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Abstract

The speed and precision required in the precision motion industry is an ever-growing challenge. Lin-
ear control offers intuitive frequency-domain controller design methods that are based on a frequency
response function (FRF) of the plant, which is obtained solely from measurement data. Unsurprisingly,
linear controllers account for over 90 % of the controllers currently used in the industry. However, as
linear controllers are subject to inherent performance limitations such as Bode’s gain-phase relation-
ship and the waterbed effect, research on nonlinear control solutions to overcome these limitations
is ubiquitous. Reset control first showed up in 1958 with the Clegg integrator (CI). According to
a sinusoidal-input-describing-function analysis, the CI provides reduced phase lag compared to a lin-
ear integrator, suggesting Bode’s gain-phase relationship can be overcome and consequently allowing
for performance surpassing that of linear control systems. The drawbacks of the CI are the possi-
ble emergence of limit cycles and the excitation of high-frequent modes of the system originating
from higher-order harmonics of the CI's input caused by discontinuities in the control signal. The
generalised-first-order-reset-element-based integrator (GFbl) is the only reset element that can pre-
vent the emergence of limit cycles and can reduce the generation of higher-order harmonics, whilst
retaining the advantageous reduced phase lag the CI provides and allowing for closed-loop controller
design based on a plant FRF while taking the effects of higher-order harmonics into account, matching
the design methods of linear controllers. Optimally tuning a reset controller is a complex and time-
consuming task. Moreover, established tuning rules are still lacking. This work facilitates designing
a reset controller containing a GFbI element by providing two contributions to utilise the potential
of the GFbI element to improve upon linear control. The first is a comparative study on the effect
of the controller element sequence, aimed at reducing the negative consequences of the higher-order
harmonics generated by the reset element. The second is the proposal of an FRF-based optimisation
algorithm utilising frequency-domain performance prediction methods to automatically tune a reset
controller containing a GFbI element to adhere to the imposed constraints and maximise the benefit
gained from the nonlinear element. Validation using a simulated and physical wire bonder showed the
algorithm successfully tuned four different reset controllers using two different sequences. The perfor-
mance of the tuned reset controllers was compared to that of equally-well-tuned linear controllers. In
the first use case with the goal of suppressing a dominant vibration in the error signal, the median
root-mean-square error was reduced by 16.245%. In the second use case, the goal was to improve
the settling time, which was achieved by a median of 9.791 %. The best results were achieved using
a sequence in which the higher-order harmonics were avoided from passing through the lead filter in
open loop, mitigating amplification thereof. The proposed tuning algorithm proved able to tune reset
controllers containing a GFbI element such that the performance of linear control based on frequency-
domain performance prediction metrics was surpassed, where two use cases confirmed the predicted
performance increase through time-domain simulations and experiments on a physical setup.
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Chapter 1

Linear time-invariant (LTI) controllers dominate
the current precision motion control industry [1].
Applications include automotive, aviation, pro-
cess control, semiconductor equipment manufac-
turing, etc. Specifically, proportional-integral-
derivative (PID) controllers account for over 90 %
of controllers currently used in the industry. This
is rightfully so, as among others, such controllers
lend themselves for loop-shaping-based design in a
closed-loop system based solely on a frequency re-
sponse function (FRF) of the plant. Loop-shaping
is an intuitive controller design method using
performance prediction in the frequency domain
based on the sensitivity function.

LTI controllers are inherently limited due to
their linear nature. Two of these limitations are
the waterbed effect and Bode’s gain-phase rela-
tionship [2, 3]. As the development of LTI control
steadily progresses, it becomes increasingly chal-
lenging to continue improving LTI control due to
its inherent limitations and diminishing returns
are prevalent. Nonlinear time-invariant (NLTI) so-
lutions may be key to improving further upon LTI
control.

Reset control is an NLTI control technique that
has shown the potential to overcome LTI limita-
tions [4]. First introduced by Clegg in 1958 [5],
the simplest form of reset control is a Clegg in-
tegrator (cr). The c1 follows the behaviour of a
linear integrator, with the addition of resetting its
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state whenever its input hits zero. The behaviour
of a nonlinear element can be analysed using a
sinusoidal-input describing function (SIDF) analy-
sis [6]. An SIDF analysis of the cI shows the el-
ement exhibits a phase lag of 38.1 degrees while
providing the same magnitude response as a lin-
ear integrator, which is a significant improvement
upon the familiar 90 degree phase lag of a linear
integrator.

The reduced phase lag of the CI comes at a
cost. Firstly, as every state reset is essentially
a step in the control signal, more frequencies are
excited than contained in the input sinusoid [7].
As a result, the output of the CI contains higher-
order harmonics of its input that are injected into
the plant. These higher-order harmonics are ne-
glected by an SIDF analysis. Using a higher-order
SIDF (HOSIDF) description of the CI's output [7],
these higher-order harmonics can be captured.
The HOSIDF description allows for accurate closed-
loop loop-shaping through the use of the pseudo-
sensitivity [8], providing a means to analyse and
subsequently mitigate the drawback of the higher-
order harmonics. Secondly, state resets can cause
the emergence of limit cycles in a closed loop reset
control system (RCS) [9].

The focus of this work is on NLTI control
techniques for which closed-loop controller design
based on solely a plant FRF is possible and for
which a HOSIDF analysis is possible. Two reset-
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1. Introduction

based control structures exist that fall under this
class of nonlinear elements and that have shown to
mitigate both drawbacks of the c1. The first is a
combination of a linear proportional-integral (P1)
and nonlinear CI element to form a PI+CI ele-
ment [10]. This element divides the integral action
over the two integrators, posing a direct trade-off
between reducing the higher-order harmonics and
reducing the phase lag. The second is a combina-
tion of a PI element and a generalised first-order
reset element (GFORE) to form a GFORE-based in-
tegrator (GFbI) element [11]. This element pro-
vides integral action from the PI element up to
a tuneable phase-shift frequency, after which the
GFORE dominates and provides integral action for
the rest of the frequency spectrum. This struc-
ture trades off rather than shares the integral ac-
tion between the linear and nonlinear elements.
Whilst providing the same magnitude response as
a PI element, SIDF analysis shows the GFbI ele-
ment exhibits a phase lag of 90 degrees prior to
and 38.1 degrees after the phase-shift frequency.
As the reduced phase lag is only needed around
the bandwidth frequency, the drawbacks of the
state resets can be mitigated without trading off
the advantage. This behaviour makes the GFbI el-
ement preferable over the direct trade-off posed by
a PI+CI element. The only remaining alternative
is a similar control structure to the GFbI that uses
hybrid integrator-gain systems (HIGS) instead of a
GFORE [12, 13]. However, based on an SIDF anal-
ysis, the phase lag of a GFORE can be tuned be-
tween —90 and 0 degrees, while for HIGS the phase
lag is limited to between —90 and —38.15 degrees.
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Additionally, in contrast to the GFbI element, the
effects of the higher-order harmonics generated by
the HIGS cannot clearly be analysed for a closed-
loop system. This also makes the GFbI preferred
over a solution using HIGS.

Established tuning rules for reset controllers are
still lacking. Even if they existed, such rules gener-
ally lead to sub-optimal designs. Optimally tuning
a linear controller by hand can be a cumbersome
and time-consuming task, let alone doing so for
a reset controller. This work facilitates designing
a reset controller containing a GFbI element. Two
contributions are provided that investigate the po-
tential benefits of using a GFbI element to improve
upon LTI control. Firstly, a comparative study is
provided on the effect of different controller ele-
ment sequences on the generation of higher-order
harmonics. A key insight to this is the amplifi-
cation of higher-order harmonics by a lead filter,
which can be mitigated by placing the lead filter
in parallel to the reset element. Secondly, an al-
gorithm is proposed to gain maximum advantage
from the benefits of a GFbl element in an auto-
mated and intuitive fashion.

The remainder of this work is structured as fol-
lows. Chapter 2 provides the necessary prelimi-
naries on linear and reset control. Subsequently,
the comparative study of different controller ele-
ment sequences is given in Chapter 3. The tuning
algorithm is proposed in Chapter 4. The contri-
butions are validated using both a simulated and
physical plant in Chapter 5. Finally, concluding
remarks are provided in Chapter 6, along with fu-
ture research recommendations.
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Chapter 2

This chapter focuses on the preliminaries of linear
and reset control. The required details on linear
control is provided in Section 2-1. Subsequently,
the necessary background on reset control is given
in Section 2-2.

2-1 Linear control

This section elaborates on the preliminaries of lin-
ear control. The basics are detailed in Section 2-
1-1, followed by a brief overview of inherent limi-
tations of linear control in Section 2-1-2.

2-1-1 Basics of linear control

A linear feedback control system has numerous
traits that make it attractive for industrial appli-
cations. For example, linear systems allow using
the principle of superposition [14, Chapter 5]. Ad-
ditionally, closed-loop performance prediction us-
ing the sensitivity function, further simply called
the sensitivity, is possible based on solely the FRF
of the plant. The sensitivity offers an intuitive
controller design method, namely loop-shaping.
For example, an observed vibration in the error
signal can be suppressed simply by reducing the
sensitivity at that frequency. Moreover, analysing
closed-loop stability can also be done using the
plant FRF.

MSc. Thesis
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Figure 2-1 shows the control architecture of a
basic feedback and feedforward control loop. In
the figure, » € R denotes the reference signal,
u € R the undisturbed control signal, d € R a
disturbance signal, y € R the real output signal,
n € R a noise signal, y* € R the noise-corrupted
output signal and e = r — y* € R the error sig-
nal. The error signal goes into the single-input
single-output (SI1SO) LTI feedback controller Ct,.
Furthermore, Cg denotes the SISO LTI feedforward
controller. Lastly, G denotes the SISO LTI plant.

As evident from Figure 2-1, the noisy out-
put and reference signals are fed to the feedback
controller to compute the control signal. The
open-loop transfer function is defined as L(s) =
Ci(s)G(s), where s € C represents the Laplace
variable. The sensitivity S(s) is defined as

_ Lie}  L{e} 1

S = Ty T Ll 15 L)

(2-1)

with £ {z} denoting the Laplace transform of sig-
nal z.

Generally, the goal of any feedback system is to
track a (known) reference signal as well as pos-
sible. The sensitivity is an insightful tool to as-
sess the reference tracking and noise amplifica-
tion of an LTI controller. For mechanical systems,
the disturbance and noise signals usually have the
most power in the low- and high-frequency region,
respectively [15, Chapter 4]. Good disturbance
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Cy

Ch,

Figure 2-1: Basic feedback and feedforward control loop architecture.

rejection requires |L(jw)| > 0 dB in the low-
frequency region, where j = /—1 and w € Ry
represents a frequency. This results in |S(jw)| <
0 dB [14, Chapter 11, 15, Chapter 4]. Since all
real systems are strictly proper, it is unavoidable
to have |L(jw)| — —oo dB as w — oo [16, Chap-
ter 3]. This thus results in |S(jw)| =~ 0 dB in
the high-frequency region. However, the larger
|S(jw)] is, the more noise becomes visible from the
error signal [14, Chapter 11]. This is especially
true in the region where the noise has the most
power, i.e. the high-frequency region. Therefore,
it is desired to limit |S(jw)| in that region as much
as possible.

It becomes clear that there is a compromise to
be made between the reference tracking capabil-
ity and noise amplification of an LTI controller.
For low frequencies, |L(jw)| > 0 dB is required
for reference tracking, whereas for high frequen-
cies, |L(jw)| < 0 dB is desired for noise rejec-
tion. The frequency around which the controller
changes from tracking to rejecting is the band-
width frequency wpy, such that |L(jwpy)| = 0 dB
for the first time. The frequency region around
the bandwidth is defined as the middle-frequency
region. The bandwidth can thus be used as a met-
ric for the performance of a system, provided the
system is stable. Higher bandwidth generally re-
sults in improved reference tracking as the con-
troller is active, i.e. tracking the reference, at
a larger frequency range. However, this also in-
creases the amount of measurement noise injected
into the system [14, Chapter 11].

The closed-loop performance of the system can
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directly be seen in the sensitivity. Figure 2-
2 shows the shape of a typical sensitivity func-
tion. The closed-loop performance is quantified
from the sensitivity by assessing |S(jw)| < 0 dB.
The lower the sensitivity is in the low- to middle-
frequency region, the better the closed-loop per-
formance.

Mg

Frequency (Hz)

Magnitude (dB)
T
o

Figure 2-2: Typical sensitivity plot.

Additionally, the sensitivity provides a measure
of the robustness of the system. The maximum
sensitivity

Ms = max|S(je) (22)

is the peak value of the sensitivity. Equation (2-
1) shows that the sensitivity is a measure for the
amplification from the reference to the error signal
and from the noise to the error signal. Moreover,
the sensitivity and the point —1 on a Nyquist plot
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2. Preliminaries

of the control system are related as

1
1S(jw)]

where d_; is the distance between the sensitivity at
frequency w and the point —1 on the Nyquist plot
of the control system. Encircling the point —1 on
the Nyquist plot of the control system indicates
the control system is unstable. Thus, Mg being
the mazimum amplification of the mappings in (2-
1) and the closest point to —1 on the Nyquist plot
of the control system makes it suitable as a robust-
ness metric. This relation is shown in Figure 2-3.
Additionally, in all regions where the sensitivity
is above 0 dB, the noise is amplified. In general,
it should thus be attempted to minimise the area
of the sensitivity above 0 dB to achieve good re-
duction of noise amplification and minimise Mg
to obtain maximum robustness.

=d., (2-3)

>
s
£
1 1 o
ISGw)] T
2.5dB
1
6 dB \‘12 dB
0 Real
|LGw)l

Figure 2-3: Sensitivity and open-loop con-
straints visualised on the complex plane. The
circles around —1 represent a constant sensi-
tivity and hence function as a constraint, as
given in (2-4). The circle around the origin
represents a constant open-loop gain and ex-
actly intersects with the outer circle of con-
stant sensitivity.

In practice, often a constraint is imposed on
the maximum error amplification and minimum

MSc. Thesis

robustness together by limiting the maximum sen-
sitivity. Such a constraint can be formulated as

MS S Slim7 (2‘4)
where Sjj, is the maximum allowed peak in the
sensitivity. Sources like [15, Chapter 4] describe
an often used Sy, of 6 dB, although a suitable
limit may vary for each use case. The example
limit of 6 dB on Sy, is visualised in Figure 2-3 as
the blue circle. As shown, this limit corresponds
to roughly mind.; = 0.5.

Resonances and anti-resonance of the plant of-
ten inherently come with inaccuracies in the iden-
tified plant FRF. If for a control system the max-
imum sensitivity is constrained, generally a more
tight constraint is needed for all frequencies after
the first resonance or anti-resonance of the plant
to account for the inaccuracies. The frequency
prior to the first resonance or anti-resonance of
the plant is denoted by wres € R>p. The exact
value for wyes is determined by the control system
designer. The more tight sensitivity constraint for
any w > wres 18 denoted as

MS < Slim|w2wresv (2'5)

Wres

where Mg, is the maximum sensitivity for any
w > wres and is denoted as

= max
WE [Wres,00)

1S(jw)l- (2-6)

Wres

An example limit of 2.5dB on Syyjw>w,..
is visualised in Figure 2-3 as the left red cir-
cle. As shown, this limit corresponds to roughly
mind.; = 0.5.

