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Abstract

The constant demand for increasing performance in the precision industry and the fundamen-
tal limitations of PID control such as the waterbed effect and Bode’s gain phase relationship,
has led to a research focus on reset control. Reset control introduces extra phase which bene-
fits the freedom of design, stability margins, and achievable bandwidth. Also, this is relatively
easy in implementation since designing tools such as loop-shaping apply to the reset control
framework.

The extra phase introduced by reset control increases the stability margins of a feedback
controller. It has been shown that reset control increases disturbance rejection performance.
However, reference tracking properties of a reset controller can be outperformed by linear PID
control. Whenever a reset occurs, part of the controller memory is erased, which potentially
creates the inability for a reset controller to accurately track a reference. Since disturbance
rejection is improved, reset control is promising for research. Reference tracking can be im-
proved by introducing other control strategies to the framework.

In this thesis, an adaptive feedforward controller is proposed. The algorithm is based on
a parametrised model of the inverse of the plant. During operation, the feedforward adapts
from the feedback controller to adjust the feedforward parameters. Accurate tracking is
achieved as the feedforward parameters converge to the ideal value. Previously developed
methods for reset control are mainly focussed on first-order reset elements and first-order
plants, and therefore do not suffice in the requirement for precision industry, where all sys-
tems are second-order or above. Linear adaptive methods are not applicable as the non-linear
nature of the feedback signal produced by the reset element can yield instability. The algo-
rithm developed in this thesis introduces a parameter that leads to stable adaptation in the
presence of the non-linearity introduced by reset.

The development of the adaptive feedforward algorithm has iteratively led to the method
as is presented in this thesis. During the process, new insights were obtained and theories
were developed. The final proposed algorithm is developed such that it applies to a wide class
of reset control systems.
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Convergence of the feedforward parameters by the adaptive algorithm is proven using a
continuous Lyapunov function. This is validated with experiments on the Spider precision
positioning stage. Different configurations for the feedback controller are subjected to the
experiments. In all cases, the algorithm is able to converge the feedforward parameters and
decrease the tracking error of the plant.
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Chapter 1

Introduction

In the automation industry, it is required that all motion is controlled within a certain error
threshold. One within these applications which requires planned motions on a nanometre
scale is wafer scanners. Wafer scanners are used for the production of high-performance mi-
crochips. All daily used electronic devices make use of these microchips. The extremely fast
development in this industry would have not been possible without the development made in
the high precision industry, for both hardware and software. Another example is high preci-
sion microscopy, which spans a wider range of interest than just the automation industry. An
atomic force microscope can, for instance, be used to map any specimen on a nanometre scale.
This makes it possible to gain more knowledge within the fields of biology and medicine, but
also has application in the high precision industry.

As for the software, high precision motion control is necessary for these devices to meet
their required specifications. The precision industry is constantly trying to push the limita-
tions of control to improve its performance. These days, almost all of the industry still makes
use of conventional PID control in their control loops. Out of all existing control strategies in
the industry, more than 90% is PID control[1]. However, PID is limited by the rules of linear
control established by years of research. These limitations can, for example, be expressed by
the waterbed effect. In [1] it is fairly mentioned that too little effort is given to research in this
form of control. The popularity of PID control is due to its simplicity, ease of implementation,
and robustness and therefore desired in many applications. There exist control strategies that
can overcome the limitations of linear PID control. Most other control strategies are either
hard to implement, not robust or require exact knowledge of the device it is used on.

To answer the demand for improved control performance, and still maintain the robustness
and simplicity of conventional PID control, reset elements can be included. This research
focuses on reset control, which is one of many methods to mitigate the limitations of linear
control. In [2] the first form of reset control appeared, introduced by J.C. Clegg. The so-
called Clegg Integrator is capable of performing integral action with a phase advantage of
52°compared to a linear integrator. Unlike most novel methods, reset control comes with the
same simplicity in implementation as PID control. Since reset control can be designed in the
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2 Introduction

frequency domain, it allows for design methods like loop-shaping.

Even though reset control is a promising candidate to improve PID control, it is accom-
panied by established disadvantages. The phase of a resetting integrator is estimated by
analysing the describing function, which only approximates the first harmonic of the output
signal. The information on the higher-order harmonics of the control signal is lost in this
analysis. The higher-order harmonics do however affect the closed-loop response of the reset
control system. Even though reset control favours the freedom of design and can increase
phase margin or bandwidth, poor performance is sometimes achieved in terms of reference
tracking. Some reset controllers are not capable of smooth reference tracking but rather show
oscillatory behaviour. The goal of this thesis is to find a control strategy where reset control
can be used to achieve accurate tracking while maintaining the desired non-linear properties.

