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Abstract

The diversity of precision motion control applications and their demanding design specifications pose a large array
of control challenges. Hence, precision motion control design relies on a variety of advanced control strategies
developed to cope with specific problems present in control theory. A popular feedforward control technique for
repetitive systems is iterative learning control (ILC). While ILC can decrease tracking errors up to several orders
of magnitude, the achievable performance is limited by dynamic uncertainty. We propose the combination of £
adaptive control (£; AC) and linear ILC for precision motion control under parametric uncertainties. We rely on the
adaptive loop to compensate for parametric uncertainties, and ensure that the plant uncertainty is sufficiently small
so that an aggressive learning controller can be designed on the nominal system. We exploit the closed loop stability
condition of £; AC to design simple, robust ILC update laws that reduce tracking errors to measurement noise for
time varying references and uncertainties. We demonstrate in simulation that the combined control scheme maintains
a highly predictable, monotonic system behavior; and achieves near perfect tracking within a few trials regardless of

the uncertainty present.

Keywords: adaptive control, iterative learning control, robust control, parametric uncertainty, monotonic

convergence

1. Introduction

Iterative learning control (ILC) is a feedforward con-
trol strategy for systems that execute the same task re-
peatedly over a finite time horizon [1]. ILC is based on
the idea that the tracking performance of such systems
can be improved by using information from previous tri-
als. Contrary to other learning type control strategies
(e.g. adaptive control, neural networks, repetitive con-
trol), ILC modifies the input signal rather than the con-
troller [2]. In a way, ILC is a form of feedback control
over the iteration domain. Consistent with this property,
iterative learning controllers offer simplicity, robustness
and fast convergence to iteration domain equilibria with
performance improvements up to several orders of mag-
nitude over conventional control strategies.

One of the essential challenges that motivates the
field of ILC is dynamic uncertainty. Much as in feed-
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back control, the main approaches for mitigating un-
certainy can be roughly classified as robust or adap-
tive methods. Considerable research has been done on
the synthesis of ILC algorithms that are robust to ex-
ogenous disturbances, stochastic effects, interval uncer-
tainties, and high frequency modeling uncertainties (see
[1, 3] and references therein). References [4—6] pro-
vide good examples of H,, methods for finite and in-
finite horizon cases; an area in which much work has
been done. In [7], the combination of H,, feedback con-
trol with ILC was analyzed, with the premise of band-
width separated repetitive and nonrepetitive exogenous
signals. One particular example that underlines para-
metric uncertainties from a robustness perspective is [8],
in which stability of ILC to interval uncertainties in the
impulse response is evaluated. The drawback to these
methods is that while ILC convergence is guaranteed
within the prescribed set of uncertainties, performance
is often limited due to conservative designs. Addition-
ally, the sensitivity of robust learning controllers to vari-
ations in the uncertainties is still an open question.
Parametric uncertainties have similarly been studied
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extensively in the adaptive ILC setting with special at-
tention to the application area of robotics, wherein itera-
tive estimation schemes were used to augment the feed-
back controllers using Lyapunov like methods [9, 10].
Iterative estimation was also used to reduce the model
tracking error and improve transient response in model
reference adaptive control (MRAC) [11-13]. Other
works showed how adaptive feedback control methods
can be extended to ILC in a straightforward way[14],
and proved universal adaptive ILC laws for single-input
single-output (SISO) linear time invariant (LTT) systems
with nonzero first Markov parameters [15]. While the
adaptive nature of these systems signify high perfor-
mance and reduced sensitivity to parametric variations,
the robustness of adaptive ILC to unmodeled dynamics
may be questionable, analogous to adaptive feedback
control [16, 17].

Most of the fundamental limitations and trade-offs
of control theory can be observed to a greater extent
in precision motion control due to complex, demand-
ing design specifications. Key issues in the control of
precision positioning systems include robustness to pa-
rameter variations, unmodeled high frequency dynam-
ics, and the bandwidth-precision trade-off [18]. More
complex process modeling can mitigate uncertainty is-
sues to an extent, but this becomes unfeasible as com-
plexity increases, specifically due to the fact that certain
information about the process, such as external loads
and/or parameters that are sensitive to exogenous ef-
fects, cannot be known a priori. Although adaptive feed-
back methods provide a good solution to the problem
of robustness to parametric variation and increase pre-
cision, this often comes at the expense of reduced ro-
bustness to unmodeled dynamics [17] as fast estimation,
which is desired from a performance standpoint, leads
to high gain feedback. This problem essentially boils
down to the fact that conventional adaptive control ig-
nores Bode’s sensitivity integral [19, 20], also known as
the waterbed effect, by compensating for uncertainties
throughout the whole frequency spectrum. Similarly,
while ILC extends the available bandwidth [20] of the
control channel for repetitive systems, thereby alleviat-
ing the bandwidth-precision trade-off, the achievable re-
duction in errors and monotonicity on the iteration axis
depends largely on the level of uncertainty in the feed-
back stabilized plant.

To address these issues, this work combines conven-
tional ILC with £; adaptive feedback control, and is an
extension of our previous work in [21-23]. L, adap-
tive control (£; AC) is a recent MRAC paradigm that
bridges the gap between adaptive and robust control
with a priori known, quantifiable transient response and

robustness bounds [17]. The idea of combining ILC
with £; AC was first introduced in [21], wherein the
adaptive loop was utilized to keep the plant sensitiv-
ity close to its nominal value for performance improve-
ment through learning. Despite the displayed advan-
tages of L; AC over linear feedback, a trade-off was
observed between the closed loop bandwidth and learn-
ing performance. More precisely, it was seen that higher
closed loop bandwidths resulted in slower convergence
and larger converged errors in the iteration domain. To
resolve this problem, we proposed the augmentation of
the £; AC architecture with an arbitrary feedforward
signal to accommodate learning, leading to an adapta-
tion that considers changes in the nominal system be-
havior due to learning [22]. The resulting £; AC-ILC
(L-ILC) scheme had predictable performance in both
the time and iteration domains: The feedforward aug-
mented closed loop preserved the a priori known quan-
tifiable transients from £; AC theory, and the learn-
ing controller displayed similar convergence behavior
regardless of the uncertainty present in the system. It
was also seen that increasing feedback bandwidths re-
sulted in decreasing effects of uncertainty in the iter-
ation domain, with faster convergence and lower con-
verged errors. In [23], we presented design guide-
lines and showed the performance gains of the modi-
fied scheme over linear output feedback on a large range
nanopositioner via simulation. The main differences be-
tween this work and our previous work include:

1. A generalized approach to L;-ILC for different
classes of linear systems through vector space
methods

2. Extension of the robust monotonic learning con-
vergence results to time varying parametric uncer-
tainties

3. Design guidelines for the £;-ILC scheme that link
feedback-learning filter designs to classical control
ideas, and show how the £; AC stability condition
can be satisfied for a given system

4. Validation of the performance improvements of the
proposed scheme in comparison with an LTI feed-
back based ILC, through extensive simulations on
a precision positioning system subject to time vary-
ing parametric uncertainties

Our work differs from the existing literature in several
ways: First, as we have mentioned, previous work on
adaptive methods in learning have focused on adaptive
ILC, wherein adaptive learning laws are considered with
or without adaptive feedback. Second, adaptive feed-
back has not been used in a robust ILC setting before.



Third, although the idea of combining ILC with ad-
vanced feedback methods to achieve better performance
is not new, to the best of our knowledge, the combina-
tion of conventional ILC with adaptive feedback has not
been employed before.