Provided a control system is designed to hit the
edge of Sim|w>w,.,, the plant FRF phase inaccu-
racy due to resonances and anti-resonances may
still lead to Sim|w>w,.. exceeding Sim|w>w,..- 1O
ensure the control system is robust to plant FRF
phase inaccuracies, the open-loop gain can be con-
strained to ensure that

ML < Llim|w2wresa (2_7)

Wres

where My, is the maximum open-loop gain for
any w > wres and is denoted as

|L(jew)l- (2-8)

= max

L
“reS W€ Wres,00)
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2. Preliminaries

The relation between Mg, —and My,  is visu-
alised in Figure 2-3. For any Sjy|w>w,.., @ Cir-
cle can be drawn around the origin, which rep-
resents My, , such that the circle representing
Slim|w>w,e. €Xactly intersects with the circle rep-
resenting Mz, . The resulting radius of the cir-
cle representing My,  then equals the required
value of Ljjm|w>w,., to ensure that regardless of
the phase of the plant, (2-7) always holds. In
the case of Sim|w>w,. = 2.5 dB, the resulting
Liim|w>w,.. = —12 dB, as is apparent from the fig-
ure.

The control sensitivity is a measure for how
much of the noise entering a control system is vis-
ible in the controller output and is defined as

_L{uw)
L{n}

CS(s) = = Ci(s)-S(s).  (2:9)

Essentially, the control sensitivity is a measure for
how much the controller responds to noise. As
shown in Figure 2-2, the sensitivity is close to 0 dB
for high frequencies, thus
|S(jwhigh)| ~ O dB, (2-10)
where S(jwhnign) is the sensitivity for a sufficiently
high frequency whign. What sufficiently high ex-
actly is depends on the control system. Conse-
quently, the control sensitivity for any w > wpigh
can be approximated by
|CS(jwnign)| ~ |C(jwhign)!- (2-11)
By multiplying the control sensitivity with the
plant, the relation between the control sensitivity
and the open loop becomes apparent as
|G (jwnign)| - [CS(jwnign)| = [L(jwhign)|- (2-12)
Since the plant is considered constant, the only
changing variable (2-12) is the controller. In open
loop, too, the only changing variable is the con-
troller, as the plant is considered constant. There-
fore, a constraint on the control sensitivity for suf-
ficiently high frequencies can be approximated by
imposing a constraint on the open loop, for the
same sufficiently high frequencies. Such a con-
straint is denoted as
(2-13)

ML < Llim\wahigha

@high
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where My, is the maximum open-loop gain for
ig

any w > whigh and is denoted as
|L(jw)|. (2-14)

= max

L, .
high wE[whigh,00)

2-1-2

Linear control systems are subject to several con-
straints that are a consequence of the linear nature
of such systems [2, 3]. Two are the waterbed effect
and Bode’s gain-phase relationship. This section
further explains the origin of these two constraints
and clarifies the impact they have on linear control
system performance.

Limitations of linear control

Waterbed effect

The sensitivity of a linear system is inherently con-
strained by Bode’s sensitivity integral [14, Chap-
ter 11]. The integral relation is defined as

o0

/ ]S (jw)| dew = 0. (2-15)
0

Note that (2-15) is only valid for control systems
that have no unstable poles and for which the open
loop contains two more poles than zeros.

Equation (2-15) entails that the area of the sen-
sitivity below 0 dB and above 0 dB must be equal
on a linear diagram. This results in that either an
improvement in reference tracking or reduction of
noise amplification necessarily leads to a degrada-
tion of the other, as illustrated in Figure 2-4. This
phenomenon is called the waterbed effect due to
its analogy to how water in a waterbed can move
around, but the total amount of water remains the
same.

Bode’s gain-phase relationship

If a linear system is stable and has minimum
phase, there is a unique relationship between the
phase and the gain of the system called Bode’s
gain-phase relationship [16, Chapter 2]. The rela-
tionship is defined as

=L [ B o] e
T J)_ o dlnw w—wy| w

(2-16a)

ZL(jwg) =~ 90° - N(wp), (2-16b)
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where wy denotes the frequency that is analysed
and N(w) is the slope in 20 dB per logarithmic
decade of the magnitude on a logarithmic dia-
gram. Equation (2-16b) gives an approximation
of (2-16a). This approximation only holds if the
slope near w = wy is constant, thus if there are no
nearby poles or zeros.

Serious Design X

Log Magnitude

0.0 0.5 1.0 15
Frequency

20

Figure 2-4: Graphical interpretation of the
waterbed effect [17].

2-2 Reset control

This section focuses on the preliminaries of reset
control. The general architecture of an RCS is de-
tailed in Section 2-2-1. Subsequently, the perfor-
mance prediction of an RCS is discussed in Sec-
tion 2-2-2, followed by a discussion on the stability
of an RCS in Section 2-2-3. Finally, Section 2-2-
4 provides details on the GFbI, a novel reset ele-
ment [11].

2-2-1 Reset control architecture

Beker [4] proposed a mathematical definition of a
reset controller, denoted by R, as

ir(t) = Arag(t) + Bre(t) if e(t) #0,
R = 2x(tt) = Apzn(t) ife(t) =0,
ug(t) = Cra(t) + Dre(t),
(2-17)

with reset controller state vector zp, € R™® with
ny states, time ¢t € R with t* = lim,_,o+ 7, reset-
ting matrix A,, and Ag, Bg,Cg, D forming the

MSc. Thesis

state-space representation of the base linear sys-
tem (BLS). The BLS is the dynamics that gov-
ern the system at all times except at reset in-
stances. The resetting matrix determines the reset
controller’s states after a reset has occurred. All
states are reset to zero, thus like with a CI element,
if A, =[0]

NRXNR "

2-2-2 Performance prediction

The steady-state closed-loop performance of lin-
ear control systems can accurately be predicted
using the sensitivity. However, obtaining a tool
like the sensitivity is not as straightforward for
nonlinear systems as it is for linear systems. The
nonlinear nature a reset controllers as defined in
(2-17) necessitates a different approach to be able
to employ loop-shaping controller design for accu-
rate closed-loop performance prediction. Guo et
al. [6] introduced an analytical computation of the
SIDF for reset controllers. This creates a link be-
tween open-loop and closed-loop behaviour, allow-
ing for loop-shaping based on FRF data from the
plant. However, as is generally the case for nonlin-
ear systems, using the SIDF in loop-shaping design
using the sensitivity inherently comes with inaccu-
racies due to the higher-order harmonics missed by
the SIDF. This can result in significant deviations
between predicted and achieved performance [18,
19]. This necessitates a more accurate description
of the link between open-loop and closed-loop be-
haviour than the SIDF offers to obtain a more ac-
curate performance prediction.

In 2021, Saikumar et al. developed a HOSIDF
description [7] as an extension to the SIDF for re-
set controllers. Using HOSIDFs, Dastjerdi et al.
formulated a method for closed-loop performance
prediction utilising the pseudo-sensitivity [8, Def-
inition 5]. This allows for a more accurate pre-
diction than using the SIDF [7], decreasing the
gap between predicted and achieved closed-loop
performance using loop-shaping. The HOSIDF de-
scription currently only exists in literature for
continuous-time RCSs in the form of (2-17).

Dastjerdi et al. [8, Definition 5] define the
pseudo-sensitivity as the ratio between the com-
puted, approximate error signal and amplitude of
the reference signal of the RCS at each frequency.
Three assumptions noted next underlie comput-
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ing these approximate error signals [7]. The ex-
tent to which the assumptions are violated largely
influences the accuracy of the approximate error
signals and, indirectly, of the pseudo-sensitivity.

Assumption 1 | The RCs is input-to-state con-
vergent in the sense defined in [7, Assumption 1].

Assumption 2 | A zero crossing of the error sig-
nal results in a state reset. Zero crossings occur
T /Winput apart, where winpyy is the input frequency
causing the error signal. This spacing of the zero
crossings results in two resets per priod of the in-
put frequency.

Assumption 3 | Resets are only triggered by the
first harmonic of the error. Hence, only the first
harmonic of the error generates higher-order har-
monics.

2-2-3

Literature on the closed-loop stability of FRF-
based RCSs in the form of (2-17) for which
a HOSIDF analysis is possible is fairly scarce.
A prominent development towards proving the
closed-loop stability of RCss, proposed by
Beker [4], is the Hpg-condition.  His theo-
rem states that for a stable BLS, the RCS
is quadratically stable if and only if the Hpg-
condition is satisfied. Dastjerdi et al. propose
a method to prove the uniformly bounded-input
bounded-state (UBIBS) property of several re-
set elements, namely first-order reset elements
GFORE, CI and proportional Clegg integrator
(pc1) [20, Theorem 2|, and second-order reset
elements generalised second-order reset element
(GSORE) [20, Theorem 4] and second-order single-
state reset elements (SOSRE) [20, Corollary 3.
The method utilises the Nyquist stability vec-
tor (NSv), which is based on the Hpg-condition,
although it does not require directly proving the
Hg-condition. Additionally, the method is based
on FRF data from the plant, thus a parametric
model of the plant is not required.

The methods in [20] only provide a stability
proof for specific reset elements, optionally with
a linear pre- and post-filter. They do not provide
a stability proof for RCSs containing parallel lin-
ear controller elements. Guo et al. found that for

Stability
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A, = v € R, stability of a reset element in open
loop at least requires that v; € [—1,1] [6, Propo-
sition 2].

2-2-4

A GFbI element is a novel nonlinear integrator pro-
posed by van Eijk et al. in 2024 (in press) [11].
Essentially, a GFbI element combines a PI element
with a GFORE by placing them in series. A GFORE,
similar to a CI element, provides reduced phase lag
compared to a PI element at the cost of the gener-
ation of higher-order harmonics and possibly the
emergence of limit cycles. The PI element Cpy is
defined as

GFbl element

We + 8
CPI(S) = .

WeS

(2-18)

The GFORE is expressed in state space by (2-17)
with

Ap = —wr, (2-19a)
B = wr, (2-19b)
Cn =1, (2-19¢)
Dy =0, (2-19d)
A, =7, (2-19e)

where integrator frequency wy € Rsg. Due to the
stability requirement in [6], v € [—1,1]. Addition-
ally, the GFORE’s corner frequency is

We 4(1 _’7)

—, Dyoo = — 7~ -
J1+63 m(1+7)

Figure 2-5 shows the schematic representation of a
GFbI element with integrator frequency w; € R>q
placed in parallel with a proportional gain of 1
to obtain a proportional GFORE-based integrator
(PGFbI) element. A PGFbI element can be used to
replace a PI element.

In a GFbI element, the linear integral action of
Cp1 dominates up to around the phase-shift fre-
quency w. € Rsg. For higher frequencies, the
nonlinear integral action of the GFORE dominates.
Consequently, the phase shifts from —90 degrees
to —38.1 degrees around w.. Generally, the phase
only matters for stability and robustness in the
middle-frequency region, which is where the band-
width lives. The phase shift frequency can be
tuned such that the frequency region where Cpp

(2-20)

Wy =
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dominates is maximised, whilst providing the re-
duced phase lag around the bandwidth and for
frequencies above. This is illustrated in Figure 2-
6.

» R »Cpr

e ;_i_u

Figure 2-5: Schematic representation of a
PGFbl [11].

For increasing w, higher-order harmonics di-
minish as the nonlinearity of the GFbI is dominant
for a decreasing frequency range. This observed
favourable frequency specificity, allowing tuning of
the frequency regions where linear and nonlinear
behaviour in the RCS dominates, is what makes
the GFblI element preferable over the only other
alternative in its class, the PI+CI element.

The SIDF in general is accurate for linear sys-
tems. The more nonlinear behaviour a system
shows, the more accuracy the SIDF loses. With
regards to the GFbI element, this translates to ac-
curate performance prediction for the system in
the low-frequency region. For middle and espe-
cially higher frequencies, however, an SIDF anal-
ysis of the GFbI element still loses accuracy, re-

MSc. Thesis

sulting in degraded performance prediction. By
using a HOSIDF analysis instead, accurate perfor-
mance prediction is possible, paving the way for
loop-shaping by means of the pseudo-sensitivity.

= 407 -
=z GFORE
< 201 —GFbI ||
]
£ 0
o
®
S 20} ]
0
“o0
(&)
=
5 50} ]
9]
=
[l
-100 ‘ . L
10° 10! 102 103

Frequency (Hz)

Figure 2-6: Magnitude and phase character-
istics of the GFbl reset element and its con-
stituents. The red line is Cpi(s) - 10° given
by (2-18) with w. = 10®. The yellow line
is a GFORE with wy following from (2-20).
The blue line is the GFbl, obtained by placing
Cpi(s) - 10® and the GFORE in series.
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Chapter 3

GFbl controller sequences

For linear controllers, the order of the controller
elements does not change the behaviour of the con-
troller due to the principle of superposition [14,
Chapter 5]. However, the principle of superpo-
sition does not hold for nonlinear systems, such
as an RCS. The sequence of the controller ele-
ments can make a difference for RCSs, depending
on what is changed. A key insight in this regards
is the amplification of higher-order harmonics by
a lead filter, which can be mitigated by placing
the lead filter in parallel to the reset element. For
an RCS containing a GFbI element, further called
GFbI controller, two different sequences are com-
pared. In the first considered sequence, the reset
element and a lead filter are placed in series, where
the output of the reset element is fed into the lead
filter in open loop. This is further detailed in Sec-
tion 3-1. In the second considered sequence, the
reset element and lead filter are placed in parallel
to prevent the output of the reset element from
passing through the lead filter in open loop. This
is discussed in Section 3-2. Finally, a generalised
form for a GFbI controller of any sequence is given
in Section 3-3. This generalised form is used to
ensure the GFbI controller adheres to the perfor-
mance prediction theorems discussed in Section 2-
2-2, regardless of the controller element sequence.

MSc. Thesis

3-1 Serial sequence base lin-

ear system

Linear controllers are often designed in a sequence
where all controller elements are placed in se-
ries. Such a serial sequence of linear controller ele-
ments, further called a serial linear controller, is il-
lustrated in Figure 3-1. The controller in Figure 3-
1 contains controller elements that are commonly
used in industry. The controller elements are a PI
element with integrator frequency wis € R, a
proportional gain kp 5 € R, a lead-lag filter Cleaq s
defined as

Clead,s(s) =s+ kD,S; (3_1)
with lead filter constant kp s € R, a lag filter Clag

defined as )

Clag(S) - s+ kT’

with lag filter constant kr € R, and notch filters
defined as

(3-2)

Cnotches(S) - Cnotch,l(s) . Cnotch,Q(S)

: Cnotch,n(s)a (3'3)

where n € N is the total number of notch filters
and each notch filter is defined as

%+ Epibm K,
Cnotch(s) = il . 15t .

= 3-4
52 + Em2bmas + km,27 ( )
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Ys

e u
; ; > @_ Clead;s Clag Crotches

Figure 3-1: Schematic representation of a serial linear controller as seen in generic industrial applications.

® Cor
: V.
S

u
@_‘ Clead,s Clag Cn otches

Figure 3-2: Schematic representation of a serial GFbl controller.

with skewed notch filter constants and damping
coefficients k,, € R and b, € R, where subscript
“m” denotes that the parameters corresponds to
notch filter m € {¢q € N|1 < ¢ < n}. Additionally,
the additional subscript “,s” denotes that the con-
troller or parameter corresponds to a serial con-
troller.