Before tackling the tracking limitations of reset control, more background information is
required on this subject. The first chapter of this thesis elaborates more on the fundamen-
tals of reset control. Fundamental information is provided regarding dynamics, stability, and
implementation in precision motion control. The advantage in disturbance rejection and dis-
advantage in reference tracking of a reset based PID controller compared to a linear PID
controller is discussed, after which the goal of this thesis is presented. The second chapter
presents the state of the art solutions obtained from different fields of research that are used
to tackle similar problems. An analysis of these methods is also presented. The third chapter
consists of a paper in which the main contribution of this thesis is presented and validated.
In the final chapter conclusions and recommendations on further research are given.
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Chapter 2

Reset control systems

There has been extensive research on reset control since its first appearance in literature. This
chapter gives an overview of the established dynamics and different types of reset control since
the introduction of the Clegg integrator. Reset control has seen a major improvement and
has the potential to become industry standard for applications in, for example, the precision
industry. An example in which reset control is used for disturbance rejection and reference
tracking is given in the final section of this chapter, which leads to the research objective of
this thesis.

2-1 Reset integrator

Current day reset control is based on the first research on resetting an integrator performed
by J.C. Clegg [2]. The so-called Clegg integrator performs a resetting action whenever the
integrator input equals zero. The dynamics of this resetting integrator can be described by
the following differential inclusion, which is the common formulation used in reset control.
Notation of the clegg integrator is shown in Figure 2-1, where the arrow indicates the presence

of reset.
u(t) =-e(t) ife(t)#0

uw(tt)y =0  ife(t)=0 (1)

e® [ 1 |u®

— f—

ra

Figure 2-1: Common notation of the Clegg integrator

The signal produced by the Clegg integrator holds properties that show an advantage com-
pared to the linear integrator. Direct analysis of the output signal is nontrivial. To analyse
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4 Reset control systems

this non-linear signal a linear approximation is suggested. Usage of the sinusoidal input de-
scribing function yields a linear representation of the Clegg integrator output. Figure 2-2a
shows the response of both a linear integrator and a Clegg integrator to a sine input with an
amplitude of 1 and a frequency of 1 rad/s.

Amplitude [-]
o

Input
Clegg integrator
— — — - Linear integrator

Time [s]

(a) Comparison of a linear integrator with a Clegg integrator

T T T . ; :
2 e -~ ': //, -
7 | 7 ]
4 7 |
, | 7 |
— 10 e ! (o , .
NI ’ | / !
(4] yid | )4 |
e} 7 y
| -
3 0 -7 — P |\\ i
= \\ I \\
£ \ . .
N ] N
< 1r \\ ! \\ |
- Input \\ d N
i i N
— — — ~Nonlinear signal N | s
Describing function \\ JI \\\
2r | ; N ‘ ‘ S
0 2 4 6 8 10 12
Time [s]

(b) Describing function of the Clegg integrator output

Figure 2-2: Analysis of the Clegg integrator response

The output of the Clegg integrator can be analysed through the sinusoidal describing function,
as illustrated in Figure 2-2b. Since the first harmonic of the Clegg integrator output is
dominant compared to the higher-order harmonics, this gives an accurate insight into the
signal properties. Close observation of the linearised signal shows that the Clegg integrator
overcomes part of the limitations in linear control. Whereas the linear integrator yields a
phase lag of -90°, the Clegg integrator only yields a phase lag of -38°. Also, a slight increase
in gain is observed. However, most importantly, the slope of gain remains the same. These
properties make the Clegg integrator an interesting topic for control research, as the decrease
in phase gives more freedom of design and benefits stability.

2-2 Definitions for reset control

There are multiple ways to include a resetting integrator in a control framework. The most
basic form is the direct implementation of the Clegg integrator(CI). Research in reset control
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2-2 Definitions for reset control 5

has led to more advanced reset elements such as the First Order Reset Element(FORE) and
the Second Order Reset Element(SORE). These forms of control are elaborated in Section 2-3.
All these different forms can be analysed using the same dynamic framework.

2-2-1 Dynamics

General reset element dynamics are governed by the differential inclusion in Equation (2-2).

T, (t) = Apxy(t) + Bre(t) if (z,,e) € F
z,(tT) = Apx,(t) if (xp,e)e T (2-2)
u(t) = Cray(t) + Dyre(t)

Where A,., B,, C,, and D, describe the state space of the reset element. The controller states
propagate according to this state space system whenever (z,,e) € F. If the reset conditions
are met, given by (z,,e) € J, a reset occurs. During reset, specified controller states are reset
according to the reset matrix A,,.

Im Oan] (2_3)

4o = [onm 0,

Where m indicates the linear controller states and n the states which are being reset. Several
different sets of reset conditions are presented in literature. Dominant reset conditions in
literature are either based on zero crossings of the error[3], or based on the signs of the
reset controller states and plant output[4]. The definition of the flow and jump set for both
conditions are shown in Equation (2-4a) and (2-4b), respectively. This thesis focusses only
on reset elements based on zero crossings of the error.

F ={z:(t),e(t) e R: e(t) # 0} J =A{x,(t),e(t) e R: e(t) =0} (2-4a)
F ={z.(t),e(t) e R: e(t)u(t) >0} J =A{x,(t),e(t) e R: e(t)u(t) <0} (2-4b)

As mentioned, the matrix A, determines which states of the controller are reset. At a reset
instance, the values of the first m states of the controller are maintained at the same value.
The other n states are reset to zero. The system which describes the linear evolution of the
states, which would be the case for A, = I,,1,, is called the base linear system.

