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Kurzzusammenfassung

Es werden hochverstarkungsbasierte adaptive Regler und deren Anwendung in der Mechatro-
nik diskutiert. Die adaptiven Regler werden fiir ,minimalphasige” Systeme mit Relativgrad eins
oder zwei, bekanntem Vorzeichen der instantanen Verstarkung, beschrinkten Stérungen und
zustandsabhingigen, dynamischen Perturbationen entwickelt. Fiir die Reglerimplementierung
ist keine Systemidentifikation oder Parameterschiatzung notwendig. Strukturelle Systemkennt-
nis ist ausreichend. Die robusten Regler ermoglichen Folgewertregelungen mit vorgegebener
asymptotischer oder transienter Genauigkeit und, in Verbindung mit einem proportionalen-
integralen Internen Modell, stationdre Genauigkeit. Abschlieflend werden die Regler zur Ge-
schwindigkeits- und Positionsregelung von starren und elastischen industriellen Servoantrieben
eingesetzt und ein erster Ansatz zur hochverstarkungsbasierten adaptiven Positionsregelung
von starren Robotern mit Drehgelenken vorgestellt.

Abstract

High-gain adaptive control and its applications in mechatronics are discussed. The high-gain
adaptive controllers are presented and developed for “minimum-phase” systems with relative
degree one or two, known sign of the high-frequency gain, bounded disturbances and state
dependent, functional perturbations. System identification or parameter estimation is not re-
quired for controller implementation. Structural system knowledge is sufficient. The robust
controllers guarantee tracking with prescribed asymptotic or transient accuracy and, in combi-
nation with a proportional-integral internal model, may assure steady state accuracy. Finally,
the controllers are applied for speed and position control of stiff and flexible industrial servo-
systems and it is shown that high-gain adaptive position control with prescribed transient
accuracy of rigid revolute joint robotic manipulators is feasible, if the inertia matrix is known.



“The difficulty lies, not in the new ideas, but in escaping the old ones, which ramify,
for those brought up as most of us have been, into every corner of our minds.”
John Maynard Keynes (1883-1946)
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Nomenclature

Notation Meaning

N :={0,1,2,3,...}, set of natural numbers

R := (—00, ), set of real numbers

R>o := [0, 00), set of non-negative real numbers

R+ := (0, 00), set of positive real numbers

C set of complex numbers (for a,b € R and imaginary unit j where \/j_2 =
—1 [4, p. 111}, a complex number is represented by s = a + jb € C)

R(s) := a, real part of s=a+ jbe C

3(s) := b, imaginary part of s =a + jb € C

Coo = {s € C| R(s) < 0}, open left complex half-plane

Cxo :={s € C| R(s) > 0}, right complex half-plane

R[s] = {ZZZO ajs® ’ neN,ag,...,a, € ]R}, ring of polynomials with real
coefficients

R(s) = {§ p, q € R[s|, ¢ # 0}, quotient field of real polynomials

deg(p) degree of polynomial p € R|s]

In the following, let n, m € N.

x = (z1,...,7,)" € R, (column) vector with z; € R for all i € {1,...,n}
], = (|z1|P + - - + |z,[?)/?, the p-(vector) norm of & € R™ and p € [1,00)
||| = |||z :== V& Tz, the Euclidean norm (or 2-norm) of & € R"
|| 0 = max{|z1],...,|r,|}, the maximum (or infinity) norm of & € R™
A = | 5m e R™™ matrix with coefficients ay; € R for k €
{1,...’,n} and [ € {1,...,m}
col(A) = (a1g, -+, ap) | € R™, the k-th column of A € R™™
row(A) = (a1, - - ., Qgm) € RY™ the k-th row of A € R™™
A, = MaXgerm\ {0} %, the induced (or operator) norm' of A € R™™
p
and p € [1,00)
al 0
diag{ay,...,a,} = { } € R™" diagonal matrix with diagonal elements
0 an

ai,...,a, € R

teg. (i) p = 1t ||A]l; = maxjeqi,.m} D pey lor| (maximum of the absolute column sum), (i) p = 2:
|A| = HAH2 = max g -1 || AZ[ = \/Amax (AT 4) (spectral norm) where A\pax > 0 is the largest eigenvalue of AT A or

(iii) p = oot ||A||y := maxgeqi,.. 0} Doy |ak| (maximum of the absolute row sum).

aaaaa
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NOMENCLATURE

Notation Meaning
I, = diag{1,...,1} € R™™ identity (or unit) matrix
ker(A) ={x € R" | Az = 0} C R™, kernel (or null-space) of A € R"*™
im(A) ={veR"|v=AxVx e R"} CR" image of A € R
xal(s) = det(sI, — A) € R]s|, characteristic polynomial of the (quadratic)
matrix A € R™*"
spec(A) = {s € C| det(sI, — A) = 0}, spectrum of the (quadratic) matrix
A c R™™
AF =A---A kcNand A" =1
—_—
k—times
0 - 0
O,xm = [ ;LE R™ ™ zero matrix
0 e 0
0, = ... o €R" zero (column) vector
GL,(K) general linear group of invertible n X n matrices with entries in the field
K (e.g. Ror C)
ICR an interval® on R
X CR"” a subset of R” (e.g. X :={x € R" | ||z| < 4})
0X the boundary of X (for example above: 0X = {x € R" | ||| = 4})
X := X U0X, the closure of X (for example above: X = {x ¢ R" | |z| <
1)
dist(xo, X) = infzex [[@o — ||, the Euclidean distance between xy € R™ and a non-
empty set X C R"
B (x0) = {x € R" | ||y — x|| <}, the open ball of radius r > 0 centered at
xy € R”
f: X—>Y a function f(-) mapping its domain X to its range YV
f(x) the value of f: X — Y evaluated at © € X
fls the restriction of f: X - Y onJ C X
C(I;R™) space of continuous functions f: I — R"
CH(I;R") space of k-times continuously differentiable functions® f: I — R"™ and
ke NU {oo}
AC(I;R™) space of absolutely* continuous functions f: I — R"
ACoc(I; R™) space of locally absolutely continuous functions f: I — R" ie. f|; €
AC(J; R™) for all compact J C I
LP(I;R™) space of p-integrable functions f: I — R" p € [l,00)
with [, || f(7)||” d7 < oo and norm:
1£1» = fller == ([; IF@IF dr )" (£7-norm)

2An interval I C R has following property: if z,2 € I and x < z, then, for v <y < z, y € I [4, p. 107]. Let
a,b € R with a < b, then e.g. (a,b), [a,b), (a,b] or [a,b] and () are intervals.
3C(I;R™) = CO(I;R™) are used synonymously if k = 0. If k& = oo then C*°(I;R") is the space of smooth

functions.

4Let I C R be a proper interval (i.e. it is non-empty and consists of more than one element) and Y C R",

n € N. A function f: I — Y is said to be absolutely continuous on I, if for all € > 0 (arbitrary smalll) there

exists 0 := d(g) > 0, such that for all m € N and every sequence of pairwise disjoint sub-intervals [a,bx] C I,
ke {l,....m}, it |bx —ax] < & implies >7" | || f(bx) — f(ax)|| < . Moreover, for any compact interval
[z1,22] C R, afunction f: [x1, x2] — Y is absolutely continuous if and only if there exists an integrable function
g(:): R — R”, such that f(z) = f(x1) + f;l g(s)ds for all x € [z, 2] (see e.g. [172, p. 471]).
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NOMENCLATURE

Notation Meaning
Ly (I;R™) space of locally p-integrable functions f: I — R™ p € [1,00), i.e. f|; €
LP(J;R™) for all compact J C I
L2(I;R™) space of measurable essentially bounded functions f: I — R™ with norm:
| F o = || f| oo := ess-sup,¢; || £(2)]| (essential supremum)
L2 (I;R™) space of measurable, locally essentially bounded functions f: I — R",
ie. fl; € L2(J;R") for all compact J C [
Wk (I, R") space of bounded locally absolutely continuous functions f: I — R"
with essentially bounded derivatives £ € £ (I;R™) foralli=1,...,k,
k € N and norm:
k i
H.f”k,oo = Zizo Hf( )Hoo
f(s) = Z{f(t)} (or f(s)e—of(t)), Laplace transform of f: R>q — R
if f(-) € LL.[Rse;R) and there exists @ € R such that [t —
exp(—at) f(t )] € LY(R>¢;R) [77, p. 742|, then the Laplace transform
is defined by
Z{f)} = — [ fep-stidt. R za, (N
0
sign(x) signum (or sign) function defined by
1 , x>0
sign: R >R, xw—sign(z) =<0 ,z=0 (N.2)
-1 ,2<0
saty () symmetric saturation function, for @ > 0, defined by
U , T > U
saty: R — [—4, 4], xwsatg(z) =<2 ,—u<z< (N.3)
- ,r < —U
saty(z) asymmetric saturation function, for @ > u, defined by
u o ,r>u
saty: R — [u, @], z—saty :=qz ,u<z<u (N.4)
u ,z<u
dx(z) distance function for adaptive A-tracking control, for A > 0, defined by
dy: Rsg — Ry,  z+— dy(z) := max{x — A\, 0} (N.5)
a.a. stands for almost all
a.e. stands for almost everywhere

— XIII —






Chapter 1

Introduction

1.1 Motivation and goal

Many mechatronic applications in industry require motion control (i.e. position or speed con-
trol) of work machines such as machine tools or paper coating machines. For instance, high-
precision machine tools perform positioning tasks with an accuracy up to 10 [um] = 10-107° [m]
(see [74]). The motion control problem is to find an adequate motion controller which assures
that given control objectives (customer specifications) are accomplished. In principle, the con-
trol objectives are reference tracking of some suitable reference signal ¥, by the system output
y (i.e. position or speed) and rejection of disturbances (i.e. unknown loads and friction). The
tracking (or control) error, defined by

Vit >0: e(t) == yret(t) — y(t), (1.1)

should be kept “small” for all time ¢ > 0 [s] even under load. Usually, for given (measured)
output y(-), some prescribed set-point g > 0 and (positive) reference step (see Fig. 1.1)

gref at Z 0
rof - R — R, t = Yet(t) = , 1.2
Yref Yret (1) {O <0 (1.2)
the set-point tracking performance is evaluated by means of (see e.g. [166, p. 5])
e rise time in [s]
ty()p -= inf {t >0 ‘ V>t y(r) > ﬁgref} , pe(0,1]; (1.3)
e (relative) overshoot in [%)]
t
A% 2100 - max { 0, B9 41 (1.4)
y() g
ref
e and settling time in [s]
ty()p = inf {t 20 ‘ V7 2t |y(7) = Gret| < pz)ref} ,  pe(0,1). (1.5)

-1 -
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yref(t)vy(t) gref A?esf — gref AZ?) yref<'>
(1 + p)gret /F( /\ —~

Qref I——/—i—\——/——\\——/——— —/— —_—— - = =

(1 _z{)@ret : I \_/ N/
pyret 1
: y(-)
0 |
TIME ¢ [s]

0 t;qef,;ﬁ = tZ(.),ﬁ fef,p - tzsz(%p

T .-, maximum overshoot A%

Figure 1.1: Maximum rise time bref 57 cog and mazimum settling time tﬁef,p for
positive reference step (1.2): the exemplary system response y(-) barely satisfies motion

control objectives (mcoy )—(mcos).

According to these “performance measures” the motion control objectives (mco) are formulated
in the “time domain” (see Fig. 1.1) in terms of

T

(mco;) maximum rise time #}; 5

> 0in [s], Le. £7y 5 <

r
ref,p’

oS

o, and

(mcoy) maximum overshoot Af% > 0 in [%], i.e. A%ty <A

(mcos) maximum settling time t7,;, > ¢ ; in [s], Le. &5 ) <t .

To avoid deficient work pieces, especially for position control of e.g. machine tools, only very
small overshoots are admissible. Maximum rise and settling time depend on application and
size of the work machine. To accomplish motion control objectives (mcos)-(mcos), the applied
motion controller must assure that output y(-) of the closed-loop system evolves within the “red
region” in Fig. 1.1. If a non-constant reference y,.: R>o — R is to be tracked, then the motion
control objectives are often supplemented or replaced by

(mcos) minimum tracking accuracy after some prescribed time 7, > 0 [s], i.e., for prescribed
accuracy A > 0 and suitable reference yr: R>o — R, the following must hold

Vt> 1\ >0: [yret (1) — y(t)] < A

In the majority of cases, the implemented motion controllers are proportional-integral-derivative
(PID) controllers (or variants thereof, see e.g. [51, 143]). Since load disturbances and fric-
tion may endanger achievement of control objectives (mcoj)—(mcoy), sometimes disturbance
observers (see [143]) and/or friction compensation methods (see [28]) are implemented addi-
tionally. Usually, controller tuning is done empirically lacking an exact stability analysis. This
might endanger operation failures. Analytic controller design relies on good knowledge of the
plant and its parameters incorporating system identification and/or estimation. In general,
due to system modeling, identification and/or estimation, model-based control system design
is time-consuming, involved and expensive (see e.g. [128, 175]).




1.1 MOTIVATION AND GOAL

In this thesis high-gain adaptive! control methods—such as adaptive A-tracking control and
funnel control (see [93])—are proposed for speed and position control of a stiff one-mass system
(IMS) and an elastic two-mass system (2MS). These methods rely on “structural system knowl-
edge” only and are inherently robust to parameter uncertainties. Precise system identification
or parameter estimation is not required. Roughly speaking, high-gain adaptive motion control
is motivated by the following three aspects:

Motivation 1: Since the motion control objectives are mainly specified in the time domain (see
(mcop )—(mcoy) and also Fig. 1.1), it is desirable for the commissioning engineer to have a tool
at hand, which directly allows to account for these control objectives during implementation.
[terations in controller parameter tuning could be reduced. This desire immediately motivates
for the application of funnel control (see Chapter 4) where the tracking error (1.1) is constrained
by a prescribed continuous function of time.

Motivation 2: To avoid stick-slip (major problem due to friction), the simplest approach is high
gain in the feedback, yielding a “stiff” closed-loop system (see e.g. [10, 50]).

Motivation 3: Due to Newton’s Laws or Lagrange’s method, mechatronic systems (at least of low
order) are “structurally” known, i.e. mathematical models with lumped parameters (see e.g. [77,
Section 1.3]) in the form of differential equations can be derived. These models describe the
dynamics of the system qualitatively. In contrast, model parameters are (usually) not exactly
known. However, by rough estimates, upper and lower bounds on or, by physical means, at
least the signs of the model parameters are available. This rough knowledge allows to analyze
the system models whether certain “structural properties” are satisfied, e.g. the following facts
are known:

e the “direction of influence” of control input on system output (i.e. the sign of the “high-
frequency gain” of the system)

e the time derivative (e.g. % y(t)) of the system output which is directly affected by the
control input (i.e. the “relative degree” of the system).

e the “internal dynamics” of the system are “stable” (i.e. stability of the “zero-dynamics”?

or, for linear systems, the “minimum-phase” property).

Formal definitions of the notions “high-frequency gain”, ‘relative degree” and “minimum-phase”
are given in Chapter 2. Many mechatronic systems under motion control are minimum-phase
(or have stable zero-dynamics) and their sign of the high-frequency gain is known. Their relative
degree depends on setup and application and is, in general, greater than or equal to one. High-
gain adaptive control is applicable for minimum-phase systems (or certain nonlinear systems
with stable zero-dynamics) with known relative degree and known sign of the high-frequency
gain (see [93]).

The proposed high-gain adaptive speed and position controllers are developed, in a general
framework, for “minimum-phase systems” with relative degree one or two, known sign of the

Tt is not strictly distinguished between “dynamic tuning” or “time-varying adjustment” of the controller
parameters. Both is considered as “high-gain adaptive” control.
2For a definition and a detailed discussion see [107, Section 4.3].

-3 -
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high-frequency gain, bounded disturbances and nonlinear, functional state-dependent pertur-
bations. The controllers are “simple” (in the sense of non-complex and of low order), robust to
parameter uncertainties and tolerate measurement noise. Unknown friction effects and time-
varying disturbances (e.g. load torques) can be rejected and, in addition, the following is guar-
anteed (if the actuator is sufficiently dimensioned):

e prescribed asymptotic accuracy: for given A > 0 (e.g. A = pUref, see Fig. 1.1) the track-
ing error (1.1) approaches the interval [—\, A] asymptotically (see “adaptive A-tracking
control” in Chapter 3) or

e prescribed transient accuracy: the absolute value |e()| of the tracking error (1.1) is
bounded by a prescribed positive (possibly non-increasing) function of time (see “fun-
nel control” in Chapter 4).

The hoped-for goal of this thesis is to introduce high-gain adaptive motion control as a reason-
able, simple and quickly to implement (hence cheap) alternative to standard motion control in
industry. To ease readability and insight, especially for newcomers not familiar with high-gain
adaptive control, theory and applications are treated in great detail and presented in a self-
contained manner (see Chapters 2-5). In Chapter 5 the proposed high-gain adaptive controllers
are implemented at an industrial servo-system (laboratory setup) for speed and position con-
trol of IMS and 2MS. The measurement results underpin industrial applicability. At the end
of Chapter 5 a first result in robotics is established: position funnel control for rigid revolute
joint robotic manipulators (with known inertia matrix).

The succeeding Sections 1.2 and 1.3 revisit notion and history of “feedback control”, “adaptive
control”, “mechatronics” and “motion control”. Section 1.4 carefully models friction (with dy-
namic behavior) and the components of the considered mechatronic systems, finally leading to
the models of 1IMS and 2MS. Based on these two models, Section 1.5 briefly discusses common
motion control approaches in industry. The problem formulation is stated in Section 1.6, where
Section 1.7 summarizes the contributions of this thesis.

1.2 Feedback control and adaptive control

For engineers “to control” means to alter, drive or direct a process or a plant—i.e. a “dynamical
system”—in such a way that its behavior—i.e. its “dynamics™—is improved. The desired im-
provement is specified by “control objective(s)™ e.g. certain characteristics or quantities of the
controlled system —i.e. “states” or “outputs”™—should be kept close to a prescribed value—i.e. an
“operating point” or a ‘“reference”—even if environment is changing, i.e. unknown “disturbances”
or “loads” perturb the system (see [138, Section 1.1]). A device controlling a system is called
“controller”, which generates the “control action” or the “control input” driving the system.

To achieve “automatic control™—i.e. the system is controlled automatically by a controller—
negative feedback of system quantities is essential. Therefore these have to be measured (or
observed) and “compared” to reference value(s). The resulting “control error” or “tracking error”
(for varying references)—the difference between actual measurement and reference—‘corrects”
the control action in such way that the system is driven towards the reference. The system is
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1.2 FEEDBACK CONTROL AND ADAPTIVE CONTROL

subject to “feedback control”. A system with controller and feedback is considered as “closed-
loop system”. Feedback “is one of the fundamental ideas of engineering” (see [138, Section 1.1]).

The history of feedback control was long time traced back to the “governor” introduced by
James Watt (1736-1819) for speed control of steam machines. However, as was shown by Otto
Mayr in 1969, control systems were already known around 300 before Christ (BC) (see [132,
p. 17-22]). These ancient controllers were used to assure accurate time keeping (by e.g. water
clocks). For a chronologically complete overview of the history of control systems from ancient
times to 1955 see e.g. [132] (300 B.C.—1800), [21] (1800-1930) and [22] (1930-1955).

Not until 1868, the design of such (mechanical) governors was seemingly performed by trial and
error. In March 1868 an article (see [131]) was published by James Clerk Maxwell (1831-1879)
in which the dynamics of these “regulators” or “modulators” (as he called the governors) were
analyzed concerning stability (in the sense of Linear Control Theory?).

In the early years of the 20th century the use of feedback control was limited to special prob-
lems in mechanical engineering. Due to the development of electrical amplifiers in 1934 with
(negative) “feedback circuits” introduced by Harold Stephen Black (1898-1983) [25], more and
more controllers were implemented to control electrical, mechanical and chemical processes in
the 1940s [138, Section 1.1]. The fields and the applications were different, but the princi-
ple idea of feedback and the mathematical analysis tools were similar. Open-loop frequency
response methods introduced by Harry Nyquist (1889-1976) [142] and Hendrik Wade Bode
(1905-1982) [26]—known from electronic circuits with feedback amplifiers—formed the basis
for controller design and systematic stability analysis of linear time-invariant closed-loop sys-
tems.

In 1948, Norbert Wiener (1894-1964) generalized the idea of feedback control to e.g. com-
munication theory, biology, medicine and sociology. His newly founded discipline is called
“Cybernetics” (see [185]). Not until 1961 “Control Theory” was considered as separate mathe-
matical discipline (see [138, p. 2]).

In the 1950s desire and need arose to cope with nonlinear control systems exhibiting chang-
ing dynamics (depending on the actual operating point) and varying disturbance characteristics
(see [16, p. 3]). The control systems should have the capability to “learn”, “adjust” or “self-tune”
themselves. Inspired by Biology, were the notion of “adaption” is well known as “an advanta-
geous confirmation of an organism to changes in its environment” (see [138, p. 6]), Drenick and
Shahbender [47] introduced “adaptive servomechanism®” to control theory in 1957. “Adaptive

control” was born.

Several definitions of “adaptive control” or “adaptive controllers” can be found in the literature,

3J.C. Maxwell analyzed e.g. the roots of polynomials to have negative real parts, however he was not able
to formulate a general result. This was achieved by Edward John Routh (1831-1907) in 1877 [154].

4The term “servomechanism” was coined in military by the problem of positioning a gun for aiming at the
target [183, 184]. Later “servomechanism” became a description for the ability of feedback control systems to
simultaneously track reference signals and reject disturbances, known as the servo (mechanism) problem (see

e.g. [56]).
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Figure 1.2: Indirect adaptive control (based on Fig. 1.6 in [106])

for a collection see e.g. [138, Definitions 1.1.1-2, 1.2-1.4, p. 9-11]. Some authors even questioned
the necessity of introducing the term “adaptive” in feedback control considering any feedback as
adaptive (see [133]). For this thesis the author follows the informal but pragmatical definition
of adaptive controllers given by Karl Johan Astrém (1934 ) in [16, p. 1]:

“An adaptive controller is a controller with adjustable parameters and a mechanism
for adjusting the parameters.”

Note that this definition may also incorporate variable-structure adaptive controllers (see |16,
Section 10.4|) with different dynamics for different operating points. In this thesis only adaptive
controllers with fixed structure are considered.

First motivating examples for the need of adaptive control were flight control (of e.g. military
supersonic aircrafts), process control (e.g. refineries in chemical engineering) or decision making
under uncertainty (in e.g. economics). For more details on adaptive control around 1960, the
reader is referred to the survey articles [11], [108] and [13].

In the mid 1950s inspired by the problem of designing autopilots for high-performance air-
crafts several adaptive schemes were developed, such as gain scheduling®, self-tuning regula-
tors® (STR), model reference adaptive control (MRAC)" or dual controllers (see e.g. [16, p. 22-
24]). At this time the notions of controllability and observability, state space concepts and tools
to analyze stability of nonlinear systems—introduced in the seminal contributions [109-111]

5Tt was severely discussed if gain scheduling is an adaptive controller or not. In view of the informal definition
gain scheduling is clearly a adaptive controller [16, p. 19]

SIn [14] the authors avoided the use of “adaptive” for their controller, since the plant parameters were
assumed only constant but unknown (not varying). However, in the notion of the above definition STRs are
clearly adaptive controllers.

"STR and (indirect) MRAC [106, Section 1.2.4] are nowadays considered as equivalent [16, p. ix].
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and [125]® by Rudolph Emil Kalman (1930- ) and Alekandr Mikhailovich Lyapunov (1857
1918), respectively—were still missing or not fully recognized. This “lack of understanding of
the properties of the proposed adaptive control schemes” (see [106, Section 1.3]) combined with
“a lot of enthusiasm, bad hardware and non-existing theory” (see [12]) lead to severe imple-
mentation problems and even worse an accident during flight tests (see [106, p. 23]). As a
consequence funding of research on adaptive flight control was cut and the interest in adaptive
control rapidly dropped (see e.g. [13] or in great detail [16, p. 2-3| or [106, Section 1.3]). The
flight control problem was finally solved by gain scheduling (see e.g. [13] or in more detail [16,
p. 414-415)).

A renaissance of adaptive control arose in the years around 1970, when first stability proofs
were reported (see e.g. [16, p. 2-3] or [106, p. 24] with lots of references). However, the adaptive
schemes were sensitive to small perturbations resulting in potential instability of the closed-
loop system. Not before the late 1980s and early 1990s the field revived by breakthroughs in
robustness analysis of adaptive control systems (see [106, p. 25]). Since then, research focused
more and more on the “transient and steady-state performance” (see [106, p. 25]) of adaptive
control systems (mostly with MRAC).

Loosely speaking, feedback control solves the problem of designing a controller with fixed struc-
ture and constant parameters for a system with known structure and (at least roughly known)
parameters to meet given control objective(s) such as stability of the closed-loop system, asymp-
totic tracking and disturbance rejection, etc.

In contrast, under the assumption that such a controller exists, adaptive control solves the
problem of designing a variable controller (in structure and/or parameters) for a plant with
known structure but unknown parameters (see [106, Section 1.2.3]). Adaptive control may be
classified into two categories: “indirect” and “direct” adaptive control (see Fig. 1.2 and 1.3,
respectively).

Indirect adaptive control relies on identification algorithms (e.g. recursive least square or gra-
dient methods) to estimate the unknown system parameters. Assuming that these estimates
converge to the true values, the controller parameters are adjusted by using the estimated
system parameters and an adequate adaption rule (see Fig. 1.2). This approach is nowadays
known as the “certainty equivalence principle”” (see e.g. [13]). The assumption on convergence
is based on “persistent excitation” (see [138, Chapter 6]): to achieve “perfect” identification of
a system (i.e. exponential convergence of estimation parameters to real parameters), excitation
with a sufficiently large number of amplitudes and frequencies (incorporating all eigenmodes
in the case of linear systems) is necessary. The order of the identification problem (number
of estimates) at least increases with the order of the system, e.g. for recursive least square
methods the number of estimation parameters even grows quadratically with the system order
(see [80]). A typical example for indirect adaptive control is model reference adaptive control
(MRAC), even though there exist direct model reference adaptive controllers (see [106, p. 14]).

8First French translation in 1907: “Probléme Géneral de la Stabilité de Mouvement” in Annales de la Faculté
des Sciences de I'Université de Toulouse, Vol. 9, pp. 203-474. Reprinted by Princeton University Press in 1949.
First English book in 1966 [126], modern translation in [127] with biography and bibliography of A.M. Lyapunov.

9The idea of neglecting uncertainties and using estimated values of system parameters as true values (for
e.g. controller design) was introduced in [171] as “certainty equivalence method”.
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Figure 1.3: Direct adaptive control (based on Fig. 1.7 in [106])

For MRAC the control objective is prescribed in terms of a “reference model” which determines
how the closed-loop system should behave.

Direct adaptive control does not require system identification or estimation. The adaption of
the controller parameters solely depends on measured system output, reference, control action
and control objective(s) (see Fig. 1.3). Direct methods are, in general, not applicable to “all”
plants but restricted to certain “classes of systems” (e.g. minimum-phase systems, see [106,

p. 10]).

A very simple form of direct adaptive control is high-gain adaptive control. High-gain adaptive
controllers—also known as “non-identifier based adaptive controllers” (see e.g. the survey [85] or
the monograph [86])—exploit the so called “high-gain property” of minimum-phase systems with
(strict) relative degree one and known sign of the high-frequency gain'”: for simple proportional
output feedback u(t) = —ky(t) and a sufficiently large controller gain k > k* > 0 the closed-
loop system is stable (see e.g. [93]). The lower bound k* depends on system data and must be
known a priori. In the adaptive case it is “found online” by (dynamic) adaption. The following
high-gain adaptive output feedback controller

u(t) = —k(y(t), k() = y(1)%, k(0) = ko > 0 (L6)

“stabilizes” the closed-loop system. The controller gain k(-) is bounded but non-decreasing.
If e.g. measurement noise n,,(-) € W2 (Rx¢;R) deteriorates the output, then the adaption
in (1.6) becomes k(t) = (y(t) + nm(t))? and hence the gain k(-) might diverge (see e.g. [93]).
In this case or if unknown load disturbances perturb the system, adaptive A-tracking control
should be applied which introduces a dead-zone in gain adaption. Moreover, for reference
Yt (1) € WH2(R5¢; R), asymptotic accuracy A > 0 and tracking error e(-) as in (1.1), the
adaptive A-tracking controller

u(t) = k(e(®), k() = da(le(t) + nm(®)]), k(0) = ko > 0,

with dy(-) as in (N.5), assures tracking with prescribed asymptotic accuracy (see e.g. [93]). The

RS

10The notions “minimum-phase”, “relative degree” and “high-frequency gain” are defined in Definition 2.7,
Definition 2.1 and Definition 2.4 for LTI SISO systems, respectively.
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gain k(-) albeit bounded is still non-decreasing. In [99] funnel control is introduced. It has a
“time-varying” gain

1
D(t) = le(t) = nm(1)]

where ¢: Rsg — [A,00), A > 0 is a prescribed (possibly non-increasing) continuous “boundary
function”. If the initial error e(0) “starts” within the boundary, i.e. ¥(0) > |e(0) — n,,(0)|, fun-
nel control assures tracking with prescribed transient accuracy. Moreover, the funnel controller
gain (1.7) may decrease again.

k(t) = (1.7)

Since only “structural system knowledge” is required, high-gain adaptive control is inherently
robust and makes it attractive for industrial application. For systems with a relative degree
higher than one, high-gain adaptive control is still feasible, however the controllers become quite
complex (e.g. due to backstepping [103, 190] or due to the use of high-gain observers [34]) or
incorporate controller gains with high powers (e.g. k(t)” for the relative degree two case [103]).
Such controllers are not suitable for industrial application. Chapters 3 and 4 present “simple”
(in the sense of non-complex and of low order) high-gain adaptive controllers for the relative de-
gree two case which achieve tracking with prescribed asymptotic accuracy and with prescribed
transient accuracy, respectively. The controller gains occur with k(¢)? at the most.

Besides the theoretic evolution of adaptive control, it partly became popular in industry. Sev-
eral applications in industry were published, e.g. chemical reactor control, autopilots for ship
steering or speed control of electrical drives (see the surveys [12] or [188] for adaptive control
in general and [93] for high-gain adaptive control in particular). However, activities in research
on adaptive control theory by far exceed the number of industrial applications: in 1997 the
application/theory ratio ranged between 0.02 and 0.1 (see [188]). Adaptive control still lacks
widespread industrial acceptance.

1.3 Mechatronics and motion control

The term “Mechatronics” was coined by Ko Kikuchi (see [40])—an electrical engineer of Yaskawa
Electric Cooperation—in 1969 (see [119]). The company secured the trademark rights in
1972 (Japan Trademark Registration no. 946594). Since the term “Mechatronics” was soon
widely adopted in industry, Yaskawa released its rights in 1982 (see [119]).

In the late 1960s and the early 1970s innovations such as electronic amplification (e.g. oper-
ational amplifiers (op-amps) on signal side and power electronics on the actuation side) and
micro—processors lead to more and more usage of electronic components in combination with
mechanical systems and paved the way for Mechatronics (see [17, 119]). For increasingly com-
plex systems the design process became more and more modularized (see [17]), which helped
to develop “mechatronic products” offering enhanced functionality and improved performance
(see [17, 119]).

Although the word “Mechatronics” is simply the composition of “mecha” (from mechanism
or mechanics) and “tronics” (from electronics, see e.g. [84, 119]), the concept is nowadays
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considered in a wider sense. The term is used in numerous ways and its definition changed over
the passed 40 years (see e.g. [17, 40, 84, 119, 180]). Some authors even state that a definition
is not possible or even desirable (see [76]). A Year 2000 definition of “Mechatronics” was given
in [180]:

“The synergetic integration of physical systems with information technology |[.. ./
and complex-decision making in the design, manufacture and operation of industrial
products and processes.”

Note that the definition above is still not completely accepted in all fields of research or indus-
try. The understanding of “Mechatronics” severely depends on the background of engineers and
scientists, which influences the language and the focus on what is “Mechatronics” and even how
it is taught (see [29]). Even the most important societies in mechatronics such as the Interna-
tional Federation of Automatic Control (IFAC), the American Society of Mechanical Engineers
(ASME), the Institute of Electrical and Electronic Engineers (IEEE) and the Mechatronics
Forum often do not use a common language (e.g. session titles of mechatronic conferences differ
significantly leading to misunderstanding among the several “Mechatronic dialects”, see [29]).
For this thesis the Year 2000 definition seems adequate.

By using the notion “physical system” instead of “mechanical system”, the Year 2000 definition
emphasizes that not only (single) mechanical systems are treated as mechatronic systems but
also large-scale distributed systems (e.g. automated highway systems, see [180]). Typical exam-
ples of nowadays mechatronic systems are microelectro-mechanical systems (MEMS), computer
hard disc drives (HDD, see [180]), car braking systems (see [40]), machine tools with computer-
ized numerical control (CNC), automated teller machines (ATM), automated baggage handling
systems at airports (see [17]), manufacturing and process automation systems, automotive and
aerospace vehicles, thermal and environmental control systems and vibrational control systems
for buildings (see [17]).

The terms “synergetic integration”, “information technology” and “complex-decision making” in
the definition attribute to the holistic, synergistic and interdisciplinary nature (see [186]) of
“Mechatronics” as several science and engineering disciplines—e.g. electronic (electrical), com-
puter, mechanical and software engineering and chemistry, biology and mathematics (systems
and control theory)—equally contribute to the design, manufacture and operation of mecha-
tronic products (see [17, 29, 84, 180, 186]).

Mechatronics is well established in many branches of industry such as automotive, manu-
facturing, aerospace and building/construction industry, electrical drive engineering, robotics
and automation, (bio)medical engineering and even consumer electronics (see [84, 180, 186]).
Mechatronics is (still) a growing market with increasing revenues, e.g. in 2010 the profit margins
of the business segments “Industry Automation” and “Drive Technologies” of SIEMENS were
16.8% and 12.3%, respectively (see SIEMENS financial report 2010, p. 3).

The widespread use of increasingly powerful computers (e.g. micro-processors, digital signal pro-
cessors (DSP), field programmable gate arrays (FPGA)) with real-time operating systems and
software controllers (“software servo-systems”, see [119]) made the design process of complex-
decision making algorithms “versatile and flexible” (see [186]). Decision making became more
and more complex, e.g. neuronal networks, fuzzy logic, optimal and predictive control strate-
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Figure 1.4: Components of modern mechatronic systems (based on figures in [17, 29, 180])

gies and high dimensional (nonlinear) controllers could easily be implemented (see e.g. the text
book [167, Chapters 5-9,12-14,16-17 and 18]). Mechatronic systems gained “built-in intelli-
gence” (see [186]).

Fig. 1.4 shows the components of a modern mechatronic system, though a clear delimitation
among the components is often not possible. At its center there is the real-time system con-
nected to the human-machine interface. It (possibly) exchanges information with other mecha-
tronic systems. The implemented decision algorithms (e.g. controllers) generate the control
input(s) to the actuator(s) which provide adequate actuation of the physical system by ap-
propriate energy conversion (e.g. from electrical to mechanical). The installed instrumentation
assures measurement of the necessary system states and allows for feedback to the real-time
system. Note that a mechatronic system may be split into two domains: the “information” and
“energetic domain” (see [29]).

This thesis focuses on motion control of industrial mechatronic systems such as “one-axis servo-
systems” (see e.g. [119]). A typical one-axis servo-system is depicted in Fig. 1.5. It consists of
electrical drive (power electronics & electrical machine) fed by a power source and linked to a
work machine (to be driven). The electrical drive with current controller (torque generation)
is considered as actuator, whereas rotor of electrical machine, linkage and work machine repre-
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Figure 1.5: Components of one-azis servo-system in industry

sent the physical (here: mechanical) system. Note the overlap between actuator and real-time
system and physical system, respectively. Several sensors provide measurement signals which
allow feedback control. The controllers are implemented on the real-time system with human-
machine interface to a host computer for monitoring and/or specifying reference or command
signals.

Motion control is considered as the “key technology in mechatronics” (see [143]) with the
following—rather vague—control objectives:

e [oad position or load speed reference tracking and
o disturbance rejection (of e.g. unknown load torques and friction).

Depending on application, the control objectives are formulated more precisely, e.g. in terms
of maximum rise time, maximum overshoot and maximum settling time (see (mco;)—(mcoy)
and Fig. 1.1 on page 2). Motion control may also incorporate a cascaded force control loop
(see [143]). Force control is not considered in this thesis.

1.4 Modeling of industrial servo-systems

To give a more formal definition of industrial one-axis servo-systems, the following section will
establish mathematical models for a stiff one-mass system (1MS) and an elastic two-mass sys-
tem (2MS). Although there exist multi-mass systems (see e.g. [166, Section 19.4]), the presented
models are fundamental. In industry many one-axis motion control processes may be modeled
either as IMS or 2MS. Both, 1MS and 2MS, are assumed to be driven by an electrical drive
(e.g. AC or DC drive) and are subject to friction. The electrical drive provides, by fast torque
generation, adequate actuation of the mechanical system. The available torque is, however, con-
strained due to physical and safety reasons (e.g. the admissible reference torque is saturated).
For instrumentation, the setups are equipped with current and position sensors. Sometimes
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Translation Rotation

position z [m] angle ¢ [rad]

velocity v [%] angular velocity (speed) w [%]
force f [N] torque m [Nm]

mass m [kg] inertia © [kgm?|

Table 1.1: Notation for translational and rotatory mechanical systems

also speed sensors are installed. Real-time micro-processors combined with industrial personal
computers (as human-machine interface) allow flexible controller design, reference generation
and monitoring.

At first models of the components “real-time system”, “actuator”, “instrumentation” and “phys-
ical (mechanical) system” (see Fig. 1.5) are derived or introduced. Then, based on the compo-
nent‘s modeling, the models of 1IMS and 2MS are presented.

In the following all explanations focus on rotatory systems, hence the relevant quantities are
torque in [Nm], angle (position) in [rad] and angular velocity (speed) in [rad/s]. However,
in principle, the following also holds for translational systems, simply substitute translational
quantities (with corresponding dimensions, e.g. [N], [m] and [m/s])) for rotatory quantities. A
comparison of rotatory and translational quantities is listed in Tab. 1.1.

1.4.1 Micro-processor (real-time system)

Modern real-time systems with micro-processors run with very fast execution times ranging
from e.g. 50 - 107% [s] to 1072 [s] (see e.g. [79] and SIEMENS SIMATIC S7 System Manual,
04/2011, A5E02486680-03, p. 73). Tasks are executed based on interrupt handling or schedul-
ing. The controllers are implemented with the help of programming languages (e.g. C/C++) or
graphical user interfaces (e.g. Simulink in Matlab). The compiled code runs in “real-time” on
the processing unit(s) and is executed every duty cycle (discrete execution). For this work, it
is assumed that the duty cycles are sufficiently short yielding execution in “quasi” continuous
time. Inevitable errors due to e.g. sampling, discretization and representation of numbers in
binary format (e.g. floating point numbers) are neglected.

1.4.2 Electrical drive (actuator)

An electrical drive—comprising power inverter (or converter) and electrical machine with cur-
rent control loop—is considered as mechatronic actuator generating drive torque my; [Nm] (see
Fig. 1.6). The actuator is a nonlinear dynamical system. Due to physical and safety reasons, its
output is constrained by the maximal admissible torque u4 > 0 [Nm]. The torque in electrical
drives is proportional to the product of current iy, [A] and (excitation) flux in the machine
(electro-magnetic conversion). Precise modeling of alternating current (AC) or direct current
(DC) machines and power inverters can be found in [164, Chapters 3,5,6] and [165, p. 668-671],
respectively.
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Figure 1.6: Block diagram of (electrical) actuator with torque (current) control loop

The basic scheme of a current (or torque) control loop is depicted in Fig. 1.6. The reference
torque myyrer [Nm|—externally generated by e.g. a motion controller—is applied to the electri-
cal drive, is saturated to protect the machine (from e.g. over-currents) and is converted to the
corresponding current reference iy [A]. This conversion may imply observation/estimation
of the machine flux by e.g. the use of a machine model or an observer.

The current controller generates the corresponding reference voltage s [V], which is emulated
by e.g. pulse width modulation (PWM, for different PWM techniques see [165, Section 8.4]) in
the power inverter. The DC intermediate circuit (see e.g. [165, Chapter 7 & 8]) is fed by a power
source (e.g. battery or rectifier connected to the power grid) and provides the intermediate cir-
cuit voltage ug > 0 [V] (DC). Due to the high capacity of the DC link capacitor, the voltage ug
only changes slowly with the load (current drawn by the machine). It is assumed constant, but
limits the output voltage uys [V] of the inverter. The electrical circuit of the machine responds
to up by current iy [A], which by electromagnetic conversion results in motor torque my;.
Due to Faraday’s Law rotation of the rotor induces a bounded voltage e, [V] (see Fig. 1.6)
counteracting the applied voltage uy;. This induced voltage is called back-emf (electro-motive
force) and is proportional to the product of rotor speed and flux. Note that due to saturation
of ups (by up) and back-emf w.,,r, the current gradient % 1) 18 constrained by the quotient
of up — Uemy and motor inductance. However concerning motion control, it may be assumed
that the available voltage g — uens is sufficiently large compared to the inductance such that
sufficiently fast current (and hence torque) changes are feasible.

The current control loop is perturbed by noise n;,, (-) € W' (Rxg; R) from current measure-
ment. Typically, the current controllers are designed such that (ideally) a prescribed maximum
overshoot is not exceeded by the current response iy () (e.g. AfY = 4 [%] for a controller
design according to the “Symmetric Optimum”, see [166, Section 3.2 & p. 81-82|). Hence, due
to saturation of mases and boundedness of current overshoot and disturbances n;,, and uep,y,
the generated motor torque mj; is uniformly bounded. For more details on current control and
current measurement see e.g. [166, Chapter 15| and [163, Chapter 12|, respectively.

Modern power semiconductors—e.g. Metal-Oxide-Semiconductor Field-Effect Transistors
(MOSFETs) or Insulated-Gate Bipolar Transistors (IGBTS) (see [160, p. 199] or in great de-
tail [163, Sections 6.6-6.8 and 7.2-7.4|)—allow fast switching frequencies fg E = Hz] ranging
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form 7.5 to 16 [kHz]. However, there is delay between reference voltage u,e and applied volt-
age up [V]. A common (linear) approximation of the dynamics of the current control loop of
e.g. DC drives is given by the following second-order transfer function

inref(s) 1421, s+ 2T2 s2

where T, > 0 is inversely proportional to the switching frequency (see [166, p. 231,248]).

Although current control of AC machines is more complex (e.g. requiring space vector mod-
ulation [165, Section 8.4.10]), in principle same conclusions also hold for AC drives such as
permanent magnetic synchronous machines (PMSM) or induction machines (IM) with power
inverters. The torque generation is fast (see e.g. [162, pp. 775-779] for PMSM). Field-oriented
torque control (FOC) [166, Section 13.4.4|, direct torque control (DTC) [166, Section 15.5.3]
and model predictive direct torque control (MPDTC) [62, 148] are most common approaches
for AC machines. MPDTC is the fastest control scheme, since e.g. time delays are compensated
by using prediction models for inverter and machine.

For modern AC and DC drives, torque and so current references are tracked with a delay
ranging from 50 - 107% [s] to 2 - 1073 [s] (see e.g. [123] and [143]), whereas the dominating
mechanical “time constants” (proportional to mass or inertia) are by multiples larger. Hence,
torque generation is fast compared to the dynamics of the actuated mechanical system. It is
common to approximate the “dynamics” of the actuator by a simple proportional characteristic
(see e.g. [166, p. 249 or the articles [123, 143]). More precisely, for any instant ¢ [s] of time and
(possibly unknown) actuator gain k4 > 0 [1], it is assumed that the following holds

Vt>0: mar(t) = kamarer(). (1.8)

Note that torque saturation and deviations in torque generation, due to e.g. actuator dynamics
or perturbations (back-emf and measurement noise) in the current control loop, are not consid-
ered in (1.8). To account for saturation and (time-varying) perturbations in torque generation,
the following “simplified actuator model” (without dynamics) is proposed

VE>0:  ma(t) = ka sata, (mMJef(t) + uA(t)), faka >0, ua() € L%(Rso;R)  (1.9)

where satg, () is as in (N.3). The actuator model (1.9) is used throughout this thesis.

1.4.3 Mechanics (physical system)

The components of the mechanical system in Fig. 1.5—e.g. rotor of machine, gears, shafts,
clutches and work machines—have dimensions and masses. Depending on the density of the
materials, the mass has a (not necessarily homogeneous) distribution over the volume. Accord-
ingly, the center of gravity can be computed by e.g. using computer aided design (CAD). It
does not necessarily coincide with the centroid of the volume. For this thesis only “lumped
parameter models” (see e.g. [77, p. 14]) are considered, i.e. forces or torques act on the lumped
mass or inertia at the center of gravity.

— 15 —



CHAPTER 1: INTRODUCTION

Furthermore, backlash in gears is neglected since it precludes high-precision position and speed
control, e.g. limit cycles or steady state errors may occur (see [140]). Gears are regarded as
“proportional systems” which yield gear transmission or gear reduction of position, speed and
torque proportional to gear ratio g, € R\ {0} [1]. An overview of mathematical models for
gears and gear dynamics is given in [139]. Harmonic drives are a typical example of gears
having (almost) no backlash. However, due to flexible splines in the gear, harmonic drives
bring elasticity into the mechanical system (see [179, 181]), which additionally motivates the
consideration of flexible servo-systems. Two inertias coupled by an harmonic drive can be
considered as elastic 2MS (see e.g. [174, Section 6.5]). In addition, friction is significantly
increased by harmonic drives (see e.g. [179]) which in turn emphasis precise friction modeling
in Section 1.4.5.

1.4.4 Speed and position sensors (instrumentation)

For feedback control, the controlled variable(s) should ideally be available at each instant ¢ [s]
of time. For position control actual position ¢(t) [rad] and speed w(t) = @(t) [*24] are required,

whereas for speed control only speed w(t) is needed.

Although there exist “sensorless” motion control approaches (without position or speed mea-
surement, see e.g. [166, Chapter 14| for AC drives), their performance concerning closed-loop
dynamics and accuracy is very limited. Hence, servo-drives for high-precision motion control
are equipped with position and/or speed sensors. Typical sensors in industry are e.g. tacho-
generators and resolvers or encoders for speed and position measurement, respectively. For
an overview of and more details on position and speed sensors, the reader is referred to [166,
Section 8.5] or [48, Chapter A5|.

In industry optical encoders are most common, since they are cheap and provide a sufficiently
high resolution ranging from 2 — 8 - 10° lines per revolution (with interpolation, see e.g. [166,
p. 308|). Nevertheless, encoders are more sensitive to temperature changes, incorrect mounting,
mechanical shock and noise than resolvers (see [166, p. 307]).

Although position and speed feedback are required for position control, in the majority of cases
to reduce costs for instrumentation, solely a encoder (or resolver) is implemented. Then speed
w(t) = ¢(t) is approximated in the capturing device (interface board reading position signals
from the sensor) by numeric differentiation (e.g. Euler method)

¢(t) — ot — To)
Tc

w(t) =~ (1.10)
where T, > 0 [s] is the cycle time of the capturing device. Due to small cycle times < 50-107% [s]
the resulting time-delay is negligible. The approximation works acceptably well, even if mea-
surement noise is present. However, speed feedback ripples (discontinuous speed feedback) may
occur. To obtain a “quasi” continuous speed approximation the use of SINCOS encoders is in-
dicated. These encoders allow to interpolate among consecutive lines (see [48, Section A5.3.5]).

Motion sensing is subject to measurement errors. Main causes for deviations in the measured
signal are (see e.g. [166, Section 8.2|):

e the sensor: due to e.g. limited resolution or bandwidth, manufacturing faults, wear and

— 16 —



1.4 MODELING OF INDUSTRIAL SERVO-SYSTEMS

aging;

e the environment: due to e.g. temperature (changes), contamination, deficient mounting
(radial eccentricity, long cabling) and electromagnetic interference (noise);

e and signal processing: due to e.g. analogue-to-digital (A /D) and digital-to-analogue (D/A)
conversion (sampling, quantization, aliasing errors), signal level matching (OpAmp drift),
non-synchronous capturing of analogue signals and time delay.

Most deviations in the measured feedback signal can neither be predicted nor compensated for
in the control loop resulting in tracking errors. Hence sensors with sufficient accuracy are neces-
sary. High-precision motion control inherently depends on high-precision motion measurement
(see [166, p. 302, Section 8.2]).

In the following it is assumed that the instrumentation of the servo-drive is sufficiently accurate,
however small deviations inevitably remain. By subsuming measurement errors in the bounded
signal n,,(-) € W?»*(Rxo;R), the following “simplified sensor model” (without dynamics) is
proposed

VE>0: yn(t) =y() +nam(t),  y() € CR>0;R), nu(-) € W**(Ro;R),  (1.11)

where y,, () represents the deteriorated measurement of some physical quantity y(-) such as
position ¢(-) in [rad] (or [m]) or speed w(-) in [rad/s| (or [m/s]).

Remark 1.1 (Stochastic noise).

In general, noise is a stochastic process, e.q. “white noise” is a consequence of Brownian motion.
Since noise is inevitably induced into the closed-loop system by feedback, the analysis of the
differential equation would imply analysis of stochastic differential equations using the theory
introduced by Kiyoshi Ito (1915-2008) (see e.g. [144, Chapter 3]). In this thesis only ordinary
(or functional) differential equations are considered. It is assumed that the bounded absolutely
continuous function n,,(-) “approrimates” noise sufficiently well.

1.4.5 Friction

Any contacting bodies in motion with relative velocity are subject to friction counteracting
their acceleration. In feedback control systems, friction may cause poor transient performance.
Limit cycles, non-vanishing tracking errors, stick-slip or hunting (for controllers with integral
action) may occur. Especially, for high-precision position control of e.g. machine tools or robotic
manipulators, friction becomes an issue at very low speeds (see e.g. [10, 28, 74, 146]).

1.4.5.1 Contributions from tribology

Tribology is the science of rubbing contacts founded in England in the 1930s (see [10]). It
fundamentally contributes to understand friction in more detail and helps to develop friction
models required for e.g. analysis of motion control problems. Friction phenomena are examined
mainly for translational setups, however the results can be transferred to rotatory systems
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Figure 1.7: Cross-section of contact surface between mechanical parts A € B.

(see [10, Section 2.2.2.1]). In the rotatory case, due to ball bearings, friction effects are less
serious. Exceptions are e.g. hard disk drives or ball screws (see [10, Section 2.2.2.1]).

In mechatronic systems, fluid lubrication—e.g. oil or grease in ball bearings—is most com-
mon for metal-on-metal contacts. The lubricants provide fluid barriers within the intersection
(i.e. the microscopical contact area) of the contacting materials to avoid dry friction and hence
to reduce mechanical wear. The lubricant is drawn into the intersection by (relative) motion of
the contacting parts, if a minimal (relative) velocity is exceeded; i.e. hydrodynamic lubrication
for conformal surfaces or elasto-hydrodynamic lubrication for non-conformal surfaces such as
ball bearings or gear teeth (see [10]).

The topography of an intersection is rough. The microscopical contact surface was felicitously
visualized by R.D. Bowden in 1950 (during a BBC broadcast) with the words “putting two solids
together is rather like turning Switzerland upside down and standing it on Austria — the area
of intimate surfaces will be small” (see [10]). A cross-section of an intersection is depicted in
Fig. 1.7(a). The “hills and mountains” are called asperities, which deform due to the total load
(e.g. weight) of the parts in contact and build contact areas, i.e. asperity conjunctions with a
typical width of ~ 1075 [m] for steel (see Fig. 1.7(a)). Due to e.g. oxidation, a film of boundary
lubricant(s) develops within the boundary layer. Boundary lubrication adheres solidly to the
metal part and is extremely thin (= 1077 [m], see [10]).

For fluid lubricants there exist four regimes of lubrication (see [10]), which directly effect the
friction characteristics (see Fig. 1.8):

Regime I: static friction (stiction) and pre-sliding displacement

Experimenting with ball bearings, R.D. Dahl observed in 1977 a linear relation between ap-
plied load (e.g. external force or torque) and relative rotation (see [43]). He concluded that
the asperities act like springs up to a critical break-away force (after which the parts start to
slide). The asperities deform elastically resulting in pre-sliding displacement. Hence, stiction
can be modeled as a force proportional to the product of displacement and stiffness of the

— 18 —



1.4 MODELING OF INDUSTRIAL SERVO-SYSTEMS

=
S
2 regime I: static friction & pre-sliding displacement
G~ /
Stiction —[? .
level :
=k
1 .S
B +
Coulomb ~ 7 &
level LB
: = -
= HESB > _ 8
SE 5% ST %
: : = =
EE EES -
3 BEL 8= 2
R = EE =
(relative) velocity

Figure 1.8: Regimes of lubrication (based on Fig. 5 in [10])

asperities. For steel materials, pre-sliding displacement ranges from 2 —5-107° [m]. Note that
pre-sliding indicates that there “are no discontinuities in friction as a function of time” (see [10]).

Regime II: boundary lubrication

If the break-away force is exceeded, the parts begin to slide. However, for very small (relative)
velocities, still a fluid lubrication film cannot develop within the intersection. The materi-
als are in solid-to-solid contact and the boundary layer with boundary lubrication is subject
to shear. Note that, friction in this regime is not necessarily higher than in regimes III and
IV with partially and full fluid lubrication, e.g. there exist boundary lubricants which reduce
stiction level below Coulomb level (see Fig. 1.8). Then stick-slip is eliminated entirely (see [10]).

Regime I1I: mized (or partially fluid) lubrication

If velocity exceeds a critical value, fluid lubricants are drawn into the contact area and held
there by viscosity. The higher the velocity the thicker the film of the lubricants will be. For a
film thickness below the maximal height of the asperities, some few solid-to-solid conjunctions
remain. However, due to partial lubrication, friction reduces rapidly allowing for rapid increase
in acceleration of the moving parts. This phenomenon is called Stribeck effect (see [10]).
Furthermore, experiments and simulations show that, within regime III, a change in velocity
(or load conditions) results in a delayed change in friction level. This time lag is known as fric-
tional memory (or frictional lag, see [39]) with delay times ranging from milliseconds to seconds.

Regime IV: full fluid lubrication

If film thickness of the lubricant(s) exceeds the size of the asperities, full fluid lubrication is
reached: the mechanical parts are completely separated and “swim” on the lubricant(s). No
more solid-to-solid contacts remain. Hence, material wear is drastically reduced. In this regime
friction is governed by hydrodynamics, i.e. viscous friction is proportional to the (sliding) ve-
locity.
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In the following the explanations are for the rotatory (or translational) case. Dimensions in
parenthesis indicate the translational case, e.g. velocity in [rad/s| (or [m/s]).

1.4.5.2 Static friction modeling

Friction was already observed by Leonardo Da Vinci (1452-1519) [42, Chapter XVIII| as a
force proportional to normal force having opposite sign to relative velocity. Later, this friction
phenomenon was named after Charles Augustin de Coulomb (1736-1806). In 1779 Coulomb
published his memories on his observations on friction (see [41]). Coulomb friction is modeled

by

Yue > 0: fo: R = [—ue, uc), w i fo(w) := uc sign(w) (1.12)

where uc is the Coulomb friction level with dimension [Nm] (or [N]) and w is the velocity in
[rad/s] (or [m/s]). Coulomb friction is illustrated in Fig. 1.9(a).

Not until the 19th century, the Coulomb model was extended by static friction (stiction,
see [136]) and viscous friction (see [153]|). In standstill (i.e. w = 0) Coulomb level uc may
be exceeded by stiction level ug (i.e. ug > u¢) depending on external load wuy, in [Nm] (or [N]).
Static friction is given by (see [145, p. 27])

ur, ur] < ug (Aw =0)
Vus >0:  fs: R — [ ug, Us], ur, — fs(uL) = {us . sign(uL) 7 ’uL‘ > us (/\ o — O)
(1.13)
Viscous friction increases (or decreases) as velocity increases (or decreases). More precisely, for
exponent dy > 1 [1] and viscous friction coefficient v [Nm/(rad/s)*v] (or [N/(m/s)*]), viscous
friction is modeled by (see [145, p. 26])

Vv >0, éy > 1: fr: R—=R, w = fy(w) == v|w] sign(w). (1.14)

A friction model incorporating static, Coulomb and viscous friction is given by (see [145, p. 27])

fr(w) Sw#0

Folun) w=0 (1.15)

fSC’V: RxR— R, (W,UL) = fSCV(wvuL) = {

where fy(-) and fg(-) are as in (1.14) and (1.13), respectively. Its graph is qualitatively de-
picted in Fig. 1.9(b). Note that the definition of stiction in (1.13) requires differential inclusion
(see [147]). For systems subject to friction modeled by (1.15), the right hand side of the differ-
ential equation (describing the system dynamics) becomes rather a set then an “isolated point”.

Although the friction model (1.15) is not correct in general, it was, and still is, common to
analyze friction effects in feedback systems. Already in 1902 Richard Stribeck (1861-1950)
observed a “rapid” but continuous decrease in friction (“negative viscous friction coefficient”) in
ball bearings for increasing but very low speeds close to standstill (see [176, 177]). This phe-
nomenon is called Stribeck effect nowadays (see Fig. 1.9(c)). For velocities below a threshold
velocity, the Stribeck effect may cause (locally) unstable behavior of closed-loop systems with
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Figure 1.9: Static friction models

proportional-derivative (PD) controllers, if the derivative gain (weighting velocity) is too small

(see [8]).

To model the Stribeck effect, the following Stribeck function is common (see e.g. [10, 147]). For
Stribeck velocity wg [rad/s] (or [m/s]) and exponent dg [1], let the Stribeck function be given
by

VYug > uc >0Vwg >0Vdg € [1/2, 2]:

wl\**
B:R = [uc,ugl, w i f(w) == uc + (us — uc) exp (— (w_s) ) . (1.16)

A friction model (sometimes called “kinetic friction model”, see [3, p. 24-27|) incorporating
Coulomb, static, viscous friction and Stribeck effect is given by (see [145, p. 28|)

fs(ur) ,w=20
f(w)sign(w) + fr(w) ,w#0

where fs(-), () and fy(-) are as in (1.13), (1.16) and (1.14), respectively. The qualitative
behavior of the friction model (1.17) is shown in Fig. 1.9(c).

frerv: RXxR =R, (w,ur) = frrm(w,ur) = { (1.17)

Remark 1.2. The Stribeck function 5(-) in (1.16) may also be chosen “asymmetric” (see [145,
p. 49]) which may reflect reality more precisely (see e.g. [182]). For ug < 0 < uf, and ug <
0 < ud a possible choice is given by

B:R-R;, we fw):= {ué + (ug —ud) exp(—(Jw|/ws)?) ,w>0

ug + (ug — ug) exp(—(|wl /ws)’) ,w <0

For simplicity, in the following the symmetric Stribeck function (1.18) is used.
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1.4.5.3 Dynamic friction modeling

The friction models depicted in Fig. 1.9(a)-(c) are “static” maps from velocity to friction torque
(or force). Hence, dynamic friction effects observed in experiments—such as hysteresis, varying
break-away forces or pre-sliding displacement (see [39])—cannot be reproduced by the static
models (1.12), (1.15) and (1.17), respectively. To model and understand friction effects more
precisely, dynamic friction models are required (see e.g. the survey [10] or in great detail [9]).
A first motivating idea was presented by Dahl in 1968 (see [44]) describing the dynamics of
static friction as spring-like motion. However, his model does not cover the Stribeck effect
(see [39]). Based on this first idea and the results of research in tribology, several dynamic
friction models have been developed (see e.g. [39], [178], [57] or [49]). This thesis focuses on the
popular Lund-Grenoble (LuGre) friction model introduced in [39]. It is nonlinear and dynamic
and covers the Stribeck effect. Its generalized form was proposed in [145] and is presented in
the following for rotatory (translational) systems.

The LuGre friction model cannot reproduce hysteretic behavior with nonlocal memory (see [178])
and does not account for stochastic distribution of the asperities (see [159]) and nonphysical
drift phenomena may occur for small vibrational forces (see [49]). However, it is adequate for
the motion control problem considered in this thesis, since most of the friction phenomena ob-
served in “reality” are covered such as sticking (stick-slip), break-away with varying break-away
forces, pre-sliding displacement, frictional lag and hysteresis. Moreover, for controllers with
integral action, hunting can be reproduced (see e.g. [39, 145|) and it can be rendered passive
(see [19]).

For the LuGre friction model the asperity junctions (see Fig. 1.7(a)) are modeled as bending
bristles (see Fig. 1.7(b)). The bristles behave like springs with average stiffness ¢ > 0 [Nm/rad]
(or [N/m]). The deflection of all bristles within the intersection is considered as average bristle
deflection () [rad] (or [m]) of the asperity junctions.

For 5(-) as in (1.16), average bristle stiffness o, velocity w [rad/s] (or [m/s]) and initial average
bristle deflection ¥° [rad] (or [m]), the dynamics of the average bristle deflection are modeled

by

Note that, by standard theory of ordinary differential equations (see e.g. Proposition 2.1.19
in [77]), for w(-) € L{.(Rsp; R) the initial-value problem (1.18) has an unique, global and
bounded solution

I(t), 9(0) =0 € R, w(:) € C(Rsg;R). (1.18)

oty : Rsg — [—max{us/a, 19°[}, max{us/o, |190|}} (1.19)
where boundedness follows from the implications

[ Woy Ol Zus/o | =

H @ oy (07 < =2y (1) (D) (gignww NOPO) +JM) <0. ﬂ

it WD)+ )
e{-1,0,1}
— [Vt>0: 190y (t)] < max{us/o, [9°}] .
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Figure 1.10: Comparison' of static friction model (1.17) and dynamic LuGre model (1.21) with §y =
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Tab. 1.2, respectively.

To present the LuGre friction model as in [145, Section 3.2-3], for damping coefficient vp [Nms/rad]
(or [Ns/m]), damping velocity wp [rad/s] (or [m/s]) and damping exponent ép [1] introduce the
damping (of the deflection rate 9J(-)) by

Vvp, wp >0Vép > 1: fo:R—1[0,vp], wr fp(w):=vpexp(—(Jw|/wp)®”) (1.20)
and define the “LuGre friction operator” with dimension [Nm] (or [N]) by

2190: C(Rzo,R) — E%)C(REO; R)
() = o+ Ip@() (w() = 0420, ) + fr(w()), (1.21)
where fp(-) asin (1.20), B(-) as in (1.16), fy(-) as in (1.14) and ¥, solves (1.18).

The operator £40 maps speed (or velocity) to friction torque (or force), is parametrized by the
initial average bristle deflection ¥° and represents the LuGre friction model introduced in [145,
Sections 3.2,3.3| in compact form.

Friction effects covered by the LuGre friction model

At first, the static friction model (1.17) and the dynamic LuGre model (1.21) are compared.
Therefore both models are excited by a ramp-like velocity to obtain the “classical plot™: friction
over velocity. The friction characteristics of both models are illustrated in Fig. 1.10. Note that

the dynamic LuGre friction model is not discontinuous at zero velocity and both models include
the Stribeck effect.

Next it is shown that the LuGre friction model (1.21) with linear viscous friction (i.e. dyy = 1)
still covers e.g. pre-sliding displacement, frictional lag, hysteresis, stick-slip and limit-cycles
(hunting). The following experiments, illustrated in Fig. 1.11, are implemented in Matlab/Simulink
using the fixed-step solver ode4 (Runge-Kutta) with a step size of 107° [s]. The simulation

'The figure was generated by merging two simulation results with excitation &(t) = —2 [rad/s?] and @&(t) =
2 [rad/s?] for all ¢ € [0, 0.5] [s], respectively. Each run was initialized with ¥ = 0 [rad] and w(0) = 0 [rad/s].
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Figure 1.11: Simulation experiments with LuGre friction model (1.21)

parameters are collected in Tab. 1.2 and are used for all experiments (with corresponding di-
mensions). The experiments are similar to those presented in [39]. However, in the present
work the damping function (1.20) is implemented additionally for simulations.

Ezxperiment 1: hysteresis and frictional memory
The LuGre friction model (1.21) is excited by a continuous velocity given by

w:Rsg =R, tr>w(t)=5-10"3(sin(wpt) +1) where wy € {1, 10, 25} [rad/s].

The simulation results are depicted in Fig. 1.12. The LuGre model clearly exhibits hysteresis.
For increasing velocities the resulting friction is larger than for corresponding but decreasing
velocities (see Fig. 1.12(a)). The hysteresis width is proportional to the velocity change, it is
widest for wy = 25 [rad/s].

Furthermore, the LuGre friction model (1.21) reproduces frictional lag as shown in Fig. 1.12(b).
For small and decreasing (or increasing, not shown here) velocities the friction increases (or
decreases) with time delay.

Ezxperiment 2: pre-sliding displacement

A mass m > 0 [kg] is accelerated by the external force f [N] (see Fig. 1.11(c)). Friction as
in (1.21) counteracts the acceleration. Position 2 [m], velocity & [m/s], average bristle deflection
¥ [m] and friction force £y [N] are observed. The force f is ramped up, held constant for
a while and then is ramped up again with less slope (see top of Fig. 1.13(b)). The zoom in
Fig. 1.13(a) clearly indicates pre-sliding displacement of position () up to = 0.5-10~* [m]. The
external force is nearly compensated by friction, which is proportional to the deflection of the
bristles (see top of Fig. 1.13(b)). As long as the external force f(-) is constant on [14 — 20] [s],
velocity #(-) drops to zero.
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Description Symbol = Value  [Dimension]|
Coulomb friction level uc =1 [Nm] or [N]

Stiction friction level us = 1.5 [Nm] or [N]

Stiffness o=10° [Nm/rad] or [N/m]
Stribeck velocity wg = 0.001 [rad/s] or [m/s]
Stribeck exponent dg =2 1]

Damping friction coefficient vp = V107 [Nms/rad] or [Ns/m)]
Damping friction velocity wp = 0.1 [rad/s] or [m/s]
Damping friction exponent op =2 1]

Viscous friction coefficient v=04 [Nms/rad] or [Ns/m]
Viscous friction exponent by =1 1]

Initial average bristle deflection ¥y =0 [rad] or [m]

Table 1.2: Simulation parameters of LuGre model (1.21)

10~3(sin(wo t) + 1) where wo € {1, 10, 25} [rad/s]. — friction (L£yow)(-) (top) and --- speed w(-)

Figure 1.12: Ezperiment 1—simulation results

At t &~ 28 [s] the break-away force of ~ 1.5 [N] is reached (see top of Fig. 1.13(b)) and sliding
begins (see Fig. 1.13(a)). Friction (£402)(+) reduces drastically due to relaxation of the bristles
(the Stribeck velocity is by far exceeded). The average bristle deflections 9(-) drops to 107° [m]
(see bottom of Fig. 1.13(b)).

Ezxperiment 3: stick-slip

Consider the setup depicted in Fig. 1.11(c). A mass m > 0 [kg]| is subject to LuGre friction £go1
as in (1.21) parametrized by the values given in Tab. 1.2. The mass is connected to a spring
with stiffness cg > 0 [kg/s?|, has position z [m] whereas the position of the spring endpoint is
denoted by xg [m]. The endpoint of the spring is pulled with constant velocity vg > 0 [m/s].
Due to the Stribeck effect (1.16) covered by (1.21), stick-slip occurs: for consecutive time inter-
vals, the mass is at rest and then moving again (see Fig. 1.14(b)). As long as the mass is not
moving or moving slower than the spring endpoint, the spring force cg(vg - —z(+)) is increasing.
For spring forces cg(vg - —x(+)) > ug greater than stiction level, the mass accelerates and starts
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(a) top: = position x(-) and bottom: === velocity &(-) (b) top: —— force f(-) and === friction (£go&)(+); bot-
tom: —— average bristle deflection 9(-)
Figure 1.13: Experiment 2—simulation results: pre-sliding displacement
1,6 4
1,4} . 3t :
17 27 laatl 1 E 27 ) 1
1l | ] 1t =
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Z 08} . f 0 -
0,6 Z0ooM 1 0.6 1
0,4} — 1 = 0,4} .
b g 1\ M i \
0, 2t 1 07 2t Ly L \ \ ! \ ]
___________ J — — — f—
O L L N N 0 R | e e J. \ —_ \ —_— — —‘A
0 10 15 20 25 30 0 5 10 15 20 25 30
TIME ¢ [s] TIME ¢ [s]
(a) —— friction (Lgo2)(-) and — spring force cs(vs: (b) top: positions — x(-) and — xg(+); bottom: wve-
—z(+)) locities === &(-) and === vg(+)

Figure 1.14: Ezperiment 3—simulation results: stick-slip for simulation parameters m = 1 [kg], c¢g =
2[N/m] and vg = 0.1 [m/s].

to slide. It “slips”. If the Stribeck velocity wg = 0.001 [m/s] is exceeded, friction is drastically
reduced due to partially fluid lubrication (see regime III) and, in turn, the mass accelerates
even more rapidly. For velocities @(-) greater than vg it catches up with the spring endpoint
reducing the spring force cg(vg - —z(-)) (see bottom of Fig. 1.14(b) and Fig. 1.14(a)). For
spring forces smaller than friction, the mass decelerates again. Its velocity #(-) is decreasing
(see bottom of Fig. 1.14(b)). For very low velocities the Stribeck effect results in a rapid but
continuous increase of friction (see top of zoom in Fig. 1.14(a)). The remaining spring force
cannot accelerate the mass and hence motion is stopped. It “sticks”. At standstill the bristles
relax completely and friction reduces to a minimum (see bottom of zoom in Fig. 1.14(a)). Now
the same phenomenon starts over again. The mass “sticks” and “slips” and follows the spring
endpoint zg(+) in a “staircase-like” manner with time delay (see Fig. 1.14(b)).
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[rad]

TIME ¢ [s]
(b) control action: -+ kpe(-) (proportional),
--- kpeé(-) (deriwative) and — krxzyr(-) (inte-

gral)

Figure 1.15: Experiment 4—simulation results: hunting (limit cycles) for simulation parameters m =
1 [kg], éret(-) = 3 [rad], kp = 5 [Nm/rad], kp = 2 [Nms/rad] and kr = 5 [Nm/(rads)].

Ezperiment 4: limit cycles for controllers with integral action (hunting)

Consider the closed-loop system depicted in Fig. 1.11(d). A PID controller—with proportional
gain kp [Nm/rad], integral gain k; [Nm/(rads)] and derivative gain kp [Nms/rad]—governs
a rotatory mechanical system with inertia © [kgm?] for position control. The mechanical
system is subject to friction modeled by the LuGre friction operator £y [Nm] as in (1.21)
with parametrization as in Tab. 1.2. The control objective is set-point tracking of the constant
reference ¢ef(-) = 3 [rad]. Due to friction the closed-loop system exhibits limit cycles after
~ 10 [s] (see Fig. 1.15(a), here only shown for 0 — 30 [s]). Position ¢(-) “oscillates around” the
reference ¢p(-). Within the (approximate) intervals [12, 20] [s] and [21, 29] [s], the inertia is
not moving. Integral control action k; x(+) is increasing linearly until the break-away torque of
~ 1.25 [Nm] is reached (see Fig. 1.15(b)). The inertia is accelerated in the opposite direction
until it gets “stuck” again. The proportional kpe(-) and derivative kp é(-) control actions are
not sufficiently large to stop sticking (see Fig. 1.15(b)). In general, high (proportional) gains
obviate hunting by “stiffening” the closed-loop system (see [10]).