If the integrator of a serial linear controller is re-
placed by a GFbI element, a serial GFbI controller
is obtained. The BLS of a serial GFbI controller is
placed in a sequence such that all controller ele-
ments are in series. Applying the integrator re-
placement on the serial linear controller from Fig-
ure 3-1, a controller as illustrated in Figure 3-2 is
obtained. The reset element R denotes the GFORE
given in (2-19) and Cpy is the PI element given in
(2-18). The other controller elements are the same
as in the serial linear controller of Figure 3-1.

As shown in Figure 3-2, the PGFbI, proportional
gain, Clead,s; Clag and Chotcnes are all placed in se-
ries. The error is directly used as the input of the
reset element. The output of the reset element
proceeds to pass through all linear controller el-
ements before entering the plant. As the reset
element generates higher-order harmonics, these
also pass through all linear controller elements.
Of special interest is that the higher-order har-
monics pass through Cleaqs. The lead filter am-
plifies the higher-order harmonics in open loop,
increasing the error. In closed loop, the amplified
higher-order harmonics enter the lead filter once
more and are amplified again, increasing the error
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even more. Whilst maintaining a serial sequence,
the lead filter can be placed in before the reset
element to prevent it from amplifying the higher-
order harmonics. However, the lead filter then
amplifies noise, which is fed to the input of the
reset element, which may lead to an unnecessary
increase in the number of resets. For this work,
the focus is on sequences for which the input of
the reset element is the direct error signal.

3-2 Parallel sequence base lin-

ear system

The controller elements of the controller shown in
Figure 3-1 can be re-ordered such that the lead
filter is placed in parallel with the integrator, as
shown in Figure 3-3. Some of the parameters
change when re-ordering the controller, namely

kpp =wis + kD, (3-5a)
wi,p = wi,S . ICD’S, (3-5b)
kpp =1, (3-5¢)

with proportional gain kp, € R element, inte-
grator frequency wi, € R>¢ and lead filter con-
stant kpp, € R. The additional subscript “,p”
denotes the controller or parameter corresponds
to a parallel controller. The lag filter is placed in
all three parallel branches to ensure each branch
as a whole can be expressed by a proper transfer
function, which would otherwise not be the case
for the branch containing the derivative action.

MSc. Thesis
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Figure 3-3: Schematic representation of a parallel linear controller. This is equivalent to the serial linear

controller in Figure 3-1.

— R Cpi

Clag

Clag

. ‘ D Cnotches L

Clag

Figure 3-4: Schematic representation of a parallel GFbl controller.

Similarly to the serial linear controller, the in-
tegrator of a parallel linear controller can be re-
placed by a GFbI element to obtain a parallel GFbI
controller. The BLS of a parallel GFbI controller is
placed in a sequence such that the GFbI element
and derivative action are in parallel. Applying
the integrator replacement on the parallel linear
controller from Figure 3-3, a controller as illus-
trated in Figure 3-4 is obtained. The reset ele-
ment R denotes the GFORE given in (2-19) and
Cpr is the PI element given in (2-18). The lead
filter of the serial GFbI controller is now separated
in its proportional gain and derivative action, as
the proportional gain is combined with the pro-
portional gain of the PGFbI element. The other
controller elements are the same as in the parallel
linear controller of Figure 3-3.

By placing the reset element in parallel with
the derivative action, the output of the reset el-
ement does not pass through the derivative ac-
tion in open loop. Therefore, the derivative action
does not amplify the higher-order harmonics gen-
erated by the reset element in open loop. After

MSc. Thesis

passing through the closed loop once, the higher-
order harmonics enter the derivative action once,
increasing the error. Compared to a serial GFbI
controller, where the higher-order harmonics pass
through the lead filter both in open loop and in
closed loop, a parallel GFbI controller amplifies the
higher-order harmonics less, resulting in a lesser
increase of the error. The integrating action, along
with the advantages thereof compared to a linear
PI element, remains the same in both a serial and
parallel GFbI controller.

3-3 Generalised sequence

base linear system

Any GFbI controller, whether it has a serial, paral-
lel, or any other controller element sequence, can
be transformed to the equivalent generalised form
shown in Figure 3-5 with the reset element R de-
noting the GFORE given in (2-19). Due to the prin-
ciple of superposition [14, Chapter 5], the linear
controller elements in series and in parallel with
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CparPre R

CparPost

Cpre

u
Cpost —

Cpar

Figure 3-5: Generalised sequence reset controller architecture.

the reset element can be combined such that the
resulting controller is equivalent to the original
controller.

The purpose of transforming the GFbl con-
trollers is to ensure the RCS adheres to the
form used in performance prediction theorems dis-
cussed in Section 2-2-2. Additionally, the gener-
alised form introduces as little discretisation inac-
curacies as possible, as detailed in Section 4-1-1.

Bas Cheizoo

Furthermore, to be able to compute the out-
put signal of the lead filter in a serial GFbI con-
troller or the derivative action in a parallel GFbI
controller, those controller elements need to be
combined with another controller element to make
the resulting combined controller element proper.
This is achieved for both GFbI controllers by trans-
forming them to the generalised form shown in
Figure 3-5.

MSc. Thesis



Chapter 4

GFbl feedback autotuner

Consider any control system using a linear feed-
back controller that adheres to the constraints im-
posed on the system, if any are present. Let the
system of the plant controlled by the linear feed-
back controller be called the reference linear sys-
tem and let the performance of the reference lin-
ear system be denoted as the linear performance,
which is measured by frequency-domain perfor-
mance prediction metrics. Also consider a GFbI
controller with the same controller elements as the
reference linear system as its BLS except for the
integrator, and let the performance of the system
with the same plant controlled by the GFbI con-
troller be denoted as the nonlinear performance,
which is measured by the same frequency-domain
performance prediction metrics as the linear per-
formance. By changing the parameters of the GFbI
controller, namely its BLS and GFbI element, the
nonlinear performance can be altered. Note that
the BLS of the GFbl controller is changed, not
the reference linear system. The nonlinear per-
formance is compared to the linear performance
from the reference linear system.

Tuning the GFbI controller is a rather complex
and tedious task. Multiple parameters need to be
optimised simultaneously that all strongly affect
each other in non-intuitive ways. It is possible to
formulate an objective function for this problem
that, by design, steers towards a holistically op-
timal controller while capturing the interrelated
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effects of all parameters at once. Global optimi-
sation algorithms are well suited for this kind of
complex and tedious problems for which such an
objective function can be conceived.

The GFbl feedback autotuner (GFA) is an op-
timisation algorithm that iteratively attempts to
find holistically optimal parameters for the GFbI
controller using the described objective function
to ensure the nonlinear performance is better than
the linear performance. In each iteration, a candi-
date GFbI controller is synthesised with a new set
of parameters. For each candidate GFbI controller,
it is verified whether the constraints are satisfied
and how well the candidate GFbI controller per-
forms with respect to the GFA’s optimisation tar-
get. After the algorithm finishes, the set of pa-
rameters that resulted in the best performing GFbI
controller forms the optimal solution.

This chapter presents the GFA, along with the
necessary details required to understand how the
GFA works. First, the assumptions the GFA is
based on are provided in Section 4-1. Subse-
quently, the types of constraints that the GFA can
impose on a GFbI controller are given in Section 4-
2, followed by the optimisation target in Section 4-
3. Finally, Section 4-4 elaborates on how all con-
straints and the optimisation target are combined
to design a tuned GFbI controller.
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4-1 Internal mechanics

This section elaborates on some internal mechan-
ics that are relevant for various certain processes
in the GFA. First, Section 4-1-1 discusses the
discretisation of GFbI controllers and the effects
thereof on performance prediction accuracy. Sub-
sequently, to verify assumption 2, a method is
needed to determine the number of resets per pe-
riod of the input frequency. Details on how this
can be done are given in Section 4-1-2. Lastly, as
a GFbI element contains both linear and nonlinear
behaviour, a decision needs to be made on how
much nonlinearity can be added to the system and
why. Section 4-1-3 details how the amount of non-
linearity can be optimised and what assumptions
are involved.

4-1-1

A GFbI controller is implemented in an RCS in
discrete time. Before discretisation, the GFbI
controller is transformed to the generalised form
shown in Figure 3-5. The generalised form min-
imises the number of discretisations, along with
the inaccuracies introduced thereby, by minimis-
ing the number of linear controller elements. This
minimises the inaccuracy caused by the number of
discretisations. All linear controller elements are
discretised using the Tustin approximation, as this
discretisation method generally yields the smallest
discretisation error [21].

The BLS of the GFORE is also discretised using
the Tustin approximation. The discrete GFORE is
implemented digitally as

Controller discretisation

zr(k+1) = —wrar(k) + wre(k) if 6.(k) > 0,
Ra = za(k+1) =~yzx(k) if 0¢(k) <0,
ug (k) = z(k),
(4-1)

where R, is the discrete GFORE with time step
k € Z and zero-crossing-detection variable d.(k),
defined as

dc(k) = e(k) - e(k — 1), (4-2)

where e(k —1) =0k = 0.

Analytical performance prediction has currently
only been developed for continuous-time RCSs.
However, as the GFbI controller is implemented in
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discrete time, the performance prediction is per-
formed with FRFs obtained from the discretised
controllers. An FRF of the GFORE is obtained us-
ing the theory from [7, 8]. For the GFA, the in-
accuracy of the continuous-time performance pre-
diction theory performed with discrete time data
is assumed negligible. Moreover, to the best of
the author’s knowledge, there is currently no al-
ternative to perform performance prediction for
the GFA.

4-1-2 Number of resets

Assumption 2 must be verified for each individual
frequency at which the pseudo-sensitivity is com-
puted. Hence, a method is needed to determine
the number of resets per period of the input fre-
quency.

Following [7], the error signal at a specific fre-
quency can be computed for one period of the in-
put frequency while taking the HOSIDFs into ac-
count. This is done in discrete time with a finite
sampling period Ty € Ry . With this error signal,
the number of zero crossings can be counted. The
number of resets for a specific frequency, denoted
by N, (w), is equal to the number of zero crossings
in the error signal at that frequency. Assump-
tion 2 holds if N,(w) = 2 and does not hold if
Ny (w) # 2.

Since the error signal is computed in discrete
time instants, one period of the input frequency is
not necessarily equal to an integer multiple of T.
This results in the error signal being either trun-
cated before or extended after exactly one period
of the input frequency. From here on, it is as-
sumed that the truncation method is used. For a
truncated error signal, one zero crossing may be
missed. This is illustrated in Figure 4-1. It is
known that the error signal should be connected
at the start and end for one period of the input
frequency, indicated by the dotted line. Since the
sinusoidal input sin(¢winpus) is an odd function,
the even higher-order harmonics in the error sig-
nal are zero [7]. Hence, the number of resets for
one period of the input frequency must be even.
From this, it can be concluded that if the detected
number of zero crossings is odd, one zero crossing
was missed. The number of resets then equals the
number of detected zero crossings plus one.
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Figure 4-1: One zero crossing is not detected
due to truncation of the error signal over one
period of the input frequency. The red dots
indicate sampling points taken at a sampling
period of T;. The red signal at the end of
the blue signal indicates the truncated end of
the error signal, which is inherently shorter
than one sampling period. The solid yellow
dots mark detectable zero crossings, whereas
the unfilled circle marks an undetectable zero
crossing.

Whether assumption 2 holds for a range of fre-
quencies can be encapsulated in a single variable.
Since sin(fwinput) is an odd periodic function,
Ny(w) > 2 Vw € (0,00). For all frequencies be-
tween any wi,ws € Ry with wy < ws, the maxi-
mum N, among all corresponding error signals is

defined as

M (w1,w2) = max Ny(w). (4-3)
wE[wi,wa]
For w € [wy,ws], assumption 2 holds if

M, (w1,ws) = 2 and does not hold if M, (w;,ws) #
2.

4-1-3

The phase shift frequency w. determines from
which frequency range the GFORE dominates over
the PI element in a GFbI element, along with the
corresponding decrease in phase lag. Therefore, w,
effectively determines the amount of nonlinearity
a GFbI element exhibits. For decreasing w., non-
linear behaviour in the GFbI dominates for a larger
range of frequencies, and vice versa for increasing
We-

Consider a discrete RCS and let wy denote the
Nyquist frequency. Additionally, let wi,ws €

Nonlinearity optimisation
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(0,wn] and w1 < ws. A GFbI roughly has lin-
ear behaviour for all w < w. due to the PI ele-
ment dominating there and nonlinear behaviour
for all w > w, due to the GFORE dominating
there. Between any w € (0,wn], as many higher-
order harmonics can be computed that contribute
to the error signal as can be sampled between w
and wy according to the Nyquist criterion. As
the frequency range between a low frequency and
wy is larger than the frequency range between a
high frequency and wy, a low frequency has more
higher-order harmonics contributing to the error
signal than a high frequency. These higher-order
harmonics can cause N,(w) # 2. Thus, a low
frequency has more higher-order harmonics con-
tributing to the error that can cause N,(w) # 2
than a high frequency. Moreover, for increasing
nonlinearity by decreasing w., for any frequency
range w € [wy,ws], the frequency range for which
Ny(w) # 2 will grow from w; to we and the total
number of frequencies for which N,(w) # 2 will
monotonously increase. Thus, by changing w.,
the frequency below which N,(w) # 2 and above
which N, (w) = 2 can be changed. This frequency
at which N, (w) changes from # 2 to = 2 is denoted
by wekip € R>o and is defined as

Ny(w) # 2 Vw € (0, wskip)
N (w) =2 Vw € [wekip, wn],

where (4-4b) is limited to the Nyquist frequency
as IV, can only be computed up to that frequency.
It was observed that for increasing nonlinearity by
decreasing we, wskip monotonously increases. The
definition of wgkip in (4-4) logically requires that
for any two frequencies wy,ws € (0, wn],

Nr(wl) = 2,

Ni(ws) # 2, (4-5)

ﬂw1<w29{

which is assumed to hold.

To obtain as much phase advantage as possible
from the use of a GFbI element, the nonlinearity
is to be maximised. This is achieved by minimis-
ing w. as much as possible. However, decreasing
w, also increases wskip, leading to assumption 2
not holding for a larger range of frequencies. A
key insight is that it may not be necessary for as-
sumption 2 to hold for all frequencies. If there are
frequencies at which the pseudo-sensitivity is not
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needed, assumption 2 may be safely violated at
those frequencies, allowing for more nonlinearity
to enter the control system to improve the control
system’s performance. An optimal value for we
can be found by inverting its relation with wskip,
hence making wekip the tuneable design variable.
Then, w, is determined through weyi, by selecting
a desired wgkip and iteratively optimising w. until
(4-4) holds.

The value of wgyip is chosen such that

|Slinear(wskip)| = Sskip» (4'6)
where Slinear (Wskip) is the sensitivity of the ref-
erence linear system at wgyip and Sskip € R is the
value for the sensitivity and pseudo-sensitivity be-
low which the error is suppressed to such a degree
that it can be considered negligible. The value
of Sgiip may vary for each use case and is chosen
by the control system designer. If the pseudo-
sensitivity is required to be valid for all frequen-
cies, Sekip is chosen as Sgyip, = —00.

Assumption 2 does not hold for any w < wgkip
and thus the pseudo-sensitivity is not valid at
those frequencies. Hence, it cannot be verified
whether the pseudo-sensitivity for any w < wskip
is below Sgip. However, it is assumed that the
suppression of the error at those frequencies by
the GFbI controller remains below Sgkip.

