponds to
that particular point. In this way, the designer is given the opportunity to signal
physical parameter uncertainties that unnecessarily complicate controller design.
The designer could reconsider the plant design in order to avoid undesired
situations. For a large amount of uncertain parameters, the Adaptive Angular
Sweep Algorithm is attractive, as this method is computationally less expensive.
However, only a limited number of points on the contour of a template can be
investigated on the underlying values of the physical parameters.

4.5 Performance specifications

4.5.1 Introduction

Quantitative Feedback Theory is a frequency-domain design method. However,
performance specifications for electromechanical motion systems are typically stated
in terms of space and time. Therefore, these specifications have to be converted
into the frequency domain. We will consider transient systems that perform point-
to-point motions, where the end-effector of an electromechanical motion system
must respond to a (smoothened) step input. Ie., the reference path r indicates a
motion distance h, and a motion time %, The positional error, i.e. the maximum
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absolute error after the motion time, should be smaller than a specified maximum
positional error ¢, We define the conversion problem as:

Definition 4.11 Specification conversion problem

Given the dominant plant behavior and point-to-point motion specifications in
terms of the motion distance h,,, the motion time t, and the mazimum positional
error ey, construct a frequency tolerance band H,. for the command response
H{(s), such that fulfillment of the tolerance band indicates fulfillment of the point-
to-point motion specifications.

The frequency-domain specification H,,. for QFT implicitly consists of two parts
that are both achieved when the actual frequency-response band H fits in the
specified frequency-response band ‘H,,... These two parts are:

- a specification for the desired performance of the controlled system.

- a specification for the admissible uncertainty for the controlled system.

In (Horowitz and Sidi, 1972) the synthesis of feedback systems using QFT is
described. The first principle step in the described design procedure is the
translation of time domain bounds on z(¢) into bounds on the command response
|H(jw)|. The set of acceptable command response transfer functions 7., which is
also referred to as the thumbprint specification, has to contain the closed-loop
responses of all plants that are member of the parametric plant family P, In
(Horowitz and Sidi, 1972) the proposition is to start with assuming a simple
second- or third-order model for the command response H(s) and finding the
bounds on the model parameters which correspond to the bounds on the time
response. From the model parameter bounds the resulting bounds on | H(jw)| can be
determined. Or, stated differently, the acceptable command responses 7. are to be
converted into acceptable frequency responses H,,. This approach has been
described more extensively in (D'Azzo and Houpis, 1995). However, because of the
trail-and-error nature of this approach (Krishnan and Cruickshanks, 1977),

alternative approaches have been developed.

4.5.2 Alternative approaches

Time-domain analogue of QFT

Instead of applying a frequency-domain technique like QFT, one can design a
controller in the time-domain. Barnard and Beydoun (1993) claim to have
developed the time-domain analogue of QFT. In this method the tracking error e(?)
is defined as the difference between the output of the prefilter and the output 2(¢)
of the 2-DOF feedback system, i.e. servo behavior is considered. The first step in
the design method is to develop a relatively simple controller for the uncertain
plant. Next, the parameters of this controller are optimized according to a criterion,
such that the maximum error is minimized. Though this method seems promising,
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it turns out to be difficult to determine conditions under which the controller
parameters will converge (Barnard and Beydoun, 1993).

Another, more important problem is the fact that, once the optimal parameters
have been found, the performance of the corresponding optimal controller may be
unsatisfactory, i.e. the actual minimized maximum error may be larger than the
specified maximum error. In that case the next step would be to design an initial
controller of a higher order, and to optimize over the parameters of this new
controller. This is in contrast to QFT, in which all effort during the design
procedure is aimed at satisfaction of the original objectives. If application of
traditional, frequency-domain QFT to a control problem does not provide the
desired controller, this will become clear during instead of after the design
procedure. The design engineer can see at any time during controller design
whether or not the objectives, stated in the frequency-domain, will be met. In the
proposed time-domain QFT analogue all effort is aimed at the optimal controller of
a fixed order. Whether this optimal controller performs satisfactory, can not be
determined until after the design procedure. If so, the design engineer does not
know whether it is the minimum bandwidth controller. If not, the design engineer
has no indication on how to modify the design. For these reasons (traditional)
frequency-domain QFT is preferable, thus the time- to frequency-domain
conversion problem remains to exist.

Conversion of sensitivity specifications

Krishnan and Cruickshanks (1977) proposed a “simple and rational method of
converting time-domain sensitivity specifications into frequency-domain criteria”,
which has been build upon by East (1981). There are some problems in applying
this method: before, during and after conversion.

Before conversion

The first problem is the specification of appropriate time-domain requirements.
Krishnan and Cruickshanks (1977) assume the response z(t,q) to an input 7(¢) to lie
between two extreme responses:

a(t) < z(t,q) <b(t) for all t. (4.35)
Given these two extremes, one can define the mean desired response

m(t) =5(b(t) + a(t)) (4.36)
and the maximum variation on this mean response

v(t) =3(b(t) —a(t)) . (4.37)

Both m(t) and v(¢) are assumed to be known functions of time ¢, such that their
Laplace transforms M(s) and V(s) can be determined. However, in examples
discussed by Krishnan and Cruickshanks (1977) they specify m(t) and o(¢) as the



4.5 Performance specifications 147

sum of exponentially decreasing functions. In doing this, they implicitly choose the
Laplace transform. This means that the requirements are not purely in the time-
domain.

During conversion
The second problem is in the conversion procedure itself. Instead of fulfilling the
time-domain requirement

(z(t,q) —m(t))? <v*(t) for all t, (4.38)

which is equivalent to (4.35), it is tried to satisfy the weaker requirement

’ t
f(z(7-7q) —m(7))dr < fv2(7')d7' for all ¢t > 0 (4.39)
0 0

A sufficient condition in the frequency-domain corresponding to (4.39) is given by

Rjw)F(jw) L(jw,q) 1‘< V(jw)
M(jw) 14 L(jwq) T M (jw)

for all w (4.40)

q

where R(s), F(s) and L(s) represent reference input, prefilter and open-loop transfer
function respectively. Krishnan and Cruickshanks (1977) consider (4.40) as the
starting-point for a frequency-domain design method. However, it should be noted
that several concessions have been made during the derivation of this condition: the
original time-domain requirement (4.35) is first weakened (4.39) and next tightened
(4.40). Therefore, the frequency-domain requirement is not the ezact equivalent of
the original time-domain requirement.

After conversion

The third and last problem is the conversion result (4.40). QFT can not cope with
this frequency-domain requirement directly. Krishnan and Cruickshanks (1977)
therefore propose a special choice of the prefilter

M(s)
F(s) = =) :
= (1.41)
thus simplifying (4.40) to
mqax|5’(jw,q)| < ]\Vl((];:)) for all w, (4.42)

with S the sensitivity function. The sensitivity conversion method does not yield
the closed-loop response tolerance band required by QFT, but an upper bound on
the sensitivity function. However, Horowitz (1991) emphasized that “... the
sensitivity function is very insensitive to a major cost of feedback”, i.e., sensor or
measurement noise. It is for this reason that Horowitz prefers shaping the open-
loop frequency response L(s) rather than shaping the sensitivity S(s).
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4.5.3 Original conversion method

Despite these alternative solutions, we believe that the most direct and useful form
of the specifications on the response would be in the time domain, e.g. bounds on
the step response. Therefore, we will describe the approach of (Horowitz and Sidi,
1972) and (D'Azzo and Houpis, 1995) in more detail. First, we formulate what an
ideal conversion method should do:

Statement 4.4 Ideal conversion method

An ideal conversion method has to assure that:

- all frequency responses that fit in the frequency tolerance band Hg,,
correspond to time responses that fit in the thumbprint specification 1.,

- all time responses that fit in the thumbprint specification T, correspond to
frequency responses that fit in the frequency tolerance band My,

under the condition that the assumed system model H(s) is correct.

We begin by assuming a second-order system model for H(s), as in (D'Azzo and
Houpis, 1995) and (Houpis and Rasmussen, 1999):

W
HO) = 5T (4.43)

with «, the eigenfrequency and ( the relative damping. The thumbprint
specification 7. for this system is constructed from two step responses.
Characteristics of these responses are shown in figure 4.19. The time responses z(%),
and z(t)y represent the upper and lower bound of 7., i.e. an acceptable response
must lie between these bounds. We determined these responses such that at ¢ = ¢,

the overshoot equals e, respectively the lag error equals, - ¢,.

hU]

g Z( t)U 2 (’,UT

itm

time [s]

FIGURE 4.19 Characteristic of thumbprint specification
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As an example, we choose a motion distance h, of 1 [m], a motion time 7, of 1 [s]
and a maximal positional error e, of 0.01 [m]. The two extreme responses can be
described as:
- upper: The overshoot of z(t)y has the size ¢, and occurs at ¢,. The parameters
corresponding to this response are w, = 5.57 [rad/s] and (,, = 0.83, giving
the system model H(s)y.
- lower: The lag error of z(¢);, has the size -¢, at t,. The parameters
corresponding to this response are w, = 5.57 [rad/s] and (., = 0.93, giving

the system model H(s);.

The magnitudes of the frequency responses of H(s)y and H(s), form the upper
bound By and lower bound B, which constitute the frequency tolerance band H,..
Characteristics of this tolerance band are shown in figure 4.20a. In a minimum-
phase system, the magnitude of the frequency response | H(jw)| completely specifies
the transfer function H(s), therefore only a tolerance on the magnitude of the
frequency response is determined.

Hspec ’Hﬁ'pec

U

mod [dB]

mod [dB]

wh “n

log w [rad /s log w [rad/s]

a)
FIGURE 4.20 a) Characteristic tolerance band of original conversion method
b) Characteristic tolerance band with additional pole and zero

Because the models H(s)y; and H(s), are both second-order with identical
eigenfrequency w,, the asymptotes are identical for w — oco. However, it is desirable
to increase the spread between By and Bj for increasing w. This can be achieved by
changing By and B, without violating 7.,.. Firstly, H(s)y is augmented with a
negative real pole that is as close to the origin as possible but far enough away not
to affect the time response significantly. Secondly, the spread is further increased
by augmenting H(s); with a negative real zero without significantly affecting the
time response. The additional pole and zero raise By respectively lower B; in the
high-frequency range, such that we obtain a new tolerance band H The
characteristics are shown figure 4.20b.

spec*

This method is a useful approach, however there are two problems:
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1. In the second-order model H(s) only uncertainty in ¢ is considered and not
in w,. However, physical parameter uncertainty in P will often affect the
eigenfrequency w, as well as the relative damping (.

2.  The thumbprint specification of figure 4.19 is not ideal for describing point-
to-point motion specifications. It will be shown that there are second-order
step responses that meet the motion specifications, but do not fit within
the thumbprint specification.