In this paper, we demonstrate how ILC algorithms
can be combined with £; AC schemes to achieve ro-
bust, high precision motion control. We present feed-
forward augmented £; AC architectures for state and
output feedback cases (see figures 2 and 5) to accommo-
date parallel ILC signals and show how this preserves
the a priori known £; AC transient bounds. We explain
how these bounds, which imply arbitrary close tracking
of linear reference models in the time domain, can be
exploited for learning purposes in the iteration domain.
We then show how the £; AC stability condition relates
directly to the robust monotonic convergence conditions
of LTT learning laws, and how robust ILC algorithms
can be designed in a simple, straightforward manner for
different £; AC architectures.

The rest of the paper is organized as follows. Sec-
tion 2 introduces some preliminaries for clarity of ex-
position. Section 3 gives a brief introduction to £; AC
and ILC, and presents our proposed method for the state
feedback case. Section 4 extends the results to time
varying uncertainties in output feedback. Simulation re-
sults are given in section 5. Section 6 gives concluding
remarks and summarizes our findings. For a streamlined
presentation, we give certain intermediate results in Ap-
pendix A, proofs of our main results in Appendix B
and several auxiliary variables in Appendix C.

2. Notation and Preliminaries

Throughout the paper, we use time and frequency do-
main representations interchangeably for signals. For
example, f(s) denotes the Laplace transform of the sig-
nal f(#). We denote systems and matrices with upper
case letters. We represent signals and vectors with lower
case letters. We use script letters to distinguish linear
operators in general from their matrix and transform
representations (e.g. ¥ instead of F(s)). We take R
to represent the set of real numbers and R* the set of
positive real numbers. We choose C to denote com-
plex numbers. We take I to be the identity matrix of
appropriate size and 7 to be the identity operator in the
relevant space. We use A;,4x(.) and A,,;,(.) to denote the
maximum and minimum eigenvalues of a positive defi-
nite matrix, respectively. We take ||.||, for p € [1, 0] as
the standard vector and induced p norm. We use R
and L for the right and left inverses of an operator 7,
respectively; and F7 for the transpose of a matrix F.

In the rest of the section, we collect several defini-
tions and facts from systems theory pertinent to our dis-
cussion.

Definition 1. For any p € [1, c0), L; is defined as the
space of all piecewise continuous f : R — R” such
that [Ifllz, = ([, If@IPdD)'/P < oo, where ||| is any
standard vector norm in R”. However, it is conventional
to use the 2 norm for £J. Similarly, £, is defined as the
space of all piecewise continuous f : R — R” such that

/112, £ sup,eg If (Dlleo < o0

Definition 2. For any p € [1, ], the extended space
L}, is defined as the space of all piecewise continuous
causal f : R — R” such that ||f;]lz, < oo VT = 0,
where f; is the truncation of f defined by f.(1) £ f(r)
forO0 <t <tand f(t) £ 0 for > 7.

Definition 3. For a given m input n output LTI system
F(s) with impulse response f(r) € R™™, the £, norm is
defined as [[F(s)llz, = maxee1,.n 2ty I fullz,, Where
fu(?) is the entry at the k™ row and /™ column of £(r).

Definition 4. The £, (jR) norm of a bounded-input
bounded-output (BIBO) stable LTI system F(s) is de-
fined by IF(s)lle = sup,eg IF(jw)ll2.!

Lemma 1. Let F(s) be a stable causal LTI system. Then
for every bounded input {, the output ¢ is bounded and
we have ||&-l c., < 1F(9)llg, 7l 2., [17, page 273].

Remark 1. Lemma 1 shows that the £; norm of a sta-
ble LTI system is essentially its induced L., norm: If
IF)Ilz, = X2, Nfullg, for some k, the equality can be
achieved by taking u;(t — v) = sgn(fy(v)). This also
implies [|F1(s)F2(s)llz, < IF1()llg IF2(s)llz, for sta-
ble F(s), F»(s). Consequently, an LTI system F(s) is
BIBO stable if and only if || F(s)||z, < oo [17, page 274],
which justifies the use of the £; norm in establishing
boundedness in £; AC algorithms.

Theorem 1. For a BIBO stable LTI system F(s) the in-
duced L5 norm is equal to ||[F(s)||e [24, page 101].

Readers will note that we mainly consider two types
of signal norms: L, and £L,. The L, norm will be used
in £; AC to establish boundedness (lemma 1), while
the £, norm will be of interest in ILC as a performance
metric. The following will be used in establishing the
relationship between the two for ILC design:

IThe Lo (jR) norm of a transfer function should not be confused
with the L norm of a signal in the time domain. For causal F(s),
[|F($)|lo is precisely the Ho norm.



Figure 1: £, adaptive control for LTI state feedback
with unknown pole locations

Lemma 2. For a stable causal m input n output LTI
system F(s) we have ||F(s)l < VRIF(s)|lz,-

Remark 2. While lemmas 1 and 2 are given for causal
systems, the results are also true in essence for non-
causal systems. For example, for a stable noncausal
LTI system F(s) with bounded input ¢, the output £ is
bounded and ||€]lz, < IF(s)llg ¢z, In the rest of the
paper, unless otherwise noted, we will assume all sys-
tems and signals to be causal.

3. State Feedback

We will start our discussion with the full state feed-
back L, AC architecture (figure 1) for SISO LTI sys-
tems with unknown pole locations. This class of sys-
tems offers a good introduction to £; AC and will show
us that the guaranteed transient property holds with the
addition of a feedforward signal in the problem objec-
tive. We will then demonstrate how this property, along
with the main stability condition of £; AC, can aid us
in the design of our learning law. Finally, we will have a
brief look at the design trade-offs and argue how £; AC
and ILC can be combined into a single framework with
the unified objectives of high tracking performance, ro-
bustness to uncertainties and monotonic transient re-
sponse in the time and iteration domains.

3.1. L Adaptive Control

L, AC is a recently developed model following con-
trol methodology [17] with guaranteed transient perfor-
mance and robustness in the presence of fast adapta-
tion. The central idea of £; AC theory lies in the use
of the available bandwidth of the control channel, im-
posed by physical hardware [20]. Drawing inspiration
from robust and classical control, £; AC aims to com-
pensate for uncertainties in a limited range of frequen-
cies, a more “feasible” objective than that of conven-
tional MRAC wherein uncertainties are compensated
over the whole spectrum. This approach brings sig-
nificant advantages over conventional MRAC, the most

critical of these being the “decoupling” of estimation
and control, realized by the presence of a bandlimited
filtering structure at a particular point (which varies de-
pending on the class of systems, see for instance figure
1 for the LTI state feedback with unknown pole loca-
tions) in the architecture. As a result of this property,
the performance-robustness trade-off of £; systems is
defined by the bandwidth of the filter as opposed to
the rate of adaptation. This trade-off can be addressed
with tools from classical and robust control; whereas the
adaptation rates can be increased arbitrarily and are lim-
ited only by practical concerns such as hardware speed
and noise. Consequently, uniform performance bounds
on the input and output signals can be enforced by high
adaptation rates while still maintaining a relatively high
level of robustness [25].

L, AC algorithms have been developed for a wide
range of classes. In this section, we present the £ ar-
chitecture for SISO LTI systems with unknown constant
parameters. To account for changes in system trajectory
due to feedforward control, and put the problem into a
meaningful format, we augment the original controller
[17] with a bounded feedforward signal.

3.1.1. Problem Formulation
We consider the following class of systems

%(£) = Ax(t) + b(u(t) + 67 x(1)), x(0) = x;,
y(@) = ' x(p),

where x(7) € R” is the measured state vector; u(t) € R is
the control input; b, ¢ € R" are known constant vectors;
A € R™" is a known constant matrix, with (A, b) con-
trollable; 8 € ® is an unknown constant vector, where
® is a compact convex set; and y(r) € R is the output
signal. Without loss of generality, let A be Hurwitz.

ey

Assumption 1. ® = {6 € R": |||l < 0y} for some
Oy, € R*.