Optimisation of w, such that (4-4) holds for a
chosen wgiip is done using a bisection algorithm.
Assume a GFbI controller where all of its controller
element parameters are constant except for the
value of w. of the GFbI element. Let

M (we) = My (wskip, wN) » (4-7)
where M, is computed using the GFbI controller
with the value of w, equal to the input of M}.
The bisection algorithm starts with a lower bound
wip € Ry with M} (wy,) # 2 and an upper bound
wub € Rso with M (wy,) = 2. The bounds are
chosen by the control system designer, who has
to ensure the M} condition of both bounds hold.
The M conditions guarantee the optimal w, lies
between the bounds. In each iteration of the bi-
section algorithm, M*(wmiq) is computed with
Wmid = (Wb + wyp)/2. Subsequently, one of the
bounds is replaced by wmiq. Which bound is re-
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placed is determined by

if M (wmia) # 2.
if M* (wmia) = 2.

Wlb <~ Wmid

Wyb $— Wmid

where < denotes the value of the left variable is
replaced by the value of the right variable. The
bisection iterations are continued until wy,;q con-
verges to within a tolerance, denoted by wi, €
R<o. The tolerance is chosen by the control sys-
tem designer.

As the GFA varies parameters of the GFbI con-
troller in each iteration, the wy, and wyp required
such that M} (wp) # 2 and M} (wyp) = 2 varies.
The control system designer could choose wy, and
wyb sufficiently low and high, respectively, such
that for all candidate GFbI controllers the GFA can
design, M} (wp) # 2 and M}*(wu,) = 2 can rea-
sonably be expected to hold. However, this can
be expected to lead to a larger or at best equal
number of iterations for w. optimisation for most
candidate GFbI controllers than if wy, and wy,, were
closer together, with the resulting computational
cost.

The GFA has a bound expansion mechanism to
change wyp and wyp, if M (wi) # 2 or M} (wup) =
2 does not hold for a candidate GFbI controller.
Before computing M*(wpiq) for the first time,
M} (wn,) and M (wy,) are computed. If either
M (wi,) # 2 or M}(wup) = 2 does not hold,
the condition-violating bound is either divided or
doubled by a factor fexp, € (1,00), depending on
whether it concerns wy, or wyp. This bound ex-
pansion mechanism can be denoted as

wip }dlb it MY (wp) =2,  (4-9a)
exp
Wyb fexp * Wub if Mr* (wub) 7é 2. (4-9b)

Equation (4-9) is repeated until both M} (w,) # 2
and M} (wyp) = 2 hold or until one of the bounds
is expanded up to mexp times. A suitable nexp
is chosen by the control system designer. Every
time a bound is expanded, the other bound can be
moved to the former value of the expanded bound
to decrease the iterations required for convergence
of the bisection algorithm. For example, if a lower
bound is found to have M*(wy,) = 2, this value of
wyp is suitable as a new upper bound, as it satis-
fied the criterion of M} (wyp) = 2. Thus, the lower
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bound is expanded according to (4-9a), and addi-
tionally, the value of the upper bound is assigned
the value of the former lower bound. This can be
denoted as

if Mr* (wlb) = 2,
if M: (wub) 7é 2.

(4-10a)
(4-10b)

Wub < Wip

Wip < Wub

In the example case, (4-10a) applied.

After suitable bounds have been found,
M} (wmia) is computed and the bisection algo-
rithm continues as described. If no wy, can be
found after nex, expansions such that M*(wi,) #
2, the GFA continues with the lowest wy, it found
as we. In this case, assumption 2 holds for the
candidate GFbI controller. If no wyp can be found
after neyp expansions such that M (wup) = 2, the
GFA continues with the highest wy, it found as we.
In this case, assumption 2 does not hold for the
candidate GFbI controller.

The bound expansion mechanism gives the con-
trol system designer the freedom to select a wy,
and wyp such that not all candidate GFbI con-
trollers necessarily have to adhere to M} (w,) # 2
and M} (wyp,) = 2 for the initial wy, and wyy,. This
can reduce the computational cost of optimising
we. For some candidate GFbI controllers, the com-
putational cost is lower, as less w. bisection al-
gorithm iterations are needed for convergence of
we. However, for some candidate GFbI controllers,
the computational cost is higher due to first ex-
panding the bounds and only then executing the
bisection algorithm. Whether the savings in com-
putational cost of the w, bisection algorithm itera-
tions by selecting wy, and wyyp closer together out-
weighs the added computational cost of expanding
the bounds when required and checking the initial
bounds for every candidate GFbI controller is at
the discretion of the control system designer.

4-2 Constraints

The GFA can impose several types of constraints
on the GFbI controller it optimises. All constraints
are implemented in the same manner, where the
violation of the constraint is transformed into a
single metric that is used to compute the associ-
ated cost for the objective function. This is further
detailed in Section 4-2-1.

MSc. Thesis

The first two constraint types are open-loop
constraints and pseudo-sensitivity constraints dis-
cussed in Sections 4-2-2 and 4-2-3, respectively.
Multiple open-loop and pseudo-sensitivity con-
straints can be imposed on a GFbl controller
where each constraint has a specified frequency
range for which it is active. How many and
for which frequency ranges any open-loop and
pseudo-sensitivity constraints are needed depends
on the use case and is at the discretion of the con-
trol system designer.

The third constraint type is a constraint on
the number of resets per period of the input fre-
quency and is discussed in Section 4-2-4. This
constraint ensures that assumption 2 holds for all
w € [wskip, o0). This constraint exists in the GFA
only once, as there is nothing to vary for this con-
straint. As such, there are no parameters specifi-
cally for this constraint that need to be chosen by
the control system designer.

The fourth and final constraint type is a con-
straint forcing the pseudo-sensitivity to be lower
or equal to the sensitivity of the reference linear
system for a specific frequency range and is dis-
cussed in Section 4-2-5. This constraint ensures
the GFbI controller performs at least equally well
in terms of sensitivity performance metrics for the
specific frequency range. This frequency range
cannot be determined by the control system de-
signer, but rather is based on the performance of
the reference linear system.

4-2-1

All constraints are modelled as a cost source that
yields a high cost, namely in the order of magni-
tude of 10%, when the constraint is violated and
yields a cost of zero when the constraint is not vio-
lated. The extent to which a constraint is violated
is captured in a single metric called the violation,
denoted by veon € R. Generally, veon is in the
order of magnitude of 10°. How the violation is
measured differs per constraint and is further de-
tailed in Sections 4-2-2 to 4-2-5. For a violated
constraint, the cost is linearly proportional to the
violation. The cost is defined as

Constraint implementation

if Veon <0,
if Veon > 0.

(4-11a)
(4-11b)

Ccon

=0
Ccon = (103 + Ucon) : 103
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Equation (4-11) is qualitatively visualised in Fig-
ure 4-2.

—Optimisation target
—Constraint (adapted)
Constraint (only shifted)

Cost

0 I_/
o+

dtarget ,max ‘ Ucon

Figure 4-2: A qualitative visual representation
of the optimisation target cost and the con-
straint cost. 0" denotes a point infinitesimally
greater than zero. The visual representation of
the constraint cost given in (4-11) is adapted
for convenience of interpretation. The con-
straint cost, as represented by the red line, is
visually shifted down and the inclination is re-
duced, indicated by the dashed line. The yel-
low line represents the shifted-down constraint
cost with an unaltered inclination. The con-
straint cost exhibits a significantly larger incli-
nation compared to the rejection target cost.

The constraint costs have a slope that decreases
towards not violating the constraints to give the
GFA a sense of direction. The slope is inclined
in such a way that multiple weakly violated con-
straints exceed the cost of a single strongly vi-
olated constraint. This ensures that the GFa
favours not violating a constraint over only reduc-
ing, but not preventing the violation of, one or
several constraints.

4-2-2

The GFA can impose any number of con-
straints on the open loop of the GFbl con-
troller. Each constraint can be imposed on ei-

Open-loop constraint
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ther all w € [wskip,wn] or a subset thereof.
Let (Wi, W] € [wskipswn] be the frequency
range on which an open-loop constraint is im-
posed. The open-loop constraint is defined as

MLcon < Llim,cona (4—12)
with open-loop gain limit Ly con € R and
M. = max |L(jw)|- (4-13)

we[leow Whpigh

The violation of the open-loop constraint is ob-
tained as

Ucon = MLCOH - Llim,con' (4'14)

The cost associated with the constraint then fol-
lows from (4-11).

To outline, the parameters that are unique to
each open-loop constraint that need to be chosen
by the control system designer are wr, ., Wry,,
and Llim,con-

4-2-3

The GFA can impose any number of constraints
on the pseudo-sensitivity of the GFbI controller.
Each constraint can be imposed on either all
w € |wskip,wN] or a subset thereof. Let
[WShow > Whign ] € [Wskip, wn] be the frequency range
on which a pseudo-sensitivity constraint is im-
posed. The pseudo-sensitivity constraint is de-
fined as

Pseudo-sensitivity constraint

MScon S Slim,con, (4—15)
with pseudo-sensitivity limit Siim,con and
Ms.,, = max Soo(w), (4-16)

we[wslow’wshigh]

where S is the pseudo-sensitivity.
The violation of the pseudo-sensitivity con-
straint is obtained as

VUcon = MSCO“ - Slim,con~ (4'17)

The cost associated with the constraint then fol-
lows from (4-11).

To outline, the parameters that are unique to
each pseudo-sensitivity constraint that need to be
chosen by the control system designer are wg,__,
WShigh and Slim,con-
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4-2-4 Number of resets constraint
As the GFbl controller is implemented in dis-
crete time, the maximum frequency at which the
pseudo-sensitivity can be computed is limited by
the Nyquist criterion. The frequency range for
which the pseudo-sensitivity is of interest is w €
[Wskip, wn]. If assumption 2 does not hold for any
w € [wskip, wn], the pseudo-sensitivity can not be
used at that or those frequencies and frequency-
domain performance prediction is not possible
there. As frequency-domain performance predic-
tion is the metric by which the GFA optimises the
GFbI controller, it is needed for assumption 2 to
hold for all w € [wskip,wn]. The number of re-
sets constraint ensures assumption 2 holds for all
w € [wskip, wn]. Note that assumption 2 holding
is a necessary but not sufficient condition to use
the pseudo-sensitivity, as there are two additional
assumptions.

Assumption 2 holds for all w € [wekip, wn] if

Ny(w) =2 Vw € [wskip, wN]. (4-18)
Equation (4-18) is thus the number of reset con-
straint.

The nonlinearity is optimised by optimising wc
for every candidate GFbI controller as further de-
tailed in Section 4-1-3. It is possible the nonlin-
earity optimisation algorithm is unable to find an
we such that (4-18) holds for a candidate GFbI con-
troller. In that case, as the GFbI controller is im-
plemented in discrete time, there exists an integer
number of frequencies for which N,(w) # 2 for
w € [wskip,wn]. This integer number is denoted
by ns.

As further detailed in Section 4-1-3, for increas-
ing nonlinearity and provided other parameters
are constant, np monotonously increases. This
phenomenon is used to provide a slope to the cost
of this constraint. The violation of the number of
resets constraint is obtained from n, as

Ucon = M#£2. (4-19)

As there is nothing to vary for this constraint,
the control system designer does not need to

choose any parameters.
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4-2-5

The tracking constraint ensures the nonlinear per-
formance is at least equal to the linear perfor-
mance for a specific frequency range. This specific
frequency range is from wgkip up to the smallest
frequency at which the linear sensitivity crosses
0 dB, denoted by wipack- This frequency is math-
ematically denoted as

Tracking constraint

Wirack = MINwW D |Stipear(Jw)| =0 dB.  (4-20)
The constraint is then denoted as
Soo (w) S |Slinear| Yw S [wskip7wtrack] . (4‘21)

The violation of the tracking constraint is ob-
tained as

max
we[wskipywtrack]

Ucon =

(SOO(UJ) - |Slinear(jw)|) .

(4-22)
With this definition for the violation of the track-
ing constraint, the sensitivity of the reference lin-
ear system functions as a weight for the pseudo-
sensitivity of the GFbI controller.
As there is nothing to vary for this constraint,
the control system designer does not need to
choose any parameters.

4-3 Optimisation target

The optimisation target provides a means for the
GFA to suppress specific vibrations observed in the
error. How well the specific vibrations are sup-
pressed is transformed into a cost for the objec-
tive function. One or multiple frequency ranges
can be specified by the control system designer
to suppress in the pseudo-sensitivity. Similar to
the tracking constraint, the sensitivity of the ref-
erence linear system functions as a weight for the
pseudo-sensitivity of the GFbI controller.

For any targeted frequency region n € N, the
difference between the reference linear system’s
sensitivity and the pseudo-sensitivity is denoted
as

dtarget,n(w) - Soo(w) - |Slinear(jw)|

Yw € [wstartﬂm wend,n} ) (4_23)

where Wgtart,n and Wend,,, are the start and end fre-
quencies of frequency region n, respectively. The
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maximum dearget,n (W) across all regions is denoted
as

(4-24)

dtarget,max = max (dtarget,n (UJ)) .
n,w

The optimisation target is modelled as a cost
source that yields a cost directly proportional to
the worst dearget,max, namely as

Ctarget — dtarget,max (4‘25)
The cost of the optimisation target, generally in
the order of magnitude of 10, is negligible com-
pared to the cost of a violated constraint, as quali-
tatively illustrated in Figure 4-2. This ensures the
GFA prioritises the constraints over the optimisa-
tion target. Additionally, the inclination of the
optimisation target cost is significantly less than
that of a violated constraint. This ensures the GFA
does not have a local minimum where the optimi-
sation target is optimised whilst one or multiple
constraints remain violated.

To outline, the parameters that are unique to
the optimisation target that need to be chosen by
the control system designer are wggart,n and Wend,n
for each targeted frequency region.

4-4 GFA structure

This section describes how the GFA iteratively
tunes a GFbI controller using a hybrid optimisa-
tion approach. Firstly, the general optimisation
approach is given in Section 4-4-1. Secondly, Sec-
tion 4-4-2 explains what parameters the GFA op-
timises and why. Thirdly, Section 4-4-3 describes
how all cost sources are combined into the ob-
jective function. Finally, Section 4-4-4 provides
additional details on the optimisation algorithms
used, followed by an overview of the options used
for each optimisation algorithm in Section 4-4-5,
such as tolerances.

4-4-1 Hybrid optimisation approach

The GFA employs hybrid optimisation [22]. In a
hybrid optimisation scheme, a global optimisation
algorithm first finds a rough estimate of the global
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optimum. Subsequently, a local optimisation algo-
rithm further searches for the local optimum start-
ing from the rough global optimum the global op-
timisation algorithm found. In this scheme, the
strength of both the global and local optimisation
algorithms are utilised. The global optimisation
algorithm is generally best at finding a solution
living in the globally optimal basin of attraction,
whereas the local optimisation algorithm is gen-
erally best at finding an accurate solution within
a given basin of attraction. The local optimisa-
tion algorithm running after a global optimisation
algorithm is called a hybrid function.

One run of the GFA consists of running
four global optimisation algorithms consecutively.
These are particle swarm [23], genetic algo-
rithm [24], surrogate optimisation [25] and
simulated annealing [26]. The algorithms run
in the stated order. After each run of an algo-
rithm, the hybrid function pattern search [27]
runs once, starting from the best point the global
optimisation algorithm found. After running the
final hybrid function, the final solution of the GFA
is obtained. All five optimisation algorithms are
implemented using MATLAB.