4.5.4 Modified conversion method

Second-order dominant behavior
In order to overcome the problems indicated above, we modify the approach of
Horowitz and Sidi (1972) by extending 7. The new thumbprint specification is
constructed from three responses, which are characterized by:
1. an overshoot of z(¢) that has size ¢, and occurs at t,. The parameters
corresponding to this response are, similar as for 2(t)y, Wy and (-
2. alag error of z(t) that has size —e, at t,,. The parameters corresponding to
this response are, similar as in 2(t);, wye and (e
3. an overshoot of z(t) that has size ¢, and occurs at ¢t > 1, with A(t,) = h, —
e,- The parameters corresponding to this response are w,;, and (.

We allow variations [wp, - @hay 0 the eigenfrequency for a relative damping (.
Therefore, the proposed modification also solves problem 1, as formulated at the
end of section 4.3.3. Characteristics of the newly obtained thumbprint specification
T, are shown in figure 4.21.

spec

h] n

2 eOT

2(t) ]
&

tHl

time [s]

FIGURE 4.21  Characteristics of the modified thumbprint specification

The values of the parameter bounds for the example are:
Whin = 419 [ra’d/s] Cmin = 083
Whax = D.57 [rad/s] Conax = 0.93
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The parameter bounds span a triangle in the «,-¢ plane that contains all second-
order time responses that fit within 7_,..

Remark 4.3

There are other second-order responses that meet the point-to-point motion
specifications. These are fast responses with a high eigenfrequency, for which the
overshoot occurs before t,. In a controller design problem solutions with a high
eigenfrequency may unnecessarily increase the cost of feedback, therefore we
focus on the solutions with a peak time at t > t,,.

Remark 4.4

The parameter bounds do not span a rectangle in the w,-C plane, as the response
with wyy, and .. is too slow to meet the point-to-point motion specifications.

m max

Next, we draw the frequency responses |H(jw)| corresponding to the three time
responses and determine the frequency tolerance band H,,. (figure 4.22). It can be
seen that the upper and lower bound do not have the same high-frequency
asymptote, as they have different eigenfrequencies.

Hspec
U

mod [dB]

er

log w [rad/s

FIGURE 4.22 Modified frequency tolerance band

By means of simulation we will verify whether the modified conversion method is
an ideal conversion method, according statement 4.4. In the simulations we use the
example presented above. In figure 4.23 the results of the conversion are shown for
different grid points in the w,-( plane. For each grid point we indicated whether the
corresponding frequency response fits within the frequency tolerance band M,
and/or whether the step response fits within the thumbprint specification 7_,..
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FIGURE 4.23 Results of modified conversion method

It can be seen that there are several responses fitting in the frequency band H,.
but not in the thumbprint 7. Obviously, this is not ideal, as the designer has
access to responses that unjustly seem valid in the frequency domain.

The cause of this problem is the following. We initially stated that in a minimum-
phase system the magnitude of the frequency response | H(jw)| completely specifies
the transfer function H(s), which in turn uniquely determines the step response.
However, the magnitude of a response band H does mot completely specify the
intended set of transfer functions, as there are also undesired frequency responses
fitting in the tolerance band. It is wise to simultaneously consider the phase as well
as the gain of the response band.

mod [dB]

phase [rad]

FIGURE 4.24  Characteristic frequency tolerance band in Nichols chart

Therefore, we propose to convert the tumbprint ’];pec into a frequency response
band H,,. in the Nichols chart, instead of into a band in the Bode diagram. The
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frequency tolerance band in the Nichols chart, which corresponds to the band in
figure 4.22, is shown in figure 4.24.

Again, we use the example to verify the conversion method by performing
simulations of different grid points in the w,-C plane.

0.95 gmax |
o I 11
60
g 0.90 I
% Liniy THax |:| Hspec met and Z])ec met
T 085 o [ 1 Hgpeemet and Zpee not met
= min
= [ ] Hspecnot met and Zypee not met
® 0.80

0.75 “min Wax

4.0 4.5 5.0 5.5 6.0

w, [rad/s]

FIGURE 4.25 Results of modified conversion method using Nichols chart

In figure 4.25 it can be seen that for the same combinations of values of w, and ¢ as
before, both time and frequency specifications are met. But similar as in using a
Bode diagram, several responses exist where only the frequency tolerance band is
met. Two different areas are distinguished, as indicated in figure 4.25:
- Area I, where (,;, < ¢ < (e and w, is located left from L, i.e. the line
constituted by the points (W, Cuim) A0d (Whay, Cuay)-
- Area I, where (;, < ¢ < (uax and @, > Wy, 6-€. right from the line L.

To isolate the area where ideal conversion takes place, we introduce frequency
limits in the Nichols chart. Once the actual response H is shaped such that it fits
within the frequency tolerance band H,,., the dominant pole-pair has a valid
relative damping (figure 4.25). However, in order to avoid the response being in
area I and II, the eigenfrequency of this pole-pair has to be located to the right of
L., and to the left of L, . In order to verify this condition, we will project the
frequency limits L, and L, onto the Nichols chart. First, we calculate the
frequency responses of the corner points of the triangle of figure 4.25 where ideal
conversion takes place. The responses are located on the boundaries of H,. and
equal:

—W wiw, w256

H (jw; )=

where i stands for either min or max. It turns out that these responses are
independent of the frequency w,. As a consequence, the projections of the lines L,
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and L, in the Nichols chart are identical. In figure 4.26 these are denoted as one
vertical line B,, constituted by the points:
1

B ., = d B, =—— 4.45

WU T g T e T &5

which is obtained by varying (¢ from (,;, to (... When we want to evaluate the
eigenfrequency of the dominant pole-pair of an actual response H(jw), which fits in

Hpeer We have to consider the response for the frequency on the line L, that
corresponds to the actual relative damping ¢ of H(s):
Wmax — Wi
wlow = wmin + < _ leﬂ ’ (C - CInin ) (446)
max min

Similarly, we have to consider the response for the frequency on the line L, that
corresponds to the actual relative damping ¢ of H(s), i.e. Wy, When the response
H(juwiy) is located to the right of the line B, than «, of the dominant pole-pair of
H(s) is located to the right of the line L, in the w,-¢ plane. Similarly, when the
response H(jw,,.) is located to the left of the line B, than w, of the dominant pole-
pair of H(s) is located to the left of the line L, in the «,-¢ plane.

In figure 4.26 we indicated H(juw,,,) and H(jw,,,) for a single response, as well as the
frequency limit B,. In this figure both points meet the frequency limit, thus both
the frequency-domain and time-domain specifications are met.

H (J ow )

mod [dB|

phasc [rad]

FIGURE 4.26 Frequency limit within Nichols chart

Statement 4.5 Conversion using second-order system models

When the uncertain response band 'H is fitted in the specified frequency response
band H,.. and the frequency limits are met (figure 4.26), then the time responses
will fit in the thumbprint 1_.. and the point-to-point motion specifications are
met.
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Remark 4.5

When H(jw,.) @s on the right side of B,, then the time response does not fit
within the thumbprint specification, but the point-to-point motion specifications
are still met, however, probably with an unnecessary high cost of feedback. In
this situation the positional error is already smaller than e, before the specified
motion time t, is passed.

Higher-order dominant behavior

When a higher-order dominant behavior for H(s) is considered, we need to
introduce additional assumptions. When, for example, a third-order dominant
behavior is assumed, three independent parameters can be identified: the
eigenfrequency w,, the relative damping ¢ of the complex pole-pair and the location
of the real pole a. The additional assumption concerns the ratio of ¢ and w,. When
this ratio is fixed, still only two parameter values have to be determined for which
the time-domain specifications are met: the eigenfrequency w, and the relative
damping . Similarly as for second-order systems, a triangular region in the w,-C
plane (figure 4.25) exists for which ideal conversion takes places, which can be
isolated by means of a frequency limit (figure 4.26). When we introduce a real pole

to the example above, with a = —wj,, then the triangle in the «,- plane is described
by:

Whnin = 525 [rad/s] Cmin = 073

wmﬂx = 689 [rad/s] <max = 088

For higher-order poles and zeros a similar approach can be used, i.e. fix the
relation between the magnitudes and determine the values of the eigenfrequency
and the relative damping of the pole-pair. This approach is attractive, as only
(independent) bounds on the parameters of the dominant pole-pair have to be
searched, instead of multiple, possibly dependent, parameter bounds for all poles
and zeros of the dominant behavior. The location of the dominant pole-pair in the
s-plane is of most importance, as this is closely related to the speed and overshoot
of the response.

4.5.5 Example

As an example we will consider the placement module of the FCM. We describe
this plant as an uncertain moving mass:

P(s) = — (4.47)

with

m e |6.85 7.35) [ke]
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We define 5 equidistant grid points in this range en select the nominal value of the
mass m, as 7.10. For the specification we reuse the (fictitious) values used so far,
i.e. hy =1 [m], t, = 1 [s] and ¢, = 0.01 [m]. We assume a dominant second-order
system behavior for H(s), such that we can also reuse the frequency response band
Hpee described above.

First we design a compensator using QFT that satisfies performance and stability
bounds. We obtain a PD compensator, described by:

K (sty+1)  107(041-54+1)  10.7(s 4 2.43)
~ (sBry +1)  (041-01-s+1)  (s+24.3)

O(s) (4.48)

We will compare prefilter design in the Bode diagram with design in the Nichols
chart. A prefilter that meets the tolerance band H,,. in the Bode diagram is:

F(s) = 0.15(s + 15.79)
(s +243)

spec

(4.49)

The corresponding command response is shown in figure 4.27. The frequency
tolerance band H,,. in the Bode diagram is indeed met, but it can also be seen that
the thumbprint specification 7, .. is not met.

spec

oy

10

10t 10°

log w [rad /s a) time [s] b)

10

FIGURE 4.27  Exzample: prefilter design in Bode diagram

When the prefilter (4.49) is considered in the Nichols chart, it appears that the
responses indeed do not fit in the frequency tolerance band. When the prefilter is
modified such that the response does fit in the Nichols tolerance band, we obtain:

0.15(s +16.03) 25(s” +2-0.82-4.7s +22.1)

F(s) = . 4.50
®) (s +2.43) 22.1(s* +2-0.86- 55 4 25) (450)
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The result is shown in figure 4.28. The responses fit in the frequency tolerance band
and the step responses meet the point-to-point motion specification.