Remark 3. Assumption 1 will enable us to abuse the
relationship of lemma 2 for ILC purposes.

The L; AC objective is to track a given reference system
in transient and steady state phases.

3.1.2. Closed Loop Reference System

The reference system dynamics are described by
(A,b,cT,0), the strictly proper BIBO stable transfer
function C(s) with DC gain 1 and zero state space ini-
tialization, and the unknown parameter 6. C(s) is also
subject to the £ norm condition

Gz, On, < 1, @)



where G(s) £ H,(s)(1 — C(s)), Hy(s) = (sI — A)"'b;
and 6y, = maxgep |16ll; = nby.,. Let H(s) = cTH(s).
The feedforward augmented closed loop reference sys-
tem can be defined as

xref(t) = Axref(t) + b(”ref(t) + ngref(t)),
yref(t) = CTerf(t)» 3)
Urer(s) = C(8)(kgr(s) = 07 xper(5)) + ui(s),

with initial condition x,./(0) = x;,, where k, = 1/H(0)
is a static precompensator; r(s) is the reference signal;
and u;(s) is a bounded input signal in Laplace notation.

By augmenting the reference system with a feedfor-
ward control signal, we reformulate the problem so that
the objective is to track certain given dynamics driven
by a reference signal and a feedforward signal. Since
this signal will be synthesized by certain filtering meth-
ods, and be used later for performance improvement,
we choose not to pass it through C(s). Note that letting
C(s) = 11in (3) results in the nominal system given by
(A,b,cT,0) (i.e. 6 = 0) with input kgr(r) + u;(r). In that
sense, we aim to only partially compensate for uncer-
tainties, within the bandwidth of C(s).

Lemma 3. If(2) is satisfied, the reference system (3) is
bounded-input bounded-state (BIBS) stable.

Proor. See [17]. The proof follows in the same manner
from the boundedness of u;(t).

Remark 4. Condition (2) ensures that the feedback
gain of 6 on the system states is small enough for sta-
bility (see lemma 7 in Appendix A) since |||, is the
L norm of the static LTI system 0”. In other words,
we require the bandwidth of C(s) be high enough for
sufficient compensation of uncertainties.

3.1.3. Ly Adaptive Controller

The L, adaptive controller is based on a fast esti-
mation scheme which consists of a state predictor, the
bounded feedforward input u;(¢) and the bandlimited fil-
ter C(s).

3.1.3.1. State Predictor. The controller relies on the
following state predictor

X0 = AX(0) + b@ (1)x(1) + u(t)) - Ky, %0,  (4)

with initial condition %(0) = x;,, where X(¢) is the state
prediction vector; 0(1) is the estimate of the unknown
constant vector 6; ¥(f) £ (7) — x(7) is the prediction
error; and K, € R™" can be used to assign faster poles
to (A — K;p) [26].

—— U = Uqgq + Uj : X
—> Control Law Fﬂ—F
State Predictor

!
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Figure 2: ILC with feedforward augmented £; adaptive
feedback

3.1.3.2. Adaptation Law. The adaptation law that esti-
mates 6 is

A(t) = T Proj(d(r), i (t)Pbx(1)), (3)

with arbitrary initial condition 9(0) = @,-,, € 0O, where
Proj(., .) is the projection operator defined in [27], with
projection bound 6y, £ maxgee |0l = Viby_ ;T > 0
is the adaptation rate; and P = PT > 0 is the solution to
the algebraic Lyapunov equation A” P + PA = —Z, with
arbitrary Z = ZT > 0. The projection operator ensures
the boundedness of 8(¢) by definition. This property is
used extensively in the analysis of £; schemes.

3.1.3.3. Control Law. The control input is defined as

u(t) = uaa(t) + ui(0),
Uaa(s) 2 C(8)(kgr(s) = A(s)),

where u,4(t) and u;(t) are the feedback and feedforward
signals, respectively; and 7j(s) is the Laplace transform
of 67 (t)x(¢). Inclusion of the feedforward signal in the
control input leads to the augmentation of the state pre-
dictor (see figure 2). Hence, the controller generates the
proper adaptive signal u,4(?) to track (3).

(6)

3.1.4. Transient Performance

The controller ensures transient and steady-state be-
havior in the input and output channels with respect to
the L, reference system, as stated in the theorem below.

Theorem 2. For system (1) with the controller defined
according to (4), (5) and (6), subject to the L norm
condition (2); and its corresponding reference system
(3), we have

I = e, € o fimGer® =20 =0,
it = ull . < 2, Tim (e (1) - u(t)) = 0,

where x1, x> € R are defined in [17].



Figure 3: Parallel ILC Scheme with the forward trial
shift operator g and update law u; | = qu; = f(u;, e;)

Proor. See [17]. The proof is the same since x.¢(f) —
x(t) and u,¢(t) — u(?) do not change with the choice of
ui(t).

Theorem 2 implies that while itself being nonlinear, the
L, adaptive controller can track the linear reference
model arbitrarily closely as I is increased. Since ILC
uses information from the input and output channels,
this property enables the use of the reference model in
designing the ILC update law. Moreover, the reference
system can be made arbitrarily close to the design sys-
tem, at the expense of reduced robustness, by increasing
the bandwidth of C(s). For further details, we refer the
readers to [17].

3.2. Iterative Learning Control

ILC architectures can be broadly classified as parallel
or series in terms of their relation to feedback control
loops. The parallel architecture, which we use in our
controller (compare the £; AC formulation in section
3.1.2 with figure 3), divides the input signal into feed-
back and feedforward components. In this approach, the
feedforward signal for the next iteration is synthesized
by processing the error and the feedforward input at the
current iteration.

ILC design methods are numerous and include fre-
quency domain, plant inversion, and optimization tech-
niques. While frequency domain methods only approx-
imate the system due to finite trial duration, they offer
simplicity, flexibility and tunability as in classical con-
trol. For these reasons, we will be adopting frequency
domain methods to design our learning law. Further de-
tails on ILC can be found in [1].

3.2.1. Update Law

A common first order frequency domain ILC algo-
rithm, which we will employ, is the Q filter and learning
function approach:

uir1(8) = Q()(u;(s) + L(s)ei(s)). ®)

In (8), u;(s) is the ILC input; Q(s) is the Q filter; L(s)
is the learning function; e;(s) is the reference tracking
error; and i is the iteration index. In this approach,
L(s) is used to maximize learning, while Q(s) limits the
bandwidth for robustness and other practical purposes
at the expense of performance. Asymptotic stability and
monotonic convergence of the algorithm is given by the
following well known theorem:

Theorem 3. The ILC system, defined by the update law
(8) acting on a stable SISO LTI system F(s), is mono-
tonically convergent if ||Q(s)IT — L(s)F(s))||eo < ur < 1
Sfor some up. That is, |lue — uir1llg, < prlltc — uillg,,
i=0,1,..., where u.(t) is the converged input.

Remark 5. As causality is not a constraint in ILC, the
readers might ask if the condition is valid for noncausal
Q(s) and L(s). The answer is yes, since the theorem is
proven by defining a contraction in the input space £,
by aid of theorem 1. Readers interested in the use of
noncausal LTT operators in ILC can refer to [28].