Remark 1.3 (Stiff simulation problem).

For numeric simulations, the high stiffness o > 1 (e.g. 10° [N] in Section 1.4.5) in the friction
models (1.21) or (1.22) necessitates special solvers (e.g. ode23s in Matlab) for stiff ordinary
differential equations or small sampling times to obtain “correct” (numerically stable) solutions
(see e.g. [13, Chapter 1,2]). This issue additionally increases the effort of implementation of
stiff dynamical friction models for friction compensation (see Section 1.5.3 and [1]).

Simplified LuGre model with linear viscous friction

As friction identification results show (see e.g. [8, 182] or [151, p. 195] for the laboratory setup),
many mechatronic systems in industry exhibit linear viscous friction w(-) — v w(+) with viscous
friction coefficient v > 0 [X2=] (or [X5]) ie. 6y =1 in (1.14).

Therefore (analogue to [96]), friction is split into linear but unbounded viscous friction and

bounded nonlinear friction (including e.g. Coulomb friction, stiction and Stribeck effect). More
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precisely, the following simplified LuGre friction model will be used in the remainder of this
thesis. It is given by

Vw(:) € C(Rsp; R): w(*) = rvw() + (Fw)(-),
where §: C(R>0;R) = L*®(R>0;R), w(:) = 0 y0) + fo(w(:)) (w() — J%ﬁw(.)> (1.22)
and fp(-) as in (1.20), B(-) as in (1.16) and ¥ solves (1.18).

The simplified LuGre friction operator § in (1.22) is directly derived from £ by neglecting
the viscous term (i.e. fy(w(-)) = 0) in (1.21). The operator §F is also parametrized by the initial
average bristle deflection ¥°, but for notational convenience, the subscript is dropped in the
following. Moreover, note that in contrast to the general LuGre operator £y the simplified
version § is uniformly bounded, since for all w(-) € C(R>o; R), the following holds

V205 I@)0] < 2o {exp (~(wlo)l/p)) o]} (14 2 max {22, 11}

to max{@, 1190|} —: My < co. (1.23)
o

1.4.6 Models of stiff and flexible servo-systems

Now, by combining the models (1.9), (1.11) and (1.22) of actuator, sensor and friction, re-
spectively, the models of stiff one-mass system (1MS) and elastic two-mass system (2MS) are
introduced. Again, modeling is for the rotatory case. For the translational case substitute the
quantities according to Tab. 1.1 (e.g. substitute m [kg] for © [kgm?]).

1.4.6.1 One-mass system (1MS)

The rotatory 1MS consists of inertia © [kg m?] and gear with ratio g, [1]. The inertia subsumes
possibly several stiff coupled masses and the linkage. Backlash is neglected.
The state variable

z(t) = (w(t), o(t) "

represents angular velocity (speed) and angle (position) at time ¢t > 0 [s] in [rad/s] and [rad],
respectively. The mechanical system (see Fig. 1.16) is driven by motor torque my; [Nm| and
is subject to load torque my [Nm] and motor and load (gear) side friction. Both friction
torques are modeled by the simplified LuGre model (1.22), i.e. w(-) — rw(-) + (Fiw)(-) and
w(+) = vaw(+)/gr + (Fow/gr)(+) for motor and load side friction, respectively. The actuator is
modeled as in (1.9). The input of the 1MS is the reference torque u := mps ¢ [Nm].

The mathematical model of the 1MS is given by

f—tw(t) = Azm(t) + bsatg, (u(t) + ua(t)) + By (

y(t) = c'=z(t), z(0) = 2° € R?

(F10)(t)
m(t) + (Fo2)(t) ) (1.24)

where system matrix A (viscous friction terms are included), input vector b, disturbance input
matrix By, output vector ¢, disturbances uy(+), mp(-), friction operators §, &2 and system
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| mL
1MS
1/g, v + 822
— L
nmw + Fw
‘actuator’ ﬂt w = ¢
kA 1/6 1/gr
U i My 4 w ¢/ 9r
R - i e My
A
Wm <——Q<ﬁm
Pm &aTim
‘sensor(s)’

Figure 1.16: One-mass system (1MS) with ‘actuator’ and ‘sensor(s)’ (simplified models), gear and
motor & load (gear) side friction.

parameters are as follow

A= [ 0y (¥). B.= [ 58] cer o
ot (€] = = gr
[ 1 O:| ’ ( 0 > ) L |: 0 0 :| , C € ’ > 07

gr € R\ {0}, v1,10 >0, Ga,ka >0, ua(-), mp(-) € L2(R5o;R) and Vi e {1,2}:
Fi asin (1.22) with Mg, :=sup {|[(F:)(t)| |t >0, {(-) € C(R5o,R) } < 0.

(1.25)

Note that due to (1.23), the upper bound Mg, and Mgz, for the friction operators §; and §
exist, respectively. The gear ratio g, in (1.25) is assumed unknown albeit in many applications,
it can be read off on the gear box.

It depends on application and control objective (e.g. position or speed control), which sensors are
installed and so which signals are available for feedback. To cover the possible instrumentation
configurations (ic) the “general” output vector in (1.25) is chosen. Most common are the
following cases:

(IMS-icy) speed control: a tacho-generator provides measurement of motor speed w(-) or load
speed w(+)/g,. If an encoder or a resolver is used, speed is approximated by e.g. nu-
merical differentiation (1.10). The output vector in (1.25) simplifies to ¢" = (1, 0)
or ¢! = (1/ 9r, O). The control objective is load speed tracking of reference
Wret(*)/gr € WH(Rs0; R) and disturbance rejection of (unknown) load torques and
friction. If motor speed w(+) is measured, then g, must be known exactly to compute

the load speed error wyet(+)/gr — w(+)/gr-

(IMS-ice) position control: an encoder (or resolver) provides measurement of motor position
¢(+) or load position ¢(+)/g,, whereas w(-) is computed by e.g. (1.10). In this case
the output vector in (1.25) becomes ¢’ = (O, 1) or ¢! = (: 0, 1/gr). The
control objective is load position tracking of reference ¢ret(-)/g, € W?*(Rxo; R)

and disturbance rejection. Note that (usually) speed reference wiet(+) = ¢pet(+) is
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also available. If ¢(-) and w(-) are measured, then ratio g, is required to compute
load position error ¢.(+)/g- — ¢(+)/g- and load speed error wyet(+)/gr — w(+)/gr-

Similar to (1.11), the measured quantities are deteriorated by n,,(-) € W»*°(Rx¢; R) (e.g. noise,
see Fig. 1.16) and thus e.g. motor side feedback signals are given by

Vt>0: Om(t) = P(t) + ny(t) and Wi (1) = w(t) + 1 (1),

respectively. Load side measurements are deteriorated accordingly.

1.4.6.2 Two-mass system (2MS)

Analogue to the 1MS, the 2MS is modeled (see Fig. 1.17). It consists of two masses—motor
inertia ©; [kgm?] and load inertia ©, [kgm?|—which are coupled by an elastic shaft with
stiffness ¢ [Nm/rad] and damping ds [Nms/rad]. The linkage may include a gear with ratio
g- [1]. Again backlash is not considered.

The state variable

z(t) = (wi(t), ¢1(t), walt), da(t))’

represents speed in [rad/s| and position in [rad] at time ¢ > 0 [s] of motor and load, respec-
tively. The mechanical system (see Fig. 1.17) is accelerated by drive torque mj; [Nm] and
is subject to load torque mj; [Nm] and motor and load side friction, modeled by wi(-) —
viwi(+) + (Frwr) () [Nm] and wo(-) — vows(-) + (Fow2)(-) [Nm], respectively. The actuator is
fed by the reference torque u := mpyer and is modeled by (1.9).

The mathematical model of the 2MS is given by

La(t) = Ax(t)+ bsaty, (u(t) +ua(t)) + By ( (Frw1)() ) ’

mp(t) + (Faws)(t) (1.26)
y(t) = c'=z(t), z(0) =z € R?
where (viscous friction terms are included in the system matrix again)
_dst+givi_ cs ds cs ka =1 9 )
9201 9201 grO1 gr©1 CH @01 0
B 1 0 0 0 10 _ 4
Ai d(.f) Cg _ds@-‘rllz _é_s ) bi 0 ) BL* 0 6_1 y CER,
gr92 grO92 2 2 2
@17 @2 > 07 d57 cs > 07 Vi, vy > 07 gr € R\{O}y ﬁAykA > 07 UA() S EOO(RZO7R)7
mr(-) € L2(R>0;R) and Vie {1,2}: §; as in (1.22) with Mg, as in (1.25).

/

Also for the 2MS, application and control objective(s) determine the feedback signals. To allow
for flexibility in modeling, again the “general” output vector in (1.27) is introduced. The most
common applications with instrumentation are listed below (see also Fig. 1.17):

(2MS-icy) speed control: the control objective is load speed tracking of reference woef(-) €
W (Rs0; R), disturbance rejection (of e.g. unknown load torques and friction) and
damping of shaft oscillations. Depending on the installed sensor(s), the following
signals are available for feedback:
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mrp,
1/g, 2MS
nwi + Fiws |: dg Vowy + Faws
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Figure 1.17: Two-mass system (2MS) with ‘actuator’ and ‘sensors’ (simplified models), gear and motor
& load side friction

(a) motor speed w;(-), i.e. ¢’ = (1, 0, 0, 0) in (1.27).
(b) load speed ws(-), i.e. ¢ = (0, 0, 1, 0) in (1.27).
(¢) motor speed wi(-) and load speed ws(-), i.e. ¢’ = (1, 0, 1, 0) in (1.27).

(2MS-ice) position control: the control objective is load position tracking of reference ¢g ,ef(-) €
W2%(Rs¢; R), disturbance rejection and suppression of shaft oscillations. Depend-
ing on instrumentation the following signals are available for feedback:

(a) motor angle ¢1(-) and its derivative ¢1(-) = wi(-) (motor speed), ie. e’ =
(0, 1, 0, 0)in (1.27).

(b) load position ¢,(-) and its derivative ¢o(-) = wa(-) (load speed), ie. e =
(0, 0, 0, 1)in (1.27).

(c) motor position ¢:(-), load position ¢(-) and, respectively, $1(-) = wi(-) and
$a(-) = wo(-),ie. e = (1, 0, 1, 0)in (1.27).

Due to elasticity in the shaft, the configurations (2MS-ic;) (a) & (b) and (2MS-icy) (a) & (b) do
not allow to suppress shaft oscillations for speed and position control, respectively. To achieve
good damping in general, full-state feedback—as in configuration (2MS-ic;) (¢) (the torsional
angle is obtained by integration, i.e. f(f w1(T)/gr —we(7) d7) or in configuration (2MS-icy) (¢)—
is necessary for speed and position control, respectively (see e.g. [166, Chapter 19| for speed
control and [174, Section 6.5] for position control). If full-state feedback is not available, then
to achieve adequate damping, full-order observers have to be implemented (which require good
system and parameter knowledge) or, for load speed PI control, torque generation must be
decelerated such that shaft oscillations are not excited (yielding an increased phase margin to
assure stability of the speed control loop, see [166, Section 19.1]).
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Similar to the 1MS, also for the 2MS the measured signals are deteriorated (see Fig. 1.17).
Invoking the simplified sensor model (1.11), e.g. the feedback signals of load position and load
speed are given by

Vt>0: Ga.m(t) = Pa(t) + nma(t) and Wam(t) = walt) + Nma(t),

respectively. Accordingly, motor position ¢;(-) and speed wi(-) are perturbed by n,,;(-) and
N1 (+), respectively.

Remark 1.4 (Motor and load side friction).

Friction, in general, and as modeled in (1.22), in particular, is nonlinear and dynamic. For
accurate friction modeling for 1MS and 2MS, the consideration of motor- and load-side fric-
tion is necessary. A simple conversion from load to motor side friction (or vice-versa) is not
admissible in general. Note that, in view of (1.22), the following holds

Vw(:) € C(Rxo; R) Vo # 1: (F(cow)) () # co(Fw)(-)-

Same holds for the general LuGre friction operator (1.21) (replace & by Lgo above).

1.5 Motion control in industry

In industry linear proportional-integral-derivative (PID) controllers—or variants thereof such as
P, I, PI or PD controllers—are applied in the majority of cases. These controllers are somehow
the “standard solution” for industrial control problems. Also for motion control, PI and PID
controllers are most common even though supplemented by disturbance observers to improve
control performance under load. Besides, there exist special control solutions and friction
identification and compensation methods. In general, the control design of these approaches—
described in the succeeding sections—strongly depends on good knowledge of system and its
parameters. The vague system information in (1.25) for the 1IMS and in (1.27) for the 2MS
may be not sufficient to assure stability of the closed-loop system.

1.5.1 Standard control methods

Integrated real-time systems (in the inverter of electrical drives) or process automation en-
vironments (e.g. SIEMENS S7) provide ready-made discrete prototypes of e.g. P, PI or PID
controllers, which allow for easy implementation and tuning during e.g. system startup. A
prototype of a continuous time PID controller with tuning parameters kp (proportional gain),
k; (integral gain), kp (derivative gain) and feedforward control ug(-) is given by the following
ordinary differential equation

ir(t) = et), z1(0) = 0,
. kp,kr,kp € R, (128>
u(t) = kp e(t) + k’[ I’[(t) + k’D e(t) + UF(t), uF() c ﬁm(Rzo;R)

where e(t) and x;(t) represent tracking error as in (1.1) and state of the integral control ac-
tion at time ¢ > 0, respectively. The PID controller (1.28) generates the control action u(t).
Therefore, the error derivative é(-) is required for feedback which implies that the derivative of
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Figure 1.18: Motion control cascades with feedforward control and disturbance observer in industry
(sensors are neglected)

reference and system output are available (i.e. gef(+) and g(-), respectively). If é(-) is not avail-
able, then to reduce noise sensitivity of derivative control action kp é(-), the tracking error e(-)
is low-pass filtered and then (numerically) differentiated (see [175] or in great detail [58, Sec-
tion 7.4]). Although in many applications derivative feedback is not admissible, in the present
setup of stiff or elastic servo-systems, or more general in joint position control of robotics it is
justified (see e.g. [174, pp. 210-213 and 290-292]). Hence, the “ideal” PID controller in (1.28) is
admissible.

P, I, PI and PD controller are derived from (1.28) simply by setting k; = kp =0, kp = kp = 0,
kp = 0 and k; = 0, respectively. To cope with actuator saturation—e.g. as in (1.24) or (1.26)—
anti-windup strategies should be implemented (see e.g. [166, Section 5.6]).

Although control objectives are mostly formulated in the time domain, controller design and
analysis are performed in the frequency domain (see e.g. [175]) by using Laplace transforms
and transfer functions. Therefore, in abuse of notation, write e.g. y(s) := Z{y(t)} for the
Laplace transform of system output y(-) (see notation (N.1)). In the frequency domain, PID
controller (1.28) and control action are given by

Fprp(s) =kp + % +kps and  u(s) = Fprp(s)e(s) + ur(s) (1.29)

where u(s) = Z {u(t)}, e(s) = L {e(t)} and up(s) = £ {ur(t)} represent the Laplace trans-
forms (assuming those exist) of control action u(-), error e(-) and feedforward control up(-),
respectively.

PI controllers are most common for speed control, whereas PID controllers are usually applied
for position control (see e.g. [51, 123, 143, 175]). A wide-spread implementation of PID position
control is depicted in Fig. 1.18. It has a cascaded structure, where the inner control loop is
governed by a PI speed controller fed by the output wy of a P position controller and a velocity
feedforward term wpp (see [51, 123]). This structure is similar to the un-cascaded PID position
controller (1.29) with position error e(s) = ¢ret(s) — ¢(s) as “input” (see e.g. [174, Section 6.3.2],

— 33 —



CHAPTER 1: INTRODUCTION

there shown for constant reference).

For high-precision motion control, PI speed controllers and PID position controllers are, in gen-
eral, not sufficient to assure the control objectives such as rise time, steady-state accuracy or
asymptotic disturbance rejection (see [143|). Since modern real-time systems include powerful
microprocessors, implementation of more sophisticated control is possible. Typically, in addi-
tion to the standard PI or PID controllers, disturbance observers and feedforward controllers
are implemented (see Fig. 1.18). The observers are used to estimate load torque my and fric-
tion deteriorating the control performance of the servo-system (see Fig. 1.18). The estimated
torque mo [Nm]—the output of the disturbance observer—should compensate for disturbances
(see [143]). The quality of the compensation depends on observer dynamics, accuracy of sys-
tem model (see [147]) and actuator dynamics (e.g. “slow” torque generation will corrupt the
compensation drastically, see [168]). In general, feedforward control supports feedback control
in the sense that available information of the environment (e.g. known disturbance or reference
changes) is used to feed the actuator directly. For example, if reference acceleration ¢y [rad/s?]
and a good estimate of motor (and/or load) inertia are known a priori, then acceleration feed-
forward mpp [Nm] is reasonable (see Fig. 1.18 and e.g. [51, 143, 175]).

In industry, stability analysis is mainly based on simplified linear or linearized models (see
e.g. [27, 51, 123, 143, 175]). Exceptions, also incorporating nonlinear friction characteristics
and backlash, are e.g. the articles [30-32| or in great detail the textbook [167]. Linear stability
analysis is performed in the frequency domain either for the open loop system—in terms of
gain and phase margin (see [166, Section 2.3]) or Nyquist-criterion (see [166, Section 2.1.1])—
or for the closed-loop system in terms of the poles of the transfer function (see [166, Section 2.2]).

Often—Ilacking a stability analysis at all—the PID controller parameters kp, k; and kp in (1.28)
(or (1.29)) are tuned by “trial and error” until the desired control performance is achieved. How-
ever, as will be shown below for the 1MS (1.24), (1.25), some care must be exercised when doing
so. Already for the low order 1MS position control problem, the integral gain k; must not ex-
ceed an upper bound (depending on the system parameters), otherwise the closed-loop system
is unstable. In the following, speed and position control of the linear 1MS are analyzed concern-
ing stability using the Routh-Hurwitz criterion (see e.g. [77, Theorem 3.4.71|) and concerning
asymptotic behavior using the final-value theorem (see e.g. [120, p. 20| or [58, p. 601]).

Linear analysis of the 2MS (1.26), (1.27) is neglected. Thorough discussions can be found
in [166, Sections 19.1-2] for speed control and in [174, Section 6.5] for position control, respec-
tively. Note that load position PID control of the linear 2MS is unstable for large derivative
gains. The upper bound on kp depends on system parameters ©1, 4, cs and dg.

1.5.1.1 Speed control of linear 1MS

Consider the 1MS (1.24), (1.25) with viscous friction and load torque. More precisely, assume
that the following holds:

(a1) no actuator disturbance in (1.24), i.e. us(t) = 0 for all ¢t > 0;

(a2) no actuator saturation, i.e. 44 — 00;
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(a3) no measurement errors, i.e. n,,(t) = 0 for all ¢ > 0;
(ag) no dynamic friction effects, i.e. §F = F2 = 0 (however viscous friction is considered);

(as) the initial values are zero, i.e. (¢(0),w(0)) = (0,0) for the 1IMS

Moreover, for ¢, Mz € R, only consider constant references, i.e.

Yret: Roo = R, 1= et (t) 1= Tret O—® Yret(5) = L {thes(t)} = y;ef, R(s) >0
and constant load torques, i.e.

mr: Rsg = R, t = mp(t) :=my o— mp(s) =L {mp(t)} = —, R(s) >0,
respectively (see e.g. Table A.3.2 in [77, p. 743] for the Laplace transforms). For load speed

control the system output becomes y(-) = w(+)/g,, hence ¢" = (1/g,, 0) in (1.25). Then, under
the assumptions (a;)—(as) the input-output behavior in the frequency domain is given by

y(s) = c' (s — A 'bu(s) +c' (s, — A) ' coly(Br)mp(s)
(1.24),(1.25)  ka 1 1 1
- gr@ s+ 1/1+g2/93 U(S) _gz 8] s+ l/1+g2/g% mL(S>' (130)
::Fluzisz)eed(s) ::Flrtlslyz’eyed(s)

Defining e(s) := yrer(s)—y(s) and applying a PI controller without feedforward control (i.e. (1.29)
with kp = 0 and up = 0) to (1.30) yields the closed-loop system

sheka 4 krka S5
yls) = v +5r/@2 ZTCZ kk Yeet () = vitva/ 3 kpk krk mi(s) (1.31)
s2+s(19“”+ ;@A>+gfr(§ 52+8<1@29T+ ;GA>+;A§
=FY peea(s) =t eca®)
which, in view of (1.25), is stable for
kp/g. >0 and kp/gr > 0. (1.32)

Furthermore in view of the final-value theorem (see e.g. [120, p. 20]), it holds that

. . e Uref : e, mr | (1.31) .
i o(0) = iy {5+ Pt (o) 2 bt iy { s Pt 70D 02 gy

t—o00

and so constant references yyer: R>9 — rer are tracked with zero steady-state error and constant
disturbances my: R>g — my are asymptotically rejected. Usually, the control objectives are
formulated in terms of maximum rise time, maximum overshoot and maximum settling time
(see Fig. 1.1). Then, since the vague system information in (1.25) does not permit analytic
tuning, the controller parameters kp and k; have to be found empirically e.g. by “trial and
error” or based on the Ziegler-Nichols method (see [120, Section 52.2.2|).
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1.5.1.2 Position control of linear 1MS

Now, under identical assumptions as in Section 1.5.1.1, load position control of the linear 1MS is
discussed. The output is given by y(-) = é(-)/g,, i.e. ¢" = (0, 1/g,) in (1.25) and the following
transfer function is obtained

y(s) = c'(sI,— A bu(s) +c'(sIy — A)'coly(Br)my(s)

ka 1
O S
= g ~ u(s) — & —~ mu(s). (1.33)
s <S + Vl"'g/gr) s (8 + V1+g2/gr>
::F{f;)yosition(s) = f?plé’sztion(s)

Using e(s) := yret(s) — y(s) and applying the PID controller (1.29) without feedforward control
(i.e. up = 0) to (1.33) yields the closed-loop system
& (s%kp + skp + ki)

3 o [ vitra/g? kpka kpka krka
$°+s < o T .o )tsS,e T .0

y(5> = yref<5)

~~
— . pYref Y
- l,l;o.;ition (S)

s 1
20
— I mr(s) (1.34)
3 o [ vitve/g? kpka kpka krka
s +s o +gr6 +Sgr@+gr®

—_.pmLY
_'Fl,po;ition(s)

which is stable (Liénard-Chipart criterion, see e.g. |77, Corollary 3.4.73]) for

k k k ko k (129 2 kpk
o0, 250, L >0 and L o< Akpkp < —P(”ﬁ”?/gr + 2 A). (1.35)
gr gr 9r gr gT@ gr S gT@

Moreover, since

llm y(t) — llm {S . Fyrefyy (S) i yref
5—0

00 1,position s

. mr | (1.34) .
+1lim<{s- F"BY  (g5). — 5 = ¢
} 550 l,posztwn( ) s Yref,

constant references are asymptotically tracked and constant disturbances are rejected. Note
that the last condition in (1.35) can be satisfied even if viscous friction is not known (recall
V1,2 > 0 in (1.25)), however the sign of gear ratio g, and bounds on actuator gain k4 and
inertia ©, respectively, must be known a priori to assure stability of the linear closed-loop
system (1.34).

1.5.2 Special control methods

Besides, the standard approaches presented above, there exist a variety of special control meth-
ods which are particularly of interest for certain applications or fields of research, e.g. H.,
control of hard disk drives (see [175]), sliding mode control for induction machines (see [149])
or load speed control of the 2MS either by full-state feedback (see [166, Section 19.3]) or by
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observer-state feedback (see [27]) to name a few.

H, control is well known for its robust performance (see e.g. [120, Chapter 40]). However, rough
knowledge on system and parameters is essential and the controllers—found by p-synthesis (see
e.g. [120, Chapter 42|)—have high order which usually implies model reduction to obtain a fea-
sible controller of lower order (see [175]). In addition, to meet the control objective (such as
maximum rise time, etc.), iterations in control design are often necessary making H,, design
time-consuming (see [175]).

The proposed sliding mode controller in [149] for position control of induction machines is robust
to parameter uncertainties and uses a variable bandwidth low pass filter to reduce chattering
(to avoid torque ripple). However, due to the bang-bang nature of the proposed controller, it
seems not adequate for e.g. position control of the 2MS where shaft oscillations are not to be
excited.

For the 2MS, if system and its parameters are known acceptably well, full-state feedback or
observer-state feedback yields a well damped system response (see e.g. [166, Section 19.3] for
speed control and [174, Section 6.6 for position control). Set-point tracking (of constant load
references) and disturbance rejection (of constant loads) is achieved. The closed-loop dynamics
may be prescribed by pole-placement (see [58, Section 13.3]) or Riccati-design (see [58, Sec-
tion 13.4] or, equivalently, [120, p. 48] for the design of linear quadratic regulator (LQR)).
Maximum rise time, maximum overshoot and maximum settling time can be assured easily (for
speed control see e.g. [166, Section 19.3] by pole placement or [70] by LQR design; for position
control see e.g. [174, Section 6.6]).

If full-state feedback or observer-state feedback is not feasible, e.g. load side measurements
are not available, and shaft oscillations must be suppressed, notch filters to compensate for
the elasticity (see [175]) or vibrational suppression control (see [143]) can be used. However,
both approaches rely on good knowledge of the 2MS parameters and, in particular, on ezact
knowledge of eigenfrequency wi¥ = /(01 + 0,/g?) ¢s/(0102) [*¢] and damping D*M9 =
wiMSdg/(2cs) (see [71]), respectively.

1.5.3 Friction identification and compensation

Friction imposes the most severe difficulty for position and speed control. The major problem is
to suppress stick-slip in high-precision positioning tasks. There exist three standard approaches
to avoid stick-slip (if e.g. disturbance observers are not enough):

e the use of high gain in the feedback (e.g. high-gain PD controllers) to achieve “stiff servo-
systems” (see e.g. [10, 39, 50]). For this approach noise sensitivity must be taken into

account during implementation.

e the use of dither signals added to control action. Depending on application this approach
may not be admissible, since mass or inertia never comes to rest (see e.g. [147]) and

e the use of friction compensation methods (see e.g. [28]).
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Ideally friction compensation comprises perfect friction identification and, by adequate feed-
forward control, perfect compensation of real friction. Friction identification implies good
knowledge of the friction characteristic, the choice of an adequate friction model and precise
identification /estimation of the model parameters (on- or offline). Similar to disturbance ob-
servation and compensation (see above), the quality of friction compensation severely depends
on small time delays in the actuator (see e.g. [147, 168]). For a detailed discussion of friction
compensation methods see the survey article [28] and the references therein. In the majority
of cases, friction compensation is model-based and hence model sensitive (see [147]). Friction
model identification is non-trivial, since e.g. recursive least square methods do not work for the
LuGre friction model. The dependence on the model parameter is not linear (see e.g. [45, 182]).
The LuGre friction model was successfully identified using e.g. particle swarm optimization
(see [182]) or genetic algorithms (see [45]). However, friction identification is time-consuming
and requires high-resolution instrumentation (see [147]). Depending on the desired accuracy,
identification may take 10-100 hours. In particular, stiction level ug and Stribeck velocity wg
are hard to identify (see [3, p. 44-45]). Furthermore, sensors with (very) high resolution must
be installed to allow for precise friction identification and model verification. Required resolu-
tions are approximately < 1077 [m] and < 10™* [m/s] for position and velocity measurement,
respectively (see e.g. [145, p. 73| for LuGre model identification at a translational setup). There
also exist model independent friction compensation methods (see e.g. [159]) using sliding-mode
controllers. Here the friction is considered as polynomially bounded disturbance, but still an
upper bound on stiction level must be known for controller design.

For speed control, often static friction models are sufficient for adequate friction compensa-
tion (see e.g. [161, Section 7.3]). Then an “intelligent observer™—i.e. a Luenberger observers
with static neuronal network (e.g. general regression neuronal network (GRNN))—is reason-
able. It allows for online identification of e.g. the nonlinear (but static) friction model (1.17).
The estimated friction torque (or force) is used for friction compensation by feedforward control
(see e.g. [168] or in great detail [167, Chapter 5]).

1.6 Problem formulation

The available motion control concepts in industry (see previous section) work acceptably well.
However,

e controller design mainly relies on good system and parameter knowledge (involving system
identification or parameter estimation),

e often disturbance observers and /or friction compensation methods are necessary to achieve
satisfactory disturbance rejection (increasing controller complexity and implementation
effort) and

e controller tuning might be tedious (several tuning iterations are likely to attain desired
control performance).

The present work aims at introducing adaptive A-tracking control and funnel control as simple,
robust and easy to tune/implement alternatives to the available motion control concepts in
industry.
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1.6.1 High-gain adaptive motion control problem

High-gain adaptive controllers are to be developed which are applicable for motion control
of industrial servo-systems and, ideally, allow to include motion control objectives (mco;)-—
(mcoy) into controller design. The high-gain adaptive motion control problem is divided into
the following two subproblems:

e the high-gain adaptive speed control problem, i.e. to find high-gain adaptive (speed) con-
trollers for 1MS (1.24), (1.25) with instrumentation configuration (1MS-ic;) and for
2MS (1.26), (1.27) with instrumentation configuration (2MS-ic;)(c) and

e the high-gain adaptive position control problem, i.e. to find high-gain adaptive (position)
controllers for 1IMS (1.24), (1.25) with instrumentation configuration (1MS-icy) and for
2MS (1.26), (1.27) with instrumentation configuration (2MS-ics)(c).

For the 2MS, to allow for adequate damping of shaft oscillations, only the instrumentation
configurations (2MS-ic;)(c) and (2MS-icy)(c) are considered (see Section 1.4.6.2).

To assure feasibility of motion control objectives (mco;)—(mcoy), the high-gain adaptive motion
control problem is formulated under the following modeling assumptions (ma):

(may) real-time execution is in “quasi-continuous time”, i.e. the sampling time is small compared
to the dynamics of the servo-system:;

(mag) instrumentation has sufficiently high resolution and noise has sufficiently small ampli-
tude. More precisely, measurement errors are small compared to the prescribed (asymp-
totic) accuracy, i.e. ||[nmlleo K A;

(mag) friction behavior of the servo-system is covered by the simplified LuGre model (1.22);

(may) actuation is sufficiently fast and sufficiently dimensioned, i.e. (i) the simplified actuator
model (1.9) is justified and (ii) for Mg,, Mz,, ka, ua(-), mp(-), g- and © (or ©; and
©5) as in (1.25) (or (1.27)) and dyer(-)/gr € L2(R50; R) (or woyrer(-) € L>(R50;R)) the
following holds

. Mg, Mg, |mps . CIAWE
iy >>max{ 5 M, lmel , kalltallos, ©|lcret||so (or (@1+—j) ||w2,ref||oo)};
lgel " lgel T gr] gz

(mas) the models (1.24), (1.25) and (1.26), (1.27) of 1MS and 2MS are sufficiently accurate,
i.e. un-modeled dynamics are negligible within the specified operation bandwidth.

Furthermore, in view of industrial application and implementation, the developed controllers
should have the following properties

(cp1) simple and robust: (i) the controllers have low order and non-complex structure, (ii)
parameter uncertainties do not endanger controller applicability and fulfillment of control
objectives (mcoj)—(mcoy), (iii) disturbances (e.g. friction and loads) are rejected and (iv)
actuator deviation, feedforward control and measurement noise are tolerated;
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(cp2) easy to implement (industrial applicability): (i) time-consuming system or friction identi-
fication /estimation is not required, i.e. the necessary a priori system knowledge is limited
to the qualitative information given in (1.25) or (1.27) and (ii) default building blocks
(e.g. for function generation, multiplication, summation, integration, saturation, etc.) of
process automation software are sufficient for controller implementation;

(cp3) easy to tune: the controller parameters have distinct and easily to understand influence
on the control performance of the closed-loop system.

1.6.2 Generalized high-gain adaptive control problem

The models of IMS (1.24), (1.25) and 2MS (1.26), (1.27) are quite similar, which motivates
for a generalization of the problem formulation to a wider class of systems. In the following
two system classes—class &7 and class Ss—are introduced which subsume “minimum-phase”
single-input single-output (SISO) systems with known sign of the high-frequency gain, relative
degree one (i.e. class S1) or two (i.e. class Sy) and unknown but bounded disturbances and
functional, state-dependent perturbations. The exact definitions of class S; and class Ss follow

in Section 1.6.2.2. The notions of relative degree, minimum-phase and high-frequency gain are
defined in Chapter 2 (for LTI SISO systems).

The generalized high-gain adaptive control problem is now to find high-gain adaptive controllers
for system class §; and for system class Ss, respectively, which assure achievement of certain
generalized control objectives (to be specified in Section 1.6.2.3).

1.6.2.1 Operator class

First, a precise notion of the admissible functional perturbation is required, therefore introduce:

Definition 1.5 (Operator class 7).
An operator ¥ is element of class T if, and only if, for some h > 0 and n,m € N, the following
operator properties hold:

(op1) T: C([—h,0);R™) — L®

loc

(Rxo; R™);
(opa) for every 6 > 0, there exists A > 0, such that, for all {(-) € C([—h,00); R"™):

sup )||C(t)|| <o = (ZO®I <A for a.a. t >0,

te[—h,00

(ops) for allt > 0, the following hold:
(a) fOT‘ all C()v E() € C([_hv OO); Rn)
C(-) =&() on[=h,1] = (TQ)(s) = (TE)(s) fora.a se][0,1]

(b) for all B(:) € C([—h,t];R™) there exist T,d,co > 0, such that, for all {(-), &(-) €
C([~h,00),R") with {|-ny = B = &linyg and ¢(s),&(s) € BY(B(t)) for all s €

[t,t+ 7]
ess-sup [[(TC)(5) — (TE)(s)| < co sup [€(s) — &(5)]]

SE[t,t+7] SE[t,t+7]
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The constant h > 0 quantifies the “memory” of an operator ¥ € T. The operator itself maps
the space of continuous functions into the space of measurable, locally essentially bounded
functions (see Property (op1)). For any bounded input the operator mapping remains also
bounded yielding a kind of “bounded-input bounded-output” property (see Property (ops)).
The mapping only depends on actual and previous inputs and therefore fulfills an assumption
of causality (see Property (ops)(a)). Property (ops)(b) gives a “locally Lipschitz” like condi-
tion, which represents a technical assumption to assure that an appropriate existence theory
(see e.g. |99, Theorem 5| or [157, Theorem 7]) is applicable for the analysis of (closed-loop)
systems described by functional differential equations.

As will be shown in Chapter 5, the operator class 7 covers nonlinear dynamic friction, i.e. LuGre
friction operator £ as in (1.21) and simplified LuGre friction operator § as in (1.22) are both
element of class 7. Besides nonlinear friction, class 7 encompasses e.g. relay, backlash, elasto-
plastic & Preisach hysteresis, nonlinear delay systems and infinite-dimensional regular linear
systems (see [157, Sec. 2.1] and [158, Sec. 2.1]). In Appendix B two simple operators of class
T are presented.

1.6.2.2 System classes

Now being equipped with operator class T, the system classes §; and S; may be defined.

Definition 1.6 (System class Sy).
Let n,m € N, h > 0, (A,b,c) € R"™" x R" x R" and Bx € R™™. A system, given by the
functional differential equation

o(t) = Az(t) + b(u(t) + ua(t)) + B ((Tx)(t) + d(t)) } (1.36)
y(t) = cal(t). 2| = 2°() € C([~h,0]; R") |
with disturbances uq: [—h,00) — R and d: [—h,00) — R™, operator T: C([—h,c0); R") —

L>(Rs0; R™), control input u: R>og — R and regulated output y(-), is of Class Sy if, and only
if, the following hold:

(S1-sp1) the relative degree is one and the sign of the high-frequency gain is known, i.e.
Y :=c'b#0 and sign(vo) known;

(S1-sp2) the unperturbed system is minimum-phase, i.e.

Vs € Cso: det [SI"C; 4 8] £ 0;

(S1-sp3) the operator is element of class T and globally bounded, i.e.
TeT and Mz :=sup{|(TE@)| |t >0, &(-) € C([—h,0),R™)} < o0;

(S1-spy) the disturbances are bounded, i.e.

ua(-) € L2([=h,00);R) and d(-) € L=([=h,00); R™);
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(S1-sps) feedback of the regulated output is admissible, i.e. y(+) is available for feedback.

Note that, in “real world”, the regulated output (i.e. the variable to be controlled) usually differs
from the measured output(s) (i.e. the variable(s) available for feedback; recall torque control in
Fig. 1.6 or see [77, pp. 74,75]). Condition (S;-sps) assures that measured output and regulated
output coincide. It is motivated by a practical point of view and is essential for implementation.

Definition 1.7 (System class Sy).

Let nym € N, h > 0, (A,b,¢) € R x R" x R" and Bz € R"™™. A system of form (1.36)
with disturbances uq: [—h,00) — R and d: [—h,00) — R™, operator T: C([—h,o0);R") —
L>(Rs0; R™), control input u: Rsg — R and regulated output y(-), is of Class Sy if, and only
if, the following hold:

(Sa-sp1) the relative degree is two and the sign of the high-frequency gain is known, i.e.

c'b=0, ¢'Bz=0], ~:=c ' Ab#0 and sign(yo) known;

So-8p2) the unperturbed system is minimum-phase (see (Si-sp2));

So-sps) the operator is of class T and globally bounded (see (Si-sps));

So-spy) the disturbances are bounded (see (Si-spy));

Sa-sps) feedback of the regulated output and its derivative is admissible, i.e. y(-) and §(-) are
available for feedback.

( )
( )
( )
( )

The system classes are quite similar and only differ in “system properties” (sp;) and (sps).
Actuator saturation as in (1.24) or (1.26) is neglected in Definition 1.6 and 1.7. Constrained
control actions are considered in controller design, e.g. the proposed funnel controllers in Chap-
ter 4 allow for input saturation. In Chapter 5 it will be shown that the high-gain adaptive speed
control problem and the high-gain adaptive position control problem are subproblems of finding
adequate high-gain adaptive controllers for system class §; and system class Ss, respectively.
For speed control output feedback is sufficient, whereas position control additionally requires
derivative feedback. Input disturbance uy(-) in (1.36) may incorporate bounded actuator de-
viations and/or feedforward commands, whereas disturbance d(-) and functional perturbation
(Tx)(+) in (1.36) may account for load torques and nonlinear but bounded friction effects, re-
spectively.

1.6.2.3 Control objectives

For any admissible pair (yeef(-), ©) of reference y,ef(-) and system &, i.e.
(Yoet (), &) € WH(R20;R), S1)  or (et (1), &) € W™ (R20i R), Sn),

the high-gain adaptive controllers must accomplish (at least the first two of) the following
(generalized) control objectives (co):

(co1) boundedness of system states and control input, i.e.

() € L2(R5p; R™) and u(:) € LZ(R>p; R);
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(coq) tracking with prescribed asymptotic accuracy: for prescribed accuracy A > 0 (arbitrary
small) the tracking error (1.1) approaches the interval [—\, A] asymptotically, i.e.

VA >0: }Hilodlst (le()],[0,A]) = 0;

(cos) tracking with prescribed transient accuracy: the absolute value of the tracking error (1.1)
is bounded by any prescribed positive (absolutely) continuous function of time, if the
initial error is enclosed, i.e.

YA > 0VY(-) € WH(Raoi [A, 00)) V [e(0)] < ¢(0) V¢ > 0: le(t)] < ¥(t).

1.6.2.4 Admissible reference signals

The admissible reference signals it : R>g — R emanate from the function space W**°(Rx¢; R)
(subspace of the Sobolev space, see e.g. [6, p. 194]) of locally absolutely continuous func-
tions with essentially bounded derivatives up to some order £ € N equipped with the norm
|Yret|[k,00 1= Zf:o Hyfé)fﬂoo Note that, yeef(-) € WF®(Rso; R) implies that yef(-) is k-times
weakly differentiable (i.e. continuously differentiable almost everywhere) and ¢ (-)*~! is (abso-
lutely) continuous. This space covers most of the usually employed reference signals in industry
with one important exception: a reference step at some time ¢y > 0 [s], i.e.

z;refu t2t0>0

1.37
0, t <t ( )

Yref - RZO — R, yref(t) = {

where of # 0 is its magnitude. Reference steps as in (1.37) (or point-to-point movements,
in general) imply sudden, discontinuous changes in the tracking error (1.1) which endangers
fulfillment of e.g. motion control objective (mcoy). Hence reference steps of form (1.37) are
not admissible and should either be smoothed (e.g. low pass filtered) or approximated by a
saturated ramp, given by

Yret: R>p = R, t = Ypet(t) := Satg'ef <oz(t — t0)>,

where satg““(-) is as in (N.4) and a # 0 represents the slope of the ramp. Note that initial refer-
ence steps as in (1.2) (i.e. o = 0 in (1.37)) are subsumed by the function space W5 (R>; R).
For system class S; and system class Sy the corresponding reference y,.¢(-) must (at least) be
element of W (Rsg; R) and W?>(Rsg; R), respectively.

Examples of admissible references for class S; and for class Sy are depicted in Fig. 1.19. These
exemplary references will qualitatively re-appear throughout this thesis. They challenge the
closed-loop system with constant values (initial reference step) and (smoothed) ramp-like sig-
nals. Simple speed or position tracking tasks in industry usually employ such “reference trajec-
tories” (see e.g. [66]) comprising initial set-point for production start (see 0 — 2 [s] in Fig. 1.19),
acceleration to production speed or position (see 2 — 3 [s] in Fig. 1.19), production phase (see
3 — 5 [s] in Fig. 1.19) and deceleration to standstill (see 5 — 7 [s] and 7 — 8 [s] in Fig. 1.19).
Physical constraints (see Section 1.4) limit maximal acceleration and maximal speed, respec-
tively. Hence, in particular for tracking problems, reference generation must account for these
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REFERENCE & DERIVATIVE
REFERENCE & DERIVATIVES

TIME ¢ [5] TIME ¢ 5]
(a) admissible reference for class S1: —— yret(-) and (b) admissible reference for class Sy: —— yret(-),
T yref(') (Ze yref(') € WLOO(RZO;R)) -t yref(') and =-=-: yref(')/lo (28 yref(') €

W2 (Rs0; R))

Figure 1.19: Ezamples of admissible reference signals for system class 81 and Sz, respectively.

limitations by providing smooth or (at least) continuous reference signals with bounded deriva-
tives.

Remark 1.8 (Reference trajectory generation).

Reference generation and, in general, path planing are non-trivial tasks but essential in motion
control (see e.g. [143] or in greater detail [17/, Chapter 5]). For this thesis it is assumed that
Yret (1) € W (R50; R) (or W3 (Rs0; R) ) is a reasonable and admissible reference specified by
the human operator (via human-machine interface) or provided by an “intelligent” path planing
algorithm avoiding collision with obstacles (using e.g. potential fields, gradient descent methods
or trajectory planning and polynomial interpolation, see [17/, Chapter 5]).

1.6.2.5 Output disturbances due to measurement errors

Output disturbances are neglected in Definition 1.6 and in Definition 1.7. Such disturbances
may be considered as being incorporated into the reference (yielding a deteriorated reference
signal). More precisely, if output y(-) in (1.36) is corrupted by measurement errors (e.g. mea-
surement noise, see Section 1.4.4) subsumed in n,,(-) € W**(Rxg, R), then the tracking er-
ror (1.1) becomes

V=0 e(t) = pret(t) — y(t) — nm(t) = (yref(t) - nm(t)> —y(t) (1.38)

and similarly its derivative. Output disturbance n,,(-) cannot be distinguished from reference
Yref(+) and hence cannot be compensated for by a controller with output feedback. The actual
tracking error y,.¢(-) — y(+) may evolve outside the prescribed region. Therefore, for perturbed
tracking errors as in (1.38), the control objectives (cos) and (coz) should be relaxed to

(Coz) VA > 0: limy oo dist (le(?)], [0, A + || ]|oo]) =0 and

(Cog) Vi > 0: le(t)] < () + [I72m oo,
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respectively. Note that, in view of modeling assumption (mas), the measurement errors are
small compared to the prescribed asymptotic accuracy, i.e. ||, [ < A. Moreover, if |[nm,||o
is known a priori, then substituting A := A — |72 |00 for A in (coq) and w( ) =) = |Inmlloo
for ¢(-) in (cos) assures fulfillment of the primary control objectives, respectively.

1.7 Contributions of this thesis

The high-gain adaptive speed control problem was solved in [169] for 1IMS and 2MS. How-
ever, some issues were not covered, e.g. actuator saturation, gear and motor side friction were
neglected. Moreover, dynamic friction effects were solely touched, explicit dynamic friction
modeling was not addressed. These issues are covered in the present work and extensions for
funnel control such as gain scaling (see [101]) and asymmetric boundary design (see [121]) are
considered. The extensions provide more degrees of freedom in controller design and may help
to improve tracking performance. Furthermore, high-gain adaptive controllers are proposed
which solve the high-gain adaptive position control problem for IMS and 2MS. These high-gain
adaptive position controllers with output and derivative feedback (i.e. feedback of position and
speed) are simple, robust and easy to implement.

The high-gain adaptive (motion) controllers are developed, in a general framework, for systems
of class §; and for systems of class Sy (see Definitions 1.6 and 1.7, respectively) to solve the
generalized high-gain adaptive control problem. The developments are presented in a structured,
detailed and self-contained manner to improve readability and ease insight, in particular, for
newcomers to high-gain adaptive control: At first “classical” high-gain adaptive control is mo-
tivated and introduced for LTI SISO systems with relative degree one and then extended to
LTI SISO systems with relative degree two (see Chapter 2). Then adaptive A-tracking control
and funnel control are introduced and discussed for systems of class S; and class Sy (see Chap-
ters 3 & 4). In Chapter 5 it is shown that, depending on application, 1IMS (1.24), (1.25) and
2MS (1.26), (1.27) are or can be rendered element of system classes &) and S;. Hence high-gain
adaptive motion control is theoretically admissible. That the proposed controllers are indeed
applicable in “real world” is shown at the end of Sections 5.2.2 and 5.2.3 by implementation and
experimental validation at the laboratory setup of the Institute for Electrical Drive Systems
and Power Electronics. Measurement results are presented for high-gain adaptive speed and
position control of IMS and 2MS. Finally, a first result in robotics is established which allows
for application of funnel control (with derivative feedback) for position control of rigid revolute
joint robotic manipulators if the inertia matrix is known.

This thesis arose from and is based on several publications: most of the results for funnel con-
trol with and without extensions (e.g. gain scaling, proportional-integral internal model) for
speed control of IMS and 2MS were already published in [67, 70, 71, 96, 169|. First results
for high-gain adaptive position control of 1MS and 2MS (with proportional-integral internal
model) have been accepted for publication in “International Journal of Control” (see [65]).

Most of the theoretical results for “classical” high-gain adaptive control, adaptive A-tracking
control and funnel control for systems with relative degree one or two are based on or taken from
the monograph [86], the contributions [34, 99, 101, 103, 190] and the joint work [72]. Funnel
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control with saturation was introduced in [82] and [83] for LTT multiple-input multiple-output
(MIMO) and nonlinear SISO systems with relative degree one, respectively. Funnel control
with derivative feedback and saturation for nonlinear SISO systems with relative degree two
has been submitted for publication in “STAM Journal on Control and Optimization” (see the
joint work [72]).

Main theoretical contributions of this thesis are:

the detailed modeling of industrial servo-systems (based on a literature research, see
Section 1.4, p.12ff.) leading to the models of 1IMS (1.24), (1.25) and 2MS (1.26), (1.27)
with gear, actuator saturation and deviation, load disturbance and dynamic friction on
motor and load side;

Theorem 2.36: high-gain adaptive control with derivative feedback for minimum-phase
LTI SISO systems with relative degree two and known sign of the high-frequency gain
(see p. 79 1t.);

Theorem 3.13: adaptive A-tracking control with derivative feedback for systems of class
Sy (see p. 114 1L.);

Theorem 4.13 and Theorem 4.15 (based on Theorem 2.1 and Theorem 3.3 in 72|, resp.):
funnel control with derivative feedback and funnel control with derivative feedback &
saturation for systems of class Sy, respectively (see p. 156 ff. and p. 165 ff.);

Lemma 5.3: the LuGre friction operator £yo as in (1.21) is element of operator class T
(see p. 1791f.);

a solution to the high-gain adaptive position control problem for 1MS and 2MS, respec-
tively (see Section 5.2.3, p.202ff.) and

Theorem 5.18: (MIMO) funnel control with derivative feedback for position control of
rigid revolute joint robotic manipulators (see p.227ff.).

Main experimental contributions of this thesis are:

the comparative measurements for the relative degree one case, i.e. application of adaptive
A-tracking control and funnel control with output feedback for speed control of 1IMS and
2MS (see Section 5.2.2.3, p. 193 ff.) and

the comparative measurements for the relative degree two case, i.e. application of adaptive
A-tracking control and funnel control with derivative feedback for position control of 1MS
and 2MS (see Section 5.2.3.3, p. 2151f.).
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Chapter 2

High-gain adaptive control

This chapter presents the basic idea(s) of “classical” high-gain adaptive control for linear time-
invariant (LTT) single-input single-output (SISO) systems. In Section 2.1 the notions of relative
degree, high-frequency gain and minimum-phase property are defined and a “decoupled system
description”—the so called Byrnes-Isidori form (BIF)—is presented which is helpful in many
proofs. After motivating for high-gain (adaptive) control by the root locus method (see Sec-
tion 2.2) and presenting a brief historical overview (see Section 2.3.1), in Section 2.3.3 and in
Section 2.3.4, high-gain adaptive control is discussed for minimum-phase LTI SISO systems
with relative degree one and with relative degree two, respectively. Section 2.4 briefly revis-
its the notion of high-gain adaptive tracking. Here a so called internal model is connected in
series to a high-gain adaptive controller to allow for asymptotic tracking of a reference signal
generated by a known linear (homogeneous) differential equation.

2.1 Linear time-invariant single-input single-output systems

There exist two common system descriptions for LTI SISO systems either in state space or
in frequency (Laplace) domain. To introduce the state space representation, let n € N and
t > 0 [s] and consider the n-th dimensional LTI SISO system, with input u(f) € R, output
y(t) € R and state variable

vVt >0: x(t) = (x1(t),...,2,(0))" € R",

given by the ordinary differential equation (ODE)

y(t) = CTw(t) + dU(t) (A7 b7 c, d) ER™ xR* x R" x R (21)

x(t) = Ax(t)+bu(t), neN, z(0) =z e R, }
where A, b, ¢, d represent system matrix, input and output (coupling) vector and (direct)
feedthrough, respectively. The initial-value of the ODE (2.1) is given by x(0) = x°. A system
of form (2.1) with u(-) = 0 is asymptotically (or, equivalently, exponentially) stable if, and
only if, spec(A) C Cg (see |77, Theorem 3.3.20]). If spec(A) C Cy and u(-) € LP(R>q; R),
p € [1,00], then a system of form (2.1) is input-output stable or £P-stable (see |77, p. 132]).

Alternatively, to introduce the system representation in frequency domain, define the coprime
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polynomials with real coefficients

N(s) = co+as+ - +enas™ +ens™ R[] p meN n>m, (2.2)
D(s) == ag+a1s+ - +a, 15"+ 5" € R[s] "o 70 .
and consider the transfer function
N
F(s) = yts) = (s) N, D € R]s], coprime and as in (2.2) (2.3)

u(s)  D(s)’

from input u(s) = Z{u(t)} to output y(s) = Z{y(t)} (assuming the Laplace transforms
exist). Transfer function (2.3) is said to be proper or strictly proper if m < n or m < n,
respectively. For n = m = 0 the transfer function (2.3) simplifies to F'(s) = ¢o. N(s) and D(s)
represent numerator and denominator polynomial of transfer function (2.3), respectively. Some
z € C is called (transmission) zero of (2.3) if N(z) = 0 (i.e. a root of the numerator) whereas
some p € C is called pole of (2.3) if D(p) =0 (i.e. a root of the denominator). A polynomial is
called Hurwitz polynomial (or simply Hurwitz) if all its roots have negative real part. A LTI
SISO system of form (2.3) is exponentially (or, equivalently, asymptotically) stable if, and only
if, the denominator D is a Hurwitz polynomial.

A state space representation (2.1) with x° = 0,, is called realization of (2.3), if
F(s)=c'(sI,—A)"'b+d, n €N, (A b,c,d) € R™" x R" x R” x R, (2.4)

Note that n in (2.1) and (2.2) must not necessarily equal. A realization is said to be a minimal
realization, if there is no other realization with smaller dimension. (2.1) is a minimal realization
of (2.3) if, and only if, (A, b) is controllable and (A, ¢) is observable (see [24, Corollary 12.9.15]).
The direct feedthrough in (2.4) is uniquely determined by d = lim,_,« F'(s) (see [24, p. 799]).
Moreover, any strictly proper transfer function has a minimal realization (see |24, Proposi-
tion 12.9.3]). Transfer function (2.4) represents the Laplace transform of the impulse response
of (2.1) for ° = 0,, (see |24, pp. 797, 799]). Alternatively, the transfer function (2.4) may be
computed as follows (see [24, pp. 799, 832|)

dot [sIn—A b}

N c' —d “ . cTA"D
F(s)=c"(sI,— A 'b+d= =d - - 2.5
(s)=c'(s )b+ i, —A) +; S (2.5)

where, in the last term of (2.5), d and ¢" A*"'b for i > 1 are called Markov parameters (see [24,
p. 799]). For arbitrary ° # 0,,, one may write

y(s)=c'(sI, — A)'x’ + (cT(s I,-A) b+ d) u(s).

2.1.1 Relative degree

The term “relative degree” for nonlinear (or linear) systems in state space was coined by Christo-
pher I. Byrnes (1949-2010) and Alberto Isidori (1942— ) (see [36]), whereas the relative degree
of transfer functions is also known as pole excess (see [16, p. 93|) or difference degree/order
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(dt. Differenzordnung, see [58, Section 13.5.1]). The relative degree is an essential ingredient of
several adaptive and nonlinear control concepts, e.g. it must be known for high-gain adaptive
control (see e.g. [85]), for model reference adaptive control (see e.g. [138, p. 183-184]) or for
exact input/output linearization of nonlinear SISO systems (see e.g. [107, Section 4.2]).

The following definition of the relative degree of LTI SISO systems slightly differs from that
given in [107, Remark 4.1.2], also the case of relative degree zero is considered.

Definition 2.1 (Relative degree of LTI SISO systems).
(i) A system of form (2.1) is said to have relative degree v > 1 if, and only if, the following
conditions hold:

d=0, Vie{l,....,r—2}: c'Ab=0 and c'A'b#£0. (2.6)

System (2.1) is said to have relative degree r = 0 if, and only if, d # 0 in (2.1).
(i1) A transfer function of form (2.3) is said to have relative degree r = n —m.

Loosely speaking, the relative degree indicates which time derivative of the system output y(-)
is directly affected by the control input u(-) and hence how “fast” y(-) is influenced by w(-). The
integer r specifies the number of integrators which at least have to “be passed” from input to
output. As a consequence, the relative degree cannot exceed the system order, i.e. r < n. For
systems with feedthrough (i.e. d # 0) the control input directly acts on the system output.

For LTT SISO systems of form (2.1) the relative degree is globally defined, i.e. it holds for any
x* € R", whereas e.g. for control-affine nonlinear SISO systems of the form

e(t) = f(=(t) + g(z(t)u(t),  =(0)=a"€R" (2.7)

with (smooth) functions f,g: R" — R", it may change over R" or may even be undefined for
some x* € R™ (see [107, p. 137 and Example 4.1.1]).

Note that the relative degree of a transfer function (2.3) and its realization (2.1) are related.

Lemma 2.2. Denote the relative degree of (2.1) and (2.3) by rss > 0 and rpp > 0, respectively.
If (2.1) is a realization of (2.3), then rss = rop.

Proof. Since (2.1) is a realization of (2.3), (2.4) and (2.5) hold. In view of (2.5) and Defini-
tion 2.1, the following holds

V1> max{l,rss}: degs' —deg(ds'+c'bs"™'+ - +c"A7'D) = rgs. (2.8)
Hence
rgs (28)(25) deg (det(sIn — A)) — deg (det {SI"C; A _bd])
(25423 deg(D) —deg(N) =n—m = rpp,
which completes the proof. ]

— 49 —



CHAPTER 2: HIGH-GAIN ADAPTIVE CONTROL

The relative degree is invariant to coordinate changes.

Proposition 2.3. Consider a system of form (2.1) with relative degree r where 0 < r < n.
The coordinate transformation

T: R" — R", x+— x:=Tx, where T € GL,(R) (2.9)

applied to system (2.1) yields the following system in new coordinates

z(t) = TAT ' &(t)+ T, u(t), z(0) = Tx"
= = (2.10)
y(t) = ' T 'x(t)+dult)

Denote the relative degree of the transformed system (2.10) by 7, then 7 = r.

Proof. In view of (2.9) the inverse T~ € R™" exists and a straightforward calculation gives
system (2.10) in new coordinates. First consider the case d # 0 in (2.1), then r = 0 by
Definition 2.4. Moreover, in view of (2.10), 7 =0 =r.

Next consider the case d = 0 in (2.1), then 1 <7 < n and note that the following holds

VieN: & Ab=c' T (TAT ). (TAT \)Tb=c'A'b. (2.11)

.

i—t;r;es
Hence, A T b=cTA D # 0 and &"A'b = cTA'b = 0 for all i € {1,...,r — 2}, which in
view of Definition 2.1 yields » = 7. This completes the proof. [l

2.1.2 High-frequency gain

For control system design, it is crucial to determine the “direction of influence” of control action
u(-) on system output y(-). The sign of the high-frequency or instantaneous gain' (see [15,
p. 236]) indicates this influence. That is why the high-frequency gain is sometimes also called
control direction (see [150, p. 261,262|). It is defined as follows.

Definition 2.4 (High-frequency gain of LTI SISO systems).
(i) For a system given by (2.1) with relative degree r, the high-frequency gain -y, is defined by

o = {d e (2.12)

c"A" b A <r<n.

(ii) For a transfer function of form (2.3) with relative degree 0 < r < n, the high-frequency
gain v s defined by

Yo := lim s"F(s) (2.13)

5—00

'Nowadays it is common to use the notion “high-frequency gain” for both system descriptions in time (state
space) or in frequency (transfer function) domain. Formerly, “high-frequency gain” denoted the “leading coeffi-
cient of the numerator of the transfer function whereas “instantaneous gain” was equivalently used in the time
domain (see [37]).
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Note that for F(s) as in (2.3) the high-frequency gain is given by ~o = ¢,,. In general, the high-
frequency gain 7y, corresponds to “the first non-vanishing coefficient of the impulse response”
(see [15, p. 334]) and is not to be confused with the steady-state gain (see |24, p. 799])
Voo 1= lim F(s) () Q0 2D T A1 d,
s—0 CLD
which (for stable LTI SISO systems) quantifies amplification of the control input in steady-
state, i.e. limy_o0 Y(t) = Yoo limy—yoo u(t) (if limy_,oo u(t) exists).

Akin to the relative degree, also the high-frequency gain of a transfer function (2.3) and its
realization (2.1) are linked.

Lemma 2.5. Denote the high-frequency gain of (2.1) and (2.3) by v5° and vI'F, respectively.
If (2.1) is a realization of (2.3), then v5° = ~IF.

Proof. From Lemma 2.2 it follows that realization (2.1) and transfer function (2.3) have identical
relative degree r. Consider the case r = 0. Then by Definition 2.4 and uniqueness of d =
lim, o0 F(s) (see [24, p. 799]) it follows that 75° = d = lim, . F(s) = ¢ = WF. Now
consider the case r > 1, then the following holds

e TAi—lb
W& = ¢, = lim s"F(s) ) Jim (sr Z C—)

§—00 s§—00 — st
o T pi-1
(2.6) .. c A7'b T pAr—1 sS
="1 " —— | =c A" = )
lim (s Z S > c b=,
This completes the proof. O

Moreover, also the high-frequency gain is invariant to similarity transformations.

Corollary 2.6. Consider a system of form (2.1) with high-frequency gain ~vy. A coordinate
transformation as in (2.9) applied to (2.1) does not change the high-frequency gain, i.e. the
high-frequency gain Yo of the transformed system (2.10) equals ~o.

Proof. Applying (2.9) to (2.1) yields (2.10). Denote the high-frequency gain of (2.10) and (2.1)
by 7o and 7o, respectively. First consider the case d # 0. Then r = 0 and, in view of (2.10)
and Definition 2.4, v = 7 = d. Next consider the case d = 0, hence 1 < r <n and, in view of

Definition 2.4, 7o = ¢" A""'b and v, = ~TAT_ll;, respectively. Invoking (2.11) yields vy = 7o.
This completes the proof. O

2.1.3 Minimum-phase systems

For this thesis the definition of minimum-phase LTT systems is adopted from [86, p. 10]. Solely,
the SISO case is considered.

Definition 2.7 (Minimum-phase LTI SISO system).
(i) A system of form (2.1) is said to be minimum-phase if, and only if, the following holds

dot {sIn —A b

Vs e Czo: CT —d:| 7£ 0. (214)
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(11) A transfer function of form (2.3) is said to be minimum-phase if, and only if, the following
holds

Vs e Csp: N(s)=co+c18+ -+ Cp18™ t+cps™ # 0. (2.15)

Note that in contrast to many (engineering) textbooks on linear control theory (see e.g. [124,
p. 294] or [58, p. 194]), minimum-phase systems of form (2.3) (or (2.1))—according to Defini-
tion 2.7—are not required to have poles (or eigenvalues) with negative real parts and a positive
high-frequency gain. Definition 2.7 allows for minimum-phase systems which are unstable and
have high-frequency gains of arbitrary sign.

In view of Definition 2.7, a realization (2.1) of (2.3) is minimum-phase, if it is stabilizable and
detectable and the transfer function (2.3) has only zeros in left complex half-plane (see [86,
p. 10]). This characterization written more formally gives:

Proposition 2.8. [86, Proposition 2.1.2]
Let (2.1) be a realization of (2.3). Then (2.14) holds if, and only if, the following conditions
are satisfied

(i) Vs € Csq: rank[sI, — A, b =n (i.e. (A,b) is stabilizable);
(i) Vs € Csp: rank [SI"C; A} =n (i.e. (A, c") is detectable);

(11i) F(s) as in (2.3) has no (transmission) zeros in Csg.

Remark 2.9 (Popov-Belevitch-Hautus (PBH) test).

Conditions (1) and (ii) in Proposition 2.8 are also known as the Popov-Belevitch-Hautus (rank)
test for stabilizability and detectability, respectively (see [24, Corollaries 12.5.4 and 12.8.4]).
Replacing Vs € Cso” by Vs € C’in conditions (i) and (ii) of Proposition 2.8 gives the
Popov-Belevitch-Hautus (rank) test for controllability and observability, respectively (see [24,
Corollaries 12.6.19 and 12.5.19]).

The following proof makes use of the “Kalman decomposition” (see e.g. |24, p. 825|) and differs
from the brief proof in [86, p. 10].

Proof of Proposition 2.8.

Step 1: Kalman decomposition of state space realization.

For D € R]s] as in (2.3), define n; := deg(D). Since (2.1) is a realization of (2.3), (2.5) holds
and, for n as in (2.1), n > ny. In view of Proposition 12.9.10 in [24, p. 825], there exists a
nonsingular S € R™*" such that

A1 O A13 O bl Cl
~ Ay Ay Ay A b 0
a1 _ |Aa Az Agz Ay 1y 2 TayT _ | One
A:=8"AS= O 0 A, O] S™b= 0, and (¢'S) = o (2.16)
O O A43 A4 On4 0”4
where ng, ..., ny € N such that Zle n; =n, A; € R"*" for all i € {1,...,4}, A3 € R™m*"3,

Ag € R™X™M 0 Ayg € R™XM™ . Ayy € R™*™M 0 Ayy € R™*™ by € R", by € R™, ¢ € R™ and
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c3 € R™. Note that, if some n; = 0, i € {2,3,4}, then the corresponding entries in (2.16) are
empty. Clearly, F(s) = ¢'(sI, — A)"'b+d = c'S(sI,, — A)~'S'b + d and, moreover, the
subsystem (A1, by, ¢1,d) is a minimal realization of (2.3) (see [24, Proposition 12.9.10]). Hence
(see [24, Theorem 12.9.16]) and since D € R[s] as in (2.3) is monic, the following holds

D(s) =det(sI,, — A;) (=det(sl, —A) if ny =n3=ny4=0). (2.17)

Step 2: It is shown that the following implication holds: | (i), (ii) and (i) | = [ (2.14) ].
In view of Step 1, for Ay, A3 and Ay as in (2.16), Proposition 12.9.10 in [24, p. 825] gives

(i) and (ii) — spec(As), spec(As), spec(Ay) C Co  (if not empty). (2.18)

Moreover, it is easy to see that (where det(sI,, — A;) := 1 if some n; =0, i € {2,3,4})

4
det(sI, — A) = det(S'(sI,, — A)8) "= det(sI, — A) "= ] det(sL,, — A).  (2.19)
=1

Since (2.1) is a realization of (2.3), (2.5) holds and, for F(s) = ggg as in (2.3), rewriting gives

4
sI,—A bl @s N(s) (2.19),(2.17)
det [ T —d} = D0 det(sI, —A) = —N(s) gdet(sIW —A;). (2.20)

Invoking (2.18) and (iii) (i.e. ‘N(s) # 0 for all s € Cs¢’) yields (2.14).

Step 3: It is shown that the following implication holds: | (2.14) | = [ (i), (ii) and (i) ].
Note that (2.14) is equivalent to

sI,—A b
Vs e Cso: rank{ o7 _d

} =n+1, (2.21)
i.e. the n 4+ 1 column vectors of [SI"C? 4 _bd} are linearly independent for all s € C5(. Moreover,

for any M € R¥¥! k. [ € N, it holds that rank(M) = rank(M ") (see [24, Corollary 2.5.3]). As
a consequence, (i) and (ii) follow from (2.21). Hence, in view of Step 1, (2.18) holds. Moreover,
(2.17), (2.19) and (2.20) also hold. Solving for N(s) in (2.20) and invoking (2.14) and (2.18)
yields ‘N(s) # 0 for all s € Cs’ which shows (iii). Combining Step 2 and Step 3 completes the
proof of Proposition 2.8. O

Example 2.10. As a consequence of Proposition 2.8 the minimum-phase condition (2.14)
implies stabilizability and detectability, whereas there exist stabilizable and detectable systems
which are not minimum-phase. For illustration consider the first order system given by

o(t) = 2z(t) + ul(t), z(0)=2"€ R

y(t) = a(t) +u(t)

which s stabilizable and detectable since

Vs e Csop: rank [3—2, 1} = rank [812] =1,
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but F(s) = (s—2)"'+1=(s—1)/(s — 2) has the zero z =1 in the right complex half-plane.

To conclude this subsection, note that also the minimum-phase property is invariant to coor-
dinate changes.

Corollary 2.11. Consider a minimum-phase system of form (2.1). The coordinate transfor-
mation (2.9) applied to (2.1) yields a minimum-phase system of form (2.10).

Proof. Using the same notation as in (2.10), the result directly follows from

A1 I -1
det {s[n —~A b } — det {T(sIn — AT Tb]

¢ —d c'T! —d
T 0] [sI,—A bl[T! 0 B 1 sI,—A b
N L T T e P
This completes the proof. [l

2.1.4 Byrnes-Isidori form

In [107, Section 4.1, Proposition 4.1.3] a coordinate transformation is introduced which “decom-
poses” a n-th order (nonlinear) dynamical system of form (2.7) with (known) relative degree
1 <r < n into a chain of r integrators from control input to system output (“forward dynam-
ics”) and a subsystem with reduced order n —r (“internal dynamics”). Since the relative degree
of nonlinear systems might only be defined locally around a point * € R™ also this coordinate
change may only hold locally around x*. If the “internal dynamics” are decoupled from the
control input, then this decomposition is called Byrnes-Isidori form (BIF, see e.g. [72]) which
e.g. allows for exact input/output linearization by state feedback (linearization may only hold
locally, see [107, Section 4.2|). If the relative degree is defined at * € R", then the BIF does
exist at * in general, however the corresponding coordinate transformation may not be found
easily (see [107, Remark 4.1.3]).

In contrast, for LTI SISO systems the relative degree is defined globally and hence the de-
composition holds globally. Moreover, the coordinate transformation to obtain the BIF can
be derived easily. The following lemma gives the explicit transformation matrix for LTI SISO
systems of form (2.1) with known relative degree r > 1. The lemma was found independently
of Lemma 3.5 in [103] (there for the MIMO case). The presented proof slightly differs from
that given in [103].

Lemma 2.12 (Byrnes-Isidori form of LTI SISO systems with known relative degree).
Consider a system of form (2.1) with relative degree 1 < r < n, i.e. (2.6) holds true. Define

C = _ eR™  B:=[b Ab --- A" 'b] eR™ (2.22)
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r integrators

w Yy . y™ y(r=1 Y y
— (a1,...,0a,) +a, 1 z+vu > > - > >
y(rfl)

Z2=ar 2y + A 32 <

Figure 2.1: Block diagram of LTI SISO system in BIF with relative degree r > 1 (initial values are
neglected).

and choose
V e Rx(7) such that imV =kerC, ie CV =0, n). (2.23)
Then the following hold:

(i) the matrix

S = [01 € R where N = (V'V)"'V (I, — B(CB)'C) € R"")xn

N (2.24)
is invertible with inverse S™' = [B(CB)_l, V} :

(i) the matriz S as in (2.24) with z € R"™" allows for a coordinate transformation

S:R" — R", (y, 9, -+, y" Y, zT)T = Sz (2.25)
which gives the Byrnes-Isidori form (BIF) as follows
ygtg S : y(t) _
o T " :
2 B R y( | e aren s+ | o o
Y= (#) 0 o o0 1|\ 3
ay ... ‘e Ap_1 a, 0
=:A,ERTXT T
(y(0), 9(0), -, y"1(0) =Ca°
y(t)
z(t) = |arr2 Ogm-r)xr] : + A, 132(t), 2(0) = Nz°

yr (1) J
(2.26)
whereyo =c"A"'bER, (a1 ar -+ a,)=c A'B(CB)'eR" , a] ,=c"A'V €

R0 @, = 2 NAD € R™* and A, 3 = NAV € R,
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(111) if system (2.1) with d = 0 is minimum-phase, then for A,.s as in (2.26) the following
holds
spec(A,13) C Coo.

In Fig. 2.1 a BIF of a LTT SISO system of form (2.1) with relative degree r > 1 is depicted.
Note that for arbitrary a # 0 the scaled V, := o'V also satisfies (2.23) and so the BIF is not
a unique representation.

Proof of Lemma 2.12.

Step 1: Some essential equalities are shown.
Define v := ¢" A" 'b and note that

[ c'b cTAb - cTA"?0 cTA"7'b ]
c' Ab c"A’b - cTA"'D c'A'b 0 Yo
CB=| S | |er
cTA™2 cTA™ B - TAT Y T A 3D o N
cTA™b cTAD - ¢TAY b T AN Vp)

and det(CB) = ] # 0. Hence, CB € GL,(R) and its inverse has the form

* 1/70
(CB)™' = . (2.27)
1/ 0

Furthermore, it is easy to see that the following hold

.