0 1.2 ¢
}L]n
= _
=.-20 Eo8 |
= =
g w
-40 04 |
-60 tm
-180 -120 -60 0 0 0.5 1.0 1.5
phase [rad] a) time [s] b)

FIGURE 4.28  Example: prefilter design in Nichols chart

When we take a closer look at the prefilter (4.49), we see that the real pole
compensates the zero of the compensator, such that we obtain dominant second-
order behavior. This is also holds for the prefilter (4.50), but additionally there is a
zero-pair that approximately cancels the poles of the complementary transfer
functions and a complex pole-pair that introduces the desired dominant behavior.
This corresponds to what one would obtain using the polynomial approach to pole
placement, as discussed in (Wolovich, 1974) and (Astrom and Wittenmark, 1997).
Hence, the proposed method naturally leads the designer to sensible choices. A
main advantage of the conversion procedure proposed here is that, unlike in the
polynomial approach, the uncertainty is incorporated explicitly.

4.5.6 The conversion procedure

The overall design procedure becomes as follows. At the start of the conversion
procedure, we have to assume a particular dominant system behavior. After
completion of the QFT design, the validity of this assumption has to be evaluated.
Whenever required, iterations may take place, as indicated in figure 4.29.
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FIGURE 4.29 [terative conversion procedure

The need for iterations originates from the fact that assumptions have to be made
before the compensator C(s) and the prefilter F(s) are actually designed. The
question whether the initial assumptions are correct, can only be answered after
completion of the controller design procedure. To support the designer, well-chosen
defaults for the dominant behavior are to be supplied.

Default assumption

The default assumption should be chosen as simple as possible. Within the
dominant system behavior, we distinguish a desired component, as well as an
expected component. The desired component is generally a complex pole pair with
such an eigenfrequency and relative damping that it meets the time-domain
performance. However, other poles and zeros may be located close to this pole pair,
such that these also contribute to the dominant behavior. These may be predicted
or may be known from previous iterations. We refer to these poles and zeros as the
expected component, as their contribution is only known exactly after completion
of the design procedure.

Remark 4.6

By means of prefilter design, the dominant behavior of H(s) can be manipulated,
as poles and zeroes of the expected component can be compensated for in F(s).
However, as these poles and zeroes may be uncertain, cancellation is not always
possible or desirable.

The simplest assumption is to consider only the desired component; by default we
use a second-order model. When a higher-order model is assumed, we will use
additional assumptions, as explained in section 4.3.4.
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Remark 4.7

The assumption on the dominant system behavior does mot cause a loss of
transparency during QFT design of the control system.

Unstructured uncertainty

In QFT, unstructured uncertainty enters the design at higher frequencies in the
frequency tolerance band. As discussed in section 4.3.3, the frequency tolerance
band should therefore have an increasing spread at higher frequencies (figure

4.30a).
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FIGURE 4.30 Increased error due to unstructured uncertainty

To obtain the increasing spread, a non-dominant zero 2z, is introduced in the
upper tolerance bound and the lower tolerance bound is extended with a non-
dominant pole p... (D'Azzo and Houpis, 1995). These additional dynamics will
become noticeable in the time domain by a slight increase of the positional error.
Hence, the unstructured uncertainty can be accounted for in the time-domain
specification by dividing the maximum allowable positional error ¢, into a fraction
e, and e,, as in figure 4.30b, where e, is the shaded horizontal band. Loop shaping
is done such that the frequency response is within the non-shaded tolerance bound
determined by e,. High-frequency uncertainty at worst will enlarge the positional
error with e,. By default it is assumed that e,= 0.9 - ¢,.

Design procedure 4.1 Conversion algorithm (part I)

The conversion algorithm from the point-to-point motion specifications via the
thumbprint specification 1. to a frequency tolerance band H,, is:

spec

1. Determine the overshoot of the step response of a system with the specified
dominant behavior, with normalized eigenfrequency (w, = 1) and relative
damping ¢ = 0.5. If the overshoot is smaller than e,, decrease (; increase (
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otherwise. Repeat the adjustment of the relative damping until (., s found
for which the overshoot equals the mazimum allowed overshoot e,.

2. Determine the mazimum value of the eigenfrequency w,,. from the ratio
between the normalized peak-time 7, (the time at which the overshoot occurs
for normalized natural frequency w,) and the desired motion time t.: w,

Ty / t-

3. Determine the lag error (at t = t,) of the step response of a system with the
specified dominant behavior, with eigenfrequency w,,.. and relative damping
Coin- Increase the relative damping until (.. is found where the lag error at
t,, equals the mazximum allowed error e,.

ax

4. Determine the lag error for a system with the specified dominant behavior,
with eigenfrequency w,,. and relative damping (.- Decrease the
eigenfrequency until w,,, s found where the lag error at t, equals the
mazimum allowed error u,.

5. Construct the thumbprint specification 1T from three responses of the
assumed system model H(s) with:
. Wy 01 Cpi
b. Wy and (..
€. Wain and -
Include the region between the maximum values of step response a. and b.,
such that variations w, € [Wym ; Wne are allowed for a relative damping ¢,

Now the initial frequency tolerance band H,. has been constructed from the
frequency response of system model H(s). To allow for unstructured uncertainty,
this band is expanded wusing the remaining part of the mazimum relative
positional error (e,= e,— €,):

6. Add a zero to the upper bound H(S)y at Zyye = —Wa Increase the
magnitude of this zero until the overshoot at t, equals e,.

7. Add a pole to the lower bound H(S), at Deyra = —Whax- INCTEase the magnitude
of this pole until the lag error at t, equals -e,.

In the presented conversion procedure, the bounds of the model parameters are
determined by means of a search. For low-order system models, these bounds could
also be determined analytically, when using step responses. However, for second- or
third-degree reference paths (refer chapter 2) this is not straightforward. With a
small modification, procedure 4.1 can be applied to these reference paths as well
(Holterman, 1997).

When the conversion has been completed, a compensator C(s) can be designed
using QFT. Consecutively, a prefilter F(s) is to be designed, using the following
procedure.
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Design procedure 4.2 Prefilter design

1. Draw the expanded tolerance band H,,. and the actual response band H in

the Nichols chart.

spec

2. Determine the frequency limit B,,, by calculating the frequency response on
the boundaries of H,.. for wyy, and Wy,

3. Incorporate the desired components of the dominant system behavior in the
prefilter.

4. Continue prefilter design such that H fits in Hg. and the frequency
responses for w, and w,,. are on the left respectively the right of B,,.

When the initial assumptions on the dominant system behavior were correct, the
controlled system will meet the point-to-point specifications. In case the actual
dominant behavior differs significantly from the assumed dominant behavior, the
assumptions need to be modified.

Design procedure 4.3 Conversion procedure (part II)
Iterations for assumed dominant system behavior:
8. Determine the pole-zero map of the controlled system H(s).

9. Fix the ratio between the magnitude of the dominant complex pole-pair and
the other poles and zeros.

10. Determine the minimum and the mazimum value of the relative damping of
the dominant pole-pair at w,, using the search algorithm of steps 1-4 of this
design procedure.

During design of the prefilter, the controlled system H(s) is designed such that the
response fits in the frequency tolerance band. Or stated differently, the frequency
response is shaped such that the assumptions are met. Therefore, the conversion
procedure is likely to converge, which is confirmed by several applications.

As an alternative to adjusting the assumptions, it may be advantageous to adjust
the structured error fraction e,/e,. This is desirable if the width of the frequency
response tolerance band does not continuously increase for high frequencies. It
indicates that the influence of the extra pole and zero is rather small. Decreasing
the structural error fraction e,/e, can increase their influence.

Remark 4.8

Applying the conversion procedure manually is rather laborious; proper
application requires computer-based support.
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4.5.7 Relation with structured design method

We will now shortly discuss how the conversion method, including QFT design, fits
within the structured design method of chapter 3. Uncertain physical parameters
are a particular problem that may occur in the detailed design stage. In order to
quantitatively deal with this uncertainty, one has to specify the desired performance
of the controlled system, including the allowed uncertainty. The task specifications,
in terms of space and time, were handled by the assessment method of chapter 2.
Reusing the bandwidth of the conceptual design, a frequency-domain design of the
feedback component can be made, using the structured design method of chapter 3.
However, the allowed uncertainty was not specified quantitatively in the frequency
domain. This has been addressed by the conversion procedure presented above.

The feedback component, that was designed according to the design procedure of
chapter 3, can serve as an initial compensator for QFT design. Previously, we
considered three combinations of position sensors, where the position was measured
with respect to the fixed world or another reference:

1. position measurement at the end-effector. In this situation it is
straightforward to apply the conversion method and QFT design.

2. position measurement at the actuator. In this case (indirect control) the task
specification for the end-effector has to be translated into a desired motion for
the actuator position. This not straightforward, when dynamic effects are to
be incorporated.

3. position measurement at the actuator and at the end-effector. In this case the
inner loop can be closed with an initial feedback component. Conversion of
specifications and QFT compensator design can be performed with an
alternative “plant”, consisting of the original plant and the closed inner loop.

In order to deal with the disturbance observer during QFT design, one can again
construct an alternative plant, which now consists of the original plant and the
disturbance observer. The feedforward component can be converted into an initial
prefilter.

4.6 Computer-based support

Computer-based support has been developed for the design of QFT controllers for
electromechanical motion systems with physical parameter uncertainty, using the
mechatronic design environment 20-sim (Controllab Products, 2000) and the
Matlab QFT toolbox (Borghesani et al., 1994). The conversion of specifications and
prefilter design are only supported when using the Bode diagram. As explained in
the previous section, the use of the Nichols chart is preferable, but this has not yet
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been incorporated in the computer-based support. However, the use of the design
procedure 4.1 is almost identical and here we will give a flavor of the application of
the computer-based support (Holterman, 1997). For automatic construction of
templates we will only discuss gridding. Computer-support for the Adaptive
Angular Sweep Algorithm (Wilson et al., 1999) is available, but not discussed here.

ETime to frequency conversion ﬁf@

 point-to-point motion specificat
motion time: 200
step height: I 31.42
maximum error after motion: I 01577,
reference path: step =
0 iy
mod
[dB]
-100
0.1 w [radfsec) 100.0

frequency (rad/sec): B8.62
upper bound (dB):  -18.483
lower bound (dB):  -23.378

Convert | Advanced | Close |

FIGURE 4.31  Performance specifications

The motion specification can be entered in a graphical user interface (figure 4.31),
where a step function is selected as the reference path and the motion time %, and
step height (or motion distance) h, are entered. Using the default assumptions, as
motivated in the previous section, the time-domain specifications are automatically
converted into a frequency tolerance band in the Bode diagram. In a menu the
default assumptions can be modified. The Bode diagram can be used to select a set
of critical frequencies for QFT design, by clicking on the appropriate frequency. In
figure 4.31 five critical frequencies are indicated, by means of solid vertical lines.