3.2.2. Monotonic Convergence and Robustness

Recall the guaranteed transient property of the adap-
tive system as stated in (7). For the design of the update
law, we will assume I is sufficiently high, and conse-
quently that x(#) = x,.r(f). Nevertheless, since the .L;
controller aims to compensate for uncertainties within
the bandwidth of C(s), parametric uncertainties will still
exist. The closed loop system can be described as

yi(s) = H()u;i(s) + H(s)C(8)kgr(s)+
(M= G()0") " X (5),

where H(s) 2 ' (I-G(5)0") ' H,(s) = H(s)/1-6"G(s)
by lemma 8 in Appendix Aj; and x;,(s) £ (sI-A)"x,.

While theorem 3 ensures monotonic convergence in
the £, space for a nominal system, it does not guar-
antee the same under uncertainty. We now state our
main result which shows that for the £;-ILC scheme,
robust monotonic convergence can be guaranteed in a
very simple way.

Theorem 4. The ILC system with the update law (8)
defined over H(s) subject to (2), is monotonically con-
vergent with rate u € [0,1) V0 € ® if

< Ho1QGW)IIT - L{jw)H(jw)|

< 9
[QU)IILj)H(jw)l ©)
Yw € R, where
A 9M2||G(S)”oo
& _ 27 10
T T=0uIGG (o



Remark 6. Theorem 4 is a natural result of theorem 6
of [1] when the uncompensated uncertainty is written in
multiplicative uncertainty form. See Appendix B for
the details.

Theorem 3 states that the nominal system can be ren-
dered monotonically convergent by defining a contrac-
tion mapping in the input space. Theorem 4, on the
other hand, directly extends monotonic convergence to
the £;-AC scheme by making sure that the update law
defines a contraction Y8 € ®. More specifically, (9)
implies maxgeo |Q(s)(1 = L(HH())le < f < 1 for
some fi. This condition follows elegantly from the £,
norm condition which ensures that the plant uncertainty
(1 — 87G(s))"! exists and is BIBO stable.

3.3. Design Trade-Offs

For a better understanding of the combined £;-ILC
scheme, we will have a look at the design trade-offs.
We first define A(s) £ (1 — 87G(s))~!. The inequalities
below follow directly from the definitions of A(s) and
M

1
— 0" H(j)l + ICGN6T H (o)l

A(jw)| = T
_H
1O(jw)l

It follows that

2 |1 = |L(jw)H(jw)A(jw)I|.

. . I
L(jw)|H 1
ILGWIH(jw)| < (IQ(jw)I + )

X (I1 = 0" Ho(jw)l + IC(jw)l6" Ho(jw)). (1)

Recall that C(s) and Q(s) describe the performance-
robustness trade-offs in their respective domains. Thus,
generally speaking, we can conclude the following:

1. Increasing the bandwidth of C(s) decreases the
minimum f that satisfies (11), i.e. faster conver-
gence. Indirectly, a higher bandwidth also results
in better iteration domain robustness since i be-
comes bounded further away from 1, thereby leav-
ing the possibility of higher gain Q filters for en-
hanced performance: As the bandwidth of C(s)
increases, k, as defined in (10), decreases since
G(S)loo < [|Hx($)|lolll — C(5)||co. As a result, the
designer can tune Q(s) to increase its bandwidth
and minimize the converged error.

2. Decreasing the bandwidth of Q(s) decreases the
minimum j that would satisfy (11), which signifies
increased iteration domain robustness. This further

implies that one can use a lower gain C(s) for a
feedback system with better stability margins: Be-
cause Q(s) has a lower gain, there exists a higher
value of « satisfying (9) for the initial value of fi.

It thus makes sense to summarize the design trade-offs
for the combined £, -ILC scheme as that of performance
versus robustness. Intuitively, this is to be expected as
increasing the passband of C(s) decreases uncertainty
A(s) = (1 — 6TH(s)(1 — C(s)))~', which is the de-
sired result from an ILC perspective. For further in-
sight into the controller, we refer the readers to [22]
where we provide extensive simulations showcasing de-
creasing effects of uncertainty with increasing feedback
bandwidth, and similar performance for all uncertain-
ties and bandwidths such that the closed loop system
remains stable.

3.4. Practical Considerations and Design Guidelines

The level of detail surrounding the previous sections
may leave the impression that the design of the com-
bined £;-ILC algorithm is highly complicated. In re-
ality, despite the algebraic intensity of the analysis, the
adaptive and learning controllers rely on fundamental
ideas of classical and robust control. Hence, in this
section we will explore how the controller can be de-
signed in a relatively straightforward way using these
ideas. The trade-offs given in section 3.3 will be helpful
towards that end.

The obvious starting point of this procedure is the de-
sign of the £; adaptive feedback controller. Readers
would note that the main design decisions of £; AC are
the bandwidth of the feedback filter C(s) and the magni-
tude of the adaptation rate I'. At this point we would like
to direct the readers’ attention to theorem 2 and remind
that the theoretical model tracking error of the feedback
system can be set arbitrarily low. Therefore, the design
of the filter and selection of the adaptation rate are de-
coupled. As we have mentioned in section 3.3, C(s) de-
scribes the performance-robustness trade-off in the time
domain; i.e. a higher closed loop bandwidth results in
decreased robustness margins and vice versa. Thus, the
natural question that follows is if the £; norm condition
can be satisfied. The lemma below illustrates how this
is indeed always possible:

Lemma 4. Let F(s) = % be strictly proper
and causal. Assume there exists W € (n/2,7] such
that arg(py) € [W,2n — ], k = 1,2,...,n. Then, as

.....

Let us assume the filter C(s) is chosen in the form of
1-5"/(s"+a,_1s" ' +- - -+ap), which guarantees that the
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Figure 4: Design flowchart of the £;-ILC scheme

DC gain of C(s) is 1 and that the numerator of 1 — C(s)
is constant regardless of the choice of poles. Now, we
have

Sn—l

o1 STt

Gl <1l 2 lIsH(S)ll, -
s"+a ap

The above lemma then implies that [|G(s)||z, can be ren-
dered arbitrarily small to satisfy the £; stability con-
dition (2) by increasing the bandwidth of C(s) since
llsH.(s)llz, € R from the stability assumption and the
strict properness of H,(s). Observe that an obvious
choice for C(s) is wc/(s + wc) and note that for a
given C(s) the £, adaptive controller has guaranteed
(bounded away from 0) robustness margins [17]. Hence,
after C(s) is designed, the adaptation rate should be set
as high as possible, while taking into consideration that
large values of I' might amplify noise and hinder closed
loop performance.

Once the adaptive control design is finalized, the
learning function can be designed on the nominal sys-
tem (i.e. 8 = 0) via the well known Nyquist tuning
method [1]. A good rule of thumb to minimize the con-
verged error is to set |1 — L(jw)H(jw)| small within a
large bandwidth since

1-0(s)
1 = O(s)(1 = L(s)H(s)
for 8 = 0, where e (s) is the feedback error without any

feedforward input. The Q filter can then be used to limit
this bandwidth so that the learning controller is robust

eo(s) = )efb(S),
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Figure 5: ILC with feedforward augmented £; adaptive
output feedback

against unmodeled high frequency dynamics, noise, and
the uncompensated parametric uncertainty A(s) as per
theorem 4.

In light of these observations, the design procedure
has been summarized in figure 4. We remind the read-
ers that while higher values of w¢ and wy signify high
closed loop and learning performance, this comes at the
expense of reduced stability margins.