These four global optimisation algorithms were
chosen for their different approach to finding the
global optimum. Using all four algorithms in-
stead of using only one ensures a thorough search
through the design space for the GFbI controller.

The objective function is nonsmooth. For nons-
mooth optimisation problems, the local optimisa-
tion algorithm pattern search is well suited [22].

4-4-2 Objective function parameters
To GFA finds an optimal GFbI controller by tuning
the parameters of the BLS and the GFbI element.
The BLS has the same controller elements as the
reference linear system, except for that the linear
integrator is replaced by a GFbI element. Not all
parameters of the BLS are necessarily optimised.
If a subset of the BLS parameters are included as
optimisation parameters, those not included are
kept at the value they have in the reference linear
controller. Of the GFbI element, only v is included
as an optimisation parameter, as w. is optimised
internally for every candidate GFbI controller. It
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was tested whether including w. as an optimisa-
tion parameter produced better results than opti-
mising w, internally. However, the GFA produced
a similar result, whilst the runtime of the GFA was
increased considerably. The optimisation param-
eters are assigned bounds for the optimisation, as
all algorithms generally work faster with bounds
due to having to explore a smaller design space.
Additionally, surrogate optimisation requires
the use of bounds on the optimisation parameters.

There is a caveat in exploring the design space
with the chosen optimisation parameters. The
GFA does not test for the stability of any candidate
GFbI controller. There is a chance the GFA synthe-
sises a candidate GFbI controller that is unstable.
For an unstable GFbI controller, assumption 1 does
not hold and the pseudo-sensitivity is not valid.
However, as the pseudo-sensitivity is computed
anyway due to the lack of a stability check, there
is a chance that this unstable candidate GFbI con-
troller performs well based on frequency-domain
performance metrics. This may lead to the GFA
finding an unstable GFbI controller as the opti-
mal solution in the design space. Therefore, the
bounds on the optimisation parameters need to be
chosen such that no unstable candidate GFbI con-
troller can be designed with any combination of
the optimisation parameters.

Suitable bounds can be found by iteratively
changing the bounds until a seemingly optimal so-
lution is found that is not on any of the bounds.
A safe method is to assume the optimal solution
to be in the vicinity of the initial point, which
corresponds to the parameter values of the refer-
ence linear system. After running the GFA once
with tight bounds around the initial point, the re-
turned solution is inspected to see if the solution
is equal to one or several of the bounds. If so,
the solution is suboptimal. The bounds of param-
eters that are on the bound are changed and the
GFA is run again. This process is repeated until
the returned solution is no longer on any of the
bounds.

Alternatively, the bounds can be initialised far
away from the initial point such that the re-
turned solution corresponds to an unstable GFbI
controller, which can be tested experimentally or
sometimes by inspection of the pseudo-sensitivity,
where the pseudo-sensitivity shows unrealistically
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aggressive performance prediction. Subsequently,
the bounds are tightened and the GFA is run again
and the returned solution is tested for whether the
GFbI controller is stable. If not, the bounds are
tightened more and the process is repeated. This
method has a chance of finding an improved global
optimum compared to the former method.

4-4-3

All cost sources contribute to a single objective
function. A distinction is made between cost
sources of type 1 that require a HOSIDF analysis
of the candidate GFbI controller and cost sources
of type 2 that additionally require computing the
pseudo-sensitivity. The cost sources are the fol-
lowing;:

Objective function costs

Source type 1 | Requires HOSIDFs
Source 1.1: Open-loop constraints
Source type 2 | Requires pseudo-sensitivity

Source 2.1: Pseudo-sensitivity constraints

Source 2.2: Number of resets constraint

Source 2.3: Tracking constraint

Source 2.4: Optimisation target

The total cost follows as the sum of all cost
sources, denoted as

Ctot = C1.1 + C2.1 + Ca2 + Co3 + Cou, (4'26)

where c, 4 is the cost of source y of source type z.
Some cost sources can have multiple costs associ-
ated with them. For example, there can be more
than one open-loop constraint, in which case ¢; ;
is simply the sum of the cost of each open-loop
constraint.

As the HOSIDFs are needed to compute the
pseudo-sensitivity, they are computed first. Sub-
sequently, the cost of all type 1 cost sources is
computed. If any constraint that is of a type 1
cost source is violated, the candidate GFbI con-
troller is already known at this point not to be
feasible. Hence, the computationally expensive
pseudo-sensitivity does not need to be computed.
The cost of all type 2 cost sources is not computed
and assigned a cost of 10° instead. With all costs
for this candidate GFbI controller known, the total
cost is computed as in (4-26).
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Recalling that the cost of a violated constraint
using the violation metric is in the order of magni-
tude of 108, ¢ can only reach the order of mag-
nitude of 10? if any constraint of a type 1 cost
source is violated. This ensures the GFA does not
have a local minimum where type 2 cost sources
are being optimised while one or multiple type 1
constraints remain violated.

If no constraints of type 1 cost sources are vi-
olated, the pseudo-sensitivity is computed next,
followed by the cost of all type 2 cost sources.
Subsequently, the total cost is computed using (4-
26).

4-4-4 Optimisation algorithms de-

tails

Simulated annealing runs differently from the
other three global optimisation algorithms due to
its nature. Firstly, the algorithm runs the hy-
brid function both at the end and at regular inter-
vals. Running at intervals would not make sense
for the other three algorithms due to their na-
ture. Additionally, simulated annealing needs
an initial point, which is chosen as the best so-
lution from the other three algorithms, includ-
ing their hybrid function. Implemented in this
way, simulated annealing tries to further im-
prove upon the best solution out of the three found
by the other algorithms. Simulated annealing is
the only global optimisation algorithm of the four
used that cannot run in parallel, making it the
least time-efficient algorithm. It is still included in
the GFA for its entirely different approach to find-
ing a global optimum than the other three global
optimisation algorithms.

4-4-5 Optimisation algorithms op-

tions

The global optimisation algorithms are given op-
tions such that sufficient performance is obtained
within a reasonable time frame. Sections 5-2-6
and 5-3-6 give an example of the time frame re-
quired to run the GFA for a use case with the op-
tions provided in this section. The options are
based on the available options in the MATLAB
commands for the respective algorithms. Options
that are not stated in this section are left at their
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default. Options for the hybrid function are listed
only under its respective header, even though it
is run in conjunction with the global optimisation
algorithms. Except for simulated annealing, all
algorithms are run using parallel processing. Be-
cause of this, several options are based on the
number of available cores #cores on the machine
the GFA is run on. This is to maximise efficiency
by reducing cases where many cores are waiting for
one or a few cores to finish. Additionally, several
options are related to the number of optimisation
parameters #optparms to ensure the algorithm is
robust to changes in optimisation parameters.

Particle swarm/genetic algorithm The func-
tion value tolerance is 0.001. The maximum
number of stall iterations/generations is 30.
To allow the algorithm to run until sufficient
stall iterations/generations are achieved, the
maximum number of iterations/generations
is increased to infinity. The swarm/popula-
tion size is 100 - #optparms rounded up to-
wards the nearest integer multiple of #cores.

Surrogate optimisation The maximum num-
ber of iterations is 10000. The mini-
mum number of surrogate points is #cores -
#optparms.

Simulated annealing The function value toler-
ance is 0.001. The maximum number of
stall iterations is 500 - #optparms and the
maximum number of iterations is 3000 -
#optparms. The maximum time the algo-
rithm is allowed to run is 5 hours. The in-
terval at which the hybrid function is run is
15 minutes.

Pattern search The function value tolerance
and mesh size tolerance are 0.000001. To al-
low the algorithm to run until the function
value or mesh size tolerance is achieved, the
maximum number of iterations is increased
to infinity. The algorithm is forced to com-
plete all polls around the current point be-
fore continuing to the next iteration.

With these options, the global optimisation al-
gorithms all run for a comparably long time.

For a candidate GFbI controller that satisfies all
constraints, the only nonzero cost source is the
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optimisation target. The unit of this cost source tolerance of the optimisation algorithms is also in
is absolute values. As such, the function value absolute values.

MSc. Thesis Bas Cheizoo



26 4. GFbl feedback autotuner

Bas Cheizoo MSc. Thesis



Chapter 5

This chapter provides validation of the contribu-
tions presented in this work through two distinct
use cases. The first is by assessing the perfor-
mance of two optimised GFbI controllers, one with
a serial and one with a parallel sequence, by hav-
ing a simulated wire bonder track a reference sig-
nal. The performance is compared to that of a
linear controller optimised by an autotuner. Sub-
sequently, this is repeated with a physical wire
bonder.

A control system or RCS with one of the two
wire bonders that is controlled by any of the three
controllers, namely the linear controller, the serial
GFbI controller, or the parallel GFbI controller, is
further referred to as the linear system, serial sys-
tem, or parallel system, respectively.

Some numerical results cannot be provided due
to confidentiality. For example, the exact con-
troller parameters are not provided. The fre-
quency for all plots containing frequency data on
the X-axis has been divided by the sampling fre-
quency.

First, Section 5-1 elaborates on the simulated
and physical wire bonders and the wire bonding
process. Subsequently, Section 5-2 presents the
validation with the simulated wire bonder, fol-
lowed by validation using the physical wire bonder
in Section 5-3.
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Validation

5-1 Wire bonders

This section elaborates on the use case for val-
idation of the contributions this work provides.
Firstly, Section 5-1-1 explains the wire bonding
process, providing the background of how wire
bonders operate. Subsequently, Sections 5-1-2
and 5-1-3 provide details on the hardware, con-
straints and linear control of the simulated and
physical wire bonder, respectively. Note that the
simulated wire bonder is not a simulation of the
physical wire bonders, but of an entirely different
wire bonder.

5-1-1 Wire bonding process

A wire bonder is a machine that places conducting
wires between an integrated circuit and its pack-
aging, forming a microchip. The machine bonds
the two ends of the wire with their underlying
surface by applying thermal or ultrasonic energy.
Figure 5-1 illustrates a typical cycle of the wire
bonding process utilising the “free air ball” tech-
nique [28].

Figure 5-2 shows the general shape of the ref-
erence signal used for the horizontal movement.
The movement has been divided into three dis-
tinct stages. The first is the tracking stage, where
the end-effector translates from one bonding sur-
face to the other. The second stage is the set-
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tling stage. This stage gives time for the end-
effector’s oscillations to settle within acceptable
bounds for the third and final stage, the bonding
stage. Drawn around the reference signal are per-
missible error bounds for the end-effector. These
bounds are necessary to avoid contact with other
wires that are already bonded and other surround-
ing objects during the tracking and settling stage.
Additionally, the bounds during the bonding stage
are necessary to remain on the bond pads. As
such, the boundaries may at no point be exceeded
during the wire bonding process.

— ]
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M Schuettler

U/ il
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Figure 5-1: A cycle of the wire bonding pro-
cess [28].
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Figure 5-2: Typical reference signal during
horizontal movement of the end-effector in a
typical cycle of the wire bonding process, as
illustrated in Figure 5-1.
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5-1-2

This section details the hardware of the simulated
wire bonder, the constraints imposed on the con-
trol system, and the linear controller for this plant
that is used as a reference for validating the con-
tributions of this work.

Simulated wire bonder

Hardware

The simulated wire bonder is modelled using Sim-
scape Multibody, a 3D CAD tool developed by
MATLAB. The motion platform of the simulated
wire bonder has three degrees of freedom (DoF),
which are controlled using a Cartesian coordinate
system. This is illustrated in Figure 5-3. The
figure also shows the base frame, which mainly
functions as vibration isolation between the stages
and the external world. For each axis, there is a
separate actuator directly applying a force to the
stage. For this work, the focus is on the X-stage.
Additionally, for this work, all three stages are
assumed to be completely uncoupled from each
other. This allows for modelling the X-stage as a
SISO system, with force applied on the X-axis as
input and X-axis displacement as output.

Figure 5-3: Simplified Simscape Multibody
model of the simulated wire bonder motion
platform.

Figure 5-4 shows the FRF of the simulated wire
bonder mapping from the force on the X-stage to
the X-stage displacement. The FRF is of the lin-
earised system measured around the system con-
figuration with all three stages at their centre po-
sition. The system has a transport delay, which
originates from a delay between sensor readings
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and system actuation. Additionally, two reso-
nances are visible in the FRF. There are modes
present in the system that affect the X-stage that
are hardly observable from the plant’s FRF the
low-frequency region, as will be shown in the sim-
ulation results in Section 5-2.
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Figure 5-4: FRF of the simulated wire bon-
der. The FRF maps from the force on the
X-axis to the displacement of the X-axis.

Constraints

Two constraints are imposed on the control sys-
tem of the simulated wire bonder. Firstly, the
maximum error amplification is limited by impos-
ing a constraint on the maximum sensitivity us-
ing (2-4) with S, = 6 dB. Secondly, to limit
the sensitivity after wyes, a constraint in imposed
on the maximum open-loop gain using (2-7) with
—12 dB.

Llim|w2wres =

Linear control

The simulated wire bonder is controlled using an
automatically tuned linear controller. Figure 5-5
shows a Bode plot of the linear controller. The
controller is designed based solely on an FRF of
the plant and is tuned such that it meets the
constraints. Figure 3-1 shows a schematic rep-
resentation of the linear controller with transfer
functions (3-1) to (3-3). The controller element
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Clhotches contains two skewed notch filters. As the
normal operating condition of this wire bonder is
with feedforward control enabled in a control loop
as shown in Figure 2-1, an automatically tuned
feedforward controller is employed for validation
in this work using this wire bonder. Both the
linear feedback and feedforward controller are de-
signed by the company providing the simulated
wire bonder.
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Figure 5-5: Bode plot of the linear controller
for the simulated wire bonder.

Figure 5-6 shows the sensitivity of the linear
control system. The waterbed effect limits refer-
ence tracking performance from increasing with-
out also further amplifying the noise or increas-
ing the range of amplified frequencies. Although
it is certainly possible to further tune this linear
controller slightly better for improved reference
tracking while remaining within the constraints,
the waterbed effect inherently limits this improve-
ment of the LTI controller at some point. There-
fore, NLTI control techniques such as reset control
are necessary to further improve reference track-
ing.
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Figure 5-6: Sensitivity of the simulated wire
bonder with the linear controller.

5-1-3 Physical wire bonder

This section details the hardware of the physical
wire bonder, the constraints imposed on the con-
trol system, and the linear controller for this plant
that is used as a reference for validating the con-
tributions of this work.

Hardware

The motion platform of the physical wire bonder
has three DoF. These are controlled using three
generalised coordinates, namely vertical transla-
tion along the Z-axis, horizontal translation y
along the Y-axis and rotation 0 about the Z-axis.
This is illustrated in Figure 5-7. Three actua-
tors apply a force on the Z-axis (not shown in
the figure) and on the two outer masses. This is
transformed to the generalised forces and torque
F, (not shown in the figure), F,, and Tp. This
work focuses on the control of displacement y by
controlling the generalised force F,. The gener-
alised coordinates are assumed to be completely
uncoupled from each other regarding the control
thereof.
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bonder mapping from generalised force Fj, to dis-
placement y. The FRF is of the linearised sys-
tem measured around the system configuration
with all three actuators at their centre position.
The system has a transport delay, which origi-
nates from a delay between sensor readings and
system actuation.
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Figure 5-8: FRF of the physical wire bonder.