From the physical model of the electromechanical plant, a transfer function can be
derived. The coefficients of this transfer function are expressed as a function of the
physical parameters. In a special editor (figure 4.32), the designer can indicate
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whether a physical parameter is certain or uncertain. For uncertain parameters a
nominal value and a lower and upper bound have to be indicated. When gridding is
used to construct the templates, the number of grid points for an uncertain
parameter also has to be indicated.
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FIGURE 4.32  The physical parameter editor

Next, the uncertain plant will be represented by a set of plants, as required by the
Matlab QFT toolbox. The templates are automatically generated by evaluating the
response of the set of certain plants for the selected critical frequencies. For QFT
design only the contours of the templates are needed. In a template editor (figure
4.33), the user has to indicate which grid points contribute to the contour of the
template. Points in the template can be selected by clicking the Nichols chart. The
relation between the points in a template and the underlying physical parameter
values is preserved. Therefore, it is possible to determine which values for the
physical parameters lead to a point on the contour, such that the designer can
determine which uncertain parameters are critical in the design.
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FIGURE 4.33  The template editor
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Performance and stability boundaries, as well as the templates in the Nichols chart
are automatically drawn, using the Matlab QFT toolbox. The same toolbox is used
to design a compensator and a prefilter. The computer support will finally evaluate
the performance of the controlled system in both the frequency domain and in the
time domain. For each selected grid point the frequency response is shown together
with the frequency tolerance band. Additionally, the time responses of the closed-
loop system are compared with the motion specifications.

4.7 Evaluation and conclusions

The dynamic behavior of electromechanical motion systems is generally described
by physically motivated plants. The physical parameters in these models are often
only known within bounds. The controller has to assure that the motion
specifications are met, despite this uncertainty. It is attractive to use Quantitative
Feedback Theory to design these controllers, as this controller design method can
deal nonconservatively with uncertain physical parameters. Additionally, QFT is
attractive because of the transparency of the cost of feedback.

QFT requires uncertain physical parameters to be mapped onto templates in the
Nichols chart. A review of several methods for template construction has been
made, where we distinguished analytical and numerical template construction.
Whether analytical methods can be applied, depends on the structure of the plant
model. Template addition can only be used when uncertain physical parameters do
not occur in both the numerator and denominator. Tree structured decomposition
is also limited to certain model structures. An attractive solution to this problem
would be to decompose the model in a tree structure as far as possible and apply a
numerical technique to those parts of the structure that contain repeated
parameters. Two numerical template construction methods are selected as suitable,
i.e. gridding and the Adaptive Angular Sweep Algorithm (Wilson et al., 1999). For
a small amount of uncertain parameters gridding is attractive, because an
interesting feature of automated gridding is that the designer can select predefined
grid-points (on the contour) of a template and investigate which combination of
parameter values corresponds to that particular point. In this way, the designer is
given the opportunity to signal physical parameter uncertainties that unnecessarily
complicate controller design. For a large amount of uncertain parameters the
Adaptive Angular Sweep Algorithm is attractive, as this method is computationally
less expensive. Here, only a limited number of points on the contour of a template
can be investigated on the underlying values of the physical parameters.

Performance specifications for electromechanical motion systems are usually given
in terms of space and time. However, QFT requires the specifications to be
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expressed in the form of a frequency tolerance band. The approach of Horowitz and
Sidi (1972), D'Azzo and Houpis (1995) and Houpis and Rasmussen (1999) as the
most direct and useful form of converting the specifications, as here the time-
domain specifications can be specified as bounds on the time response. By assuming
a dominant behavior of the closed loop system, the time-domain specifications can
be converted into bounds of the parameters of the assumed system model.
Consecutively, this can be converted into a frequency tolerance band. The original
conversion method used the Bode diagram to determine this tolerance band.
However, we have shown that fulfillment of the Bode tolerance band does not mean
fulfillment of the time-domain specifications. The designer has access to responses
that unjustly seem valid in the frequency domain. We propose to use the Nichols
chart for the frequency tolerance band. When the frequency response of an
uncertain closed-loop system fits within this tolerance band and an additional
frequency limit is met, ideal conversion takes place. Ie., when the frequency
specifications are met, the motion specifications are also met. We have formulated
an iterative conversion procedure for the specifications. When the actual closed-
loop system does not match the assumed behavior, iteration takes place. The
procedure is based on a number of default assumptions that enable straightforward
application. Only at the moment that iteration appears to be necessary, the
designer may decide to revise the default assumptions.

Computer-based support, incorporating gridding and the iterative time to frequency
conversion procedure, has been developed. The newly developed QFT design
support is easily accessible and user-friendly. It provides useful means to support
QFT-based controller design for SISO LTI systems with physical parameter
uncertainty in combination with point-to-point motion specifications.
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5.1 Introduction

The design support described in chapter 2 and 3 will now be applied to the
Placement Module (PM module) of the Fast Component Mounter. We have
developed this support for application in a mechatronic design process, where a
realization of the complete electromechanical subsystem is not existing during the
design of the control system. However, the actual design of other subsystems than
the control system is out of the scope of this thesis. Therefore, we will use an
existing PM module, as an example of an industrial electromechanical motion
system, to evaluate and to illustrate the design support. It is not an objective to
maximize the performance of this specific PM module, using detailed knowledge of
the plant dynamics obtained from system identification. Rather our aim is to
satisfy the requirements in a short design cycle. We will only use that plant
knowledge that generally would have been available at a particular design stage.
The designed control systems will be applied without additional tuning, in order to
get a fair impression of their practical relevance. The only modification made to the
control systems is conversion to discrete-time algorithms.

In section 5.2, we will build a simple model of the PM module, in the style of a
conceptual design, and apply the model simplification and reduction algorithm of
chapter 2. Consecutively, we apply the assessment method presented in the same
chapter. In section 5.3, we will extend the plant model with additional dynamic
effects and we will stepwise apply the structured design method of chapter 3.
Firstly, the conceptual design is reused for frequency-domain design of a feedback
component. Secondly, an appropriate feedforward component is added to the
control configuration and finally a disturbance observer. Section 5.4 discusses the
practical application of the different control systems. We will consider some design
issues for implementation of the control algorithms and we will show experimental
results. In section 5.5 we present the conclusions.
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5.2 Conceptual design

The conceptual design stage is crucial in a mechatronic design process. Here, the
functional interaction between domain specific subsystems is determined. By means
of the assessment method of chapter 2, we will try to obtain a feasible design for
the PM module. We will indicate the available trade-off between the design of the
reference path generator, control system, electromechanical subsystem and the
attainable performance.

5.2.1 Characterization of the task

The task of the PM module is to place a component with an accuracy of 100 [gm]
at 30 [ms] after the motion time. The maximum velocity and acceleration of the
system are specified as 1 [ms™], respectively 10 [ms?| (Philips, 1998). We consider a
1-dimensional motion along the spindle, i.e. in y-direction. The relation between
the motion distance h,, the motion time ¢, maximum acceleration a,, and
maximum velocity wv,,, for the prescribed second-degree path is (Koster et al.,
1999).

Omax = % =10 [ms’Q]
" = hy, = 0.1 [m],¢, = 0.2 [s] (5.1)
Umax = 2% =1.0 {ms"l}

This is the characteristic task of the controlled system, i.e. the performance
obtained for this task is characteristic for the controlled system. The task we will
use in simulations and experiments will also include a period of 0.05 [s] with
constant maximum velocity. We will use the task specified in table 5.1.

quantity value
maximum error (after t,) € 100 [zam]
motion time t, 250 [ms]
motion distance I 0.15 [m]
settling time t, 30 [ms]
maximum acceleration Qnax 10 [m/s?
maximum velocity Vnax 1 [m/g]

TABLE 5.1 Specifications for the PM module
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5.2.2 Characterization of the plant dynamics

As indicated in chapter 2, we start with a simple model of the PM module that is
built from several component models. In figure 5.1, the initial bond graph model of
the PM module is shown.

—L— Qransmission) —2— @ 3

T

—> (actuator

FIGURE 5.1  Initial bond graph model of the PM module

The component models are relatively simple and are depicted in figure 5.2.

LJ, L C:c[1 I J;
I's——~1 |2 b, 1 TF 0 TF 1 b,
X P
. 7 r
¥ © transmission
actuator
/2 Ck' 1
by - 0 1 TF By
spindle !
iC—1——D B——1——>1Lm,
frame L x P
Limg end effector

FIGURE 5.2 Initial component models

The values of the parameters in this model are given in table 5.2.
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quantity value

motor inertia J, 3.25-10" [kg-m?]
pulley inertia J, 1.20-10° [kg-m?]
pulley radius r 1.43-107 [m]

belt stiffness ¢ 2.3-10° [N-m"]
spindle inertia J, 3.12-10” [kg-m?]
spindle stiffness A 4.10-10* [N-m-rad’]
pitch of spindle P 2.0-107 [m]

frame stiffness G 4.3-10° [N-m"]
frame mass my 11.5 + 5 [kg]
end-effector mass m, 2.3 [kg]

TABLE 5.2

Parameter values for the component models of figure 5.2.

The frame mass is a summation of the actual mass of the frame (11.5 kg) and the
mass of the electronics and its container (5.0 kg) that is connected to the frame.
The transmission ratio of the spindle with pitch p equals:
i=2 =318-107"
2m

[m - rad™] (5.2)

Ti S,
0——>1—>Im,
z
O
Limg
FIGURE 5.3  Simplified bond graph model of the PM module

In order to be able to apply the assessment method of chapter 2, we have to
transform the plant model into a standard form. Therefore, we first apply the
simplification algorithm (design procedure 2.2), to remove transformation ratio’s
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and dependent elements from the initial bond graph model. The result is depicted
in figure 5.3. The expressions for the parameters are:

m, = % — 333 [ke] (5.3)
G 7’ 7 -1
¢ =7 = 14610 [N-m™] (5.4)
2-J, + Jg
¢y = f—Q =4.0-10" [N-m'] (5.6)
s
my = = 1.54  [kg] (5.7)

Finally, the model reduction algorithm (design procedure 2.3) is applied, such that
we obtain a standard model that only incorporates the rigid body mode and the
lowest mode of vibration.

Limy,

|

TS ——> 1 ——
i

0——1——>Im,
Z

GliC—1—

L

Limy

a) b)

FIGURE 5.4  Reduced or standard model of the PM module
a) iconic diagram
b) bond graph

The resulting model is depicted in figure 5.4, where

My, = my +my +my = 6.53  [kg] (5.8)
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Whether the standard model (flexible actuator suspension) of figure 5.4 is a good
approximation of the initial bond graph model (figure 5.1), can be verified by
comparing the open-loop frequency characteristics in the magnitude plot of Bode
diagram. In figure 5.5a the frequency responses from input force to motor position
are shown, for both the initial and the standard model. In figure 5.5b the frequency
responses from input force to end-effector position are shown. Note that the
response of the initial model has been transformed with the transmission ratio of
the spindle, in order to make comparison possible. These figures show a good
approximation in the low-frequency range, which includes the lowest mode of
vibration, i.e. they are almost equal up to a frequency of 10” [rad/s].