AB = [Ab, A%, ---, A'b] = {B [?’“1} A"b} , (2.28)
r—1

CA=[c'A, c'A* - cTAT]T = [[OMCTZ;J C] , (2.29)

NB=(V'V)'V'(I,- B(CB)'C)B = O(,_xr — Nb=0, (2.30)

and

2.23)

NV =(V'v)'v(1, - BB o) vivywv=r,,. (2.31)

Step 2: It is shown that Assertions (i) and (ii) hold true.
For S as in (2.24) check

_ I O, — _n | @30),2:31)
1 _ r (n—r)x(n—r) A
MB(CB) - VI=|nBCB NV = I
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which shows Assertion (i). Moreover, applying (2.25) to (2.1) with d = 0 and defining

w = (y7y’... 7 y(T’—l))T and (Z) =Sz
yields
a4 (w(t)) _ 1 (w(t) w(0)\ _ ¢ 0
& (z(t)) = SAS (z(t) + Sbu(t), 2(0) =Sz
y(t) = 'S (w(t). =(1)
where
1 _|CAB(CB)' CAV
SAST = [NAB(CB)l NAV|’
Sb:(CTb, . CTAT—Qb’ CTAT_lb, Nb)T(Q.G)é?.SO) (07«—17 o On—r)T,
and
'St = (10 - 0CS'=(10 - 0)[CB(CB)™*CV]
~———
GRIXT
G2 (10 oo 0)[I,,00(un] = (1 0 -+ 0) eR™,
Furthermore,
[0 1 0 0]
1229 [0,y I,_;|C _ Do :
cAB(CB)' % [[ 1CTATJ }B(CBW: 0 - 0 1 0]
0 -+ -~ 0 1
| cTA'B(CB)' |
(2-29) [Orfl Irfl} cv (2-23) O(r—l)x(n—r)
cAV = [ c'A'V N c'A'V
and
(2.28) o'
NAB(CB)' "= (v'vV)"'v(I,- B(CB)'C) {B {IH}, ATb} (CcB)™
r—1
viv)lv? . _
= %[O(n—ﬂx(r—l)’ (I, - B(CB)"'C)A'b] (CB)™!
Ty -1y T
= W (I, - B(CB)'C)A™b, O_yx(r1)]-
0
Combining the results above and defining 7o := ¢" A", (ay az -+ a,) :=c A'B(CB)™!,

a ., =c"AV, a, 5= %NATb and A, 3 := N AV yields the form as in (2.26) which shows
Assertion (ii) and completes Step 2.
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Step 3: It is shown that Assertion (iii) holds true.
If system (2.1) with d = 0 is minimum-phase, then the following holds

S(sI, — A)S™! Sb S o0, [sI,—A bl[S! 0,
el R ([ )

{SI”JA 8] £0. (2.32)

J

= det(S) det(S~1) det

Moreover, application of the cofactor (or Laplace) expansion |24, p. 114] yields for all s € Cs

[ -1 0 0] 7

s -1
det S(SITLT_ 141)571 Sb (226) (_ 1)T+2(”+1)70 det 0 o T T O(r—l) X (n—r)
c'S 0
: . =1 0
L 0 . 0 s _1_
i O (n—r)x(r-1) [sIp_r — Arys] |
(2.32)

= —7 det [SIn—r - A’V‘+3] 7& 0

and hence spec(A,;3) C C.o, which shows Assertion (iii), completes Step 3 and the proof of
Lemma 2.12. [l

Remark 2.13. For A, and A,.3 as in (2.26), note that
[ spec(A,) C Coo and spec(A,i3) CCoo] # [ spec(A) C Cy |,
eg. letn=2,r=1,a;, = A; =1 and ay = az = 2 in (2.26) which yields x a(s) = s*>+2s— 3.
Remark 2.14 (BIF of LTI SISO systems with relative degree r = n).
Consider a system of form (2.1) with relative degree r = n, i.e. (2.6) holds for r = n and

C,B € R™™ in (2.22). From (2.27) in the proof of Lemma 2.12 it then follows that CB €
GL,(R). Hence, by defining S := C, it is easy to see that S~ = B(CB)™'. Then forr =n

and A, = A,, as in (2.26), the coordinate change (y, ceey y(”*l)) = Sx = Cx applied to the
LTI SISO system (2.1) yields
a0 y(t) 0 y(0)
p : =A, : + ( $_1> u(t), : = Cxz(0),
0
y" () y" () y"=(0)
where vo =" A" 'b and (a1 as -+ a,) =c" A"B(CB)~'. Moreover note that
-1 0n—1
det SIn‘FA b — |det S(sInT— 1_41)5’ Sb — det sI, — A, ( % ) _ |70| 7&07
(& 0 c' S 0 (1 OT_l) 0

whence any LTI SISO system of form (2.1) with relative degree r = n is minimum-phase.
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2.2 Motivation for high-gain control: root locus method

In 1948 Walter Richard Evans (1920-1999) developed a graphical tool to analyze LTT SISO
systems of form (2.1) (or (2.3)) with d = 0 (or m < n) and known sign of the high-frequency
gain 7o under constant “sign-correct” output feedback (and new input v(s) = £ {v(t)})

VEk>0: u(t)=—sign(y)ky(t) +v(t) o—e  wu(s)= —sign(y)ky(s)+uv(s), (2.33)

by drawing the “trajectories” of the closed-loop system poles in the complex plane for in-
creasing values of the gain k. His work—based on the ideas of P. Profos (a researcher from
Schwitzerland)—was first published in [54] for a second order LTI SISO system. The general-
ization to higher order LTT SISO systems followed in 1950 (see [55]). In [55] Evans named his
graphical analyses tool the “root locus method”. His method “helped to usher in a revolution
in the practice of servo-mechanism design” (see [52]|) and finally lead to the text book [53] in
1954. For a mathematically thorough analysis also incorporating complex gains see e.g. [117].
A nice overview is given in [118].

The root locus method is quite useful to illustrate the motivation for high-gain output feedback
control of high-gain stabilizable systems defined as follows.

Definition 2.15 (High-gain stabilizable LTI SISO systems). [86, p. 19/

A system given by (2.1) (or (2.3)) is said to be high-gain stabilizable if there exists k* > 0
such that the closed-loop system (2.1), (2.33) (or (2.3), (2.33)) is exponentially stable for all
k > k*, i.e. the system matriz of the closed-loop system (2.1), (2.33) (or the closed-loop transfer
function (2.3), (2.33)) has no eigenvalues (or no poles) in Csy.

As the root locus method was introduced for transfer functions, the following is presented in
the frequency domain and is restricted to systems with relative degree greater than or equal to
one. Define the monic polynomials N, D € R[s| as follows

N(s) = co+as+ -+ cpas™ +sm=1["(s—z(N)) n, m €N,

9

(2.34)

n

D(s) = ap+as+-+a18" 1+ =1, (s —pi(D)) n=m

where z;(N),...,zn(N) € C and pi(D),...,pn(D) € C are the roots of N and D, respectively
(not accounting for multiplicities). Consider a LTT SISO system given by the transfer function

v # 0, N, D € R[s] as in (2.34) and coprime (2.35)

with high-frequency gain ~, and relative degree r = n — m > 1 under proportional output
feedback (2.33). The controller gain k is regarded as design parameter and its variation and
influence on the closed-loop system (2.35), (2.33), i.e.

y(s) _ N(s)
v(s)  D(s) + k|l N(s)’

Y #0, k>0, N,D € R[s] as in (2.34) and coprime  (2.36)

is analyzed. The poles of the closed-loop system (2.36), i.e.

pi(k) == pi(D + k[7[N), ..., pu(k) == pu(D + k|70|N) € C, (2.37)
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alter with increasing (or decreasing) values of k (see [118]). The root locus (see |77, p. 562|) is
given by the (infinite) set of complex points

{s € C | D(s) + klyo|N(s) = 0 for some k >0} C C. (2.38)

To obtain an approximation of the root locus successively for any (fixed) k& > 0 the closed-loop
poles (2.37) are computed and then plotted in the complex plane. So this (numerical) approx-
imation of the root locus reveals information on e.g. stability, dominant poles and damping of
the closed-loop system (2.36). Note that the closed-loop poles (2.37) are continuous functions
of the gain k (see [77, Corollary 4.2.4]).

The root locus (2.38) yields a plot in the complex plane which is symmetrical with respect to
the real axis and intersects at the root locus center (or root center of gravity, see [118]).

Definition 2.16 (Root locus center of LTI SISO systems).
For n > m consider the monic and co-prime polynomials N, D € R[s] as in (2.34). Then

E(N,D) = ! (Cmo1—an_1) = ! (ZPZ(D) - Z%UW) (2.39)

n—m n—m -
=1

is called the root locus center of (2.35).

Note that equality in (2.39) directly follows from comparing coefficients of the polynomials and
the expanded versions of the products in (2.34) (see Corollary 3 in [117]). Moreover, since poles
and zeros with non-zero imaginary part always appear as conjugate-complex pairs, the root
locus center is located on the real axis of the complex plane.

Often not the “exact” root locus is required for controller design, primarily the asymptotic
behavior of the closed-loop poles (2.37) is of interest which leads to the following definition
(see [23]).

Definition 2.17 (Asymptotes of the root locus & angles of departure).
For n > m consider the monic and co-prime polynomials N,D € Rls| as in (2.34). For
i€ {l,...,n—m} define the i-th asymptote of the root locus (2.38) by

n—m

The n—m asymptotes intersect at the root locus center Z(N, D) as in (2.39) with corresponding
angle of departure

(2i — )7

Vie{l,...,n—m}: o; = arg(T;) = n—m

(2.41)
Note that the relative degree r = n — m of the transfer function (2.35) indicates how many

asymptotes exist. The following theorem describes the asymptotic behavior of the “trajectories”
of the closed-loop poles (2.37).
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Theorem 2.18 (High-gain root locus of LTT SISO systems).

For n > m and monic and co-prime polynomials N, D € R[s] as in (2.34), consider the closed-
loop system given by (2.36). Denote the roots of N and D + k|yo|N by z1(N), ..., zn(N) and
p1(D + E|w|N),...,pn(D + k|| N), respectively, then the following hold

(i) There exist m numbers ly, ..., L, € {1,...,n} such that for alli € {1,...,m}:
klim i (D4 k|| N) = z(N) (2.42)
—00
(i) For Y;(k) as in (2.40) there exist n —m numbers ly, ..., lo_m € {1,...,n} such that for
allie{l,...,n—m}:
i [p, (D + k| N) = Ti(k)| = 0 (2.43)
Proof. see the proofs of Theorem 2 and Theorem 3 in [117]. ]

Since the limits in (2.42) and (2.43) exist, Theorem 2.18 implies that for € > 0 (arbitrary small)
there exists k*(¢) > 0 such that for all £ > k*(¢) the following hold: (i) m of the n closed-loop
poles (2.37) remain within the union of the balls |J*, B.(z;(N)) C C with radius ¢ > 0 around
the roots of N and (ii) the distance between corresponding asymptote (2.40) and closed-loop
pole (2.37) is smaller than e, i.e. |p, (D + k|yo|N) — Yi(k)| < e foralli € {1,...,n—m}. Now
two observations may be formulated:

e Observation 1: for minimum-phase systems with relative degree one or with relative degree
two and negative root locus center there exists € > 0 and hence k*(¢) > 0 such that for
all k£ > k*(e) all poles of the closed-loop system (2.36) exhibit negative real parts, i.e. the
closed-loop system is exponentially stable (see Fig. 2.2).

e Observation 2: for non-minimum-phase systems (of arbitrary relative degree) or for mini-
mum-phase systems with relative degree greater than two (or equal to two with positive
root locus center) there exists ¢ > 0 and so k*(¢) > 0 such that for all £ > k*(e) at
least one closed-loop pole in (2.37) has non-negative real part and hence the closed-loop
system (2.36) is not exponentially stable (see Fig. 2.2).

Observation 1 and Fig. 2.2 illustrate the inherent “high-gain property” of minimum-phase sys-
tems (2.35) (or (2.1)) with relative degree one or with relative degree two and negative root
locus center: these systems are high-gain stabilizable. Observation 2 makes aware of the obsta-
cle of higher relative degrees: (even) minimum-phase systems with relative degree greater than
one (and positive root locus center in the relative degree two case) are not high-gain stabilizable
by simple output feedback of form (2.33).

In general, to allow for high-gain control of minimum-phase systems with higher relative degree,
more sophisticated feedback controllers must be used. For v(s) = .2 {v(t)} and sufficiently large
gain k, the following approaches achieve exponential stabilization of minimum-phase systems
of form (2.35) with relative degree r > 2 and known sign of the high-frequency gain ~y:
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3
Qg = o
\/
r—3 T S(s)
Qo =T
2 0y = %
—< >
R(s)
g3 = %T \

Figure 2.2: Root locus asymptotes Y;(-) (——) with angles of departure a;, i = 1,...,4, in the complex

(i)

plane for systems of form (2.35) having relative degree r = 1,...,4 and root locus center x.

if derivative feedback is admissible up to the order » — 1, i.e. y, ¥ ..., y ") are available
for feedback, the following simple controller is applicable:

. with M € R|s| monic and Hurwitz
u(s) = —sign(yo) k M(s) y(s) + v(s), and deg(M)[i .1 (2.44)

The denominator of the closed-loop system (2.35), (2.44) is given by D(s)-+|vo| k M (s)N(s)
where M N is Hurwitz and deg(MN) = n — 1. Hence, for sufficiently large k, exponential
stability follows from Observation 1;

if derivative feedback is not admissible, high-gain observers with high-gain state feedback
(see e.g. [33, Section 1.3.3]) or (dynamic) compensators (see e.g. [80]) are applicable which,
basically, estimate the r—1 output derivatives. For instance, a control law with admissible
compensator is given by (see [80, Theorem 5.1|)

kr+1 M(S)
§"+ kb smt+ -+ k" bys + Kby

compensator

u(s) = — sign(7o) y(s) +v(s)

where M € R[s] is monic and Hurwitz with deg(M) = r — 1 and, for (known) by > |7/,
bry...,by € Ryg such that s"™! + b, 8" + - - - + bys® + by s + by is Hurwitz for all 5 € (0, 1].

In the following, solely systems with relative degree one or two will be considered. Moreover,
since derivative feedback is assumed to be admissible in the relative degree two case, the re-
mainder of this thesis will focus on Approach (i) with derivative feedback and its extensions to
the adaptive case.
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2.3 High-gain adaptive stabilization

Since LTI SISO systems of form (2.1) with direct feedthrough (i.e. d # 0) are of marginal
relevance for plant modeling in industry, this section will focus on systems with relative degree
greater than zero, i.e.

(1) = Ax(t)+bu(t),  neN, x(0) =2® € R", u() € Li,(R=0:R)
y(t) = cl=(t) (A,b,c) € R™" x R" x R™. } (2.45)

In view of Theorem 2.18 asymptotic stabilization of minimum-phase systems of form (2.45)
(or (2.35)) with relative degree one or with relative degree two and negative root locus center is
feasible by simple proportional output feedback (2.33), if the controller gain k is chosen larger
than or equal to a critical lower bound k* > 0. To fix an admissible value for k in (2.33) the
bound &* must be known a priori. In general it depends (nonlinearly) on the system data,
ie. k* =k*(A,b,c) (or k* = k*(v, N, D) for systems of form (2.35)).

To make this knowledge superfluous and to achieve robust stabilization, the principle idea of
high-gain adaptive control is as follows: the controller gain is variable and is (dynamically)
adapted such that, loosely speaking, £* is found automatically. For the SISO case, a simple
high-gain adaptive controller with adequate gain adaption is given by

u(t) = —sign(yo)k(t) y(t) where k(t) = y(t)?, k(0) = ko > 0. (2.46)

It assures the following: (i) all states of the closed-loop system (2.45), (2.46) remain bounded
and (ii) the equilibrium at the origin is asymptotically reached, i.e.

() € L2(R5p; R™), lt1im k(t) = ke € Ryy and tlim x(t) = 0,. (2.47)

- —00 —00
It will be shown in Sections 2.3.3 and 2.3.4.1 that the controller (2.46) “asymptotically stabilizes”
minimum-phase systems with relative degree one or with relative degree two and negative root
locus center. In contrast, for relative degree two systems with unknown (or positive) root locus

center, additional assumptions on the system or an extended feedback strategy are required
(see Sections 2.3.4.2 and 2.3.4.3).

2.3.1 Brief historical overview

A recent overview and “state-of-the-art” (without explicit proofs) of high-gain adaptive control
is given in [93]|. In compact form high-gain adaptive control, adaptive A-tracking control and
funnel control are introduced, mainly for the relative degree one case. The case of higher relative
degree systems is briefly touched. A thorough survey is given in [85] or in the monograph [86].

Whereas adaptive control for the first 20 years focused on indirect methods based on system
parameter identification, in the mid-1980s, almost at the same time, three seminal contri-
butions [137] (1983), [129] (February 1984) and [37] (December 1984) were published which
introduced the basic idea of high-gain adaptive (or non-identifier based adaptive) control.

The high-gain adaptive controllers proposed in [129] and [37] assure (2.47) for minimum-phase
LTT SISO and MIMO systems, respectively, with relative degree one and known sign of the
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high-frequency gain. Moreover, in [129], Mareels already tries to generalize his results to sys-
tems with arbitrary-but-known relative degree if an upper bound on the high-frequency gain is
known. The order of his proposed controller depends on the relative degree » > 1 and is quite
high with (r —1)r/2 (not counting for the adaption law). Mareels approximates the r — 1 time
derivatives of the system’s output by filters of (unnecessarily) increasing order ranging from 1
to r — 1. Unfortunately, his results do not hold true in general, Hoagg and Bernstein present
a counter example for the relative degree five case in 2007 (see [80]). They provide a solution
to the problem under same assumptions by introducing a dynamic compensator of r-th order

(see [80]).

In 1983 A. Stephen Morse speculated, that a priori knowledge of the sign of the high-frequency
gain is necessary for (continuous) adaptive stabilization (see [137]). In the same year Roger D.
Nussbaum proved that this conjecture is wrong (see [141]). If the sign of the high-frequency
gain is not known a priori, then a piecewise right continuous? and locally Lipschitz continu-
ous® sign-switching function fyp: R — R (later on called “Nussbaum function”, see e.g. [86,
Definition 4.1.1]) with (Nussbaum) properties

1
sup
k>ko K — Ko

k
) 1
/o fyp(r)dr =400 and Iglfo —

k

/ fvp(x)der =400  (2.48)
0

must be incorporated into the controller as follows

u(t) = fus(k() k(y(t)  where  k(t) =y()®,  k(0) = ko > 0.

to assure on-line detection of sign-correct feedback without probing signals. An example is
given by fyp: R = R, k — fyp(k) := k*cos(k), for more examples and a detailed discussion
see e.g. [86, Chapter 4|. Controllers which do not require information on the sign of the high-
frequency gain are called universal adaptive controllers and were first introduced for high-gain
adaptive stabilization in 1983 (see [141], for first order linear systems) and in 1984 (see [187],
for LTT SISO systems of arbitrary order). Albeit of theoretical interest universal high-gain
adaptive controllers are not reasonable for application in general. They may exhibit a “bursting
or peaking phenomena” (see e.g. [38, 75] or [91]) if e.g. noise deteriorates the output measure-
ment. The non-zero input in gain adaption leads to gain drift and possibly to sign switching of
the Nussbaum function which results in “short time destabilization” of the closed-loop system
with unpredictable bursts in system output (and state). For most plants in industry the sign
of high-frequency either can easily be obtained by experiments or is a priori known (due to
physical or assembly reasons, see e.g. Sections 5.2.2.1, 5.2.2.2, 5.2.3.1 and 5.2.3.2).

Since 1983 high-gain adaptive control has been successively extended to certain classes of non-
linear SISO and MIMO systems (see e.g. [114] (1987), [156] (1994) or [88] (2002)) and infinite
dimensional systems (see [122] (1992)). Universal high-gain adaptive control with internal
model is presented e.g. in [75] (1988, for bounded references) or in [135] (1992, for unbounded

2Let n € N, X C R, Y CR" and 2° € X. A function f: X — Y is said to be left [or right] continuous
if for every neighborhood V' C R™ around f(z) there exists a § > 0 such that f(X N (20 — §,2°) C V |or
F(XN[2% 2° 4 6)) C V] [4, p. 240]. The function f: X — Y is piecewise left [or right| continuous on X, if it
is left [or right] continuous at any point 2° € X.

3see Definition 2.19.
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references and disturbances). The internal model assures asymptotic tracking and rejection
of suitable reference and disturbance signals (solving a linear ODE), respectively. The same
idea (without Nussbaum switching) was already published in 1984 (see [129]) however without
thorough proof. Asymptotic tracking without the use of an internal model but a discontin-
uous high-gain adaptive controller is feasible for nonlinearly perturbed minimum-phase LTI
MIMO systems with (strict) relative degree one [155]. In 2006 it was shown that high-gain
adaptive control of LTT MIMO systems with relative degree one is robust in the sense of the
gap metric (see [59]), i.e. for “small” initial values the controlled systems may even by non-
minimum-phase and of higher relative degree. Moreover, high-gain adaptive control retains the
properties in (2.47) even if input and output are disturbed by square integrable signals (see [59]).

To the best knowledge of the author, there do not exist (published) results for high-gain adaptive
control with derivative feedback.

2.3.2 Mathematical preliminaries

Before discussing the main results of this chapter, some technical preliminaries are introduced
to achieve a self-contained presentation.

2.3.2.1 Byrnes-Isidori form of LTI SISO systems with relative degree one and two

In the remainder of this chapter LTI SISO systems with relative degree one and two are of
special interest. Moreover, since the Byrnes-Isidori form (BIF) plays an essential role in the
upcoming proofs, the BIF of LTI SISO systems with relative degree one and two is derived,
respectively.

BIF of LTI SISO systems with relative degree one

Consider a system of form (2.45) with relative degree one, i.e. r = 1. Then, from Lemma 2.12,
it follows that C := ¢' € R"", B :=b c R* and V € R™ (1 guch that ¢"'V = 0] ; which
yields the transformation matrix

N
with inverse S~! = [%bcT, V} .

T
S — |:C ] c R"™" where N = (VTV)flvT(In . %bCT) c R(nfl)xn (2 49)

The coordinate transformation (y, z)T := Sa applied to (2.45) yields the BIF of LTI SISO
systems with relative degree one, i.e.

y(t) = ay(t) + ag z(t) + youl(t), y(0) = c'z° (250)
2(t) = azy(t) + Auz(t), z2(0) = Nz° '
where
Yw=c'beR, a =c'Ab/ywER, a) =c' AV € RIx(n=1) ( |
2.51

a; =YYV (1, — LbeT)Ab € ROV and Ay = NAV € Ri-Dx0-D),
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BIF of LTI SISO systems with relative degree two

For systems of form (2.45) with relative degree two, i.e. r = 2, Lemma 2.12 gives

-
C = L?A} € R**" and B:=[b Ab] e R™ (2.52)
and hence
0 Yo 2%2 -1 —LcTA% L
CB = |: T 2 ‘| G R a.nd CB = |: 7o 1 7o . (253)
Y% ¢ A°b . 0

Now choose V' € R"*("=2) gych that CV = Os, (n—2) and, moreover, § € R"" and N €

R("=2)%7 a5 in (2.24), then application of the coordinate transformation (y, v, z)T = Sx
to (2.1) yields the BIF of LTI SISO system with relative degree two, i.e.

500 = o o] Go) s Lo G ) = o

(0 (2.54)
Z(t) = [Cl4 On_g] (Zgj(t)) + A5Z(t), Z(O) = Najo
where
Yo=c AbeR, (a1, ax) =c'A’B(CB)!' e R™?, aj =c'A’V e R*("2), )
(2.55

a; =YYV (1 B(CB)'C)A% € R"2x! and A5 = NAV € Rv-2x(n-2),

Y0

2.3.2.2 Solution of ordinary differential equation

In this chapter, closed-loop systems (e.g. (2.45), (2.46)) will be considered, which yield initial-
value problems given by (nonlinear) ordinary differential equations of the form

x(t) = ft,z(t), =x(t) =2 (2.56)

where ¢, € R is the initial time, £° € R", n € N, is the initial state and f: RxR" — R" is called
the right-hand side of (2.56). For T' € (to,00] and T € [—o0, ty), a continuously differentiable
function «: (T_,T) — R™ is called solution of the initial-value problem (2.56) if it satisfies (2.56)
for all t € (T_,T) and x(ty) = x". Such a solution exists and it is unique if the right-hand
side of (2.56) satisfies two presuppositions. Before the existence and uniqueness result can be
restated, the notion of a “locally Lipschitz continuous” function must be introduced.

Definition 2.19 (see e.g. p. 242 in [5]). Letn € N, I C R and X C R". A continuous function
f:IxX — R"is said to be locally Lipschitz continuous (with respect to its second argument
x € X) if, and only if, for every point (to, ) € I x X there exists a (Lipschitz) constant
L >0 and a neighborhood* J x U C I x X of (ty, °) such that

Vte JVx, 2y € U: | f(x1) — f(x2)|| < L ||y — @] -

4A set U C R", n € N, is said to be a neighborhood of x° € R™ if, and only if, there exists § > 0 such that
B2 (x°) C U (see [4, p. 144]). Clearly, for £° € R" and § > 0, B; (2°) is a neighborhood of .
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Note that, in general, the Lipschitz constant L depends on (ty, °) and different neighborhoods
yield different Lipschitz constants.

Theorem 2.20 (Existence and uniqueness theorem (see e.g. Theorem 8.16 in [5])).

Letn € N, Z C R an open interval and D C R™ an open, non-empty set. If f: T xD — R"
is (i) continuous in T x D and (i) locally Lipschitz continuous (with respect to its second
argument) then, for each (to, °) € T x D, the initial-value problem (2.56) has a unique solution
x: (T-,T) — R™ with mazimal T € (to, 00|, minimal T € [—00,ty), x(t) € D for all t €
(T_,T) and x(ty) = =°.

Proof. see |5, p. 246]. O]

In the remainder of this chapter, only solutions on R>( with initial time ¢y = 0 are considered.
Therefore, the (maximal) interval of existence (T_,T) is restricted to [0,7), T € (0,00]. For
linear initial-value problems of form (2.45), the solution is given by (see e.g. [5, p. 237|)

Vi > 0: x(t) = exp(At) z° + /Ot exp (A(t —7))bu(r)dr.

It is unique and holds globally, i.e. T' = oco. In contrast, the solution of a nonlinear initial-value
problem of form (2.56) may blow up in finite time, i.e. 7' < oo and ||z(t)|| — co ast — T
Such systems have finite escape time and an exploding solution, as illustrated in the following
example.

Example 2.21 (Finite escape time and exploding solution). Consider the first order nonlinear
system given by
©(t) = x(t)? z(0) = 1. (2.57)

Clearly, the right hand-side of (2.57) is locally Lipschitz continuous, hence there exists a unique
solution x: [0,T) — R. It is easy to see that x(t) = 1/(1 —t) solves (2.57) for all t € [0,1)
(i.e. T = 1) and, moreover, the solution cannot be extended any further, it “explodes” ast — 1.

2.3.3 Relative degree one systems

Before the well known result of high-gain adaptive stabilization of minimum-phase LTT SISO
systems with relative degree one is revisited, the following linear system class is introduced.

Definition 2.22 (System class Sj").
A system of form (2.45) is of Class SI™ if, and only if, the following hold:

(Sln_spy) the relative degree is one and the sign of the high-frequency gain is known, i.e.
Y:=c'b#0 and sign(vo) is known;
(Sln_spy) it is minimum-phase, i.e. (2.14) holds, and

(Sln_sps) the (regulated) output y(-) is available for feedback.
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System class SI® represents the linear equivalent of system class S;. Conform to system class
Sy, in (2.45), y(+) is considered as regulated output and, to be available for feedback, must
coincide with the measured output. Clearly, all systems of class Si are high-gain stabilizable.

Note that “system properties” (Si"-sp;) and (SIi-spy) are sufficient, but not necessary, for
high-gain stabilization as illustrated in the following example.

Example 2.23. Consider the second order system given by

. 0 1 0
o) = |o alo@+ (D), a@-arer
ao,(IlER,’}/0>O

y(t) = (0 1)x(t)

which has relative degree one and a positive high-frequency gain, since (o 1) (fo) =7 > 0.
Moreover, simple calculations show that

(2.58)

s —1 0 s 0
det |—ag s—a; 7| = (—1)>"det = —%0 8]s=0 = 0,
0 1 0 —0 o

lin

and thus system property (S{™-sps) is violated. System (2.58) is not minimum-phase. Now
switch to the frequency domain; the transfer function of (2.58) is given by

Fls) = % — (0 1) (3 I, L?O CjID_l (30) — %

which, for ag =0, simplifies to

A Yo
F an=0 = — .
(S)| 0=0 fyo X(S_al) S—a/l
That is a first order system with relative degree one and positive high-frequency gain

limg o0 S F(8)|ag=0 = Y0 > 0. Application of feedback (2.33) yields the closed-loop system
with transfer function

W) _ KPSl _ ok
v(s) 14kF(8)|a=0 S—a1+0k’

which clearly is stable for all k > |ai|/v0, since the denominator is Hurwitz for all k > |ay|/7o.
Concluding, for ag = 0, system (2.58) is high-gain stabilizable, but it is neither a minimal
realization of F(s)|ae=0 = Y0/(s — a1) nor element of Si®.

The main result of this section is recorded in the following theorem.

Theorem 2.24 (High-gain adaptive control for systems of class Sin).
Consider a system of class Si given by (2.45). The high-gain adaptive controller

u(t) = —sign(c"d) k(t)y(t)  where k() = q |lyt)|®, k(0) = ko (2.59)
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with design parameters ¢ > 0, go > 1 and ko > 0 applied to (2.45) yields a closed-loop initial-
value problem with the following properties:

(i) there exists a unique and maximal solution (x, k) : [0,T) — R™ x Ry, T' € (0, 00];
(ii) the solution is global, i.e. T = 00;

(111) all signals are bounded, i.e. () € LX(R>0;R™) and k() € L>(R>0; R>o);

(1) limy_,o k(t) = 0 and limy_,, (t) = 0,,.

Remark 2.25 (o-modification).
Note that the gain adaption in (2.59) yields a non-decreasing gain k(-). o-modification tries to
bypass this undesirable effect (see [105]): for some (small) o > 0, the gain adaption in (2.59)

s replaced e.g. by '
k(t) = —ok(t) +y(t)?, k(0) = ko > 0,

which, clearly, allows for gain decrease. However, high-gain adaptive controllers with o-modi-
fication may yield limit cycles and chaos (see [130]) and, hence, should be “handled with care”.

Although the result in Theorem 2.24 is well known (see e.g. [85, Theorem 3.6], there for ¢; = 1
and ¢o = p) an explicit proof is presented. It differs from that given in [85, Theorem 3.6] and
illustrates the basic steps of argumentation as basis for the upcoming proofs.

Proof of Theorem 2.24.

Step 1: It is shown that Assertion (i) holds true, i.e. existence of a unique solution mazimally
extended on [0,T), T € (0, c0].
It suffices to consider system (2.45) in the Byrnes-Isidori form (2.50). Define

D =R xR"! xR, and =R
and the function

arp+ ag & — |yolk p
F:IxD—D, (t,(1,§ k)~ azp+ As€

qu| ]2

Then, for S as in (2.49) and & := (y, 2, k)", the closed-loop initial-value problem (2.50), (2.59)
can be written as

&(t) = f(t, (1)), 2(0) = ((S2°)7, ko) . (2.60)

= =¥

Clearly, the function f(-,-) is continuous for all (¢, (i, &€, k)) € Z x D and, for every compact
¢ C I x D, there exists M¢ > 0 such that ||(¢, (M,ET,H))T” < Mg for all (¢, (u, &, k) € €.

Moreover, for all (¢, (11, &, K)), (¢, (i, €, 7)) € €, it follows that

o =Rl = |(k = R)p + fp = Rl < ulle = &+ |&llp = o)
< Me(ls = &[ + |p = al), (2.61)
il = (]2 < @ME™ |- il
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and
| £t (g = £t &R < larlln— il + sl € = €] + lolln — 7l
+llasl o= 7l + 1 Aall € = €| + (1t = 1,

(2.61) ~ i
< (Il + llas] + @228 + ol Me) s —
+(laall + 11 Aall) |[& = &] + ol Melr — &,

which shows that f(-,-) is locally Lipschitz continuous (with respect to (i, &, <) € D). Hence,
in view of Theorem 2.20, there exists a unique solution & = (y,z,k): [0,7) — R x R"! x
R.q of the initial-value problem (2.60) with maximal 7" € (0,00] (the interval (7_,0) is ne-
glected) and (z,k) = (S7'(y, 2),k): [0,T) — R® x Ry solves closed-loop initial-value prob-
lem (2.45), (2.59). This shows Assertion (i) and completes Step 1.

Step 2: Some technical inequalities are shown.
First note that the binomial theorem gives

e

and by property (Si-sp,) and Lemma 2.12 the matrix A, is Hurwitz, i.e. spec(A4) C C and
hence (see e.g. Corollary 3.3.47 in |77, p. 284])

2 2 2
Vm >0 Va,beR: :|:2ab:—( q:\/mb) +a—+mb2§a—+mb2. (2.62)
m m

Ja unique 0 < P, = P, € R"-Dx(n=1). AP, +PA, =—1,_,. (2.63)
For P, as in (2.63) introduce the Lyapunov-like function
V:R xR = Ry, (y,2) = V(y,z) =9y +2 P,z >0 (2.64)

and observe that the following holds (see e.g. |24, Corollary 4.8.2, p.487])

2 2
v (Z) €eR": min{l, 11 HPJH}/H (Z) <V(y,z) < £r1ax{1‘,,||P4||} H (Z) (2.65)
=i, >0 =ty >0
By equivalence of norms in R" (see [24, Theorem 9.1.8, p. 600]), note that
Vp.g€e [l o0]da>0,821VEeR": o], < |&ll, < B 1€, (2.66)
and hence (for ¢ = ¢ and p = 2 in (2.66)) it follows that
o ()2 ORY i FETONY
wem: o =wor < | (%)< e | (2 (267
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To conclude Step 2, the time derivative C‘li—tV(~) along the solution of the closed-loop sys-
tem (2.50), (2.63) is given as follows

Ve [0,7): —V(yt),zt) = 2y®)gt)+2t)" Puz(t)+ 2(t) Pyz(t)
= 2(a1 — |[ylk@®)y(t)* + 2y(t)a; z(t)
+2(t)" (Ag Ps+ PsAg) z(t) + 22(t) ' Paasy(t)
< =2(Jolk(t) = lar))y(£)? + 2y ()] [|as|| | 2(2)]]
—lz@®)|” + 2[|zE)| | Pl las]| |y(t)]
(

< 2(olk() ~ |n] — 4 lasl* — 4| PP s Py )?
5 IO, (2.65)

Step 3: It is shown that k(-) is bounded on [0,T).
Seeking a contradiction, assume that k(-) is unbounded on [0,7). In view of (2.59), k(-) is
non-decreasing on [0,7), therefore

1 1
sezovie 1) k02 Do (ol - dlaal - 412l Jaal + ).
0

Defining
1 .
vy = §m1n{1, 1/ || Pall}

and using — || z(t)||> < —z(t) T P4z (t)/ || P4|| in (2.68) yields
vie [t T): V(). z(1) < =) =320 < —uv V(y(t), 2(1)).

Application of the Bellman-Gronwall Lemma (in its differential form [18, Lemma 1.1,p. 2]|)
gives

vielt,T): V(y@),z(t) < V(yt"), z(t")) exp(—py (t —17)) (2.69)

and in view of (2.65) it follows that
y(t) (2‘65)&(2.69) fi
=(t)

Vtet*,T): ’ < p
Hy

(1)

exp (—%V(t - t*)) . (2.70)
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Hence for all t € [0,T)

k(t) = k() + / tk(f) dr
(2.67),(2.70) i\ * SN
267§2 " k(t*) + q1 8% <Z—V> ’(zg*;) /t exp (-CDZMV (1 — t*)) dr
Vv
N AN
S M (E) (z(t*)) =

which, with continuity of y(-), z(-) and k(-) on [0,T) and compactness of [0, ¢*], contradicts
unboundedness of k(-) on [0,7).

Step 4: It is shown that Assertion (ii) holds true, i.e. T = occ.
From Step 3 it follows that k(-) is bounded on [0,7"). Since k(-) is continuous and non-decreasing
on [0,7"), the limit lim, ,7 k(t) =: ko exists. Define

0 = || + [v0lkoo + [l@al| + [las|| + [| A4l] = 0.

and observe that for the closed-loop initial-value problem (2.50), (2.59) (neglecting the adaption
of k(+) in (2.59)) the following holds

y()

z) /|

weon- [& ()<
e (] seweo|(23)] ] 53)] =

Hence, for all T' < oo, Hilfssatz 3.1 in [116, p. 120] gives
which, by maximality of T', implies T" = oo and Assertion (ii) is shown. This completes Step 4.

Step 5: It is shown that Assertions (iii) and (i) hold true, i.e. k(-) € L2(Rso;Rxo), x(-) €
L2(Rs0; R™), limy_ o0 k(t) = 0 and limy_, z(t) = 0,,.

Note that k() € L>®(R>0;Rs) is a direct consequence of Step 3 and 4. Boundedness of k(-)
on R combined with (2.59) implies y(-) € L%(Rxo; R). From system property (Si"-sp,) and
Lemma 2.12 it follows that spec(A4) C C.o and, in view of the second equation in (2.50), this
combined with y(-) € L%2(Rx0; R) implies (see e.g. [46, Theorem C.2.14|)

Z() S £q2(RZO;Rn_1) and Z() S £q2(RZO;Rn_1).

Moreover, in view of the first equation in (2.50), this with y(-) € LZ(R>¢;R) implies g(-) €
L%(R>0; R). Invoking Lemma 2.1.7 in [86, p. 17| then gives

(y(-), (1)) € L2(Rxo; R")  and lim (y(t), 2(t)) = On,

t—o00
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which with §~* as in (2.49) implies

z()=8"(y(), z()")" € L2R5e;R")  and  lim x(¢) = lim S~ (y(t), z(t)")" = 0,.

t—o00 t—o0
Furthermore _
lim k() = lim ¢ [y()|” = lim ¢, |¢"x(¢)|2 = 0.
t—o0 t—o0 t—o0
Hence Assertions (iii) and (iv) are shown, which completes the proof. n

The simple high-gain adaptive controller (2.59) is an “asymptotic stabilizer” of all systems of
form (2.45) and element of class SI®. For simplicity the initial controller gain ky is restricted to
be positive. Clearly, since k(-) is non-decreasing, any negative value is also admissible but not
reasonable: ky < 0 reverses the sign of control action in (2.59) and might initially destabilize
the closed-loop system (2.45), (2.59).

Remark 2.26 (Asymptotic stabilization versus asymptotic stability).

Note that, in general, the closed-loop system (2.45), (2.59) is not asymptotically stable in the
sense of Lyapunov (see e.g. [T7, p. 199-202]). The controller (2.59) “solely renders” the origin
attractive, i.e. limy o, x(t) = 0,, (not accounting for the gain k(-)) and so achieves “asymptotic
stabilization” of systems of class SI™. For illustration consider the first order system

y(t) = ary(t) +vou(t), y(0)=yo € R, a1 €R, 7 #0. (2.71)

Clearly, for known sign(vyy) system (2.71) is element of class Si™ and therefore application
of high-gain adaptive controller (2.59) is admissible. Moreover, for a; > 0 system (2.71) is
unstable. If, for 0 < ko < ay, controller (2.59) is applied to (2.71), then for arbitrary ¢ > 0
there does not exist 6 = 6(¢) > 0 such that |y(0)| < 0 implies |y(t)| < e for allt > 0. The
closed-loop system blows up until for some t* > 0 a sufficiently large “stabilizing” gain k(t*) > a;
1s reached.

Simulations

To analyze the influence of the design parameters ¢; and ¢s in (2.59) on the control performance,
consider the closed-loop system (2.71), (2.59). For different choices of ¢; and g2 the simulation
results are depicted in Fig. 2.3. For all simulations the initial gain ky = 1, the initial value
Yo = 0.1 and the parameters 79 = 1 and a; = 10 are fixed. It is easy to imagine that larger
initial gains will result in “faster stabilization” with “smaller peaks” in the output and so such
simulations are not shown. For a comprehensive performance analysis the reader is referred
to [86, Chapter 7]. The influence of the design parameters on the control performance is
summarized in the following remark.

Remark 2.27 (Design parameters ¢, g2 and k).

The factor g > 0 scales gain adaption in (2.59), which allows to accelerate or decelerate
adaption speed in particular for small initial values |y(0)| < 1. The exponent g; > 1 increases
adaption speed for large values of |y(-)|. Increased adaption speed in turn reduces peaking. The
“stabilizing gain” is found more rapidly (see also [91]). A very common choice for the exponent
is g = 2 (then also the proof simplifies). With ko > 0 the control designer is able to fiz a
first guess for the initial gain, e.g. for system (2.71) the choice kg > ay yields a closed-loop
system (2.71), (2.59) which is exponentially stable “right away”.
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40 [ B e R .-'-. ——
30
20
10
0 ) 3 1 2 3 1
TIME t [s] TIME t [s]
(a) output y(-) for different designs. (b) gain k(-) for different designs.
Figure 2.3: Simulation results for closed-loop system (2.71), (2.59) with a3 = 10,
yo = 01 and v = ko = 1 and different design parameters (qi,q2) €

{— (1,1), ===+ (10,1), === (1,2), --=-- (10,2)}.

2.3.4 Relative degree two systems

In general the simple controller structure in (2.59) cannot be retained for relative degree two
systems of form (2.45). Either additional assumptions (e.g. negative root locus center) must be
imposed on the system or an extended controller structure must be applied (e.g. incorporating
a dynamic compensator or derivative feedback). In this section the following system class is
considered.

Definition 2.28 (System class Si").
A system of form (2.45) is of Class Si™ if, and only if, the following hold:

(Sin_spy) the relative degree is two and the sign of the high-frequency gain is known, i.e.

c'b=0, y:=c Ab#0 and sign(y) is known;

(S¥n_gpy) it is minimum-phase, i.e. (2.14) holds, and
(Siin_sps) the (regulated) output y(-) and its derivative y(+) are available for feedback.

System class Si® is the linear counterpart to system class S, and the following discussion can
be regarded as precursor of the generalization(s) to class Sy presented in Chapter 3 and 4.

2.3.4.1 High-gain adaptive controller if root locus center is negative

The root locus center of systems of form (2.45) with relative degree two is given by

1c"A’0 1
Z(A,b,c) = icch = 2—%cTA2b. (see Appendix C) (2.72)
As was already noted in Section 2.2, systems of class Si® with negative root locus center are
high-gain stabilizable. Moreover, high-gain adaptive stabilization is feasible by retaining the
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simple structure of the high-gain adaptive controller (2.59). Solely the (altered) high-frequency
gain is to be incorporated into the controller appropriately.

Theorem 2.29. Consider a system of class Sy* described by (2.45) with root locus center
E(A,b,c) asin (2.72). If=(A,b,c) <0, then the high-gain adaptive controller

u(t) = —sign(c" Ab) k(t)y(t) where k(t) =y(t)%, k(0) =k, >0 (2.73)

applied to (2.45) yields a closed-loop initial-value problem with the properties (i)-(iv) of Theo-
rem 2.24.

Proof. see [86, p. 63-66]. O
Note that, depending on the location of the root locus center Z(A, b, ¢) < 0 in the left complex
half-plane and the initial gain ko, the closed-loop system (2.45), (2.73) is possibly not well-
damped (in the sense of Example 11.3.7 in [24]): there might occur (undesired) oscillations

which cannot be damped actively.

Example 2.30. For illustration consider the second order system given by

§(0) = ay y(t) + as §(8) + 70 u(t) @Eg;):(g‘i)em a1, a3 € R, % A0 (274)

Its relative degree is two and, for as < 0, it has a negative root locus center

:2%0(0, 1)(7°>:a2/2<0.

[1]

a270

Applying (2.73) to (2.74) yields the simulation results depicted in Fig. 2.4. For the (larger)
initial gain ko = 10 the closed-loop system (2.74), (2.73) exhibits oscillations with greater am-
plitude and higher frequency than for the (smaller) initial gain ko = 1. This observation holds
for both choices of as = —1 and as = —2 (see Fig. 2.4(a), (b)). In contrast, the closed-loop
system (2.74), (2.73) with root locus center = = —1 (i.e. ay = —2) is better damped for ko = 1
and ko = 10 than that with = = —0.5 (i.e. ay = —1), respectively.

The controller (2.73) will not work for systems with positive root locus center Z(A, b, c) > 0.
However, if derivative feedback is admissible (as claimed in class Si*), then Z(A, b, ¢) can be
shifted arbitrarily.

Corollary 2.31. Consider a system of class Si* described by (2.45) with high-frequency gain
Yo = ¢ Ab and root locus center Z(A, b, ¢) as in (2.72). Then, for continuous v(-): Rsg — R,
application of derivative feedback of the form

u(t) = —sign(c” Ab) kg y(t) + v(t), ks # 0. (2.75)

yields a shift of the root locus center, i.e.

— - 1
=8 = :‘(Aa b7 C) - _|’70|k5' (276)
2
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TIME ¢ [s] TiME ¢ 5]
(a) simulation results for & = —0.5 (i.e. a3 = —1): (b) simulation results for =2 = —1 (i.e. ag = —2):
top: —— y(+) for ko =1, --- y(-) for kg = 10; top: —— y(+) for ko =1, --- y(-) for kg = 10;
bottom: —— §(-) for ko =1, --- y(-) for ko = 10. bottom: —— y(-) for kg =1, --- g(-) for ko = 10.

Figure 2.4: Simulation results for closed-loop system (2.74), (2.73) with (yo, y1) = (1, 1), a1 = —1,
v =1 and ko € {1, 10} and ay € {—1, —2}.

Proof. Without loss of generality, consider system (2.45) in BIF (2.54). For B as in (2.52) and
(CB)™! as in (2.53) observe that the following holds

TA%
(a1, az) =c A’B(CB)™' = (x, £cTA%) cRY> = g,=° . CI92(A,b,¢).
0

Moreover, it is easy to see that the closed-loop system (2.54), (2.75) is similar to (2.54): sub-
stitute v(t) and as — || ks for u(t) and ag, respectively. Hence as — || ks =: 225 which
gives (2.76). O

Clearly, Corollary 2.31 allows for a left shift of the root locus center, if e.g. p > 0, Z(A,b,¢c) > p
and a lower bound 7y > 0 on the high-frequency gain (i.e. 70 < ) are known, then any
ks > 2p/y0 in (2. 75) gives =g < 0 and Theorem 2.29 assures asymptotic stabilization of the
shifted system (2.54), (2.75) with “new” control input v(-). Drawback of this shift is that two
parameters must be known roughly. Later it will be shown that a “time-varying shift” of the
root locus center—obviating rough parameter knowledge—is feasible.

Remark 2.32. Consider a system in the frequency domain given by F(s) as in (2.35) with
relative degree r > 1 and root locus center Z(N, D) as in (2.39) and introduce the following
input (or output) filter

Fr(s) = uu(fz) (:: yF(—gs))> vr >0, np € N,
- NF(S . — z(Np)) Np, Dr € Rls|, monic and coprime,
= ded = wIlh SNy RED R < 0¥ € {1, ne). -

with relative degree zero. In view of Definition 2.16 the root locus center of the serial intercon-
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2.3 HIGH-GAIN ADAPTIVE STABILIZATION

nection Fr(s)F(s) (or F(s)Fr(s)) is given by

% <ZPZ(D) -

hence an adequate choice of the zeros zi(Np), ..., 2, (Ng) and poles p1(Dg),...,pn.(Dr) of
the filter in (2.77) yields an arbitrarily shift of the root locus center of the serial interconnec-
tion Fr(s)F(s) (or F(s)Fr(s)). Again rough knowledge of the location of Z(N, D) is required
to achieve e.g. a shift into the left complex half plane.
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2.3.4.2 High-gain adaptive controller with dynamic compensator

In 2007, motivated by finding an error in [129] (see Section 2.3.1), Hoagg and Bernstein
present “parameter-monotonic direct adaptive control” of minimum-phase LTI SISO systems
with known sign of and known upper bound on the high-frequency gain if only output feedback
is admissible (see [80]). The proposed high-gain adaptive controllers incorporate dynamic com-
pensators (similar to that presented in Section 2.2 but with time-varying gain) and (under the
assumptions above) are capable to stabilize systems either with unknown but bounded relative
degree 7 if an upper bound 7 on r is known (see [80, Theorem 8.1|) or with exactly known rela-
tive degree 7 (see [80, Theorem 8.2]). The more general first controller (see [80, Theorem 8.1])
is robust to uncertainties in the relative degree by the use of Fibanocci series in the gain ex-
ponents and is of order 7. The second controller is of order  (not accounting for gain adaption).

Since the relative degree of systems of class Si® is exactly known and two, in the present work
only a simplified version of Theorem 8.2 in [80] is presented. Notation is adopted from [80].

Theorem 2.33. Consider a system of class Si* described by (2.45). Let by > |c¢" Ab| > 0 be
known and choose by, by > 0 such that

53+b282+615+7760€R[5]

is Hurwitz for all m € (0,1], i.e. byby > by. Then the dynamic compensator” with high-gain
adaptive controller

() = {_—:((t))?bbzl (1)} (1) + { 210} y(b), 2(0) = &° € R
u(t) = —sign(cT Ab) (k(t)?, 0)&(t) where (2.78)
k(t) = ~vexp(— t)th, k(0) = ko

with design parameters by, by > 0, 29 > 0, v,a > 0 and kg > 0 applied to (2.45) yields a
closed-loop initial-value problem with the properties:

(i) there exists a unique and mazimal solution (x, &, k) : [0,T) = R" x R xRxg, T € (0, 00];

(ii) the solution is global, i.e. T = 00;

®Theorem 8.2 in [80] contained typing errors for the exponents of k in the compensator matrix. The errors
are corrected here.
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CHAPTER 2: HIGH-GAIN ADAPTIVE CONTROL

(iii) all signals are bounded, i.e. (x(-), Z(-)) € L(R>p; R™ x R?) and k(-) € L®(R>0; Rsp);

(v) limy_o k(t) = 0 and lim;_,o (2(t), (t)) = (0,, 02).
Proof. see proof of Theorem 8.2 in [80]. O

Gain adaption in (2.78) exponentially decreases for large gains. Interesting to note that already
in [129] the proposed gain adaption is proportional to k(t)~~V) for systems with relative degree
r > 2. Deceleration of the gain adaption for large gains is essential for the proofs (see e.g. Lemma
A.2 in [80] or (2.95) in the proof of Theorem 2.36).

Remark 2.34 (Design parameters 7, «, ko, by, by and Z.).

The parameters v and « directly influence gain adaption, e.g. v > 1 and o < 1 accelerate
whereas v < 1 and o > 1 decelerate gain adaption. A large initial gain ko > 1 probably yields
“faster stabilization” than a small initial value ko < 1 (if the controlled system is unstable).
The parameters by, by (under restriction that by by > by) and Zy > 0 permit tuning of the
dynamic compensator in (2.78). However their influence on the response of the closed-loop
system (2.78), (2.45) is not intuitive and hard to guess (see simulations in Section 2.3.4.4). A
severe drawback for implementation.

2.3.4.3 High-gain adaptive controller with derivative feedback

It was already shown in Section 2.3.4.1 that high-gain adaptive stabilization by simple output
feedback (2.73) is feasible for systems with relative degree two if either the root locus center
is located in or is shifted into the left complex half-plane. For the shift certain system param-
eters need to be known roughly. What about a “time-varying shift of the root locus center”
by replacing the constant gain kg in (2.73) by the time-varying (adapted) gain k(¢)? Loosely
speaking, this question can be answered affirmatively as will be shown in the following.

First a simple result is presented which reduces the problem of high-gain adaptive stabilization
of systems of class Si® to the problem of high-gain adaptive stabilization of systems of class
Sin. The relative degree is reduced by introducing an augmented (auxiliary) output of the form

g(t) = y(t) + qy(t) where ¢ >0. (2.79)

Moreover, if the original system (2.45) is minimum-phase, then the choice of ¢; > 0 in (2.79)
retains the minimum-phase condition for the augmented system (2.45), (2.79). This approach
is similar to that presented in [96] to allow for high-gain adaptive speed control of elastically
coupled electrical drives.

Theorem 2.35. Consider a system of class Si* described by (2.45) and, for ¢, > 0, introduce
the augmented output as in (2.79). Then the high-gain adaptive controller

u(t) = —sign(cT Ab) k(t) §(t)  where k() = ¢ [§(t)]%, k(0) = ko (2.80)

with design parameters g; > 0, g3 > 1 and ko > 0 applied to (2.45) yields a closed-loop initial-
value problem with the properties (i)-(iv) as in Theorem 2.24.
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2.3 HIGH-GAIN ADAPTIVE STABILIZATION

Proof of Theorem 2.35.
Without loss of generality, consider system (2.45) in BIF (2.54). Define & := (y,7,2")" and
observe that (2.45) with output (2.79) can be written as

0o 1 o, 0
2a(t) = |a a af |2+ w0 |u), @0 = Sa°
ay On—2 A5 On—2
A —b
git) = (1 @1 0)_,) &(t)
————

=&’
Moreover, it is easy to see that the following hold: (i) &b = ¢, o # 0 and sign(g170) = sign (7o)
known, (ii) y is available for feedback and (iii)

(Sh—sp2)

A b] =ol(sq +1)det (sIo— As)  # 0 VseCso

det
e{ &0

Hence system properties (SiP-sp;)-(SiP-sp3) of class SI* are satisfied and Assertions (i)-(iv)
follow from Theorem 2.24. This completes the proof. O]

Theorem 2.35 guarantees asymptotic stabilization of systems of class Si® without additional
assumptions. Moreover, this result can easily be generalized to adaptive A-tracking (see Sec-
tion 3.4) such that control objective (coq) holds for e(t) replaced by Gref(t) — 3(t), i.e.

YA> 0. lim dist (Jger(t) — 5(2)],[0,A]) = 0.

where Jt(-) € WH(Rso; R) is some feasible reference. Nevertheless, the introduction of the
augmented output (2.79) is unattractive, since in general no statements can be made on the
asymptotic tracking accuracy of the “original error” e(-) = ye(+) — y(+).

Motivated by the approach of Hoagg and Bernstein (see Section 2.3.4.2), the following result
was found incorporating derivative feedback (admissible for systems of class Si) instead of a
dynamic compensator. It will allow for a generalization to adaptive A-tracking control and, in
addition, will ensure control objective (coy) (see Section 3.5.3).

Theorem 2.36 (High-gain adaptive control with derivative feedback for systems of class Si»).
Consider a system of class Sy described by (2.45). The high-gain adaptive controller

u(t) = — Sjgn(cTAb) <k‘(t)2 y(t) +q k(t> y(t)> where } (281)

k() = g2 exp(—gs k(0)) || (@), 5) 7", k(0) = ko

with design parameters qi,q2,q3 > 0 and ko > 0 applied to (2.45) yields a closed-loop initial-
value problem with the properties (i)-(iv) as in Theorem 2.2/.

Remark 2.37 (Design parameters qi, ¢o, g3 and kg ).
The factor q1 > 0 in (2.81) allows for active damping of the closed-loop system (2.45), (2.81).
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Simulations (see Section 2.5.4.4) show that, if a lower bound o > 0 on the high-frequency gain
Y0 = ¢ Ab is known such that || > 7o, then (at least) for a second order system the choice
¢ > 2/ /T yields an “overdamped” (or a “critically damped”) closed-loop system (in the sense
of Example 11.5.7in [24, p. 717-718]). This observation will be important in view of application
in real world (see Chapter 5). The parameters qgo > 0 and q3 > 0 directly affect gain adaption
and allow for acceleration or deceleration of adaption speed. The parameter kg > 0 allows to
fix a first quess for the initial gain.

Proof of Theorem 2.36.

Step 1: It is shown that Assertion (i) holds true, i.e. existence of a unique solution mazimally
extended on [0,T), T € (0, 0].
It suffices to consider system (2.45) in the form (2.54). Define

D:=RZxR"2 xRy, and 7Z:=R
and the function
0 1 N o' ¢
a1 — Jyole? az —aqilole) * T lad

[CL4 0} M+ A5£
2
g exp(—qs k) |||

f:IxD—1D, (t(w&K))—

Then, for S as in (2.24) (with r = 2) and & := ((y,9)", 2", k)", the closed-loop initial-value
problem (2.54), (2.81) can be expressed in the form (2.60). Note that the function f(-,-)
is continuous for all (¢, (p,&,k)) € Z x D and for every compact € C Z x D there exists
Me > 0 such that [|(¢,(n",&",k)")|| < Me for all (t,(u,&, k) € €. Furthermore, for all

(t,(p, &, k), (t, (1, & R)) € €, the following holds

< (I 2]
Me (2g2 exp(—gsko) + [yol(Me + Q1))> |l — ]| +

(lasl + 11451 || — €| + Fol Me(a + 20e) |1 — ],

| £t () = £ (€. ) + llaall +

which shows that f(-,-) is locally Lipschitz continuous (with respect to (u, €&, k) € D). Hence
Theorem 2.20 yields existence and uniqueness of a solution & = ((y,9)",z",k)": [0,T) —
R? x R"? x Ry of the initial-value problem (2.60) with maximal 7" € (0, 00] (the interval
(T-,0) is neglected). Clearly, (x,k) = (S~ (y,9,2),k): [0,T) — R™ x Ry solves the closed-
loop initial-value problem (2.45), (2.81), which shows Assertion (i) and completes Step 1.

Step 2: Some technical inequalities are shown.

Introduce
0 1

A [kg,00) = R¥2. ks Ay(k) =
1 [ko,00) 1(k) —|70|k’2 —q1]70lk
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2.3 HIGH-GAIN ADAPTIVE STABILIZATION

and
1 |’Yo‘k2 1
Py: [ky,00) = R¥>? ks Py(k) = o +—q11 + q1] 7ol ko
2ol k Poltar T ar
For
) (qil + 0+ q1|70|) 0. prah) 0 and pa(k) (—W}W + 1) .
= > 3 = —> an = N
P11 2|70 P12 20|k P22 20 ol
(2.82)
note that
Vk >k = maX{Q1/2, 1/\/ |’70|} > 0: 0< pu(k;) +p22(k) < 2/(q1|70|)' (2.83)

In view of (2.82) observe that piy (k) paa(k) — p12(k)? > 0 for all k > ko and hence it is easy to
see that

Vk>ky>0: Pyk)=Py(k)" >0 and Ay k) Pi(k)+ Py(k)Ai(k) = —kI,. (2.84)
Moreover, since P1(-) € C*([ko, 00); R**?), it follows that

Vk>ko>0:

OPi(k) 1 [l L
Ok 2[7ol |

1
k2 [volk3q1

For any g3 > 0, simple calculations show that the following holds

VEk > ko :=2max{1/gs, 1/q2} +1>0: (2.85)
1 k? 2|0k

q3 (— + [ol#” + Q1|%|> _ 2ol >0 and
il 01 q

1 |yl#? > 2|70|k) ( < 1 1) 2 > <q3 1 )2
— 4+ — + ) +— ) —-(=Z4+=) >0
<q3 (q1 ¢ a1l ¢ o v0lk2 @ 170l k31 ko k2

and hence

Vk > k’gl Q3P1(k’) ——= > 0. (286)

Due to (Si"-spy) and Lemma 2.12, the matrix Ay is a Hurwitz matrix, i.e. spec(A4;) C C.o,
and therefore

Ja unique 0 < PJ = Py e R(v2x(n=2), Al Ps+ P;A; = —1, 5. 2.87
5 5

For notational brevity, define

Vi>0:  w(t) = (y®).9t)"
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and, for Pq(k(t)) as in (2.84) and P as in (2.87), introduce the Lyapunov-like function

. 2 n—2
V:R?xR ><(ko,oo) — Ry, (2.88)

w,z, k) — V(w, z,k):=exp(—gsk) (w Pi(k)w+ 2" P5z) > 0.

The time derivative & V(-) along the solution of the closed-loop (2.54), (2.81) is given as follows

VEE[0,T): SV (w(t), 2(8), k(1) — exp(—q3k(t)){Qw(t)TPl(k’(t))'w(t)—|—2z(t)TP5,'z(t)

dt
“i0wo) (aPali) - T ) i

—qgl%(t)z(t)TPg,z(t)}. (2.89)

Furthermore note that, for [ € N and for p12(k) and pea(k) as in (2.82), the following holds

Va, B € R': ‘

o il

o] 8] < e+ pat el 181 290

Invoking (2.54), (2.81) yields

Vi [0.T): 2uw(t)T Py(k()in(t) < —k(t) [l + 2 ()] \

PO |, o] w00

ay Qs

2wl '

PAk0) |7 | =0

"2 k@) )] + 2wl (pralk(®)) + paalk(e))
(aseaa) | (o) + llas] 1201 )

(2.62)

< —(k(t) — 2(p12(/€(t)) —|—p22(]€(t))) ||(CL1, GZ)TH

— A(pua(K(0) + pr(k(0) llas] ) oo (o)~ § 20

(2.91)
and
(2.87)
VieDT): 22 Port) < 2@+ 2= Pl al o]
D AP el e, (292
respectively.

— 82 —
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Step 3: It is shown that k(-) is bounded on [0,T).
Seeking a contradiction, assume that k(-) is unbounded on [0,7). In view of (2.81), k(-) is
non-decreasing on [0,7), therefore with k; as in (2.83) and ks as in (2.85)

taaa)T] | 16a?

Jt* >0Vt e [t*,T): k(t) > max < ki, ko, g2 + 312
1|70l gt ol

2 2
+4[1Ps||” [|ad] } :

(2.93)

Moreover, in view of (2.89), it follows that for all ¢ € [t*,T")

SVl 20, k0) 5 exp(oa KO) 200 PukO)D(0) + 22() Pex()} (294)

(2.91),(2.92)

< exp(—gs k(t)){ - (’f(t) — 2(pra(k(t)) + po(k(1))) || (a1, a2) T||

—4(p1a(k(8) + pa(k(1)))” llas|* = 4] P5| Ha4|!2) lw(t)]

C epca ko) - (ko) e a)]
Xp\— o - T )
> P{—¢3 q2 0ol 1,2
16 2 2 2 2
————|las||" —4||P a w(t
s ol = 41Ps ) ) (o)
1
—gnz@m”—%uwunf}
(2.93) 281)
< —mexp(—as k(1) lw®) 2 —ik(e). (2:95)

Integration from ¢* to ¢ < T and solving for k(t) yields
Vet T): k() < V(w(t),z("), k(t7)) + k(1)
and since [0,¢*] is compact and w(+), z(-) and k(-) are continuous on [0,7) the contradiction

follows.

Step 4: It is shown that Assertions (ii) holds true, i.e. T = oco.
From Step 1 & 3 and (2.81) it follows that k(-) is continuous, non-deacreasing and bounded on
[0,7"). Hence the limit

koo := lim k(t) > ko > 0 (2.96)

t—T

exists and observe that for the closed-loop initial-value problem (2.54), (2.81) (neglecting the
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)

adaption in (2.81)) the following holds
|l d (w(t) 0 1 w(t)

which with Proposition 2.1.19 in |77, p. 86| implies, by maximality of 7', that T" = oco. This
shows Assertion (ii) and completes Step 4.

Step 5: It is shown that Assertions (iii) and (iv) hold true, i.e. k(-) € L2(Rx0;Rso), x(-) €
L®(Rs0; R™), limy,o0 k() = 0 and limy_,o (1) = 0,,.
From Step 3 and 4 it directly follows that k(-) € L>(Rx¢;Rso). Moreover, for ke as in (2.96)

the following holds

t (2.81) [t .
Vt>0: ¢ exp(—qgkoo)/ H(y(T),y(T))TH2 dr < / k(r)dr = k(t) — k(0) < ks < 00,
0 0
which implies (y(-),9(-))" € L3(Rs0;R?). Hence, in view of the second equation in (2.54) and
due to spec(A;) C C., it also follows that z(-) € £?(R>o; R"?). Invoking (2.54) again yields

d

a (y(-),9()" € L2(R=0; R?) and 2(-) € L2(Rso; R"?),

respectively. Combining the results above and applying Lemma 2.1.7 in [86, p. 17| yields
(y(-),9(-)) T € L2(R0;R?) and 2(-) € L®(Rso; R"2), which with §~" as in (2.24) gives

2() =87 (y(),9() " 2() ") € LR R")
and hence Assertion (iii) is shown. Furthermore, Lemma 2.1.7 in [86, p. 17] also gives

lim (y(t),4(t))" = 0y and lim 2(t) = 0,_»

t—o00 t—o00

which implies

lim k(t) < go exp(—qs ko) tlgglo H (y(t)) =0 and

t—o00

lim 2(t) = lim S~ ((y(t), 9(t)) ", 2())T = 0,.

t—o00 t—o00

Hence Assertion (iv) is shown. This completes the proof of Theorem 2.36. O

Remark 2.38. There exists an alternative to controller (2.80) which also achieves high-gain
adaptive stabilization of systems of class Sy». If (2.81) is replaced by

u(t) = —sign(c" Ab) (k(t) y(t) + £ (k(t)y(t)))  where

: (2.97)
k) =y@®)P, p>1 k(0) =ko >0,

then Assertions (i)-(vi) of Theorem 2.2/ also hold true (see [85, Proposition 4.1]). The slightly
more complex controller (2.81) has been introduced since it paved the way for and lead to the
adaptive A-tracking controller (3.46) proposed in Section 3.5.3. It was not possible to general-
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1 1,8
0,5 1,6} v
A
o1 T L4 !
—0,5 I/T
1,2 Hf
{
! /
0 5 10 15 20 Lo 5 10 15 20
TIME t [s] TIME t [s]
(a) output y(-) for different designs. (b) gain k(-) for different designs.
Figure 2.5: Simulation results for closed-loop system (2.74), (2.78) with (yo, y1) = (1,0),
ay = a3 = O, Yo = ko = bo = 79 = o = 1 and (bl,bg,ﬁ’o) S
{ — (2,1,0.1), ===+ (2,1,1), - (2,5,0.1), -~ (5,1,0.1)}.

ize (2.97) to the adaptive A-tracking problem.

2.3.4.4 Simulations

To investigate the influence of the design parameters of controller (2.78) and (2.81) on the
closed-loop system response, both controllers are applied to the exemplary system (2.74) with
initial value (yo, y1) = (1,0) and system parameters a; = as = 0 and 79 = 1. Both closed-loop
systems (2.74), (2.78) and (2.74), (2.81) are implemented in Matlab/Simulink.

For the upcoming simulations, only the design parameters (b, by, 29) of (2.78) and ¢; of (2.81)
are modified (see caption of Fig. 2.5 and 2.6). Clearly, the remaining design parameters—
ie. v,a, ko for (2.78) and ¢q, g3, ko for (2.81)—only affect gain adaption (adaption speed) and
initial gain and so only change the transient response quantitatively (in the sense of a time-
scaling in Fig. 2.5 and 2.6, resp.). For simplicity, these tuning parameters are set to one (see
captions of Fig. 2.5 and 2.6). The simulation results of the closed-loop system (2.74), (2.78)
and (2.74), (2.81) are shown in Fig. 2.5 and Fig. 2.6, respectively.

Discussion for high-gain adaptive controller with dynamic compensator (2.78): Simulation stud-
ies reveal (see Fig. 2.5) the following influence of the design parameters (by,bs, 2p) on the
closed-loop performance (identical behavior was also observed for different values of vy # 1):
(i) by > max{ba, Zo}yo yields a response with nearly no overshoot and small oscillations but
“slow” convergence (see ----- ), (ii) 109 > by > max{b1, Zp}70 leads to oscillations with over-
shoot (see - ), (iii) be > max{by, Zo}y0 and 2y > max{by, by} result in “brief destabiliza-
tion” and turbulent but decaying oscillations with large amplitudes (> 10) and high frequency
(not shown due to scaling), (iv) 2o ~ max{by, bs}7o gives ---- with large overshoot and (v)
Zp < max{by, ba}7yo yields —— with small overshoot and fast decay. To conclude, control
design of (2.78) is not intuitive and must be performed by trial and error. Moreover, design
parameters do not have a distinct influence on the control performance.
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1 2,5
0,5} \-
v 9t
" AN
I T U VSRR i i SIS S WY A W W
LA AAA
1,5t
—0,5
-1 : ' : 1t ' ' :
0 5 10 15 20 0 5 10 15 20
TIME t [s] TIME t [s]
(a) output y(-) for different designs. (b) gain k(-) for different designs.

Figure 2.6: Simulation results for closed-loop system (2.74), (2.81) with (yo, y1) = (1,0), ag = a2 =0,
’}/():k():quq;g:lO/ndq1€{—0.1,---'1, ------ 2, == 5}

Discussion for high-gain adaptive controller with derivative feedback (2.81): The damping of
the closed-loop system (2.74), (2.81) is easily tuned by variation of ¢; (see Fig. 2.6). It is
well known that (weighted) feedback of the output derivative increases damping (see e.g. [174,
p. 212-213]). The following observations also hold for o # 1 and yo # 1 (even though no simu-
lation results are shown). For ¢; < 2,/70, the closed-loop system response exhibits oscillations
with increasing amplitude and frequency for decreasing values of q;. For ¢; > 2,/7, the system
response is “overdamped”,; i.e. no overshoot occurs. However, the larger ¢; is chosen, the slower
is the closed-loop system response (2.74), (2.81) (see Fig. 2.6).

The influence of ¢; on the closed-loop system (2.74), (2.81) may be explained by the following
linear analysis. Application of u(t) = k?y(t) + q1 ky(t) with constant k > 0 to (2.74) with
a; = az = 0 and 7y > 0 yields the harmonic oscillator

(L) + voquky(t) + ok y(t) = 0. (2.98)

To obtain an “overdamped” (or a “critically damped”) oscillator (2.98) (in the sense of Exam-
ple 11.3.7 in [24, p. 717-718]) the eigenvalues must satisfy

k
P12 = —%gl (1 t4/1— 4/(7061%)) <0.

If 79 > 70 > 0 and 7 is known, the choice k > 0 and ¢, > 2/, /7 implies 0 < 1 —4/(70q7) < 1.
Clearly, the argumentation above only holds for linear time-invariant systems, nevertheless sim-
ulation studies (e.g. in Fig. 2.6) indicate a similar behavior for the time-varying controller (2.81).

2.4 High-gain adaptive tracking with internal model
This far only stabilization of systems of form (2.45) either element of class SI™ or class Si* was

discussed. What happens if reference signals y,er: R>g — R are to be tracked by the system
output y(-) 7 Are the presented high-gain adaptive controllers capable to guarantee asymptotic
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tracking, i.e.

lim e(t) = lim (yer(t) = y(6)) = 07 (2.99)
The answer is affirmative if reference y,.¢(+) is the solution of a known linear differential equa-
tion. Then the use of an “internal model” connected in series with the high-gain adaptive
controllers (2.59) or (2.81) assures asymptotic tracking as in (2.99) (see e.g. [86, Section 5.1]).
The “Internal Model Principle” postulates that “every good requlator must incorporate a model
of the outside world” being capable to reduplicate “the dynamic structure of the exogenous
signals which the regulator is required to process” (see [189, p. 210]). Outside world does not
only cover known reference but also known disturbance signals. The disturbance dynamics of
processes in industry are mostly not structurally known, hence application of internal models
for disturbance rejection is often not feasible. In the following disturbance rejection by internal
models is neglected, for more information on asymptotic disturbance rejection see e.g. [135].
The internal model principle was extended to a nonlinear framework in [173].