The FRF maps from generalised force F), to
displacement y.

Constraints

Three constraints are imposed on the control sys-
tem of the physical wire bonder. Firstly, the
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maximum error amplification is limited by impos-
ing a constraint on the maximum sensitivity us-
ing (2-4) with Si, = 6 dB. Secondly, to limit
the sensitivity after wyes, a constraint in imposed
on the maximum open-loop gain using (2-7) with
Liim|w>w., = —12 dB. Thirdly, to prevent the
controller from drawing too much current in re-
sponse to measurement noise, a constraint is indi-
rectly imposed on the maximum control sensitiv-
ity using (2-13) with Lijm|w>w,,, = —25 dB and
Whigh = Wn-

Linear control

The physical wire bonder is controlled using an
automatically tuned linear controller. Figure 5-9
shows a Bode plot of the linear controller. The
controller is designed based solely on an FRF of
the plant and is tuned such that it meets the con-
straints. Figure 3-1 shows a schematic representa-
tion of the linear controller with transfer functions
(3-1) to (3-3). The controller element Cotches CON-
tains two skewed notch filters. Note that the lin-
ear controller of the simulated and physical wire
bonder have the same controller elements, but the
controller elements have different parameters. As
the normal operating condition of this wire bon-
der is with feedforward control enabled in a con-
trol loop as shown in Figure 2-1, an automatically
tuned feedforward controller is employed for vali-
dation in this work using this wire bonder. Both
the linear feedback and feedforward controller are
designed by the company providing the physical
wire bonder.

Figure 5-10 shows the sensitivity of the linear
control system. The waterbed effect limits refer-
ence tracking performance from increasing with-
out also further amplifying the noise or increas-
ing the range of amplified frequencies. Although
it is certainly possible to further tune this linear
controller slightly better for improved reference
tracking while remaining within the constraints,
the waterbed effect inherently limits this improve-
ment of the LTI controller at some point. There-
fore, NLTI control techniques such as reset control
are necessary to further improve reference track-
ing.
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Figure 5-9: Bode plot of the linear controller
for the physical wire bonder.

| |

DO =

o o o
T T T

1

w

[en)
T

1
S
o

T

Magnitude (dB)
&
o

|

(=2}

[e=)
T

70+

Wres— =

Wnp =

-80

Wn= 1

Wres =

104

103 1072 1071

Normalised frequency

Figure 5-10: Sensitivity of the physical wire
bonder with the linear controller.

5-2 Simulation results

This section presents the validation using the sim-
ulated wire bonder. “The control system” and
“the RCS” refers to the simulated wire bonder with
one of the three controllers intended for this plant
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for the remainder of this section. The value of wyes
is redacted, but it is shown in the figures further
on in this section.

First, Section 5-2-1 presents the conditions un-
der which the GFA is run for the simulation RCS.
Subsequently, Section 5-2-2 presents the optimised
controllers, followed by an analysis of the open
loop, the closed loop, and the time-domain results
in Sections 5-2-3 to 5-2-5, respectively. Finally,
Section 5-2-6 presents an overall analysis of the
results and reflects upon the contributions of this
work in light of the validation results of the simu-
lated wire bonder.

5-2-1 Optimisation conditions

Some parameter values used during validation us-
ing the simulation RCS are redacted and hence
only provided relatively or not at all. Redacted
parameters that are required for qualitative vali-
dation are illustrated in the associated figures fur-
ther in the chapter. Parameters that can be pro-
vided numerically are presented in Table 5-1.

The number of resets constraint and track-
ing constraint are active.  Additionally, the
GFA imposes one open-loop constraint and one
pseudo-sensitivity constraint on the simulation
RCS, namely replicating the constraints imposed
on the linear control system. The open-loop con-
straint is imposed on the first harmonic of the
open-loop, namely the SIDF. This is under the
assumption that the sensitivity of all HOSIDFs
are significantly lower than the pseudo-sensitivity
compared to the SIDF and consequently contribute
significantly less to the pseudo-sensitivity.

Upon making a forward or backward move with
the X-stage, a distinct dominant low-frequency vi-
bration is observed in the error signal that origi-
nates from the base frame of the wire bonder. This
base frame vibration is illustrated in Figure 5-11.
Even though the base frame vibration is not lim-
iting the performance of the simulated wire bon-
der with the linear controller such that the error
signal would be out of the specifications, it poses
a clear-cut opportunity to validate whether the
GFA can design a nonlinear controller to improve
upon this linear controller by suppressing the base
frame vibration. Therefore, the optimisation tar-
get contains one frequency region, illustrated in
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Section 5-2-4, that targets the base frame vibra-
tion.

—Error
Scaled reference

Error

Time

Figure 5-11: Error signal of the linear system
tracking the shown reference signal. The base
frame vibration can clearly be observed on the
right.

All figures that contain data of an RCS and have
the frequency on the X-axis start at wekip, with the
exception of close-ups. The true value of wgyip is
redacted.

Of all the controller element parameters of the
GFbI controllers available for optimisation, the
GFA has optimised the proportional gain, integra-
tor frequency, lead filter frequency, and . Note
that w, is optimised internally. These parameters
pertain mostly to the low- and middle-frequency
behaviour of the control system, which is where
the GFA was instructed to improve performance by
means of the targeted frequency regions as will be
shown further on in the chapter. Moreover, adding
the notch filters and lag filter often resulted in the
GFA finding unstable GFbI controllers, such that
the bounds would need to be rather tight. Ad-
ditionally, adding more parameters increases the
runtime of the GFA, making it infeasible in terms
of time.
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Table 5-1: Parameters used to run the GFA
for the simulated wire bonder. Some param-
eters are redacted and consequently are not
included in the table.

Parameter Value Reference
Sskip —40 dB (4-6)
fo 2 (49)
Nexp 5 (4-9)

Llim,con —12 dB (4—12)
WLigw Wres (4-13)
thigh WN (4-13)

Slim,con 6 dB (4-15)
WSow Wskip (4—16)
w,shigh WN (4—16)

5-2-2 Optimised controllers

Figure 5-12 shows the linear controller and SIDF
of the two GFbI controllers. In the low-frequency
region, the magnitudes of the three controllers
are within a range of 0.8 dB difference from each
other. The parallel GFbI controller has the largest
magnitude, followed by the serial GFbI controller,
and the linear controller has the smallest magni-
tude. The difference is the largest in the middle-
frequency region, shown in the close-up, where the
largest difference is around 1 dB.

5-2-3 Open loop analysis

Figure 5-14 shows the magnitude characteristics
of the SIDF and the first 25 HOSIDFs of the open-
loop serial and parallel system. The figure shows
that the HOSIDFs of the parallel system, compared
to the serial system, have a higher magnitude in
the low-frequency region and a lower magnitude in
the middle- and high-frequency region. For both
RCSs, the HOSIDFs are increasingly close together
for increasing order. Additionally, the magnitude
difference between the SIDF and the HOSIDFs is
significantly larger than the magnitude difference
among the HOSIDFs.
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Figure 5-12: Magnitude and phase character-
istics of the controllers for the simulated wire
bonder.

Figure 5-13 shows the magnitude and phase
characteristics of the open-loop control systems.
Both the serial and parallel system has a higher
bandwidth than the linear system. The serial and
parallel system have a higher and lower phase mar-
gin than the linear controller, respectively. Both
RCSs satisfy the open-loop constraint.
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Figure 5-13: Magnitude and phase character-
istics of the open-loop control systems.
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Figure 5-14: Magnitude characteristics of the SIDF and the first 25 HOSIDFs of the open-loop serial
and parallel system. The highest HOSIDF is of the lowest order, where the order increases for each

consecutive lower HOSIDF.

5-2-4 Closed loop analysis

Figure 5-16 shows the pseudo-sensitivity and sen-
sitivity of the first 25 HOSIDFs of the closed-loop
serial and parallel system. The sensitivity of the
HOSIDFs of the parallel system, compared to the
serial system, has a higher magnitude in the low-
frequency region and a lower magnitude in the
middle- and high-frequency region. This corre-
sponds to what is observed in the open loop.
For both RCSs, the sensitivity of the HOSIDFs is
increasingly close together for increasing order.
Additionally, the magnitude difference between
the SIDF and the HOSIDFs is significantly larger
than the magnitude difference among the HOSIDFs.
Thus, the pseudo-sensitivity is similar to the sen-
sitivity of the SIDF and the HOSIDFs have a minor,
although nonzero, impact.

Figure 5-15 shows the sensitivity and pseudo-
sensitivity of the closed-loop control systems. The
frequencies between the two dotted lines in Fig-
ure 5-15 is the targeted frequency region. Both
RCSs satisfy the pseudo-sensitivity constraint.

Figure 5-17 shows a close-up of the frequency re-
gion where the tracking constraint is active. The
figure shows that both the serial and parallel sys-
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tem satisfy the tracking constraint. The figure
also shows that the parallel system has a lower
pseudo-sensitivity than the serial system for al-
most the full frequency region of the tracking con-
straint.
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Figure 5-15: Sensitivity and pseudo-
sensitivity of the closed-loop control systems.
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Figure 5-16: Pseudo-sensitivity and sensitivity of the first 25 HOSIDFs of the closed-loop control sys-
tems. The highest HOSIDF is of the lowest order, where the order increases for each consecutive lower

tem’s sensitivity across the full targeted frequency
region. The parallel system achieves this better
than the serial system.
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Figure 5-17: Sensitivity and pseudo-
sensitivity of the closed-loop control system at
the frequency region where the tracking con-
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Figure 5-18 shows a close-up of the targeted fre-
quency region. Both the serial and parallel system
has a pseudo-sensitivity lower than the linear sys-
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Figure 5-18: Targeted frequency region of the
sensitivity and pseudo-sensitivity of the closed-
loop control systems.
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5-2-5

The developed GFbI controllers for the simulated
wire bonder are tested by simulating the wire bon-
der to track the reference signal shown in Figure 5-
19 with white noise added to the output signal to
simulate measurement noise of the encoders. The
signal consists of one smooth step-up and step-
down. After each step, a settling region is defined
that starts from the moment the reference signal
becomes stationary and runs until the start of the
next step or until the end of the reference signal.
The bounds denoted by black dashed lines in the
following figures of the error signal indicate instant
settling, i.e. if the error signal instantly settles to
within the specifications. This is equivalent to a
settling region in Figure 5-1 of zero length.

Time domain analysis

Amplitude (mm)
e o
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T
I

I
o
|

1000 1500
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500

Figure 5-19: Reference signal for validation
using the simulated wire bonder.

Figure 5-20 shows the error signal for the set-
tling region after the step-up. The base frame
vibration is clearly observable. The parallel sys-
tem settles first, followed by the serial system and
lastly the linear system. The effect of the state re-
sets is visible in the error signal of both the serial
and parallel system. The parallel system gener-
ally suppresses the base frame vibration the best
in this settling region, as follows from the reduced
amplitude at the peaks of the base frame vibra-
tion.
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Figure 5-20: Error signal during tracking of
the step-up in the reference signal by the con-
trol systems.

Figure 5-20 shows the error signal for the set-
tling region after the step-down. The same obser-
vations are made as for the step-up.
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Figure 5-21: Error signal during tracking of
the step-down in the reference signal by the
control systems.

Figure 5-22 shows the power spectral density
(PsD) of the error in the settling region after the
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step-up. The base frame vibration is clearly ob-
servable as a peak at low frequency. As shown,
the GFbI controllers reduce this peak compared
to the linear controller, as is also observed in the
error signal. Additionally, higher-order harmon-
ics of the base frame vibration as a result of the
state resets are visible in the PSD as extra peaks to
the right of the base frame vibration that are not
present in the linear system’s PSD. As expected
from the diminishing magnitude of the HOSIDFs’
sensitivity, the power of each consecutive higher-
order harmonic is diminished compared to the pre-
vious. The targeted frequency range the GFA used
for the tuning of the GFbI controllers is a small
range around the frequency of the base frame vi-
bration identified from the PsD.

—Linear system
Serial system
——Parallel system

Power

1072 1071 10°

Normalised frequency

10°?

Figure 5-22: Power spectral density of the
error in the settling region after the step-up
padded with zeros two times the length of the
error signal and convolved with a Hann win-
dow.

Figure 5-23 shows the cumulative PSD (CPSD) of
the error in both settling regions. The power has
been normalised such that the maximum power
of the linear system’s CPSD equals 1. The figure
shows the linear, serial and parallel system to have
the most power in the error signal in the stated
order. The base frame vibration contributes the
most to the cumulative power, where the serial
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and parallel system also show a additional small
increase in cumulative power at the frequency of
the higher-order harmonics.
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Figure 5-23: Cumulative power spectral den-
sity of the error in both settling regions padded
with zeros two times the length of the error
signal and convolved with a rectangular win-
dow.

Table 5-2 presents the settling time, measured
in samples, for both settling regions. The settling
time is defined as the time between the start of
the settling region until the error signal crosses the
bound for the last time during the settling region.
The settling time is interpolated between the last
sample outside and inside of the bound. The in-
dicated settling time changes are with respect to
the linear system.

Table 5-3 presents the root-mean-square error
(RMSE) of the error signals between the moment
each signal settles until the end of the settling
regions. The base frame vibration is dominant
mostly in the aforementioned region of the error
signal, and not prior to settling. Therefore, the
error signal prior to settling is not considered in
the RMSE, in line with the purpose of showing the
GFA tunes the GFbI controllers to suppress the base
frame vibration. The RMSE is computed using the
normalised error shown in Figures 5-20 and 5-21.
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Table 5-2: Settling time after each step in the reference signal.
. Settling time Settling time  Settling time Change Change
Settling . . .
resion linear system serial system parallel system serial system parallel system
& (samples) (samples) (samples) (%) (%)
step-up 36.778 36.414 36.213 -0.989 -1.538
step-down 35.625 34.306 33.557 -3.701 -5.805
Table 5-3: RMSE for each settling region.
. RMSE RMSE RMSE Change Change
Settling . . .
region linear system serial system parallel system serial system parallel system
& (normalised)  (normalised)  (normalised) (%) (%)
step-up 0.0731 0.0685 0.0610 -6.335 -16.473
step-down 0.0627 0.0564 0.0526 -9.991 -16.016

The indicated RMSE changes are with respect to
the linear system.

Table 5-4 presents statistics based on the set-
tling time and RMSE of both settling regions. Both
the serial and parallel system outperform the lin-
ear system in terms of median settling time and
RMSE. Additionally, the parallel system outper-
forms the serial system, especially in the RMSE
where it shows a decrease of twice as much as the
serial system.

Table 5-4: Statistics based on the settling
time and RMSE of Tables 5-2 and 5-3.

Metric Serial ~ Parallel

system  system
Efi (S:flt;rlllgeg (%) | 3701 -5.805
Xi\ﬁreszﬁsgén(g%) 0.989  -1.538
R TR
ﬁ‘;ﬁjﬁ (1;;1;48E -8.163  -16.245

5-2-6 Overall analysis

The GFbI controllers were optimised on a vir-
tual machine with a “Common KVM processor”
with 16 virtual processors and 64 GB of RAM.
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The runtime of the GFA to optimise GFbI con-
trollers for the simulated wire bonder was roughly
9 hours per controller. The solution for the serial
GFbI controller was found by genetic algorithm
combined with simulated annealing. The solu-
tion for the parallel GFbI controller was found by
particle swarm. Table 5-5 presents further in-
formation on the found solution and optimisation
procedure, where “fevals” is the number of evalu-
ations of the objective function of only the global
optimisation algorithm that found the best solu-
tion, including function calls made by pattern
search as part of that global optimisation. Nu-
merical values for other controller element param-
eters are redacted.