0 0
) )
~ o
=100 =100
3 3
S =
% =
A Al
—-200 —-200
-300 | =300 N
0t 1 10° 0t 1° 0t 10? 10° 10t 10
log w [rad/s] log w [rad/s]

a) b)

FIGURE 5.5  Bode magnitude plots of the open-loop transfer functions from input
force to a) actuator position and b) end-effector position, for both the
initial (gray curve) and reduced-order plant model (black curve)

A numerical indication of the approximation is indicated in table 5.3. The
simplification and the reduction algorithm work according expectation.

initial model standard model
w, (AR) 477 [rad/s] 478  [rad/s]
W, 486  [rad/s] 486  [rad/s]
wy (RA) 510  [rad/s] 510  [rad/s]

TABLE 5.3 Lowest mode of vibration of the initial and the standard model
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5.2.3 Assessment

Once the plant model is in the standard form, we apply the assessment method of
design procedure 2.1.

1.

Determine the class of electromechanical motion system that is at hand.

In figure 5.4 we recognize the flexible actuator suspension (refer section 2.2.2).
We will consider the transfer functions from the input force to both the
actuator position and end-effector position.

Actuator position
The transfer function from the input force T% ' to the actuator position iy is of
type AR and is described by:
2 4 W2 W
Pe) = — (5.9)
ms’ (52 + wr) Wgr

where w,, < w,; m denotes the total mass to be moved:

m = my, +m, =883 [kg] (5.10)

The anti-resonance frequency w, respectively resonance frequency w, of the
lowest mode of vibration is:

Wy = {ﬁ =478 [rad/s] (5.11)

L ¢y + me)
! mm(mf -+ me)Jr MM,

=486 [rad/s] (5.12)

End-effector position

The transfer function from the input force to the position of the end-effector z;
is of type RA, which is described by (5.9) with w, > «,. The total mass and
the resonance frequency are again given by expression (5.10) respectively
(5.12). The anti-resonance frequency of the type RA transfer function is:

Wy = |-L =510 [rad/s] (5.13)
myg

Determine the concept that is at hand, by looking at the location of the position
and velocity sensor. Refer to table 2.5 to verify whether optimal dimensionless
controller settings can validly be applied.
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The concept refers to the closed-loop transfer function from the reference path
r to the measured position y. In case of the PM there are three possible

concepts:
- concept AR position and velocity measurement at the actuator
- concept RA position and velocity measurement at the end-effector

- concept AR-RA position measurement at the end-effector and velocity at
the actuator

The actual PM module only contains a position sensor on the motor axis,
therefore we will consider concept AR. Whether the optimal dimensionless
controller settings can validly be applied depends on the value of the frequency
ratio p:

2
war
=|— 5.14
p [ - ] (5.14)
For concept AR, the frequency ratio must have a value between 0.1 and 0.8.
The actual value of the frequency ratio is:

p =097 (5.15)

which is larger than the permitted 0.8. Despite this fact, we will continue
application of the assessment method, but we have to reconsider the violation
of the bounds on p afterwards.

3. Depending on the situation, perform one of three alternatives:
Note that for the assessment we have to use the characteristic task of (5.1).
a. When we assume the reference path and the desired performance, in terms
of the maximum positional error e, to be fixed, we calculate the periodic
ratio 7 according:

e 1.0.10*4_011 516
TN b, NO0O09-01 (5.16)

Here, we selected the value for e from table 2.6, i.e. concept AR gives ¢ =
0.09. The minimum required anti-resonance frequency of the plant is:
27 27
Warreq — 5 — 7 a1 no
Tt, 0.11-0.2

= 298 [rad/s] (5.17)

which is smaller than the actual anti-resonance frequency, thus the lowest
mode of vibration is not a limitation for the desired performance.

b. When we assume the reference path and the anti-resonance frequency to be
fixed, we calculate the periodic ratio 7 according to:

=2 0.066 (5.18)

war m
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The attainable performance in this situation is predicted as:

e =By hy =c-7 -hy =39 [um] (5.19)

which is smaller than the desired accuracy of 100 [gm].

c.  When we assume the desired performance and the anti-resonance frequency
to be fixed, we can propose a characteristic reference path. This requires a
trade-off between the motion time and the motion distance:

2r €

Wartm € hm (520)
= t2 =0.16 - hy,

4. Determine the control system for a particular problem setting.
The dimensionless optimal controller settings for concept AR are 2, = 0.8 and
Q4 = 0.9 (refer table 2.5). For the particular problem setting of the PM
module, with w,, = 478 [rad/s], we obtain:

ky =m- (- w ) = 1.29-10°

[ (5.21)
ky =m-Qy - w, = 3.80-10°

From application of the assessment method we learn that the specifications can be
met with the given electromechanical subsystem. The specification given for the
PM module requires the positional error to be attained only after a settling time of
30 [ms]. After this settling time the maximum positional error will only be further
decreased. As the frequency ratio (5.15) of the PM module is not within the bounds
specified by the assessment method, the stability margin may be smaller than
guaranteed. The guaranteed margin is such that the closed-loop poles are located
sufficiently far, i.e. a distance —g, into the left-half plane:

9=0G-wy (5.22)

where G was chosen 0.2 (refer section 2.3.2). For the PM module the required
margin is:

g = G- War = 96 (523)

The actual margin, with damping as used in the assessment method, is significantly
smaller: only 41. However, a type AR transfer function with a PD-type controller is
always stable, therefore we will proceed with the design, with the knowledge that
the stability margin may require extra attention in the remainder of the design
process.
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5.2.4 Evaluation

The closed-loop system with the PD-type controller used in the assessment method
is shown in figure 5.6.

C
z
7 + Sy t >
R EA)—P }vp E > kout e P
ka vl |y
T kin
kin P
controller

FIGURE 5.6  Closed-loop system with PD-type controller of assessment method

The measured output y, i.e. the motor position of the PM module, is multiplied
with k, and the output signal of the controller is multiplied with &, in order to
obtain the control signal u. The controller has been designed using the standard
model of figure 5.4, with input T-i' and output i-¢. However, the initial model

requires input 7T and output ¢. Therefore, extra gains are introduced:
b, =1i=318-10"% [m-rad’]
k

out

5.24
=4=2318-1073 [m - rad'l] ( )

By means of simulations in 20-sim we will evaluate the conceptual design. We will
use the initial bond graph model, to verify the performance. In figure 5.7 we see
that the end-effector follows the reference trajectory well. The error during the
point-to-point motion rises up to 3 [mm] and the required torque of the actuator is
about 0.3 [Nm].
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FIGURE 5.7  Simulation of the controlled initial bond graph model of the PM
module, performing the task of table 5.1

To get a better idea of the positional error after the motion time %, we zoom in on
the error plot. The error of interest is shown in figure 5.8.

100

error [pam]

-31 [ym]

_100 tm t]r]+t5
0.245 time [s] 0.285

FIGURE 5.8  The positional error of the conceptual design, with the initial plant
model

The simulations show that the positional error after the motion time ¢, is 31 [m],
which is indeed smaller than the predicted maximum positional error of 39 [um)].
After the settling time ¢, of 30 [ms], we see that the error is decreased even further.
Therefore, we conclude that we obtained a feasible design for the controlled system
and we will proceed the design process, keeping in mind the relatively small
stability margin.
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5.3 Detailed design

We will continue the design process with the structured design method as described
in chapter 3. We describe an evolutionary design process, starting with the reuse of
the conceptual design, and extending the design with appropriate components.
However, first we will incorporate additional knowledge about the
electromechanical subsystem in the plant model, which usually becomes available
during detailed design.

5.3.1 Modeling the plant

The structure of the plant model, as indicated in figure 5.1, is still valid during
detailed design. The subsystem types can be reused, but we will use different
specifications for the actuator and the end-effector, i.e. the polymorphic modeling
approach of De Vries (1994) that was also discussed in section 3.6. The subsystem
specifications used during conceptual design only described those dynamic effects
that influence the dominant behavior of the plant. During detailed design, more
information comes available and the specifications will describe the dynamic
behavior in more detail, such that it better resembles the real-world plant. We will
incorporate the available knowledge in the plant model, in order verify the
performance of the control system.

Actuator
In figure 5.9 a more detailed model of the DC servomotor is depicted. This is a
model of the servomotor (PARVEX RS240B) that has been selected for this

application.

IF
_ ) 7~£ > MS QY 1 D,
actuator R:R,,

FIGURE 5.9  Detailed model of the DC servomotor

When we compare this model to the actuator model in figure 5.2, we see the
addition of a gyrator with motor constant k,. The control system should now
calculate input current instead of input force, thus an MSf-source is used. On the
mechanical side we added some viscous friction R, to the motor inertia J,. The
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maximum current of the motor amplifier is limited to 5.0 [A]. The values of all

parameters are indicated in table 5.4.

m

quantity value
motor constant K, 6.8:10% [N-m-A"]
motor inertia I 3.25-10° [kg-m?
viscous friction R 2.48-10° [N-m-s-rad’]
[

maximum current

Zma.x

TABLE 5.4 Parameter values for the actuator model of figure 5.9

End-effector

The end-effector is a carriage that contains the pipette, which picks up and places
the components. The guidance of the carriage will have a finite stiffness, thus
allowing for a small displacement of the tip of the pipette (figure 5.10). Here, we
see an example of the flexible guidance model that was introduced in section 2.2.2.

M

&, :C L.J,

FIGURE 5.10  Extended model of the end-effector

The carriage has a mass m, and an inertia J,. The stiffness ¢, of the guidance is

represented as a rotational stiffness k,, according to:

ke =2-c, - b

(5.25)

where b is the distance between the two contact points of the guidance system
(vefer figure 3.12a). The location of the force a; and the location of interest a,, are
defined as the vertical distances along the carriage, from the center of mass to the
location where the force excites the carriage, respectively to the location of the tip

of the pipette.
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quantity value
carriage inertia J, 8-10% [kg-m?]
carriage mass m, 2.3 [kg-m?
guidance stiffness Ce 5.6-10" [N-m™]
distance b 0.05 [m]
location force a 5.5-10% [m]
location of interest ay -0.12 [m]

TABLE 5.5 Parameter values for the end-effector model of figure 5.10.

Remark 5.1

We do not incorporate the MIMO behavior of the PM module. Motions of the
pipette in e.g. the x-direction or motions of other PM modules in the FCM will
probably have influence on the motion in y-direction. However, in order to
estimate the exact influence, further analysis is required.