4. Output Feedback

The results of section 3 show us that by a slight mod-
ification of the £; AC formulation, we can preserve the
guaranteed transient property of the feedback controller.
By doing so, we make sure that the £ controller uses
information from the feedforward input and keeps the
plant sensitivity close to the nominal case for perfor-
mance improvement through learning. In this section
we extend the results of section 3 to the output feed-
back case with time varying unknown feedback gains
and input disturbances. While the structure of the £,
controller is slightly different and less intuitive, we see
that the results are similar from an ILC standpoint. We
follow the same procedure of defining the feedforward
augmented adaptive controller, and designing an itera-
tive update law under the assumption of high adaptation
gain. Unless, explicitly stated, our assumptions and def-
initions from section 3 will continue to hold.

4.1. L) Adaptive Control

We present the £ adaptive output feedback control
architecture (figure 5) for SISO linear systems with un-
known time varying parameters and disturbances. Our
main assumption is that the nominal system is minimum
phase and of relative degree 1. The £; controller for this
class of systems considers an equivalent, virtual system



with a virtual adaptive control input [29]. This virtual
control signal is passed through a BIBO stable filter to
synthesize the actual control input. Hence, we augment
this virtual adaptive system with a virtual feedforward
signal for learning purposes.

For completeness, we list some variables that are used
in the analysis of the original controller [29] in Ap-
pendix C. We include some minor changes to account
for the addition of an additional input in the adaptive
controller.

4.1.1. Problem Formulation
Consider the class of systems

x(t) = Ax(®) + b(u(t) + 6T (H)x(t) + o (1)),
¥(0) = " x(2),
with initial condition x(0) = x;,, where x(¢) is the un-
measured state vector; and o(?) € R, |o(?)|] < A for
some A € R*, is the time varying bounded disturbance.

12)

Assumption 2. H(s) is minimum phase with relative
degree 1.

Assumption 3. 6(¢) and o(¢) are continuously differen-
tiable with uniformly bounded derivatives; i.e. there ex-
ist dy, d, € R* such that [|0(t)|l> < dy and |5(2)| < d,.

The L; AC objective is to track a given reference system
in transient and steady state phases by using only output
feedback.

4.1.2. System Transformation
In this section, we restate definitions and a lemma
from [29] which will define our virtual system. Let

H,(s) 2 bis"V +bys"2+---+b,,
Hy(s) & s"+a1s" '+ +ay,
where a;, by € R for k = 1,2,...,n so that we have

H(s) = H,(s)/Hy(s). Further let Ay € R™" such that
the following equality holds:

AT [1 N

Hy(s)
Note that H(s) is stable, minimum phase, and with rel-
ative degree 1 by assumption. Hence H,(s) and H;(s)
are stable polynomials of order n and n — 1, respectively
(by # 0). Define

n—1 T
H.(s) = ’ ] .

0 1 0 ... O

0 0 1 0
A 2| : : - :

0 0 0 1

—-a, —dy—1 —day-2 ... —di
ba2fo ... 0 1]

Since A,, is Hurwitz, for any Z,, = Zz > 0 there exists
P, = P,Tn > 0 that solves A,T,LP,,, + PyA,, = —Z,. Let
Cm 2 Pub,,. By the Kalman-Yakubovich-Popov lemma
[30], H,,(s) £ cL(sT-A,)"'b, = ()] Hy(s) s strictly
positive real (SPR). For a given signal v(s), let

u(s) = T(s)v(s), 13)

where T(s) £ H »(5)/H,(s) with zero state space initial-
ization. Further let w,(s) be the output of the following
system W:

wx(s) = T (s)wi(s),
wi(1) = 0" ()wa (D), (14)
wo(s) = T(s)Arx(s).

Lemma 5. Given v(t), 6(t), and o (t), there exists a sig-
nal o (1), lon@®)| < A, and |o,(8)| < dy, for some
Ap,dy, € R*, such that the output y(t) of (12) with in-
put u(t) synthesized according to (13) is equal to the
output y,,(t) of the following system:

Em() = Apx(t) + by (V1) + Wy, (1) + (1)),

Y0 = (D), 2n(0) = R, 13

where wy, (t) is the output of (14) with the input x(t) re-
placed by x,,(t) and X;, is any point such that we have
g =l xin [29].

Since the above lemma states equivalence of the out-
puts for arbitrary v(f), we can proceed with (15) as the
actual system with proper modification of v(¢).

4.1.3. Closed Loop Reference System
With proper modification of v,.¢(f), the augmented
closed loop reference system can be defined as

xref(t) = Amxref(t) + bm(vref(t) + mef(t) + om(1)),
Vrer(5) = C(5)Fres(s) + vils),
YVef(t) = Cyaxref(t)»

(16)
with initial condition x,¢(0) = X, where wy,_ (?) is
the output of W with the input x(¢) replaced by x.(¢);
Frep() £ kor(r) — Wx,-ef([) — ou(t) with kg £ 1/H,,(0);
v;i(¢) is an arbitrary bounded signal; and C(s) is subject
to the £ norm condition

IGm(ll e, M < 1, a7

With G,u(5) 2 Hyn()(1=C(5)), Hum(s) £ (sT=A) " by
and M £ [T~ (5)ll ¢, 0w, IT (A7l .

Lemma 6. If (17) is satisfied, the reference system (16)
is BIBS stable.



Proor. See [29]. The proof follows in the same manner
from the boundedness of v;(¢).

Corollary 1. For 6(t) = 6, the reference system (16) is
BIBS stable if
NG ()l 2, Or, 1Tl 2, < 1. (18)

Proor. The proof is omitted and is similar to the proof
of lemma 3.

4.1.4. L, Adaptive Controller

The £, adaptive controller for the virtual system is
similar to that of the state feedback case, with the ex-
ception that we have a single adaptive law that estimates
the combined effects of w,, (f) and o, (f).

4.1.4.1. State Predictor. The controller has the follow-
ing state predictor

X(1) = ApR(1) + bu(W(2) + 6(1)), (19)
(1) = cp (),

with initial condition £(0) = %;,, where $(¢) is the output

prediction signal; and &(¢) is the output of the adapta-

tion law below.

4.14.2. Adaptation Law. The adaptation law is given
as

(1) = T Proj(6:(n), =(), ¢(0)=0,  (20)

where §(f) £ $(t) — yn(t) = $(t) — y(¢) is the output pre-
diction error; the projection is defined with the bound
A given in Appendix C; and I, is the adaptation rate
subject to

afs o7en }
((Z - 1)2ﬁ4/1min(Pm)’ /lmin(Pm)’j/2 ’

I.> max{

with @ > 1 arbitrary and 83,4, % defined in Appendix
C.

4.1.4.3. Control Law. The control law is given by

(1) = vaa(t) + vi(1), @1
Vaa(1) & C(s)(kgr(s) — 6(s)),

where v,,(t) and v;(¢) are the feedback and feedforward

signals, respectively.
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4.1.5. Transient Performance
The guaranteed transient property of the controller is
given by the following theorem.

Theorem 5. For system (15) with the controller defined
according to (19), (20) and (21), subject to the Ly norm
condition (17); and its corresponding reference system
(16), we have

Y1

”yref = Ymllz., = ”yref =g, £ VL

2
Proor. See [29]. The proof follows the same structure
with the redefinitions in Appendix C.

”Vref - V“.Cw <

4.2. Iterative Learning Control

Having proved that the transient property holds with
our additional feedforward signal, we are ready to de-
sign a learning law on the adaptive system for perfor-
mance improvement. The recipe is the same as before
and we will be using the nominal system to check robust
monotonic convergence by bounding the system uncer-
tainty.

4.2.1. Update Law

We use the Q filter and learning function approach
as per section 3 for simplicity and consistency with the
state feedback case:

Vir1(8) = Q($)(vi(s) + L(s)e;(s)).

Note that since we consider (16) for design and analysis,
we define the update law on the virtual control v(s) as
opposed to the actual control u(s) (see figure 5).