Table 5-5: Data of the optimisation pro-
cedure and found solution of the GFbl con-
trollers.

| Serial  Parallel
Final cost (dB) | -0.0553  -0.854
fevals 17878 26927
~ 0.769  0.400
we/wi 0.694 0.452

The serial and parallel system both satisfy all
the constraints. Therefore, as the number of re-
sets constraint is satisfied, assumption 2 holds.
Input-to-state convergence of the RCSs, relating
to assumption 1, has not been proven mathemat-
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ically. However, the time-domain results RCSs in-
dicate the RCSs converges towards a steady-state
response. This suggests assumption 1 also holds.
The HOSIDF analysis of the open loop show the
HOSIDFS to be considerably lower than the SIDF in
open loop, indicating that resets are mainly trig-
gered by the SIDF. Therefore, it is assumed that
assumption 3 reasonably holds.

In Section 5-2-1 the assumption was made that
the pseudo-sensitivity is close to the sensitivity of
the SIDF in the RCSs. The HOSIDF analysis of the
closed loop shows this to be generally true, indi-
cating this assumption holds.

The optimisation target of the GFA is leveraged
to suppress the base frame vibration. Frequency-
domain performance prediction suggests the GFbI
controllers both should do so better than the lin-
ear system, with the parallel GFbI controller show-
ing the most promising prediction, as the pseudo-
sensitivity near the frequency of the base frame
vibration as identified using the PSD has the low-
est magnitude. The time-domain results confirm
the performance prediction, where indeed the base
frame vibration is suppressed by both GFbI con-
trollers while the settling time did not increase,
but rather even decreased. The error signal shows
a clear reduction in the amplitude of the error in
the observed large sinusoid, where the state resets
are clearly visible at the zero crossings. Moreover,
the median RMSE of the serial and parallel system
show a significant decrease. Additionally, the PSD
shows a reduction in the power of the error sig-
nal at the base frame vibration frequency. In all
metrics, the parallel system outperforms the serial
system.

The intended effect of the parallel sequence
compared to the serial sequence is to reduce the
magnitude of the HOSIDFs by avoiding the gen-
erated higher-order harmonics, generated by the
reset element, from passing through the lead filter
in open loop. The HOSIDF analysis of the closed-
loop RCSs shows the magnitude of the HOSIDFs
of the serial and parallel system indeed changed,
where the magnitude decreased at the middle- and
high-frequency region, but increased at the low-
frequency region. It cannot be concluded whether
this is always the effect of changing the sequence in
the specified manner, as the two GFbI controllers
were tuned differently by the GFA. Thus, not only
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the sequence changed, but also the rest of the
GFbI controller. To isolate the effect of chang-
ing the sequence, the rest of the GFbI controller
must remain constant. What can be concluded,
however, is that the parallel sequence allows the
GFbI controller to better tune reducing the pseudo-
sensitivity at the targeted frequency region, at
least for these specific frequency regions.

5-3 Experimental results
This section presents the validation using the
physical wire bonder. The results are similar to
the validation with the simulated wire bonder.
For completeness’ sake, the interesting features in
the results of the validation with the physical wire
bonder are still pointed out in this section. “The
control system” and “the RCS” refers to the phys-
ical wire bonder with one of the three controllers
intended for this plant for the remainder of this
section. The value of wes is redacted, but it is
shown in the figures further on in this section.
First, Section 5-3-1 presents the conditions un-
der which the GFA is run for the physical RCS.
Subsequently, Section 5-3-2 presents the optimised
controllers, followed by an analysis of the open
loop, the closed loop, and the time-domain results
in Sections 5-3-3 to 5-3-5, respectively. Finally,
Section 5-3-6 presents an overall analysis of the
results and reflects upon the contributions of this
work in light of the validation results of the phys-
ical wire bonder.

5-3-1 Optimisation conditions

Some parameter values used during validation us-
ing the physical RCs are redacted and hence only
provided relatively or not at all. Redacted param-
eters that are required for qualitative validation
are illustrated in the associated figures further in
the chapter. Parameters that can be provided nu-
merically are presented in Table 5-6.

The number of resets constraint and tracking
constraint are active. Additionally, the GFA im-
poses two open-loop constraints and one pseudo-
sensitivity constraint on the physical RCS, namely
replicating the constraints imposed on the linear
control system. The open-loop constraints are
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imposed on the first harmonic of the open-loop,
namely the SIDF. This is under the assumption
that the sensitivity of all HOSIDFs are significantly
lower than the pseudo-sensitivity compared to the
SIDF and consequently contribute significantly less
to the pseudo-sensitivity.

The optimisation target is chosen such that the
GFA tunes the GFbI controllers for a decreased set-
tling time. Figure 5-24 shows the error signal
of the linear system tracking the shown reference
signal. Near the end of the transient response,
roughly half a period of a sinusoid can be ob-
served. The frequency of this sinusoid was esti-
mated by hand, of which it should be noted is
rather inaccurate given how fast the sinusoid de-
cays. This estimation resulted in two frequency
ranges in the middle-frequency region, which be-
came the targeted frequency ranges for the Gra
used for tuning of the GFbI controllers. The opti-
misation target are illustrated in Section 5-3-4.

—Error
Scaled reference

Error

Time

Figure 5-24: Error signal of the linear system
tracking the shown reference signal. A dom-
inant vibration right after the movement can
be observed.

All figures that contain data of an RCS and have
the frequency on the X-axis start at wekip, with the
exception of close-ups. The true value of weyip is
redacted.

The same controller element parameters for
these GFbI controllers have been optimised by the
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GFA as for the GFbI controllers for the simulated
wire bonder. These are the proportional gain, in-
tegrator frequency, lead filter frequency, and ~.
Note that w. is optimised internally.

Table 5-6: Parameters used to run the GFA
for the physical wire bonder. Some param-
eters are redacted and consequently are not
included in the table.

Parameter  Value  Reference
Sskip —40 dB (4-6)
fexp 2 (4-9)
TNexp ) (4-9)

Liimicon —12dB (4-12)
Whigw 1 Wres (4-13)
WLhigh,1 WN (4_13)
lim,z2,con  —25 dB (4-12)
Wl Wn (4-13)
WLhigh,2 WN (4'13)
Slim,con 6 dB (4-15)

wSlow wskip (4—16)
Whign WN (4-16)

5-3-2

Figure 5-26 shows the linear controller and SIDF
of the two GFbI controllers. In the low-frequency
region, the magnitudes of the three controllers
are within a range of 0.7 dB difference from each
other. The parallel GFbI controller has the largest
magnitude, followed by the serial GFbI controller,
and the linear controller has the smallest magni-
tude. The difference is the largest in the middle-
frequency region, shown in the close-up, where the
largest difference is around 0.9 dB.

Optimised controllers

5-3-3

Figure 5-25 shows the magnitude characteristics
of the SIDF and the first 25 HOSIDFs of the open-
loop serial and parallel system. The figure shows
that the HOSIDFs of the parallel system, compared
to the serial system, have a higher magnitude in
the low-frequency region and a lower magnitude in
the middle- and high-frequency region. For both
RCSs, the HOSIDFs are increasingly close together
for increasing order. Additionally, the magnitude
difference between the SIDF and the HOSIDFs is

Open loop analysis
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Figure 5-25: Magnitude characteristics of the SIDF and the first 25 HOSIDFs of the open-loop serial
and parallel system. The highest HOSIDF is of the lowest order, where the order increases for each

consecutive lower HOSIDF.

significantly larger than the magnitude difference
among the HOSIDFs.
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Figure 5-26: Magnitude and phase charac-
teristics of the controllers for the physical wire
bonder.

Figure 5-28 shows the magnitude and phase
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characteristics of the open-loop control systems.
Both the serial and parallel system have a higher
bandwidth than the linear system. The band-
width of the serial and parallel system is nearly
identical. The serial and parallel system also has
a higher and lower phase margin than the linear
controller, respectively. Both RCSs satisfy both
open-loop constraints.

5-3-4

Figure 5-27 shows the pseudo-sensitivity and sen-
sitivity of the first 25 HOSIDFs of the closed-loop
serial and parallel system. The sensitivity of the
HOSIDFs of the parallel system, compared to the
serial system, has a higher magnitude in the low-
frequency region and a lower magnitude in the
middle- and high-frequency region. This corre-
sponds to what is observed in the open loop.
For both RCSs, the sensitivity of the HOSIDFs is
increasingly close together for increasing order.
Additionally, the magnitude difference between
the SIDF and the HOSIDFs is significantly larger
than the magnitude difference among the HOSIDFs.
Thus, the pseudo-sensitivity is similar to the sen-
sitivity of the SIDF and the HOSIDFs have a minor,

Closed loop analysis
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Figure 5-27: Pseudo-sensitivity and sensitivity of the first 25 HOSIDFs of the closed-loop control sys-
tems. The highest HOSIDF is of the lowest order, where the order increases for each consecutive lower

HOSIDF.
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Figure 5-28: Magnitude and phase character-
istics of the open-loop control systems. The
dashed line indicating the bandwidth of the se-
rial system is hidden under that of the parallel
system.
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Figure 5-29 shows the sensitivity and pseudo-
sensitivity of the closed-loop control systems. The
frequency regions between the leftmost two and
rightmost two of dotted lines in Figure 5-29 show
the targeted frequency regions. Both RCSs satisfy
the pseudo-sensitivity constraint.

Figure 5-30 shows a close-up of the frequency re-
gion where the tracking constraint is active. The
figure shows that both the serial and parallel sys-
tem satisfy the tracking constraint. The figure
also shows that the parallel system has a lower
pseudo-sensitivity than the serial system for al-
most the full frequency region of the tracking con-
straint.

Figure 5-31 shows a close-up of the targeted fre-
quency regions. Both the serial and parallel sys-
tem has a pseudo-sensitivity lower than the linear
system’s sensitivity across the full length of both
targeted frequency regions. The parallel system
has the lowest pseudo-sensitivity in the left tar-
geted frequency region than the serial system, but
the pseudo-sensitivity of the two RCSs is similar in
the right targeted frequency region.

MSc. Thesis
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Figure 5-29: Sensitivity and pseudo-

sensitivity of the closed-loop control systems.
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Figure 5-30: Sensitivity and pseudo-
sensitivity of the closed-loop control system at
the frequency region where the tracking con-
straint is active.
5-3-5 Time domain analysis

The developed GFbl controllers for the physical
wire bonder are tested by having the wire bonder
track the reference signal shown in Figure 5-32.

MSc. Thesis

The signal consists of one 16 sequential smooth
steps, eight up and eight down. After each step,
a settling region is defined that starts from the
moment the reference signal becomes stationary
and runs until all three error signals have con-
verged roughly to within the smallest amplitude
they all remain in until the start of the next step
or until the end of the reference signal for the last
step. The length of each settling region varies af-
ter each step. The first settling region is denoted
as settling region 1, the second as settling region
2, and so on.

Magnitude (dB)

—Linear system ||

——Serial system
Parallel system|]|

------- Target area

0.009 0.01 0.011
Normalised frequency

Figure 5-31: Targeted frequency regions of
the sensitivity and pseudo-sensitivity of the
closed-loop control systems.

Figures 5-33 to 5-36 show the error signal in the
settling region for a selection of the steps in the
reference signal. All four figures show (part of)
the sinusoid sinusoid that underlies the choice for
the targeted frequency ranges for the GFA that is
used for tuning of the GFbI controllers.
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Figure 5-32: Reference signal for validation
using the physical wire bonder.
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Figure 5-33: Error signal of settling region
7. This is the settling region where the serial
system performs the worst in terms of settling

time change.
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Figure 5-34: Error signal of settling region 11.
This is the settling region where the parallel
system performs the worst in terms of settling
time change.
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Figure 5-35: Error signal of settling region 12.
This is the settling region where the parallel
system performs the best in terms of settling
time change after settling region 15.

Figure 5-37 shows the CPSD of the error in all
settling regions. The power has been normalised
such that the maximum power of the linear sys-
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tem’s CPSD equals 1. Note this is the CPSD from
the error signal starting only as soon as the ref-
erence signal becomes stationary. Of the two sys-
tems with a GFbI controller, the parallel system
shows to have decreased the power in the error
signal the most with respect to the linear system.

0.8+ —Linear system |
M ——Serial system
0.6 - ‘ Parallel system ||

- - Instant settling ||
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T
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1
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Figure 5-36: Error signal of settling region 15.
This is the settling region where the parallel
system performs the best in terms of settling
time change.

Table 5-7 presents the settling time, measured
in samples, for all settling regions. The settling
time is defined as the time between the start of
the settling region until the error signal crosses the
bound for the last time during the settling region.
The settling time is interpolated between the last
sample outside and inside of the bound. The in-
dicated settling time changes are with respect to
the linear system. The settling regions that are
visualised in Figures 5-33 to 5-36 are marked in

grey.

Table 5-8 presents the RMSE in the settling
regions. The RMSE is computed using the nor-
malised error shown in Figures 5-33 to 5-36. The
indicated RMSE changes are with respect to the
linear system. The settling regions that are visu-
alised in Figures 5-33 to 5-36 are marked in grey.
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Figure 5-37: Cumulative power spectral den-
sity of the error in both settling regions padded
with zeros ten times the length of the error sig-
nal and convolved with a rectangular window.

Table 5-9 presents statistics based on the set-
tling time and RMSE of all settling regions. In
one settling region, the parallel system is able to
achieve instant settling whereas the other two con-
trol systems do not. Both the serial and parallel
system outperform the linear system in terms of
median settling time and RMSE, where the paral-
lel system performs better than the serial system.
The same is true for the median RMSE.

Table 5-9: Statistics based on the settling
time and RMSE of Tables 5-7 and 5-8.