5.3.2 Design of a feedback component

Before we can design a feedback compensator we have to formulate appropriate
design specifications. Design procedure 3.1 requires the specifications to be
expressed in terms of the bandwidth and the low-frequency behavior of the input
sensitivity function. An indication for performance has already been obtained
during conceptual design; therefore, it is desirable to reuse this result. We will
determine the bandwidth w, of the conceptual design with the standard plant
model:

w, =266 [rad/s| (5.26)

We will therefore state the specification as:

1. sufficiently high bandwidth:
w, = 266 [rad/s].

2. sufficient suppression of low-frequency vibrations:
| S, (jw)| < -120 [dB] for w < 107 [rad/s].

3. maximum peak-value of the sensitivity magnitude
Mg = 6 [dB]

4. limited control energy.

where S,,(jw) is the input sensitivity function. The specification for the suppression
of the low-frequency vibrations is chosen rather arbitrarily: disturbance forces up to
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107 [rad/s], acting on the input of the plant, have to be suppressed with at least —
120 [dB]. This means that a forces with a frequency smaller than 107 [rad/s] and
an amplitude of 10 [N], may result in a displacement of 10 [gam].

We apply design procedure 3.1 for PID controllers in two steps. Firstly, we design a
PD controller in order to illustrate the reuse of the conceptual design and secondly
we add the integral action.

1. Determine m, i.e. the total mass to be displaced.
In the previous section we determined:

m = 8.83 [kg] (5.27)

2. Determine whether to use a PID compensator or a PID controller.
We start with the design of a PID controller, as this configuration was used
during conceptual design.

3. Select the parameter 0, i.e. the tameness factor.
It is chosen equal to the default value 0.1.

4. Determine the value of the derivative time constant 7, to obtain extra phase

lead.

For the controller we use.
- _r 2.97.1073 (5.28)
4 4w B

5. Determine the proportional gain K to obtain the desired bandwidth w.
For the controller we use:

gl +1

=1.12-10° 5.29
wﬁ?’iﬂz + 2w§7‘§ﬂ +1 ( )

KzQw%m

We can compare the newly obtained PD controller with the controller settings of
the assessment method (5.21). The proportional gain of the conceptual design is a
little larger and the derivative action can be rewritten as:

k .
k—d =294-1073 (5.30)

p

which almost equals the value for 7,. The frequency responses and the bandwidth
w, of both designs are indeed the same, although they are obtained from different
starting points. We obtained a smooth transition from conceptual design to detailed
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design, i.e. a design in the frequency domain, by reusing the bandwidth «,. Now,
we add the integral action by continuing the design procedure:

6. Determine the integral time constant 7, in order to obtain a desired gain at
low frequencies.

K
7 < % — 35102 (5.31)

7. Choose the time constant of the roll-off filter n, < (B4, but as large as
possible to limit the controller bandwidth.
We choose:

7, =15-107" (5.32)
Similarly, we can design a PID compensator, starting with step 3 of the design
procedure.

8. Select the parameter G, i.e. the tameness factor.
It is chosen equal to the default value 0.1.

4. Determine the value of the derivative time constant 7, to obtain extra phase

lead.

For the compensator we use:
ro=— 1 _503.10 (5.33)
d 2%\/3 : :

5. Determine the proportional gain K to obtain the desired bandwidth wi.
For the compensator we use:

W +1

K= Wm[m

J =4.5-10° (5.34)

6. Determine the integral time constant 7, in order to obtain a desired gain at
low frequencies.

s K

7. Choose the time constant of the roll-off filter n, < (B7,, but as large as
possible to limit the controller bandwidth.
We choose:
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7, =01, =3.0-10"" (5.36)

In figure 5.11, the frequency responses of the PID controller and PID compensator
are shown, with the standard fourth-order plant model. Due to the addition of an
integral action, the bandwidth is a little lower than specified for both

configurations.

20
0 =S 1. PID controller
as) 2. PID compensator
= 1
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0
— W, —
jas] asl]
Z.-100 , =
3 %1 - 3 1
3 T S 2
% 150 &
2200 -50 ‘ /
10" 10t 10% 100 10 10" 10t 10% 100 10
log w [rad/s] log w [rad/s]

FIGURE 5.11  Frequency responses of the PID controller and PID compensator,
using standard plant model

Application of the assessment method indicated that the stability margin requires
extra attention. Here, we see that the peak of |1 — T(jw)| is smaller than 6 [dB],
thus providing a sufficient stability margin. The desired low-frequency disturbance
attenuation can be achieved with both designs. The controller configuration does
not require an integral action to meet this requirement, as the suppression of the
PD controller is already —120 [dB], but we maintain the integral action as it does
provide infinite gain at zero frequency. The proportional gain of the compensator is
much lower than the proportional gain of the controller, which results in a lower
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cost of feedback. The roll-off can start at a lower frequency, thus the amplification
of measurement noise, is much smaller for the compensator configuration.

We will also compare the two control configurations by means of simulations, using
the extended plant model, presented in section 5.3.1. The controller configuration
allows a large error during the motion time. Therefore, the integral action will only
be switched on, once the end-effector is near the end position. The specifications of
the PM module indicate that the switching moment is 8 [ms] after the motion time.
The same switching moment is used here.

100 4
controller
g controller
=
-
e
g
compensator
100 ty,  /compensator bttty 1
0.245 time [s] 0.285 0 time [g] 0.35

a) b)

FIGURE 5.12  Positional error of closed-loop systems with PID controller and PID
compensator

In figure 5.12, it can be seen that both designs fulfill the specification after the
settling time. The maximal error after the motion time ¢, is much smaller for the
PID controller (40 [m]) than for the compensator (210 [pm] at ¢ = ¢,). This
illustrates why a PID controller is attractive in point-to-point motion systems with
only a feedback component.

Remark 5.2

Also in the situation that the proportional gain of the compensator equals the
proportional gain of the controller, the controller configuration results in a
smaller maximum positional error.

5.3.3 Design of a feedforward component

To investigate the possibilities of performance improvement, we extend the control
configuration with a feedforward component. The PID controller is extended with
velocity and acceleration feedforward and the PID compensator with only
acceleration feedforward:
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K, =K-7,=33-10° (5.37)

ve

Koo =m = 8.83 (5.38)

The simulation results are shown in figure 5.13.
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a) b)
FIGURE 5.13  Positional error of closed-loop systems with PID controller and PID
compensator, including a feedforward component

In these simulations, the integral action is continuously active, as there are no large
errors during the motion time, due to addition of velocity feedforward to the PID
controller. Both designs result in similar performance. When we compare the error
plots of figure 5.13 with figure 5.12, we see a significant decrease of the error
during, as well as after the motion time %,. However, it should be noted that the
compensator configuration achieves this performance with a lower proportional
gain, thus at a lower cost of feedback. Therefore, a compensator is most attractive
in a control configuration that includes a feedforward component. Note that this is
only possible for concepts requiring one sensor (refer chapter 2).

5.3.4 Design of a disturbance observer

Instead of an integral action in the feedback component, we will now try to obtain
the low-frequency disturbance suppression by means of a disturbance observer:
|Sy,(jw)| < —120 [dB] for w < 107 [rad/s]. For the feedback component, we will use
a PD compensator, as it provides a lower cost of feedback than the PD controller
does. We apply design procedure 3.2.

1. Identify the order of the plant n and determine the appropriate state-space
model of the plant.
We will model the PM module as a second-order system (n = 2), i.e. a
moving mass, according:
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01 0
& = Az + Bu = T+ 1 |u
00 = (5.39)
m
y:CaL’%—Du:{l 0]1:
2. Set the order of the disturbance observer k to 1.
3. Determine the suppression provided by the feedback component:
|Sews (Juy )| = =113 [dB] (5.40)

where S, ,,(jw) is the input sensitivity function of the plant with only a PD
compensator.

4. Determine the suppression o required of the disturbance observer:

o=5 — |SC.WZ (jw )| = -7 [dB] (5.41)

5. Select a real-pole polynomial or a Butterworth polynomial of order n+k = 3.
We use a third-order Butterworth polynomial:

s34+ 2w, 83 + 2uls + WP (5.42)

6. Determine the location of the observer poles in terms of the frequency w,
USINg:

a
Wy A € w -1020k =141 [rad/s] (5.43)
where c is chosen 2 for a Butterworth polynomial.
7. Verify whether:
Wy < 0.5 w,

This inequality is not fulfilled, as 0.5-w, equals 133 [rad/s]. However, as this
difference is small, we will continue the design.

8. Determine the observer gain L.
From table 3.4 and (5.42) we obtain:
T T
L:[X2 X1 mXO] :[2wg 2w?, mwf),’] (5.44)
=[282-10* 3.98-10" 2.38-107|
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In figure 5.14, the frequency responses of the PD compensator with and without
disturbance observer are shown, using the standard plant model.

20
0 1. PD compensator
2. PD compenator + disturbance observer
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FIGURE 5.14  Frequency responses of the PD compensator with and without
disturbance observer, using standard plant model

The frequency response from reference path to end-effector position is unaffected by
the addition of the disturbance observer. The disturbance observer provides the
desired low-frequency disturbance suppression. We see that, due to Bode sensitivity
integral, some extra gain is introduced for frequencies just lager than «;. The
suppression of measurement noise at high frequencies is also unaffected by the
disturbance observer.

We will also investigate the influence of the disturbance observer in the
simulations. We compare the errors for a control configuration with a PID
compensator and a control configuration with PD compensator and disturbance
observer. The results are shown in figure 5.15.
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FIGURE 5.15  Comparison of errors of closed-loop system with PID/PD
compensator respectively PD compensator with disturbance observer

Simulations confirm that the disturbance observer does not affect the response from
reference path to end-effector position, while low-frequency disturbance attenuation
can be achieved. The PID compensator affects the positional error (¢ > t,) severely.

Remark 5.3

Note that the difference with the PID compensator of figure 5.12 is that in figure
5.15 the integral action is continuously active and not only 8 [ms] after the
motion time.

In order to illustrate the suppression of input disturbances in simulation, we
applied a step disturbance of 10 [N] at the plant input.

FIGURE 5.16

500

error [pm]

PD compensator+
disturbance observer

compensator

>PID

time [s] 0.1

Response on a step disturbance of 10 [N] at the plant input for closed-

loop system with PID compensator respectively PD compensator with

disturbance observer
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Both the PID compensator and the PD compensator with disturbance observer,
suppress this disturbance well. The disturbance observer reduces the error relatively
fast, but it leads to a larger maximum error.

5.4 Practical application

We will apply and test the different control configurations to the real PM module.
The motor position is measured by an encoder that can measure 2000 steps per
revolution, which corresponds to a resolution of 10 [szan] at the end-effector. The
position of the end-effector is measured over a small range by means of a Position
Sensitive Detector (PSD), such that we can verify the behavior of the variable of
interest. The PSD output is not used for feedback.