In the remainder of this section, only “non-vanishing” reference signals are considered. For this
purpose, introduce the monic polynomial Dy, € R[s] with associated root set

R(D[M) = { So € C | D[M(So) =0 }

and reference class

Vref == {yref(') € C*(R5p; R)

d Dy e R[s], monic
D (E) yref(') =0, with R(DIM> C CEO : (2100)

Admissible references yef(-) € Vet are e.g. constant, ramp-like, exponential and sinusoidal
functions and/or linear combinations thereof. Clearly, since Dy in (2.100) is not a Hur-
witz polynomial (more precisely, each root has non-negative real part, i.e. R{so} > 0 for all
So € R(Djppr)), the admissible reference signals may also tend to +oo (or —oo) as t — oo.

Note that, for monic and Hurwitz polynomial Dyy € R[s], Dy (% ) Yref(+) = 0 implies that
reference y,¢(+) asymptotically (exponentially) vanishes, i.e. lim; . yrer(t) = 0. Hence, for this
case, asymptotic tracking as in (2.99) is already accomplished by the stabilization results in
Section 2.3 (see also [86, p. 112]).

The principle idea of high-gain adaptive tracking with internal model is as follows: consider a
high-gain stabilizable albeit unknown LTT SISO system with transfer function F'(s) as in (2.35)
and for yye(+) € Vier introduce the internal model described by the following transfer function

N coprime Ny, Dry € Rls|, Dy as in (2.100),
uls) _ Niu(s) N monic and Hurwitz, (2.101)

F]M(S) = = >
U(S) DIM(S) deg(N[M) = deg(D]M) and lim F]M(S) > 0.
§—»00

from “new” input v(s) to control input u(s). Clearly the internal model in (2.101) is minimum-
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phase, has relative degree zero and positive high-frequency gain, i.e.
riv = deg(Nypy) — deg(Dyy) =0 and Jo := lim Fyp(s) > 0. (2.102)
S§—00
Hence the serial interconnection

Fs(s) == == := Fry(s) F(s)

again is high-gain stabilizable and, moreover, the internal model in (2.101) allows to redupli-
cate the reference signal yef(-) € Vet (see Lemma 5.1.2 in [86]). Concluding, the problem
of high-gain adaptive tracking (with internal model) simplifies to that of high-gain adaptive
stabilization (see [86, Section 5.1]).

To formulate the results in the time domain, introduce a minimal realization of the internal
model (2.101) as follows

z(t) = AZ(t)+bo(t) deg(Drn) = p €N, 2(0) = 2o € R”, (2.103)
u(t) = e &(t)+5v(t)’ (A,b,€) € RF*? x RP x R?, 7 as in (2.102), '

where v(-) represents the “new” control input of the serial interconnection of minimal realiza-
tion (2.103) and LTI SISO system of form (2.45). Furthermore, a technical lemma is required
which shows that interconnected system (2.103), (2.45) inherits the system properties of (2.45)
such as relative degree, sign of the high-frequency gain and minimum-phase property. The
following lemma covers LTI SISO systems with arbitrary relative degree greater than zero. It
is similar to Lemma 3.5 in [94] (there for LTT MIMO systems with relative degree one).

Lemma 2.39 (Serial interconnection of internal model and LTI SISO system).
Consider a system of form (2.45) with (known) relative degree 1 < r < n. If (2.103) is a
minimal realization of (2.101), then the serial interconnection (2.103), (2.45), given by

4 () A be'] [x@) b x(0)\ [z’ )
£(50) = lon 3] G)r (%) w00 (G0)= ()"
— ~— ~—— S~
=g(t) —: A gcR(n+p)x(n+p) =:bgeRn+p =z
_ T T x(t)
w0 = . op (5).
::CEGRlX(M'P)

Vs
(2.104)
has the following system properties:

(i) its relative degree equals r;
(i) its high-frequency gain is given by ¢l A%y 'bg =5 c" A" 'b;
(111) if (2.45) is minimum-phase, then so the serial interconnection (2.104), i.e.

Vs e Czoi det |:SIR+ZT_ AS %S:| 75 0.
S
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Proof of Lemma 2.39.
Stepl1: It is shown that Assertions (i) and (ii) hold true.

Note that
~T7! ! ! l—ig~T 31
VieN: AL= [OA b%] _ [ A 2 ATbe A ] (2.105)
pxn Opxn A
where AY = I, and :40 = I, and so the following holds
l ! l—ig~T 501 b
VIEN:  clAbbs 1 (¢7 o) | A LimATbE A (72 )
Opxn A b
— l LT i1 (b
= <CTAZ, S, clATbe' A ) ( 5 )
l A
— e’ A+ cTAT e AT D, (2.106)

i=1

Now, either r = 1 then ¢fbgs = Jpc'bor 1 < r < nthen clbs = ¢'b =0 and in view of (2.106),
clAkbs = 0foralll € {1,...,r—2} and ¢l A% 'bs = Jpc" A" 'b # 0. This completes Step 1.

Step 2: It is shown that Assertion (iii) holds true.
If (2.45) is minimum-phase, then this implies stabilizability and detectability (see Proposi-
tion 2.8), i.e.

sI,—A b

Vs e Csp: rank{ o7 O] =n+1

By assumption, (2.103) is a minimal realization of (2.101) and hence the pair (:4,/5) is con-
trollable (and (€', A) is observable). Hence the Popov-Belevitch-Hautus condition (see Re-
mark 2.9) implies

VseC: rank [SIP—:&, B] =p.
Combining this yields
sI,—A —bé b
Vs e Csp: rank SI"J”'T_AS bs —rank | O,,, sI[,b—A b|=n+p+1,
- CS 0 pT P T
c 0, 0
which shows Assertion (iii) and completes the proof of Lemma 2.39. O

2.4.1 Relative degree one systems

Now high-gain adaptive tracking for systems of class Si" is presented. From Lemma 2.39
it follows that the serial interconnection of system (2.45) and internal model (2.103) is again
element of class SI™ and hence, loosely speaking, a slight modification of the high-gain adaptive
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augmented system of class Si" (or Sin)

Yref € Yy

y >0 > high-gaiiln aéiaptiv)e v internal u system (2.?_5) >
of . — . | controller (2.107 > of class 5™ .
et ...,9__‘?.., (or (2.111)) model (2.103) (or Sy | el

Figure 2.7: High-gain adaptive (tracking) control of systems of class SI™ (or Si") with internal model.

controller (2.59) establishes asymptotic tracking.

Theorem 2.40 (High-gain adaptive tracking control of systems of class Si®).

Consider a system of class Si given by (2.45) and some arbitrary yuet(-) € Vet with known
Dy € R[s] as in (2.100). Choose a Hurwitz polynomial Nyppy € R[s| with deg(Niy) =
deg(Dyyr) such that limg o g%gz; > 0. If (2.103) is a minimal realization of g%gz;, then
application of the high-gain adaptive (tracking) controller

v(t) = sign(c™b)k(t)e(t), where e(t) = ywer(t) — y(t) }
k) = qle(t)|®, k(0) = ko

(2.107)

with design parameters q; > 0, qgo > 1 and ko > 0 to the serial interconnection (2.104) yields,
for arbitrary initial-value % € R™ P, a closed-loop initial-value problem (2.107), (2.104) with
the following properties

(i) there exists a unique and mazimal solution (xg, k) : [0,T) — R™™P x Rso, T € (0, o0];
(11) the solution is global, i.e. T' = oo,
(iii) the gain is bounded, i.e. k(-) € L>®(Rxo; Rxo);
(iv) the tracking error vanishes asymptotically, i.e. limy_,o |e(t)] = limy— o0 [Yret(t) — y(t)] = 0;

(v) the state does not grow faster than the reference, i.e.

M >0Vt>0: |les(t)]| < M(1+ m[%x] |Yret (1)])-
se|0,t

Clearly, unbounded reference signals y,ef(-) might necessitate unbounded control actions u(-)
reduplicated by the internal model (2.103). If so, then in real world such references are not
admissible. In contrast, due to Assertions (iii) and (iv), the controller output v(-) as in (2.107)
is always bounded. The closed-loop system is depicted in Fig. 2.7.

Proof of Theorem 2.40.

Let w(-) be the unique solution of w(t) = Asw(t), w(0) = wy € R"? where Ag as in (2.104).
Clearly, such a solution exists on R and w(-) € C®(R>o; R"™). In view of Lemma 5.1.2
in [86], there exists wi! € R™P such that

w(t) = Asw(t), w(0) = wit € R*P

Uret(t) = ciwl(t). (2.108)
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Hence, for xg(-) as in (2.104), w(-) as in (2.108) and
Vit >0: T (t) = w(t) — xs(t).
the tracking error can be written as follows
VEZ 00 elt) = purlt) — (1) = ek (wlt) - @s(t) = clae(t). (2109)
Moreover, in view of (2.104) and (2.108), @.(-) is the unique solution of

T(t) = Agsz(t) — bgv(t), z.(0) = witt — 2% € RP

ot) = ela.(t). (2.110)

In view of Lemma 2.39, system (2.110) is element of class Si, hence Theorem 2.24 allows for
application of (2.59) substituting v(t) and —e(t) for u(t) and y(t), respectively, i.e. (2.107).
Furthermore, it follows from Theorem 2.24 that Assertions (i) and (ii) holds true and moreover

z.(-) € L2(R50; R™P),  k(-) € L2(Rsp;Rsp)  and  lim @.(t) = 0,4,

t—o00

The last statement implies
lim e(t) = lim el (t) = 0
t—o00 t—o00

and therefore Assertions (iii) and (iv) hold true. Invoking Lemma 5.1.2 in [86] again gives

IM; >0Vt >0: Jw(t)]| < M;(1+ m[zgx] |yret (£)]).-
s€|0,t

Combining this with x.(-) € L>®(Rx; R"*?) yields

vt >0: lzs@)l = llw(t) — ze@)ll < llw@)] + @)l < lloello + M (1 + max [Yret ()])
< max{|[zco, M1} (1+ Srél[ééu)é |yrer (£)])
=:;\2>0 ’
which shows Assertion (v) and completes the proof of Theorem 2.40. O

2.4.2 Relative degree two systems

The following result is a direct consequence of Theorem 2.36 and Theorem 2.40. It assures
asymptotic tracking of systems element of class Sy

Corollary 2.41 (High-gain adaptive tracking control of systems of class Si®).

Consider a system of class S§* given by (2.45) and some arbitrary yuet(-) € Vet with known
Diy € R[s] as in (2.100). Under identical presuppositions as in Theorem 2.40, the high-gain
adaptive (tracking) controller

v(t) = sign(c' Ab) <k(t)2 e(t) + ¢ k:(t)j(t)) where  e(t) = yret(t) — y(t) } (2.111)
k() = qoexp(—gsk(t)) | (et), et)T]", k(0) = ko
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with design parameters qi, qa, qs, ko > 0 applied to the serial interconnection (2.104) yields, for
arbitrary initial-value % € R™P a closed-loop initial-value problem (2.111), (2.104) with the
properties (i)-(v) from Theorem 2.40 and (vi) lim; o |€(t)] = limy_yo0 |res(t) — 9(t)| = 0.

Proof of Corollary 2.41.

Similar arguments as in the proof of Theorem 2.40 show that Assertions (i)-(v) hold true. From
Lemma 2.39, it follows for the relative degree two case that the serial interconnection (2.104)
is element of Si. Hence, in view of Theorem 2.36, application of (2.81) is feasible substituting
v(t), —e(t) and —é(t) for u(t), y(t) and y(t), respectively. Note that this substitution yields the
controller in (2.111). Moreover, Theorem 2.36 gives lim; , e(t) = 0 and lim;_,o . (t) = 0y4p.
Note that this with e¢fbg = 0 implies lim; .o é(t) = limy_o ci Agx.(t) = 0 and therefore
Assertion (vi) also holds. O

2.4.3 Simulations

In this section, the application of internal models is illustrated. Simulation results are shown
for system (2.71) (with relative degree one) and for system (2.74) (with relative degree two).
The control objective is asymptotic tracking of an unbounded reference, given by

. 1 1
Yret: Rog = Ryt yper(t) 1=t + sin(¢) o—e Yret (8) = o) + 21

(2.112)

Clearly, yet(-) € C®(Rso;R) in (2.112) and, by inspection, one obtains the denominator
Di(s) = s*+s? of the internal model with (unstable) poles py o(Dyas) = 0 and p3 4(Dyar) = £5.
For the simulations Ny (s) = (s + 1)* is chosen. Observe that deg(N;y) = deg(Dyy) = 4
and limg_,o, Nypar(s)/Dra(s) = 1 > 0. Hence an appropriate internal model in the frequency
domain is given by

= = = 1. 2.11
Diyv(s)  s*+s? st + 52 * (2.113)

u(s)  Nmu(s)  (s+1)* 48> +55>+4s+1
)

0
. 0 Z(0) — 4
Z(t) + (1) v(t),  x(0)=0,€eR (2.114)

0
1
0
-1 0
4

u(t) = (1,4,5,4)Z(t) + o v(t).

At first consider the high-gain adaptive tracking problem for system (2.71) with a; = 10
and 79 = yo = 1: the high-gain adaptive (tracking) controller (2.107) with parametrization
¢1 = ko = 1 and ¢» = 2 applied to the serial interconnection (2.114), (2.71) assures high-gain
adaptive tracking. Simulation results for the closed-loop system (2.107), (2.114), (2.71) are
depicted in Fig. 2.8. Note that the serial interconnection (2.114), (2.71) is unstable, hence
it takes ~ 2 [s] until a sufficiently large gain k(-) is found to “stabilize” the closed-loop sys-
tem (2.107), (2.113), (2.71). After ~ 2 [s], output y(-) begins to track reference y,c¢(-) with
errors |e(-)] < 1 (see Fig. 2.8(a)). Controller output v(-) and controller gain k() asymptot-
ically converge to zero and a value smaller than 20, respectively (see Fig. 2.8 (b)), whereas
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100

3 A
0
: g T~
5 Z _100 | - ,
3 8 100 v ~o_ N
—200 =
10
E 20 f
5 z
£ 5 — -
R &) 10
—104 5 10 15 20 00 5 10 15 20
TIME ¢ [s] TIME ¢ [s]
(a) top: —— output y(-) and === reference yret(+); (b) top: —— controller output v(-) and --- control
bottom: —— error e(-) action u(-); bottom: —— gain k(-)

Figure 2.8: Simulation results for closed-loop system (2.107), (2.114), (2.71) and reference (2.112) with
parametrization yo = v = 1, a1 = 10 and ¢ = kg =1 and ¢ = 2.

control action u(-) decreases (without bound) compensating for the scaled reference yef(+).
The scaling is due to the negative steady-state gain v, = —1/10.

Next consider the high-gain adaptive tracking problem for system (2.74) with (yo, y1) = (1,1)
and a3 = ay = 7 = 1: here application of (2.111) with parametrization ¢ = ¢ = ¢z =
ko = 1 assures high-gain adaptive tracking. The simulation results for the closed-loop sys-
tem (2.111), (2.114), (2.71) are shown in Fig. 2.9. The system response is similar to that in
Fig. 2.8. Due to the choice g3 = kg = 1 in (2.111) gain adaption is decelerated and therefore the
“stabilization phase” is longer (= 10 [s]). Clearly, also the error derivative converges to zero (see
Fig. 2.9(a)). Controller output v(-) and control action u(-) must compensate for large system
states (during stabilization phase) and for the (unbounded) reference y,cf(-), respectively (see
Fig. 2.9(b)).

100
3 A
3
& &
B Z
© S
—100
6
wn
& z 41 ]
= 3
10 | ) 2] ]
200 5 10 15 20 00 5 10 15 20
TIME ¢ [3] TivE ¢ 3]
(a) top: —— output y(-) and - - - reference ypet(+); bot- (b) top: —— controller output v(-) and --- control
tom: —— error e(:) and --- derivative é(-) action u(-); bottom: —— gain k(-)

Figure 2.9: Simulation results for closed-loop system (2.111), (2.114), (2.74) and reference (2.112) with
parametrization (Yo, y1) = (1,1), a1 =as =y =1 and ¢ = q2 = q3 = ko = 1.
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Chapter 3

Adaptive A-tracking control

e(0) e(+) lim dist (|e(t)], [0, A])

t—o00

o) | Y A W I A

S A/
VRV

Figure 3.1: Illustration of A-strip and control objective (coz).

TIME t [g]

This chapter introduces adaptive A-tracking control for systems of class &7 and for systems of
class S;. For suitable reference yt(-) € WH®(Rs0;R) (or W3*(Rsg; R)), regulated output
y(+) and prescribed asymptotic accuracy A > 0, the adaptive A-tracking controllers assure that
the tracking error

Vi>0: e(t) = yret(t) — y(t)
asymptotically converges into the “A-strip” (see Fig. 3.1), given by
{(t,€)€R20XR ’ ‘e[ﬁ)\}

It will be shown that, for both system classes &7 and S,, the developed adaptive A-tracking
controllers accomplish control objectives (co;) and (cos), i.e.

x(-) € L2(R>0; R"), u(-) € L2(Rsp;R) and VA > 0: lim dist (|e(¢)], [0,A] =0).  (3.1)

t—o00

3.1 Motivation

Although the high-gain adaptive controllers presented in Chapter 2 work well for minimum-
phase LTT SISO systems with known sign of the high-frequency gain and either relative degree
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25 T T T 30

B 5 10 15 20 10 15 20
TIME ¢ 5] TIME ¢ 5]
(a) gain drift due to noise np(-) € W (R>o;R) (b) gain drift due to - disturbance uq(-) €
(ua() = 0): ===gain k(-), ——(noisy) output L®Rs0;R) (m() = 0): ---gain k()
y(-). and ——output y(-).

Figure 3.2: Simulation results for closed-loop system (3.2), (3.3) (only shown for the first 20 [s]).

one or relative degree two (e.g. if derivative feedback is admissible), they are mainly of theoreti-
cal interest. High-gain adaptive control as in Chapter 2 has (severe) limitations which motivate
for the introduction of adaptive A-tracking control:

Motivation 1: The models considered in Chapter 2 are linear and do not account for (external)
disturbances or nonlinear (functional) perturbations as required for system class S; or system
class Sy (see Section 1.6.2.2). Although there exist high-gain adaptive controllers for nonlinear
systems, such controllers only work if the system has an equilibrium at the origin (see [114]) or
the non-zero equilibrium is a priori known (see [2, Remark 3.4(ii)]). Both are strict presuppo-
sitions and do not hold in general.

Motivation 2: The application of internal models allows for asymptotic tracking of reference
signals element of the class Vr as in (2.100). However, the reference class Vs is limited,
e.g. the exemplary reference signals introduced in Section 1.6.2.4 (see Fig. 1.19) are not covered.

Motivation 3: Noise (in output measurement) or disturbances might cause gain drift in high-
gain adaptive control, i.e. the gain diverges as time tends to infinity. To illustrate this phe-
nomenon, consider the following closed-loop system consisting of the first order system

i(t) = 10x(t) + (u(t) + ud(t)) z(0) = 1, ug(-) € L2(R>p; R), (3.2)
y(t) = z(t) + nn,(t) ’ nm(-) € W3 (Rsq; R) ’
and the high-gain adaptive controller
u(t) = —k(t)y(t) where k(t) = y(t)?, k(0) = 1. (3.3)

System (3.2) is subject to input disturbance u,(+) and sensor deviation n,,(-) (e.g. measurement
noise). The simulation results are depicted in Fig. 1.19. Albeit bounded both disturbances cause
a monotone increase of gain k() (see Fig. 3.2 (a) and (b), respectively) which will eventually
result in k() — oo as t — oo.
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By sacrificing asymptotic stabilization (or asymptotic tracking and disturbance rejection) and
by introducing a dead-zone in gain adaption, e.g. of the following form

k(t) = dy(le®)])?,  k(0) = ko >0 with dy(-) as in (N.5),

adaptive A-tracking control is applicable to a wider class of (nonlinear) systems with bounded
disturbances. Moreover, measurement noise is tolerated, gain k(-) will not diverge and tracking
with prescribed asymptotic accuracy in the sense of (3.1) is achieved. Hence, in contrast to
high-gain adaptive control, adaptive A-tracking control is applicable in real world.

3.2 Brief historical overview

For a comprehensive overview of the development of adaptive A-tracking or “approximate track-
ing” control see the surveys [85], [93] and the dissertation [33, Chapter 1].

The problem of gain drift due to noise was already mentioned in [129, Remark 4] (1984) and a
“more appropriate” gain adaption with dead zone was proposed. The term “[adaptive| A-tracking
[control]” was coined by Ilchmann and Ryan (see [86, Section 5.2] (1993), [95] and [155] (1994)).
For constant references Ryan introduces the notion of A-stabilization (see [156]). For unknown
sign of the high-frequency gain the use of Nussbaum functions is feasible and yields universal
adaptive A-tracking (see e.g. [86, Chapter 5] (1993) or [95, 156] (1994)).

The problem of approximate tracking was implicitly solved in [134] (1991) for minimum-phase
LTI SISO systems with arbitrary relative degree and (exogenous) disturbances acting on state
derivative and output. The proposed controller invokes a non-decreasing gain switching strat-
egy and guarantees prescribed bounded overshoot and, moreover, invariance of the A\-strip after
some prescribed time. Gain switching yields discontinuous control action and is undesirable for
implementation in “real world” (in particular for motion control).

In 1994 (universal) adaptive A-tracking control was introduced for nonlinearly perturbed
minimum-phase systems with relative degree one (see [95] and [156]) for reference signals
Yret (1) € WE®(Rso;R). In [95] the MIMO case is considered whereas [156] focuses on the
SISO case but, in addition, allows for actuators with hysteresis and dead-zone (incorporating
differential inclusion). The control strategies are similar, require knowledge of an upper bound
on the nonlinear perturbation in terms of some continuous function g: R — Rxq (in the SISO
case) and use the following gain adaption

k(t) = da(le)]) (le()] + gle(t) — ger(t))),  k(0) = ko > 0. (3.4)

In [87] (1998) adaptive A-tracking control for nonlinear MIMO systems with polynomially
bounded nonlinearity is introduced. For controller design an upper bound s > 1 on the max-
imal polynomial degree is required and it is shown that gain adaption (3.4) could be replaced
by the following simpler variant

k(1) = da(le®)))*,  k(0) = ko > 0. (3.5)

Universal adaptive A-tracking for nonlinear SISO systems with relative degree one described
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by functional differential equations is presented in [158] (2002) within a framework of differen-
tial inclusion. In [89] (2008) it was shown that adaptive A-tracking control is robust in terms
of the gap metric. Loosely speaking, by defining a measure for the “gap” between a nominal
minimum-phase LTT MIMO system &, with relative degree one and a system & (possibly not
minimum-phase and/or with higher relative degree), it can be shown that for “small” initial
values and if the measure is sufficiently small (yielding a “small gap”) then adaptive A-tracking
control of system & is still feasible.

There are few results for systems with higher relative degree. The most important are [190]
(1999) and [34] (2005). In [190] Ye proposes an universal adaptive A-tracking controller for non-
linear SISO systems with arbitrary-but-known relative degree, unknown high-frequency gain
and polynomially bounded nonlinearity (again an upper bound on the maximum polynomial
degree is assumed to be known). His control method incorporates a compensator (filter) and
is based on a backstepping procedure (resulting in a complex structure, see Section 3.5.1). In
contrast, in [34] Bullinger and Allgéwer introduce adaptive A-tracking control in combination
with a high-gain observer for nonlinear SISO systems with arbitrary-but-known relative degree
with sector bounded nonlinearity (see Section 3.5.2). Adaptive A-tracking with derivative feed-
back for LTT MIMO systems with arbitrary-but-known (and unknown-but-bounded) relative
degree is introduced in [81, Section 2.3.3] (2010). However, the proposed controllers require
derivative feedback up to the r-th order. System class Sy has relative degree two (i.e. r = 2),
but only permits feedback of y(-) and y(-).

Adaptive A-tracking control is applicable in real world. Several applications are mentioned
in literature. Most application are found in process automation of chemical reactions (chemi-
cal engineering): substrate concentration control of continuous aerobic continuous stirred tank
reactors with input constraints (see [61]), set-point temperature control of chemical reactors
without and with input constraints (see [2| and [100], resp.), biomass concentration control in
activated sludge processes (see [60]) or pH regulation of biogas tower reactors (see [92]). Besides
adaptive A-tracking control was successfully implemented in anesthesia depth control (see [33,
Chapter 4] or [35]) or applied to bio-inspired sensors with relative degree two and negative root
locus center (see [20], however the proofs are incomplete).

To the best knowledge of the author, theoretical results for adaptive A-tracking control with
derivative feedback for systems of class Sy (or similar systems which only allow for derivative
feedback up to the first order) have not yet been published and, moreover, adaptive A-tracking
control has not yet been applied for speed and position control of industrial servo-systems.

3.3 Mathematical preliminaries

For Chapter 3 and Chapter 4, some more mathematical preliminaries will be required. These
are presented in this section. At first “Byrnes-Isidori like forms” of systems of class S; and class
Sy are derived. These forms are similar to the Byrnes-Isidori forms presented in Section 2.3.2.1
and facilitate system analysis in the upcoming proofs. Since reference tracking is the control
objective, in particular, the rewritten “error Byrnes-Isidori like form” is of interest. At the end
of this section, existence theory of functional differential equations is briefly revisited.

— 908 —



3.3 MATHEMATICAL PRELIMINARIES

3.3.1 Byrnes-Isidori like form of systems of class &;

System class S; comprises systems of form (1.36) with relative degree one (see Definition 1.6).
Application of the coordinate transformation (y, z) := Sz with S as in (2.49) (see Sec-
tion 2.3.2.1) to (1.36) gives the following Byrnes-Isidori like form of systems of class S

J) = () +al2(t) + w(ult) + u®) + e Bx((TSEENO +d1),  yling =2
2(t) = asy(t) + Asz(t) + NBz((T(S7(2)(t) +d(t)), z|(-n0 = N’
(3.6)
where 7, a1, as, ag and Ay are as in (2.51), respectively. Note the similarity to the BIF (2.50)
of LTI SISO systems with relative degree one. Let yef() € Wh([—h,0);R) (i.e. extend
Yret (1) € WH®(R50; R) to the interval [—h, 0]), then substituting y.e(t) — e(t) for y(t) in (3.6)
and solving for é(t) gives the “error Byrnes-Isidori like form” as follows

(t) = an(e(t) = pre(®)) + dher(t) — ag 2(t) — v0(u(t) + ualt)
~TB((T(S7 (" ))(0) + d(t)). eli-n0) = (vrtli-ngy — €72")

1) = aylyn(t) — e(t) + Asz(t) + NBx((T(S7 (" ))(0) + d(t), =l = e )

3.3.2 Byrnes-Isidori like form of systems of class S

Systems of class Sy have relative degree two (see Definition 1.7). For r = 2, the coordinate
change (y, y, z) := Sx with S as in (2.24) applied to system (1.36), yields

£ (0) - [2 210 B0 Qe |
+ [CT%BJ ((f(s—l(g)»(t) + d(t)) , @ ‘[_hm — Cx°
2t) = [as 0, 2] @’Eg) + Asz(t) + NBx ((z(s—l@))(t) + d(t)) , 2|pg = Na©,

Vs
(3.8)
where 7o, (a1, as), as, as and Az are as in (2.55), respectively. Note that ¢' B = 0, in
(So-sp1) is essential for this transformation. For extended reference y,ef(+) € W»*°([—h, 00); R),
substitute yyer(t) — e(t) and pe(t) — é(t) for y(t) and y(t) in (3.8), respectively, and solve for
(e(t), é(t)) " which yields the “error Byrnes-Isidori like form” as follows

§(0) - [ ) ) [ Qo
[ TABT] ( s 1( # ) (t>>7 (Z> [—h,0] N <<Z§H_ZS}> - Ca:0>

2(t) = [as 0,9] <;’i8 Zgg)+A5z()+NBg ((z(s—l( - )))(t)+d(t)),

Z|[_h70] = NCBO.

SN

@@

(3.9)
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CHAPTER 3: ADAPTIVE A-TRACKING CONTROL

3.3.3 Solution of functional differential equation

Systems of class S; and Sy are described by a functional differential equation of form (1.36).
More precisely, for h > 0, a non-empty open set D C R", a causal operator ¥ element of class
T (see Definition 1.5, p. 40) and a function f: [—h,00) x D x R™ — R" initial-value problems
of the form

x(t) = f(t,z(t), (Tx)(t), @|-ng=2x"€C([—h,0]) with z°(0)eD (3.10)

will be considered. For the upcoming proofs one is interested in a solution of the initial-value
problem (3.10). By a solution of the initial-value problem (3.10) one means an absolutely
continuous function x(-): [=h,T) — R", T € (0, 00] with & = x|_j ¢ which satisfies (3.10) for
almost all ¢ € [0,7) and x(t) € D for all t € [0,T). Such a solution does exist if the function
f(:,-,+) in (3.10) satisfies so called “Carathéodory conditions”, or in other words, if f(-,-,-) is a
“Carathéodory function” defined as follows:

Definition 3.1 (Carathéodory function (in the sense of Footnote 4 in [99])).
Let n,m € N and h > 0. For open and non-empty D C R", a function f: [—h,00) x D xR™ —
R" is said to be a Carathéodory function if, and only if, the following hold:

(i) f(t,-,-) is continuous for almost all t > 0;
(i) f(-,x, w) is measurable for each fized (x,w) € D x R™;

(iii) for each compact € C DxR™, there exists l¢(+) € LL.([—h,00); Rsq) such that || f(t,z, w)]]
le(t) for almost all t € [—h,00) and all (x,w) € €.

And so an existence theorem can be restated which gives sufficient conditions to conclude on
existence of a solution of the initial-value problem (3.10).

Theorem 3.2 (Existence theorem for functional differential equation (see Theorem 5 in [99])).
Let n,m € N and h > 0. Consider an open and non-empty set D C R", an operator T of
class T and 2°(-) € C([—h,0];R) such that °(0) € D. Now, if f: [~h,00) Xx D x R™ — R"
is a Carathéodory function, then there ezists a solution x: [—h,T) — R™, T € (0,00| of the
initial-value problem (3.10) with =([0,T)) C D and every solution can be extended to a maximal
solution. Moreover, if in addition f(-,-,-) is locally essentially bounded and x: [—h,T) — R",
x([0,T)) C D, is a mazimal solution with T < oo, then, for every compact ¢ C D, there exists
t€[0,T) such that () ¢ €.

Proof. see [99, p. 10,11]. O

Note that Theorem 3.2 does not guarantee existence of a unique solution in contrast to the clas-
sical theory of Carathéodory (see e.g. Theorem 2.1.14 in [77]). In contrast to the Carathéodory
conditions stated in |77, p. 84|, in Definition 3.1, the function f: [—h,00) x D x R™ — R" is
not required to satisfy a locally Lipschitz-like condition.

The last statement in Theorem 3.2 implies that, for any maximal solution @: [—h,T) — R"
with T' < oo, either ||z(t)|] — oo as t — T or the boundary 9D of D is not empty and
lim; 7 dist(x(t),0D) = 0.
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3.4 RELATIVE DEGREE ONE SYSTEMS

3.4 Relative degree one systems

The well known result of adaptive A-tracking is presented for systems of class ;. In contrast to
the results in [87] or [158] the following theorem allows for nonlinear state-dependent functional
perturbations. However, the admissible operators must be globally bounded.

Theorem 3.3 (Adaptive A-tracking control for systems of class Sy).
Consider a system of class Sy described by (1.36). Then, for arbitrary initial trajectories °(-) €
C([—h,0];R™) and K°(-) € C([~h,0];Rso) and reference signal yeet(:) € WH(Rso;R), the

adaptive A\-tracking controller

u(t) = sign(c'b) k(t)e(t), where e(t) = yrer(t) — y(t) }

, ) (3.11)
k(@) = quda(le(t)])®, k(0) = £°(0)
with design parameters g, > 0, g2 > 2, k°(0) > 0 and X\ > 0 applied to (1.36) yields a closed-loop

inatial-value problem with the properties:

(i) there exists a solution (x,k) : [—h,T) — R™ x R.q which can be mazimally extended and
T € (0,00];

(i) the solution is global, i.e. T = co;

(111) all signals are bounded, i.e. () € LX(R>0; R™) and k() € L>®(R>0;R>o);
(iv) the A-strip is asymptotically reached, i.e. lim,;_,, dist <|e(t)|, 0, A]) =0.

Note that Assertion (iii) combined with the choice of u(-) in (3.11) and boundedness of the
reference yyef(+) establish boundedness of u(-). Hence Theorem 3.3 implies that control objec-
tives (cop) and (coq) are accomplished for all systems of class S;. Simulations are omitted.
The adaptive A-tracking controller (3.11) will be applied for speed control of electrical drives
in Section 5.2.2.

Remark 3.4 (Design parameters qi, go, A and k°(0).). Clearly, for arbitrary initial gain tra-
jectory k°(-) € C([—h,0];Rsg) the initial gain k(0) = k°(0) can be specified. The design pa-
rameters q1, gz and k°(0) have identical influence on the control performance of the closed-loop
system (1.36), (3.11) as the design parameters q1, qo and ko of the high-gain adaptive con-
troller (2.81) (see Remark 2.27). The value of X > 0 fizes the desired asymptotic accuracy.

The following proof differs from that given in [87], nonlinear functional perturbations are in-
cluded. The proof illustrates the principle idea of argumentation and helps to understand the
more technical result for adaptive A\-tracking control with derivative feedback of systems of class
Sy (see Section 3.5.3). Without loss of generality, in the proof (and all other proofs in the remain-
der of this thesis) measurement noise (or sensor error) n,,(-) € W*(Rxg; R) C WH®(Rx¢; R)
is neglected. A simple substitution of y,ef(+) — 1., () for reference yef(+) yields the result consid-
ering noise. If n,,(-) € W?*°(Rx¢; R) corrupts output y(-), then the tracking error e(+) in (3.11)
becomes e(+) = (Yret () — mm(+)) — y(+) and, clearly, the “corrupted reference” yyer(+) — 7 (+) is
(asymptotically) tracked instead of yef(-) (recall also the discussion in Section 1.6.2.5).
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CHAPTER 3: ADAPTIVE A-TRACKING CONTROL

Proof of Theorem 3.3.

Step 1: It is shown that Assertion (i) holds true, i.e. existence of a mazximally extended solution.
It suffices to consider system (1.36) of class &; in the Byrnes-Isidori like form (3.7). Extend
Yret (+) to [—h, 0) such that yeer(-) € WH°([—h, 00); R). Define the open set

D:=R xR xR.y,
the function

f:[=h,00) xDxR™ — D,
ar(pt = Yot (t)) + et (t) — ag € — ol & p
-0 ud(t) — CTng(w + d(t))
(t. (, & k), w) = a3(yrer(t) — p) + As€ + NBz(w + d(t))

q1 dx(|p])®

and the operator

~

T: C([—h,00) R™) = L. (Roo; R™), (T, & 1))() = (T(ST' ("1 ")) (2).

Then, for & := (e, z, k), the initial-value problem (3.7), (3.11) may be written in the following
form
$a)= FLa0). FD)0).  @lown = (w2’ (Na?)T, 1) (312)
and note that, for any non-empty compact set € C D x R™, the following holds
AMe >0V (1, €, 5),w) € € (1, €, k), w)|| < Me. (3.13)

It is easy to see that for uy(-) € L®([—h,00); R), d(-) € L>®([—h,00); R™) and yet(-) €
Whee([—h,00); R), the function f(-,-,-) has the following properties: (i) f(¢,-,-) is contin-
uous for each fixed t € [—h,00); (ii) for each fixed ((u,&, k), w) € D x R™ the function
f(, (1, & k), w) is measurable and (iii) for almost all ¢t € [—h, 00) and for all ((u,&, k), w) € €
the following holds

(3.13)
£t (1, €, 5),w)|| < M¢<|a1! + a2l + [0l Me + [le[| | Bzl + [|as]|
+ | Adf| + [N | Bzl + @1 (Me + A)‘”) + (llell + [N | B=]] |2
+ (las] + llas|]) [yretloo + [[ret /oo + 0] lualloo = le-

Hence, in view of Definition 3.1, f(-,-,-) is a Carathéodory function which, in view of The-
orem 3.2, implies existence of a solution & : [—h,T) — R x R" ! x Ry of the initial-value
problem (3.12) with ([0,7")) € D, T € (0, 00]. Moreover, every solution can be extended to a
maximal solution. In the following, let & := (e, z,k): [-h,T) — Rx R"™! x Ry be a fixed and
maximally extended solution of the initial-value problem (3.12), where (e, z,k) : [-h,T) —
R x R""! X R solves the closed-loop initial-value problem (3.7), (3.11) for almost all ¢ € [0,T)
which shows Assertion (i).
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3.4 RELATIVE DEGREE ONE SYSTEMS

Step 2: Some technical preliminaries are introduced.
Introduce the sub-coordinate change

Yre(0,1/2): o) = kO =) (3.14)

and rewrite the closed-loop system (3.7), (3.11) as follows

e<t) = (CL1 - |70| k(t))e(t) - alyref<t) + yref@) - a;k(t)”v(t) - ’Youd(t) )
—c B ((T(S7' (*1#.9)(1) + d(1)), el-no] = Yretl -no — €T2)
. (3.15)
0(t) = —go(t) + k() as(yer(t) — e(t) + Aso(t)
+k(t) " NB((T(S7' ("2 ))(®) +d(1)),  vlng = (F) "Nz

Due to system property (Si-sp2) and Lemma 2.12, the matrix A, is Hurwitz, i.e. spec(Ay) C
C.o and hence (2.63) holds. For P, as in (2.63) introduce the Lyapunov-like function

Vi: Rx R"™ — Ry, (e,v) = Vi(e,v) :=e* +v' Py > 0.

and define the constants

Mo o= farlllle + el + Frollallo + lll 1Bl (M + )
My = 1Pl (lasl Bl + INT Bl Mz + ) and
y = %min{l, M}

For notational brevity, write

Vtel0,T): Vi(t) = Vi(e(t),v(t)) with derivative along (3.15): (3.16)

Vte0,T): LVit) = 2e(t)et) + 2v(t) T Pyo(t). '
In view of (3.15), the following hold for almost all ¢ € [0,7")

o (315) ) .
Ze(t)e(t) < — (2holk(t) — 2|ar|)e(t)” + 2le(t)] (\al\llyreflloo + [l et lloo
+1ollludllo + llell [ Bz (Mz + [|dllo) + llaz]| k()" [[v(t)] )
(3.16),(2.62) 2 M¢ 2y oz v A [l
< = (2holk(t) — 2] = 5 = 8l k) ) e(r)? + P+ FE (317
and <0
To - (3.15) 2' () ot \ v
20(t) Pyo(t) < —[lo@)[ =2 20(t) Pavt) +2k() ™ [lo(@)[| | Pal| -

k(t)
(sl (geetlloe + le(®)]) + 1N [ Bsl| (M + 1] )

(3.16),(2.62) 3 Yy
< = Io@IF + 8k (M2 1P asl le(®)).  (3.18)
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Inserting (3.17) and (3.18) into (3.16) gives for almost all ¢ € [0,T")

d 2
gt 10 < = (2h0lk(e) = 2Aan] = M2 =8|k — 8K IPal as] )e(e)
1 2 A2 —2v 3 12
—5 @) + v 5 + 8 k(). (3.19)

Step 3: It is shown that k(-) is bounded on [0,T).
Seeking a contradiction, assume that k(-) is unbounded on [0,7). In view of (3.11), k(-) is
non-decreasing on [0, 7"), whence

R R 207 2, a8 [Pl [las||”
T2 0VE e [t,T) : 2/yplk(t) — 2|ai| — A 8 llaz” k()™ — k(1) >1/2
16 M?
2v v
Moreover, using — ||v(t)||* < —v(t)T Pyv(t)/ || P4l in (3.19), it follows that
d (3:20) )2 -2 2
foraa. te[t",T): $Vi(t) < —pvVi(t)+pvs +8k(t) M.
Since |e(t)| < 4/ Vi(t) for all t € [0,T) it follows that
; 3.11 q2
vee0.7): k(1) "= g dy(e)® < ady (VD) (3.21)
Furthermore, observe that
A2 -2 2 (3.20) 2
for a.a. t € [t*,T): o +8k(t)™ M, < puyA (3.22)
and, for any ¢ € [0,7), the following implication holds
(N.5)
[V <a] 22 [a(vim) =o] (3.23)
For dy(+) as in (N.5) consider the non-negative function dy(-)? with derivative
d 0 5 <A
—d\(s 2= 2 2 ’ 3.24
ds A(5) {hmh%w:%s—)\) s>\ (3:24)

Clearly, dy(+)? is continuously differentiable. Then, the time derivative 1< dy(1/V;(t))? along

- 104 —
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the solution of the closed-loop initial-value problem (3.15) is, for almost all ¢ € [t*,T"), given by

2
d B 4 4 (324),(N.5) da (v/Vi®) g
o (VAD) = sy VA T SR )
(319) " a, \/r(t)) A2 —2u 12
< ENGOE (—MV%(t)+uv7+8k(t) Mv>
(3.22) d i
& 2O (i) — )
2
_ _ v o A
= a4 (Vim) (VAo -2 (1+ vl(@)
(3.23) 2
< - (Vi)

Hence integration yields
2 2
Vite [t T): dA< m(t)) <exp(—py (t—t*))max{dx( Vl(t*)> ,)\2}. (3.25)

By compactness of [0,¢*], continuity of (e(-),v(-)), Vi(-) = Vi(e(-),v(-)) and dA( Vl()> on
[0,T), the contradiction follows

Vit e [t,T): k(t)—k(t*):/ttl%(T)dT “2 /tjdx< vl(f))qzdf

*

(3;5) 41 max {dx< Vl(t*)>q2, XD} /t*t exp ( _ CIzgv (1 — t*)) dr

2
< =1 max {ay Vl(t*)>q2,)\q2}<oo.
2ty

Step 4: It is shown that Assertions (ii) holds true, i.e. T = oo.
From Step 3 and (3.46) it follows that k(+) is continuous, non-increasing and bounded on [0, 7).

Hence the limit
koo :=lim k(t) > k(0) > 0

t—=T

exists and in view of the closed-loop system (3.7), (3.11) the following holds for almost all
tel0,T)

15 (G| = Clalt it Hal -+ il -+ 1) | (50| + et + el

+hollludllco + llasll [[Yeetlloo + (lell + [N D) [[ Bl (Mx + [ld]|),

which with Proposition 2.1.19 in |77, p. 86| implies, by maximality of T, that T = oco. This
shows Assertion (ii) and completes Step 4.

Step 5: It is shown that Assertion (iii) holds true, i.e. k(-) € L®(Rso;Rso) and x(-) €
L2(R>o; R").
Note that k(-) € L*(Rs0;Rs) follows from Step 3 and 4. It remains to show that x(-) €
L£2(Rx0; R™).
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Step 5a: It is shown that z(-) is bounded on Rxg.
For k., as in Step 4 note that the following holds

t . 1 t . 1
Vit > 0: / dy(le(r)e dr "2V = [ k(r)dr < (ke — K°0)) < o0
0 a1 Jo q1
which implies
/{Z() € EI(RZO;RZ()) and d)\(’6<)|) c ﬁqQ(RZO;Rzo). (326)
Define
d = > A
do: R—=>R, e dye) = )‘(|6|)|e\ el and
el <A
(3.27)
6) e el > A
0oo: R2R, ey
el <A

and observe that, in view of (3.26) and (3.27), the following holds
Vit >0: e(t) =dae(t)) + duole(t)) N |ds(e(t))] < A and do(e()) € L2(R5o; R).  (3.28)
For P, as in (2.63) introduce the Lyapunov candidate
Va: R 5 Ry, v Va(v) :=v' Pyo.
For M, as in (3.16),

My 1= 8K(0) 2 (| Pl flas|* X2 4+ M2) and My = 8 E(0) 2 || Pyl as]”,

the time derivative & V(v (t)) along the solution of the (second equation of) closed-loop sys-
tem (3.15) is, for almost all ¢ > 0, bounded from above as follows

SV(0) < [0l +25°0) o)l (1Pl s e(o)] + M4
"o+ 28°0) o) (1Pl lasl (5:(e(0)] +3) + M)
LI + 880 (I sl (8a(e) + X7) + Ar2)
(3.16)

< =y Va(v(t) + My + My [62(e(t))|* < —pv Va(v(t)) + My + Ma(1 + [d2(e(t))]%)

where Fact 1.12.31 in [24, p. 39| was used in the last step. Application of the Bellman-Gronwall
Lemma (in its differential form [18, Lemma 1.1, p. 2|) yields

<1

N

LMy / XD (— et — 7)) [da(e(r))| dr .

(& /

(3.74) M+ + M.
Vi > 0. V(w(t) < VQ(U(O)H%
|4

<|I52(6)||Lq2
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and therefore V5(v(+)) is bounded on Rxq, which implies v(-) € £>(Rxo; R""?). From this, com-
bined with k() € L>®(R>0; Rso) and (3.14), it follows that z(-) = k(-)"v(:) € L®(Rse; R™ ).
This completes Step bHa.

Step 5b: It is shown that e(-) is bounded on Rxg.
Define

Vit >0: g(t) = ai Yret(t) + ret (t) — a3 2(t) — Youa(t) — ' Bz ((T(S7H ("L 9)))(t) + d(1)) .

For 05(-) and d.(+) as in (3.27), ks > 0 as in Step 4 and I = (1 + a1) /7o — sign(7o)kso rewrite
the first equation of the closed-loop system (3.7), (3.11) as follows

o) = —(1= Fol(h = b)) + 20 1(Baelt) +5(e0)) 0 o0
=e(t)
For M, as in (3.16) note that the following holds
Vt>0: |g(t)] < M.+ ||as]| || 2] =: M, and
l9(2)] @] [|]] g (3:30)

[limy oo (koo — k())() =0] = [{at}zowzt}: wo|(koo—k(t))gi]]

and observe that the time derivative < e(¢)? along the solution of (3.29) is, for almost all ¢ > ¢,
bounded from above as follows

S T (1 pol(ha — K(0))e(0? + 20e0)] (M, + oli(3 + a(e(1))
“é” —e(t)? + 4<Mg2 + |02 (N + 52(e(t))2))
< e+ A(ME 4 PP + 1+ 18(e(0)])).

Applying the Bellman-Gronwall Lemma and invoking Theorem C.2.14 in [46, p. 241]| again
yields

~ (3.28)
Ve i e(t) < e(f)? +4(MZ+ ol + 1+ 0:(e)|E.)) < oo,
which by continuity of e(-) on Rso and by compactness of [0,#;] implies e(-) € L®(Rxg; R).
Step 5c: It is shown that x(-) € L(Rso; R™).
From Step 3 and 4 it follows that k(-) € L*(R>;R~g). From Step 5b & b5a it follows that
e(-) € L2(Rsp;R) and z(+) € L®(Rxo; R"™1), resp. This combined with ye¢(-) € WH(Rx¢; R)
and S7' as in (2.24) yields

z() =8 (e() = thet(1), 2()")" € L2(Rx0:R").
This shows Assertion (iii) and completes Step 5.

Step 6: It is shown that Assertion (iv) holds true, i.e. lim;_, dist (|e(t)|, [0, A]) = 0.
First note that e(-) € £*(Rso;R), in view of (3.11), implies k(-) € £®(Rs;Rsq). From
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Step 5a recall that v(-) € L®(Rsg; R"™!). Combining this with d(-) € L®(Rs0; R™), 4e(+) €
W22(Rs50; R), ug(-) € L*(Rs0;R) and global boundedness of the operator T (see system
property (Ss-sps)) gives, in view of (3.15), é(+) € L2(Rx¢;R). Furthermore it holds that

d

Vi Z 0: k‘(t) = E (Q1 d,\(|6(t)|)q2) _ {

0 Je(®)] < A
agady (Je(t)])= sign(e(t)e(t) le(t)] > A

Hence, k(-) € £L2(Rxo; R). This with (3.26) allows for application of Lemma 2.1.7 in [86, p. 17]
(or Barbilat’s Lemma [106, Lemma 3.2.6. p. 76]) which gives lim; o, k(t) = 0 and therefore
limy o da(le(t)|) = 0, which shows Assertion (iv). This completes Step 6 and the proof of

Theorem 3.3. L]

Remark 3.5. [t can be shown that Assertions (i)-(iv) of Theorem 3.3 also hold for ¢» > 1.
Then, for 0 < Py = PI e R=1Dx(=1) " chopse Vo: R — R, v = Va(v) := Vo' Py
instead of Va(v) := v Pyv in Step 5a and |e| instead of €% in Step 5b of the proof of Theorem 3.3.
Note that these choices are not continuously differentiable at v = 0,,_1 and e = 0, respectively,
and imply the use of upper right-hand derivatives (see [115, p. 659]) which are not considered
in the present work.

3.5 Relative degree two systems

In this section, adaptive A-tracking control for systems of class Sy is discussed. At first the
results of Ye [190] and Bullinger & Allgower [34] for systems with arbitrary-but-known relative
degree are revisited which incorporate dynamic compensators (and backstepping) and high-gain
observers, respectively. Both approaches do not require derivative feedback, but the controller
structures are complex and do not allow for intuitive tuning. Moreover, both controllers achieve
unsatisfactory control performance (see simulations in Section 3.5.4) and so no attempts are
made to transfer the results to system class S;. Both controllers are presented for their respec-
tive system class as they were originally introduced (see |34, 190]) but, conform to system class
Ss, with restriction to the relative degree two case. Finally, the adaptive A-tracking controller
with derivative feedback is introduced and comparative simulations are presented.

3.5.1 Adaptive M-tracking controller with backstepping

In 1999 Ye proposes an universal adaptive A-tracking controller for minimum-phase LTI SISO
systems with arbitrary-but-known relative degree, unknown sign of the high-frequency gain and
polynomially bounded perturbation. Ye considers systems of the following form

z(t) = Az(t)+bu(t)+ f(t,z(t)), neN, f:RsoxR"—=R", z(0) =z R",
y(t) = c'=z(t) (A,b,c) € R™™ x R" x R,

(3.31)
and imposes three assumptions: (Al) known relative degree r of the unperturbed system,
ie. f =0, in (3.31) and (2.6), (A2) the unperturbed system is minimum-phase, i.e. f = 0,
in (3.31) and (2.14) and (A3) f: R>g x R — R" is a Carathéodory function and polynomially
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bounded, i.e.
Va € R" for a.a. t >0: IF(t, )| < a(l+|c x| (3.32)

where a > 0 is unknown and ¢ € N known. For controller design the values r and ¢ are
necessary. Note the similarity of systems of form (3.31) and of form (1.36) being element of
class Sy. For ¢ = 0 class Sy comprises systems of form (3.31).

Remark 3.6. Note that the nonlinear perturbation term f(t,x) may change the relative degree
r of the unperturbed linear system. Consider e.g. the case r = 3, then ¢'b = c' Ab = 0 and
c"A%b £ 0, but CT% - 2f*)b # 0 1is possible for some x* € R™ or some t* > 0. Hence at
(x*,t*) € R" x Rxg the relative degree v* = 2 of the perturbed system is smaller than r = 3. Ye
permits this case.

Ye’s controller consists of a stable (r — 1)-th order compensator (in view of Bullinger [33] a
reduced-state observer) and an adaptive A-tracking controller with slightly modified gain adap-
tion rule (both to be specified later). To achieve sign-correct control action he implements a
Nussbaum function fyp: R — R with properties as in (2.48). For ye(-) € W' (Rs0; R), his
controller assures control objectives (coj) and (coy). For presentation measurement noise in
the output is neglected, even though measurement noise n,,(-) € W"*(Rxq; R) is tolerated but
yields asymptotic tracking of the “deteriorated reference” yyer(+) — n,, () (see [190]).

In the following, to account for the exponent ¢ in (3.32), choose

dd
gi= {q 0 (3.33)
qg-+1 ,q even,

and, conform to system class Sy, only consider systems of form (3.31) with relative degree two,
i.e. 7 = 2, and known sign of the high-frequency gain. Due to backstepping, Ye’s controller is
recursively defined and, already in the relative degree two case, becomes quite complex. For
tracking error e(t) = y,t(t) — y(t), controller gain k(¢) and compensator state (;(t) (both to be
specified in (3.37)), introduce

VEZ 0 GO = kO( ) and  G):=CGH -G, (339)

For compensator gain kr > 0 and “design functions” ¢;(-) € C*(R; R>¢) and ¢2(+) € C*(R; [1, 00)),
satisfying

VeeR: a1(e) = dx(le))?(|el + le]%) and q2(e) > 1+ dx(le]), (3.35)

define (see [190])

VEZ 00 Gk, e(t), QD) = ke G + [@(e)? (e + e())’
(14 qe()) (RO G0 + aale()?) + 1] Gilt). (3.36)
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Then Ye’s adaptive A-tracking controller with compensator is given as follows

L) = —kpGi(t) +ult), G(0) = €R, kp >0,

u(t) = sign(c' Ab) G (k:(t), e(t), (t)), where  e(t) = yt(t) —y(t) and
. @(k(t),e(t),(l(t)) as in (3.36),
k) = alle@D?(le@®] +1e®I7),  k(0) =k > 0.

(3.37)

Combining altogether, Ye’s result can be formulated in the following theorem.

Theorem 3.7. Consider a system of form (3.31) satisfying assumptions (A1)-(A3) with rel-
ative degree two and known sign of the high-frequency gain. Then, for arbitrary initial value
(%, V) € R™™ and reference yret(-) € WH® (R0, R), the adaptive A-tracking controller (3.37),
with design parameters ¢ > 1 as in (3.33), ko > 0, kp > 0, A > 0 and ¢.(-) € C*°(R;R>g) and
¢2(+) € C*(R; [1,00)) with properties as in (3.35), applied to (3.31) yields a closed-loop initial-
value problem with the properties:

(i) there exists a solution (x, (1, k) : [—h,T) — R*" xR xR.q which can be mazimally extended
and T € (0, 0o];

(1i) the solution is global, i.e. T' = oo;

(iii) all signals are bounded, i.e. (x(-),(1(+)) € L2(Rso; R™) and k(-) € L®(Rs0; Rso);

(iv) the \-strip is asymptotically reached, i.e. lim; ., dist <|e(t)|, [0, /\]> = 0.
Proof. see the proof of Theorem 1 in [190]. O

The choice of ¢ as in (3.33) is essential for the Lyapunov-like analysis in the proof of Theo-
rem 1 in [190]. It guarantees domination of the gain adaption over the nonlinear perturbation
| £ (-, 2(-)| (similar to (3.5) as introduced in [87]).

Remark 3.8 (Design parameters q, ko, \, kr, ¥, q1(-) and ga(+)).

Ye’s adaptive \-tracking controller (3.37) is set up by seven design parameters. In [190] Ye
does not offer recommendations on parameter tuning. The parameter ¢ > 1 (must be odd)
will increase gain adaption speed and, clearly, A\ and ko specify asymptotic accuracy and initial
gain, respectively. Influence of kr, ¢V, qi(+) and qo(+) on the control performance is not easy
to predict (see simulations in Section 3.5.4). The smooth functions qi(-) and qa(-) scale ¢i(-)
in (3.36) and should be chosen “as small as” possible (but such that (3.35) holds) to avoid un-
necessarily large control action. Large values in kr yield a sensitive filter—in the sense that
already “small” changes in u(-) will affect the filter state—and so the closed-loop system might
exhibit oscillations with large amplitude and frequency. The initial value () might be helpful
to fix a non-zero control action at startup independently of the error. Simulations show that
Ye’s controller is sensitive to measurement noise and hence can hardly be implemented in “real
world”. Note that, in [190], Ye does not provide simulations results for u(-) (which should reveal
high noise amplification).
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Remark 3.9. The principle idea of Ye’s approach becomes clearer by transforming system (3.31)
into Byrnes-Isidori like form (similar to (3.7)). In [190, Lemma 1] it is shown that there ex-
ists an invertible, linear mapping T: R — R which, if assumptions (A1)-(AS3) hold,
transforms the closed-loop system (3.31), (3.37) into the following equivalent form

{0 = fiel) +FI0 BG4 AL n@.GO) (0N
i) = Fe0)+ P+ adseen@.a) (00 | (%) e
Gt) = krGi(t) + u(t) G1(0) :

where B> 0, fi €R, fo, f3 € R* Fy ¢ RODX0-D g Ryg x Rx R*! xR — R and
dy: RogxRxR" xR — R"™'. Moreover, spec(F4) C C.y and there exist ay, g > 0 such that
di(t,e,n, )| < ar(1+]el?) and ||da(t,e,m, C1)|| < o (1+e]?) for all (e,m, () € RxR™I xR
and for almost all t > 0.

Regarding ¢y as (virtual) control input of system (3.38), it is easy to see that (3.38) can be
interpreted as minimum-phase system with relative degree one and positive high-frequency gain
B > 0. Thus adaptive \-tracking control would be possible for

Gi(t) = G (k(t), e(t) = k(1) (e(t) + e(t)7).

In general ¢y will differ from the desired (virtual) control input (' (k,e). But if—loosely speaking—
the “(virtual) control input error” (1(t) as in (3.34) can be kept “small”, then A-tracking is still
feasible. This intuition is exploited by Ye‘s approach.

3.5.2 Adaptive A-tracking controller with high-gain observer

Bullinger and Allgéwer present adaptive A-tracking control for control-affine nonlinear SISO
systems of the form

CB(t) = f(w(t>> + g(m(t)) u<t>’ CE(O) =a’ € R", (3 39)
y(t) = h(x(t)) f(), g(-) € C*(R™R"), h(-) € C*(R™R) '
if, loosely speaking, the following assumptions hold (see [34]): (A1) the relative degree! r > 1 is
arbitrary-but-known and globally defined, (A2) the high-frequency gain is positive, uniformly
bounded away from zero and a lower bound v, > 0 is known, i.e. yo(x) := LgL}_lh(a}) > Y%
for all & € R", (A3) the nonlinearities are “sector bounded” (see Definition 1 in [34]) and (A4)
the zero-dynamics? of (3.39) can be decomposed into a “bounded and an exponentially stable
part” (see Assumption 4 in [34]).

The controller proposed by Bullinger and Allgéwer consists of a r-th order high-gain adaptive
observer and an adaptive A-tracking controller with observer state feedback (instead of output
feedback). For ye¢(-) € W (Rsg; R) their controller attains control objectives (co;) and (coy)
(see Theorem 1 in [34]). Gain adaption affects observer and feedback gains. The observer states

LA system of form (3.39) is said to have relative degree r at a point &* € R™ if the following two conditions
hold: (i) LgL}h(a:) = 0 for all  in a neighborhood of z* and all i € {1,...r — 1} and (i) LgL’}_lh(:L') #0
(see [107, p. 137]) where Lih(z) := (8L?1h(33)/8w)f(m) represents the i-th Lie derivative of h(-) along f(x)
(see e.g. [115, p. 509,510]). If both conditions hold for any x* € R™, the relative degree r is globally defined.

2For a definition and a detailed discussion see [107, Section 4.3].
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represent estimates of system output y(-) and its r — 1 time derivatives. Note that neither mea-
surement noise nor bounded (discontinuous) disturbances (in e.g. £L*(Rx¢;R)) are explicitly
permitted by Bullinger and Allgéwer (although those should be admissible).

Conform to system class Sy, in the following assume that system (3.39) has global relative degree
two (i.e. 7 = 2). Then, under assumptions (A3) and (A4), system (3.39) can be transformed into
(nonlinear) Bynres-Isidori form (see Remark 2 in [34]), i.e. there exists a global diffeomorphism?®
®: R" > R" x— ((y,9), z) := ®(x) which yields

£ (00) = [0 o] )+ (1) (rtwton itz + £a(en ey, =0)" (46)
1500, 50), 2(0) =0 + (w0, 30). 2(0) u(t)),
20 = Fu((ylt), 90),2(0) 5(0) + £5(2(0)) + Fo((w(e), 30 2(0),

/
(3.40)
where
fl('u ) € EOO(RQ X Rn72;R)7 f2('7 ')7 f3('7 ) € 'COO(R2 X RniZ;RZL
Fa(), Fol) € L2(RZ x R™HR™2), V(€,2) R X R"2: 99(€,2) 290 >0 » (3.41)
and the dynamics z = f; (z) are globally exponentially stable.

Although system (3.40) is nonlinear, due to the restrictions in (3.41), it is structurally similar

to the Byrnes-Isidori like form (3.8) of system class S;. Note that the admissible nonlinearities
in fi(+,-) and fg(+,-) are covered by the operator ¥.

To present Bullinger’s and Allgéwer’s adaptive A-tracking controller with high-gain observer
for systems of form (3.40) with (3.41) and relative degree two, introduce for py,p; > 0 and
J,q0,q1 > 0 the polynomials

p(s) == 2+ p1s + po and qq(s) == SH+gqs+gq (3.42)

and the following definition.

Definition 3.10. Let n € N, € > 0 and > 0. A polynomial I(s) = s" + S lis' € R[s] is
element of H (e, ju) if there exists a matrizc P = P" > 0 which satisfies for

0 1 0 0
Al = . . . 0

o ... ... 0 1

[

3Let n € N. A function ®: R — R” is called a global diffeomorphism if (i) ® is invertible, i.e. @' (®(x)) =
x for all x € R™ and (ii) ®(-), ®(-)~! € C°(R™;R") (see e.g. [107, p. 11]).
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and W, := diag{0,1,...,n — 1} the two inequalities

AP +PA < —2uP, } (3.43)

D:=9%'P+P¥, > —2P.

Note that, in view of (3.43), H (e, u) is a subset of the Hurwitz polynomials. In Appendix B.2
of [33] it is shown that for any Hurwitz polynomial [(s) there exists a positive definite solution
P which satisfies (3.43) and, moreover, there exist ¢ > 0 and @ > 0, such that I(-) € H(e, p)
for all € > ¢ and p < [, respectively.

Now Bullinger’s and Allgéwer’s main result can be formulated in the following theorem.

Theorem 3.11. Consider a system of form (3.40) satisfying (3.41). Let « > § > 0 and
Do, P1, 90, 1,7y > 0, respectively. Choose € > 0 and > 0 such that the polynomials p(s) and
qe(s) as in (3.42) are in H(e, p) for all g > v and

- 1

4> 20+ (a—f) — 3 (3.44)
Then, for arbitrary initial value (x°, &°) € R™? and reference yet(-) € WH(Rso,R), the
adaptive A\-tracking controller with high-gain observer

A1) = {__]ilg(f)) ] (1) {;:%} et),  a(0)=a’ € R? |

u(t) = (qr(t)? qk t))fc where > (3.45)
e(t) = Yret(t) — y(t), Rt) = k), w(t) = k()

() = yk(t)™7dx(le(t)])?, k(0)=ko >0

applied to (3.40) yields a closed-loop initial-value problem with the properties:

(i) there exists a solution (x,z,k) : [-h,T) — R" x R? x Ryy which can be mazimally
extended and T € (0, oo];

(i) the solution is global, i.e. T = oco;

(iii) all signals are bounded, i.e. (x(-),Z(-)) € L®(Rso; R"™) and k(-) € L®(Rs0; Rsp);

(iv) the \-strip is asymptotically reached, i.e. limy_,, dist <|e(t)|7 0, A]) =0
Proof. see proof of Theorem 1 in [34]. O

Remark 3.12 (Design parameters pg, p1, qo, q1, 7V, 7, ko, @ and ).

Controller (3.45) has nine design parameters which severely affect control performance. Bul-
linger and Allgower do not provide any rules of thumb for controller tuning. Clearly “fast
observer dynamics” seem desirable, i.e. po,p1 > 1 (see also simulations in Section 3.5.4). The
influence of the feedback parameters qy and q; is not obvious and they must be chosen by trial
and error (endangering application in real world, what if “bad” values are used?). The presup-
positions in Theorem 3.11 make control design tedious. In particular the check for affiliation

- 113 —



CHAPTER 3: ADAPTIVE A-TRACKING CONTROL

of p(s) and q4(s) as in (3.42) to the set H(e, p) is unattractive. Any change in po, p1 or qo,
@1 may require revision of ¥ as in (3.44) and so limit degrees of freedom in controller design
(e.g. large values of 7 prevent rapid gain adaption). By~ and ko adaption speed and initial gain
are varied. The exponents o and [ allow tuning of observer and controller gains. Simulations
show that a choice o > B > 1 leads to “good” tracking performance and “fast” disturbance
rejection but tremendous noise sensitivity and hence should be avoided.

3.5.3 Adaptive A-tracking controller with derivative feedback

For relative degree r > 2, the proposed adaptive A-tracking controllers with derivative feedback
in [81, Section 2.3.3| require derivative feedback up to the r-th order. Systems of class Sy do
not offer feedback of §j(-). The following result is motivated by the high-gain adaptive controller
proposed by Hoagg and Bernstein (see [80]), Theorem 2.36 (in Section 2.3.4.3) and the position
control problem where y(-) and g(-) are available for feedback.

Theorem 3.13 (Adaptive A-tracking control with derivative feedback for systems of class
Sy). Consider a system of class Sy described by (1.36). Then, for arbitrary initial trajectories
z'(-) € CO°([—h,0;R") and K°(-) € C°([—h,0];Rso) and reference yeet(-) € W2 (Rso; R), the
adaptive A-tracking controller

u(t) = sign(cTAb)<k(t)2e(t)+q1k(t)é(t)> where  e(t) = yuet(t) — y(t)

a (3.46)
a2 exp(—as k(1)) i | (e(t). et)/ke) T )", K(0) = K0

-

—~
~

N—
I

with design parameters qi,qa,q3 > 0, qu > 2, k°(0) > 0 and X\ > 0 applied to (1.36) yields a
closed-loop wnitial-value problem with the properties:

(i) there exists a solution (x,k) : [=h,T) — R" x Ryo, T € (0,00] which can be maximally
extended;

(11) the solution is global, i.e. T' = oo;

(iii) all signals are bounded, i.e. x(-) € L2(R>o;R") and k(-) € L®(R>0; Rso);
(iv) the \-strip is asymptotically reached, i.e. lim;_,, dist ( H(e(t), é(t)/k(t))TH [0, A]) =0.

Remark 3.14 (Design parameters qi, ¢, ¢3, g1, k°(0) and X ).

The controller (3.46) is tuned by six parameters. Influence of the parameters qi, g2 and k°(0) on
the closed-loop system response has already been discussed in Remark 2.37 (see also discussion
in Section 2.3.4.4). The parameter q3 > 0 scales the exponent in gain adaption (3.46) and
should be chosen small, i.e. g3 < 1/(q4k°(0)). Practically, large initial exponents qzqsk°(0) > 1
might stop gain adaption “too early” due to truncation of small numbers in binary format (in
the real-time system). The exponent q; > 2 allows to accelerate gain adaption for large values
of [(e(+), é(-)/k(-))||. The asymptotic accuracy is prescribed by A > 0.

Proof of Theorem 3.13.

Step 1: It is shown that Assertion (i) holds true, i.e. existence of a mazimally extended solution.
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It suffices to consider system (1.36) in the form (3.9). Extend yef(-) to [—h,0) such that
Yret (1) € W?*°([—h, 00); R) and define the open and non-empty set

D :=R%x R"?% x R.y,
the function

f:[-h,00) xDxR™ — D,

e R

yref(t) O—r OT
(t,(pn, &, K),¢) + (gref(t)> - [a;] £— [CTABJ (¢+d(t))
las 0] ((gigg) - u) + Asé + NBx (¢ +d(1))

g2 exp(—qs qa k) da(]|(p1, po/k)||) ™

and the operator

A Yref — M1

T:C([h, 0o R™M) = L RogiR™), (T & w)(1) 1= (T(S7 (W 12) )(@).

loc
Then, by introducing the expanded state variable & := ((e, é), z, k), the initial-value prob-
lem (3.9), (3.46) may be expressed in the form
yref‘[—h,O] - ?FT:EO
d ~ ~ >~ A~ ~ yref’ —h,0] — c AwO
Ca(t) = Fr.a(). (2)0). Bl ng — | il NPT

k,()
Choose a non-empty compact set € C D x R™ and note that

AMe >0V ((1,€,5),¢) € €2 [[(1, €, 5), Q)| < Me. (3.48)

Then, for uy(-) € L>([—h,00); R), d(-) € L®([—h,00); R™), and yyer(-) € W3®([—h, 0); R),
the function f(-,-,-) has the following properties: (i) f(t,-,) is continuous for each fixed
t € [—h,o0); (ii) for each fixed ((u, &, k), ) € DxR" the function f(-, (i, &, k), ) is measurable;
(iii) for almost all ¢ € [—h, 00) and for all ((i, &, k), ) € € the following holds

(3.48)

IF( (€ 6), Q) <

+ h/o| HudHOO + Q(max{”yrefHom |’yref"oo} + Ha’4” maX{HyrefHOO? HyrefHOO}>
+ ([las|l + [las| + | As|) Me + ([[c]| [JA] + |IN) | Bl (Me + [|d]|o)

+ g2 exp(—qs 4 k°(0)) (Mm/l + 1/k°(0)2 + A>Q4 =: l.

Hence, f(-,-,) is a Carathéodory function (see Definition 3.1) and existence of a solution

0 1 .
o o [ 2l o) + ol 822 e+ )
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Z: [—h,T) = R2xR" 2 xR of the initial-value problem (3.47) with ([0, 7)) € D, T € (0, o]
follows from Theorem 3.2. Every solution can be extended to a maximal solution. For the
following, let & := ((e,¢), z,k): [=h,T) — R?* x R"2 X R be a fixed and maximally extended
solution of the initial-value problem (3.47). Note that this implies that ((e, é), z,k) : [-h,T) —
R2xR"2x R solves the closed-loop initial-value problem (3.9), (3.46) for almost all ¢ € [0, T).
Hence Assertion (i) is shown.

Step 2: Some technical preliminaries are introduced.

Step 2a: Lyapunov equations, an inequality and a coordinate transformation.
For ¢; > 0 and 7o # 0 (see system property (So-spp)) the matrix

0 1
A = 3.4
' [—Ivo! —holql] (3.49)

and by system property (Ss-sps) the matrix As as in (3.9) are Hurwitz, resp. Hence there exist

ol@?+ vl +1 @

0< PI =P, = 1 ] and 0 < P; = P; € R(n—2)x(n-2)

2hola @ R (3.50)
such that AP, + P1A; = I, and A]Ps+ PsA;=—1, 5.
Note that k(t) > k°(0) > 0 for all ¢ € [0,T). Define
K(k(1)) = [(1) k?ﬂ} (3.51)
and the (sub-)coordinate change
w(t) = K k()" (ggg) and  Yre/21]: o) = kB v2().  (3.52)
Then, for A; as in (3.49), the closed-loop system (3.9), (3.46) can be written as
() = (—% {8 ﬂ + L?t) CZ] + k() Al) w(?) w
0 [0 ] (010) + (iot) = ag] 0w = (3) w0
- e, (=67 ()0 +aw) |
s (2) -0
o0 = (bt )k o 1 () )
+NBx (TS (W55 )0 +d®) ), 2w = () Na®
Kt) = g exp(=gs qa k() A(Jlw(®) )™, Kljng = K )
(3.53)
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Step 2b: Introduction of a Lyapunov-like function.
For P/ = P, >0 and P, = P5 > 0 as in (3.50), introduce the Lyapunov-like function

Vi: R? x R"2 x [£°(0), 00) — Ry,
(w,v,k) = Vi(w, v, k) := exp(—2g3k) (w' Pyw + v’ P5v).

and define the constants
May = 1Pl (/a0 + Wl + il + Pl + el A 1B (015 + ) )
My = || Ps|| (l@all pretlloc + [N} Bzl (M= + [[d]|)) (3.54)
and
Vie0,7): My (t) := k(t)"2M2 + 8k(t)~* M2 > 0. (3.55)
For notational brevity, write
Vte[0,7):  Vi(t) := Vi(w(t),v(t),k(t)) with derivative along (3.53):

Vie[0.T): LVt = 2exp(~2q5k(1)) (w(t) Prao(t) + v(t) Ps(t)) — 2ask(D)Vi(0).

dt
(3.56)
In view of (3.53), the following holds for almost all ¢ € [0,7")
. ' (3.50),(3.54) (t) 9
2w(t) Pyw(t) < k() = 2Pl /e + a3 ) lw(®)]” + 2775 k) 1P| [ ()]
+2Kk(t) " My [lw(#)] + Qk(t)fH" 1P llasl [[o(@)]} [lw(@)]]
(2.62) 2
< (k) = 2Pl il + a3 — 1 — SLELEY (e
2@ P 2 k()M 7
+2p 1P I + 5 oI + K02 (3.57)
and
_ (3.50),(3.54) ) »
0(t) Pso(t) < =@l +2k@) " (Mo + [|1Ps] aall [[w(@®)]]) 0@

—Z lo(&)]* + 8k(t) > (Mg + | Ps|* llaa|* [[wo()]*)  (3.58)

where —% ()T Psv(t) < 0 for all t € [0,T) was used (k(t) > 0 for all t € [0,T) see (3.46)).