Metri Serial Parallel
- system  system

Best settling

time change (%) -22.243  -100.000

Worst settling

time change (%) +5.178  +8.790

Median settling

time change (%) -5.475 -9.791

Median RMSE

change (%) -5.374  -9.455
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Table 5-7: Settling time after each step in the reference signal.
. Settling time  Settling time  Settling time Change Change
Sett’l M8 Jinear system serial system parallel system serial system parallel system
Tegion (samples) (samples) (samples) (%) (%)
1 42.300 42.000 42.529 -0.710 +0.542
2 45.345 44.609 43.524 -1.623 -4.016
3 45.588 45.944 44.722 +0.781 -1.900
4 49.692 49.038 48.579 -1.316 -2.241
5 44.267 44.424 42.795 +0.356 -3.325
6 51.860 53.234 50.067 +2.649 -3.459
7 28.143 29.600 28.387 +5.178 +0.368
8 52.695 52.852 49.855 +0.298 -5.390
9 20.875 20.647 17.333 -1.092 -16.968
10 48.968 44.955 40.182 -8.196 -17.942
11 34.120 34.500 37.119 +1.114 +8.790
12 43.391 39.000 34.057 -10.120 -21.512
13 30.241 29.041 30.020 -3.969 -0.732
14 26.878 25.194 25.378 -6.264 -5.580
15 24.864 19.333 0.000 -22.243 -100.000
16 0.000 0.000 0.000 0.000 0.000
Table 5-8: RMSE for all settling regions.
. RMSE RMSE RMSE Change Change
Settling | .. . .
region linear sy.stem serial sy.stem parallel system serial system parallel system
(normalised)  (normalised)  (normalised) (%) (%)
1 0.0695 0.0743 0.0779 +6.831 +12.124
2 0.0727 0.0731 0.0703 +0.542 -3.360
3 0.0881 0.0881 0.0837 -0.0152 -4.948
4 0.0880 0.0833 0.0784 -5.313 -10.950
) 0.0892 0.0838 0.0857 -6.144 -3.955
6 0.0999 0.0945 0.0894 -5.435 -10.499
7 0.107 0.0847 0.0901 -21.058 -16.020
8 0.151 0.150 0.138 -0.613 -8.411
9 0.0574 0.0513 0.0469 -10.678 -18.285
10 0.112 0.0918 0.0852 -18.036 -23.904
11 0.0836 0.0805 0.0820 -3.738 -1.854
12 0.0806 0.0664 0.0653 -17.632 -18.898
13 0.0899 0.0728 0.0724 -19.050 -19.523
14 0.0452 0.0442 0.0438 -2.216 -3.074
15 0.0551 0.0496 0.0432 -9.977 -21.643
16 0.0308 0.0359 0.0328 +16.540 +6.670
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5-3-6

The ¢FbI controllers for the physical wire bonder
were optimised on the same machine as the simu-
lated wire bonder. The runtime of the GFA to opti-
mise GFbI controllers for the physical wire bonder
was roughly 20 hours per controller. Optimising
the controllers for the physical wire bonder takes
longer than for the simulated wire bonder, as the
FRF of the former is significantly longer than that
of the latter, resulting in a higher computational
cost for each candidate GFbI controller and requir-
ing more function evaluations for convergence of
the solution. The solution for the serial GFbI con-
troller was found by particle swarm combined
with simulated annealing. The solution for the
parallel GFbI controller was found by surrogate
optimisation. Note that “fevals” includes func-
tion calls by pattern search, which clarifies the
difference between the serial and parallel GFbI con-
troller optimisation. Table 5-10 presents further
information on the found solution and optimisa-
tion procedure. Numerical values for other con-
troller element parameters are redacted.

Overall analysis

The results of the validation with the physical
wire bonder is similar to the validation with the
simulated wire bonder. All constraints are sat-
isfied, assumptions 1, 2 and 3 hold in the same
manner, and the pseudo-sensitivity is close to the

MSc. Thesis

sensitivity of the SIDF in the RCss. Additionally,
the same conclusions can be drawn regarding the
sequence of the GFbI controller.

Table 5-10: Data of the optimisation pro-
cedure and found solution of the GFbl con-
trollers.

‘ Serial Parallel
Final cost (dB) | -0.278  -0.220
fevals 47268 10689
~y 0.774 0.365
we/wi 0.567 0.596

For the validation with the physical wire bon-
der, the optimisation target of the GFA is leveraged
to reduce the settling time. Similarly to the vali-
dation with the simulated wire bonder, frequency-
domain performance prediction suggests the GFbI
controllers both should do so better than the lin-
ear system, again with the parallel GFbI controller
showing the most promising prediction. The time-
domain results confirm the performance predic-
tion, where indeed the settling time has decreased
for both the serial and parallel system. Addition-
ally, the RMSE decreased, too. The parallel system
outperforms the serial system again in both the
median settling time and median RMSE.
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Chapter 6

Conclusion and future research

This chapter provides a conclusion on this work
and the validation thereof in Section 6-1. Addi-
tionally, future research recommendations are pro-
vided in Section 6-2.

6-1

Conclusion
The tuning of reset controllers is a cumbersome
and time-consuming task. There are no estab-
lished tuning rules, and even if there were, such
rules generally lead to sub-optimal designs. This
work provides two contributions aimed at max-
imising the use of the beneficial reduced phase
lag of reset control to improve upon the perfor-
mance of linear control in an automated fashion.
Although various reset controller structures exist
that can be designed based solely on the plant
FRF, the GFbl element is the only reset element
for which the effects of higher-order harmonics
can be taken into account in the controller design,
and that does not require trading off the the ad-
vantageous reduced phase lag near the bandwidth
frequency and reducing the generation of higher-
order harmonics. Therefore, this work focuses on
the tuning of reset controllers containing a GFbI
element.

The first contribution is a comparative study

MSc. Thesis

recommendations

on the effect of the sequence of the controller ele-
ments in a reset controller containing a lead filter.
The reset element generates higher-order harmon-
ics that propagate through the rest of the con-
troller. A lead filter amplifies the negative im-
pact on the error signal of these higher-order har-
monics. Commonly, reset controllers are designed
such that all controller elements are placed in se-
ries with the reset element as the first controller
element to prevent the amplification of measure-
ment noise. The output of the reset element then
passes through the lead filter in both open loop
and closed loop. By placing the reset element and
lead filter in parallel instead, the higher-order har-
monics do not pass through the lead filter and
their negative impact on the error signal is de-
creased. In this work, it was investigated what
the effects of using the aforementioned serial and
parallel sequence are on the tuning of a reset con-
troller containing a GFbI element.

The second contribution is the proposal of a
tuning algorithm to optimise the performance of
a controller containing a GFbI element program-
matically. The algorithm uses an equally-well-
tuned reference linear controller as a baseline for
the performance based on frequency-domain per-
formance prediction and ensures the tuned reset
controller performs at least as well as the refer-

Bas Cheizoo



50

6. Conclusion and future research recommendations

ence linear controller based on frequency-domain
performance prediction metrics. Additionally, one
or multiple frequency regions can be specified for
which the algorithm attempts to minimise the
pseudo-sensitivity of the reset controller using the
sensitivity of the reference linear controller as a
weight. This can be used to suppress specific vi-
brations observed beforehand in the error signal.

The contributions are validated using two use
cases, namely tracking a reference signal with a
simulated wire bonder and with a different, phys-
ical wire bonder. The tuning algorithm proved
able to successfully tune two reset controllers for
each plant, namely one in which the controller el-
ements are placed in series and another in which
the reset element and lead filter are placed in par-
allel. The reset control systems satisfy the same
constraints as the reference linear system. Addi-
tionally, the pseudo-sensitivity of the reset con-
trol systems is successfully reduced to below the
sensitivity of the reference linear system for all
frequencies in all targeted frequency regions, in-
dicating increased suppression of the observed vi-
brations in the error signal. The results of time-
domain simulations and experiments on a physical
setup confirmed the performance prediction when
comparing the tuned reset controllers to the refer-
ence linear system. The use case with the goal of
suppressing a dominant vibration in the error sig-
nal showed a reduced median RMSE of 16.245 %
while the median settling time did not increase,
but rather decreased as well by 3.671 %. The use
case with the goal of reducing the settling time
showed a median reduction in the settling time of
9.791 %, while the median RMSE also decreased
by 9.455 %. Across both use cases and both in
performance prediction and time-domain results,
the reset control system with the parallel sequence
reset controller outperformed that with the serial
sequence reset controller.

The validation results highlight the potential
of reset control as a means to overcome inherent
limitations of linear systems. Using two indus-
trially realistic use cases, automatically tuned re-
set controllers with a GFbI element were able to
improve upon the performance of automatically
tuned linear controllers. A key feature therein is
proper tuning of the reset controllers. The pro-
posed tuning algorithm was shown to successfully
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tune four different reset controllers containing a
GFbI element that had either a serial or paral-
lel sequence of the controller elements. In track-
ing a reference signal that first moves smoothly
and then becomes stationary, all tuned reset con-
trollers showed a reduced RMSE and settling time
compared to the reference linear controller, con-
firming the predicted performance increase. Be-
tween a serial or parallel sequence, the parallel
sequence showed the best performance, indicating
that preventing the generated higher-order har-
monics from passing through a lead filter indeed
reduces the negative effects thereof.

6-2 Future research

mendations

recom-

There are several recommendations for future re-
search based on this work and the validation
thereof.

1 | Stability check

The GFA does not have a method to check for the
stability of an RCS with a candidate GFbI con-
troller. Therefore, it also does not penalise un-
stable controllers and the control system designer
needs to select bounds for the optimisation pa-
rameters such that no unstable GFbI controller
can be designed with any combination of the op-
timisation parameters. This severely limits the
possible design space of the global optimisation
algorithms and might consequently lead to miss-
ing better controller parameters, as they would be
outside of the bounds. By adding a stability check
and adding the stability of the RCS as a constraint,
the design space may be expanded and perhaps
better GFbI controllers may be found.

During the development of the GFA, it happened
on occasion that the GFA was run and found an
RCS that could not be simulated or the pseudo-
sensitivy showed undesired behaviour, indicating
the RCS was unstable. It was never investigated
whether the BLS of such an RCS was stable or un-
stable. It is possible that the instability of the RCS
was caused by an unstable BLS. A possible solu-
tion might be to add a stability check for the BLS
of a candidate RCS, as perhaps stability thereof
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might be sufficient to remove the related restric-
tion on the bounds of the optimisation parame-
ters.

2 | Effect of controller sequence

The effect of using a serial or parallel sequences
has only been validated by comparing the cor-
responding GFbI controllers tuned by the GFA.
Those GFbI controllers have significantly more dif-
ferences than only the sequence of the controller
elements, as the optimisation parameters were
tuned for each GFbI controller. As such, it can-
not definitively be concluded what the effect of
only changing the sequence is. The results have
shown the parallel GFbI controller to outperform
the serial GFbI controller in both the time domain
and frequency domain. However, the results have
also shown that the sensitivity of the HOSIDFs of
the parallel GFbI controller are higher than that of
the serial GFbI controller in the low-frequency re-
gion. Thus, it might be possible that for different
targeted frequency regions or for a different plant
a serial sequence allows for better performance of
the subsequently tuned GFbI controller.

3 | Optimal controller sequence

A serial sequence and parallel sequence are the
only sequences investigated in this work. The
point of the parallel sequence is to avoid pass-
ing the generated higher-order harmonics through
the lead filter in open loop. However, placing
the lead filter in parallel with the reset element
is not the only method to do so. For example, the
lead filter may also be placed before the reset ele-
ment. A drawback of this is that measurement
noise is amplified, which could degrade perfor-
mance. Whether such a sequence would result in
improved performance will need to be researched.

4 | Free variables of parallel sequence

The parameters of a parallel controller are de-
termined by their relation to the parameters of
the serial controller given in (3-5). The imple-
mentation of the GFA used in this work changes
the parameters of a parallel GFbI controller indi-
rectly, namely by changing the parameters of a
serial controller and computing the corresponding
parameters for a parallel controller through (3-5).
However, as shown in Figure 3-3, a parallel con-
troller has more parameters in total. With the
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described implementation of constructing a par-
allel GFbI controller, those extra parameters are
unused and fully determined by the other param-
eters. By directly changing all the parameters of
a parallel controller, the GFA obtains more degrees
of freedom to tune to obtain an optimal parallel
GFbI controller. This might result in the GFA find-
ing better solutions than it is able to with the cur-
rent implementation. A drawback of the proposed
method, however, is that the increased number of
parameters will inevitably lead to a longer runtime
of the GFA for optimising a parallel GFbI controller.

5 | Improving the transient response

In optimisation of the GFbI controllers for the sim-
ulated wire bonder, the targeted frequency region
was chosen such that the base frame vibration,
that was clearly visible in the error signal, would
be suppressed. For the physical wire bonder, no
such clear vibration could be observed in the set-
tling region of the error signal. Therefore, a tar-
geted frequency region was chosen that contains
the frequency of the sinusoid observed near the
end of the tracking region, although this sinu-
soid is primarily part of the transient response.
The aim of this targeted frequency region was to
reduce the settling time. As it turned out, sig-
nificantly reducing the settling time is difficult,
as only half or even only a quarter of the sinu-
soid could be observed in the settling region, af-
ter which the error signal has already settled to
within specifications. To further improve the set-
tling time, research is needed into improvement
of the transient response, as the point at which
the error signal settles is considerably close to the
tracking region.

6 | Optimisation parameter scaling

In the used implementation of the GFA, the optimi-
sation parameters are changed as-is by the various
global and local optimisation algorithms. Some
optimisation algorithms are known to show in-
creased performance when their optimisation pa-
rameters p; with ¢ parameters are all scaled to
equal-sized domains, e.g. p; € [—1,1]. The op-
timisation parameters used in these case studies
for the GFA range from the order of 10° to 108.
The difference in these orders of magnitude sug-
gests scaling the optimisation parameters might
improve the performance of the GFA.
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6. Conclusion and future research recommendations
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Figure 6-1: Pseudo-sensitivity and HOSIDF sensitivities of GFbl controllers with a slightly higher wskip
than used for validation. The crosses denote frequencies for which assumption 2 does not hold. The

frequency wskip lies just after the rightmost cross.

7 | Diverging pseudo-sensitivity

Specific to the use case of the physical wire bon-
der, a parallel GFbI controller tuned with a slightly
higher wgip than the value used for validation pro-
duces a remarkable result. Presumably due to the
increased-magnitude sensitivity of the HOSIDFs
compared to the RCS with a serial GFbI controller,
the pseudo-sensitivity below a certain frequency
lower than weip strays away from the sensitivity
of the SIDF, whereas for any higher frequencies,
the pseudo-sensitivity remains in the vicinity of
the sensitivity of the SiDF. This is illustrated in
Figures 6-1 and 6-2. As shown, assumption 2 does
not hold for frequencies below wgkip. Even though
the pseudo-sensitivity is invalid at those frequen-
cies and the cost in the GFA of this GFbI controller
is slightly lower than for a slightly lower wgiip, for
the invalid-pseudo-sensitivity to stray away from
the sensitivity of the SIDF is undesired. Whether
this is problematic for the performance of the con-
troller needs to be further investigated. If research
shows it does have a bad influence on any of those
two traits, it might be resolved by constraining
the pseudo-sensitivity to not be higher than a cer-
tain value above the sensitivity of the SIDF for all
w < wskip or not be higher at all.

Bas Cheizoo

Magnitude (dB)

20 .
' 1
1 1
1 1
0f ! :
' 1
1 1
' 1
-20 1 '
' 1
/ —Linear system
40 / —Serial system ||
- '3 Parallel system
'3 Target area
60 ' : |
-60 - 4 4?3 : AR
1 1
' 1
80| ! Vo
1 1
$ &
100 b ‘ LE 3 . 3
104 1073 102 1071

Normalised frequency

Figure 6-2: Sensitivity of the control sys-
tem with the reference linear controller and
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List of Acronyms

LTI
NLTI
SISO
FRF
SIDF
HOSIDF
BLS
GFA
UBIBS
NSV
RMSE
DoOF
PSD
CPSD
PI

PID

CI

PCI
GFORE
GSORE
SOSRE
GFbI
PGFbI
HIGS
RCS
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linear time-invariant

nonlinear time-invariant

single-input single-output

frequency response function
sinusoidal-input describing function
higher-order SIDF

base linear system

GFbl feedback autotuner

uniformly bounded-input bounded-state
Nyquist stability vector
root-mean-square error

degrees of freedom

power spectral density

cumulative PSD

proportional-integral
proportional-integral-derivative

Clegg integrator

proportional Clegg integrator
generalised first-order reset element
generalised second-order reset element
second-order single-state reset elements
GFORE-based integrator

proportional GFORE-based integrator
hybrid integrator-gain systems

reset control system

Glossary
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