We start with the PD-type controller of section 5.2.3 that has been designed with
the assessment method of chapter 2. In figure 5.17, the experimental error plots are
shown that correspond to the simulations of figure 5.7 and figure 5.8.
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FIGURE 5.17  Error plots of PM module with the PD-type controller from the
assessment method

The error during motion time (¢ < t,) is, similarly as in simulation, approximately
3 [mm)]. The maximal positional error after the motion time is 37 [pm], which is 6
[pm] larger than in simulation, but corresponding well with the positional error of
39 [pm] predicted by the assessment method.

Next, we consider the PID controller and PID compensator designed in section
5.3.2, where the integral action is switched on 8 [ms] after the motion time. In
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figure 5.18, the experimental error plots are shown that correspond to the

simulations of figure 5.12.
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FIGURE 5.18  Error plots of PM module with PID controller and PID compensator
(switched integral action)

The characteristics of the error plots are similar to those in simulation, although
the actual values of the positional errors are again a little larger.

In figure 5.19, the errors of the experiment with the PID compensator and
acceleration feedforward are shown, which correspond to the simulations of figure

5.13.
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FIGURE 5.19 Ezperiments with feedback and feedforward components
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The characteristics of the experiments and simulations are similar, however, the
maximum positional error of the experiment is significantly larger than in
simulation. The reasons are:

- nonlinear friction. The integral action is now also active for t < ¢,. Due to
nonlinear friction, the error during motion is strictly positive and the integral
action will get a relatively large value, which deteriorates the error after the
motion time (¢ > t,).

- limited encoder resolution. The encoder on the actuator has a resolution of 10
[pfm]. When errors of a few quantization levels occur, the discrete-time
derivative action of the feedback component will already give relative large
outputs. This signal consecutively excites the PM module such that
vibrations as shown in figure 5.19 occur.

The PD compensator is also used in combination with the disturbance observer of
section 5.3.4. Experimental results, corresponding to the simulations of figure 5.15,
are shown in figure 5.20. The results confirm the observations done on basis of
simulations.

Remark 5.4

The augmented plant model in the disturbance observer has first been converted
to a discrete-time model.
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FIGURE 5.20 Experiments with PID compensator and disturbance observer (non-
switched integral action)

When we compare the responses of the PD compensator with and without a
disturbance observer shortly after ¢, (figure 5.21), we see that the disturbance
observer hardly affects the positional error.
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FIGURE 5.21 Ezxperimental positional errors of PD compensator with and without
disturbance observer

5.5 Conclusions

By means of application to an industrial motion system, we have illustrated the
design enhancement presented in this thesis. We mainly focussed on evaluation of
the design enhancement and not on maximization of the performance of the
controlled system.

Application of the assessment method indicates that the limited stiffness of the
frame is the principal performance-limiting factor. Assessment learned that the
specification of a maximal positional error of 100 [pm] can be met; a maximum
error of 39 [pm] was indicated as feasible. Simulations with an initial plant model,
as well as practical experiments, confirm these results. This illustrates that, using
minimal plant knowledge, the assessment method provides the designer with
relevant knowledge about the design problem, early in the design process.

During detailed design, the conceptual design is reused relatively easy and useful.
This is achieved, by using the bandwidth of the conceptual design as the initial
specification for the design of the feedback component. This component now also
has to provide low-frequency disturbance suppression. Simulations and frequency
analysis confirm that the specifications are feasible. In a 1-DOF (or 2-CC)
configuration, the PID controller is more attractive as it leads to a smaller
positional error. When an additional feedforward component is used, both
configurations will give similar performance. In this situation, it is more attractive
to use a PID compensator, as it has a lower cost of feedback. Experiments on the
real system confirm these results. The performance obtained in simulation could
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not be reproduced in experiments, due to nonlinear friction and the limited
resolution of the position encoder. Simulations and frequency analysis show that a
disturbance observer can provide low-frequency disturbance attenuation, without
severely affecting the performance. Measurements confirm that a PD compensator
with a disturbance observer gives similar performance as using only a PD
compensator, while a PID compensator causes larger errors, especially in the time
interval of interest. The main benefit of the structured design method is that it
leads to a short design process, especially when the library of control systems is
used, while providing insight in the design problem. The recommended controller
settings proved to be relevant in practical evaluations, that is, as long as the
parameters of the initial model are about correct.
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6 Discussion

6.1 Synopsis

We have discussed the development of design support for controllers for
electromechanical motion systems, using a mechatronic design approach. We
focussed on transient systems that typically have to perform pick-and-place
movements. The placement module of the Philips Fast Component Mounter has
been used as a running example. Our aim has been to:

- make it easier to obtain insight in the design problem

- decrease the control engineering skills required of the designer

- improve the performance and robustness properties of the final design.

As an overall result, the required development time should decrease.

Two distinct stages of mechatronic control system design have been addressed:
conceptual design and detailed design.

Conceptual design

The aim of conceptual design is to obtain a feasible design for the path generator,
control system and electromechanical plant with appropriate sensor locations, in an
integrated way. We described standard problem classes, which differ in terms of
the location of the dominant stiffness in the physical plant model. In order to
transform plant models into standard form, we have developed (automated) model
simplification and model reduction algorithms that preserve the relations between
the parameters of the transformed model and the (physically motivated)
parameters of the original model. A set of standard fourth-order plant transfer
functions, referred to as types, resulted by considering all optional output variables
(i.e. all positions that may be of interest). Based on this, several standard closed-
loop transfer functions have been defined, referred to as concepts.
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Dimensionless quantities have been used to characterize design parameters that are
relevant for the closed-loop behavior, i.e., parameters of the reference path
generator, PD-type controller and plant. For all concepts, relations between the
dimensionless quantities of the reference path, controller and plant have been
obtained heuristically by means of numerous simulations. These relations can now
be used in an assessment method. The assessment method can be applied in several
ways, depending on the available knowledge about the design problem. Interactive
computer-based support incorporating all this has been developed.

Detailed design

In order to meet the more or less conflicting requirements for a controlled system,
in terms of performance, stability, disturbance attenuation and robustness for
model uncertainties, a transparent and structured design method is proposed.
Starting from a successful conceptual design, this method supports the
(evolutionary) design of motion control systems. The overall control system that is
considered in the method consists of several components that, within limits, have
their specific functionality. The decomposition proposed here uses a reference path
generator, a feedback component, a feedforward component and a disturbance
observer. For two components in this configuration, i.e. the feedback component
and the disturbance observer, design procedures are given.

For the feedback component, we suggest to use PID controller and PID
compensator configurations. The essential difference being that the derivative
action does not operate on the reference path, in case of the controller
configuration, but only on the measured output. The design procedure for both
configurations relies on a second- or fourth-order plant model. By means of
quantitative specifications, in the form of bounds on appropriate frequency
responses, expressions for the design parameters have been derived. Performance-
related specifications naturally follow from the conceptual design; disturbance-
related specs enter the overall design in this stage. By stepwise calculation of the
design parameters, a feedback component is designed that meets the specified
frequency responses of the closed-loop system (if possible).

When the specifications of the disturbance attenuation cannot be met by a
feedback component only, the control configuration can be extended with a
disturbance observer. For this component, a design procedure is given, as a natural
extension of the design procedure of the feedback component. For standard plant
models (classes), default expressions for the design parameters of the disturbance
observer are provided.

The structured design method does not prescribe a single recipe for all problems,
but merely gives a number of solutions that can be used whenever required. These
solutions are incorporated in a library of control systems, that contains:
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- templates for standard control configurations;
- component models;
- relations between specification parameters and design parameters.

Physical parameter uncertainty

A physically motivated plant model generally describes the dynamic behavior of
electromechanical motion systems. The physical parameters in such a model are
often only known within bounds. The controller has to assure that the motion
specifications are met, despite this uncertainty. The above-mentioned design
method cannot deal with this structured uncertainty quantitatively. To that end,
Quantitative Feedback Theory can be used to (re)design the control system, as this
design method can deal nonconservatively with uncertain physical parameters.
Additionally, QFT is attractive because of the transparency of the cost of feedback.

QFT requires uncertain physical parameters to be mapped onto templates in the
Nichols chart. A review of several methods for template construction has been
made, where we distinguished analytical and numerical template construction
methods. Whether analytical methods can be applied, depends on the structure of
the plant model. Template addition can only be used when uncertain physical
parameters do not occur in both the numerator and denominator. Tree structured
decomposition is also limited to certain model structures, but an attractive solution
to this problem would be to decompose the model in a tree structure as far as
possible and apply a numerical technique to those parts of the structure that
remain. Three numerical known methods for template construction have been
considered: gridding, the Convex Hull Algorithm and the Adaptive Angular Sweep
Algorithm, which can be applied independently of the model structure.

Performance specifications for electromechanical motion systems are usually given
in terms of space and time. However, QFT requires that specifications are
expressed in the form of a frequency tolerance band. Time-domain specifications
can be specified as bounds on the time response. By assuming a dominant behavior
of the closed loop system, these can be converted into bounds of the parameters of
the assumed system model. Consecutively, these bounds can be converted into a
frequency tolerance band in the Nichols chart. We have formulated an iterative
conversion procedure for the specifications. When the actual closed-loop system
does not match the assumed behavior, iteration takes place. The procedure is based
on a number of default assumptions that enable straightforward application. Only
at the moment that iteration appears to be necessary, the designer may decide to
revise the default assumptions.

Computer-based support, incorporating gridding and the iterative time to frequency
conversion procedure, has been developed.
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Application

By means of application to an industrial motion system, we have illustrated the
design enhancement presented in this thesis. We mainly focussed on evaluation of
the design enhancement and not on maximization of the performance of the
controlled system.

For the PM module of the FCM assessment of the conceptual design learned that
the specification of a maximal positional error of 100 [gm] can be met; a maximal
error of 39 [m] was indicated as feasible. The limited stiffness of the frame proved
to be the principal performance-limiting factor. Simulations with an initial plant
model, as well as practical experiments, confirmed these results. Using the
structured design method of chapter 3, the feedback component was extended with
an integral action in order to provide low-frequency disturbance suppression.
Simulations and frequency analysis confirm that the formulated detailed design
specifications are feasible. Experiments on the real system confirm these results.
Simulations and frequency analysis show that a disturbance observer can provide
low-frequency disturbance attenuation, without severely affecting the performance.
Measurements confirm that a PD compensator with a disturbance observer gives
similar performance as using only a PD compensator, while this combination with a
PID compensator causes larger errors, especially in the time interval of interest.

6.2 Conclusions

In mechatronic control system design, one should distinguish a conceptual design
stage and a detailed design stage, as:

- these stages concern design problems with different characteristics;

- designers work in different ways;

- different kinds of design support are required.