(22)

4.2.2. Monotonic Convergence and Robustness

We will design the learning controller under the same
assumption as in the state feedback case; x,,(¢) = x,.(?).
We first analyze the case of constant feedback gain, i.e.
6(t) = 6. The closed loop reference system can then be
described as

X, (8) = Hogn(5)vi(s) + Hyu($)C(8)kgr(s)+
Gn($)0" AT X (8) + Gou()Tm(8) + Xur(5),  (23)

where x,,(s) £ (sI — A,,)"! £;,, which leads to
Vi () = Hy($)vi(8) + Hyu()C(8)kgr(s)+
Hy()(1 = C(5)Tm(s) + e (L = Gu(5)8" Ar) ' x,,(5),

where H,,(s) = ¢! (1 - G,(s)6" A7) "' Hy,(s). The fol-
lowing extends the result of theorem 4 to the output
feedback case. Note that the condition is identical in
structure to condition to (9).



Theorem 6. The ILC system with the update law (22)
defined over H,,(s) subject to (17) or (18), is monotoni-
cally convergent with rate u,, € [0,1) V0 € O if

pm = 1Q(w)I|1 — L(jw)H,(jw)|
|QGWILG)Hp ()

Ky <

Yw € R, where

o 2 elelATGm(s)”oo
" 1= Ol ATG (9l

Proor. The proof follows the same steps as that of the-
orem 4 and is omitted.

We note that in both the state and output feedback
cases, theorems 4 and 6 show that the contraction map-
ping condition can be guaranteed for all uncertainties by
well defined relationships that result from the £; norm
condition and bounds on the induced norms of the un-
certainties. Therefore, we can extend the convergence
conditions to time varying feedback in a similar fash-
ion. To that end, we will rewrite the plant dynamics in
operator form. Observe that in (23), the mapping 67 A7
is in essence the system ‘W that maps x; to w,, for the
special case of constant §. Therefore, the plant dynam-
ics can be rewritten in more general form as

Xy = Homvi + HynChgr+

G Wk, + G + Xy (24)
where H,,,, C and G,, are H,,(s), C(s) and G,,(s) in op-
erator notation, respectively. Note that the dynamics are
the same with the exception of ‘W being a linear time
varying map, which prevents us from further simplifi-
cation in the s domain. Regardless, we see after some
manipulations that the £, gain of the uncertainty and
therefore the robust monotonic convergence condition
is very similar.

Theorem 7. The ILC system with the update law (22)
defined over (24) subject to (17), is monotonically con-
vergent with rate 1, € [0,1) YO(t) € O if

< Homy, ~ 1O — L) Hn(5)lleo
e I1Q($)L($)Hyn($)lloo ’

(25)

where

. & MATOAT Hin(9lleolll = CCSlleo
" 1= MolIT(HATGr(les

with My £ |T7'(5)llep,-
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Figure 6: Single axis flexure bearing based nanoposi-
tioner with moving magnet actuator [31]

Due to the time varying nature of the feedback un-
certainty, theorem 7 is naturally more conservative than
theorem 6. Algebraically, this is attested to the fact that
we cannot simplify ‘W and commute SISO operators as
in matrix notation. Physically, we can interpret this as
the effect of time varying parameters being much less
predictable than that of constant parameters. Neverthe-
less, due to the condition being conservative, we might
see in practice that the actual performance of ILC is
much better than expected. We would also like to add
that the design trade-offs of the output feedback £;-ILC
scheme can be evaluated straightforwardly much as in
section 3.3. We omit these for the sake of brevity.

5. Simulations

To illustrate the benefits of our proposed method, we
will consider an £; AC based ILC design on a model of
the flexure bearing based nanopositioner shown in Fig-
ure 6 [31]. In [31], the authors consider the following
output compensator

1.57 x 10*(s + 141.5)
s(s +4000)
(s? + 159.55 + 5.01 x 10%)
(s2 + 67005 + 1.92 x 107)’

D(s) =

designed on the open loop transfer function from the
actuator input, identified as

1.28 X 10'9(s? + 5.635 + 3.34 x 10°)

- (s +333.1)(s? + 150.50s + 3.31 x 10%)
1

X ,
(52 +12.435 + 3.87 x 105)

P(s)
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Figure 7: Bode magnitude plot of the closed loop
complementary sensitivity function 7',(s) of the flexure
bearing based nanopositioner

which results in the closed loop complementary sen-
sitivity function Tp(s) £ D(s)P(s)/(1 + D(s)P(s)) by
unity gain feedback (Figure 7). Since P(s) was obtained
through system identification, we do a balanced realiza-
tion to come up with the system matrices A, b, and ¢
such that P(s) = ¢7(sI — A)~'b. To simulate an uncer-
tainty in the pole locations, we assume a time varying
6(1), subject to 8y, = 1, with a bounded derivative.

We will be considering two feedback based learning
schemes to compare on the plant (4, b, ¢, 0) with the
uncertain feedback gain 6(r). The control objective is
to minimize the tracking error for dynamic references
within 10 rad/s, regardless of the level of uncertainty
imposed by 6(¢). We would like to see similar learning
performances and converged tracking errors for every
6(t). Furthermore, we expect that performance degrada-
tions due to abrupt changes in 8(¢) to be low, and can be
compensated within a few iterations.

5.1. LTI Output Feedback based ILC (LTI-ILC) Design

We consider the output compensator of [31] and take
the control law as uzr;,(s) = D(s)((r(s) + ui(s)) — yi(s)),
where u;77.(s) is the control input and u;(s) is the feed-
forward learning signal. Note that this results in the dy-
namics given by y;(s) = T,(8)u;(s) + T,(s)r(s), which is
similar to the iteration domain dynamics in section 3.2.2
under zero initial conditions and 6(¢) = 0.

The signal u;(s) is given by the update law (8), with

250 5000

=— L = —.
0 = 5500 K9 = 735000

The filter L(s) is designed to approximate the inverse
of T,(s) and to keep |1 — L(jw)T,(jw)| small over a
large bandwidth, while Q(s) is chosen to maintain sta-
bility whilst having a sufficiently high bandwidth. More
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specifically, the cutoff frequency of L(s) was chosen to
be higher than that of T,(s) for ample learning, while
Q(s) was chosen to be more than a decade faster than
the desired tracking bandwidth of 10 rad/s. The signal
u;(s) + L(s)e;(s) is passed through Q(s) twice via time
reversal to emulate zero phase filtering in continuous
time and eliminate the phase lag in the ILC signal. Note
that the gain of this process is |Q( ja))l2 due to double
filtering.

5.2. State Feedback Ly AC based ILC Design

For the proposed £;-ILC scheme, we employ a static
feedback ks, such that the closed loop response given
by (A,b,c,0), where A = A — bk;b, is similar to 7,(s)
under zero uncertainty (i.e. 6(¢) = 0). We select the
desired pole locations as the poles of the reduced order
(5") approximation to T,(s) to yield near identical step
responses for k,H(s) = kgcT(sH - A)'band T,(5).

In the £; AC design, we consider a 3" order filter
and take C(s) = 1 — 53 /(s + wc¢)? to better attenuate the
effects of 6(¢) , which satisfies (2) for we > 2600. To
avoid an excessive bandwidth, we choose w¢c = 3000,
and also note that condition (2) can be satisfied by a
lower bandwidth through careful selection of the desired
pole locations, since the lightly damped poles of T (s)
(and consequently H(s) by virtue of the selected poles)
manifest as high gain feedback through 6(¢) in terms of
the £; norm condition. We consider a noisy measure-
ment scenario wherein each state is corrupted by Gaus-
sian white noise with variance 3.16x 1078, which results
in an output noise variance of 1.96x 107>, To limit noise
amplification, we take the adaptive gain I to be 1 x 10°.
For the state predictor, we select K, = 0 for simplicity.