Furthermore, using

VEe0,7): Vi(t) > exp(—20sh(t) ('}rjj?‘h + ""‘;ﬁ?l”v > exp(~245k()
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yields

k(t)
0]

(3.59)
<

vie[0,T): —2exp(—2ask(t)) ;5 [Pl lw®)* — ask(t)Va(t)

—k<t>exp<—2q3k<t>>(Hqul” y I‘C’ﬁl“)n I (360

Then the time derivative < V;(¢) as in (3.61) along the solution of the closed-loop system (3.53)
is, for almost all ¢ € [0,7"), bounded from above as follows

%Vl(t) (3.57%(3;8)7(3.60) exp(_2q3k(t)){ _ (k( ) = 2||Pil| \/ e +a3 -1
()0 [Py s — k(1) | Py Ha4H2> (o)
3 0P+ £ 23 + kit M} OV
=M (t)
(1) exp(~205h(1) (H o ,!(P;”) @l (36

Step 3: It is shown that k(-) is bounded on [0,T). ‘
Seeking a contradiction, assume that k() is unbounded on [0,7"). In view of (3.46), k() > 0
for all ¢ € [0,T), hence k(+) is non-decreasing on [0,7") and

~1
Pl e s

2
It >0Vte [t T): k(t) > max{— P4 || Py

v A?
1
2|P1l \/ iy + a3+ 1+ 8K2(0) 20 [Py [las||* + 8K0(0) 72 (| Ps[|” laa]|* + 5}' (3.62)
For M;(t) as in (3.55) and
1 1
‘= min , > 0, 3.63
we=min{ 57T 37771 0
invoking (3. 61) and the facts ‘— [Jw]|> < — ”;1” w Piw’, ‘—|jv|* < _HI; i v Psv and ‘g3/ | Py
2(|P4]] /k(t) o yields
d (3.62) w2+l (62 .
foraa t€ 1) —Vilt) < eXp(—quk‘(t)){ — Lw@IP+HROIP Ml(t)} — gk (Vi)
< (v + ask(1) Va(t) + exp(—2qsk (1)) Ma (8). (3.64)
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3.5 RELATIVE DEGREE TWO SYSTEMS

Define

A exp(—qsk(t))

>0, with derivative A(t) = —gsk(t)A(t), (3.65)
2/l

Vte[0,T): At) =

and, for da)(-) as in (N.5), note that the following holds

3.59 P exp(gsk(t))
vie0.7): w2 P explak(t) VTAE - ::P;Z k(t))%Jrg

IR explask() (VVAE) — A) +% (3.66)

< P explash(t) da (VD) + X (3.67)

Since dy(z) < dy(y) for all 0 < z < y it follows that

; 3.46 (3.67) s 4
vee0,7): k(t) " g exp(—asqik() A(lw®l) < [P d (VD)

(3.68)
Furthermore, observe that
for a.a. t € [t*,T): exp(—2qsk(t))Mi(t) — uyA(t)?
(3.55),(3.52),(3.65) M2 + 4032 Ly 22 (3.62)
< exp(—2gsk(t)) | —* et = < 0 (3.69)
k(t) 4| P

and, since for any ¢t € [0, T), the following implications hold

(3.65),(3.66)

v <280 | 2B el <a] 22 [k =o]

and

[V >20] = [ (v -200vim) = via®) (V@ - 2u0) > 0],

it follows that

Viel0,T): — k() (Vl(t) —2A(1) m(t)) <0. (3.70)

- 119 -



CHAPTER 3: ADAPTIVE A-TRACKING CONTROL

2
Now it is easy to see that the time derivative %% dA(t)( Vl(t)> along the solution of the

closed-loop initial-value problem (3.53) is, for almost all ¢t € [t*,7T), bounded from above as
follows

;jtdA(t( T0) = v1<t))di(\/m_ A)

24/ Vi (t)

(3.64),(3.65) M ( — puy Vi(t) + exp(—2qsk(t)) My (t)

IN

- 2\/V1(t)
(3.69) dage (vVi ()
< “;(W) )(Mvvl(t)—uvf\( ?)
_ M _ A(t)
= B (VWD) (Vi) - A0) <1+ = (t)>
0% 2
< _TdA(t)< Vl(t))'
Integration yields
2 2
Vite [t,T): dA(t)< Vl(t)> gd,\(t*)< Vl(t*)> exp(—q4uv(7‘—t*)> (3.71)
and so the contradiction follows
* * b (3.68) —11]94/2 ! 4
Vel D) kO -ke) = [ kodr < e lPr /"dMﬂ( i) " dr
t*

(3.71)

< P e (VI [ e (-1 (- 0) ar

-1 tI4/2

2612 H(']P/i H < ‘/1 t* > <1 —exp( q4,uv (t _t*)>)
4V

< 0.

Step 4: It is shown that Assertions (ii) holds true, i.e. T = oc.
From Step 3 and (3.46) it follows that k(+) is continuous, non-increasing and bounded on [0, 7).
Therefore the limit

koo = lim k(1) > k(0) > 0

t—=T

exists and the following holds for almost all ¢ € [0,T")
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3.5 RELATIVE DEGREE TWO SYSTEMS

4 (z%) < ([ ][+ pol el ) + st + st + e (z%)

+

0 1 ‘ | "
|:a a :| H (HyrefHoo + Hyref”oo) + "')/()H‘UdHOO —+ HyrefHoo + HyrefHoo
1 2
+ [l 1gretlloo + (Il [|A5]| + [|N]) | B (Mz + [|d])

which in combination with Proposition 2.1.19 in |77, p. 86] implies, by maximality of 7', that
T = oo. This shows Assertion (ii) and completes Step 4.

Step 5: 1t is shown that Assertion (iii) holds true, i.e. k(-) € L®(Rso;Rso) and x(-) €
,COO(RZ()JR”)
Note that k() € L®(Rx¢; Rs) follows from Step 3 and 4.

Step Sa: It is shown that z(-) is bounded on Rsy.
For k., as in Step 4 observe that the following holds

t t
Vit>0: exp(—q3q4koo)/ dy([Jw(m)|h)* dr < exp(—qsqak (7)) dx(||w(T)]])% dr
0 0
346) 1 [ 1
G2 2 [ () dr < = (ke — £°(0)) < 00
q2 Jo 42
which implies
k() € £ (Rx0; Rxo) and dr(llw(-)[]) € L% (Rx0; Rxo). (3.72)
Define
d L > A
by B2 RE, w i ay(w) = 4 Uy [l and
0 Nwll <A
da ((|w]) (8.73)
1 — @\wil) >\
0o: RZ 5 R? ws b (w) := [l ) w ol
w lwl] <A

and note that, in view of (3.72) and (3.73), the following holds

VE>0: w(t) = 8s(w(t)) + 0 (w(t)) A [|0u(w(®))]] < A and da(w(-)) € L4 (Rag; R?).
(3.74)

Introduce the Lyapunov candidate

Va: R"™2? 5 Ry, v Va(v) :=v' Psv.
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For M, as in (3.54),

My = 8K(0) > (1Pl laa® A2 + M2)  and My i= 8K°0)™ || P aal,  (3.75)

the time derivative & V(v (t)) along the solution of the (second equation of) closed-loop sys-
tem (3.53) is, for almost all ¢ > 0, bounded from above as follows

) < )+ 280 el (1Pl aal (0] + M)
eI + 2620 o) (1Pl llasl (18w )] + N + 21,
(2.62)

5 T+ 880) > (1P| llaal (18a(a0(t)) | + X2) + 142)

< — 1y Va(v(t)) + My + My ||82(w(t))]”
< —uy Va(v(t)) + My + Ms(1 + ||62(w(t))||™)

where in the last step Fact 1.12.31 in [24, p. 39] was used. Now application of the Bellman-
Gronwall Lemma (in its differential form [18, Lemma 1.1, p. 2|) yields

<1
(3.74) M, + M. t t—7\
viz 00 V) < Vi) + P g exp(— T)uaz<w<r>>uq4 ar .
o : 212 ]

~~

<[162(w)| 74, <oo

Hence V(v(+)) is bounded on Rsq, which implies v(-) € £L*(Rxo; R""2). From this, combined
with k(-) € L*(Rxg;Rso) and (3.52), it follows that z(-) = k(-)"v(:) € L>®(Rx0; R""?), which
completes Step Ha.

Step 5b: It is shown that (e(+),é(+))" is bounded on Rs.
For ko, > 0 as in Step 4, consider the first equation of the closed-loop system (3.9), (3.46) and

note that
Yai, as € R: rank{(o),{o 1} <0)]:rank[0 %}:2,
0 ar az] \"o Yo G2

where, by system property (sp1), 70 # 0 is satisfied. Hence the “first sub-system” in (3.9),
(3.46) is controllable and there exists € R? such that

0 1 0
Ay = — l 3.76
l {al — [0lk% a2 — Q1|70|k’oo] (%) ( )

is a Hurwitz matrix and furthermore there exists a unique P; = P} > 0 such that A P; +
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Py A; = —1I,. Now, for A; as in (3.76), w(t) as in (3.52) and by defining

oz () = [0 9] () (5) -4
(8 [ ) 5 ),

rewrite the first equation of the closed-loop system (3.9), (3.46) as follows

0
Le(t) = (Al + 70 {kz _

N

0 0
e W”D elt) + () )R (O)w (o) + g10)

—F(1)

(3.77)
where w(-) = dz(w(+)) + doo(w(+)) and z(-) € L>®(Rxg;R""?) are considered as continuous
external signals, resp. For M, as in (3.54), K(k(t)) as in (3.51) and P, as in (3.50), note that

Vi 0: gl < g2+ lasll |zl =: My, [ K (k)] < max{l, ko } =: K

and  [lim_o F(t)=0] = H JE >0 > 1 |F@) < l—gm]] 37%)
Now introduce the Lyapunov candidate
Va: R? = Rsg, e Vi(e) :=e' Pre >0
and, for
My =8| Pyl|* (Mg + [l [UI* KXA%) - and - M = 8 |Pof* ol [2]° K2, (3.79)

observe that the time derivative <& V3(e(t)) along the solution of (3.77) is, for almost all t > ¢,
bounded from above as follows

d (3.77),(3.78)

Se®) 5 —(1=2hol P IFO]) lle()?

22 1P le(®)l (Mg + hol 1] o a0(2)])

(3.78),(3.74) 7
< —3 le®)|]” + 2| Py| le(®)| (Mg + 70l 11| Kso([|d2(w(2))]| + )\)>
(2.62) 1 9 9 9 9 9 9 9
< -
< 5 HPlHVS(e(t)) + 8[| Pyl <Mg + ol 217 K2 (182w ()]” + A ))
(3.79) 1
< —ng(e(t)) + My + Ms(1+ [|02(w(t)) ™).

Invoking the Bellman-Gronwall Lemma and Theorem C.2.14 in [46, p. 241] again yields

- (3.74) ~
Vi = b Vale(t) < Vile(hh)) + 2[|Pfl (My + Ms) + Ms||da(w)l|Ze, < oo,
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which by continuity of e(-) = (e(-),é(-))T on Rsq and by compactness of [0,#;] implies
(e(-),€()" € L2(Rx; R?).

Step 5c: It is shown that x(-) € L®(R>o; R™).

From Step 3 and 4 it follows that k(-) € L2(R>;R~g). From Step 5b & ba it follows that
(e(-),é(-))T € L®Rsp;R?) and z(-) € L®(Rs; R 2), resp. This combined with y..¢(+) €
W22(Rso; R) and S~ as in (2.24) yields

11() = S_l(e(') - yref(')a 6() - yref(')yz(‘)T>T S LOO<R20,Rn)
This shows Assertion (iii) and completes Step 5.

\

Step 6: It is shown that Assertion (iv) holds true, i.e. lim;_, ., dist < '

(et), 18

First note that k(-) € £L2(Rs0;Rso) and (e(-),é(-))" € £L°(Rso; R?) imply

[0, /\]) —0.

w(-) = K(k()(e(), ()" € L2(Rx0;R?)
and hence, by (3.46), k(-) € £°(Rs0;Rsg). From Step 5a recall that v(-) € £2(Rsg; R"72).
Combining this with d(-) € L®(Rs0; R™), thet(-) € W (Rs0; R), ug(-) € L(Rsp;R) and
global boundedness of the operator ¥ (see system property (Sa-sps)) gives, in view of (3.53),
w(-) € L2(R5p;R?) and v(-) € L>®(R>p; R"2), resp. Furthermore it holds that

d d

fora.a. t >0: k(t) = T k(t) = En (g2 exp(—qsqak(t))dx ([lw(t)|)*)

0 el =0
~ 301k (t)? + @ags exp(—gsqak (1) )dx ([w(@) )" gD ()] > 0.

Hence, k() € L*(Rs0;R) and moreover, in view of (3.72), Lemma 2.1.7 in [86, p. 17| gives
limy_ k() = 0. Therefore limy_,oc dx(lw(t)]]) = limy—oo da(||(e(2), €(t)/k(£))T]|) = 0, which
shows Assertion (iv). This completes Step 6 and the proof of Theorem 3.13. [

3.5.4 Simulations

In this subsection, the controllers (3.37), (3.45) and (3.46) are applied to the following simple
second order system, given by

0 = s, BOSORE

to try for a direct comparison of their control performance. System (3.80) is subject to input
disturbance ug4(-). Output y(-) and output derivative ¢(-) are assumed to be available for
feedback and deteriorated by measurement noise n,,(-) € W»*(Rs¢;R) and its derivative
N (+), respectively. Clearly, for known sign(7p), system (3.80) is element of class Sy and hence
application of the controllers (3.37), (3.45) and (3.46) is admissible. System (3.80) represents
the simplest model for any position control problem: a double integrator with inertia 1/~.

- 124 —



3.5 RELATIVE DEGREE TWO SYSTEMS

The closed-loop systems (3.80),(3.37), (3.80),(3.45) and (3.80),(3.46) are implemented in Mat-
lab/Simulink. The comparative simulations are performed for 30 [s]. Control objective is set-
point tracking of y.¢(-) = 1 on [0, 5] [s], set-point tracking under constant load ug(-) = —1 on
[5, 10] [s] (see Fig. 3.3) and reference tracking under changing load on [10, 30] [s] (see Fig. 3.4).
The set-point tracking problem on [0, 5] [s] is formulated in terms of motion control objec-
tives (mcoj)-(mcosz) (see Section 1.1) where maximum rise time, maximum settling time and
maximum overshoot are (arbitrarily) specified as follow

ief,0.8 =1.0[s], fef,o.l =2.0 [s] and vt = 90 [%] . (3.81)
The controllers (3.37), (3.45) and (3.46) are designed such that (3.81) (with overshoot as small
as possible) and the presuppositions in Theorem 3.7, 3.11 and 3.13 hold, respectively. Tuning
of (3.37) and (3.45) is performed by trial and error. Controller design of (3.46) is based on
Remark 3.14 (and Remark 2.37). Clearly, a comparison always lakes of objectivity. But, to the
best knowledge of the author, each controller is tuned such that “best performance” is achieved
in a comparable setting (e.g. all controllers have an initial gain of 2).

System data and design parameters are collected in Tab. 3.1. The simulation results for the
closed-loop systems ——(3.80), (3.37), —(3.80), (3.45) and ——(3.80), (3.46) are depicted
in Fig. 3.3 for set-point tracking and in Fig. 3.4 for (overall) reference tracking. Due to mea-
surement noise n,,(+), the tracking error is given by €(-) = (Yrer(-) — 1 (-)) — y(-) (similarly its
derivative) and so, at most, “exact” tracking of the corrupted reference yyef () — 14, (+) is feasible.

Control performance of each controller is evaluated by means of rise time ty ()08 Overshoot
Ay, settling time ¢7 ) ,, maximal required control action max;>o |u(¢)| and integral time
absolute error (ITAE*) criterion

tend
ITAE = / 7 le(r)| dr for tena > 0. (3.82)
0

where, for the simulations, ¢.,q = 30 [s]. Evaluation results and maximal gains are summarized
in Tab. 3.2 (values are rounded). All controllers accomplish specification (3.81).

Discussion for adaptive A-tracking controller (3.37) with backstepping: Ye’s controller yields
the second best ITAE value. Especially rise and settling time beat the other two concepts.
Overshoot is within the admissible range. Although the generated maximal gain is the lowest
in the study, due to (3.36), the highest control action is generated at startup and noise sensi-
tivity is unacceptable (see Fig. 3.4(c)). In conclusion, Ye’s controller seems not applicable in
real world.

Discussion for adaptive \-tracking controller (3.45) with high-gain observer: The controller of
Bullinger and Allgéwer is the second best of this study concerning rise and settling time. In
contrast overshoot and ITAE value are the highest. Albeit generating the largest control gain,

4ITAE is used in favor of integral squared error (ISE) or integral absolute error (IAE) (see e.g. [120, p. 218])
due to time-weighting: non-zero errors at future times have greater influence on the performance measure than
those at earlier times.
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data/parametrization
Matlab solver odel5s (stiff/NDF) with variable step size (maximum 1073 [s])
system (3.80) Y =3, (Yo, y1) = (0, 0), ||ualleo < 2 (see Fig. 3.4(c)),
[Mmlloe < 51073 and |7 ]lee < 51072 [1/5]
reference yyer(+) |Uret]|oo = D (see Fig. 3.4(a)), ||¥reflloc = 1 and ||get|/oo = 10
controller (3.37) g=1kpr=1,ko=2,2=01, =0, q1(e) =22, q(e) =2+ ¢
controller (3.45) Yo =", %=1, q = 2/@, po = 100, p; =20, e =1, p = 0.19,
a=16=052"=0,~v=10,7 =2, kg = 2
controller (3.46) Yo = Y0/3; @1 = 2/\/ Y0, @2 =10, g3 = 0.1, ¢4 = 2, k°(0) = 2

Table 3.1: System data and design parameters for comparative simulations.

the controller reacts somehow “slowly” on varying references and disturbances. Its ITAE value
could be reduced by choosing larger values for « > 5> 1 (e.g. @ = 2 and = 1), however this
would imply increased noise sensitivity. For the parametrization in Tab. 3.1 noise sensitivity is
the lowest in the study. Due to tedious controller design (with too many tuning parameters)
and bad control performance (ITAE and overshoot), the controller (3.45) seems not suitable
for real application.

Discussion for adaptive A-tracking controller (3.46) with derivative feedback: The proposed
controller is the slowest concerning rise and settling time but yields a closed-loop system re-
sponse with the smallest overshoot. This is due to the special choice of ¢; > 2/ Vo (recall
Remarks 3.14 and 2.37). Without noise, the response is “overdamped” (i.e. no overshoot).
Maximal control gain is comparable to that of controller (3.45). Maximal control action is the
smallest in the study. Good tracking performance and disturbance rejection give the smallest
ITAE value. Noise sensitivity is acceptable and but slightly higher than that of (3.45). Since
design parameters have a clear and easy to understand influence on the closed-loop system
response, controller tuning of (3.46) is the most intuitive in this study (an attractive feature for
implementation). Controller (3.46) will be implemented for position control of 1MS and 2MS
(see Section 5.2.3).

Controller ty ) o5 [s] 501 [8] Apry [%] I?éalx|u(t)| [1] ITAE [s?] maxk(t)

tel
(3.37) 0.11 0.15 6.53 644.0 70.8 3.49
(3.45) 0.26 0.69 14.43 15.0 113.7 4.02
(3.46) 0.95 1.28 0.28 4.0 26.9 3.87
Table 3.2: Performance evaluation of closed-loop systems ——(3.80),(3.37), ——(3.80),(3.45)

and ——(3.80),(3.46) with parametrization as in Tab. 3.1 and I = [0, 30] [s].
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(a) output y(-) + nm () and reference yres(+)
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o H e | 7
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TIME ¢ [s]

(b) control action wu(-)

Figure 3.3: Simulation results for set-point tracking under load of closed-loop systems —(3.80),(3.37),
—(3.80),(3.45) and ——(3.80),(3.46) with parametrization as in Tab. 3.1.

- = i)

0 5 10 15 20 25 30
TIME ¢ [s]

(a) output y(-) + nm(-) and reference yrot(-)

SO0
HO =N W GO J 00 ©

|
o
S <
ot

- — -1\ |]

10 15 20 25 30
TIME ¢ [s]

(c) error e(-) and A-strip

v - - - ()

0 5 10 15 20 25 30
TIME ¢ [s]

(b) control action u(-) and disturbance —uq(-)

4.5
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TIME ¢ [s]
(d) gain k(-)

Figure 3.4: Simulation results for reference tracking under load of closed-loop systems ——(3.80),(3.37),
—(3.80),(3.45) and ——(3.80),(3.46) with parametrization as in Tab. 3.1.
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Chapter 4

Funnel control

Z)ref + w()

Gret Dt
M yref(')
(]- + p)yret N
gref I‘/——W_ — — _
(1 - p)gret 1 ™
ﬁgret :
1
: y( ) ) gref - w( )
|
0
| . s TIME t [s]
0 tref,ﬁ tref,p

Figure 4.1: Set-point tracking problem of reference step yref(-) with amplitude Qo > 0: exemplary
evolution of system output y(-) constrained by prescribed limiting function 1)(-).

In this chapter, funnel control is introduced for systems of class §; and for systems of class
S,. Tt will be shown that, for reference yet(-) € WH®(Rsg; R) (or W?*(Rs¢; R)), regulated
output y(-), tracking error e(-) = ywe(-) — y(-) and (prescribed) limiting function v (-), the
presented funnel controllers achieve tracking with prescribed transient accuracy if the initial
error is enclosed by the limiting function, i.e.

YA >0VY(-) € WH(Rao; [, 00)) Y [e(0)| < 9(0) V't > 0: le()] < ¥(t). (4.1)

According to this, the system output y(-) is constrained by the function (-) (later on called
funnel boundary) and the reference y,.¢(-) (see Fig. 4.1), i.e.

vt Z 0: yref(t) - ¢(t) < y(t) < yref(t) + ¢(t)

Clearly, (4.1) is stronger than control objective (cos) (see Section 1.6.2.3). Moreover, it will be
shown that funnel control assures boundedness of system state and control action, i.e.

a:() S ,COO(RZQ,Rn) and U() S ,COOGRZ(),R) (42)

Hence, control objectives (co;)-(cos) are accomplished simultaneously by funnel control.
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TIME ¢ 5] TIME ¢ [s]
(a) shortrun:  ——noisy output y(-) + nm(-), (b) longrun:  ——noisy output y(-) + nm(),
- = = reference Yree(+), = =+Yret (*) L . - - = reference Yre(+), = =+Yret(-) £ A.

Figure 4.2: Simulation results for closed-loop system (3.2), (3.11) with yet(-) = 10, A =k(0) = ¢1 =1,
g2 =2, y(0) = 0, noise ny(-) € WH*(Rs0; [-0.1, 0.1]) and disturbance ugy(-) = 0.

4.1 Motivation

The adaptive A-tracking controllers in Chapter 3 achieve control objectives (co;) and (co),
tolerate disturbances and measurement noise and therefore are indeed applicable in real world.
However, two major limitations remain which motivate for introduction of funnel control:

Motivation 1: Adaptive A-tracking (and high-gain adaptive) control exhibit a non-decreasing
gain and so, as time tends to infinity, it is likely that e.g. noise sensitivity permanently exceeds
an acceptable level (if gain adaption is not stopped).

Motiwation 2: Adaptive A-tracking control assures tracking with prescribed asymptotic accu-
racy, however statements on the transient accuracy are not possible: e.g. albeit bounded large
overshoots might occur® (see Fig. 4.2(a)) and, in general, the A-strip is not reached in finite
time (see Fig. 4.2(b)).

It will be shown that, for both system classes S; and Ss, funnel control achieves tracking with
prescribed transient accuracy (4.1) and also permits gain decrease. For instance, for systems
of class &7, a simple funnel controller is given by

v
»(t) — le()]

That is a proportional but time-varying controller. Note that gain k() in (4.3) is instanta-
neously adjusted and not dynamically tuned. Principle idea behind gain adaption is as follows:
the gain k() becomes “time-varying” and is inversely proportional to the (actual) distance
(t) — |e(t)| between limiting function ¢ (-) and absolute value |e(-)| of the error. Hence, the
gain k(-) increases only if absolute error |e(-)| advances on the boundary 1 (-) (critical situation)
and may decrease again as soon as |e(-)| departs from v (-) (noncritical situation). Hence, funnel
gain k(-) in (4.3) is not necessarily non-decreasing in contrast to the gain in adaptive A-tracking

u(t) = sign(c'b)k(t)e(t) where e(t) = yet(t) —y(t) and k(t) = (4.3)

Clearly, the overshoot might be decreased by accelerating gain adaption (i.e. k(t) = qidx(|e(t)])% with
g1 > 1 and/or g9 > 2). However, no bound on output (or states) can be specified a priori.
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(or high-gain adaptive) control. Class Sy necessitates an augmented funnel controller, but the
principle idea is similar (see Section 4.4).

Clearly, by adequate choice of the limiting function 1 (-), funnel control directly allows to ac-
count for motion control objectives (mco;), (mcos) and (mcoy) in controller design. Hence
implementation effort is reduced. Iterations in controller tuning are not necessary. For illustra-
tion, let ¥ (-) € WH*(Rx¢;Rsg), consider the set-point tracking problem depicted in Fig. 4.1
and assume that g > 0, p € (0,1], p € (0,1), 0 <t 5 < 5, = 7o and 0 < X = p gt are
specified. If ¢ (-) is designed such that the following hold

?ﬂ(o) > ‘Qref - y<0)‘, Vit > t:efyﬁ: w(t) < ﬁgref and Vit > T = tfef,p: 1/J(t) <A= pgreﬁ

then the motion control objectives (mcoy ), (mcos) and (mcoy) are clearly met (see grey-shaded
region in Fig. 4.1). Note that motion control objective (mcoy) cannot be addressed in gen-
eral: suppose A% > 0 and ¢,or > 0 such that A% < ¥(0) + Jref, then there might exist ¢ > 0

ref ref

such that y(t) > s A% (see Fig. 4.1).

ref

4.2 Brief historical overview

In 1991 a contribution by Miller and Davison [134] addressed the problem of prescribed transient
accuracy for disturbed minimum-phase LTT SISO systems with known high-frequency and arbi-
trary relative degree. Their proposed controller guarantees prescribed bounded overshoot and
tracking with prescribed accuracy after some prescribed time. However, it has a non-increasing
piecewise-constant gain adjusted by a switching strategy which yields a discontinuous control
action. Moreover, the prescribed error bound is piecewise constant and hence limited in shaping
the prescribed transient accuracy.

Funnel control is still a “young idea”. It was introduced in 2002 by Ilchmann, Ryan and Sangwin
for nonlinear functional differential equations with relative degree one and positive (general-
ized) high-frequency gain (see [99]). In [101] the concept was equipped with two extensions
in gain adjustment: (i) gain scaling (introduced as distance scaling) and (ii) “future distance”
evaluation taking into account that the future evolution of the prescribed funnel boundary is
a priori known. The extensions may help to improve the transient behavior of the closed-loop
system.

In [102] (2006) and in [103] (2007), funnel control was introduced for systems with known-but-
arbitrary relative degree: in [102| for nonlinearly perturbed minimum-phase LTT MIMO systems
and in [103| for nonlinear MIMO systems. However, the proposed controllers are complex due
to the use of a dynamic compensator (input filter) and a back-stepping procedure. Moreover,
already in the relative degree two case, the controller gain occurs with k(¢)” and hence the
controller is extremely sensitive to noise—an insuperable obstacle for real implementation (see
Section 4.4.3). In 2010 funnel control with derivative feedback for nonlinear systems with rel-
ative degree two was developed. The results have been submitted for publication to “SIAM
Journal of Control and Optimization” (see the joint work in [72]). In the same year bang-bang
funnel control was introduced for nonlinear SISO system with relative degree one and two
(see [121]). The bang-bang controller generates a discontinuous two-point like control action
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(switching between two values) and is not appropriate for motion control (due to switching, it
would entail an unnecessarily high power consumption and, in particular for systems with elas-
ticity, it would excite oscillations). In [104] funnel control was successfully applied to nonlinear
SISO systems with relative degree one and hysteresis in the control input.

Funnel control with input saturation was first addressed in 2004 for a class of exothermic reac-
tor models (see [98]). More general results for LTT MIMO systems (see [82]) and for nonlinear
SISO systems (see [83]) were published in 2010 for the relative degree one case. Results for the
relative degree two case (if derivative feedback is admissible) have been submitted for publica-
tion to “STAM Journal of Control and Optimization” (see the joint work in [72]).

Funnel control is robust in terms of the gap metric (see [90] for LTT MIMO systems with relative
degree one and see [72] for LTI SISO systems with relative degree two). Loosely speaking (for
the SISO case), by defining a measure for the “gap” between a nominal system &, element of
class SI (or Sim) and a system & not element of Si* (or Sit), it can be shown that, if the initial
value of & and the gap are sufficiently small, then funnel control is still applicable for system &.

There exist some few applications. Funnel control works for set-point temperature control of
chemical reactor models (see [98]) and it was successfully implemented for speed and position
control of electrical drives (see [96] (2009) and [72] (2010) and [65] (2011)). First results for
position control of 1IMS and 2MS have been accepted for publication in “International Journal
of Control” and will be discussed (with slight modifications and improvements) in Section 5.2.3.

4.3 Relative degree one systems

First funnel control for systems element of class & is introduced. The following results are
well known (see e.g. [99, 101]), nevertheless they will be discussed in detail to achieve a self-
contained presentation and a unified framework for systems of class &;. In literature the
operator T: C([—h,00);R) — L2 (R>0; R™) is “solely” allowed to map output y(-) to (Ty)(-).
In the present work an operator mapping ¥: C([—h,00); R") — L>®(Rs¢; R™) from state x(-)
to (Tx)(-) is feasible, but it must be globally bounded.

4.3.1 Performance funnel

In this subsection, the admissible set of limiting functions v (-) is formalized and the notions
of “performance funnel” and “funnel boundary” are introduced. Clearly, the limiting function
¥(+) should be continuous, class S; precludes “jumps”’ in the output. Moreover, in view of
application in “real world”, the limiting function should have a bounded derivative. The output
derivative is constrained e.g. due to actuator saturation. So, for ¥(-) belonging to the set

Bi={9:Rsp > Rso | Fc>0: o(-) € W™(Rxg,[c,0)) }, (4.4)
introduce the performance funnel (see Fig. 4.3)

Fp={(te)eRoo xR | ] <o(t)} (4.5)
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) \ / t TIME ¢t [s]

funnel F,

—(0) |

Figure 4.3: Illustration of performance funnel Fy, with boundary (), asymptotic accuracy A and eax-
emplary error evolution e(-).

with funnel boundary
Vit >0: OF,(t) = (t). (4.6)

Any 9(-) € By is bounded and has an (essentially) bounded derivative. Hence, any 9 (-) € By
is (globally) Lipschitz continuous. Moreover, for any ¢(-) € By, the (prescribed) asymptotic
accuracy is given by

A= liminf () > 0.

t—o00

Note that By as in (4.4) also allows for increasing funnel boundaries 1 (-) and so the width of
the performance funnel F,, does not necessarily decrease. In most applications a non-increasing
boundary ¢ (-) and so a shrinking funnel F, is desirable. Nevertheless, a temporarily increasing
boundary might be reasonable, e.g. to avoid unacceptable large control actions due to (a priori
known) rapid changes in reference (or disturbance) or events like sensor calibration/reset.

Examples 4.1. Let Ty, Tg > 0 [s] and A > X > 0. Then admissible funnel boundaries are
given by

r: Rsg — [N, A t—= Y (t) == max {A —t/Tp, A} (4.7)
and
YE: Rsg — (A, Al t—= Yg(t) = (A= Nexp(—t/Tg) + \. (4.8)

Both, ¢r(-) and ¢p(-), are non-increasing, have asymptotic accuracy A > 0 and start at A =
Yr(0) = |[YLlle = ¥E(0) = [[VElw. Their derivatives are bounded by ||¢p|. = 1/Ty, and
|VE|lo = (A= X)/Tg, respectively.

Remark 4.2 (Infinite funnels). In [99] (or [72]) also performance funnels with “infinite initial
width” (i.e. imy_,04 1(t) = 00) are considered, which allows to show global results, in the sense
that the assumption on the initial error can be dropped: any initial error e(0) € R will “start”
inside the “infinite performance funnel”. Such a generalization s mainly of theoretical interest.
In “real world” the initial error e(0) is (at least) roughly known and hence there always exists an
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adequate choice () € By such that |e(0)] < ¥ (0) < ||¢|lec < 00. Furthermore, even for non-
zero initial errors (i.e. e(0) # 0), infinite boundaries yield zero initial control action (without
gain scaling), i.e. im0 u(t) = 1/(¥(t) — |e(0)]) = 0 and so a “delayed” closed-loop system
response.

4.3.2 Proportional controller with prescribed transient accuracy

Before presenting the main result for systems of class S;, an astonishing observation is discussed.
Tracking with prescribed transient accuracy is already established by simple proportional out-
put feedback of the following form

u(t) =sign(c'b) ke(t) where e(t) = yes(t) —y(t) and k>0, (4.9)

if the constant controller gain k is fixed sufficiently large. Loosely speaking, the “output
dynamics” of the closed-loop system (1.36), (4.9) become faster and faster for larger and larger
values of k. Thus tracking of an arbitrary reference yt(-) € WH(Rsg; R) with prescribed
transient accuracy is feasible. This formulated more precisely gives the following proposition
(see [99]).

Proposition 4.3. Consider a system of class S given by (1.36). Then, for non-increasing
funnel boundary ¥(-) € By, reference yr(-) € WU(Rso;R) and initial trajectory x® €
C([—h,0];R™) satisfying

[t (0) — €72 (0)] < 4(0), (4.10)

there exists a threshold gain k* > 0 such that, for all k > k*, the proportional controller (4.9)
applied to system (1.36) yields a closed-loop initial-value problem with the properties:

(i) there exists a solution x : [—h,T) — R™ which can be mazimally extended and T € (0, col;
(11) the solution is global, i.e. T' = oo,

(1ii) the state variable is bounded, i.e. x(-) € L®(Rsp; R™);

(iv) and the tracking error evolves within the funnel, i.e. |e(t)| < (t) for all t > 0.

The proof is similar to that given in [99]. It is adjusted to fit for system class S;.

Proof of Proposition /.3.

Step 1: It is shown that Assertion (1) holds true, i.e. existence of a mazimally extended solution.
It suffices to consider the system (1.36) of class S; in the Byrnes-Isidori like form (3.7). Extend
Yret (+) to [—h,0) such that yer(-) € Whe([—h,00);R) and |y.er(t) — ¢"xO(t)] < 9(|t]) for all
t € [—h,0]. This is possible since °(-) and (-) are continuous. Define the open set

D:=R xR
the function

f:[-h,o0) xDxR™ — RxR" !

al(:u’ - yref(t)) + yref(t) - CL;I—E - |70’ kﬂ
(t, (1, &), w) —Y0 ua(t) — ¢ Bx(w + d(t))
a3(yref(t) - ”) + A4£ + NBT(w + d(t))
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and the operator

T2 C([=h, 00k R") = LinRoiR™), (T, §))(t) = (T(S7 (" "))(2).

For & := (u, £€")" rewrite the closed-loop initial-value problem (3.7), (4.9) as follows
d ~ -~ =4 A yref| —h,0] — CTwO
L a0) = fle.a0). (F2)0), alino = (IS CC) .

For any non-empty compact set € C D x R™ note that
IMe > 0V (&), w) €€ [[((1,€),w)]| < Me (4.12)

and thus it is easy to see that, for uy(-) € L®([—h,00); R), d(-) € L>®([—h,o0); R™) and
Yret(1) € WH®([—h,00); R), the function f(-,-,-) is a Carathéodory function (see Defini-
tion 3.1), since (i) f(¢, -, ) is continuous for each fixed t € [—h, 00), (ii) for each fixed ((1, &), w) €
D x R™ the function f(-,(u,&),w) is measurable and (iii) for almost all ¢ € [—h, c0) and for
all ((u, &), w) € € the following holds

(4.12)
[£ @ (1 &), w)l| < Me(lar| + [lazl| + [v0l & + [le[l | Bz + llas]| + || Aall + [NV | B<l])
+ (las| + las|])[yretlloo + [[gretlloc + |70 lualloo

+ (lell + [N | Bzl |2 =: le-

Now Theorem 3.2 ensures existence of a solution & : [—h,T) — R x R""! of the initial-value
problem (4.11), with &([0,7")) € D, T' € (0, 00]. Every solution can be extended to a maximal
solution.

In the following, let & := (e, 2): [=h,T) — R x R"! be a fixed and maximally extended solu-
tion of the initial-value problem (4.11), where (e, 2) : [—h,T) — R x R"~! solves the closed-loop
initial-value problem (3.7), (4.9) for almost all ¢t € [0, 7"). Hence Assertion (i) is shown.

Step 2: It is shown that |e(t)| < (0) for allt € [0,T).
Since 9 (-) € By and is non-increasing, it follows that

VEZ 0. 0<Ai=infu(t) < () < 0(0) = [

Seeking a contradiction, assume there exists
t*:=min{t € [0,7) | le(t)| =¥/} (4.13)
Then, by continuity of e(-) on [0,7"), there exists
t, :=max{t e [0,t*) | |e(t)]=A/2} (4.14)
and the following holds

Vtet,t]:  N2<|e®)] < |¥lle  and  Vte [0, le®)] < |¥]lo. (4.15)
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Due to system property (Si-sp2) and Lemma 2.12, the matrix Ay is Hurwitz, hence there exists
P,= PI > ( such that AIP4+P4A4 = —1I,,_, is satisfied, i.e. (2.63). Now, for P, = PI >0
as in (2.63), introduce the Lyapunov candidate

V:R"™ =5 Rsy, 2 V(z):=2"P;z>0 (4.16)
and define

My = 1Pl (llasll (1l + lgrtlloo) + 1N [ Bl (Ms + o)) 0. (417)

The time derivative & V(z(t)) along the solution of the closed-loop system (3.7), (4.9) is, for

almost all ¢ € [0,t*), given by

d

T VD) < —lzOF +2(z@)] 1P <Ha’4H(”yrefHoo+ []]oc)

+ N 1Bzl (M= + |d]) )

(4.17)

—— ||z( )1? + 2M; < — V(z(t)) + 2M? (4.18)

2[|P4

Hence, for My, as in (4.17), the Belman-Gronwall Lemma (in its differential form (see e.g. [18,
Lemma 1.1, p. 2|) gives

ey Ve <VEo e (~gpy) ¢ [ e (<5 ¢
< V(2(0)) +4 [|[Pa]| M2 < ||[Pa]| (|2(0)]° + 4 M2),

and, moreover, the following holds

vie[0,t): [zt g\/||P4H }|P4—1H\/|yz(0)|12 +4 M2 = M. (4.19)
For § > 0 and M, as in (4.19) define

M = ar|([¢llse + [Yretlloc) + [[Gretlloc + [l@zll Mz + [rolllualloe + llell [[ Bzl (Ms + deOO) )
4.20

and
B = 2(6+ M+ [¢]lee)/ (30 A).- (4.21)

In view of the first equation in (3.7) note that

for a.a. t € [0,T): é(t) = ay(e(t) — Yeet(t)) + Goet(t) — ag 2(t) — Yo(u(t) + ug(t))
— "Bz ((ZT(S7H ("L ))(t) + d(1))
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which, with M as in (4.20), yields
fora.a. t €[0,t%): — M —you(t) < é(t) < M — o u(t). (4.22)

Observe that (4.15) precludes a sign change on [t,,?*]. Consider only the case e(-) > 0 on
[ty, "], the other case follows analogously. Then inserting (4.9) into (4.22) gives

(4.15) )\ (4.21) :
for a.a. t € [t,,t*]:  é(t) < M —|yolke(t) < M — |fyo|k§ < =0+ |1Y]|so)- (4.23)

Since e(ty) < A/2 < 1(0), the contradiction follows by integration

(4.23)

Vie (b, t]: 0<e(t)—e(t,) = /té(f) dr “De) -2 < —8(t—t,) <0.

Step 3: It is shown that Assertions (ii) and (iii) hold true, i.e. T = oo and x(-) € L®(Rx¢; R).

From Step 2, it follows that |e(t)| < ||¢|le for all ¢ € [0,T") and hence ||z(t)|| < M, for all
t € [0, T) which, by maximality of T" € (0, oc], implies T' = co. Hence Assertion (ii) is shown.
From yet(-) € W (Rs0; R) and [|¢]|oe > |e(t)| = |yret(t) — y(t)| for all ¢ > 0 it follows that
y(-) € L2(Rso; R). Combining this with z(-) € L®(Rso; R* 1) yields z(-) = S~ (y(), 2(:))" €
L2 (R>o; R™), which shows Assertion (iii) and completes Step 3.

Step 4: It is shown that Assertion (iv) holds true, i.e. |e(t)| < ¥(t) for allt >0

Claim there exists s > 0 such that |e(s)| < A/2. Seeking a contradiction, suppose otherwise.
Then ||| > |e(t)| > A/2 for all ¢ > 0 and either e(-) > 0 or e(-) < 0 on R>(. Consider only
the case signe(t) = 1 for all t > 0, the other case follows analogously. Hence inequality (4.23)
holds for almost all ¢ > 0 and integration yields the contradiction

t (4.23)
Vi >0: /é(f)dT <5t = e(t) < e(0)— ot
0

whence there exists s > 0 such that |e(s)| < A/2. Now fix ¢ := min{¢ > 0]|e(¢)] < A/2} and
claim that |e(t)| < A for all ¢ > ¢. Seeking a contradiction, assume there exist s > ¢ such that
le(s)| > A. Then, by continuity of e(-) on Rs, there exists

s :=min{t € [f,s)||e(t)) =X} and s, :=max{tc[t,s)]|]e(t)=A/2}.

Clearly, A/2 < |e(t)| < A for all t € [s,, s*], which precludes a sign change of e(-) on [s,, s*].
Again consider only the case e(-) > 0 on [s,, s*], the other case follows analogously. Hence (4.23)
holds on [s,, s*] and the contradiction follows

(4.23)
A2 < A=e(s") <

e(s,) = A/2.

Furthermore, since ||[¢)||so > 1(t) > A for all t > £ it follows that |e(t)| < v(t) for all ¢ > . The
remainder of Step 4 is to show that |e(t)| < ¢(¢) for all t € [0,£]. If £ = 0 then |e(0)] < ¢(0)
trivially holds. Suppose ¢ > 0, then [|¢||o > |e(t)] > A/2 for all ¢ € [0,#] precluding a sign
change of e(-) on [0,7]. Again only consider the case sign e(-) = 1, the other case follows
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analogously. Note that (4.23) holds on [0,7] and, since ¥(-) € W' (Rxg; [\, 00)), it follows
that () > 1(0) — |[1h||so t for all ¢ € [0,], whence

Vie 0.4 eft) - e(0) = / sr)dr 2 st < (t) — (0)
= 0 <9(0) —e(0) < (t) —e(t).

This shows Assertion (iv) and completes the proof. O

4.3.3 Funnel controller

Proposition 4.3 shows that for all & > k* with k* as in (4.21) the state variable of the closed-
loop system (1.36), (4.9) remains bounded and furthermore, if |e(0)] < 1(0), any admissible
reference y,.t(-) € WH(Rso; R) may be tracked with prescribed transient accuracy specified by
the (non-increasing) funnel boundary v (-) € By. The threshold £* in (4.21) obviously depends
on system data, disturbance, reference signal and funnel boundary and must be known a priori.

The following well known result (see e.g. [99, 101]) shows that for systems of class S; tracking
with prescribed transient accuracy is feasible without a priori knowledge of k*. Solely the gain
must be adapted appropriately.

Theorem 4.4 (Funnel control for systems of class Sy).

Consider a system of class Sy described by (1.36). Then, for arbitrary funnel boundary ¥ (-) €
By, gain scaling function ¢(-) € By, reference yrt(-) € W' (Rso;R) and initial trajectory
z%(-) € C([—h, 0]; R™) satisfying (4.10), the funnel controller

u(t) = sign(e"b)k(t)e(t) where e(t) = ywer(t) — y(t) and k(t) = L}f (4.24)

applied to (1.36) yields a closed-loop initial-value problem with the properties
(i) there ezists a solution x : [—h,T) — R™ which can be mazimally extended and T € (0, 00,
(11) the solution x(-) does not have finite escape time, i.e. T = 00;

(111) the tracking error is uniformly bounded away from the funnel boundary, i.e.

de>0Vt>0: W(t) — |e(t)| > e;

(v) gain and control action are uniformly bounded, i.e. k(-),u(-) € L*(Rs¢; R).

Remark 4.5. The performance funnel must not shrink to zero. More precisely, for any ¥ (-) €
Bi, there exists € > 0 such that OFy(t) = ¢(t) > ¢ for all t > 0. Hence, funnel control
may not gquarantee asymptotic stabilization (i.e. limy_,o y(t) = 0 for yet(-) = 0) or asymptotic
tracking (i.e. limy .o e(t) = 0). However, in [99, Proposition 9] and [94, Theorem 2.3] it is
shown that asymptotic stabilization and asymptotic tracking is feasible for linear systems if the
funnel boundary (-) possesses certain properties (e.g. limy o 1 (t) = 0) and an internal model
1s applied, respectively.
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Note the potential singularity in gain adaption (4.24): if there exists t* < oo such that
limy 4+ ¥ (t)—|e(t)| = 0, then the closed-loop system (1.36), (4.24) will exhibit finite escape time.
Fortunately, a precise analysis invoking Theorem 3.2 yields that the closed-loop initial-value
problem (1.36), (4.24) is well-posed and the solution exists globally.

Proof of Theorem }.4.

Step 1: It is shown that Assertion (i) holds true, i.e. existence of a maximally extended solution.
It suffices to consider the system (1.36) in the form (3.7). Extend ¢(-) and yef(-) to [—h,0)
such that

§<) € WLOO([_hv OO)? IR>0) and yref<') € WLOO([_ha 00)7 R)J (425)
respectively, and furthermore, such that the following holds

vt [=h,0]: et () — €' 2" (t)] < (|t]) (4.26)

which is possible since 1(-) € By and y,.¢(-) are both continuous. For F, as in (4.5), define the
non-empty and open set

D= {(r,1,€) € R X RxR* | (7], 1) € Fy}, (4.27)
the function

f: [-h,o0) xDxR™ — RxRxR"
1
a1 (1 — Yret(t)) + Yret (1) — [0l Tt Youq(t)
(t (T H S)aw) = —a, f _ cTB;ZJ(lw‘)—{—mc‘l( ))
a3 (Yret(t) — p1) + As€ + NBz (w + d(1))

and the operator
T :C([~h,00); R x R") — L (Rs0; R™), (Z(7, 11, €))(t) := (T(STH(™*)))(t).  (4.28)

Then, introducing the artifact 7: [—h,00) — R, ¢ +— ¢ and the augmented state variable
& := (7, e, z) and writing 7° := 7|[_p, 0}, the initial-value problem (3.7), (4.24) may be expressed
in the form

7_0

d | N " X
—&(t) = f(t,2(t), (T2)(t)), &|—no = | Yeet|ong — "2’ | . (4.29)
dt N0

Choose a compact set € C D x R™ and note that

3M€>0V((ﬂ#a€)>w) c: H((Taﬂ>€>7w)” < Me

Fme > 09 (1,1, €).w) € €: minf{y(|r]) - pu} > me. (4.30)

Then it is easy to see that, for ug(-), yref(+) € L([—h,00); R), d(-) € L>®([—h,0); R") and
s(-) € Wh* ([=h, ), Rsy), the function f(-,-,-) has following properties (i) f(t,-,) is con-
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tinuous for each fixed t € [—h,00) , (ii) for each fixed ((7,u,&),w) € D x R™ the function
f(, (m, 1, &), w) is measurable and (iii) for almost all ¢ € [—h, 00) and for all ((7,u, &), w) € €:

4.30
£ € )] < 1 (o] + st + el + ol alo
+ M (Jax + llazll + (lell + IN) | Bsll + llas]l + | Asll)
+ (el + IV 1)) [ Bzl |l oo + [r0]meMe|ls]loc = le- (4.31)
Hence, f(-,-,-) is a Carathéodory function (see Definition 3.1) and Theorem 3.2 yields existence
of a solution & : [—h,T) — R x R" of the initial-value problem (4.29) with #([0,T")) € D,
T € (0,00]. Every solution can be extended to a maximal solution. Moreover, since f(-,-,-) is

locally essentially bounded, it follows from Theorem 3.2 that if 7' < oo then for every compact
set € C D, there exists ¢ € [0,7) such that &(f) ¢ €.

In the following, let & := (7,¢e,2): [-h,T) = R xR x R""! be a fixed and maximally extended
solution of the initial-value problem (4.29), where (e, z) : [=h,T) — R x R"~! solves the closed-
loop initial-value problem (3.7), (4.24) for almost all ¢ € [0, T).

Step 2: It is shown that z(-) is bounded on [0,T) and an essential inequality holds true.
In view of Step 1, e(-) is continuous on [0,7") and evolves within the funnel F,, hence by
properties of By, it follows that

vte[0,T):  le®)] <¥t) < [[¢]lo- (4.32)

Now similar arguments as in Step 2 of the proof of Proposition 4.3 with [0, ¢*) replaced by [0, T)
yield, for M, as in (4.19),

Vte[0,T): |zt < M,. (4.33)

Moreover note that identical arguments as in Step 2 of the proof of Proposition 4.3 yield, for
M as in (4.20),
fora.a. t € [0,T): —M — you(t) < é(t) < M — you(t). (4.34)

This completes Step 2. For the following define

¢ :=inf¢(t) and A= 1inf(t). (4.35)

- t>0 t>0

Step 3: For M as in (4.20) and g, X as in (4.35), it is shown that there exists a positive

LA e [70ls A
€§mln{§a 0) = e(0), 5 wm)} (4.36)

such that ¥(t) — |e(t)| > € for allt €[0,T).

Seeking a contradiction, assume there exists

t=min{t € [0,T) | o) —|elt) <el. (4.37)
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Then, by continuity of ¢(-) — |e(:)| on [0,T"), there exists
to :=max{t € [0,t1) | () —let)]=¢}. (4.38)
Furthermore, for ¢ > 0 as in (4.36) and A as in (4.35), the following holds

(4.36

Vielo ] )] > () —c o A= A2 = /2 (4.39)

and hence signe(-) is constant on [tg, t1] C [0,7"). Consider only the case e(-) on [to, t1], the
other case follows analogously. Then inserting (4.24) into (4.34) yields

+ (4.39) A\ (4.36) .
SO < M-z S

Integration and recalling ‘1) (t) > 1(to) — ||1]|so(t — to) for all t € [to, 1]’ (see properties of By)
gives

for a.a. t € [tg, t1]:  €é(t) < M — |y

Viefto, ] e(t) —elto) = / e(r)dr < —[[¥llo(t — to) < W(t) — ¥(to)

to

with which the contradiction follows

E = ¢(t0) — 6(t0) < w(t1> — 6<t1) < €.

This completes Step 3.

Step 4: It is shown that Assertions (ii), (iii) and (iv) hold true.
At first Assertion (ii) will be shown. For ¢ as in (4.36) and M, as in (4.19) define the compact
set

C:={(te,z2) €[0,T] xRxR"" ||e] <9(t) —e A ||z < M, } (4.40)

and let D be as in Step 1. If T < oo then ¢CcDisa compact subset of D which contains
the whole graph of the solution ¢ — (e(t), z(t)), which contradicts maximality of the solution.
Hence T' = oo and Assertion (ii) is shown. Now, Assertion (iii) follows from Step 3 with € > 0 as
in (4.36). Furthermore, Step 4 ensures that &(-) is uniformly bounded on Rs( and from (4.32)
it follows that u(-) = k(-)e(+) is uniformly bounded on Rsq. This shows Assertion (iv) and
completes the proof. O

4.3.3.1 Minimal future distance

As already noted, gain adaption in (4.24) is inversely proportional to the actual or “vertical”
distance 1 (t) — |e(t)]. Since 9(-) is known a priori (it is chosen by the control designer), the
(minimal) future distance

dp: Rog x R > Rog,  (t€) o dpt€) i= min o/ (0(te) — le)> + (tr — )7 (4.41)

tp>0
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may be evaluated. Note that dp(t,e(t)) < (t) — |e(t)] and tp € [t, t + ©(t) — |e(t)]) for all
t > 0. In [101] it is shown that

_ s
dp(t, e(t))

is also feasible. The gain adaption in (4.42) might be advantageous, since the future prescribed
transient accuracy ¢ (tg) for tp > t is already considered at actual time ¢t > 0. Concerning
implementation, a computational effective numerical approximation of (4.41) must be found.
This issue is out of the scope of this thesis. In [101] or [68, 69] several numerical algorithms to
approximate the future distance (4.41) are proposed. A comparison can be found in [167, p. 731-
741]. For the remainder of this thesis, minimal future distance evaluation is not considered.

k(t) where  e(t) = yret(t) — y(t) (4.42)

4.3.3.2 Gain scaling

The gain adaption in (4.24) is similar to (4.3) but, in addition, allows for gain scaling. Gain
scaling was introduced in [101] as distance scaling and is helpful for implementation: it increases
the degrees of freedom for controller tuning. For example, adequate gain scaling permits (in-
dependently of boundary design):

(i) to specify a minimal gain permanently, i.e.

(t) infy>o <(t)
S0 el = 0l

V(t, e) e Fy: k(t) = > 0; (4.43)

(ii) to fix an (arbitrary) initial control action, i.e.

¢(0)
¥(0) — [e(0)]

e.g. to accelerate (or decelerate) the closed-loop system response at startup.

u(0)] = le(0)],

Simulation results are presented in Section 4.3.3.4. More illustrative examples are discussed in
e.g. |68, 69, 99] or [167, Sections 17.2-17.4|. In Section 5.2.2 the funnel controller (4.24) will be
applied for speed control of 1IMS and 2MS.

4.3.3.3 Asymmetric funnel

For the set-point tracking problem (see Fig. 4.1) with step magnitude .t > 0 and maximum
overshoot A%; > 0, it was already noted that, in general, motion control objective (coy) cannot
be included in boundary design. In particular, since ¢(0) > |e(0)| must hold, a too large initial
error |e(0)| > Gt A% precludes appropriate boundary design assuring y(-) < 4,0 A%;. There
might exist ¢ > 0 such that y(t) > s A%%. If an asymmetric funnel is admitted and A% > 0,
then funnel control can assure motion control objective (coy) independently of the initial error.
For the design of an asymmetric funnel, two (differing) limiting function must be introduced
(see Fig. 4.4). Denote “upper” and “lower” limiting function by ¢*(-) and ¢~ (-), respectively,

and assume that 7 (-), —~(-) € By, then the asymmetric performance funnel is defined by

Furw—y ={ te) ERso xR | ¢ (t) <e<y™(t)}. (4.44)
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P (t)

\ A
¥=(0) 'W TIME ¢ [s]
() funnel Fy+ y-)

Figure 4.4: lllustration of asymmetric performance funnel Fiy+ -y with “upper” and “lower” limiting
functions T (-) and 4~ (-) and exemplary error evolution e(-).

Moreover, by introducing the function

e
_— >0
ORI
uas: Fpt ) — R, (t,e) — uag(t,e) = o (4.45)
—_— ,e<0
e— (1)

an asymmetric funnel controller for system class S; can be proposed.

Theorem 4.6. Consider a system of class S described by (1.36). Then, for arbitrary limiting
functions YT (), =~ (-) € By, gain scaling function ¢(-) € By, reference yret(-) € WH*(Rso; R)
and initial trajectory x°(-) € C([—h, 0]; R") satisfying

VY7 (0) < Yot (0) — €' 2°(0) < ¥7(0), (4.46)
the “asymmetric” funnel controller
u(t) = sign(e"b)s(t) uas (t, e(t)) with e(t) = yret(t) — y(t) and was(-,-) as in (4.45), (4.47)

applied to (1.36) yields a closed-loop initial-value problem with the properties (i), (ii) and (iv) of
Theorem 4.4 and (iit) the tracking error is uniformly bounded away from the limiting functions,
i.€.

de>0Vt>0: V(t)+e<e(t) <yt(t) —e.

Clearly, for adequate funnel design, Theorem 4.6 assures control objectives (co;)-(coz) and hence
motion control objectives (mcoy ), (mcog) and (mcos) may be accomplished. Moreover, for given
maximum overshoot A%, > 0 and positive (or negative) reference step (1.2) with ger > 0 (or
Uret < 0), the choice ¥ (t) > —g,es A% (or ¥ (1) < — et A%;) guarantees that motion control
objective (mcoy) is met, i.e. A%, < AZ;. Simulations are performed in Section 4.3.3.4. In [70]
an asymmetric funnel in combination with gain scaling is introduced for speed control of a

flexible servos-system to avoid overshoots in the closed-loop system response.

Proof of Theorem 4.6.
The proof is similar to the proof of Theorem 4.4, only the essential changes are presented. It
suffices to consider system (1.36) in the form (3.7).
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Step 1: It is shown that Assertion (i) holds true, i.e. existence of a mazimally extended solution.
Extend ¢(-) and yef(+) to [—h,0) such that (4.25) and

Ve [-h0):  UT([t) < yer(t) — " 2"(t) < U ([t])

hold. This is feasible since ¥ (:), =~ (-) € By and y.(+) are continuous, respectively. For
Fpt ) as in (4.44), define the non-empty and open set

D= {(r,11,€) € RxRxR™™ | (|7], 1) € Frypr o) }
and the function

F: [-h,0) x DxR™ — RxRxR"
1
a1 (= Yret (1)) + Gret(t) — [0l ()uas (|7, 1) — voua(t)
(t, (7, 1, &), w) 1 (1 = Yref y—faQTg _vcoTcBT (:45+ d(/;)) Youd
as (Yref(t) — 1) + As€ + N Bg (w + d(t))

Now, for T as in (4.28) and by introducing 7: [—h,00) = R, t — t, & := (7, (e, z) and
70 := 7|[_p,q, the initial-value problem (3.7), (4.47) may be written in the form (4.29). Note that
uas(t,0) = 0 for all £ > 0 and so uas(-, ) is locally Lipschitz continuous on Fy+ ). Moreover,
since —¢~(+) € By it follows that ¢~ (t) < 0 for all £ > 0 and so, for every compact € C D x R™,
there exists Mg, me > 0 such that ||((7, i, €), w)|| < Me and min{™(|7])—p, p—y=(|7])} = me
for all ((7,u, &), w) € €, respectively. Now identical arguments as in Step 1 of Theorem 4.4
show that (4.31) holds and that f(-,-,-) is a Carathéodory function. Hence there exists a
maximally extended solution & : [—h,T) — R x R" of the initial-value problem (4.29) with
z([0,T)) € D, T € (0,00], where (e, 2) : [-h,T) — R x R"! solves the closed-loop initial-value
problem (3.7), (4.47) for almost all ¢t € [0,T).

Step 2: It is shown that z(-) is bounded on [0,T) and an essential inequality holds true.
Define

¢ :=inf¢(t) and A := min {glg (1), inf —w_(t)} (4.48)

- t>0 t>0
and (by abuse of notation)
[lloo = max{[[¥" [loo, [9* N} and  [[¥]lo = max{¢ [loc, ]I} (4.49)
In view of Step 1, e(-) is continuous on [0,T") and the following holds
VEe[0,T): [ [l S ¥7(1) <elt) <™ () < [[¥7 ]|, (4.50)

hence, for ||¢]|« as in (4.49), M, as in (4.19) and M as in (4.20), the inequalities (4.33)
and (4.34) hold true, respectively. This completes Step 2.
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Step 3: For M as in (4.20), ¢, \ as in (4.48) and ||1||s as in (4.49), it is shown that there
exists a positive

¢ < min {% ¥ (0) — e(0), e(0) — v (0), %} (4.51)

such that v~ (t) +e < e(t) <¢Y*(t) —e for allt € [0,T).
Seeking a contradiction, assume there exists
t7=min{t € [0,7) | Y (t) —e(t) <e} or ¢t :=min{te€0,T)|e(t) -1 (t) <e}.

Then a case-by-case analysis and invoking similar arguments as in Step 3 of the proof of The-
orem 4.4 prove the claim of Step 3. The details are omitted.

Step 4: It is shown that Assertions (ii), (i) and (iv) hold true.
For ¢ as in (4.51) and M, as in (4.19), replace € in (4.40) by

E={(tez) e 0,T)xRxR" [y () +e<e<o*(t)—e A ||z <M },

then identical arguments as in Step 4 of the proof of Theorem 4.4 show that the claim of Step 4
holds true. This completes the proof. O]

4.3.3.4 Simulations

In this section, the funnel controller (4.24) with and without scaling (i.e. ¢(-) = 1) and the
asymmetric funnel controller (4.47) are applied to the following third order system

(1+0.5s)(1+0.1s)

F =
() s3+1

(4.52)

The system has relative degree r = 1 and positive high-frequency gain vy = limg_,o, s F((s) =
0.05. It is minimum-phase with transmission zeros z; = —10 [1/s] and zo = —2 [1/s]. Hence
the system is element of class SI* C S; and application of the funnel controllers is admissible.

Control task is the set-point tracking of yref(-) = et = 1 on [0, 5] [s]. The control objec-
tive is formulated in terms of maximum rise time #;,¢ = 1.0 [s] and maximum settling time
tror01 = 2.0 [s]. In addition, the asymmetric funnel controller (4.47) must guarantee a maxi-
mum overshoot A% = 0.1.

The “symmetric” funnel controllers (4.24) with and without scaling are equipped with boundary
Y(-) = ¥p(-) as in (4.8), respectively. For the asymmetric funnel controller (4.47), upper and
lower limiting function are chosen as follows

Vi Z 0: ¢+(t) = wE(t) and ¢_(t) = = min{¢E<t)7 grefAfgf}'

Gain scaling is given by ¢(-) = 10¢(-) = 1097 (:). Exponential boundary ¢g(-) as in (4.8) is
parametrized by A =2, A = 0.05 and T = 0.39 [s].
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1,6
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0,2} — = ~thet() [] —0.4 ¢
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TIME t [s] TIME t [s]
(a) output y(-) and reference yret(+) (b) error e(-) and boundaries ¥ (-) = T (-) &~ (-)
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400
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04 i 2 3 1 5 0
TIME ¢ [s] TIME ¢ [s]
(c) control action u(-) (d) gain k()

Figure 4.5: Simulation results for closed-loop systems ——(4.52), (4.24) without scaling (i.e. <(-) = 1),
——(4.52), (4.24) with scaling () = 10¢(-) and ——(4.52), (4.47) with scaling <(-) =
104+().

The control-loops are implemented in Matlab /Simulink using solver ode4 (Runge-Kutta) with
(fixed) step size 107° [s]. Simulation results for the closed-loop systems ——(4.52), (4.24) with-
out scaling (i.e. ¢(-) = 1), ——(4.52), (4.24) with scaling ¢(-) = 10¢(-) and ——(4.52), (4.47)
with scaling ¢(-) = 104" (+) are depicted in Fig. 4.5.

All closed-loop systems accomplish &} ) o < tig0s and )5, <t (see Fig. 4.5(a)) and
each control error e(-) evolves within its prescribed performance funnel (see Fig. 4.5(b)). Due
to the asymmetric funnel design, controller (4.47) assures the specified maximum overshoot,
whereas the other controllers with and without scaling, by far, exceed the limit (see Fig. 4.5(a),
(b)). All three controllers generate a comparable magnitude in control action (see Fig. 4.5(c)),
nevertheless, due to the choice of )~ (), the asymmetric controller (4.47) exhibits a huge peak in
the control gain (see Fig. 4.5(d)). Due to gain scaling, the controllers ——(4.24) and —(4.47)
generate a larger initial control action than the “unscaled” controller ——(4.24) (see Fig. 4.5(c)).
Gain scaling accelerates their closed-loop system response and yields a smaller rise time.
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4.3.4 Funnel controller with saturation

In “real world” the actuator limits the available control action. Although Theorem 4.4 ensures
a bounded control action, the funnel controller (4.24) might generate control actions by far
exceeding the available range. The following theorem gives a sufficient condition for funnel
control to work even under actuator saturation. In addition, bounded control input disturbances
up: R>¢ — R are considered to account e.g. for actuator deviations or feedforward control. The
following theorem is similar to the results published in [82, 83|. It is tailored for system class S;.

Theorem 4.7 (Funnel control with saturation for systems of class Sy).

Consider a system of class Sy described by (1.36). Then, for arbitrary input disturbance
up(-) € L2(Rxp;R), funnel boundary (-) € By, scaling function <(-) € By, reference yyet(-) €
WL (Rso; R), initial trajectory x°(-) € C([—h,0]; R™) satisfying (4.10) there exists a feasibility
number Ugeas > 0 such that, for all 4 > Ugeas, the saturated funnel controller

u(t) = sign(c'b)saty (k(t) e(t) + uF(t)> where

B §(t) B B (453)
k<t) - 1/}<t)—|6(t)| and e(t) - yref(t) y(t)

applied to (1.36) yields a closed-loop initial-value problem with the properties (i)-(iii) as in
Theorem 4.4,

(iv) the gain is uniformly bounded, i.e. k(-) € L®(Rs0; Rso);
(v) the control action u(-) is unsaturated at some time, i.e.

Tt > 00 Jultes)| <@

(vi) and, if <(-) is non-increasing, then it remains unsaturated thereafter, i.e.

Ftus > 0V > tys: lu(t)| < a.

A direct consequence of Assertion (vi) of Theorem 4.7 is that the following implication holds

: v(0) o
Vt>0: |u(t <uﬂ <= [[60 < —= Aﬂ.
| vt=0: fu(t) O < S0 T3
Hence, if the control action is initially not saturated, it will never become saturated. The
feasibility number wug,s depends on system data, reference, disturbances, funnel design and
scaling function; more precisely, for M as in (4.20) and some 6 > 0 (arbitrarily small), it is
given by

Uteas = (M + 6 + |[¥]| o) /]70| > 0 (4.54)

Clearly, to verify 4 > ugeas, rough system knowledge is required which foils the striking advan-
tage of high-gain adaptive control. Nevertheless, Theorem 4.7 underpins applicability of funnel
control for plants with saturated actuators. Moreover, at least for low order systems, evaluation
of (4.54) is feasible even though the computed value might be conservative (see Section 5.2.2).
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Proof of Theorem 4.7.

Step 1: It is shown that Assertion (i) holds true, i.e. existence of a maximally extended solution.
It suffices to consider the system (1.36) in the form (3.7). Extend up(+), () and yef(+) to [—h, 0)
such that

up(-) € W ([=h,0);R), ¢(-) € Wh*([—~h,00); Rsg) and () € WH([—~h, 00); R),

respectively, and furthermore, such that (4.26) holds. Clearly, this is possible since ¢(-) € B,
and Yyer(+) are continuous. Let D and T be defined as in (4.27) and (4.28), respectively.
Introduce the function

f: [-h,o0) xDxR™ — RxRxR",
1

a1 (= et (6)) + Grer () = Pol sata (5t + ur(®)) — q0ua(t)
~aj¢ — ¢ Bx (w+d(t))

as (yref(t) — /L) + A4£ + NB‘I (w + d(t))

(¢, (7, 1, €), w) —

Then, for 7: [—h,00) = R, ¢t — t and & := (7, (e, ¢), z) and writing 70 := 7|[_j, ¢}, the initial-
value problem (3.7), (4.53) may be expressed in the form (4.29). Note that, for M, as in (4.30),
wa(+), Yret () € L®([—h,00); R), d(-) € L®([—h,00); R") and ¢(-) € W ([—h, 00),Rsg), the
function f(-,-,-) is a Carathéodory function (see Definition 3.1), since (i) f(¢,-,-) is contin-
uous for each fixed t € [—h,00) , (ii) for each fixed ((1,u,&),w) € D x R™ the function
f(, (7, 1,&),w) is measurable and (iii) for almost all ¢t € [—h, c0) and for all ((7,u,§),w) € €:

(4.30) ‘
||f(t7 (Tvuvé)aw)n S 1+ (|a1| + ||(1,3||) ||yref||oo + ||yref||oo + |f}/0| ||ud||oo
+ Me (|ar| + [lazll + ([le]l + IN1]) | Bzl + [las|| + [ A4l])
+ (lell + [IN) Bzl |dlloe + |yolt = le-

Hence, in view of Theorem 3.2 there exists a solution & : [—h,T) — R x R™ of the initial-value
problem (4.29) with ([0, 7)) € D, T € (0, 00]. Every solution can be extended to a maximal
solution. Moreover, since f(-,-,-) is locally essentially bounded, it follows from Theorem 3.2
that if 7' < oo then for every compact set € C D, there exists £ € [0,7) such that &(f) ¢ €.

For the remainder of the proof, let & := (7,e,2): [-h,T) — R x R x R"! be a fixed and
maximally extended solution of the initial-value problem (4.29) and observe that this implies
that (e,z) : [=h,T) — R x R"! solves the closed-loop initial-value problem (3.7), (4.24) for
almost all ¢ € [0, 7).

Step 2: Some technical preliminaries are introduced.

From Step 1 it follows that e(-) is continuous on [0,7") and evolves within the funnel F, hence
e(+) is bounded on [0,T), i.e. (4.32) holds. Similar arguments as in Step 2 of the proof of
Theorem 4.4 yield boundedness of z(-) on [0,7), i.e. (4.33) holds, and, moreover, show that
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inequality (4.34) also holds. Inserting (4.53) into (4.34) gives for M as in (4.20)

for a.a. t € [0,7): —M — || sata (k(t)e(t) +up(t)> < 6(t) < M — | sata (k(t)e(t) +uF(t)>.