For conceptual design, fourth-order plant models are most suited, as they are
simple and of low order, have a small number of parameters, and yet competently
describe the performance-limiting factor. Therefore, they are a good basis to
provide reliable estimates of the dominant dynamic behavior and the attainable
closed-loop bandwidth. When the proposed model simplification and reduction
methods are used, individual component characteristics can still be related to the
dominant plant behavior and vice versa.

The assessment method proposed here considers functional interaction between
domain specific subsystems and considers consequences of solutions and alternative
solutions in other domains. Hence it advocates a truly mechatronic approach. The
method cannot be applied in all cases, as some concepts cannot be made robustly
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stable by PD-type control. However, in a mechatronic design process a designer
should avoid these situations whenever possible. When, for example, measurement
of the end-effector position of the PM module is considered, concept RA is at hand,
which cannot be made robustly stable using PD-type control. Rather than applying
a more complex control system, the designer should consider velocity feedback from
the actuator, thus obtaining concept AR-RA, which can be validly handled by the
assessment method.

The computer support that is now available for conceptual design is such that it:

- supports the complete conceptual design stage;

- supplies design automatons for fast and correct model simplification and
order reduction, while maintaining plant parameter interpretations;

- provides transparency in the relations between different design parameters;

- supports application of the assessment method in an explorational design
mode, as local design goals can easily be changed, while information after a
change is preserved;

- puts emphasis on the interpretation of the results instead of the application of
procedures.

The principal benefits of the assessment method and the computer support are that
they quickly provide insight in the design problem and that feasible goals and
required design efforts can be estimated at an early stage.

The structured design of the control configuration in the detailed design stage
should start with a conceptual design of a controlled system, with only a feedback
component. Next, this design should be brought into the frequency domain, by
determining the bandwidth w, of 1-T(s). A PD controller should be designed on
basis of wi. This controller configuration should be maintained when a concept with
two measurements is used or when no feedforward component is used. In all other
cases, the PD controller should be converted into a PD compensator. As the plant
model will gradually become more complex, the control configuration can be
modified or extended with appropriate means whenever the controlled system does
not behave as desired.

A disturbance observer can be designed as a natural extension to the feedback
component, as similar frequency-domain specifications can be used. The main
underlying idea here is that the sensitivity function of the overall control
configuration is the product of the observer sensitivity function and the sensitivity
function of the control configuration without disturbance observer.

The combination of the structured design method and the library of control
systems allows the design of a good-enough control system:
- with fairly simple means, thus without requiring advanced control engineering
skills of the designer;
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- with a well-structured result; functionality of components in the control
system are transparent;

- in an evolutionary, yet procedural way;

- in relative short time.

With respect to physical parameter uncertainty, it can be concluded that two
template construction methods are suitable for electromechanical motion systems,
i.e. gridding and the Adaptive Angular Sweep Algorithm. For a small amount of
uncertain parameters gridding is attractive, because the designer can investigate
predefined grid-points (on the contour) of a template, in order to signal physical
parameter uncertainties that unnecessarily complicate controller design. For a large
amount of uncertain parameters the Adaptive Angular Sweep Algorithm is
attractive, as this method is computationally less expensive. However, only a
limited number of points on the contour of a template can be investigated.

When time-domain specifications are to be converted to a frequency tolerance band
for QFT design, it is better to determine the tolerance band in the Nichols chart
than in the Bode diagram. The reason is that the phase of the assumed dominant
behavior is also incorporated then. Fulfillment of the Bode tolerance band does not
mean fulfillment of the time-domain specifications, as the designer has access to
responses that unjustly seem valid in the frequency domain. When the frequency
response of an uncertain closed-loop system fits within the Nichols tolerance band
and an additional frequency limit is met, ideal conversion takes place.

The newly developed QFT design support provides useful means to support QFT-
based controller design for SISO LTI systems with physical parameter uncertainty
in combination with point-to-point motion specifications. It provides a clear view
upon the influence of physical parameter uncertainty on the design of the closed-
loop system and hence is useful during a mechatronic design approach.

The application illustrates that, using minimum plant knowledge, the assessment
method provides the designer with relevant knowledge about the design problem,
early in the design process. The structured design method, in short time, provides
insight in the design problem and leads to a control system that is relevant in
practice, that is, as long as the (few) parameters of the initial model are about
correct.

All in all, we conclude the following. To fully exploit the advantages of the
mechatronic control system design one has to obtain a deep understanding of the
design problem. This generally implies that an elaborate and complex design
trajectory has to be followed. The complexity in this trajectory is due to fact that
the designer has to apply the abstract design methods of control theory to practical
design problems that involve several engineering disciplines. In order to enhance
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the design process for electromechanical motion systems and shorten the time
needed for this, we have:

1. formalized design knowledge. That is, sets of standard classes, types and
concepts are available that help the designer to quickly recognize the situation
at hand. Insight is given in how to deal with low-frequency disturbances,
physical parameter uncertainty and, during all design stages, with time-
domain performance specifications. Finally, a modular control system
configuration has been formulated that can be realized gradually so as to
accommodate increasing knowledge about the proposed system design.

2. automated activities. On the basis of the formalized design knowledge a
number of design procedures are available. For the class of electromechanical
motion systems the procedures can be applied consecutively and together
cover the conceptual design stage and the first part of detailed design stage.
No procedures have been given for MIMO control aspects.

3. incorporated formalized knowledge and automated activities in computer-based
systems. The knowledge acquired in the previous points is incorporated in a
library of models and control systems for the mechatronic design environment
20-sim. Procedures have either been incorporated in the form of parametric
relations in the 20-sim models or as a toolbox.

The design support presented in this thesis helps the designer to more easily gain
insight in the design problem, without requiring advanced control engineering skills,
while indicating whether performance and robustness demands of the final design
are being satisfied. An important consequence is that the required overall
development time decreases.
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A Fast Component Mounter

The Fast Component Mounter (FCM) is a multirobot chip/IC shooter of the
Philips EMT Powerline™. Typical application sectors are consumer electronics,
telecommunications and computers, which require high-volume production.
Advantages claimed over competitive systems are the compact dimensions, low cost
per placement and a high output (Philips, 2000).

The FCM comprises a series of up to 16 servo-controlled pick-and-place robots, the
so-called placement modules (PM modules), as shown in figure A.1.

1550 mm

2150 mm

FIGURE A.1  The Fast Component Mounter (Philips, 1998)
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The PM modules are mounted on the FCM base, which consists of a casting and all
necessary supplies. During operation the PCB is first aligned with the FCM base
and consecutively transported along the PM modules. Simultaneous operation of
the PM modules, including in-flight component centering and fault detection by
means of a laser alignment system, save throughput time; a new board can enter
the FCM, while placement continues. The FCM is capable of placing 60,000
components per hour under nominal conditions.

A PM module (figure A.2) can collect electronic components from up to six feeders,
enabling the complete FCM to mount 96 different components. Each module
operates on a narrow strip of the PCB’s surface, thus reducing time-consuming
movements. Hence, a high overall output is obtained, while the individual PM
modules operate at relative low speed, to minimize wear and to assure positioning
accuracy. In this thesis the motion of the pipette in the y-direction is considered.

FIGURE A.2 A placement module (Philips, 1998)



B Wavetorm-mode descriptions

In this appendix, we will consider waveform-structured disturbances, especially in
terms of the linear waveform description (Johnson, 1976). Waveform-structured
signals can be mathematically modeled by a semideterministic analytical
expression:

w(t) = Wy (£),05(8), vy (83w, w, ) (B.1)
where v,(t), i = 1, 2,..., M are known elementary waveform functions and w,, k =
1,..., L are unknown piecewise constant parameters. In the linear case, this

expression has the special form:
w(t) = wyv,(t) + wyvy(t) + -+ + wy,v,,(t) (B.2)

The unknown disturbance w(t) is built up at any given time t by a summation of
known basis-functions v, with unknown weighing-coefficients. In figure B.1 an
example is shown (Johnson, 1976), where it is clear that w(f) can be considered as a
linear combination of step and ramp functions:

w(t) = wyv,(t) + wyv,(t), with v (t) =1, v,(t) =t (B.3)

Additionally, figure B.1 shows how the weighting coefficients w, and w, can be
calculated. However, these calculations do not predict how the coefficients will
change in the future. The basis-functions of the disturbance w(t) only indicate the
underlying waveform, but they do not predict the actual behavior of the
disturbance.

Identification of an appropriate set of basis functions is the first step in utilizing
the waveform mode characterization (B.2) for control system design. The second
step consists of determining an associated state model. One could think of (B.2) as
a known general solution of some unknown (sought after) differential equation
(Johnson, 1976).
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w(t) w(t) = w, + wyt w, (1)

|
|

FIGURE B.1  Typical disturbance w(t) having waveform structure

Suppose every basis function v,(t) is Laplace transformable to T ,(s) and additionally
suppose that T,(s) has the familiar rational form:

\IITIL[ (S)

e

(B.4)
where W, (s) is a polynomial in s of degree m; and @, (s) is a polynomial in s of
degree n, where 0<m,<m;<cc. If the coefficients w, are temporarily treated as
constants, the Laplace transform of (B.2) is:

W(s) = L{w(t)]
w, T, (s) + w, Xy (s) + -+ + w,, T, (s) (B.5)
L

= zl:wi @7’

n

S

This can be rewritten as a single ratio of polynomials:

U(s)

W) =3

(B.6)

Notice that the unknown weighting coefficients w, only appear in the numerator

polynomial ¥(s). The denominator polynomial ®(s) is the monic least common
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denominator among the set of denominators {<I>n1 (8), @, (8),7, Py, (s)} The

denominator polynomial ®(s) can now be written as:
D(s) = s + ¢p718p71 +..+ o5+ (B.7)

where
M
p < Zni (B.8)
1

From (B.6), it follows that w(s) can be seen as the output of a fictitious linear
dynamical system subject to a set of initial conditions, which, under the Laplace
transform, will give the numerator polynomial W(s). The coefficients ¢, are
completely known, because they only depend on the chosen basis-functions T,(t). In
other words, the disturbance w(f) can be interpreted as the output of an
autonomous system (figure B.2), subject to a set initial conditions, according to:

A,

Cﬂ)

"L‘U/

Ty Tu(ty) = Ty (B.9)

w

where x, € R™ is the vector of disturbance states, w € R" is the vector of
disturbances. The pair {A4,, C,} constitutes constant matrices with appropriate
dimensions, i.e. A, € R*"*% (Ce R"%

w LTM)

w(t)
f » C, —>»

AU,’

FIGURE B.2 Disturbance model

A state space description of this concept, in the controllable canonical form, is:

0 1 0 T,
W : . = . N ) Ly (tU) = xw()

T
xu)? e mwp ]
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A change of the weighting coefficients w,; corresponds with a new set of initial
conditions imposed to the system (B.9). These initial conditions equal the
coefficients of the numerator polynomial ¥(s) of (B.6).
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