For the ILC update law, we choose

250
s+250°

5000
s+ 5000’

0(s) = L(s) =k,
which result in a similar learning performance to that of
the output feedback based design. As with the LTI-ILC
scheme, we filter u;(s) + L(s)e;(s) through Q(s) twice to
eliminate phase lag.

5.3. Simulation Setup

To compare the £; AC and LTI based learning
schemes, we will be looking at unknown parameters 6(¢)
with 6;(¢) as the only nonzero element. The reason for
this is twofold: First, the Hankel singular values of the
states xj, x», X3, x4, and x5 of the balanced realization
of P(s) are 910, 454, 172, 170, and 42; respectively.
In other words, x; has a much higher contribution to the
output when compared to other states. Second, by doing
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Figure 8: Closed loop responses of the £ adaptive con-
troller and LTT output controller to 8;(¢) = sin(50¢) with-
out learning

so we are able to consider large time varying uncertain-
ties without having an excessively conservative robust
monotonic convergence condition, stated as
pr = 1Q(=$)Q(s)(1 — L(s)H(s))lloo
10(=$)Q()L(IH (5)ll0 '
for y, € [0, 1), with
o B Om. 11— C(9)llool | H 1 (5)]] o
" 1= O0p NG (leo

v =

where H,(s) and G(s) are the transfer functions to the
first outputs of H,(s) and G(s), respectively. The read-
ers can verify that the condition guarantees monotonic
convergence in the same vein as theorems 4 and 7. More
specifically, we have bounds on H,;(s) and G (s) since
0(t) is zero for all elements but 6,(¢) and Oy, < O,
IHx1(9lleo < 1Hx($)lleo and [|G1($)llo < [[G1($)llw; and
O(—s)Q0(s) due to double filtering, where Q(—s) is the
stable anticausal counterpart of Q(s). Also note that
this further implies Oy ||G1(5)lloo < Oar, [IG(H)lloo < 1.
For the simulation scenarios, we consider the re-
sponses of the two schemes to a sinusoidal reference,

13

10
£-1LC
o1 — — — LTLILC
10 B o
~
£ <
— ~
Z 10° S~ _____ p
e
i
10°}
10_4 L L L L L L
1 15 2 2.5 3 35 4 4.5 5
Iteration
(a) Tracking error reduction through learning
xlO_3
8
L4-ILC
4 = — = LTLILC
L)
i llJl sl
5 'I\W If' |II “l
= 0
w
—4h [
-8

Time (s)

(b) Converged tracking errors

Figure 9: Learning performances of the £;-ILC and
LTI-ILC schemes and for 8, (¢) = sin(50¢)

r(t) = sin(10¢), over periods of 8 seconds, wherein each
period defines a trial. At the beginning of each trial, we
reset the clock to 0, and reinitiate the process with the
updated feedforward signals. To better make our point,
we consider noiseless measurements for the LTI feed-
back system.

5.4. Simulation Results

First, we look at the feedback response (without
learning) of the two systems to a fast parameter, selected
as 6,(¢) = sin(50¢). We see in figure 8 that £; AC clearly
outperforms LTI control with an error norm (in the £,
sense) of 0.0126 against 0.138. We also observe that the
L AC input is smooth and devoid of high frequency
content from the estimation loop. Then, we study the
learning performance of the two schemes and observe
in figure 9 that the £;-ILC scheme performs almost an
order of magnitude better than the LTI feedback based
system for all iterations. We note that, the converged
error of the LTI scheme is much larger than that of the
L,-ILC algorithm with significant effects due to the 50
rad/s feedback uncertainty. We look more closely at the
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Figure 10: Converged tracking error of the £;-ILC
scheme for 6;(t) = sin(50¢)
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Figure 11: Learning transients of the £;-ILC and LTI-
ILC schemes due to an abrupt change in the sign of
61(7) = 0.1 sin(507) at the 6™ iteration

converged error of the £;-ILC architecture in figure 10
and see that the majority of the remaining error com-
prises of Gaussian noise from the measurements.

Next, we consider two scenarios wherein 6;(¢) has
an abrupt change of sign at the 6™ iteration. In the
first scenario, we keep the parameter at the same fre-
quency but decrease the amplitude to 0.1, thus start-
ing the trials with 8;(¢) = 0.1 sin(50¢) and switching to
61(t) = —0.1sin(50¢) at the 6™ iteration. We see in fig-
ure 11 that both controllers experience a large transient
growth but converge back to equilibrium within a few
trials. We also observe that the LTI feedback scheme
performs better than before (compare to figure 9) due
to decreasing uncertainty, yet the learning performance
is still poor when compared to £;-ILC with larger tran-
sients that exceed the original feedback control perfor-
mance. In the second scenario, we assume a time in-
variant parameter with a very small amplitude and take
6,(¢r) = 0.01, which is changed to 6,(f) = —0.01 at the 6™
iteration. Figure 12 shows us that the controllers show
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Figure 12: Learning transients of the £;-ILC and LTI-
ILC schemes due to an abrupt change in the sign of
6,(7) = 0.01 at the 6™ iteration

near identical learning dynamics due to the uncertainty
being close to 0. We also see that the converged LTI
error is slightly smaller than the £; AC error due to the
limiting noise factor. However, we observe that the er-
ror growth experienced by the LTI feedback based ILC
is noticeable, whereas the £;-ILC system shows negli-
gible change.

Finally, we redirect our attention to figures 9, 11, and
12: We note that the £;-ILC scheme displays similar
performance (in terms of initial and converged errors)
regardles of the uncertainty, whereas the LTI feedback
based ILC shows approximately an order of magnitude
variance in terms of both the initial and converged er-
rors. This clearly indicates the improvement in perfor-
mance predictability for the £;-ILC system over the LTI
feedback based ILC system.

6. Conclusion

In this paper we presented a combined L;-ILC
scheme for robust precision motion control. £; AC was
utilized to reduce the effects of parametric variation and
increase precision whilst preserving robustness against
unmodeled dynamics. This reduction in parametric un-
certainty enabled the use of aggressive ILC design to
increase system bandwidth and improve tracking per-
formance.

The combined controller is robust against paramet-
ric uncertainties and unmodeled dynamics, with high
tracking performance over a large bandwidth. Simula-
tion results on a precision nanopositioner demonstrate
that the well posed feedback controller helps us in ex-
tracting high performance from ILC and achieve near
perfect tracking even with information, bandwidth and
hardware constraints, which is especially important due



to the complex requirements for high precision tracking
even in the presence of parametric uncertainty.
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Appendix A. Intermediate Technical Results

In this section we present some results that are help-
ful towards evaluating system uncertainties and estab-
lishing the relationship of lemma 2. These will be used
to show the existence and stability of the feedback op-
erators. In the following discussion, ¥ : Vi — V; and
¥, : V, — V| are operators acting on vector spaces V)
and V,.

We first give a generalization of the £; norm condi-
tion which ensures that the objective of the £; AC prob-
lem is well defined. While we assume that the inverse
exists, the argument is valid regardless of its existence if
we think of it as a feedback interconnection. Note that
for linear systems, the condition |7 || < ¢» < 1 guar-
antees the existence of a left inverse as we show in the
proof of theorem 7. This is a special case of the small
gain theorem [30, page 218].