(4.55)
Since 9(-), <(+) € By the infima ¢ > 0 and A > 0 as in (4.35) exist.
Step 3: It is shown that there exists a positive
e < min{A/2, $(0) — [e(0)], £/ (2(@+ lurll)} (4.56

where M as in (4.20) and ¢, A as in (4.35) such that (t) — |e(t)| > e for all t € [0,T).
Seeking a contradiction, assume there exists t; > 0 as in (4.37). Clearly, by continuity of
(-) —le(-)| on [0, T) there exists ty < t; as in (4.38) and, in view of (4.39), sign e(-) is constant
on [tg, t;] C [0,T"). Consider only the case e(-) > 0 on [to, t1], the other case follows analogously.
Then in view of (4.55), (4.39) and since @ > uge,s by assumption the following holds

SA

(4.56) (459) :
= —urlle) < M—lpold < —[dlle =4

(4.57)

for a.a. t € [ty, t1]:  €(t) < M — || saty <

Now identical arguments as in Step 3 of the proof of Theorem 4.4 yield the contradiction which
completes Step 3.

Step 4: It is shown that Assertions (ii), (iii) and (iv) hold true.
For € as in (4.56), identical arguments as in Step 4 of the proof of Theorem 4.4 show Assertion
(ii)-(iv), respectively.

Step 5: It is shown that Assertions (v) and (vi) hold true.

Seeking a contradiction, assume that |u(t)| > @ for all ¢ > 0. Note that this precludes a sign
change of e(-) on Ry. Consider only the case e(t) > 0 for all ¢ > 0, the other case follows
analogously. Then (4.57) clearly holds on Rxq. Since § > 0 in (4.54) integration yields the

contradiction
4.57)

Vit >0: 0<e(t):e(0)—|—/té(7')(§ e(0) —dt,

hence there exists t,, > 0 such that |u(t,s)| < @ which shows Assertion (v). Now suppose
there exists t; > t,s such that |u(t;)| = @ and, for 6 > 0 as in (4.54), choose 0 € (0,6/2]. By
continuity of u(-) on R>g, there exists

fo = max{t € [ty f1) | |u(t)] =1 —3/v|}-

In view of @ > Ugess > 0 the choice of § precludes a sign change of e(+) on [to, t1]. Again consider
only the case signe(t) = 1 for all ¢ € [fy, 1], the other case follows analogously. Then, (4.57)
holds with ¢ replaced by §/2 which implies |e(t)| < |e(t)| for all t € [fo, t,]. Moreover, since
¢(+) is non-increasing it follows that ¢(t) < ¢(fo) for all ¢t € [fy, £1]. Integration and recalling
W(t) > P(ty) — ||1]|lo(t — to) for all t € [fy, 1]’ (see properties of By) yields

~

viello, bl e(t) —elfo) < (—¥llw — 8/2)(t — o) < (1) — ¥(lo)
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whence the contradiction

A ; s(fy)le(f)] S(to)le(to)] N S
— t = — = = = - t — - 6
T ) —Jel] " o) — el TS
This completes the proof. O

Remark 4.8 (Relaxation of system property (S;-sps) of class Sy).

Let h >0, T: C([—h,0);R) = L2 ([—h,00); R™), T: C([—h,0); R") — L2 ([—h, c0); R™)
and T,T € T (see Definition 1.5) and consider a system (1.36) of class Sy. If the opera-
tor in (1.36) “only” maps the output, i.e. Tx = Ty in (1.36), and funnel controller (4.24)
(or (4.53)) is applied to the system, then system property (Si-sps) in Definition 1.6 may be

relazed as follows: in view of (4.32) in the proof of Theorem /.4, it follows that

Vtel0,T): ()] < P(t) + [[Yeet |l oos

which due to property (ops) of operator class T implies that there exists A > 0 such that
1(Zy) ()| < A for all t € [0,T). Replace Ms by A in (4.20). Then it is easy to see that the
proof of Theorem 4.4 (or Theorem 4.7) goes through without global boundedness of the operator.
Hence presupposition Mg < oo in (Si-sps) of Definition 1.6 can be dropped: the nonlinear
perturbation ‘iy may grow without bound.

4.4 Relative degree two systems

In this section, funnel control with derivative feedback for systems of class Sy is developed.
At first, a result without derivative feedback is revisited which was introduced in [103| and
which achieves tracking with prescribed transient accuracy for systems with arbitrary-but-
known relative degree. Due to its complexity and noise sensitivity, this approach seems not
reasonable for implementation. In Section 4.4.2; funnel control with derivative feedback is
discussed. On the basis of the “original” funnel controller with derivative feedback (introduced
in the joint work [72]), a slightly extended and altered controller is proposed. The “modified”
funnel controller is easy to tune and simple in structure and allows for a well-damped closed-loop
system response. The proposed controller also works under constrained inputs if a feasibility
condition is satisfied. In Section 4.4.3, comparative simulations are presented.

4.4.1 Funnel controller with backstepping

In [103] Ilchmann, Ryan and Townsend present funnel control for nonlinear MIMO systems
modeled by a functional differential equation with arbitrary-but-known relative degree r > 1
and possibly unknown but sign definite high-frequency gain. The considered system class com-
prises finite and infinite dimensional linear systems, nonlinear delay systems and systems with
hysteresis. The paper extends and generalizes the results in [102] (there for nonlinearly per-
turbed LTT MIMO systems).

The proposed controller incorporates a time-varying gain adaption (similar to (4.3)), a Nuss-
baum-like switching function (online detection of the correct sign of the control action) and
a (r — 1)-th order dynamic compensator (input filter). The system in conjunction with the
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filter behaves like a system with (strict) relative degree one. Filter and controller construction
emerge from a backstepping procedure, motivated by the intuition of reducing the relative
degree to one and then exploiting the intrinsic high-gain property of minimum-phase systems
with relative degree one (similar to Ye’s approach, see Section 3.5.1). Due to backstepping the
controller is recursively defined and yields a complex structure (already for the relative degree
two case, see below). It will be illustrated in Section 4.4.3 that this controller is not reasonable
for implementation and so the result is not transferred to system class Sy. It is presented for
the same system class as introduced in [103]. Ilchmann et al. consider systems of the form (only
the SISO case is presented)

o(t) = Az(t)+ f (p(t), (Ty)(t), z(t) + bu(t),
y(t) = CTZI:(t), 33|[_h70] = ZBO() c C([_h7 0];Rr> } (4.58)

where h > 0, Lm € N, p: R5g — R f: R x R™ x R" — R, T: C([-h,00);R") —
 (R>p; R™) and

loc

0 1 0 0 0 1
Do S : 0
A= - - 1 ol € R b=]g| €R and ec= Of err (4.59)
0 - .- 0 1 0 :
a1 Ar_1 a, Yo 0

and impose the following assumptions on system (4.58): (A1) the unperturbed system (i.e. f(-) =
0,) has a non-zero high-frequency gain, i.e. 79 # 0 and known relative degree r > 1, (A2) the
exogenous disturbance is bounded, i.e. p(-) € £L2®(Rxo; R!), (A3) the operator T is element of
class 7 and (A4) the function f: R! x R™ x R" — R" is continuous, and for all nonempty
compact sets P C R, W C R™ and Y C R, there exists ¢y = c¢o(P,W,Y) > 0 such that
| f(p,w,x)|| < cfor all (p,w,x) € PxW x{x eR"|c'xz €Y}

Note that the nonlinear perturbation f(-,-,-) (and its dependence on @ in particular) may entail
that the relative degree of (4.58) is not defined at some point * € R” (in terms of [107, p. 138]).
However, in the unperturbed case, system (4.58) is a LTI SISO system and clearly has relative
degree r > 1. Assumption (A4) is essential and constrains the influence of f(-,-,) on the state
derivative in (4.58). In particular, if there exists a continuous function cy: R' x R™ x R — R
such that || f(p,w,z)| < ct(p,w,c'x) for all (p,w,z) € R x R™ x R" then (A4) holds.
Loosely speaking, state dependence (third argument) of the function f(p,w,-) is bounded in
terms of the output y(-) = ¢"=(-).

System description (4.58) is similar to the form (1.36). The nonlinear functional perturbation,
in contrast to system class Ss, is not required to be globally bounded but restricted to output
mappings. Certain internal dynamics can be subsumed in the operator mapping Ty (see Ex-
ample B.2).

In the following, conform to class Ss, the presentation is restricted to systems of form (4.58)
with relative degree two (i.e. r = 2) and known sign of the high-frequency gain. Then the
Nussbaum-like sign switching in the controller is unnecessary, the filter simplifies to a first
order system and the following simplified version of Theorem 5.5 in [103] can be stated.
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Theorem 4.9. Consider a system of form (4.58) with (4.59) satisfying assumptions (Al)-
(A4) with relative degree two and known sign of the high-frequency gain vo = c' Ab. Then, for
arbitrary reference yYpet(-) € W (Rso, R), funnel boundary (-) € By, filter parameter kg > 0
and initial trajectory (x°, ¢¥) € C([—h, 0]; R"™) satisfying |yeet(0) —cTx%(0)| < (0), the funnel
controller with filter

G(t) = —kpGit) +ult), Gi(0) = ¢9(0) ‘
u(t) = sign(yo) kr k(t)e(t)
—kp k(t)! ( (1)? + k(t)? )(1 + Cl(t)Q) (Cl(t) — Sign(’yo)k(t)e(t)) where ¢ (4.60)

Y(t)?

k(t) = SO — (1?2 and e(t) = wret(t) —y(t). ‘

applied to (4.58) yields a closed-loop initial-value problem with the properties:

(i) there exists a solution (x,(1) : [=h,T) — R™ x R which can be mazimally extended and
T € (0,00];

(i1) the solution is global, i.e. T = oo,

(111) the tracking error e(-) is uniformly bounded away from the funnel boundary 1(-), i.e.

de>0Vt>0: W(t) — |e(t)| > &;
(iv) all signals are bounded, i.e. (z(-),(1()) € L(Rso; R™), k() € L2°(Rx0; Rsg) and u(-) €
ﬁoo(Rzo,R)
Proof. see the proof of Theorem 5.5 in [103]. O

Note that the compensator in (4.60) is identical to the filter in (3.37) of Ye’s approach (see
Section 3.5.1). Moreover, the motivation for funnel controller (4.60) is based on the fact that
there exists a similarity transformation (see Lemma 5.1 in [103]) which converts system (4.58)
into a form similar to (3.38) which, regarding (; as (virtual) control input, has relative degree
one and is minimum-phase. Thus control action u(-) in (4.60) can be interpreted as follows: the
first term represents the “classical” funnel controller for relative degree one systems (scaled by
kr) whereas the second term compensates for the fact of higher relative degree (here two).
Unfortunately, the controller gain occurs with k(¢)7 in (4.60) which will result in tremendous
noise sensitivity (already for small gains larger than one) and so controller (4.60) is unattractive
for application in real world (see also simulations in Section 4.4.3).

Remark 4.10 (Design parameters ¢(-), kr and (7(0)).

The funnel controller (4.60) with input filter and output feedback is set up by 3 “design param-
eters”. Funnel boundary ¢¥(-) € By allows to account for costumer specifications (e.g. motion
control objectives (mcoy), (mcos) and (mcoy)). The value of kp > 0 [1/s] specifies the cut-off
frequency of the filter in (4.60). In [103] no recommendations are provided for filter design.
Stmulation studies show that the choice of kr drastically influences the control performance,
e.g. the closed-loop system response might exhibit high-frequent oscillations with large overshoot
for very large or very small values of kr. So an intuitive effect could not be deduced. The initial
value C9(0) of the filter might be useful to specify an initial control action independently of the
initial error, however the choice ({(0) = 0 seems most adequate and simple.
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4.4.2 Funnel controller with derivative feedback

In the previous section, a funnel controller was presented which works for systems with relative
degree two, however due to backstepping and the use of a filter its structure is complex. So the
striking simplicity of funnel controller (4.24) (for relative degree one systems) is lost. Moreover,
the gain occurs with k()7 in the control law which indicates high noise sensitivity.

In [72]| funnel control with derivative feedback is introduced which retains a simple controller
structure and works for nonlinear systems with relative degree two (and one). Moreover, error
and error derivative are forced to evolve within a prescribed performance funnel. Based on
this original idea, a slightly modified controller will be proposed for systems of class S which
allows for easy tuning and overdamped transient behavior (at least for systems similar to the
mechatronic systems introduced in Section 1.4). First the extended performance funnel for
error and error derivative is presented.

4.4.2.1 Performance funnel

In contrast to the relative degree one case, two limiting functions v,(-) and v (-) are introduced
to limit the absolute value |e(-)| of the error and the absolute value |é(+)| of the error derivative,
respectively (see Fig. 4.6). Goal is to achieve tracking with prescribed transient accuracy for
output and output derivative. Clearly, both limiting functions should be continuous and have a
bounded derivative. System class Sy precludes “jumps” in error and error derivative. Moreover,
in view of implementation, the second time derivative of the error is constrained (e.g. due to
actuator saturation). More formerly, the limiting functions ) (-) and v, (-) are chosen from the
set

By == {(%ﬂﬁl)i Rsp — R?

(1) Vi € {0,1} Fe; > 0: y(-) € WHP(Rsg, [ci, 00)), (4.61)
(ii) 36 > O for a.a. t > 0: ¢y () > —So(t) + 0 '

and allow to introduce the performance funnel (see Fig. 4.6)
F(wo’wl) = { (t, 60,61) - RZO xR xR { |60| < lpo(t) and |€1| < 1/)1(t) } (462)

with funnel boundary
Vi20:  OFewn(t) = (¢olt), d1(1)).

Condition (i) in (4.61) implies that both limiting functions—i.e. the “subboundary” v(-) for
e(-) and ¢ (-) for é(-)—are (absolutely) continuous and differentiable almost everywhere (with
essentially bounded derivative). The asymptotic accuracies of the subboundaries (see Fig. 4.6)
are given by
Ao := liminf ¢y (t) and A1 := liminf ¢ (¢),
t—r00 t—ro0

respectively. In most applications non-increasing performance funnels are desirable, however
the subboundaries may increase as well. This might be reasonable if, due to large reference
changes or sensor calibration/reset, error or error derivative will increase drastically leading
to unacceptably large control actions. Condition (ii) in (4.61) is essential: only if an error
derivative with sign(e(t))é(t) < < 1bo(t) is admissible, then the error e(-) “can depart” from the
boundary 1y(-) (see Fig. 4.6).
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Figure 4.6: Performance funnel for relative degree two systems: limiting function 1g(-) for error e(-)
(top) and limiting function 1(-) for error derivative é(-) (bottom).

Similar to the relative degree one case, motion control objectives (mcoy; ), (mcoz) and (mcoy) can
easily be met by adequate boundary design, whereas (mco,) cannot be accounted for in general
(see Section 4.1). Nevertheless, it will be shown (by simulations and measurements) that the
proposed funnel controller with derivative feedback allows for a closed-loop system response
with (almost) no overshoot, i.e. A%, < 1%. Infinite performance funnels (i.e. ¥;(t) — oo,
i=0,1ast— 0) or asymmetric funnels (i.e. ¥; (t) > 0 > ; (¢), i = 0,1 for all ¢ > 0) are
admissible (see [72] or [121], respectively) but not considered in the remainder of this thesis.

Examples 4.11. According to the Examples 4.1, two simple funnel boundaries are presented.
Let Ao > Xg >0, Ty, Tg > 0 [s] and Ay > 0 [s]|, then admissible boundaries are given by

(’17[)0, 1/)1)2 RZO — [)\0,/&0] X {1/TL + )\1}
t= (o(t), Y1 (1)) == (max {Ao — t/Tp, Ao}, 1/TL + A1) (4.63)
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and

(%0, P1): Rsg = (Ao, Ag] X (A1, (Ao — Ao)/TE]

Both boundaries are positive, non-increasing and bounded. (g, 1) in (4.64) is actually smooth.
The asymptotic accuracies of (4.63) and (4.64) are given by (Ao, 1/Tr+X1) and (o, A1), respec-
tiely. They start at (Ao, 1/T + A1) and (Ao, AOT—_E)‘O + A1) and their derivatives are (essentially)
bounded by (1/Ty, 0) and ((Ao — Xo)/TE, (Ao — No)/T2), respectively. By setting 6 := Ay and
noting that 1y (t) > —i(t) + 0 for (almost) all t > 0 in (4.63) and (4.64), respectively, it is
easy to see that both boundaries are element of Bs.

4.4.2.2 Funnel controller

For (vo(+), ¥1(+)) € By and yet(-) € W (Rx0; R), the “original” funnel controller with deriva-
tive feedback proposed in [72]| has the following form

u(t) = sign(c’ Ab) (ko(t)Qe(t) v k;l(t)é(t)> where
1 (4.65)
ki(t) = . ,1€10,1 and e(t) = yrer(t) —yl(t
and may be applied to systems of form (1.36) being element of class Sy. It guarantees that error
e(+) and error derivative é(-) are uniformly bounded away from the boundary (io(:), ¥1(-)).
Hence both controller gains ko(-) and ki(-) and control action wu(-) are uniformly bounded
(see |72]).

Remark 4.12. In [72] it has been also shown that the funnel controller (4.65) can be applied to
minimum-phase LTI SISO systems with relative degree one (i.e. systems of form (2.45) element
of class Si™). However, due to derivative feedback in (4.65), application of (4.65) yields an
implicit differential equation which necessitates to allow for arbitrary initial values for é(0), and
hence infinite funnel boundaries are required. Moreover, in order to be able to utilize the Implicit
Function Theorem the functions ¥y(+), ¥1(-) and Get(-) must be continuously differentiable (see

Appendiz A.3 in [72]).

Clearly, control objectives (co;)-(cos) are accomplished. Moreover, the funnel controller (4.65)
was successfully implemented for position control of a stiff one-mass system. However the con-
trol performance is rather disappointing. The closed-loop system response exhibits turbulent
oscillations in error, error derivate, gains and control action. In particular, due to measurement
noise, the asymptotic accuracy A; of ¢1(-) must be chosen “large” and so active damping is not
feasible by the controller (4.65) (see Fig. 4.3(c)-(f) in [72] or the simulations presented in Sec-
tion 4.4.3). Since oscillations lead to system wear, ineffective power consumption and possibly
to deficient work pieces in machine tools, they are undesirable and should be avoided or damped.

With the goal to achieve a better damped closed-loop system response but retain the nice
features and simplicity of the original funnel controller (4.65), the following “modified” funnel
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controller is proposed. In addition, conform to the relative degree one case, gain scaling is
considered.

Theorem 4.13 (Funnel control with derivative feedback for systems of class Sy).

Consider a system of class Sy described by (1.36). Then, for arbitrary funnel boundary
(Vo(+),%1(+)) € Ba, gain scaling functions s(-), s1(-) € By, reference yet(-) € W?®(Rs0; R)
and initial trajectory x°(-) € C([—h,0]; R™) satisfying

|yref<0) - CT$0<0)| < 2bO(O) and |yref(0> - CTA$0(0)| < ¢1 (0)7 (466)
the (modified) funnel controller

u(t) = sign(cTAb)(ko(t)2e(t)+k0(t)k1(t)é(t)) where

| (4.67)
50 = S g 1€ O andelt) = palt) = y(0

applied to (1.36) yields a closed-loop initial-value problem with the properties

(i) there exists a solution @ : [—h,T) — R™ which can be mazimally extended and T € (0, 00l;
(11) the solution x(-) does not have finite escape time, i.e. T = oco;

(111) the signals e(-), é(+) are uniformly bounded away from the funnel boundary, i.e.

Vi€ {0,1} 3, >0Vt >0:  i(t) — [eDt)] > &

(iv) control action and control gains are uniformly bounded, i.e. u(-), ko(-), k1(:) € L2(Rx¢; R).

In Section 4.4.3 it will be shown (by comparative simulations) that the modified funnel con-
troller (4.67) allows for active damping and, moreover, if an lower bound on the magnitude of
the high-frequency gain is known a priori, overdamped transient behavior may be achieved (at
least for a second order system).

Proof of Theorem 4.183.

Step 1: It is shown that Assertion (i) holds true, i.e. existence of a mazimally extended solution.
It suffices to consider system (1.36) in the Byrnes-Isidori like form (3.9). Define

Vie{0,1}: S, = Iltlzlg G(t) and )\ := %rzlg Yy (t) (4.68)
and extend ¢;(+), s2(+) and yef(+) to [—h,0) such that
G1(4), ©(-) € WH2([=h,00); Rsg)  and  get(+) € W3 ([—h, 0); R) (4.69)
and furthermore such that

Vi e [=h 0] Jywee(t) —c @O < wo(|t])  and  [guec(t) — " A (t)] <o (lt]), (4.70)
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which is possible since (4.66) holds and ye¢(+) is continuous and (¢ (+),¥1(+)) € Ba. For Fiy, )
as in (4.62), define the non-empty and open set

D:={(r,11,€) e RxR* x R" 7 | (|7, pt1, p12) € Fryon) } » (4.71)

the function

f:[~h,00) x Dx R™ = R x R? x R"2,
1

|:0 1:| <U’ - <yrof(t))> - "70‘ ( so(t)? 1 Ogo(t) 61 (t) po >
(t ( 5) ) ap a2 yref(t) ("/’0(|T|)*|/¢1\)2 + oD =Tl Bl =lga]
(T, Q), W) — . T -
_ ($0> ug(t) + (gig;) - [2;] £— [CTZ B‘z] (w + d(t))

ar 0] ((410)) = 1) + Ast + NBz (w-+ dl0)

and the operator

al Yref — K1

T:C([~h 0o R X RY) = Ln(BooiR™),  (T(r . £)(0) = (T(S7 (5 2)N0). (472)

Then, for the artifact 7: [—h,00) = R, t — t, & := (7, (e, ¢é), 2) and by writing 7° := 7|_
the initial-value problem (3.9), (4.67) can be written in the form

d PPN . el T
E CL‘(t) - f(ta w(t)a (‘zw)(t))7 m|[—h,0] - (@rz:[[—h,(;]]_ .:TA;EC’) . (473)

Nz°

Choose a compact set € C D x R™ and note that

EIM€>0V((T?/J”£)7’UJ)€Q:: ||((7-7“'7£)7w>|| < Me

Sme > 0 ((r, . €),w) € € wmin{o(7]) = . b))~y 2me. 7Y

Then, for uy(-) € L>®([—h,00); R), d(-) € L®([~h,0); R™), yet() € WH*([—h,00); R) and
s0(+),61(-) € Wh ([—=h,0),Rsg), observe that the function f(-,-,-) has the following prop-
erties: (i) f(t,-,-) is continuous for each fixed ¢t € [—h, c0), (ii) for each fixed ((7, u, &), w) €
D x R™ the function f(-, (7, u, &), w) is measurable and (iii) for almost all ¢ € [—h, c0) and for
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all ((1,p,&), w) € € the following holds

(4.74) 0 1 ]
1. &)l < 1 |0 | e 2l Bl ) + bl

2 Me |50l o
+ ol c:2|| ol
¢
+ Q(maX{HyrefHOW ngefHoo} + HO’4H maX{Hyrefuom HyrefHOO})
+ (lel[ [JAl + [N | Bl (Me + [|d| ) =t e-

max{|lsolloo; 151 /lec} + (llasll + llasll + || As]| ) M,

Clearly f(-,-,-) is a Carathéodory function (see Definition 3.1) and invoking Theorem 3.2 yields
existence of a solution & : [—h,T") — D of the initial-value problem (4.73) with x([0,7)) € D,
T € (0,00]. Each solution can be extended to a maximal solution. Moreover f(-,-,-) is essen-
tially bounded, hence if T < oo then for every compact € C D, there exists i € [0,7) such
that &(f) ¢ €. In the following, let & := (7, (e,€),2): [-h,T) — R x R? x R"2 be a fixed and
maximally extended solution of the initial-value problem (4.73), where ((e,é),z) : [-h,T) —
R? x R"? solves the closed-loop initial-value problem (3.9), (4.67) for almost all ¢ € [0, 7).

Step 2: Some technical inequalities are introduced.
In view of Step 1, e(-) and é(-) are continuous on [0,7") and evolve within the funnel Fy, 4,
hence by the properties of Bs, it follows that

viel0,T): le@)] <to(t) <[Yolle A [e(@)] <1(t) < [ltU1]loo- (4.75)

Due to (Ss-sp2) and Lemma 2.12, the matrix Aj is Hurwitz, hence there exists Ps = P, >0
such that A;Pg) + P5A; = —1,  is satisfied, i.e. (2.87). Now, define

My = |1 Psl| (llaall (1ollse + lgrerlloc) + 1N | Bl (Mx + |dll)).  (4.76)
and consider the Lyapunov candidate
Vi R"? = Ry, 2z V(z):=2 Psz>0.

Taking the time derivative of V(-) along the solution of the closed-loop system (3.9), (4.67)
gives

d (2.87),(4.75)
foraa te0,7): —V(=®) = =0 +21zONIPs) (el Oyl + voll)
N Bz (M + | dlo))
a1 V(z(1)
< —= +2M2 < + 2M?
S Gl ~Sipg M

Applying the Bellman-Gronwall Lemma yields

Ve [0,T):  V(z(t) < V(2(0) + 4[| Ps[| M < || Ps| (Iz(0)]° + 4 M),
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and hence

vie0,1): =@l < IPsH|IPF /IO + 4823 = M. (4.77)
where M, > 0. Moreover, invoking the first equation in (3.9) yields

for a.a. t € [0,T): é(t) = ay [e(t) — Yret(t)] + a2 [6(t) — Tret(t)] + et (t) — @3 2(t)
— o(u(t) + ug(t)) — ¢" ABs ((3:(5—1 (Zzz -

and hence, for

M = |ay|([[Yolloc + [[yretlloo) + laz] ([t oo + l|Fretll o) + [las]| M
+ [|Fret lloo + [0l llualle + lle|| Al [| Bzl (Mz + [|d|ls) >0 (4.78)

with M, as in (4.77), it follows that

fora.a. t €[0,7): —M —yu(t) < é(t) < M — you(t). (4.79)

Step 3: It is shown that |e(-)| is uniformly bounded away from the boundary 1(-); more precisely
for positive

1
: Xo %o(0)—le(0 51v0lds5 A0
£o < min { da, OO Sl .
2ollls1 loo 191 lloo+4/410[2lls1 1126 11120 +282 20 [0l (M +]]4h1 | o0)
%|’YO‘5S(Q))\O } (4 80)
. 2 . 2 :
2holsy listlloo 11l o3 (11 oo +IBolloo )1/ (2170150 st oo ¥ oo+ 8101 oo +Folloo)2 ) +21r0l62 5200 M

it holds that vy(t) — |e(t)| > e¢ for allt € [0,T).
Step Sa: It is shown that for g € (0,\o/2) the following implication holds on any interval

[to,tl] Q [O,T)
[{%(to) — le(to)| = 250 A for a.a. t € [to, t1] = é(t)signe(t) < —(||t]loe + [|t0]loo)?/ (250) ]]
— [{w € [to, 1] : Wo(t) — |e(t)] > goﬂ. (4.81)
First consider the case
Vit € [to, t1]: vo(t) — |e(t)] < 2e9 (4.82)

Then A > 2¢¢ implies that signe(-) is constant on [to, #1]. Consider only the case signe(-) = 1,
< — Uil ol

the case signe(-) = —1 follows analogously. Integrating the inequality é(-) 5o

twice yields

Vi€ ftoh]:  e(t) < elto) — Wirleetlvolel® (4 gy2 4 e(t0) (¢ — to).
—~—

<llY1lloo
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This combined with ‘P (t) > ¥o(te) — ||l (t — to) for all t € [ty, 1]’ (see property i) in (4.61))
implies

Uo(t) = e(t) = Yolto) = elto) = (1 lloo + 1olloc) (¢ — to) — Wloefllfol=d®(; — 42}
————

=2¢eq

for all ¢ € [to, 1]. The parabola ¢ — (||l + [[Wollec)(t — to) — {leetlbolloe)® (4 442 attaing

4eq

220 with the maximum value €y, hence y(t) — e(t) > &g

l[91lloo + 0]l 00
for all ¢ € [to,t1]. This proves Step 3a in case of (4.82). It remains to consider the case that

there exists ¢t € [to,t1] such that 1g(t) — |e(t)| > 2eo. Now either ¢o(t) — |e(t)| > 2o for all
t € [to,t1] in which case the claim of Step 3a holds anyway, or there exists ¢ € [to, ;] such that
Yo(t) — |e(t)| < 2e. Then, by continuity of ¢ +— 1y(t) — |e(t)|, one may choose [to, 1] C [to, 1]
such that ¢ € [fo, ;] and (4.82) holds for [to, ;] replaced by [fy,#1]. Now a contradiction follows
as in the first case and the proof of Step 3a is complete.

its maximum at ¢ — ¢y =

Step 3b: It is shown that for positive ey as in (4.80) the following implication holds on any
interval [to,t1] C [0,T):

[Vt € [to, ta] i) wolt) — |e(t)] < 2e9 A ii) é(t)signe(t) > —n(t) +6/2]
— [ foraa t€fto,t]: é)signe(t) < —(ill + Ioll<)?/(220) | - (4.83)
Due to presupposition i) in (4.83) and 0 < g < Ao/4, see (4.80), it follows that
Vieftoti]:  le@®)] =10 () — 220 = Ao — Ao/2 = Ao/2 > 0, (4.84)

which precludes a sign change of e(-) on [to, t1]. Consider only the case signe(-) = 1, signe(-) =
—1 follows analogously. Inserting (4.67) into (3.9) and invoking inequality (4.79) yields

for a.a. t € [to,t1] : é(t) < M — |yolko(t)*e(t) — |yolko(t) k1 (t) é(t). (4.85)
Furthermore, presupposition i) in (4.83) implies
Vielto,h]: —ko(t) /sy = —<o(t)/(gy(tho(t) — le(®)])) < —1/(2e0) (4.86)

and presupposition ii) in (4.83) implies, either é(t) > —(t) + §/2 > 0? for all t € [tg, t1], or
é(t) >0 Vv 0>é(t) > —i(t)+ /2 for all t € [ty,t;]. Then, in view of (4.75), one obtains

si(t)
Pu(t) — let)]

Inserting (4.87) into (4.85) and invoking (4.84) yields

Vietot] s —ko(t)ki(DE(t) = —kolt) é(t) < ho(0) sl e (487)

. 2 A
for a.a. t € [to, 1] : é(t) < M + |70|g||<1||oo||1/)1||ooko (t) — |Vo|70 ko (t)?

2For e.g. 9o(t) = 6 and \; < §/2, the case —ty(t) +6/2 > 0 for all ¢ € [to, t1] is possible.
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To show implication (4.83), due to (4.86), it is sufficient to show that

2 . 2
Vit € [to,t] © M+ |yolsllsallooll¥nlloc ko (£) = Wo\—ko() —(le\looJrH%Hoo) ko(t) /<,

rewriting gives

. 2
285y +2 (2l e 91+ 8 (ol + il ) B9 = proldsg g o (0 < 0. (489
—— ————

(. 4

=:c>0 ~~ =:a>0
=:0>0

Regard kg (t) as argument of the parabola p — —ap? +bp+c with % (—ap?+bp+c) = —2a <0

having maximum (2090/S, 5t 1o 161 loe + 01l + [olloc)2)2/ (Foldspho) +20Ms, > 0. Hence
for all

. 2 . 2
20lsollst oo ll¥lloo + 6 (lalloo + Idollc )~ + \/(2I'Yo|50||<1||oo||¢1||oo + 811 lloo + Itolloc)2) ™ + 2l70/626320 M

P> >0
|'70‘5SO>\0

inequality (4.88) is fulfilled. This, with the choice of &y as in (4.80), (4.86) and 1/(2c0) > p/s,,
implies (4.83).

Step 3c: It is shown that for eg € (0, N\g/2) the following implication holds for any [ty,t;] C
[0,T):
[Viclnnl:  ét)signelt) < —ii() +6/2 A dolt) — o) < 220 ]
— [[ t — o(t) — |e(t)| is monotonically increasing on [tg, t1] ]] (4.89)
Again, only consider the case signe(-) = 1, the other case follows analogously. Now, invoking
‘Wi () > —Lho(t) + 6 for all ¢ > 07 (see property (ii) in (4.61)) gives

J

_E¢o()+¢1(t)—§25—

5
=->0
2>

N |

Vit e (to,t1]: %wou)— é(t)

whence (4.89).

Step 3d: It is shown that for positive €q as in (4.80) the following implication holds for any
t e [to,tl] - [O,T)

[Vte to, ta] : Po(t) — le(t)] < 2¢ A é(to) signe(ty) = —in ( 0) +0/2]
= [ Vte€ to, ti] : é(t)signe(t) < —uyn(t) +9/2] (4.90)

Again, signe(-) is constant on [tg,?;] and consider only the case signe(-) = 1, the other case
follows analogously. Seeking a contradiction, assume

3t € (to, t] : é(t) > =i () +0/2. (4.91)
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Then, by continuity of é(-) and 4(+),

31?0 € [to, l?) 6(%0) = _wl(tAO> + 5/2 and Vt € [tAo,ﬂZ €(t) > _wl(t) + (5/2 (492>
Furthermore, invoking (4.85) with (4.84) and (4.87) and recalling (4.86), i.e. ko(t) > ¢,/(220)
for all ¢ € [ty, 1] C [to, t1] gives

> . 2 Ao 5 (4.80) :
for a.a. t € [fo,1] : &(t) < M+ ol 3 llsullscllinlloo ko (£) = Pol 3 o (07 < —[l¥lle (4.93)

with which and @ (t) < ¥y (fo) 4 ||th1||se(t —To) for all t € [fy, ]’ one arrives at the contradiction

(4.93)

é(0) + 1 (F) = é(io) + v (fo) + / (E(s) +dhi(s) ds < e(lo) + i (fo) 27 6/2.
(4.94)

4.91
5/2 ( < )

Step 3e: Finally it is shown show that the claim of Step 3 holds true for positive g as in (4.80).
Seeking a contradiction, assume

Ite[0,T):  ho(t) —le(t)] < o (4.95)
By continuity of ¢ — ¢o(t) — |e(t)|, the point in time
to := max{t € [0,1) | ¥o(t) — |e(t)| = 2c0},

is well defined. It then follows that ¥ (t) — |e(t)| < 2g¢ for all t € [to, ], hence, by g9 < A\o/4,
it holds that signe(-) is constant on [to,f]. Only consider the case signe(-) = 1, the other case
follows analogously. Now for €y as in (4.80), the following three cases yield a contradiction to
assumption (4.95):

(i) é(t) > —y(t) + /2 for all t € [to, 1], then implication (4.83) together with (4.81) yields
Yo(t) — |e(t)] > &g for all t € [to, 1],

(ii) é(t) < —abi(t) +6/2 for all t € [ty, 1], then implication (4.89) yields 1o (t) — |e(t)] > &o for
all t € [ty, ] and

(iii) é(tg) = —11(to)+0/2, then implication (4.90) together with (4.89) yields 1o(t)—|e(t)| > &g
for all ¢ € [to, ).

Therefore, assume that
Jt* :=min{t € (to, ] | (t) = =1 (t) +6/2} and Vit € [to, t*): é(t) > —bi(t) + /2. (4.96)

Then, by continuity of é(-) and ;(-), it follows that é(t) > —u1(t) + §/2 for all ¢ € [to, t*].
This, for €q as in (4.80), combined with implication (4.83) and (4.81) yields 9 (t*) — e(t*) > &y.
Furthermore, for gy as in (4.80), the choice of t* in (4.96) and implication (4.90) give é(t) <
—1)y (t)+5/2 for all t € [t*, ], which together with implication (4.89) yields gy < o (t*)—|e(t*)| <
Yo(t) — |e(t)| for all ¢t € [t*,1], contradicting the assumption (4.95). This completes the proof
of Step 3.
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Step 4: For positive

$|0lses, Mgl }
[90loe (M + [[91 |0 )2 + 170l [l501126 200112

where M as in (4.79) and g as in (4.80), it is shown that ¥1(t) — |é(t)| > &1 for allt € [0,T).
From Step 3, for g > 0 as in (4.80), it follows that ¥ (t) — |e(t)| > o for all ¢ € [0,T") and for
Go(-) € WH(Rx0; [¢,,00)), one obtains

Vie[0,T):  op/lldnllec < ko(t) = <o)/ (¥o(t) —[e(@)]) < [lsoll/20 (4.98)

which together with (4.75) yields —kq(t)? e(t) < ||g0|| 190000 /€2 for all ¢t € [0,T). Now assume
that there exists ¢ € [0, 7)) such that ¢, (£) — |é(f)| = &1, then

|6(1€)| = wl(tA) — &1 Z /\1/2 A ]{31<£) = §1(tA)/81 Z 51/61. (499)

Again consider only the case signé(f) = 1, the case signé(f) = —1 follows analogously. Then
in view of (4.79) and (4.67), simple calculations show that the choice of &1 in (4.97) implies

- |70|k‘0(£)26(£) - |70|k0(A) (A)é(f)

IN

for a.a. t € [0,7) : é(t)
(4.98),(4.99)

2
sol|2 1%l Sosp A1 (42
L gy bollsolElolle _ Polosy M 42y o
I [¥ollooer 2

Hence ‘i1(t) — |é(t)| = &1 for all ¢ € [0,T)" implies ‘€(t)signé(t) < — |91 ]|o for almost all
€ [0,T) and since | L 11 (t)] < ||t for almost all ¢ € [0,7) and ¢1(0) > [€(0)], the set
{(t,€) € Rog x R| ¢1(t) — [£] > €1} cannot be left by é(-) which completes Step 4.

Step 5: It is shown that Assertions (ii)-(iv) hold true.
At first it is shown that Assertion (ii) holds, i.e. T = oo. For ¢j as in (4.80), €1 as in (4.97) and
M, as in (4.77) define the compact set

é::{(t,eo,el,z)E[O,T] x RxRxR"? | Vie{0,1}: |e] < () —ei A ||z < M. }.

Let D be as in Step 1. If T < oo then € is a compact subset of D which contains the whole
graph of the solution ¢ — (e(t), é(t), 2(t)), which contradicts the maximality of the solution.
Hence T' = oco. Now, Assertion (iii) follows from Step 3 and Step 4, where ¢y as in (4.80) and &,
as in (4.97). Step 3 and Step 4, respectively, ensure that k() and k;(-) are uniformly bounded
on R>g. From (4.75) it also follows that u(-) is uniformly bounded on R, hence Assertion (iv)
is shown. This completes the proof. O

4.4.2.3 Motivation for the modified funnel controller

The original funnel controller (4.65)—introduced in |[72]—applied for position control of a stiff
servo-system yields a badly damped closed-loop system response (see Fig. 4.3(c)-(f) in [72]).
Only for given non-increasing subboundary (-) and small § < 1 in (4.61), e.g. the choice
i(r) = —¢0(-) + 0 yields a well damped system response. Since speed measurement is (very)
noisy, such a choice is not admissible for implementation. In contrast, for arbitrary 6 > 1, the
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(a) output y(-) and reference yret(+) (b) control action u(-)

Figure 4.7: Simulation results for closed-loop system (3.80), (4.67) with parametrization vy =
3, (yo,y1) = (0,0), wug(:) = 0, funnel boundary (Yo(-), ¥1(-)) as in (4.64)
where Ay = 1.5, Ao = 0.1, Tg = 0379 [s] and A\y = 3[1/s] and different
gain  scalings (§0(-),§1(')) € {_(17 1)7 _(17 2/\/%1/}1( )7 _(1’ 5/\/%1/}1())7

(1, 10/ %1()), =-=-=(%o(-), 10/ 0 ¢1(-))}

modified funnel controller (4.67) may achieve a better damped closed-loop system response (see
Fig. 6(a)-(e) in [65] or the simulations presented in Section 4.4.3). Here the product ko(-)k1(-)
in (4.67) in combination with a special choice of i () seems to be essential. In simple simulation
studies for the closed-loop system (3.80), (4.67) it was observed that, for (known) ~, < 7o and
given subboundary 11(-), the following gain scaling -

[V 20 a(t) =200/ /Al = [V (te(t)é(t) € Fuunu: ki) 22/ /Al (4.100)

results in an “overdamped” system response (i.e. no overshoot). One exemplary simulation
study is depicted in Fig. 4.7. Different gain scalings are implemented (for parametrization see
figure caption). Qualitatively identical results as in Fig. 4.7 are also obtained for (¢(-), ©1(-)) as
in (4.63) (see Fig. 4.8) or for different values of high-frequency gain and/or reference magnitude
(not shown). It was not possible to prove this “overdamped” behavior in general. Nevertheless,
the observations above are noteworthy concerning application of the funnel controller (4.67) for
position control of 1IMS and 2MS (see Section 5.2.2 and 5.2.3, respectively). Oscillations and
large overshoots should be avoided in “real world”.

An intuitive explanation (stemming from linear analysis) for the advantageous effect of the
product ko(-)k1(+) in (4.67) on the closed-loop system response might be as follows: Applica-
tion of the PD controller u(t) = k3y(t) + ko k1 y(t) with constant ko, ky > 0 to the double
integrator (3.80), with 7o > 0, (vo, y1) = (0,0) and w,(+), yields the harmonic oscillator

§(t) + vokokiy(t) +0kgy(t) =0, (y(0), §(0)) = (0, 0). (4.101)

It is “overdamped” (or “critically damped”, in the sense of Example 11.3.7 in [24, p. 717-718])
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if its poles p; o are real and negative, i.e.

P12 = —Yokok:1/2 (1 £4/1— 4/(7&@%)) < 0. (4.102)

If ko > 0, 70 = 70 > 0 and 7 is known, then
[k >2/ /0] = [0<1—-4/(wki)<1] = (4.102). (4.103)

The implication above motivated for the proposed gain scaling in (4.100), which can be re-
garded as “recommendation” or “rule of thumb” for controller design of (4.67). The fastest but
“overdamped” closed-loop system response is obtained for vy = 79 (see — in Fig. 4.7). Hence
“good” system knowledge is beneficial and may be incorporated in controller design directly.

Remark 4.14. It can be shown that gain scaling is also admissible for the original funnel
controller (4.65), i.e. replace gain adaption in (4.65) by gain adaption in (4.67). The proof is
omitted, it is implicitly given in the proof of Theorem 4.4. Moreover, as simulations show, there
also exist adequate choices for gain scaling to achieve an overdamped system response by the
“scaled” original funnel controller (e.g. ¢1(+) = c1(+) with ¢ > 0 sufficiently large). However,
it was not possible to deduce a “rule of thumb” as in (4.100).

4.4.2.4 Funnel controller with saturation

In |72] it is shown that the funnel controller (4.65) also works for constrained control inputs
(e.g. due to actuator saturation) if the available control action matches a feasibility condition.
In the following, based on the idea in [72], it will be shown that also the modified funnel
controller (4.67) is feasible under input constraints which underpins its applicability in “real
world”. To account e.g. for actuator deviations or feedforward control in the saturated controller,
the following theorem also considers arbitrary but bounded input disturbances.

Theorem 4.15 (Funnel control with derivative feedback & saturation for systems of class
Sy). Consider a system of class Sy described by (1.36). Then, for arbitrary funnel boundary
(1o(+), ¥1(+)) € Ba, gain scaling functions so(+), c1(-) € By, input disturbance up(-) € L*(R>o; R),
reference yret() € W?®(Rs0; R) and initial trajectory °(-) € C([—h,0];R") satisfying (4.66),
there exists a feasibility number Ug,s such that, for all 4 > U, the saturated funnel controller

u(t) = sign(cT Ab)satq (k;o(t)?e(t)+ko(t)k1<t>e(t>+uF<t)) where
si(t) (4.104)

kl(t) - @Dz(t) _ ‘6(1)(t)|’ L= {O’ 1} and e(t) = yref(t) - y(t)

applied to (1.36) yields a closed-loop initial-value problem with the properties

(i) there exists solution x : [—h,T) — R™ which can be maximally extended and T € (0, c0];
(ii) the solution x(-) does not have finite escape time, i.e. T = oo;

(iii) the signals e(-), é(-) are uniformly bounded away from the funnel boundary, i.e.

Vie{0,1} g, >0Vt >0: Ui(t) — €D ()] > &
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(iv) the gains are uniformly bounded, i.e. ko(-), k1(-) € L2(Rs0;Rso) and

(v) the control input is unsaturated at some time, i.e. there exists t > 0 such that |u(t)| < 4.

The feasibility number ug,s can be quoted explicitly. In Section 5.2.3, it will be required for a
feasibility check in application (position control of industrial servo-systems). For ¢, ,, Ao and
A1 as in (4.68), M as in (4.78) and 7y = ¢ Ab define

2holllst %113

52 Mg +

0 (el + 1d0lls)* [ Ultnllso + Il¥0lloe)® | 2170l
us = + 3 912 + 2
|/YO| 550 )\0 5 SO /\0 (5 )\0

. ST\ 1/2
olllalloo 4+ M + 26 ol oo N2 e+ [Woloc) ]) } (4.105)

(550 /\0
and
2 [e%s) + . 0 2 [e’s) + ‘ 0 2 ; 712 _4 < go <2>o
I e max 4 2U¥lleo + [[%0]loc) 7 (71 floe + ll120]loo) il & I 12|| [¥1ll5 lurllo b,
)\0 wo(O) — |€(0)‘ 20 )\0
(4.106)
then the feasibility condition is given by
U > Ufeas := (M + L) /|70 > 0. (4.107)

Clearly, to validate (4.107), rough knowledge of the system parameters is necessary. In par-
ticular, rough bounds on M as in (4.78), the high-frequency gain 7, and the control input
disturbance up(-) are needed. The other values in (4.105) and (4.106) are known to the control
designer. The dependence on M in (4.107) is the most severe: the constant M subsumes “all”
system data (e.g. A or Bg), exogenous disturbances (e.g. ug4(+) or d(-)) and the bound M, on
the internal dynamics. At least, for systems with low order, evaluation of (4.107) is feasible and
helpful in verifying that funnel control for systems with constrained inputs is admissible. In
Section 5.2.3, it will be verified by experiments that the feasibility condition (4.107) is sufficient
but not necessary and that the feasibility number wug,s > 0 is (often) a very conservative bound
(see also [72]).

Proof of Theorem 4.15.

The outline of the proof of Theorem 4.15 is analogously to the proof of Theorem 4.13. Only
the essential changes are presented. Again it suffices to consider system (1.36) in Byrnes-Isidori
like form (3.9).

Step 1: It is shown that Assertion (i) holds true, i.e. existence of a mazimally extended solution.
For the open and non-empty set D as in (4.71) and the extended signals ¢y(-), 1(-) and yyer(-)
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as in (4.69) and (4.70), introduce

fi[=h,o0)xDxR" — RsyxR>xR"2
1
o o] (o= () (i) - el [oac] v

(t, (1, pm, &), w) — - 2
D ERSD ol \sata (gm0 calie () +ua(t)

[as 0] ((giigg) - u) b Asé+ NBe (w +d(1)

and the operator T : C([—h, 00); R xR") = L2 (Rso; R?) as in (4.72). Then, for 7: [—h,c0) —
Rsg, t — t and & := (7, (e, €), z) and 7" := 7|[_s ¢, the initial-value problem (3.9), (4.104) can
be written in the form (4.73).

Now a similar argumentation as in Step 1 of the Proof of Theorem 4.13 yields existence of
a solution (7, (e,€),2): [=h,T) = Rsg x R? x R"™2 of the initial-value problem(4.73), where
((e,€),z): [=h,T) — R? x R"2 solves the closed-loop initial-value problem (3.9), (4.104) for
almost all ¢ € [0,7). The solution can be maximally extended and, moreover, if T' < oo then

for every compact € C D, there exists ¢ € [0,7T) such that &(f) ¢ €. For the remainder of the
proof, let ((e,é),2) : [~h,T) — R? x R"? be a fixed and maximally extended solution of the
closed-loop initial-value problem (3.9), (4.104).

Step 2: Some technical preliminaries are introduced.

Similar arguments as in Step 2 of the proof of Theorem 4.13 show that the inequalities (4.75),
(4.77) and, for M as in (4.78), (4.79) hold, respectively.

Moreover, inserting (4.104) into (4.79) yields

for a.a. t € [0,T): —M — |yo| satq (ko(t)” e(t) + ko(t)ki1(t) €(t) 4+ up(t)) < é(t)
< M — |7o| saty (ko(t)* e(t) + ko(t)ki(t) é(t) + up(t)) (4.108)

where M as in (4.78).

Step 8: It is shown that |e(+)| is uniformly bounded away from the boundary vo(-), i.e.
deg >0Vt e [0,T): Po(t) — le(t)] > eo

Step 3a: Note that identical argumentation as in Step 3a of the Proof of Theorem 4.13 show
that, for eq € (0, Xo/2), implication (4.81) holds on any interval [to,t;] C [0,T).

Step 3b: It is shown that for positive

ey i J Ao %o(0) — e(0)] 39500
4 2 2[5 lloolltn]loe + VA1 2 N1 112 + 262 X0 ([lur]|o + @)
(4.109)

implication (4.83) holds on any interval [to,t1] C [0,T).
Due to presupposition i) in (4.83) and 0 < gy < A\g/4, see (4.109), it is easy to see that (4.84)
holds. Hence sign e(-) is constant on [tg,?;]. Consider only the case e(-) > 0 on [tg, ], the other
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case follows analogously. In view of (4.75), presupposition ii) in (4.83) implies (4.87).

Note that ko(t) > ¢,/(2¢c0) for all ¢ € [to, 1], hence the following holds

(4.84),(4.87)

for a.a. t € [to, t1] : ko(t)? e(t) + ko(t)ki(t) (t) +up(t) >
5 Ao 2 (4.109)
ko(t) 5 —k‘o(t)g [<tllsolltnlloc = flurllee = @. (4.110)

To complete Step 3b, for gy as in (4.109), Ufeas as in (4.107) and @& > wgens, One needs to verify
that the following holds

(1¥1lloo + 190llc)*

for a.a. t € [to,tl] . e(t) S M — "')/0| U S —
280

(4.111)

Simple calculations show that, for eg = \g/4 or 9 = (¢9(0) —|e(0)])/2, (4.111) holds. It remains
to consider €9 = (305,X0)/ (2|51 [lo |11 [loo + v/Alls1 2 190112 + 262 Ao ([|up |l + @)). Substituting
(% — 4llsllZll¥nl3)/(26°X0) — llup|loo for @ in (4.111) yields

oo+ [[G0]]o0)? 2113 1 1%
ol o, (il + il >us+|%|<M+”uF”w

202\ ° 850 52X

(ltlloo + lIolloe)® _

+ M+ 2H§1||00H¢1”°° 0S, Ao B
20

which clearly holds for all ug > 4g with 4g as in (4.105). This completes Step 3b.

Step 3c: The identical argumentation as in Step 3c of the Proof of Theorem 4.13 shows that
implication (4.89) holds for any [to,t;] C [0,T).

Step 3d: It is shown that for positive gy as in (4.109) implication (4.90) holds for any t €
[to, 1] C [0, 7).

Presuppositions in (4.90) imply that signe(-) is constant on [to,t;]. Consider only the case
signe(-) = 1, the other case follows analogously. Observe that, for gy as in (4.109), inequal-
ity (4.110) holds on the whole interval [to,?;]. Seeking a contradiction assume that (4.91) holds.
Now identical arguments as in Step 3d of the proof of Theorem 4.13 lead to

o (4.107) )
for a.a. t € [to,t] : Et) <M —|ypli < —|¢1]s

and, by integration as in (4.94), the contradiction follows. This completes Step 3d.

Step 3e: Finally it is shown that the claim of Step 3 holds true for positive gy as in (4.109).
Replacing €y in (4.80) by (4.109) and invoking implications (4.81), (4.83), (4.89) and (4.90)
allow for the identical argumentation as in Step 3e of the proof of Theorem 4.13. Hence the
claim of Step 3 holds true. This completes Step 3.
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Step 4: For positive

M : 16 6 Al
e < min {3 04(0) - 6(0) S SR RE)
2 gollvolloo (lurlloe + @) + llsollZ:lIvoll3
where M as in (4.78) and €q as in (4.109), it is shown that ¥ (t) — |é(t)| > &1 for allt € [0,T).
Assume there exists £ € [0, 7)) such that ¢, () — |é(f)] = 1, then clearly (4.99) holds and it
follows that

o (4.98),(4.99) sll%, C.C A (4.112)

ko) e(d) + kol (D) @) + ur ()] o | °” lolloo £ =252 2 | 57 4
2ol

(4.113)

for almost all £ € [0,7). Consider only the case sign é() = 1, the other case follows analogously.
Then in view of (4.108), simple calculations show that for almost allt € [0,7)

A

507 N2 g (4.113) _(4.107) .
é(f) < M — |yolsata (ko(t)* e() + ko(D)ka(f) e(F) +up(®) =" M —|plt < —[¢n]«.

Now identical arguments as in Step 4 of the proof of Theorem 4.13 show the claim which com-
pletes Step 4.

Step 5: It is shown that Assertions (ii)-(iv) hold true.
In Step 5 of the proof of Theorem 4.13 substitute (4.109) and (4.112) for (4.80) and (4.97),
respectively. Then identical arguments show Assertions (ii)-(iv).

Step 6: It is shown that Assertion (v) holds true.
Seeking a contradiction, suppose that

Vi>0: | satq (ko(t)%e(t) + ko(t)k1(t)et) + up(t)) | = a > 0,

which implies that sign(ko(t)%e(t) + ko(t)k1(¢)é(t) + up(t)) is constant for all ¢ > 0. Consider
only the case sign(ko(-)%e(-) + ko(-)k1(-)é(- ) + up(-)) = 1, the other case follows analogously.
Since U > Uges in (4.107) it follows that @ > (M + 2(H¢1||oo + 1Pollse)?/X0) /70| > 0, which
implies

2(1%1lloo + 1401o0)

<0
Ao

for a.a. t >0 é(t) <M — |ylu < —

whence the contradiction follows

2([[¥lloo + l[¥olloo)® |
Ao

VEZ0: il < —t(t) < é(t) < €(0) —

This completes the proof. O

Remark 4.16 (Relaxation of system property (Ss-sps) of class Sy).
Let h > 0, T: C([—h,);R?) = LZ ([—h,00);R™), T: C([—h,00);R") — L ([—h,o0); R™)
and T, % € T (see Definition 1.5). If funnel controller (4.67) (or (4.104)) is applied to sys-

tem (1.36) of class So with Tx = F(y,y), then system property (Sz-sps) in Definition 1.7 can
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controller /funnel parametrization

(4.60) ¥(-) = o(+) as in (4.63), kr = 1.5 and (19 = 0,
(4.65) o(-) and 1y (+) as in (4.63)
(4.67) to(+) and 11(+) as in (4.63), 70 = Y0/3,

() =1and o () = 2¢1(-)/ /T
boundary design Ay = 1.5, \g = 0.1, \y = 1.7 and T}, = 0.77 [s]

Table 4.1: Controller and funnel design for comparative simulations.

be relaxed: the global boundedness of operator ¥ can be dropped, i.e. Mz < 0o in (Sy-sp3) is not
necessary. This can be shown as follows (similar to Remark 4.8). It is easy to see that (4.75)
holds independently of (Ss-sps) and this implies that

vte[0,T): ()] < [[Polloo + llyretlloo and — [§(0)] < [[¥nlloo + ll9ret |-

Hence by property (op2) of operator class T, there exists A > 0 such that ||(‘i(§))(t)|| < A for
all t € [0, T). Clearly, utilizing A instead of Mz in (4.77) and (4.78), respectively, does not
alter the argumentation in the proof and so the proof of Theorem 4.13 (or Theorem 4.15) goes
through without any further changes.

4.4.3 Simulations

Control performance of the controllers (4.60), (4.65) and (4.67) will be investigated. For
this the three controllers are applied to the double integrator (3.80). The closed-loop sys-
tems (3.80),(4.60), (3.80),(4.65) and (3.80),(4.67) are implemented in Matlab/Simulink with
identical setup as in Section 3.5.4, e.g. system (3.80) is parametrized as in Tab. 3.1, reference
Yret(+) and disturbance wu,(+) are as in Fig. 3.4(a) and Fig. 3.4(b), etc. Each closed-loop system
must accomplish the set-point control objectives specified in (3.81). Control performance of
each controller is evaluated by means of rise and settling time, maximal overshoot, maximal
control action and ITAE as in (3.82). To obtain a comparable setting, the performance funnels
of (4.60), (4.65) and (4.67) are designed with identical limiting functions. Implementation data
of controllers and funnel design is collected in Tab. 4.1. Simulation results® for the closed-loop
systems ——(3.80), (4.60), ——(3.80), (4.65) and ——(3.80), (4.67) are depicted in Fig. 4.8 for
set-point tracking and in Fig. 4.9 for (overall) reference tracking. All three controllers achieve
the specifications in (3.81). Performance evaluation is summarized in Tab. 4.2.

Discussion for funnel controller (4.60) with backstepping: Filter gain kr > 0 in (4.60) is tuned
by trial and error to meet the maximum overshoot A%; = 50 % (scarcely accomplished). With
the largest initial control action u(0) ~ 123, the controller achieves the smallest rise time,
however settling time and overshoot are the worst in this study. Moreover, controller (4.60)
is outperformed by both other concepts concerning the ITAE criterion. This is due to “gain
scaling” in (4.60) with t(-)? which yields a “decreased” minimal gain of 1 compared to (4.65)

3 Albeit not shown qualitatively similar results are obtained for the exponential boundary (4.64) with Ag =
1.5, A\ = 0.1, Tg = 0.379 [s] and Ay = 3 [1/5].
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Controller  #7 )5 [s] ty) 01 [8] Apr) [%A] I?Ea}x]u(tﬂ [1] ITAE [¢?] r?éalx(ko(t) 1(2))
(4.60) 0.22 1.06 48.40 1050.9 30.2 (19.8,—)
(4.65) 0.48 0.95 21.15 65.0 4.1 (29.3,4.9)
(4.67) 0.94 1.05 0.37 8.3 3.3 (38.2,3.0)
Table 4.2: Performance evaluation of closed-loop systems ——(3.80),(4.60), ——(3.80),(4.65)

and ——(3.80),(4.67) with parametrization as in Tab. 3.1 & 4.1 and I = [0, 30] [s].

and (4.67) (see e.g. Fig. 4.8(e)). The maximal control gain is the smallest in this study. Never-
theless, since control action in (4.60) is proportional to k(¢)7, this controller is extremely noise
sensitive for gains greater than one (see interval (5, 23) [s] in Fig. 4.9(b) and (e)), which results
in huge control actions alternating between ~ +1050 (not shown). In Fig. 4.9(b) the ordinate
is limited to [—10, 10] to ensure visibility for the other controllers. Application of funnel con-
troller (4.60) with backstepping seems not advisable in real world.

Discussion for (original) funnel controller (4.65) with derivative feedback: Controller (4.65) is
designed by 1 (+) and ¢ (+) as in Tab. 4.1, other options for controller tuning are not available.
The boundary design yields the closed-loop system response as in Fig. 4.8 and 4.9. The con-
troller performs acceptably well: rise time and ITAE value are the second best, settling time is
the best and overshoot is within the admissible range. Noise sensitivity is slightly better than
that of (4.67). However, due to turbulent oscillations, the controller requires the second largest
control action. Moreover, without gain scaling the oscillations cannot be damped. Hence, in
its simple form (4.65), the original funnel controller seems not suitable for industrial application.

Discussion for (modified) funnel controller (4.67) with derivative feedback: Based on the ob-
servations discussed in Section 4.4.2.3, gain scaling ¢;(-) of (4.67) is fixed according to the rec-
ommendation in (4.100). So the closed-loop system ——(3.80),(4.67) exhibits a well-damped
response with almost no overshoot. Although rise and settling time are the worst in this study
and noise sensitivity is significant, the modified controller (4.67) achieves the best ITAE value
and generates the smallest control action. By gain scaling the degrees of freedom for controller
tuning are increased, which is effectively exploited to guarantee (almost) overdamped transient
behavior (see also discussion in Section 4.4.2.3). Concluding, obeying the recommendation
n (4.100), the modified controller (4.67) is easy to tune and performs reasonably well. It will
be applied for position control of IMS and 2MS (see Section 5.2.3).
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(e) gain ko(-) and k(-)
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(b) control action u(-) and disturbance —ugq(-)

TIME ¢ [s]

(d) error derivative é(-) and subboundary 11(-)

5

TIME ¢ [s]
() gain ki (-)

Figure 4.8: Simulation results for set-point tracking under load of closed-loop systems ——(3.80),(4.60),
—(3.80),(4.65) and ——(3.80),(4.67) with parametrization as in Tab. 3.1 & 4.1.
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Figure 4.9: Simulation results for reference tracking under load of closed-loop systems —(3.80),(4.60),
—(3.80),(4.65) and ——(3.80),(4.67) with parametrization as in Tab. 3.1 & 4.1.
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Applications

replaceable inertias

drive 2 (¢o, wa) drive 1 (¢, w1)
“ ™ A : /'A/replaceablesk : (-

Figure 5.1: Laboratory setup: coupled electrical drives.

In the previous chapters, the generalized high-gain adaptive control problem has been solved for
systems of class §; and for systems of class So. The presented adaptive A-tracking controllers
and funnel controllers guarantee that control objectives (co;) & (coy) and (coy), (cos) & (cos)
are accomplished, respectively, for any system of class §; and class S,.

It remains to prove that these high-gain adaptive controllers are applicable in “real world”—

e.g. at the laboratory setup depicted in Fig. 5.1—and so the high-gain adaptive motion control

problem is solvable. In this chapter, it will be shown that the following applications are feasible:
e high-gain adaptive speed control of industrial servo-systems (see Section 5.2.2),

e high-gain adaptive position control of industrial servo-systems (see Section 5.2.3) and

e position funnel control of rigid revolute joint robotic manipulators (see Section 5.3).

5.1 Mathematical preliminaries

For the following argumentation and implementation, two more mathematical preliminaries are
needed. It will be shown that (i) the use of internal models is also admissible for system classes
Sy and Sy and (ii) the LuGre friction operators, introduced in Section 1.4.5, are element of
operator class T .
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5.1.1 Internal model for system classes S; and S»

The presented high-gain adaptive controllers in Chapters 3 & 4 are “memoryless” or “propor-
tional” controllers (i.e. no dynamic control action is incorporated). As is well known (see
e.g. [113]): for constant references and/or disturbances (or such exogenous signals approaching
constant limits asymptotically) proportional controllers, in general, do not achieve steady state
accuracy (i.e. limy_, e(t) = 0). Often integral control action is required. Therefore, following
the internal model principle (see Section 2.4) a proportional-integral internal model is presented.
It is similar to a PI controller and assures zero tracking errors for constant references and/or
disturbances if steady state is reached.

First a general technicality is shown. In Section 2.4 it has been established that any minimum-
phase LTI SISO system with relative degree zero and positive high-frequency gain connected
in series to a system of class SI™ or class Si® yields an inter-connected system of class Si* or
class Si* (see Lemma 2.39). A similar result holds true for system classes S; and Ss.

Lemma 5.1 (Serial interconnection of internal model and system of class S; (or Ss)).

Consider a system of form (1.36) element of class Sy (or Ss). If internal model (2.103) is a
minimal realization of (2.101) and °(-) € C([—h, 0]; RP) such that £°(0) = &y, then the serial
interconnection of system (1.36) and internal model (2.103), given by

£ - o, 1)+ ()0 () [ Jisor s

wo = (e o) (219). (5)| = (3:() cctnopmem)

(5.1)
is again element of system class Sy (or Sy ).
Proof of Lemma 5.1.
Define
~T ~
T o= EE\ c R z = A bE c R("+P)><(”+P) g - ’)//O\b c RtP
T ) Op><n A ) b )

> S b B+ (n+p)x (m+1) ~._ [ C n+p SN TN ud()

B+ = |:0p Op><m:| eR , C:= Op eR , ud( ) =0, d( ) = d()
and

T: C([~h, 0o} R™) = L (Ron: R™), (T&)(1) = ((‘Za(:))( ))'

Then it is easy to see that (5.1) may be expressed in the form (1.36). Moreover, system
properties (Sj-spp) and (Si-sp2) (or (Sz-sp1) and (Ss-sps)) follow from Lemma 2.39 (see As-
sertions (i)-(iii)). Since T € T with Mz := Ms < oo, uq(-) € L>([—h,00);R) and d(-) €
L°([—h,00); R™1) | system properties (S;-sps) and (Si-sps) (or (So-sps) and (Ss-spy)) are
satisfied. Furthermore, (Si-sps) (or (Sa-sps)) trivially holds. This completes the proof. O
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augmented system of class S;

oo [ Yot € controller v internal U | system (1.36)
we (_ (3.11) or (4.24) model (2.103) of class &

(a) Relative degree one case (with system of class S1)

augmented system of class Sy

Yret . e Yy

weee | V_ ) controller v internal U system (1.36) ‘
UYref e | (3.46) or (4.67) model (2.103) of class Ss . Y

nm

O( ......

(b) Relative degree two case (with system of class Sa)

Figure 5.2: High-gain adaptive closed-loop systems with internal model.

For the following denote the “controller combination” (serial interconnection) of some controller
(C) and some internal model (IM) by (C)+(IM), then

e Lemma 5.1 combined with Theorem 3.3 or Theorem 4.4 allows for application of controller
combination (3.11)4(2.103) or (4.24)4(2.103) to system (1.36) of class S;

e Lemma 5.1 combined with Theorem 3.13 or Theorem 4.13 allows for application of con-
troller combination (3.46)+(2.103) or (4.67)+(2.103) to system (1.36) of class S,.

The resulting closed-loop systems are depicted in Fig. 5.2(a) and (b). Note that, for reference
classes W1 (R>o; R) and W**(Rs0;R), an internal model of form (2.103) not necessarily
guarantees asymptotic tracking.

However, if reference and/or disturbance are restricted to constant signals and the closed-loop
system attains steady state, then a PI controller (as internal model) assures zero tracking errors.
A PI controller has the following transfer function

FP[(S):@:]%'P—FEIM, k[,kp>0, (52)
v(s) s s
from input v(s) to output u(s). For kp > 0, it is easy to see that deg(s) — deg(k; + kps) =0
and limg_,, kp +k;/s = kp > 0. Hence PI controller (5.2) has relative degree zero and positive
high-frequency gain. Moreover, since k; + kp s is Hurwitz for k;/kp > 0, the controller is
minimum-phase. A minimal realization of (5.2) is given by

ir(t) = o(t), z7(0) = 0,}

u(t) = kpo(t)+ kra(t), ki kp > 0. (5.3)

The observations above are recorded in the following corollary.
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Corollary 5.2. Consider a serial interconnection of system (1.36) and proportional-integral
internal model (5.3) with “new” control input v(t).

(i) If system (1.36) is element of class Si, yret(-) € WH?(Rx50; R), <(-) € By and ¥ (-) € By
such that ¥(0) > |yt (0) — c"x°(0)], then

(a) application of adaptive A-tracking controller (3.11) and funnel controller (4.24) is
admaissible, respectively, and

(b) for the closed-loop systems (1.36), (3.11)+(5.3) and (1.36), (4.24)+(5.3) with tracking
error e(t) = yret(t) — y(t) the following holds:
_ ()]

Vt>0: le(t)| = R ;

(ii) If system (1.36) is element of class Sz, Yret(:) € W (R50;R), so(+),s1(:) € By and
(¥o(-), ¥1(-)) € By such that 1o(0) > |yt (0) — " ®"(0)| and v1(0) > |get(0) — " Az®(0)],
then

(a) application of adaptive A-tracking controller (3.46) and funnel controller (4.67) with
derivative feedback is admissible, respectively, and

(b) for closed-loop system (1.36), (3.46)+(5.3) and (1.36), (4.67)+(5.3) with tracking er-
ror e(t) = Yt (t) — y(t) the following holds respectively:

(B e

lé()]
FOERET0

+ ]ﬁ(t)m,

|21(2)]
ko(t)?

Vit >0: le(t)] < and |e(t)| <

(iii) if steady state is reached, i.e. limy o0 £ (x(t),21(t)) = Ont1, and limy_,o Gret(t) = 0, then
lim; o e(t) = 0 for each closed-loop system.

Proof of Corollary 5.2.

Substitute v(t) for u(t) in (3.11), (4.24), (3.46) and (4.67), then Assertions (i)(a) and (ii)(a)
follow from Lemma 5.1 and Theorems 3.3, 4.4, 3.13 and 4.13, respectively. Inserting (3.11),
(4.24), (3.46) and (4.67) (with u(t) replaced by v(t)) into (5.3) and solving for |e(t)| yields
Assertions (i)(b) and (ii)(b), respectively. Note that, for lim; . &(t) = 0,, and lim;_,o Gref(t) =
0, the following holds lim;_,, é(t) = lim;_, (yref(t) — cTa'z(t)) = 0. Then Assertion (iii) follows
from lim; . 7(t) = 0 and Assertions (i)(b) and (ii)(b). O

The advantageous effect of a PI controller (or internal model (5.3)) on the control performance
is well known in industry (see [166, p. 81-82]). Concerning high-gain adaptive speed control of
electrical drives, the idea of connecting a PI controller in series to a high-gain adaptive controller
was first noted in |64, Section 4.1.3] and then published in [170]. For position control a similar
result has been accepted for publication in “International Journal of Control” (see [65]).

5.1.2 Friction operators element of operator class

In Section 1.4.5, based on the LuGre friction model introduced in [39], friction has been modeled
as (dynamic) operator. It will be shown that operator class 7 (see Definition 1.5) subsumes both
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friction operators: the (general) “LuGre friction operator” £40 as in (1.21) and the “simplified
LuGre friction operator” § as in (1.22) (where viscous friction is excluded).

Lemma 5.3. The “LuGre friction operator” £go as in (1.21), parametrized by 9° € R, is
element of operator class T .

Proof of Lemma 5.3.
It suffices to check operator properties (op;), (op2) and (ops) of Definition 1.5.

Step 1: It is shown that (opy), (ops) and (ops)(a) hold true.

In view of (1.21) and Definition 1.5, Property (op;) is readily verified and it follows that
h = 0. To show Property (opy), choose § > 0 arbitrarily and let w(-) € C(R>¢;R) such that
SUPysq |w(t)| < 6, which with (1.16), (1.20), (1.14) and boundedness of the solution ., as
in (1.19) implies

Vi>0: |[(Lgow)(t)| < o max{ug/a, |0°|} +vpd (1 + 2 max{ug/o, |190\}) + v = A.
uc
Hence, Property (opz) is satisfied. To show Property (ops)(a), choose wi(-),wa(:) € C(R>q; R)
such that the following holds
Vit >0VT e [0,t: wi(T) = wa(T). (5.4)
Then, for any ¥° € R, uniqueness of the solution of the initial-value problem (1.18) and (5.4)

imply
V71 € [O, t] : 19w1(.)(T) = ﬁMQ(.)(T),

whence (Lgow:)(7) = (Lyows)(7) for all 7 € [0,¢], i.e. Property (ops)(a) and completes Step 1.

Step 2: It is shown that Property (ops)(b) holds true.
For o > 0, fp(-) asin (1.20), 5(-) as in (1.16) and fy () as in (1.14), define the functions

g RXxR R, (w,ﬁ)Hgl(w719>;:w_g%
and
g2: RxR — R, (w,0) = ga(w, V) = fp(w)g1(w, I) + fv(w). (5.5)

Observe that, g;(-,-) and go(+,) are locally Lipschitz in w and 9, respectively. More precisely,
for any compact € C R x R, the following hold

E|L1 >0 V(wl,ﬁl), (WQ,ﬁg) e ‘g1<w1,191) — gl(w2,192)] S Ll (|w1 - CUQ’ + ’191 - ?92|) (56)
and

HLQ >0 V(wl,ﬁl), ((JJQ,?92) e¢: \gg(wl,ﬁl) — gg(WQ,’L%” S L2 (\wl - (JJ2| + |791 — 192’) (57)
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Choose wi(+),wa(+) € C(R>o; R) such that, for arbitrary ¢ > 0, the following is satisfied

!

V() € C([0,t];R): wilpg =

= W[ and
36,7 >0Vs e t,t+7]: wi(8),wa(s) € |

o(t) — 9, w(t) + 4]

and define

M := max |&(s)| + 0.
s€0,t]

For ¥° € R, denote the corresponding solution of the initial-value problem (1.18) by

91(-) =9, 9%, wi(+)) and  Ya() == I9(-,9° wi(")),

respectively. Note that, due to (1.19), J;(-) and J5(-) are globally defined and uniformly
bounded on Rsq. In view of (5.8), same argumentation as in Step 1 yields 9 () = ¥5(x) for
all a € [0,¢]. Hence, for

¢:=[-M, M| x [— max{ug/c, [9°}, max{us/c, [?°|}|, (5.9)

the following holds for all s € [t, t + 7]

92(s) — as)] S | 9a() — Dalt) | + / g (@1(), 91 () — g (w(), 92(0))] dar
(5;) Ly /ts (Jwi (@) = wa(@)] + [P1(r) — Fa(a)]) dev. (5.10)

Applying Theorem 1.4 in [18, p. 5| (a special version of the Bellman-Gronwall Lemma) yields

Vset,t+7]: [01(s) —va(s)] < Iy /ts exp(L(s — a)) |wi(a) — wa(ar)| de

< Ly max |wi(s) — wa(s)] /ts exp(Li(s — a)) da

SE[t,t+T7]

< max fn(s) - w2(3)|<exp (Li(s — 1)) — 1)

s€[t,t+T

< (ep(Lam)—1) max fur(s) —wa().  (51)

SE[tt+T
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Now, for € as in (5.9), it follows that for all s € [¢, ¢ + 7]

—

(Cawn)(s) = (Cpw)() 2 oloa(s) = Bals)| + |galer(s), Br(5)) — galion(s), Ba(s))]
(5.6 % A1) o (exp (L17'> — 1) SEI%}’?J,}»{T] \wl(s) — W2(8)|

+ Ly (Jwi(s) — was)| +[91(s) — Da(s)])

=
ot

(5.11)
< |:(O' + L) (exp (Lo7) — 1) + L2i| sEIE?J}r{T] lwi(s) — wa(s)]
—co
which shows Property (ops)(b) and completes the proof. O

For modeling of 1IMS and 2MS as in (1.24) and (1.26), it is assumed that viscous friction is
linear (i.e. 6y = 1in (1.14)) on motor and load side. So the (general) “LuGre friction operator”
Lo as in (1.21) reduces to the “simplified LuGre friction operator” § as in (1.22).

Corollary 5.4. The “simplified LuGre friction operator” § as in (1.22) is element of operator
class T .

Proof of Corollary 5.4. Set fi(-) =0 in (5.5), then it is easy to see that Corollary 5.4 directly
follows from Lemma 5.3. [

5.2 Speed and position control of industrial servo-systems

In this section the high-gain adaptive motion control problem (see Section 1.6.1) will be solved
for stiff and elastic industrial servo-systems.

From a theoretical point of view, to prove applicability of the high-gain adaptive controllers pre-
sented in Chapters 3 & 4 for speed and position control, it suffices to show that 1MS (1.24), (1.25)
and 2MS (1.26), (1.27) (without saturation) are or “can be made” element of system classes
S1 and S;. Corresponding proofs are presented in Section 5.2.2 for speed control and in Sec-
tion 5.2.3 for position control. If affiliation is assured, then the results presented in Chapters 3
& 4 can directly be transferred to the high-gain adaptive motion control problem. Affiliation
depends on application and instrumentation configuration. It will be shown that:

e the high-gain adaptive speed control problem of 1MS and 2MS is a subproblem of finding
high-gain adaptive controllers for system class Sy;

e the high-gain adaptive position control problem of 1MS and 2MS is a subproblem of finding
high-gain adaptive controllers for system class Sy;

e in the presence of actuator saturation, application of funnel controller (4.24) for speed
control and application of funnel controller (4.67) with derivative feedback for position
control is admissible. Theorem 4.7 and Theorem 4.15 cover input saturation: for @ = 4
and uy = up, saturated funnel controller (4.53) or (4.104) incorporates the serial inter-
connection of funnel controller (4.24) or (4.67) and saturated actuator (1.9), respectively
(see illustrations in Fig. 5.3).
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(4.104)
(4.53) (4.67) ‘actuator’ ka
f m
(4.24) ‘actuator’ ka Yre c s e+ ¢ satqg —»t—{l
Yref e < u ¢ mys y ; T_ 6 (Yo —lel)? u?—v
—Tor € satqy, re S S ; A

il (KEE T — To-Te] Fr-Ta] ©
y v ‘ TT

yly

(a) relative degree one case (speed control) (b) relative degree two case (position control)

Figure 5.3: Serial interconnection of funnel controller and ‘actuator’ with saturation.

From a practical point of view, to prove applicability of the high-gain adaptive controllers
for speed and position control of industrial servo-systems, implementation in “real world” is
necessary. Comparative measurement results are presented in Section 5.2.2.3 for speed control
and in Section 5.2.3.3 for position control of 1IMS and 2MS, respectively. However, not all high-
gain adaptive controllers, introduced in the previous chapters, are reasonable for application
(recall e.g. simulation studies in Sections 3.5.4 and 4.4.3), only the most promising are selected
for implementation:

e the high-gain adaptive controllers with output feedback for systems of class S;—i.e. the
adaptive A-tracking controller (3.11), the funnel controller (4.24) and the funnel controller
with saturation (4.53)—are applied for speed control of 1MS and 2MS,

e the high-gain adaptive controllers with derivative feedback for systems of class So—i.e. the
adaptive A-tracking controller (3.46), the funnel controller (4.67) and the funnel controller
with saturation (4.104)—are applied for position control of 1MS and 2MS.

These controllers are implemented at the laboratory setup (see Fig. 5.1) of the Institute
of Electrical Drive Systems and Power Electronics. To allow for a “fair” comparison with
standard PI/PID control and to achieve steady state accuracy, also the controller combina-
tions (3.11)4(5.3), (4.24)+(5.3), (3.46)+(5.3) and (4.67)+(5.3) with proportional-integral in-
ternal model (5.3) are implemented. First a brief description of the laboratory setup is given,
then speed control and position control are discussed.

5.2.1 Laboratory setup: coupled electrical drives

The laboratory setup is depicted in Fig. 5.1. It consists of two permanent magnetic syn-
chronous machines and power inverters coupled by a (flexible) shaft. The coupling is gear-less
(i.e. g- = 1). Both drives—machines and inverters—are identical in construction. Each ma-
chine is driven independently by its own power inverter. So drive 1 (with position ¢; and speed
wq) or drive 2 (with position ¢, and speed ws) allows to emulate a motor drive or a load drive.

The motor drive generates the motor torque my(-) [Nm] and accelerates or decelerates the
coupled load under speed or position control, whereas the load drive induces the load torque
mr(-) [Nm]. Both drives are subject to bounded actuator deviation u4(-) [Nm] where ||u4||lo <
0.6 [Nm]| (measured), have actuator gain k4 ~ 1 [1] (measured) and are constrained by satu-
ration level 44 = 22 [Nm] (specified for protection of the machines). Torque generation is
(acceptably) fast: torque reference steps are tracked with delay times of T, ~ 2 - 1073 [s] (see
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drive (myy) & load (my,) load (mz) O, ©, drive (ma)
' & ,% : CS7dS W\

==

(a) “stiff” one-mass system (‘1MS’) (b) elastic two-mass system (2MS)

Figure 5.4: Emulated industrial servo-systems at the laboratory setup.

Fig. 5.5). Both drives are operated via a standard PC (Intel Pentium 4, 3Ghz, 2GB Ram) run-
ning the real-time operating system xPC-Target v1.6 by Mathworks with fixed sampling time
Ts = 1-1073 [s]. Depending on the selection of the motor drive, reference torque u(+) = mpy ref(-)
(control input) is send to either inverter 1 or to inverter 2 via CAN-Bus (baud rate 1Mbps,
SOFTING CAN-AC2 PCI board). An additional host computer (Intel Pentium 4, 3Ghz, 2GB
Ram, 80GB HD), running Windows XP SP1, is used for monitoring, rapid-prototyping and
data streaming. Rapid-prototyping is done in MATLAB/SIMULINK (Version 7.0.1). The im-
plemented controllers are compiled and then downloaded as executable program to the real-time
xPC target system via Ethernet (100Mbit LAN).

The build-in HEIDENHAIN RON 3350 encoders—with 2048 lines per revolution and 12-bit
interpolation (2'? = 4096)—provide position information ¢;(-) [rad] for drive 1 and ¢o(-) [rad]
for drive 2 which allows for field-oriented (torque) control of each drive. The installed PCI
board HEIDENHAIN IK220 (capturing interface) evaluates the encoder signals simultaneously
and synchronously. By numeric differentiation, it computes the speed signals wy(+) [rad/s| for
drive 1 and ws(+) [rad/s| for drive 2 with time delays smaller than 50 - 107¢ [s] (see User’s
manual). Position measurement and speed measurement are deteriorated by bounded mea-
surement errors (see Section 1.4.4) subsumed in n,,(+) [rad] and 7n,,1(-) [rad/s| for drive 1 and
nma(+) [rad] and n,o(-) [rad/s] for drive 2, respectively, where |71 ]0os |[7m2]leo < 6-107° [rad]
and |71 || sos |[72m2]leo < 4 - 1072 [rad/s] (measured).

The stiff IMS (1.24), (1.25) and the elastic 2MS (1.26), (1.27) are emulated at the laboratory
setup by using different shafts and different inertia ratios. Shaft and inertias are replaceable.
Inertia ©; and ©, [kgm?] can be modified via diverse mountable inertia wheels (e.g. differing
in mass and radius, see Fig. 5.1 and Tab. D.2). The replaceable shafts differ in stiffness
cs [Nm/rad] and damping dg [Nms/rad]. Two typical configurations are depicted in Fig. 5.4.
The linearized models in the frequency domain (transfer functions) of these configurations are
given by (see e.g. [166, p. 9481f.])

202 dg
FM — w2<8) kA SC_+SC—+1 ‘ ‘
s (5) 4 ’ r . (for conf. in Fig. 5.4(a))
mar(s)  5(O140:) 52 % s Zli 1
and
W ds
2(5) ka s 41 o
Fous(s) mar(s)  s(©1+03) s2 % S les ] (for conf. in Fig (b))
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20 )
@
@)
15 2
g
T 10 =
=
5 = -90
w0
= -180
[y
o= v v = —2704 H ; i
012345678 91011121314 10° 10 10 10° 10*
TIME ¢ [1073 §] ANGULAR FREQUENCY [rad/s]

(a) torque generation with delay of ~ 2-1073[s]: (b) bode diagrams of ——F;p5(s) and ——Fap5(s)
== u() = muyrer(r) and — mpy(-) = (with data in Tab. 5.1)
sata, (u(-) +ual-))

Figure 5.5: Torque generation at laboratory setup (left) and bode diagrams of the linearized models of
the configurations depicted in Fig. 5.4 (right).

with natural frequencies (see bode diagrams in Fig. 5.5(b) or use data in Tab. 5.1)

we ™ = &(61 + 62) ~ 661 [rad/s] and wg® 2 61 [rad/s].
0,0,

Natural frequency wy™® is high compared to the typical operation bandwidth (ranging from
0 to 200 [rad/s]) and yields a damped magnitude of ~ —45 [dB] (see Fig. 5.5(b)), hence the
configuration in Fig. 5.4(a) can be considered as “stiff” one-mass system with overall inertia
© = O + ©,. The configuration in Fig. 5.4(b) represents an elastic two-mass system.

Several sets of the mechanical parameters cg, dg, ©1 and O, of the laboratory setup are es-
timated in 7], [151, Appendix A] and |78, Appendix C|. Moreover, in [151, p. 195] friction is
identified using a static friction model (not covering e.g. presliding displacement). The available
sensors do not provide the required resolution (see Section 1.5.3) to identify dynamic friction
as in the LuGre friction model (1.22). For implementation friction will neither be compensated
for nor identified or estimated. Conform to the models of stiff 1MS (1.24), (1.25) and elastic
2MS (1.26), (1.27), the key data of the two configurations of the laboratory setup is collected
in Tab. 5.1, respectively. A complete list of technical data and a description of the electrical
setup can be found in Appendix D.

5.2.2 Speed control

The high-gain adaptive speed control problem is solved in [169]. However, 1IMS and 2MS are
not modeled with gear, actuator saturation and motor side friction. Moreover, the presented
measurement results for funnel control are tentative: the chosen asymptotic accuracy is almost
three times larger than the chosen reference magnitude (see Section 6.4 in [169]).

In Sections 5.2.2.1 and 5.2.2.2, the available theoretical results are revisited and supplemented: it
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1MS (as in Fig. 5.4(a)) 2MS (as in Fig. 5.4(b))
actuator lualloo < 0.6 [Nm], kg ~ 1 [1] (measured), 44 = 22 [Nm] (specified)
real-time system Ts =1-1073 [s] (sampling time specified in xPC target)
mechanics (01 = 0.0092 [kg m?], 0, = 0.166 [kgm?],

0, = 0.333 [kg m?, 9, = 0.333 [kgm?],

cs = 3870 [Nm/rad], cs = 410 [Nm/rad],

ds = 0.89 [Nms/rad]) ds = 0.25 [Nms/rad],

gr =11[1], g-=11[1]
instrumentation 17m1l00; |mlloe = [[7m2llee < 6-107° [rad] (position meas. error),

172m1|lo0s |Tmlloe = |Pm2]lee < 4 - 1072 [rad/s| (speed meas. error)
friction 11,2 < 0.005 [Nms/rad] and §1, & as in (1.22) with
Mg, , Mz, <1 [Nm] (see [151, p. 195]), otherwise unknown
initial values x’ =0, [®4, rad] 2’ =04 [24, rad, 29, rad]

Table 5.1: Key data of laboratory setup (centered values hold for 1MS and 2MS, resp.)

will be shown that 1MS and 2MS with gear and motor and load side friction are or can be
rendered element of system class ;. In Section 5.2.2.3 comparative measurement results will
be presented which underpin industrial applicability.

5.2.2.1 Omne-mass system of class §;

For speed control, model (1.24) of the rotatory 1MS may be simplified: the state variable of
position ¢(-) is irrelevant and so negligible. The simplification yields a reduction of the system’s
order and is motivated by the observation illustrated in Example 2.23. Model (1.24), (1.25)
is actually not element of system class §;. The reduced-order mathematical model for speed
control is given by

| ptral? B m0+E 20
W(t) = —UERG(t) + % sata, (u(t) + ua(t)) — Tt - Tt (5.12)
y(t) = u}(t), W(O) = wo € R

where

© >0, g € R\ {0}, v1,10 >0, Ga,ka >0, ua(-), mp(-) € L2R>p;R), ¢; € {1,1/g,} and }

Vie{1,2}: §; asin (1.22) with Mg, :==sup{ |[(F:Q)(t)| |t >0, {(-) € C(R>0,R) } < o0.
(5.13)

Conform to instrumentation configuration (1MS-ic;) (see Section 1.4.6.1) either motor speed
w(-) or load speed w(-)/g, is available for feedback, i.e. ¢; =1 or ¢; = 1/g, in (5.12).

Proposition 5.5. Consider the 1MS given by (5.12), (5.13) with instrumentation configuration
(1MS-icy ). If actuator saturation is negligible, i.e. tq — 0o in (5.12), and if sign(g,) is known,
then it is element of system class S .
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Proof of Proposition 5.5.

Consider only the case ¢; = 1/g,, the other case follows analogously. For u4(-), m.(-), & and §»
1

- vitva/g? b o 1
asin (5.13), define h := 0,z :=w, A := —%, b:= %‘, c:=c =1/g,, Bx := [—@, —gre},

T2 C([—h,00), R) = Li%(Rog;R2), (T2)(t) == ((F12)(1), (F12/9.)(1)) ', ual-) = ua(-) and
d(-) = (0, mg(-))". Then, for 14 — oo, system (5.12) can be expressed in the form (1.36).

» (5.13) ) (5.13) .
Moreover, 7 :=cb= 45 # 0, sign(yo) = sign(g,) and

0 5 7 0,

- 2 (5.13)
Vs e Cso: det{s A b]:$+V1+V2/gr+kA

which shows system properties (Si-sp;) and (Sj-sps), respectively. From Corollary 5.4 it
follows that T € T. In view of (5.13), there exists My = v2max{Mg,, Mz} < oo,
ug(-) € L2Rs0;R) and d(-) € L>®(Rso;R?). Hence (S;-sp3) and (S;-sps) are satisfied, re-
spectively. Due to (1MS-icy), y(-) = w(-)/g, is available for feedback which shows (S;-sps).
This completes the proof. O

Clearly, Proposition 5.5 with Theorem 3.3 or Theorem 4.4 assures that adaptive A-tracking con-
troller (3.11) or funnel controller (4.24) are applicable for speed control of the unconstrained
IMS (5.12), (5.13). For funnel control, Theorem 4.7 allows to account for the actuator satura-
tion in (5.12). From Corollary 5.2 it follows that application of controller (3.11) and (4.24) in
combination with internal model (5.3) is admissible and, moreover, if steady state is reached
then both controller combinations guarantee asymptotic speed tracking.

5.2.2.2 Two-mass system of class &;

For speed control, the system order of 2MS (1.26), (1.27) may also be reduced. By introducing
angle of twist ¢ in [rad|, defined by

Viz0:  gs(t) = U $o(t) = /Ot (wlm _wz(T)) ar =20 60, 1)

r gr gr
=—¢5(0)

J/

and the reduced state variable
z(t) = (wi(t), ¢s(t), wa(t) " € R?,
the mathematical model (1.26), (1.27) of the 2MS simplifies to

(F101)(1) )

La(t) = Ax(t)+ bsatg, (u(t) +ua(t)) + By (mL(t) + (Fows)(1)

y(t) = c'=z(t), z(0) =z € R?

(5.15)

- 186 —



5.2 SPEED AND POSITION CONTROL OF INDUSTRIAL SERVO-SYSTEMS

where

ds+g2v cs ds )

— 5 k 1
gfel gr©1 9rO1 6—‘? o 0 c1
A= o 0 —1 5 b= 0 > BL = 0 0 ,C=|C |,
1
_ds cs _dstve 0 0 -5 C3
gr92 @2 @2 2 (516)

0,0, >0, cg,ds >0, g,.€ R\{O}, v, >0, c1,c0,c3 €ER, dg,ky >0,
ua(-), mp(-) € L2(R>0;R) and Vie {1,2}: §; as in (1.22) with Mg, as in (5.13)

.

Instrumentation configuration (2MS-icy)(c) (see Section 1.4.6.2) allows for feedback of all three
states which is indicated by the “general” output coupling vector ¢ in (5.16). In [169, Sec-
tion 6.1.3]) it is shown that shaft oscillations can be actively damped if ¢ # 0 in (5.16) (only
then observability is retained). The following result was introduced in [96]. In contrast to the
model in [96] the 2MS (5.15), (5.16) includes (dynamic) friction on motor and load side and a
gear with ratio g, # 0.

Proposition 5.6. Consider the 2MS given by (5.15), (5.16) with instrumentation configuration
(2MS-ici)(c) and assume that actuator saturation is negligible, i.e. 4 — oo in (5.15). If gear
ratio g, and initial value ¢5(0) of angle of twist are known then, for

¢ >0, 2> and — > —c, (5.17)
9r 9r
the 2MS (5.15), (5.16) is element of system class Sj.
Note that knowledge of gear ratio g, is actually a mild presupposition. Typically, the value of

gr can be read off on the gear box and so, without loss of generality, may be assumed to be
known to the control designer.

Proof of Proposition 5.6.

Step 1: It is shown that properties (Si-sp1), (S1-sps), (S1-sps) and (Si-sps) of system class S;
are satisfied.

For By, ua(:), mp(-), & and F. as in (5.16), define h := 0, uy(-) := wa(-), Bx := By,
d(-) == (0, mz(-))" and

T

T2 C([—h, 00 RY) = LE(Ro0;RY),  (T2)(t) = (Frwn)(t), (Fawa)(t))

Then, for 44 — oo, system (5.15), (5.16) may be written in the form (1.36). Moreover, the
following hold

. . (5.17),(5.16) . .
(i) :=c'b=c1ka/O;1 > 0 and sign(yo) = sign(cy),

(ii) from Corollary 5.4 it follows that T € T,

(iii) in view of (5.16), Mz < v2max{Mg,, Mz,} < oo and uy(-) € L®(Rs;R) and d(-) €
L (R>p; R?), respectively and
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(iv) instrumentation configuration (2MS 1c1)( ) allows for feedback of wy(t), ws(t) and, since
gr and ¢5(0) are known, of ¢g(t) fo wi(T)/gr — wa(T)) dT — ¢5(0), respectively.

Hence, system properties (S1-sp1), (S1-sps), (S1-sps) and (S;-sps) are satisfied. This completes
Step 1.

Step 2: It is shown that property (Sy-spa) of system class Sy is satisfied.
Since 7y # 0 there exists a similarity transformation (see Section 3.3.1)

S: R? — R3, T — (y, 21, zQ)T = Sx
which converts (5.15), (5.16) into Byrnes-Isidori like form (3.6). Invoking (2.49) with

c2 c3

Vekee =| 1 0 and N =VV) WL —bcb)'¢| = [
1

010}
0

0 01

yields the transformation matrix

Ci1 Co C3 _c11 2—? —iil
S=1(0 1 0 and S1t=10 1 0
0 0 1 0 0 1

Hence, conform to (3.6), one arrives at

i (Zyl((tz)) — SAS! (21(t>) —|—Sb( (t )+UA(t)) + SB; (81 rOWl(S_l) i )(t)

dr \50 mi(t) + (Farows(S) (4))(0)
T
(y(0)7 Z1<O)a 22(0)) = Swo
where
_a e
1 ar ag 3x3 o 3 oo 3x2
SAS ' =: 2l eR* Sb=[0]€R’ and SB.=1| 0 0 | e R°*~
as A 0 —
B2
More precisely, in view of (2.51), one obtains
a _ dS+9rV1 + L 1 co + dS c3 GR )
L= 9261 T ga gr©2 c1
dstvig? _ ds e _ 1e c
a, — €2 ( 9761 gr(f)z cj’ c1 92) +¢s (92 g'ré1> c R2
2 c ds+vig?  dstve 1 o+ ds ’ (518)
3\ g6 02 grer \ 72 39 9rO1
T
— 1 d 2
asz = (grq’ grcf(92> € R J
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and

_lec _Lle
_ _ gr C gr C 2X2
Ay =NAV = L ds o oes  _ ds'es ds4w € R™ (5.19)
9rO2 c1 O2 9rO2 c1 O2

It is easy to see that the characteristic polynomial of Ay, given by

d c 1ec v c c Vy ¢
9 s 3 2 2 S 3 5 Co
Xa,(s) =s"+ C+—>+——+—)5—|—( <c +—)+ —),
4< ) (01@2 ( ! Gr C1 gr O €102 ! gr 102 g,

is Hurwitz for ¢, ¢y and ¢z as in (5.17), hence

(5.17) = spec(Ay) C Cyp. (5.20)

Since

det S(sI;— A)S™! Sb] :det({s 03} {313?4 b} {Sl 03D

c'Ss! 0 0; 1 c 0] 0] 1
= det(S) det(S™") det {SI 35 A 8} :

=1

note that, for 79 = c1k4/01 > 0, a1, as and a3 as in (5.18) and Ay as in (5.19), the following
holds

sIs—A b 50 —ay 7o (5.20)
det |77 ¢ =det | —az sIy— Ay 0y | = —vpdet [sI, — As] # 0 Vs € Csy,
¢ 0 1 0 0 )
2

which shows property (S;-sps2) of system class §;. Combining Step 1 and Step 2 completes the
proof of Proposition 5.5. O]

Clearly, Proposition 5.6 with e.g. Theorem 4.4 allows for application of funnel controller (4.24)
for speed control of 2MS (5.15), (5.16) and, from Corollary 5.2, it follows that e.g. controller
combination (4.24)+(5.3) is admissible. Note that only if angle of twist ¢g(-) is used for feed-
back (i.e. cg # 0 in (5.17)), then its initial value ¢g(0) and g, must be known a priori. For
the case co = 0 in (5.17), knowledge of the sign of gear ratio g, is sufficient to satisfy the
presuppositions in (5.17).

To achieve a well damped system response, (positive) feedback of angle of twist ¢5(+) is necessary
(see [169, Section 6.1.3]). Any choice ¢y/g, > 0 increases damping of e.g. the closed-loop
system (5.15), (5.16), (4.24)+(5.3) but precludes asymptotic disturbance rejection of constant
loads (see Section 6.1.3 in [169]). To circumvent this conflict of objectives, Ilchmann and
Schuster propose the use of dynamic state feedback incorporating a high-pass filter for the
angle of twist (see [96] or in great detail [169, Section 6.2]). Their result is recapitulated in the
following proposition (again gear and motor side friction are supplemented).
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Proposition 5.7. Consider the 2MS given by (5.15), (5.16) with instrumentation configuration
(2MS-ici)(¢c) and assume that actuator saturation is negligible, i.e. iqa — oo in (5.15), and let
gear ratio g, and initial value ¢5(0) of angle of twist be known. Then, for

c1 >0, e >0, S —c1 and krp > 0, (5.21)
gr gr

and with filter and augmented output, given by

ip(t) = —kp(zp(t)+ os(t)), 20(0) = 0,
T 5.22
yt) = (e e o 02>( <t>)7 (5.22)

the augmented 2MS (5.15), (5.16), (5.22) is element of system class S;.

Proof of Proposition 5.7.

The proof is similar to the proof of Proposition 5.6. Only the essential changes are presented.
Step 1: It is shown that properties (Si-sp1), (S1-sp3), (S1-sps) and (Si-sps) of system class S;
are satisfied.

For A,b, B and c as in (5.15), define

~ A 03 ~ (b ~  |Bg ~ c
A= [( o o _kF}, b— (0> B, = {Oﬂ and @ ()

and express system (5.15), (5.16) with (5.22) as follows

a (2O _ (DN Bt (ulf)u ~ (Fre1)(t)
4 (xF(t)) = A( >+b ta, (u(t) + ua(t)) + By ) 5

vp(t) mp(t) + (Faws) (t)
1 (z(t) z(0)\ _ (z° 4
< (h): (i) = () ==
For ua(-), mp(-), & and F as in (5.16), define h := 0, uy4(-) := ua(:), Bz := By, d(-) :=
(0, mz(-))" and

y(t) =

xr T

loc

T: C([—h, 0o RY) = L32(Ro; B, <z( ))(t) = (Fw)(), (Fawa) (1)

TF

Then, for 44 — oo, system (5.23) may be written in the form (1.36). Moreover, invoking similar
arguments as in Step 1 of the proof of Proposition 5.6 yields that properties (Si-sp1), (S1-sps3),
(S1-sps) and (S;-sps) are satisfied, which completes Step 1.

Step 2: It is shown that property (S1-spa) of system class Sy is satisfied.
Note that g := ¢ Ab = c1ky /©1 > 0. Hence there exists a similarity transformation

. R 5 T ._ RN
S: R — R’ (xF)Hw.— (y, z21, 2o, 23) : S<xF>

which takes (5.23) into Byrnes-Isidori like form (3.6). More precisely, for
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_e _a _ca
Cc1 C1 C1 0 1 0 0
~ = —~ T~ ~T be'
Vekeae=| ' Y 901 ad No@ v nL-29-1001 0
010 o 0001
0 0 1
the transformation matrix is given by
- Ci Cy C3 Co é —z_i _Z_? _2_?
g_|c| =0 L oo with inverse .§_1 —|v ! 0 0
TIN| |0 0 1 0 |00 1 0
0 0 0 1 0 0 0 1

Conform to (3.8), one obtains

W(t) = SAS wi(t) + Sb(u(t) + ua(t)) + SBu ( ((5 row (S )w) (1 ) ,

t) + (J2rows(S Jw)(t)
w-3(3)

where
%o o e
dao ! a a, ix4 QR 0 4 3= 0 0 4x2
SAS = ~* | e R¥* Sb= eR* and SBp= | € RM
as A4 0 0 —o;
0 0 0
For ai, a; and a3 as in (5.18), invoking (2.51) yields @; = a; € R,
—Cokp
~ a
as — ( 02) + ) 0 < R37
ds+g;v1 ds c3 _ 1 co
e ( 9201 kr — 0oz o gi)
~ T
as = (aj, 0) €R®and
_le —leas _ 1 _Lle
gr C1 gr C1 C1 gr
2 O NAY _ ds ¢ cs _ _ds ¢c3  dstvs  ds ca 3x3
Ay=NAV = grO2 c1 + ©2 gr©2 c1 O2 gr©2 c1 € R
—kp 0 —kp
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Note that the following hold

s o) 32D

my = F o, <Cl + g_r> > 0,
mo/kp
——
(5.21)

._ ds c3 cs c3 V2 dc

mp = kFc192 <Cl + gr) + €102 (Cl + gr) +®2 <kF + c1 gr) >0,
(5.21)
d

Mo = 0152 (01+;_i>+kF+g_22+ég% > 0 and momy — mg > 0.

Hence the characteristic polynomial of 24, ie. X25(8) = 5% + mys® + mys +my, is Hurwitz |77,

Theorem 3.4.71, p. 339] and spec(:&;) C C.o. Now a similar argumentation as in Step 2 of
the proof of Proposition 5.6 shows that property (S;-sps) is satisfied, which completes Step 2.
Combining Step 1 and Step 2 completes the proof of Proposition 5.7. O]

Clearly, Proposition 5.7 in conjunction with Theorem 3.3, Theorem 4.4 or Theorem 4.7 assures
that the high-gain adaptive controllers (3.11), (4.24) or (4.53) are applicable for speed control
of augmented 2MS (5.12), (5.13), (5.22), respectively. Furthermore, in view of Corollary 5.2,
the controller combinations (3.11)4(5.3) and (4.24)4(5.3) are also admissible. Due to the
augmented output

Vt>0: y(t) = crwi(t) + caps(t) + cswa(t) + coxp(t)

and since load speed tracking is the control task, it is necessary to scale load speed reference
waref(+) and introduce the augmented reference given by (see [169, p. 176])

Vit>0: Yret (t) 1= (c1/9r + C3) Waret(1).

It is easy to see that e.g. funnel controller (4.24) with boundary ¢ (-) € B assures that the
augmented error e(-) = yef(+) — y(+) evolves within the performance funnel (i.e. |e(t)| < ¥(¢)
for all t > 0) however this does not imply that load speed error ws yef(-) — wa(+) remains within
the prescribed region. Only if steady state is reached and controller combination (4.24)+(5.3)
(or (3.11)+(5.3)) is applied to the augmented 2MS (5.15), (5.16), (5.22), then lim; o e(t) =0
implies also limy_,oo waref(t) — w2(t) = 0 (see Theorem 6.11 in [169]).

Remark 5.8 (Design parameters c;, ¢o, ¢3 and k).

Besides the presuppositions in (5.21), the constants ¢, co, c3 and kg are free design parame-
ters. Some recommendations are given for controller implementation: The augmented output
in (5.22) incorporates filter state xpr(-). An analysis in the frequency domain reveals the idea
behind the filter: denote the Laplace transforms of angle of twist and of filter state by ¢ps(s) and
xp(s), respectively. Then, from (5.22), it follows that

Ps(s), (5.24)

which is a first-order low-pass filter of negative angle of twist ¢s(-) with cut-off frequency
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kr [rad/s]. Moreover, it is easy to see that the following holds

¢5(8) + $F(8) = (1 + S:—k]:F) ¢S(S) = % ﬁqbg(s) (525)

~os () for kp>1

The transfer function in (5.25) can be regarded as high-pass filter of angle of twist ¢s(-). Clearly,
feedback of gzﬁg() increases damping of the closed-loop system (see e.g. [166, p. 962]). The
observation in (5.25) (or see a detailed discussion in Section 6.1.3 in [169]) indicates that large
values for co and kr support system damping. Simulation and measurement results reveal that
a choice 0 > c3/g, > —cy increases damping additionally.

5.2.2.3 Measurements

In the previous sections, it has been shown that high-gain adaptive speed control of (the models
of) IMS (5.12), (5.13) and 2MS (5.15), (5.16) is admissible, respectively. Now it will be shown
that high-gain adaptive speed control of stiff and flexible industrial servo-systems in “real world”
is indeed feasible. Therefore, three speed control (SC) experiments are carried out at the
laboratory setup (see Section 5.2.1). The measurement results will show that

e adaptive A-tracking controller (3.11) and funnel controller (4.24) in combination with
proportional-integral internal model (5.3) can keep up with standard PI speed control of
stiff servo-systems (1MS),

e high-gain adaptive speed control and, in addition, active damping of shaft oscillations of
flexible servo-systems (2MS) is practicable and

e speed funnel control of 1IMS and 2MS in the presence of actuator saturation may work
even if feasibility condition (4.54) is violated.

Experiment SC1 — speed control of 1MS:

Five controllers are implemented at the laboratory setup for speed control of the emulated 1MS
(see Fig. 5.4(a)). Benchmark controller is a standard PI controller as in (1.28) (with kp = 0
and up(-) = 0), whereas the other four controllers are the adaptive A-tracking controller (3.11),
the funnel controller (4.24) and the serial interconnections (3.11)4(5.3) and (4.24)+(5.3) with
proportional-integral internal model (5.3).

Control task is set-point and reference tracking under changing disturbances (load torques).
Reference yef(+) = wier() € WH(Rs0; R) and load torque my(-) € L2(Rsg;R) are depicted
in Fig. 5.8 (see top and bottom, respectively). Controller implementation in the xPC target
real-time system is illustrated in Fig. 5.6. For each run the ‘speed controller’ in Fig. 5.6 corre-
sponds to one of the five controllers above. So Experiment SC1 consists of five runs in total.
A single run takes 50 [s].

To achieve comparable runs, all controllers are designed under the same circumstances:

(i) the available drive torque of the laboratory setup is not to be exceeded, i.e. u(t) < 4 =
22 [Nm)] for all £ > 0,
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implementation in xPC target (emulated) 1MS with ‘sensor’

speed u , | wWa=uw
controller

W, = W + Ny, Nm2 = Nim

<

Yref = Wref e

Y

A%

Figure 5.6: Block diagram of implementation at laboratory setup for speed control of (emulated) 1MS.

(ii) the generated reference torque at startup equals the maximal admissible torque, i.e. u(0) =
marret(0) = 22 [Nm]| (to achieve the fastest possible initial acceleration). Note that actu-
ator deviations deteriorate the initial drive torque, hence solely m;(0) ~ 22 [Nm] is to be
expected and

(iii) the following motion control objectives—formulated in terms of maximum rise and settling
time and maximum overshoot (similar to (mcoy ), (mcos) and (mcos) in Section 1.1)—must
be accomplished for set-point tracking without load (i.e. the interval [0, 5] [s]):
tretos = 0.5[s], g0 =1.0[s] and o =25[%] for  gyr =10[rad/s]. (5.26)

ref —

To accomplish the motion control objectives in (5.26), the PI controller (1.28) and the adaptive
A-tracking controller (3.11) with and without internal model (5.3) are tuned by trial and error
and so several implementation attempts are required to meet the specifications. In contrast,
funnel controller (4.24) with and without internal model (5.3) directly allows to include control
objectives (5.26) in boundary design and, consequently, the first implementation yields a suc-
cessful run (fulfilling the control objectives), respectively. Data of reference, disturbance and
controller design is collected in Tab. 5.4.

Control performance of each controller is evaluated by means of rise time th()0s0 Settling
time tZ(-
ITAE criterion as in (3.82) for reference tracking under (varying) load (i.e. the overall interval
[0, 50] [s]). Performance evaluation is summarized in Tab. 5.3. Measurement results are de-
picted in Fig. 5.7(a) for set-point tracking and in Fig. 5.8 for reference tracking under varying
load. The results are distinguishable from one another by the following color and line style

assignment (to improve readability the controllers are restated):

(1.28) with kp = 0 and up(-) = 0, i.e. PI controller:

)01 and overshoot A%, for set-point tracking (i.e. the interval [0, 5][s]) and by the

u(t) = kpe(t) + kr /Ot e(t)dr;

G TEIETE (3.11), i.e. adaptive A-tracking controller:

u(t) = k(t) e(t) where k(t) =q d)\(|e(t)|)q2, k(0) = ko;
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controller/system Experiment SC1 (1MS) Experiment SC2 (2MS)
reference Uret = 10 [rad/s], for y.¢(-) see top of Fig. 5.8 & 5.10, resp.
”yrefHoo =50 [rad/8]> Hyref”oo =30 [rad/s]’
hetlloc = 4 [rad/s? hetlloc = 2 [rad/s?
load torque for mp(-) see bottom of Fig. 5.8, ||mg|lc = 10 [Nm)]
augmented output — c1 = 11[1], ¢ =100 [ﬂ,
& filter as in (5.22) = —0. 1 |, kp =5 [2d]
initial error e(0) =10 [2d] @(0) = (1 + ¢3)fret = 9 [24]
PI controller kp=22 2] k=60 [22] —
as in (1.28) kp = [ligﬂj}, wp(-) = 0 [Nm]
A-tracking controller ¢ =0.1[1], o =2 [1], A =0.99 [24]
as in (3.11) ko= oy =22 [T] ko = ;i = 244 [Tip]
funnel controller Y(+) as in (4.8) and ¢(-) = %}g;o)) Y(+) where
as in (4.24) A = 2¢(0) = 20 [24] A = 2¢(0) = 18 [2d]
A =0.99 [2d] A =0.99 [24]
T = 0.134 [3] Tp = 0.154 3]
internal model
as in (5.3) kp=1[1], ky =3 [1] kp=1[1], by =2 [1]

Table 5.2: Implementation data of Experiment SC1 (speed control of 1MS) and Experiment SC2 (speed
control of 2MS). Centered values hold for both experiments.

SIETETELEE (4.24), i.e. funnel controller:

u(t) = k(t) e(t) where k(t) = ﬁ;

(3.11)+(5.3), i.e. adaptive A-tracking controller with internal model (kp = 1):

u(t) = k(t)e(t) + k‘f/o k(t)e(r)dr  where k(t) =q d/\(|e(t)|)q2, k(0) = ko;

(4.24)+(5.3), i.e. funnel controller with internal model (kp = 1):
¢

u(t) = k(t)e(t) + k;/ k(T)e(r)dr where k(t) =
0

Discussion of the measurement results for set-point tracking (see Fig. 5.7(a)):

Clearly, all five controllers accomplish the motion control objectives specified in (5.26) (see
Tab. 5.3). The high-gain adaptive controllers ----- (3.11) and ----- (4.24) without internal model
yield no overshoots and the fastest settling times, but do not achieve steady state accu-
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experiment  controller thos Bl G 81 Ay [%)] ITAE [rad s]
SC1 (IMS)  (1.28) 0.22 0.98 18.2 96.5
(3.11) 0.30 0.48 0.0 1539.0
(4.24) 0.29 0.46 0.0  (aborted run)
(3.11)+(5.3) 0.19 0.82 17.7 70.3
(4.24)+(5.3) 0.21 0.55 13.3 80.9
SC2 (2MS)  (3.11) 0.46 0.63 0.0 1709.2
(4.24) 0.36 0.45 0.0  (aborted run)
(3.11)+(5.3) 0.33 1.37 22.3 121.3
(4.24)+(5.3) 0.33 1.05 18.9 120.6

Table 5.3: Controller performance for Ezperiment SC1 (speed control of 1MS) and Experiment SC2
(speed control of 2MS).

racy. PI controller (1.28) and the high-gain adaptive controllers —(3.11)+(5.3) and
——(4.24)+(5.3) with internal model have comparable control performance and assure that the
control error asymptotically vanishes, respectively. The funnel controller ——(4.24)+(5.3) with
internal model shows the smallest settling time and the lowest overshoot but, to reach steady
state, this controller combination takes the longest time.

Discussion of the measurement results for reference tracking under varying load (see Fig. 5.8):
Adaptive A-tracking controller ----- (3.11) without internal model produces large contouring
errors and so has the worst ITAE value (see Tab. 5.3). Moreover, this controller does not
attain standstill at 50 [s]. Funnel controller ----- (4.24) without internal model cannot assure
error evolution within the performance funnel. Due to the step-like load torque m(-) at 5 [s]
the tracking error approaches the boundary very closely and modeling assumptions (ma;) and
(may) are violated (see Section 1.6.1): near the boundary, due to large gains (> 20, not shown),
noise amplification is drastically increased, real-time execution in “quasi-continuous time” does
not hold anymore and the actuator cannot provide the required drive torque sufficiently fast.
As a consequence the error suddenly “jumps” out of the prescribed region which results in
reversed control action (sign change in the gain). Hence this run is aborted after ~ 12 [s]. The
chosen asymptotic accuracy A = 0.99 [rad/s] is too demanding for funnel control under load: at
the laboratory setup, speed measurement is too noisy and torque generation is too slow. In
Experiment SC3 it will be shown that funnel control without internal model works for speed
control of the 1MS if funnel design is more relaxed.

Control performance of the controllers (1.28), ——(3.11)+(5.3) and ——(4.24)+(5.3) with
integral control action is similar (see evaluation of ITAE criterion in Tab. 5.3). The fun-
nel controller ——(4.24)+(5.3) with internal model assures error evolution within the perfor-
mance funnel (by adequate gain adaption) whereas, for PI controller (1.28) and adaptive
A-tracking controller ——(3.11)4(5.3) with internal model, the tracking error leaves the pre-
scribed region when step-like load torques are induced at 5, 15 and 35 [s], respectively. Nev-
ertheless (and interesting to note that), the adaptive A-tracking controller ——(3.11)+(5.3)
with internal model gives the best ITAE value. Noise amplification of the high-gain adaptive
controllers ----- (3.11), ——(3.11)+(5.3) and ——(4.24)+(5.3) is slightly higher than that of
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(a) Experiment SC1 (1MS) — top: measured speed (b) Experiment SC2 (2MS) — top: measured load speed
w(+) + 1 (+); bottom: speed error e(-) wa(*) + Nma(+); bottom: (augmented) error e(-)

Figure 5.7: Measurement results of Fxperiment SC1 & SC2: set-point tracking speed control of emu-
lated 1MS (left) and 2MS (right) for different controllers (see p. 194): (1.28) (only for
1MS), =---- (3.11), =---- (4.24), —(3.11)+(5.3), ——(4.24)+(5.3) with parametrization as

in Tab. 5.2.

PI controller (1.28). Note that, only the gain of A-tracking controller ----- (3.11) dras-
tically and permanently exceeds gain kp = 2.2 [Nms/rad] of PI controller (1.28) with
lim; 50 k(t) ~ 7[Nms/rad|. For the interval [5 — 35] [s] the tracking error cannot be kept within
the A-strip. In contrast, for adaptive A-tracking controller combination —(3.11)+(5.3), the
error remains within the \-strip for almost all time. After a fast adaption phase within the in-
terval [0, 1] [s], the controller gain of ——(3.11)4-(5.3) stays almost constant (=~ 2.9 [Nms/rad])
and is slightly larger than kp = 2.2 of PI controller (1.28). The time-varying gain of funnel
controller combination ——(4.24)+(5.3) only increases if necessary, e.g. see the peak at 35 [s]
with k(35) = maxcjo,50) k(t) ~ 7.9 [Nms/rad] when the load torque is reduced step-like. Most
of the time, its gain is even smaller than gain kp of PI controller (1.28).

Remark 5.9. Obviously, the PI controller (1.28) could be designed more properly, using
e.g. anti-wind up strategies (see [166, Section 5.6]), such that better tracking performance and
disturbance rejection is to be expected. But for the comparison here, the intention is to show
the limits of classical PI speed control with constant gains: adaption to changing disturbances
18 not possible.
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Figure 5.8: Measurement results of Experiment SC1 (speed control of 1MS) for different controllers
(see p. 194): ——(1.28), =-=-- (3.11), -----(4.24), —(3.11)+(5.3), —(4.24)+(5.3) with
parametrization as in Tab. 5.2 (from top to bottom: measured speed w(-) + npm(-), speed
error e(-), gain kp & k(-) and drive torque mps(-) = sata, (u(-) +ua(-))).
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implementation in xPC target 2MS with ‘sensors’
Yref = wl‘
Wl’oo (Cl i C2)W2,ref e Speed u N . » .,
X controller )
Yy . : :
W1m = W1 + N1 y Tm1

filter & aug. output J

ip =—kp (zp+ dsm) bsm bsm
Y =cCiwim + C2¢S,m ~ i

+ c3wo m + C2X R

Wom = Wz + Nip2 v Nm2
P f)‘

Figure 5.9: Block diagram of implementation at laboratory setup for speed control of 2MS.

Experiment SC2 — speed control of 2MS:

Experiment SC2 is similar to Experiment SC1. Control task is load speed set-point tracking
without load and reference tracking under varying loads. Load speed reference ws,ef(-) €
W (R50; R) and disturbance torque mp(-) € L>(R>o;R) are depicted in Fig. 5.10 (see top
and bottom, respectively). Since

wMS = 61 [rad/s] < 1/(2T,) = 1/(4-107%) [rad/s] = 250 [rad//s]

(see Section 5.2.1), the implementation of PI controller (1.28) (with kp = 0 and ug(-) = 0)
requires re-design (deceleration) of torque controller in the inverter to assure stability of the
overall closed-loop system (see [166, Section 19.1]). Hence a comparison with standard PI
control is omitted and only the four high-gain adaptive controllers ----- (3.11), ----- (4.24),
——(3.11)+(5.3) and ——(4.24)+(5.3) in conjunction with augmented output and high-pass
filter as in (5.22) are applied for speed control of the 2MS. Color assignment is identical to
Experiment SC1 (see p. 194). Again a single run takes 50 [s].

The implementation of the high-gain adaptive speed controllers is illustrated in Fig. 5.9. Fil-
ter and augmented output are shown for measured signals (with index ,,) deteriorated by
measurement errors. In comparison to Experiment SC1, due to the increased overall inertia
01+ Oy = 0.499 [kgm?|, the reference ws ef(+) is slightly adjusted: its slope and so its maximal
magnitude [|wa ef]|oc = 30 [rad/s] are reduced (see top of Fig. 5.10). Also the motion control
objectives are relaxed as follows:

refog = LO[s],  tipor=15[s] and A =25[%] for g =10[rad/s]. (5.27)

All controllers are designed such that u(0) = mas,er(0) = 22 [Nm] and |u(t)| < 22[Nm] for
all t > 0. Design parameters of each implementation are listed in Tab. 5.2. Measurement
results are shown in Fig. 5.7(b) for set-point tracking without load (i.e. the interval [0, 5] [s])
and in Fig. 5.10 for reference tracking under changing load (i.e. the interval [0, 50] [s]). Eval-
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uation of control performance is done by means of rise time tr().0.8 settling time (.01 and
overshoot AZ‘E,) for load speed set-point tracking and by the ITAE criterion for load speed ref-
erence tracking. To compute the ITAE criterion, e(7) in (3.82) is replaced by load speed error
wWaret(T) — wo(7). Evaluation results are summarized in Tab. 5.3.

Discussion of the measurement results for load speed set-point tracking (see Fig. 5.7(b)):

First observe that all closed-loop systems exhibit noticeable oscillations in augmented error
e(-) whereas load speed ws(-) is well damped (see bottom and top of Fig. 5.7(b), respectively).
Clearly, all four controllers accomplish the motion control objectives specified in (5.27) (see
Tab. 5.8). But for the 2MS, due to the augmented output, even funnel controller design re-
quires several tuning iterations: error evolution within the performance funnel does not imply
that load speed error wa yef(+) —ws(+) evolves within the prescribed region (see top of Fig. 5.7(b)!).

Discussion of the measurement results for load speed reference tracking (see Fig. 5.10):

The measurement results are similar to Experiment SC1. The adaptive A-tracking controller
----- (3.11) without internal model yields bad transient tracking accuracy (large contouring
errors) and so the largest ITAE value (see Tab. 5.3). After the load step at 5[s], funnel con-
troller ----- (4.24) without internal model is not capable to keep the augmented error within the
performance funnel. The run is aborted after ~ 11[s]. Again, boundary design (asymptotic
accuracy) is too demanding for the noisy speed sensor signal at the laboratory setup. The
controller combinations with internal model, i.e. ——(3.11)+(5.3) and ——(4.24)+(5.3), have
comparable control performance and achieve steady state accuracy (in augmented error and
load speed error!). Evaluation of the ITAE criterion yields similar values for both high-gain
adaptive controller combinations (see Tab. 5.3). Noise amplification of the high-gain adaptive
controllers ----- (3.11) , ——(3.11)+(5.3) and ——(4.24)+(5.3) is acceptable.

Experiment SC3 — saturated funnel controller for speed control of 1MS and 2MS:
Experiment SC3 is similar to the runs of Experiment SC1 & SC2 with funnel controller (4.24).
Now, instead of (4.24), the saturated funnel controller (4.53) (with up(-) = 0), i.e.

u(t) = saty (k(t) e(t))  where k(t):m and ;(<))?SIE1T(ZZ)52

is implemented for speed control of 1MS and 2MS (see implementation in Fig. 5.6 and Fig. 5.9,
respectively). Reference and disturbance are as in Experiments SC1 & SC2 (see top and bottom
of Fig. 5.11(a) and (b), respectively). The purpose of this experiment is to illustrate that

(a) funnel control without proportional-integral internal model is feasible for speed control of
IMS and 2MS, if boundary design is not too demanding and

(b) funnel control with saturation is feasible for speed control of 1MS and 2MS, even if feasibility
condition (4.54) is violated.

To show (a), in contrast to Experiment SC1 & SC2, the funnel boundary of saturated funnel
controller (4.53) is designed with larger asymptotic accuracy (otherwise similar to the design in
Tab. 5.2). More precisely, for exponential boundary (-) as in (4.8), the following parameters
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Figure 5.10: Measurement results of Experiment SC2 (speed control of 2MS) for different controllers

(see p. 194): =+=-- (3.11), ----- (4.24), —(3.11)+(5.3), =——(4.24)+(5.3) with parametriza-
tion as in Tab. 5.2 (from top to bottom: measured load speed wa(-) + Nma(-), (augmented)
error e(-), gain k(-) and drive torque myy(-) = satq, (u(-) +ua(:))).
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are chosen:

for 1MS: A=20[rad/s], A=299[rad/s] and Tgp=0.134[s] and (5.28)
for 2MS: A =18[rad/s], A=2.99[rad/s] and Tr=0.137][s]. '

The choice A = 2.99 [rad/s| is the smallest possible to make funnel control without internal
model work at the laboratory setup.

To show (b), feasibility condition (4.54) is evaluated and saturation level @ of saturated funnel
controller (4.53) is successively reduced until speed funnel control fails for 1IMS and 2MS. So a
sufficient and a necessary condition for saturation level @ is obtained, respectively.

The measurement results are depicted in Fig. 5.11 for 1IMS and 2MS. The results underpin
that (load) speed tracking with prescribed transient accuracy for industrial servo-systems with
constrained control action is feasible. For the settings of Experiment SC3, the measurements in-
dicate that the following saturation levels are necessary: & = 15 [Nm)] for IMS and @ = 13.5 [Nm]
for 2MS. To check sufficiency the feasibility condition (4.54) is evaluated for 1MS (5.12), (5.13)
and for augmented 2MS (5.15), (5.16), (5.22) (with filter). To ease computation, assume that
both systems are exactly known. Then collecting the system data in Tab. 5.1, the implementa-
tion data in Tab. 5.2 (reference, disturbance, etc.) and the data of boundary design as in (5.28),
invoking M as in (4.20) and choosing § = 0.01 [1/s?] in (4.54) (arbitrarily) yields:

for IMS: |9l = 126.95 [rad/s?], 7o = 2.92 [1/kgm?] and M = 53.99 [1/5?]

= | Ufeas = 61.97 [Nm]  whereas @ = 15 [Nm]!

for 2MS:  [|4h]|ee = 109.57 [rad/s?], 7o = 6.02 [1/kgm?| and M =3.97-10" [1/s?]
= | Ufeas = 6.60 - 10'"* [Nm]  whereas @ = 13.5 [Nm]!

All values are rounded. Both feasibility numbers are much larger than the actually required
maximal torque. For the 1MS, the computed value of wug,s is still reasonable and realistic.
In contrast, for the 2MS, use,s is extremely huge. This is due to the very rough bound M, =
2.16-10" as in (4.19) (with M, = 2.02-107 as in (4.17)) on the internal dynamics'. Concluding,
evaluation of feasibility condition (4.54) gives very conservative bounds and might not be useful
(or helpful) for application. Nevertheless, the measurement results indicate that funnel control
works even in the presence of actuator saturation if the motion control objectives are reasonable.

5.2.3 Position control

In this section, a solution to the high-gain adaptive position control problem will be presented.
It will be shown that the high-gain adaptive controllers with derivative feedback for system
class Sy (presented in Chapters 3 & 4) are applicable for position control of stiff and flexible
industrial servo-systems. By adequate tuning the controllers assure fulfillment of e.g. motion
control objectives (mcoy )-(mcog).

First, in Sections 5.2.3.1 and 5.2.3.2, affiliation of 1MS (1.24), (1.25) and 2MS (1.26), (1.27) to

!To obtain M, and My, the augmented 2MS (5.15), (5.16), (5.22) must be transformed into BIF to allow
for computation of |a;|, ||az||, ||@sl|, etc. (see proof of Proposition 5.7). The details are omitted.
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Figure 5.11: Measurement results of Experiment SC3: saturated funnel controller (4.53) for speed con-
trol of 1IMS (—left) and 2MS (—right).
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system class S, is established, respectively. Hence, from a theoretical point of view, high-gain
adaptive position control is admissible. To underpin industrial applicability, in Section 5.2.3.3,
the high-gain adaptive (position) controllers are implemented at the laboratory setup and com-
parative measurement results are presented for a stiff and a flexible servo-system.

5.2.3.1 Omne-mass system of class S,

The 1MS (1.24), (1.25) represents the fundamental plant model for position control problems in
mechatronics. Neglecting actuator saturation, affiliation to system class S, can be established
easily.

Proposition 5.10. Consider the 1MS given by (1.24), (1.25) with instrumentation configu-
ration (1MS-icy) and output coupling ¢' = (0, ¢3), co € {1, 1/g,}. If actuator saturation is
negligible, i.e. tq — oo in (1.24), and sign(g,) is known, then 1MS (1.24), (1.25) is element of
system class Ss.

Note that gear ratio g, is written on the gear box. Hence its value and, clearly, its sign are
available to the control designer.

Proof of Proposition 5.10.

Only the case co = 1/g, is considered, the case ¢ = 1 follows analogously. For Bp, ua(-),
mr(-), & and Fy as in (1.25), define h := 0, uy(-) := ua(-), Bg := By, d(-) :== (0, mp(-))"
and T: C([—h,00);R?) — L2 (Rxo;R?), (Tx)(t) = ((Fww)(t), (SQw/gT)(t))T. Then, for
U — 00, system (1.24) with (1.25) can be written in the form (1.36) and the following hold:

(1.25)
(i) ¢"b=0,¢"Bs=0,,7v :=c' Ab (29 g’i—A@ # 0 and sign(vp) (12 sign(g,),

(ii)
s+ vi+v2/g2

0 ka
© [E) k -1 kL, (1.25)
det —1 s 0] =(—D)022 get Y # 0,
0 L0 "o 90
gr

(iii) Corollary 5.4 gives §F1,82 € T, hence T € T and, in view of (1.25), there exists Mg :=
V2max{ Mz, , Mgz,} < oo and ug(-) € L2(Rs0;R) and d(-) € LX(Rs; R?) and

(iv) in view of instrumentation configuration (1MS-icy), output y(-) = ¢(-)/g, and derivative
y(-) = w(+)/g. are available for feedback.

Hence, all properties (Sz-spj)—(S2-sps) of system class Sy are satisfied. This completes the
proof. O]

Clearly, Proposition 5.10 with Theorem 3.13 and Theorem 4.13 allows for application of adaptive
A-tracking controller (3.46) and funnel controller (4.67) with derivative feedback for position
control of 1MS (1.24), (1.25). In view of Corollary 5.2, the controller combinations (3.46)+(5.3)
and (4.67)4(5.3) with proportional-integral internal model (5.3) are admissible and moreover,
if steady state is reached, guarantee steady state accuracy. Theorem 4.7 allows to account
for actuator saturation and assures tracking with prescribed transient accuracy if feasibility
condition (4.107) is satisfied.
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5.2.3.2 Two-mass system of class S

Model (1.26), (1.27) of the 2MS is not in general element of system class S, even if actuator
saturation is negligible. Affiliation depends on the chosen output y(-). More precisely, output
coupling vector ¢ in (1.26) determines the relative degree and affects the minimum-phase con-
dition. Under mild assumptions the 2MS (1.26), (1.27) without constrained actuator “can be
made” element of system class S,.

Proposition 5.11. Consider the 2MS given by (1.26), (1.27) with instrumentation configura-
tion (2MS-icy)(c) and assume that actuator saturation is negligible, i.e. 44 — oo in (1.26).

Then, for

¢ = (0, c, 0, CQ) , c1>0 and e > —Cq, (529)
9r

the 2MS (1.26), (1.27) is element of system class Ss.

The output coupling vector ¢ in (5.29) yields the “auxiliary” output

(i.e. a linear combination of motor and load position) and assures, with the presuppositions
in (5.29), that 2MS (1.26), (1.27) is minimum-phase and has relative degree two and posi-
tive high-frequency gain. Note that only the sign of gear ratio g, is required to satisfy the
presuppositions in (5.29).

Proof of Proposition 5.11.

Step 1: It is shown that properties (Sa-sp1), (Sa-sp3), (Sa-sps) and (Sz-sps) of system class Sa
are satisfied.

For By, ua(-), mp(-), & and Fo as in (1.27), define h := 0, ug(-) := wa(-), Bz = By,
d(-) :== (0, mz(-))" and

T: C([—h,00);R*) = L. (Rx0; R?), (Tx)(t) == ((Frw1)(1), (32002)(75))T-

Then, for 44 — oo, system (1.26) with (1.27) may be expressed in the form (1.36). Simple
calculations give

5.29),(1.27
c'b=0,¢c"Bx=0,, 7:=c' Ab=c,ks/0, ( )>( ) 0 and sign(yy) = sign(cy), (5.31)

which shows system property (Sp-sp;). Furthermore, in view of Corollary 5.4 and (1.27), ¥ € T,
Mz < V2max{Mz,, Mz,} < oo and ug(-) € L2(R5g;R) and d(-) € L2(Rsg; R?), respectively.
Hence system properties (Sz-sp3) and (Sz-sp4) are fulfilled. Due to instrumentation configura-
tion (2MS-icg)(c), output y(-) = ¢1 ¢1(-) + c2 P2(+) and derivative y(-) = ¢y wi(-) + cawo(-) are
available for feedback which gives property (Ss-sps). This completes Step 1.

Step 2: It is shown that property (Sa-spa) of system class S is satisfied.
Since (5.31) holds, there exists a similarity transformation (see Section 3.3.2)

S:R* — R, x — (y, Y, 21, ZQ)T = Sx
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which takes (1.26), (1.27) with (5.29) into Byrnes-Isidori like form (3.8). For

dgca
grO2c1

1

ka T
0 C1 0 Co o 0 0
= d B = 1 2
the “subtransformation” matrices are given by
—_e
c1
V =kerC = 0 -2 and
B 1 0
0 1
T T 0 —-9s 1 _—
N=WV'V)'V'[I,- B(CB)'C] = 0 9692 0
which, in view of (2.24), yields
0 0 1 _c
S = %1 _d_s 012 | dses and Sfl dcé 0 0 o
Qr@2 97‘9281 gr®201 O 1 O
0 0 0 1 0 0 1

y(t)
y(t)
z1(t)
z2(t)

y(t)
y(t)
z1(t)
z2(t)

= SAS‘1< )+Sb(u(t)+uA(t))+SBL

i ()

.
(y(o)a y(0)7 21(0)7 22(0)) :Smoa

where
0 0
0 1 0, 0 _a _o
SAS™ =: |a, a a]| e R¥* Sb= 700 eR' and SB = | O %
Gy
ay 02 A5 0 0 02

c R4><2
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Moreover, in view of (2.55), the entries of SAS™! are given by

— & (Le_ 1L ds ds le e
i = g (92 c1 97"91) T 9r©102 <gr (1 T gr C1> T V101>
_ds c2 1 co
903 c1 (d <1 + = ) + V2> eR,
— ds (Ll _ _1 —_u
2. = (@2 c1 9r91) ©1 €R,
—dacy (1 + L) (Le +e _
a; = 5¢1 gr C1 O2 c1 gr®1 2 @1 [SH c R27

gr C1 O2 c1 9r©1

o = o (cs——<ds(+m)+w>>eR2

©
gr92c1 dS

- —cs0q <1+ L CQ) (LC—Q— ! )

and

ds le 14 Le

A5 =NAV = [_9_2 (1 gr C1> CY O2 ( gr C1>
1 0

v cs

€ R¥2, (5.32)

The characteristic polynomial of Aj is computed to

ds( 102) 1/2> cs< 102)
2

()= (o (1 =2 )+ 2 ) s+ (14—
X5 (5) <@z gr 1 O, O gr 1

and therefore

(5.29) = spec(As) C Coy. (5.33)
Invoking
S(sI,— A)S™' Sb] _ S 04 [sI;,—A bl [S! 0,4
det | =" g o= lor 1] ¢ oflor 1
—A b
= glet(S) (jlret(S 1) det { o7 0}
yields
s -1 0;T 0 _q 0] 0
det —A b —det | W 5T % 3 Tl = _det | s— as —aj Yo
C 0 —Qay 02 SIQ — A5 0
1 0 0; 0 02 SIQ — A5 0
T (5.33)
:det{sI2 i3A5 ’60 } = —pdet [sIg—Aﬂ # 0 VseCsy,

which shows property (Sa-sps) of system class S;. Combining Step 1 and Step 2 completes the
proof of Proposition 5.11. O
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Clearly, Proposition 5.11 with Theorem 3.13, Theorem 4.13 or Corollary 5.2 ensures applica-
bility of adaptive A-tracking controller (3.46), funnel controller (4.67) or controller combina-
tions (3.46)+(5.3) and (4.67)+(5.3) for position control of 2MS (1.26), (1.27) with auxiliary
output (5.30). Position funnel control in the presence of actuator saturation is covered by
Theorem 4.15.

Remark 5.12 (Controllability and observability of linear 2MS without friction).

Neglecting friction (viscous and nonlinear, dynamic terms), actuator saturation and distur-
bances in (1.26), (1.27) with (5.29), i.e. us — 00, mp(-) = ua(-) = 0, (Fiw1)(+) = (Fow2)(-) =0
and v1 = vy = 0, yields the linear model of a flexible 2MS. For the linear model, controllability
and observability matriz are given by

d% (014522 )-cs010 92 ) (2c50102-d2% (©1+ 2
1 __ds S( 1*9%) ceTr T ( 1z )\2es®102mds (Ont s
©1 9207 92030, g206%03
d ( 1+0ﬁ2>—059192
0 = - ;152 2 3
Q.=[b Ab A’b A’b] =kq4 o e 0102 o
d§(91+—§)—cselez ( —22) <zcseleg—d%(el+—§>)
0 dg _ 97 97 97
9r©102 903703 90303
a2 (01492 )—c50,04
0 0 dg _ g7
i 9r©103 9r0703 .
and
T
C
T
Q c'A
o T A2 —
c' A
c' A3
0 c1 0 Cc2
c1 0 c2 0
., _ €192 ., _ €192 €192 ol oy €192
ds (c2- 515%) es(e2-5ka%) —ds (2~ 51%) —es(c2-§15%)
9r©2 Qr@z 92 O )
-1 © 2 e €] 1 ] €] 1
(62*;},@§)(Cs@1fds évL@f;)) —csds Cz*glef (%g @1) (32—g 91)(0501 ds<7+@f;)) Csds(02*glef)( +®2)
9r©103 9r©102 0102 0103

respectively. Elementary row and column operations yield

2 2 2
Cg @2 (&)
63 (CQ clgT@l) (01+gr> '

]] 0 [det(@,) £0].

kj%;C?g (1.27)
20767 # 0 and |det(Q,)| =

det(Q.) =

Hence, the following implication holds

Co @2
1.27) N —=# —c1 A
|[ ( ) ar ?A &1 Co 7£ Clgr o,

Controllability and observability are necessary for active damping of shaft oscillations. Loosely
speaking, it has to be assured that the drive torque (control input) may affect angle of twist and
that shaft oscillations are “visible” in the auxiliary output (5.30).

Due to auxiliary output (5.30) and to allow for load position tracking of reference ¢ ,ef() €
W2 (Rs; R), the “auxiliary” reference

vVt > 0: Yret (1) 1= (c1/9r + C2) P2 rer (1) (5.34)
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should be implemented accordingly. Note that in many industrial applications solely mo-
tor position ¢;(-) and motor speed wy(-) are available for feedback. Setting ¢; = 1 and
¢ = 0 in (5.29), this case is covered by Proposition 5.11. However then, active damping
of shaft oscillations is not possible (see e.g. [140]). Moreover, asymptotic load position tracking
(i.e. limyyoo Paref(t) — P2(t) = 0) cannot be assured in general (see [65]). This also holds if load
position ¢y (+) is available for feedback, i.e. ¢; > 0 and 0 # ¢3/g, > —c; in (5.29). To show this,
suppose that the following assumptions are satisfied

(i) controller combination (3.46)+(5.3) or (4.67)4(5.3) is applied for position control of
2MS (1.26), (1.27) with auxiliary output (5.30) and

(ii) steady state is reached and, for y.¢(¢) as in (5.34), the “auxiliary error” tends to zero, i.e.

lim e(t) = lim (yrer(t) — c101(t) = c205(t)) = 0.

t—o00

Then it is easy to see that these assumptions do not imply limy o ¢oref(t) — ¢o(t) = 0. The
load position error does not necessarily tend to zero asymptotically. To overcome this drawback
and to achieve steady state accuracy and active damping of shaft oscillations, the restriction
to the qualitative system knowledge as in (1.27) must be weakened.

If the system parameters dg and O, in (1.27) are roughly and gear ratio g, is exactly known
(recall it can be read off on the gear box), then simulations and measurements show that active
damping and, simultaneously, asymptotic load position tracking of constant reference signals
can be achieved. Therefore dynamic feedback of angle of twist ¢g(-) = ¢1(:)/g, — ¢2(+) is
necessary (similar to high-gain adaptive speed control of the 2MS). The following result may
be formulated.

Proposition 5.13. Consider the 2MS given by (1.26), (1.27) with instrumentation configura-
tion (2MS-icz)(c). Suppose that actuator saturation is negligible, i.e. iy — oo in (1.26), and
introduce, for

d
Do0, 14250 and 0<kF<—S<1+C—2), (5.35)
9r C1 O C1
the filter and the augmented output as follows
ir(t) = —kp (zr() + 20— 60)), 2(0) = 0,
()

y(t) = (0, ;—i» 0, co, 01)4(

=T

) . (5.36)

Then the augmented 2MS (1.26), (1.27), (5.36) is element of system class Ss.

The filter in (5.36) with state variable zp [rad] represents a low-pass filter as in (5.24) of
(negative) angle of twist ¢g(-) = ¢1(-)/gr — P2(-), whereas the sum ¢1(-)/g, — ¢2(-) + xp(+) in
the augmented output (5.36) can be considered as high-pass filter (5.25) of ¢g(-) with cutoff
frequency kr [rad/s]. The augmented output in (5.36) and the presuppositions in (5.35) yield a
minimum-phase 2MS (1.26), (1.27), (5.36) with relative degree two and positive high-frequency
gain.
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Proof of Proposition 5.13.
The proof is similar to the proof of Proposition 5.11. Only the essential changes are highlighted.

Step 1: It is shown that properties (Sa-sp1), (Sa-sp3), (Sa-sps) and (Sz-sps) of system class Sa
are satisfied.
For A,b and By, as in (1.26), introduce

5 A 0,4 s T ; _— .
A.—{(()’ _k_f7 0, kp) —k‘F}ER , b= 0 eR” and Bj:= 0] e R>2,

and with € as in (5.36) rewrite system (1.26), (1.27) with (5.36) as follows

£ () = A() om0 )]

0 m(t) + (Faw2)(t)
y(t) = ¢’ (;(%) , (;((00))) - (:f‘;) e R

Define h =0, ug(+) := ua(-), Bz := By, d(-) := (0, my(-))7 and

xr T

T: C([—h,0);R®) — L2 (Rsg; R?), (‘z(

loc

))(t) — (Fre)(t), (Fan)(D))

TF

Then, for 44 — o0, system (5.38) can be expressed in the form (1.36). Moreover, similar
arguments as in Step 1 of the proof of Proposition 5.11 show that properties (Sa-sp1), (Sa-sps3),
(Sz-sps) and (Sy-sps) are satisfied. This completes Step 1.

Step 2: It is shown that property (Sy-spy) of system class Sy is satisfied.
Since

crka (5:35)

6 =0 (5.39)

Yo =¢ Ab =

there exists a similarity transformation

,§;R5_>R5, (;;) = w = (y, Y, 21, Zo2, 23)T::,§(w>

TR

which transform (5.38) into Byrnes-Isidori like form (3.8). For

k T

6 O ;—1 O Co C1 :| d E @_‘? 0 00

= 4 an = ds+g2n  k kad

a _a _ _ STYrV1 KA AQS ’
gr ar kF C2 Cl kF Cl kF kA g%@% 1 gr@1 @2 O O
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one obtains

22 gk (142) 0]
~ ~ 0 — &2 —Gr
V=kerC=| 0 0

0 1 0
| 0 0 1|

and

—~

0
~T ~ ~T ~ ~
N=(V V)V [I,-B(CB)'C]=10 0 0 1 0
0

Then, invoking (2.24), gives

0 “a 0 Co C1
= — ——=Rp C2 C1RFp —CRFf
S = /C\ = 56 Y 1] —%ds  _ds and
N gr©2 c102 S}
0 0 0 1 0
0 0 0 0 1
g dsazah®s & _za _gp(142) 0]
o =00 N
S =[B(CB) ,V]= e 0 1 0 0
0 0 0 1 0
I 0 0 0 0 1|

which allows for the coordinate change to the following form

1

X . (F1rowi (S w)(t)

mu(t) + (Farows(S )w)(t)
w(0) = S (2°,2%) ,

conform to (3.8), where

0 0 0
o 0 1 05 . Y o - &
SAS = | a a aA;f ER, Sb=|0|cR and SB,=| 0 —g|€eR>
64 03 A5 0 0 0
0 0 0
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Invoking (2.55) yields

a1 = c 1 e 1 + d% 1+C_2 1+ 2v1 _§C_2 14 €2 4 2
1 S\ 650 926, 92010, 9r ds 0% c c1 dg
—g—i (ds+V1>+k3F@ (1—1—202) € R,

62 = dS((aLzz_i_g%;@l>_g)_l1_kF€R’
—o (& (1+2)+2-8)+(+a) (b +)
a = | —o (1+§—j)%+(q+cg) (k o +Cst’gld5> € R?,
c1 Cc2

s g201  O9

L (cs + krds — & <ds (1 + —) + w))

a, = Cfgb eR3
ke
C1
and
d c 12 c cgtkpd c
o Ees) e () g
A;=NAV = 1 0 0 | e RS,
0 kr (14 2)

The characteristic polynomial of :45 is given by

dg cs + krds Co Cs C2
S (s)=$° 1 2 TS (4 2 kp—= 1+ 2.
XA5(3) s +(@2< + )+@2> + o, +C1 s+ F@2 —1—01

Vo Vo
=:mo =mq =:mg

For ¢1, ¢ and kp as in (5.35) the coefficients mg, m; and my are positive and

(5:35) cg ds
- > 1 1 —k
mo My mo @2 ( + ) |i@2 ( + o ) F

hence xz  is Hurwitz [77, Theorem 3.4.71, p. 339] and spec(ﬁg)) C C.y. Now the same
argumentation as in Step 2 of the proof of Proposition 5.11 shows that property (Sz-sp2)
is satisfied. This completes Step 2. Combining Step 1 and Step 2 completes the proof of
Proposition 5.13. [

(5.35)
0,

Clearly, affiliation of augmented 2MS (1.26), (1.27), (5.36) (without saturation) to system class
S, implies applicability of the high-gain adaptive controllers (3.46), (4.67), (3.46)+(5.3) and
(4.67)+(5.3) for position control (see Theorem 3.13, Theorem 4.13 and Corollary 5.2, respec-
tively). Moreover, if funnel controller (4.67) is applied to 2MS (1.26), (1.27), (5.36), then
Theorem 4.15 allows to account for actuator saturation as in (1.26) (see Fig. 5.3(b)). Hence
high-gain adaptive position control of the augmented 2MS (1.26), (1.27), (5.36) is feasible.