Lemma 7. Assume V,, V5 to be endowed with norms
such that ||F1]] < ¢1 < oo and ||F>F1|| < ¢ < 1. Then,
IF1(T + FF) M < i (1= o)~

Proor. Let {,& € V be the input and output vectors of
I + F,F1; respectively. Since ||[F2F ]| < ¢ < 1, we
have [|£]] > [IZ1l - [IF2511lI1] = (1 = ¢2)IIS1| by the reverse
triangle inequality. Hence, ||(Z + 7))~ < (1—-¢) 7.
The result then follows by submultiplicativity.

Let F; € C™", F, € C™™". A generalization of the
identity (I + FIF)™ ' =1-F{+ F,F)'F, to right
and left inverses of linear operators is given as follows.

Lemma 8. Let 7, 7 be linear. Then, (I +F1F2) 7R ex-
ists if and only if (I + F>F1) R exists. Moreover, a right
inverse of (I + F1F2) is I — F1(I + FoF1) RF>, and a
right inverse of (I + F>F) is I — Fo(T + F1F2) RF.
The same relationship holds for left inverses, and con-
sequently inverses.

Proor. Assume 7 + 7%, is right invertible. Then,
T +FF)T -FJ +FF) Ry =1 by direct com-
putation, which shows that 7 — (I + F172) ' F1 is a
right inverse of 7 + ¥,%. By interchanging ¥ and ¥,
we can show the converse statement. The relationship
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for left inverses can be shown in the same manner. Since
the existence of a right and left inverse is equivalent to
the existence of a unique inverse, our proof is complete.

The following shows that the £; norm of a system
bounds its induced L, norm.

Lemma 9. Let F(s) be a stable causal SISO LTI sys-
tem. Then for every input { € Ly, p € [1,00], the
output ¢ € L, and we have ||&llz, < IF()llg Izl z,
[30, page 200].

Appendix B. Proofs of the Main Results

Proor oF (LEmMaA 2). Let ¢ € L7, € € L7 be the in-
put and output signals; respectively. Then, by lemma 9

1€l = WLy fu* Eelle, < XLy Waall 216D 2,

where * denotes convolution. Let

Wfonllz, |

8 = [l fealls,
T
1Gellz.]

e 2 [l @)z,

50 X7 (el I@)ellz, = 6; €. Now the Cauchy-
Schwarz inequality implies 6] € < ||6/lz/l€ll2, hence we
get 30 Dl DAz, < lloellllelly < llokllillell.
Moreover, [|6klli < [IF(9)llz, and [lellz = (|47l z, by def-
inition, which imply [|(€)-llz, < IF($)llz 1|l z,- Thus,
e, < VallF)| g 1z, By theorem 1, it follows
that ||F(s)|lo < VRIF(9)llz, -

Proor oF (THEOREM 4). By the Cauchy-Schwarz in-
equality, [67G(jw)l < [6ILIGGw)l < OwmlIG($)lleo,
Yw € R. Note that 6y, = Vnby, so by lemma 2, we
have [107G(s)lo < OGOl < O IIG(S)llg, < 1.
Let Gy(s) £ (67G(s))/(1 — 67G(s)), which implies
A(s) = H(s)(1 + Gy(s)). By lemma 7,

' O IG(5)loo
Go(jw)l < 1G9l < T——=—— =K,
IGo(jw)| < [|Gg(s)] 1= 0 G(5)lleo

Yw € R. Assume there exists y € [0, 1) such that

10(jw)(1 - L(jw)H(jw))| <
QG| (1-L(jw)H(jw))I+Kl QUI(LGw)IH(jw)] < p,

Yw € R. But then, this is equivalent to (9).

Proor or (LEmma 4). We extend £; to include com-
plex transfer functions and note that the inverse Laplace
transform of 1/(s + p) is e P'1(r), which implies



[|(s + p)‘IIILI = 1/Re(p), Vp : Re(p) > 0. Without
loss of generality, assume m = n — 1. Then we have,

IF Oz, <l ]_[ Il
M1l Ipd
Re(pn) 1_[ Re(po) * Re(pp)’

Now the assumption arg(py) € [¥,2r — ] implies
1/Re(py) — 0 as |py] = oo and |py|/ Re(py) is bounded
for py # 0. It follows that 1 + |z¢|/ Re(py) + |prl/ Re(pr)
isO(l)fork=1,2,...,n—1. Since 1/Re(p,) — 0, the
result follows.

Proor oF (Tueorem 7). The proof follows the same
ideas of theorem 4. We first show that the £, gain
of W@G,, is less than 1 due to the £; norm condition.
Note that ‘W is made up of 3 cascaded systems (14)
with the first one being LTI. The readers can therefore
easily verify ¥ £ MoIT(5)ArG ()]s to be an up-
per bound on the induced £, norm of ‘WG,,. From
lemma 2 and the equality 6y, = Vnfy, it follows that
Y < M|Gu(9)llg, < 1.

Since the £, gain of ‘WG, is less than 1, it follows
that 7 — ‘WG, is nonsingular, which implies it is one-
to-one. Hence 7 — WG, has a left inverse, with £, gain
less than 1 — ¥ by lemma 7.

Let Gy £ (I —C)T — WG ) *“WH.,,,, where H,y,
is Hy,(s) in operator notation. It follows that an upper
bound on the £, gain of G, is

Mo||IT ($)A1 H n ()]l = C(5)llo
1= M|IT(HATGn(lleo
which is equal to k,, by definition. Moreover, by
lemma 8, the mapping #,, from v; to y; is given by
H,, = Hu(I + Guo). Now let Q, L be O(s) and L(s)
in operator notation; respectively. Assume there exists
Hm,, € [0, 1) such that,

QUL = LAz, < IQUE = LH 2, + ki, JQLH il 2,

S l'lmrv *

But then, this is equivalent to (25) by theorem 1.

Remark 7. The existence of (I — ‘WG,,)"* can also be
proven by M||G,,(s)llz, < 1 or any norm that satisfies
the small gain condition since this implies that 7 -WgG,,
is nonsingular. This property would be useful if it can-
not be shown that the £, gain is less than the £; norm.
For instance, if [|[F(s)llz, < 1, but [|[F(s)lls < 1 is not
necessarily true, [|(T— F(5))'llo < Vn/(1 = IF(s)llz,)
by lemmas 2 and 7. Obviously, this would lead to a
more restrictive robust convergence condition.
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Appendix C. £; Adaptive Output Feedback Con-
troller Definitions

We list the variables that are used in section 4 below.
The readers can refer to [29] for the original definitions,
we provide several modifications to account for the ad-
dition of v;(#) in the adaptive controller.

p1 = (kgllHan(HCE 2, 1l £y + IHam(l il 2.,
HGul g, (Nlomll e + Mp2) /(1 = |Gn($)ll, M),

where p» £ ||xye e, and x5, () is defined according
to xre_fz(t) = Amxrefz(t)’ xrefz(o) = Xin. Letp £ p1+p2
and A £ A, + M(p + FIC)llz, /(1 = Gu(8)ll 2, M)),
where ¥ > 0 is arbitrary. Define

IC)Il,
L =G, M

Bor = 4AM (do/ Oy, + Al 2, + bl 2, M) ,

B = ot . B2 = Boz + Poip,

Box £ 4A(dy,, + M1l £, (ICIl ., (kelllrl 2., + D)+

Vill .. + Am)),
A max(Pm) X max(Pm)
B3 mm(Zm) IBI ’ 34 min (Zm) BZ'

The transient bounds of the controller are given by

Yo £ a’ﬂ4/(rc/lmin(Pm))

Y1 2 9llCOllz, /(1 = IGu($)ll 2, M),
y2 £ MICS)lly + IC(s)/ () Hun(s))el N2, v0,

where ¢, € R” is arbitrary such that ¢! H,,,(s) is mini-
mum phase and has relative degree 1.
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