To allow for load position tracking of reference ¢ ,ef(-) € W (Rs0; R), due to the augmented
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output in (5.36), the use of the augmented reference
vVt >0: Yret(t) = (C1+ 2) Paret(t), Paret(-) € W (Rs0; R), (5.40)
is necessary and so the augmented error is given by
viZ0: () = g(t) —y(t)
= Yret (1) — (%le (t) + coa(t) + CﬂF(t))

= )= (1 (2610 = 0a(0) + 1+ cadn() + )

S () 4 60) (Graer(t) — Ba(t)) — e1(s(2) + 2 (1)) (5.41)

The following corollary states the observations above more precisely.

Corollary 5.14 (High-gain adaptive position control of augmented 2MS).

Consider the 2MS (1.26), (1.27) with filter and augmented output as in (5.36) and suppose that
actuator saturation is negligible, i.e. Uy — oo in (1.26), and that ¢; and co satisfy (5.35). Let
Daret(-) € W (R>0;R), A > 0, ¢s(t) as in (5.14), e(t) as in (5.41) and (Yo(-), ¥1(-)) € By
such that |e(0)] < ¥o(0) and [é(0)| < 11(0).

(i) (a) Application of adaptive A\-tracking controller (3.46) and funnel controller (4.67) with
deriwative feedback for position control of augmented 2MS (1.26), (1.27), (5.36) is admis-
sible and for both closed-loop systems the following holds:

VE> 00 are(t) — dalt) = (e(t) + e (6s(t) + xp(t))). (5.42)

C1 +02

(b) If steady state is reached, i.e. limy_,o 2+ (z(t)", zp(t)) = 05, then

i A . lim sup,_, ., ¥o(t)
1 S re t)— t < d 1 S re t) — t < —00 )
11;Ii>ololp|¢2, f( ) ¢2( )| =G to an Htiogplgbz f( ) ¢2( )’ < -

respectively.

(i1) (a) Application of the controller combinations (3.46)+(5.3) and (4.67)+(5.3) with propor-
tional-integral  internal  model  (5.3)  for  position  control of  augmented
2MS (1.26), (1.27), (5.36) is admissible. Moreover for q; > 0, &;(t) as in (5.3), k(t)
as in (3.46) and ko(t), ki(t) as in (4.67), the following holds

VI 0 danelt) ~ 0a(0) = (T e + st +ar@) ) (543

for closed-loop system (1.26), (1.27), (5.36), (3.46)4(5.3) and the following holds

a1 j— Cs ( ((tt)) B Z;Eg (t) + 1 (s (t )+37F(t))) (5.44)
(

for closed-loop system (1.26), (1.27), (5.36), (4.67)+(5.3).

Vit 2 0: ¢2,ref(t) - ¢2 (t) =

- 213 —



CHAPTER 5: APPLICATIONS

(b) If steady state is reached, i.e. limy,o 4 (x(t)", zp(t), z;(t)) = 0f, and
lim gﬁ27ref(t) = 0, then for both closed-loop systems the augmented error and the load po-
sition error vanishes asymptotically, i.e. limy_,o e(t) = 0 and limy_, o P2 rer(t) — Pa(t) = 0,
respectively.

Proof of Corollary 5.14.

Assertion (i)(a) follows from Proposition 5.13 combined with Theorem 3.13 and Theorem 4.13.
Moreover, (5.42) directly follows from (5.41). Next Assertion (i)(b) is shown. Clearly,

lim i) =0 22 lim (zp(t) + ¢s(t) = 0 = limsup |zr(t) + ds(t)]. (5.45)
t—00 t—o00 t—o00
Hence, Assertion (i)(b) directly follows from (5.42), (5.45) and Assertion (iv) of Theorem 3.13
and Assertion (iii) of Theorem 4.13, respectively.
Assertion (ii)(a) follows from Proposition 5.13 combined with Corollary 5.2, where (5.43) and
(5.44) are obtained by inserting (3.46) and (4.67)—with u(t) replaced by v(t) and with e(t)
as in (5.41)—into (5.3) and solving for ¢g,er(t) — ¢2(t), respectively. In view of (5.40), the
presuppositions in Assertion (ii)(b) imply lim; . Gref(t) = 0 and limy_, o €(t) = lim;_, (yref(t)—
c'@(t)) = 0. Hence Assertion (ii)(b) directly follows from limy_,o & (z(t)", 2 (t), 2(t)) = 04,
Assertion (iii) of Corollary 5.2, (5.45), (5.43) and (5.44), respectively. This completes the proof
of Corollary 5.14. m

From (5.42) it follows that funnel controller (4.67) cannot in general assure that load posi-
tion error ¢g ef(-) — ¢P2(-) evolves within the prescribed region. However, usually ¢g(-) + x5 (-)
in (5.42) is small, e.g. at the laboratory setup the sum’s magnitude does not exceed 1072 [rad].
Hence, for small ¢; /(c1+c2), it is to be expected that ¢g ef(t) —pa(t) = e(t)/(c1+c2) for all £ > 0.

Although it was not possible to prove that active damping of shaft oscillations is achieved by
the use of the augmented output and the high-pass filter as in (5.36), the measurement results
in Section 5.2.3.3 show that damping is feasible by adequate design of feedback coefficients ¢;
and cs.

Remark 5.15 (Design parameters c;, ¢y and kp).
If 0 < dgmin < dg and Ogpmax > O2 > 0 and lower bound dgin and upper bound O .y are
known, then it is easy to see that

d min
0 < kp < 25 (L+9) (5.46)

@2,max C1

satisfies (5.35). Besides the constraints imposed by the presuppositions in (5.35), the constants
c1, ¢ and kp in (5.36) are free design parameters and directly affect (load) position control per-
formance. Measurements at the laboratory setup (g, = 1) indicate following rule of thumb: for
c1 K |eo| the system response is badly damped, best damped responses are obtained for ¢ = ¢y
(e.g. c1 = co = 1). Cut-off frequency kg should not be chosen too small to avoid “slow filter
dynamics” which yields a deceleration of the system response (in particular, the smaller kp the
longer it takes to reach steady state).
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implementation in xPC target (emulated) 1MS with ‘sensor(s)’
Yret = gbref ~ € ¢ — ¢
b — w .
Yref ref € controller W= Wy
j=w+n : :
L = O Ny, = Mm2
Y ¢ o O Ny = Nim2

Figure 5.12: Block diagram of implementation at laboratory setup for position control of 1MS.

5.2.3.3 Measurements

In the previous two sections, it has been shown that, from a theoretical point of view, high-
gain adaptive position control of (the models of) 1IMS (1.24), (1.25) and 2MS (1.26), (1.27)
is admissible. It remains to show that, in “real world”, high-gain adaptive position control of
stiff and flexible industrial servo-systems is feasible. Therefore, similar to the speed control
experiments, three position control (PC) experiments are carried out at the laboratory setup
(see Section 5.2.1). The experiments will illustrate that:

e adaptive A-tracking controller (3.46) and funnel controller (4.67) with derivative feedback
in combination with proportional-integral internal model (5.3) can compete with standard
PID position control of stiff servo-systems (1MS);

e high-gain adaptive position control with active damping of shaft oscillations of flexible
servo-systems (2MS) is feasible and

e position funnel control of 1IMS and 2MS with constrained actuator may perform even if
feasibility condition (4.107) does not hold.

Experiment PC1 — position control of 1MS:

Five controllers are applied for position control of the emulated 1MS (see Fig. 5.4(a)). The PID
controller (1.28) with feedforward control is implemented as benchmark controller (the indus-
trial standard). The remaining four controllers are the adaptive A-tracking controller (3.46),
the funnel controller (4.67) and the high-gain adaptive controller combinations (3.46)+(5.3)
and (4.67)4(5.3) with proportional-integral internal model (5.3).

So Experiment PC1 comprises five runs at the laboratory setup: one for each controller. Each
run takes 50 [s]. Control task is position set-point tracking without load (i.e. the interval
[0, 5] [s]) and position reference tracking under varying load (i.e. the overall interval [0, 50] [s]).
Reference yref(+) = dref(-) € W?°(Rs0; R) and load torque my(-) € L(Rsg;R) are shown in
Fig. 5.14 (see top and bottom, respectively). Implementation in xPC target is illustrated in
Fig. 5.12 for measured position and speed signals (with index ,,) deteriorated by measurement
errors subsumed in n,,(-) and n,,(-), respectively. For each run, one of the five controllers above
is implemented as ‘position controller’ in Fig. 5.12.

To guarantee identical conditions for each run, the following constraints are imposed (similar
to Experiment SC1):
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(i) the available drive torque of the laboratory setup must not be exceeded, i.e. |u(t)| < G4 =
22 [Nm] for all t > 0,

(ii) fastest initial acceleration is desired, i.e. u(0) = 44 = 22 [Nm], and

(iii) for set-point tracking (without load), maximum rise time, maximum settling time and
maximum overshoot must be assured. More precisely, the following must be fulfilled:

refos = LO[s],  tso; =2.0[s] and e =05[%]  for G =m[rad]. (5.47)

Since large overshoots may cause deficient workpieces, in many industrial applications—such
as position control of machine tools or milling machines—overshoots are to be avoided (see
e.g. [166, p. 250]). The motion control objectives in (5.47) account for such a demand.

To achieve small overshoots, the PID controller (1.28) is equipped with (decelerating) feedfor-
ward control® (see [51, 123] and up in Tab. 5.4), whereas the high-gain adaptive controllers
are tuned according to Remark 3.14 and the observations in Section 4.4.2.3. Therefore a lower
bound 7o on the high-frequency gain 7o = k4/(g,0) is needed for implementation (see Tab. 5.4).

Remark 5.16. If lower bound ~y is not known a priori, then appropriate choices for constant
@ i (3.46) and gain scaling function ¢,(-) in (4.67) may be found by trial and error. Clearly,
this will increase implementation effort in the sense that several attempts are needed to obtain
satisfactory results, but obviates the need of rough system knowledge.

For design of PID controller (1.28), adaptive A-tracking controller (3.46) and adaptive A-tracking
controller combination (3.46)+(5.3) with internal model, several implementation attempts are
necessary to meet the specifications in (5.47). In contrast, funnel controller (4.67) and funnel
controller combination (4.67)+(5.3) with internal model are easier to implement. By adequate
boundary design, maximum rise and settling time are guaranteed right away. Since speed mea-
surement is very noisy (recall the problems during speed control experiments in Section 5.2.2.3),
as a precaution the asymptotic accuracy of “speed funnel boundary” 1 (-) is chosen (extra) large
with Ay = 10[rad/s]. A complete list of the implementation data is given in Tab. 5.4. The
following color and line style assignment is used for the different controllers (control laws are
restated to ease readability):

(1.28), i.e. PID controller with feedforward control (to suppress overshoots):
t
u(t) = kpe(t) + ki / e(r)dr + kp é(t) + up(t);
0

ERRILEETL (3.46), i.e. adaptive A-tracking controller with derivative feedback:

u(t) = k(t)e(t) + qk(t)é(t) where k’(t) = @y exXp ( — q3q4k(t)) dy (H (EE(_?) H) , k(0) = ko;

2 Another common approach, to avoid overshoots for PID position control, is to smooth the reference signal
by a first order filter (see e.g. [166, p.811.]). However then, set-point tracking of an initial reference step—as
required for Experiment PC1—is not possible.
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mmmme (4.67), i.e. funnel controller with derivative feedback:

u(t) = ko(t)%e(t) + ko(t)k1(t)é(t)  where  ki(t) = ,1€40,1};

i) — e@ ()]

(3.46)+(5.3), i.e. adaptive A-tracking controller with internal model (kp = 1):

u(t) = k(t)e(t) + qk(t)é(t) + k;/o (k)(T)Qe(T) + qlk‘(T)é(T)) dr

where  k(t) = gaexp (= gzquk () dr (|| (e(t), et)/k@))])™,  k(0) = ko;

(4.67)+(5.3), i.e. funnel controller with internal model (kp = 1):

u(t) = ko(t)?e(t) + ko(t)ky (t)é(t) + k:I/O (ko(T)Ze(T) + kzo(T)k:l(T)é(T)) dr

Si(t)

SO =@t €O

where

Control performance of all controllers is compared. Therefore, for set-point tracking, rise time
th),0.8° settling time th).01 and overshoot AZ‘?) are analyzed and, for reference tracking, the
ITAE criterion as in (3.82) (with t.,q = 50 [s]) is evaluated. The evaluation results are sum-
marized in Tab. 5.5. Measurement results are depicted in Fig. 5.13(a) for set-point tracking
and in Fig. 5.14 for reference tracking. To allow for a direct comparison of the controller gains
of (1.28), ----- (3.46), ----- (4.67), ——(3.46)+(5.3) and ——(4.67)+(5.3), the “proportional
gains” kp, k(-)? and ko(-)? and the “derivative gains” kp, ¢ k(-) and ko(-) k1(-) are plotted in
Fig. 5.14, respectively.

Discussion of the measurement results for set-point tracking (see Fig. 5.13(a)):

Clearly, all five controllers accomplish the control objectives in (5.47) (see Tab. 5.5). Moreover,
their control performance is almost identical (see Tab. 5.5). Adaptive A-tracking controller
----- (3.46) and funnel controller -----(4.67) show no overshoot but do not achieve steady state
accuracy. The controllers with integral control action, i.e. (1.28), ——(3.46)+(5.3) and
—(4.67)+(5.3), exhibit very small (almost negligible) overshoots and achieve steady state ac-
curacy for set-point tracking. The funnel controllers and, by chance, also the other controllers
assure error evolution within the performance funnel.

Discussion of the measurement results for reference tracking (see Fig. 5.14):

Adaptive A-tracking controller ----- (3.46) and funnel controller ----- (4.67) yield noticeable con-
touring errors and so large ITAE values. Since funnel controller ----- (4.67) assures error evo-
lution within the prescribed region, its ITAE performance is better than that of adaptive
M-tracking controller ----- (3.46), but many times worse than the ITAE performance of PID con-
troller (1.28) and of controller combinations ——(3.46)+(5.3) and ——(4.67)+(5.3) with
internal model (see Tab. 5.5). All three controllers with integral control action achieve asymp-
totic disturbance rejection. Nevertheless, the ITAE value of PID controller (1.28) is almost
three times larger than that of funnel controller combination ——(4.67)+(5.3). Similar to the
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controller /system Experiment PC1 (1MS) Experiment PC2 (2MS)

assumed bounds Y% = 7/3 [@] where Yo = 70/3 where 7 29 6.02 [@} :
0= 25 =292 | s dsmin = /5, Oz.max = 30

reference Uret = 7 [rad], for ye(+) see top of Fig. 5.14 or 5.16, resp.

“yrefHOO = bm [rad], ||yref||00 = 7T/2 [%1] and ||yref||00 =15.72 [rsa_2d}

load torque for mp(-) see bottom of Fig. 5.14 or 5.16, ||mp||s = 10 [Nm]

augmented output ~ — cp =co=1[1],

& filter as in (5.36) kr = 0.01 [rad/s]

initial error e(0) = 7 [rad] e(0) = (c1 + ¢2)ret = 27 [rad]

PID controller kp=11 [Ij:(f], k=17 [i—rg} —

as in (1.28) kp =4 | M| up = —12.6 [N

A-tracking controller @ =2/y% 1], 2=2[1], ¢ =0.1[1], ¢ = 2 [1], A = 0.097 [rad],

as in (346) ko = ,/% = 2.65 [I\r];és} ko = /% — 1.87 [1;1:(115,}

funnel controller (to(-),%1(-)) as in (4.64) where Ag = 2¢(0), Ag = A, Ay = 10 [24],
as in (4.67) Tg =0.35 [s] Tg =0.28 [s]

gain scaling o) = %(onz(o)) o(t) and i (t) = \/L'Ewl (1)

internal model

as in (5.3) kp=1[1], ky =5 [}] kp=1[1], ky =3 [1]

Table 5.4: Implementation data of Ezperiment PC1 (position control of 1MS) and Experiment PC2
(position control of 2MS) (centered values hold for both experiments, resp.)

experiment  controller thoos 8] oo 8 AV [%] ITAE [rads]
PC1 (IMS) (1.28) 0.85 1.19 0.02 60.7
(3.46) 0.89 1.22 0.00 405.3
(4.67) 0.82 1.17 0.00 261.2
(3.46)+(5.3) 0.86 1.21 0.01 6.5
(4.67)+(5.3) 0.83 1.19 0.01 21.8
PC2 (2MS)  (3.46) 0.76 1.01 0.00 281.1
(4.67) 0.65 0.88 0.00 148.5
(3.46)+(5.3) 0.71 0.98 0.01 12.2
(4.67)+(5.3) 0.65 0.89 0.01 27.3

Table 5.5: Controller performance for Experiment PC1 (position control of 1MS) and Experiment PC2
(position control of 2MS).
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(a) Experiment PC1 (1MS) (b) Ezperiment PC2 (2MS)
top: measured position ¢(-) + npm(+); top: measured load position ¢2(-) + Nma(+);
bottom: position error e(-) bottom: (augmented) error e(-)

Figure 5.13: Measurement results of Experiments PC1 & PC2: set-point tracking position control of
IMS (left) and 2MS (right) for different controllers (see p. 216): (1.28) (only for
1MS), === (3.46), ----- (4.67), ——(3.46)+(5.3), ——(4.67)+(5.3) with parametrization as

i Tab. 5.4.
speed control experiments, adaptive A-tracking controller combination ——(3.46)+(5.3) shows
the best ITAE performance. Noise sensitivity (i.e. noise amplification) of all four high-gain
adaptive controllers is acceptable. Especially, for funnel controller ----- (4.67) without inter-

nal model, noise amplification is temporarily noticeable due to the largest proportional gain
(i-e. maxe(o, 50 ko(t)* ~ 55 [Nm/rad]) and the largest derivative gain (i.e. maxe, 50 ko(t)k1(t) =
17 [Nms/rad]). Clearly, due to monotone gain adaption, the A-tracking controllers ----- (3.46)
and ——(3.46)+(5.3) yield large proportional and derivative gains at the end of the experi-
ment. Since, for adaptive A-tracking controller combination ——(3.46)+(5.3), the A-strip is
reached after ~ 2[s] and not left again, gain adaption stops and proportional gain k(-)? and
derivative gain ¢ k(-) of ——(3.46)+(5.3) remain constant on [2, 50] [s]. Note that, for most of
the time, proportional gain ko(-)? and derivative gain kgy(-)k;(-) of funnel controller combina-
tion ——(4.67)4(5.3) is even smaller than proportional gain kp and derivative gain kp of PID
controller (1.28), respectively. The generated control actions are very similar and mainly
differ in noise amplification.

Remark 5.17. Similar to the speed control experiment SC1, the PID controller could be imple-

- 219 —



CHAPTER 5: APPLICATIONS

5 T
.3 ¢
2k
+
. 1
0
0.4
5
5 0.3
m§ 0.2
85 01
p._‘
5 ° 0
@)
A -0.1
Z — 50
37
4% 40
%5 30
Eé: 20
%N% 10
£ 0
10
S O l
=) ‘ ‘ .
ot O_f —_ - v
B o : :
T st |
— e e o e
% T T T T T ]
Oé lm'ﬂ-—..j..- - SN WU b o _}" I
Lg § ___________________________________ ;_:_',‘:__'M:R R N
E ? Ay I S——_J
Q% I i I i | ]
=< T T T T T
@ g
2 =
i i i

| |
25 30 35 40 45 50
TIME t [s]
Figure 5.14: Measurement results of Experiment PC1 (position control of 1MS) for different controllers
(see p. 216): ——(1.28), ----- (3.46), -----(4.67), —(3.46)+(5.3), ——(4.67)+(5.3) with
parametrization as in Tab. 5.4 (from top to bottom: measured position ¢(-) + np(-), posi-

tion error e(-), proportional gain kp, k(-)? € ko(-)?, error derivative é(-), derivative gain
kp, qik(-) & ko(-)ki(-) and drive torque mps(-) = satg, (u() + uA()))

- 220 —




5.2 SPEED AND POSITION CONTROL OF INDUSTRIAL SERVO-SYSTEMS

implementation in xPC target 2MS with ‘sensors’
Yret =
(c1 + c2)Porer € o
2,00 L ; position ro- i w1
144 € controller 02
Yref = — | w2
(c1 + c2)wa ret
e ] W1,m = w1 + Nma 3 .
g_r O N1
Yyl . W2.m = W2 + M2 .
C C2 O Nm2
C1 .
L TF
filter & aug. output
& p¢ G1,m = P1 + N n
. 1, O 1
ip =—kp (vp +—" — d2.m) "
T
c
y= —lgbl,m + c22m + 1R $2,m = P2 + N2
gr O Nm2

Figure 5.15: Block diagram of implementation at laboratory setup for position control of 2MS.

mented with larger gains to accelerate the closed-loop system response and to achieve a better
control performance, but then the controller runs into actuator saturation which necessitates
anti-wind up strategies. Again the comparison tries to highlight the drawbacks of classical PID
controller design with constant gains: varying and unknown disturbances may unexpectedly dete-
riorate control performance (e.g. customer specifications may not be accomplished under load).

Experiment PC2 — position control of 2MS:

Experiment PC2 is similar to Experiment PC1. Now the high-gain adaptive controllers (3.46),
(4.67), (3.46)+(5.3) and (4.67)+(5.3) are implemented at the laboratory setup for position con-
trol of an flexible servo-system (see Fig. 5.4(b)). Since P(I)D control is “inadequate” for flexible
servo-systems (see [174, p. 225]), a comparison with a PID controller is omitted. So Exper-
iment PC2 consists of four runs a 50 [s]. Control task is load position tracking of reference
Baret () € W ®(Rso; R) under varying load disturbance mp(-) € L*(Rso;R). Reference and
load signals are the same as in Experiment PC1 (see top and bottom of Fig. 5.16, respectively).
Moreover, each controller of Experiment PC2 is designed under the identical constraints (i)-(iii)
as in Experiment PC1.

In Section 5.2.2.2 it has been shown that an augmented output is necessary to allow for high-
gain adaptive position control of flexible servo-systems. Moreover, to achieve steady state
accuracy, dynamic feedback is required and so, for this experiment, the high-gain adaptive
controllers ----- (3.46), ----- (4.67), ——(3.46)+(5.3) and ——(4.67)+(5.3) are implemented in
conjunction with the augmented output and the filter as in (5.36). Color and line style assign-
ment is identical to Experiment PC1 (see p.216). Real-time implementation is illustrated in
Fig. 5.15. Filter and augmented output are shown for measured signals (with index ,,). Position
and speed on motor and load side are deteriorated by measurement errors n,,;(+) & 1 (+) and
Nma(+) & Nma(-), respectively. For each run, one of the four high-gain adaptive controllers is
implemented as ‘position controller’ in Fig. 5.15. Design parameters are collected in Tab. 5.4.
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Fig. 5.13(b) and Fig. 5.16 show the measurement results for set-point tracking (i.e. the interval
[0, 5] [s]) and for reference tracking under changing load (i.e. the complete interval [0, 50] [s]).
Note that, for filter design, a lower bound dg i, on damping coefficient dg and an upper bound
O3 max 0N load inertia ©2 must be known a priori. The assumed bounds are rough (see Tab. 5.4)
and yield relative errors of 80% and 200%, respectively. For these bounds and feedback co-
efficients ¢; = ¢o = 1, the upper bound as in (5.35) on the cut-off frequency kr is given by
ds.min/©O2.max (1 + c2/c1) = 0.1. Clearly the choice kr = 0.01 [rad/s] satisfies the presupposition
in (5.35).

Similar to Experiment PC1, for each run, rise time ()08 settling time to()01 and overshoot
AZ?) are used to rate set-point tracking control performance. Overall control performance of
each run is evaluated by the ITAE criterion (where e(7) in (3.82) is replaced by load position
error ¢ ,et(7) — ¢2(7)). Tab. 5.5 lists the evaluation results.

Discussion of the measurement results for set-point tracking (see Fig. 5.13(b)):

First note that each of the four controllers can fulfill the control objectives in (5.47) and each
closed-loop system response is well damped. Concerning rise time, settling time and overshoot
all high-gain adaptive controllers show comparable results (see Tab. 5.5). Funnel controller
----- (4.67) and funnel controller with internal model ——(4.67)4(5.3) yield the fastest tran-
sient responses (see Tab. 5.5). Conform to the Assertions of Corollary 5.14, only the high-gain
adaptive controllers with internal model, i.e. ——(3.46)+(5.3) and —(4.67)+(5.3), achieve
steady state accuracy in augmented error e(-) and load position error ¢g ef(-) — ¢af-).

Discussion of the measurement results for reference tracking (see Fig. 5.16):

The measurement results are almost identical to Experiment PC1, since all controllers in con-
junction with augmented output and filter assure a well damped closed-loop system response.
Adaptive A-tracking controller ----- (3.46) gives large contouring errors yielding the largest ITAE
value. Clearly, the funnel controllers ----- (4.67) and ——(4.67)+(5.3) achieve tracking with
prescribed transient behavior, i.e. the augmented error (5.41) evolves within the performance
funnel. By chance, also adaptive A-tracking controller with internal model ——(3.46)+(5.3)
yields an error evolution within the prescribed region. Again, its ITAE performance is the
best in this study (see Tab. 5.5). Noise sensitivity of all four high-gain adaptive controllers is
acceptable. Funnel controller ----- (4.67) yields the most noticeable noise amplification.

Experiment PC3 — saturated funnel controller for position control of 1MS & 2MS:
For Experiment PC3, the runs of Experiment PC1 & PC2 with funnel controller (4.67) are
repeated. However now, instead of (4.67), the saturated funnel controller (4.104) (with up(-) =
0), i.e.

u(t) = sat (k:o(t)ze(t) n k:o(t)kl(t)é(t)> where for i € {0,1}:

Gi(t) )

ki(t) = = 0[] and  ¢(+), ¥;(+) as in Tab. 5.4,
is implemented for position control of 1IMS and 2MS (see implementation in Fig. 5.12 and
Fig. 5.15). Each run is carried out under the same conditions as specified in Experiment PC1
& PC2, e.g. constraints (i)-(iii), reference, disturbance and boundary design (see Tab. 5.4) are
identical. For both runs, saturation level @ of funnel controller (4.104) is reduced stepwise (by
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Figure 5.16: Measurement results of Exzperiment PC2 (position control of 2MS) for different controllers
(see p. 216): =---- (3.46), ----- (4.67), —(3.46)+(5.3), ——(4.67)+(5.3) with parametriza-
tion as in Tab. 5.2 (from top to bottom: measured load position ¢2(-)+nma(-), (augmented)
error e(-), proportional gain k(-)? € ko(-)%, (augmented) error derivative é(-), derivative
gain qik(-) & ko(-)k1(-) and drive torque m;(-) = sata, (u(-) +ua(’))).
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0.5 [Nm] at a time) until position control fails for IMS and 2MS. So, for the circumstances of
this experiment, a necessary (minimum) drive torque level @ is obtained for 1IMS and 2MS,
which assures tracking with prescribed transient accuracy in the presence of control saturation.
In contrast, evaluation of feasibility condition (4.107) yields a sufficient lower bound e, for
1MS and 2MS. The goal of this experiment is to show that funnel control in the presence of
actuator saturation is applicable for position control of 1IMS and 2MS, even if feasibility con-
dition (4.107) is violated.

The measurement results are depicted in Fig. 5.17 for 1IMS and 2MS. Note that, within the
first two seconds, the augmented error e(-) of the 2MS is so close to the boundary y(-)
such that proportional gain ky(-)?> and derivative gain ko(-)k;(-) attain their maximal values
maxqefo, 2) ko(t)*> = 1.56 - 10° [Nms/rad] and maxyejo, o ko(t)k1 () = 4.20 - 10* [Nm/rad], respec-
tively. In Fig. 5.17(b), these peaks are not shown to allow for a quantitative comparison with the
measurement results of the 1MS. Clearly, the measurement results prove feasibility of position
funnel control of 1IMS and 2MS with saturated actuator. For the settings of Experiment PC3,
the following necessary (minimum) saturation levels are determined: « = 11.5 [Nm] for 1MS
and ¢ = 13.0 [Nm] for 2MS. Now feasibility condition (4.107) is evaluated for 1IMS (1.24), (1.25)
and for augmented 2MS (1.26), (1.27), (5.36) (with filter). For simplicity, it is assumed that
both plants are exactly known. Hence the data in Tab. 5.1 is available to the control designer.
Furthermore, the parameters of funnel design and gain scaling in Tab. 5.4 yield the following
(rounded) values:

for IMS:  [|¢olloo = 2, [[th0lleo = 17.13, [|th1]leo = 27.13, ||th1[|oo = 48.89, , = 0.37, etc.
for 2MS:  [|tbolee = 47, [|tho]|oe = 43.87, [[¢1]lee = 53.87, ||[th1]|oc = 156.63, 5, = 0.26, etc.

Then, collecting the data above and the data in Tables 5.1 & 5.4 (reference, disturbance, etc.)
allows to compute M as in (4.78) and, for § = A\; = 10 [rad/s], to evaluate ug in (4.105) and L
as in (4.106). Combining altogether gives the following (rounded) values®:

for IMS: M =64.5 [1/s*], ds=3.89-10" [1/s*], L =2.65-10" [1/s°] and
Y0 =292 [1/kgm®] = |Ufeas =9.08-10° [Nm] whereas @ =115 [Nm]!

for 2MS: M =1.10-10" [1/s*], dg=1.02-10" [1/s*], L =184-10" [1/s’] and
Y0 =6.02 [1/kgm®] = |Ueas =2.14-10"" [Nm] whereas @ =13 [Nm)]!

The computed values of feasibility number ug,s for IMS and 2MS are both extremely huge
and unrealistic and by far exceed the actually required torque @ = 11.5 [Nm]| for 1IMS and @ =
13.0 [Nm] for 2MS. This is mainly due to L as in (4.106), where e.g. the term ([|t1]|s0 4 |00/ 00 )*
yields ~ 3.84-10° for the 1MS and =~ 91.27-10° for the 2MS. For the 2MS, the rough bound M,
as in (4.77) on the zero dynamics degrades M and so usefulness of the feasibility condition even
more. To conclude, similar to speed control experiment SC3, also for position control, feasibility
condition (4.107) is mainly of theoretical interest. For implementation more realistic feasibility

3 To compute M for the feasibility check, the augmented 2MS (1.26), (1.27), (5.36) must be transformed
into BIF (see proof of Proposition 5.13) such that |a;|, ||az||, etc. are available for evaluation of My, as in (4.76)
and M, as in (4.77). The details are omitted.
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numbers are desirable. This far, the available theory cannot serve this need. Nevertheless, the
presented measurement results underpin applicability of funnel controller (4.67) for position
control of 1IMS and 2MS even in the presence of actuator saturation.

5.3 Position funnel control of rigid revolute joint robotic
manipulators

As a “side product” of the theoretical development of Theorem 4.13, a first result for funnel
control with derivative feedback in robotics has been found. In this section, it will be shown
that the (SISO) funnel controller (4.67) may be extended to the MIMO case and then applied
for position control of rigid revolute joint robotic manipulators if the inertia matrix is known.
For illustration the proposed MIMO funnel controller is implemented for position control of a
planar (elbow-like) two degree-of-freedom (DOF') robotic manipulator and simulation results
are shown.

In the following let n € N and consider a n-DOF robotic manipulator, given by the functional
differential equation (see e.g. [112, p. 77|, there without dynamic friction term)

M(y()g(t) + (Cy(6), y(1) + Cv)y(t) + (FY)(t) + g(y(t) + d(t) = u(t),
(¥(0), 9(0)) = (¥°, y') €R™, (548)

where y(t) in [rad]” and ¢(¢) in [rad/s]" represent position and speed (vector) at time ¢ >
0, respectively. M(-) € C(R";R™ ™) is the position dependent inertia matrix. C(-,-) €
C(R™ x R™;R™ ™) is the position and speed dependent centrifugal and Coriolis force matrix.
Cy = diag{vy, ..., v,} € R™" with vy, ..., v, > 0 represents the viscous friction matrix
and §: C(Rso; R") — L®(R>¢; R") with §F := (F1,...,8») " and F,..., T, as in (1.22) mod-
els dynamic friction. Similar to 1IMS and 2MS, it is assumed that friction may be split into
unbounded viscous part C'yy and bounded nonlinear and dynamic part §y modeled by the
simplified LuGre friction operator. d(-) € L>(R>o;R") represents an exogenous disturbance
and g(-) € C(R™;R") is the position dependent gravity vector. The robot is actuated by joint
torque vector w [Nm]" (control input). For simplicity, elasticity in the joints (or the links),
torque generation in the actuator and actuator saturation are neglected. The following as-
sumptions are imposed on the model (5.48):

(A;) the inertia matrix is uniformly bounded from above and below (see e.g. [63]), i.e.

e, cpy > 0Vy € R : 0<cyln <M(y)=M(y)" <enly;

(Ag) the centrifugal and Coriolis force matrix is upper bounded (see e.g. [112, Sections 4.2]) as
follows
Seo >0y vweR:  [Cly,v)wl < colvll|wl;

(A3) the gravity vector is uniformly bounded (see e.g. [112, Sections 4.3]), i.e.

Jeg>0vVy eR":  [lg(y)l| < cg;
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(A4) the friction operator is element of class 7 and globally bounded, i.e.

FeT and Mg :=sup{[[(FE)(D) [t =0, &(-) € C(Rxo, R")} < 00;

(As) the exogenous disturbance is uniformly bounded, i.e. d(-) € L>(Rx>p; R™) and
(Ag) feedback of position y(-) and speed g(+) is admissible.

Assumptions (A;)-(Ajz) are standard properties of rigid robotic manipulators with exclusively
revolute joints (see e.g. [112, Sections 4.1-4.3]). Assumptions (A4)-(Ag) are similar to system
properties (So-sp3)-(Sz-sps) and realistic for mechatronic systems.

Funnel control in robotics is introduced in [71]. Although a robot of form (5.48) has (strict
vector) relative degree two, a MIMO funnel controller for relative degree one systems (see [99])
is applied. The (vector) relative degree is reduced to one by introducing the auxiliary output

Vt>0: y(t):= Kpy(t)+ Kpy(t) where 0 < Kp=K}, cR"™" 0< Kp =K}, € R

Control objective is reference tracking of position reference y,¢(-) € W (Rso; R"). In [71] it
is shown that, for auxiliary reference y, () := Kp Y,o¢(+) + K p Yot (), auxiliary error y,(-) —
y(-) evolves within a prescribed (MIMO) performance funnel. However, the drawback of this
approach is that

actual position error e(-) := y,+(-) — y(-) or actual speed error é() := y,(-) — y(-)

may leave the prescribed region. Therefore an extension of (SISO) funnel controller (4.67) with
derivative feedback to the robot model (5.48) is desirable to achieve tracking with prescribed
transient accuracy for position error e(-) and speed error é(+), respectively. More precisely, for
(Yy(-),¢(+)) € BY, introduce the (MIMO) performance funnel

Fpo) = {(, € m) € Roo x R" x R" [Vie {1,...,n}: [&| <o) Almi| < ¢ra(t)}
(5.49)
and find a (MIMO) funnel controller which assures that position and speed error evolve within
the prescribed performance funnel, i.e. (¢, e(t),&(t)) € Fiyp,p,) for all ¢ > 0. If inertia matrix
M (-) is known, then the result directly follows from a straightforward extension of Theorem 4.13
to the MIMO case.

Theorem 5.18 (Funnel control with derivative feedback of rigid revolute joint robotic ma-
nipulators). Let n € N and consider a n-th DOF rigid revolute joint robotic manipulator
of form (5.48) which satisfies assumptions (A1)-(Ag). Then, for arbitrary position reference
U (+) € W2 (Rog, R"), funmel boundary (o), %,()) € By, gain scaling so(-), s1() € By
and initial value (y°,y') € R?" satisfying

Vi € {L s 7”} : |yref,i(0) - y?| < 7700,2(0) and |yref,i(0) - yzl| < ¢1,i(0)7 (550)
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the MIMO funnel controller

u(t) = M(y() (Ko(t/e(t) + KoK 1(De(t))  where  e(t) = you(t) - y(b)

Ko(t) = dlag {ko’l(t), ey ko,n(t)}, Kl(t) = dlag {kl’l(t), R kl’n(t)} and (551)
_ So,i(t) _ SLi(t)
Yo(t) — lei(?)] Pri(t) — &(t)]

applied to (5.48) yields a closed-loop initial-value problem with the properties:

Vi € {1, Ce ,n}: k’o}z(t) and kl,z<t)

(1) there exists a solution (y,¥y) : [0,T) — R* which can be mazimally extended and T €
(0, 00];

(11) the solution (y(-),y(:)) does not have finite escape time, i.e. T = oo;
(11i) the signals e(-) and é(-) are uniformly bounded, i.e.

Vi€ {1,,?1} 38071,6171 >0Vt>0:
o.i(t) — |ei(t)] > 0.4 and Yri(t) — |€i(t)] > €1

(iv) control action and control gain matrices are uniformly bounded, i.e. u(-) € L>®(Rso; R™)
and Ko('), Kl() S ,COO(RZ()JR”X”)

This far, exact knowledge of inertia matrix M (-) is essential for the proof of Theorem 5.18.
Only then the basic idea of the proof of Theorem 4.13 can be reused and allows to extend the
(SISO) funnel controller (4.67) with derivative feedback to the MIMO case. Including inertia
matrix M (-) into the controller as in (5.51) yields a decoupled mechanical system, in the sense
that actual error acceleration é;(t) of joint 7 is solely affected by

koi(t)2ei(t) + koi(t) kia(t)éi(t), i€ {l,...,n},

which corresponds to SISO controller (4.67) (applied to each joint 7). It was not possible to
extend the result to unknown or roughly known inertia matrices.

Proof of Theorem 5.18.

Step 1: Some preliminaries.
It is easy to see, that (A;) is equivalent to

Fo0, % >0Vy €R": I, <To(y) :==M (y) =Toly)" <7ol,. (5.52)
Write system (5.48) as
(1)
3 (20) = | —rowm[Cwm. 50+ cpn + @0 |+ (g, 0 ) u
+g(y(1) + d(t)]
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and, for error e(t) = y,(t) — y(t), as

é(t) ‘
4 (50)) = | Tolwtt) = ) [(Conat) = e(t). duatt) = e(0) + Cv) rur(t) ~ (1)
(B et — >><t> + 9(Wra(t) — e(t)) + d(1)|
0\ _ 0 . e(0)) _ (Yeut(0) — 3"
* (yref@)) (ro<yref<t> - e<t>>) (®) (e<o>> (yref<o> —y 25 )
For the following define the constants
Vie{l,...,n}: So.i = infy>0¢,(t) and S1i = infy>061,(), (5.54)

Vie{l,...,n}: ;\02 = inf>0 ¢0,(t)  and )\1,1 i= infy>0 ¥1().

Step 2: It is shown that Assertion (i) holds true, i.e. existence of a mazimally extended solution.
It suffices to consider system (5.48) in the form (5.53). For Fy, ) as in (5.49) define the
non-empty and open set

D:={(r,11,€) e RxR" X R" | (|7], 1, &) € Flpp,) } » (5.55)

the function

f:Rso x D xR" = R x R*,
1
¢
To(rer (1) = 1) [ (C(Wrr(t) = 11, Graa(t) = ) + C) (Gras(t) — €)

(ta (Tv 22 E)? w) = +w + g('yref(t) — H) + d( )} + yref( )

_dia { s0,1(t) So,n (t }2
E\ Do —Tial """ Yo (rD)— mn
T 0,1 (t)s1,1(¢) $0,n (t)s1,n (1)
diag { @oa (D=l D@ra (TD—IED " Worn (D —ltn)) (@10 (T —1€n]) }5

and the operator
T:C(Ro0; R X R™) = L. (Roo; RY), (T, 1,8))(8) = (FE)(D).

Then, for artifact 7: R — R, ¢ — t and extended state variable & := (7, (e, €)), the initial-value
problem (5.53), (5.51) may be expressed in standard form

&ﬁz(t) = f(t, 2(t), (T2)(1)), £(0) = ( §§30> ) € R, (5.56)

Choose a compact set € C D x R™ and observe that the following holds

(7, 1, &), w)| < Me
iegun {Wo.i(IT]) = 1il, Yii(|T]) — &]} > me. (5.57)

.....

E|M€>OV((T,,U,,£),U)) €

¢:
Ime >0V (1,1, &), w) € C:
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Then, for d(-) € L®(Rs0; R"), y,e() € WH*(Rso; R") and o(+), 61(-) € WH™® (R, R%),
note that the function f(-,-,-) has the following properties: (i) f(¢,-,-) is continuous for each
fixed ¢ > 0, (ii) for each fixed ((7, p, &), w) € DxR" the function f(-, (7, u, €), w) is measurable
and (iii) for almost all ¢ > 0 and for all ((7, u, &), w) € € the following holds

(A1)~ (A3), (5.57) . , ,
1F o w)ll S U Mo+ el (1) + Me)® +

max{vy, ..., Vn }([[Grer (D) + Me) + Me + ¢g + [|d(1)]]
Frer DI+ llso O (so@®) + ls2 ()] )Z—g = le(t)

where lg(+) € L®(R>0;Rs0) C L1, (R0, Rsg). Hence f(-,-,-) is a Carathéodory function (see
Definition 3.1) and invoking Theorem 3.2 yields existence of a solution & : [0,7) — R x R*"
of the initial-value problem (5.56) with ([0,7)) € D, T € (0,00]. Each solution can be
extended to a maximal solution. Moreover f(-,-,-) is essentially bounded and so, if T" < oo,
then for any compact € C D, there exists ¢ € [0,7) such that &(f) ¢ €. In the following, let
x:=(1,e,€):[0,T) - R x R" x R" be a fixed and maximally extended solution of the initial-
value problem (5.56). Note that (e,é) : [0,7) — R"™ x R"™ solves the closed-loop initial-value
problem (5.53), (5.51) for almost all £ € [0, 7). This shows Assertion (i) and completes Step 2.

Step 3: Some technical inequalities are introduced.
In view of Step 1, e(-) and é(-) are continuous on [0,7") and evolve within the funnel Fy ..
Hence and due to the properties of By (see p. 153), it follows that

Vi & {]_, .. ,TL} Vit e [O,T) . |61(t)| < ¢0,z<t) S ||¢0,z||oo and |€1(t)| < ¢17z(t) S ”wl,zHoo

or

vte[0,T): le@®)]| < 1Yol and [e@®)I < 1ty loo- (5.58)
Define
d: Rsgx R* x R* x R* — R™

(1, 6w) = To(Wrer(t) = 1) [(CWraelt) = 1 Grert) = €) + CV) (e (1) — &)

0+ g (ree(t) — 1) + )]+ G(t) = At 1, €, w)

and the constant

M = %[Co(l\yref!\w|!¢1Hoo)2+max{vl,---’Vn}(H?'JrefHoﬁH%Hoo)

+ M+ e+ lldlloe] + el (5.59)
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Invoking assumptions (As), (As), (A4) and (As) yields for almost all ¢ € [0,7")

(5.52) o . . 9
< To|ec it = )P+ My + ¢y + [1dll

|a(t.e).e(t). Fy. —en®)|
Fmax{v, .V} Gt = (O] ] + Iatll
(5.58),(5.59)
< M,
hence the following holds
Vie{l,...,n}foraa. t€[0,7T): |c/l\i(t,e(t),é(t), (T (Yoo — €))(1))| < M. (5.60)
Inserting (5.51) into (5.53) and invoking (5.60) yields

Vie{l,...,n}Vte€[0,T):
- M — k07i(t)2 Gz(t) — k’oﬂ'(t) k17z‘(t) GZ('[Z) S Bl(t) S M — k’oﬂ'(t)Q GZ('[J) — k’oﬂ‘(t) kl,i(t) el(t) (561)

Step 4: For all i € {1,...,n} it is shown that |e;(-)| is uniformly bounded away from the
boundary 1o ;(-); more precisely for positive

1
) Ao %0,i(0)—lei(0)] 39iSg,iA0,i
50,z‘§mm 417 - 2 - ) > - 2 ) : )
2H§1,¢||oo||w1,i\|oo+\/4H<1,¢||oo||1/)1,iHoo+25i)\o,z‘(MJrlll/Jl,iHoo)

15 2 )
29i5,20,i

Y

. 2 . 2
QSO’iHCLiHOOle,i||oo+6i(le,i||oo+“w0,i”oo) +\/(2£0’Z-Hfl,i”oo”¢'1,iHoo‘i’(si(le,i||oo+||w0,i||oo)2) +26763 ;Ao M
(5.62)

with Ao, M, So; and sy ; as in (5.54), 0; = 0 as in (4.61) and M as in (5.59), it holds that
Yoi(t) — lei(t)| > oy foralli e {1,....,n} and allt € [0,T).

Choose ¢ € {1,...,n} arbitrarily and note that for £, as in (5.62) the Steps 3a-e in the proof
of Theorem 4.13 (see p. 1591ff.) go through without changes (using vy = 1). Hence the claim of
Step 4 holds true.

Step 5: For all i € {1,...,n} it is shown that |é;(-)| is uniformly bounded away from the
boundary vy ;(-); more precisely for positive

1 2
A i 55048 z')\ €04
L Smin{%, ¥ri(0) = €(0)], T T T T } (5.63)
[%0,ill o0 (M + (|91, 00 )55 + ll50,i 120 [1%00,: 1%

with M as in (5.59) and ¢, as in (5.62), it holds that 1y ;(t) —|é:i(t)| > €1, for alli € {1,...,n}
and all t € [0,T).

Again choose i € {1,...,n} arbitrarily and observe that identical arguments as in Step 4 of the
proof of Theorem 4.13 (see p. 163ff. and set 79 = 1) show the claim of Step 5.
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Step 6: It is shown that Assertions (ii)-(iv) hold true.
For M as in (5.59), €g; as in (5.62) and €1, as in (5.63), ¢ € {1,...,n} define

¢ = { (t,p, &) €10, T] x R*" } Vie{0,...,n}: || <aboi(t) —eo,i N |G| < hra(t) —ery }

Let D be as in Step 2. If T" < oo then ¢ C D and contains the whole graph of the solution
t — (e(t), é(t)), which contradicts maximality of the solution. Hence T" = co. Assertion (iii)
follows from Step 4 and Step 5. Moreover, Step 4 and Step 5 with boundedness of ¢q(-)
and ¢1(-) on Rsq imply that Ky(-) and K;(-) are uniformly bounded on Rsq, respectively.
Then, from (5.58), (A;) and (5.51), it follows that w(-) is uniformly bounded on Rsg, hence
Assertion (iv) is shown. This completes the proof. O

Simulation

For illustration, the MIMO funnel controller (5.51) with derivative feedback is applied to the
planar two DOF rigid revolute joint robotic manipulator depicted in Fig. 5.18.

SIS

Figure 5.18: Planar two DOF rigid revolute joint robotic manipulator.

The planar (elbow-like) robot has two revolute joints actuated by w; and us [Nm], respectively.
The links are assumed massless and have length I; and I [m]. Point masses m; and my [kg| are
attached to their distal ends, respectively. Control objective is position control of joint angles
y1 and yy [rad] with prescribed transient accuracy. The mathematical model of this robot is
given by (see e.g. [174, p. 2591t.])

M(y(®) i)+ Cly®),9(1) §(t) +g(yt) =u(),  (y(0), (0))
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data/parametrization
Matlab solver ode45 (Dormand-Prince) with variable step size (max. 1072 [s])
robot (5.64) my=mg=1[kg], l; =1, =1 [m], g = 9.81 [m/s?],

(4(0), 9(0)) = (0, 0) [rad, =]"
reference (Yret,1(+), Yret2(+)) as in top of Fig. 5.19
initial error e(0) = (7/2, —7/4)7T [rad]?
(MIMO) funnel M (y) as in (5.65), (¢o.(-), ¥o.(-)), i € {1,2} as in (4.64) with
controller (5.51) (Aot, Aoz) = 5e(0) [rad)’, (Ao, Ao2) = (7/18, ©/18) [rad]?,

(TE,la TE‘,Q) = (132, 163) [8]2, ()\171, /\172) = (71', 7T) [rad/s]Q,
So() = (Y01(+), Yo2(")), s1(+) = 10 (¥1.1(+), ¥12(+))

Table 5.6: Robot, simulation and controller parameters for simulation.

with inertia matrix

M: R? - R**2,

my 12 4+ mgy (12 + 12 + 21115 cos . ma(l2 + lyls cos
y — M(y) — 14 2(21 2 162 (y2)) 2 (15 1 22 (2)) 7 (5.65)
ma(l5 + 1112 cos(y)), maly

centrifugal and Coriolis force matrix

—2mslily sin(ys)vr, —molilysin(ys)v
C: R? x R? - R¥?, (y,v)»—>C(y,v)=[ 2hiasiniga)on 2hia sin(ys) 2]

_m2l1l2 Sil’l(y2>’l}1, 0

and gravity vector

myly cos(y1) + ma(ly cos(y1) + Iz cos(ys + y2))
g R*=R* ygly) =y (

mals cos(y1 + ya)

where g = 9.81 [kgm?] is the (rounded) gravity constant. For simplicity, friction, gears, dis-
turbances and measurement errors (e.g. noise) are neglected. The simulation is performed in
Matlab /Simulink. Robot, simulation and controller parameters are collected in Tab. 5.6.

The simulation results for closed-loop system (5.64), (5.51) are shown in Fig. 5.19. The funnel
controller (5.51) achieves tracking with prescribed transient accuracy for joint positions y;(-)
& yo(+) and joint velocities 91(+) & 92(+), respectively. Both joint position errors e;(-) & ey(-)
and both joint velocity errors é;(-) & és(+) evolve within the performance funnel. Since gears
are not considered in the simulation, the generated motor torques u;(-) & us(+) are seemingly
large. In “real world” gears (with ratios > 10) yield a torque reduction on motor side.
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Figure 5.19: Simulation results for closed-loop system (5.64), (5.51): ——joint i = 1 and ——joint i = 2
(from top to bottom: position y1(-) & ya(-), position error ei(-) & es(-), proportional gain
ko1(-)? & koo(-)?, speed error é1(-) & éa(-), derivative gain ko1(-)k11(-) & ko2(-)k12(")
and torque ui(-) & ua(-)).
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Chapter 6

Conclusion and outlook

High-gain adaptive control and its possible applications in mechatronics—i.e. speed and posi-
tion control—have been discussed. More precisely, starting with “classical” high-gain adaptive
control for linear time-invariant (LTI) single-input single-output (SISO) systems, adaptive \-
tracking control and funnel control have been revisited and developed, in a general framework,
for SISO systems with

(i) relative degree one (for speed control) or relative degree two (for position control),
(ii) known sign of the high-frequency gain,
(iii) bounded disturbances and state-dependent, functional perturbations and
(iv) stable zero-dynamics (the unperturbed system is minimum-phase).

Moreover, it is assumed that (v) the systems with relative degree one allow for feedback of the
regulated output (the variable to be controlled is measured and hence available for feedback),
whereas the systems with relative degree two allow for feedback of the regulated output and
its derivative. In particular for position control, derivative feedback is justified. The presented
high-gain adaptive controllers are “simple” (in the sense of non-complex and of low order).
Especially for the relative degree two case, since the developed high-gain adaptive controllers
incorporate derivative feedback, they are (much) simpler than the available high-gain adaptive
controllers in literature.

For controller implementation, only the “structural system properties” (i)-(v) must be satisfied.
Therefore, the presented adaptive A-tracking controllers and funnel controllers are inherently
robust (e.g. to parameter uncertainties not affecting the “system properties”) and, consequently,
attractive for industrial application. Moreover, due to their non-complex structure and since
design parameters have distinct and easy to understand influence on the closed-loop control
performance, the controllers are easy to implement (in any process automation software pro-
viding standard building blocks for e.g. integration, summation, multiplication, etc.) and easy
to tune. Furthermore,

e the adaptive A-tracking controllers guarantee tracking with prescribed asymptotic accuracy
(see Theorem 3.3 for the relative degree one case and Theorem 3.13 for the relative degree
two case), i.e. for prescribed A > 0 the tracking error (the difference between reference
signal and measured output) approaches the interval [—\, A] asymptotically;
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e the funnel controllers assure tracking with prescribed transient accuracy (see Theorem 4.4
for the relative degree one case and Theorem 4.13 for the relative degree two case), i.e. the
absolute value of the tracking error is bounded by a prescribed positive (possibly non-
increasing) function of time (i.e. the funnel boundary). Moreover, the funnel controllers
are feasible in the presence of (actuator) saturation, if a feasibility condition is satisfied
(see Theorem 4.7 for the relative degree one case and Theorem 4.15 for the relative degree
two case);

e in conjunction with a proportional-integral internal model (similar to a PI controller), the
“proportional” and “memoryless” (i.e. without integral control action) high-gain adaptive
controllers achieve steady state accuracy (i.e. the tracking error vanishes asymptotically)
if steady state is reached (see Corollary 5.2).

Concerning application, the developed adaptive A-tracking controllers and funnel controllers
have been proposed for speed and position control of industrial servo-systems. In addition,
as a “side product” of the development of funnel control with derivative feedback for systems
with relative degree two, a first result for position funnel control of rigid revolute joint robotic
manipulators (with known inertia matrix) has been established (see Theorem 5.18). The con-
sidered mechatronic systems are subject to unknown (but bounded) disturbances (e.g. load
torques, measurement noise, etc.) and nonlinear friction (on motor and load side). Friction is
modeled by unbounded viscous friction and by a bounded, causal friction operator (covering
dynamic friction effects such as presliding displacement or frictional memory) motivated by the
well known LuGre friction model. To allow for application of the high-gain adaptive controllers
in “real world”, the mechatronic systems must “solely” satisfy “system properties” (i)-(v). Sys-
tem identification or parameter estimation is not required. For the considered mechatronic
systems, it has been shown that “system properties” (i)-(v) hold under mild presuppositions
and if actuator saturation is negligible (see Propositions 5.5, 5.6, 5.10 and 5.11). The “system
properties” may be checked by invoking rough system knowledge only (using upper or lower
bounds on system parameters). In the majority of cases, already the signs of the system pa-
rameters (such as inertia or gear ratio, etc.) are sufficient for an affirmative verification. By
physical means, these signs either are known to the control designer or can be determined easily.

The proposed adaptive A-tracking controllers and funnel controllers have been implemented at
the laboratory setup for speed and position control of a stiff one-mass system (1MS) and a
flexible two-mass system (2MS). For speed and position funnel control with saturation, the fea-
sibility conditions yield (very) conservative and unrealistic bounds on the required drive torque.
Nevertheless, as measurement results show, application is reasonable even if the feasibility con-
dition is violated. To allow for steady state accuracy, the high-gain adaptive controllers have
also been implemented in conjunction with a proportional-integral internal model. In particular
for speed and position control of the 1IMS, the measurement results confirm that the adaptive
A-tracking controllers and the funnel controllers (without and with internal model) guarantee
speed and position tracking with prescribed asymptotic accuracy and with prescribed transient
accuracy, respectively. High-gain adaptive speed control and high-gain adaptive position con-
trol of the flexible 2MS are slightly more involved. Besides reference tracking and disturbance
rejection, the controllers must also assure damping of shaft oscillations. Therefore, the high-
gain adaptive controllers are supplemented by dynamic feedback (i.e. a high-pass filter for angle
of twist) which allows to suppress oscillations. Moreover, to assure the “structural system prop-
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erties” (i)-(v) and so applicability of the adaptive controllers, an augmented output (i.e. a linear
combination of motor and load quantities) must be introduced (see Proposition 5.7 for speed
control and Proposition 5.13 for position control). As a consequence, the adaptive A-tracking
controllers and the funnel controllers “solely” achieve tracking with prescribed asymptotic ac-
curacy and with prescribed transient accuracy for the augmented output, respectively. Hence,
load speed or load position does not necessarily evolve within the prescribed region. This is
only assured if steady state is attained.

The experimental results at the laboratory setup verify that the control performance of the
high-gain adaptive controllers with internal model can keep up with the control performance of
PI and PID controllers (without anti-windup), respectively, for speed and position control of
stiff servo-systems. Especially the funnel controllers allow to include costumer specifications—
such as maximum rise time, maximum settling time and maximum overshoot—into controller
design by adequate “shaping” of the funnel boundary. Hence implementation effort is reduced.
Also for flexible servo-systems, the experimental results underpin industrial applicability of the
high-gain adaptive controllers for speed and position control. Active damping of shaft oscilla-
tions is feasible by adequate feedback and filter design.

Due to a dynamic and monotone gain adaption, the adaptive A-tracking controllers generate
non-decreasing controller gains and, at first sight, seem to be inadequate for real implementa-
tion in contrast to the funnel controllers which, due to a time-varying gain adaption (inversely
proportional to the distance between funnel boundary and absolute value of the error), also
allow for gain decrease. In fact, measurement results show that adaptive A-tracking speed
and position control is reasonable and may even yield better control performance than funnel
control. From a practical point of view, in order to avoid permanently too large gains, gain
adaption of the adaptive A-tracking controllers may be stopped as soon as control performance
(evaluated by e.g. the ITAE criterion) is satisfactory. The presented measurement results also
show that speed funnel control under load without proportional-integral internal model may
fail, if boundary design is too demanding and speed measurement is too noisy. Due to (tem-
porarily) too large gains and limited sampling rate in the real-time system, noise sensitivity
(amplification) may be too high to keep the tracking error within the prescribed region. As
a consequence, funnel control should preferably be implemented with (proportional-integral)
internal model.

To summarize: it has been shown that high-gain adaptive speed control and high-gain adaptive
position control of mechatronics systems are admissible and, in conjunction with an internal
model, achieve a very acceptable control performance. Consequently, high-gain adaptive motion
control may be considered as a simple, robust and promising alternative to standard motion
control in industry. However, some issues are still to be examined. Future research should
include the following;:

e consideration of gear backlash and gear dynamics (as starting point see e.g. [139]);

e improvement of the feasibility condition(s) for funnel control with saturation (e.g. evalu-
ation of time-varying feasibility condition(s), as starting point see [121]);

e derivation of feasibility condition(s) for adaptive A-tracking control with saturation (as
starting point see e.g. |61, 100]);
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e analysis of the effect(s) of windup caused by high-gain adaptive controllers with propor-
tional-integral internal model applied to systems with (actuator) saturation (as starting
point see e.g. [166, Section 5.6]);

e extension of position funnel control to rigid revolute joint robotic manipulators without
known inertia matrix and, eventually, to flexible revolute joint robotic manipulators (as
starting point see e.g. [152]) and

e theoretical analysis of discrete time implementation of high-gain adaptive controllers on
sampled data systems (as starting point see e.g. [97]).
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Appendix

A Abbreviations

Abbreviation Meaning
1MS one-mass system (servo-drive with stiff coupling)
2MS two-mass system (servo-drive with elastic coupling)
AC alternating current
BIF Byrnes-Isidori form
CCF controllable canonical form
DC direct current
DOF degrees of freedom
DTC direct torque control (of induction motors)
FOC field oriented control (of induction motors)
IM induction motor (or machine)
ITAE integral time(-weighted) absolute error criterion with value
T
JZ[TAE(to,T) = / T- |€(T)| dT, 0 S to S T, 6() c ;COOGRZ(),R)

to
LTI linear time-invariant (system)
MIMO multiple-input multiple-output (system)
MPDTC model predictive direct torque control (of induction motors)
ODE ordinary differential equation
PMSM permanent magnetic synchronous motor (or machine)
PWM pulse width modulation
RMS root mean square (quadratic mean) of signal () € L>*(R>o; R)

t0+T
TRMS to, \/ 2d7’ OStOST

SISO single-input single-output (system)
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B Two simple operators of class T

Two examples of operator class 7 are presented and operator properties (op; )-(ops) are checked.

Example B.1 (“Static nonlinearity”).

In the simplest case the operator class T may describe any (possibly nonlinear) locally Lipschitz
continuous function g(+): R™ — R™, n,m € N. Note that due to the locally Lipschitz condition,
the following holds: for any compact €, C R™ there exists L, > 0 such that ||g(v) — g(w)]| <
L, ||lv—w| for allv,w € &€,. Now define the operator

Ton: CR>p;R") = L5 (Ro;R™),  @(-) = (Tsnz)(+) = g(z(")).

It is shown that Tgy is element of operator class T : It is easy to see that properties (opy) and
(ops)(a) trivially hold. Next, choose d > 0 and x(-) € C(Rxo; R™) with sup,s, ||z(t)|| < 6, then
[(Zsnva)(t)l] = llg(@(®)]| < subwer,o) lg(w)l| =: A <00 for allt > 0. Hence property (op;)
also holds. Now, for any t > 0, fix B(-) € C([0,t];R"™) and 7,5 > 0 arbitrarily and define M :=
maxeo,q [|B(s)|| + 9. Then, for all x1(-), x2(-) € C(Rx0; R™) with 1(-)|j0,9 = ®2(-)|j0,g = B(:)
and x(s), z2(s) € Bs(B(t)) for all s € [t,t+7], the following holds x1(s), 2(s) € By (0) C R™
for all s € [t,t + 7). Note that By(0) is compact and therefore there exists Ly, > 0 such that
[(Fsna1)(s) — (Fsnaa)(s)|| < Lg,, [[21(s) — x2(s)|| for all s € [t,t + 7], which shows property
(op3)(b). Hence, Tsn € T.

Example B.2 (Linear time-invariant single-input single-output systems).
For n € N consider the linear dynamical system given by

z(t) = Axz(t) +bu(t), z(0) =z € R", (A,b,c,d) e R™" x R" x R" x R

y(t) = c'a(t)+du(t), () € C(Rsp; R), spec(A) C Cy. (B.1)

Variation-of-Constants yields
t
Vt>0: x(t) = exp(At)z" + / exp(A(t — 7)) bu(r)dr
0

and spec(A) C C.o implies that there exist A\a > 0 and Ma > 1 (see e.g. [77, Lemma 3.3.19,
p. 263]), such that

Vi>0: |lexp(At)|| < Maexp(—Aat). (B.2)

Define the operator

Tr: C(Rso;R) — L2 (Rs; R™),  (ZTpu)(t) :=c' /Ot exp(A(t — 7)) bu(r)dr + du(t).
Note that the operator Xy is linear and taking norms and invoking (B.2) yields

Vi=0: [[(Fru)(t)]] < Ma ]| [ /Otexp(—AA(t—T))IU(T)IdT +ldlu(®)]. (B.3)

It is shown that T, € T. Set h = 0. It is easy to see that Properties (op1) and (ops)(a) hold.
Furthermore, for all u(-) € C(Rso; R) with |u(-)] < d on Rx, the following holds |[(Tpu)(t)| <
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(Ma ||| |b]| /Aa +|d]|) 06 =: A for allt > 0 and hence Property (ops) also holds.

7> 0 and ui (), us() € C(R>p; R) with uy(-) = ua(-) on [0,t], one obtains

sup [[(Tpua)(s) — (Truz)(s)]l

SE[t, t+7]
t
<lell sup [esp(s)( [ exp(-Aa)b (us(a) - usfa)) da
s€[t, t+7] 0 ~ ~ d
=0 on [0,t]
+/ exp(—Aa) b (ur(a) — uz(a)) doz) H +|d]  sup |ui(s) —ua(s)|
t SE[t, t+7]

Now for

M
Smax{A—:HcH Hbu,rcu} sup Jur(s) — us(s)],

SE[t, t+7]

Vv
=:cp

which shows that Property (ops)(b) is also satisfied. Hence Xy, is of class T and systems of the

form (B.1) may be expressed in the compact form

y(t) = ¢ exp(At)x® + (Tpu)(t), h=0, T, €T and u(-) € C(Rxp; R).

(A,c) € R x R", spec(A) C Coy, @y € R,

— 242 —



C ROOT LOCUS CENTER OF LTI SISO SYSTEMS IN STATE SPACE

C Root locus center of LTI SISO systems in state space

For the following let a LTI SISO system be given by the ODE

z(t) = Ax(t)+bu(t), neN, z(0) =z, € R, (C.4)
y(t) = c'=z(t) (A,b,c) € R x R x R? '
or by the transfer function (with coprime numerator and denominator)
_ eN,n>m, 7 #0
s o+ 18+ -+ Cp1s™ 4 5™ n, m ’ ’
Pl = B tast ot AR G eR, (©5)
u(s ag + a1 s ap_1S s do, ... an €R.
Definition C.3 (Root locus center of LTI SISO systems in state space).
Consider a system of form (C.4) with known relative degree 1 < r < n. Then
1 c"A'b
Z(A,b,¢c) = ———— C.6
(Abe)i= - 2L ()

is called the root locus center of (C.4).

The root locus center of a transfer function (C.5) and the root locus center of its minimal
realization (C.4) are related.

Lemma C.4. Denote the root locus center of (C.4) and (C.5) by Egs and Zrp, respectively.
If (C.A4) is a minimal realization of (C.5), then Zgs = Zrp.

Proof of Lemma C.4.

Denote the relative degree of (C.5) by 7 =n —m > 0. From Lemma 2.2 it follows that relative
degree of (minimal) realization (C.4) and transfer function (C.5) are equal. Since (C.4) is a
minimal realization of (C.5), (A, b) is controllable and 7 = n. Hence, there exists T': R® — R",
x +— xc := Tx which converts (C.4) into controllable canonical form (see [24, p. 822-823])

ic(t) = Ac wc(t) + be u(t), iL‘(j(O) =Txy € R"”,
y(t) = cixolt)

where

[0 1 0 0

0

Ac=TAT '=| . , 0 € R™™, bc=Tb= |- | R

. . . 0

0 cee 0 1 1
_—Oé() —Q1 ... —0p_9 _an—l_

and ¢l =c' T'=(Bo, ..., Buo1) €ER™ (CT)

Moreover, by comparing coefficients of numerator and denominator in

Bo+Brs+ -+ Bp1 st

F(s)=c'(sI,— A 'b=cl(sI,— Ac) 'bo =
(s)=c (s ) col(s c) be dot 1S5+ ta, st s
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it follows that

Vie{0,....,.n—1}: «a;=aqa;, Vie{0,....m—1}: Bi=cq,

Bn=9 and Vje{m+1,....n—1}: B =0. (C.8)

In view of (C.7), (C.8) and r = n — m, the following hold

Vie{0,...,r=1}:  ¢iA=(0], 5o, .-, Bn-1, Bm, 0, ..., 0) € RV (C.9)

a"'g

Ixm 1x (r—i)
and €R cR
Acbe = (0;—2’ 1, _Oén—1)T e R™. (C.10)
Hence
cab )l Avbo = LA Acke
(C.9)(C.10) 0,—2 o
= (0:_1’ ﬁ(]y 0 Bmil’ Bm) 1 = Bmfl - Bman,1 = P)/O(Cmfl - an*l)
——
eR™ —Qp—1
and
cray CLAL T be = e AL P Acbe
(C.9)(C.10) 0,2 s
Ay (0;127 50, ceey 5m717 5m7 O) 1 = Yo.
—_—
€R™ —Qn—1

Combining the results above, recalling r = n — m and evaluating (C.6) yields

1 ¢c"A'b 1
reTA”'0 n—m

—_

=88 =

(Cm-1— Gn-1) = ZrF,

which completes the proof. O]
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D Technical data of laboratory setup

The electrical block diagram of the laboratory setup is depicted in Fig. D.1. The three-phase
mains-operated power supply with alternating current (AC) is rectified by a converter and bal-
anced by an intermediate circuit capacitor for each permanent magnetic synchronous machine
(PMSM). The intermediate circuits of both machines are connected in parallel. The interme-
diate circuit voltage ug (DC link) allows for pulse width modulation (PWM) in each power
inverter. The machines are fed by variable currents (with appropriate frequency and ampli-
tude) required for torque generation. In regenerative mode (braking) the stored kinetic energy
of the setup is fed back to the intermediate circuit. If necessary, excessive energy is dissipated
in the braking module (resistor) to avoid over-voltages in the DC link. Technical data of the
laboratory setup is collected in Tab. D.2.

power supply: 50 [Hz], 400 [V]/230 [V]
'S

w3

: ¢ braking module :
—— |i | (with resistor)

power inverter (index 2)
X
D
Es
S
(T xopur) Ioj10Aul Tomod

4
4

bs

02 PMSM I |  PMSM ,‘bl
ws) (index 2) (index 1) wi)
Sensor replaceable shaft Sensor

Figure D.1: FElectrical block diagram of laboratory setup.
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Description Symbol & Value Dimension

Machines: SIEMENS “Brushless Servomotor” 1FT6086-8AC71-1CD3

Nominal speed ny = 2000 [ } wy = 209.44 [rzd} [ﬁ} [rad}
Nominal torque my = 22.0 [Nm]

Nominal current in =10.9 [A]

Nominal motor power Py =438 kW] = 10% [W]
Rotor inertia O potor = 6.65- 1073 [kg m?

Inverters: SIEMENS Simovert MasterDrive SC 6SE7022-6EC30

Mains voltage (3-phase, AC)  uf¥5 =380...460 (£15%) [V]
Voltage link (DC) ug = 510...620 (£15%) [V]
Output voltage (3-phase AC) uFfMS = 0 .0.86 - uBtMS V]
Mains frequency fn="50/60 (£15%) [Hz) = [1
Output frequency fout = 0...600 [Hz] = [1
Pulse frequency fp=5...7,5 [kHz] = 103 [Hz]
Output nominal current iMS = 255 [A]

Base load current zgj}f § =232 [A]
Short-time current iBMS — 40.8 [A]
Dissipation loss Pss = 0.43 (at 5 [Hz]) kW] = 103 [W]
Efficiency factor n=96...98% 1]
Encoders: HEIDENHAIN RON 3350 Sinusoidal 2048

Lines (per revolution) l, = 2048 1]
Interpolation 12 bit (2'% = 4096) -
Sinusoidal output voltage Upp = 1 V]
Different inertia wheels

Small inertia wheel O = 8.93-107° [kg m?]
Medium inertia wheel O = 1.3-1073 [kg m?
Large inertia wheel O = 77.2-107° [kg m?]
Drive 1 axle inertia Oui1 =2.4-1073 [kg m?|
Drive 2 axle inertia Oz =9.1-1073 [kg m?]

Table D.2: Technical data of machines, inverters, encoders and inertia wheels.
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