Definition 1. Base Linear system: The dynamical system which describes the evolution of

the states of the reset controller, without including reset, is called the base-linear system. This
means that the base linear system can also be defined by setting A, = I (4 -

2-2-2 Closed loop

The graphical notation of a reset element in a closed loop system is given in Figure 2-3. The
only exogenous signal considered here is the reference.
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6 Reset control systems

C(s) P(s) L

I

Figure 2-3: Closed loop configuration with a reset element

For stability and performance analysis purposes, dynamical equations of the closed-loop sys-
tems are required. The differential inclusion of this closed-loop system is given below in
Equation (2-5).

j:cl(t) = clxcl(t) + Bclr( )
a;cl(t ) Ap(licl(t) (2—5)
y(t) = Cazall)
The individual matrices are defined in Equation (2-6) below.
) _[4, - B,D,C, B,C, 1 o
zalt) = Lcr(t)] Aa = [ “B.C, A | T o 4, (26)
2-6
_ | BpDr _
By = [ . 1 Ca = [Cp 0]

Where the subscript r indicates the controller variables and p the plant variables. These
equations hold for any type of reset controller.

2-3 Reset elements

There are multiple strategies available for including a resetting integrator in the control loop.
For simple plants, only using a reset element in the control loop may suffice. For more complex
plants, a reset element can be combined with any linear controller to increase performance
in the overall control loop. This section briefly elaborates on the basic forms of the reset
elements that can be applied for feedback control.

2-3-1 Clegg Integrator (Cl)

The technique of resetting an integrator was first introduced by J.C. Clegg in [2]. The resetting
integrator is now referred to as the Clegg integrator.

1
e
The definition of a Clegg integrator in state space notation is given in [5]. The relevant

state space matrices are given below in Equation (2-8). Using a Clegg integrator yields an
advantage in phase lag, which compared to a linear integrator is only 38° instead of 90°.

(2-7)

A, =0, B.=1, C,=1 D,=0, A,=0 (2-8)
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2-3 Reset elements 7

2-3-2  First order reset element (FORE)

The first order reset element is an extension on the dynamics of the Clegg integrator. This
element is introduced in [6].

1
2-9
sA4a (2:9)
A basic state space notation for this element is given in Equation (2-10). Note that the base
linear system is stable for a positive a.
A, = —a, B, =1, Cr=1, D, =0, A, =0 (2-10)

Note that the advantage of the first order reset element is the ability to provide compensation
at specific frequencies. The low-pass filter notation is given in Equation (2-11). The advantage
of such a low-pass filter is integral action with a phase lag of only 38° after the cut-off frequency.

Ar=-w, Br=w, C,=1 D,=0, A,=0 (2-11)

Here w defines the cut-off frequency.

2-3-3 Second order reset element (SORE)

A further extension is the second-order reset element. This reset element is introduced in [7].

w2

W

By increasing the order, it is possible to design resetting notch filters or second-order low-pass
filters. The second-order reset element also provides the extra design variable 5, which is the
damping of the filter. The state space matrices of this filter are given in Equation (2-13).

Ay = [—Sﬂ —216w] , B, = [“?2] C,=[1 0o D=0 4,-= [8 8] (2-13)

(2-12)

Here w defines the cut-off frequency and § the relative damping coefficient.

2-3-4 Generalized reset elements

Generalized reset elements consist of standard reset elements as mentioned above. Instead
of resetting to zero, the generalized reset elements only reset a fraction of the control action
indicated by 7. The generalized first-order reset element is introduced in [8]. The generalized
second-order reset element is introduced in [9]. For both cases, the only difference compared
to the regular elements is the reset matrix A,.

I, 0 ... O
0 Y- 0

Ap=1| . < . (2-14)
0 0 ... 7

Where ~; is a real number and is generally between 0 and 1.
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8 Reset control systems

2-3-5 Constant in gain lead in phase element

An extension of the GFORE and GSORE is introduced in [9] as the constant in gain-lead in
phase element. This element is used to provide phase lead at a broad band of frequencies,
whereas other reset elements only provide a reduction of phase lag. CglLp makes use of a
reset lag filter in combination with a linear lead filter of the same order. By resetting the lag
filter, the phase lead introduced by the lead filer is maintained to some extent over a wide
range of frequencies. The resetting filters are stated below according to [9], respectively.

CglLp using GFORE

The transfer functions of the resetting lag filter and linear lead filter of CglLp using GFORE
are given in Equation (2-15), respectively.

1 s/wyp +1

C(s) = 2-15
(5) S/wrgF 1 sfwr+1 (2-15)
The state space matrices of this transfer function are given in Equation (2-16).
A, = —Wra 0 B, = Wra Ap _ v 0O
Wy —wy 0 01 (2-16)

C, = {“’f (1—%’)} D, =0
Wy Wy

CglLp using GSORE

The transfer functions of the resetting lag filter and linear lead filter of CgLp using GSORE
are given in Equation (2-17), respectively.

Ole) = 1 (5/wr)? + (258, Jwor) + 1 (2-17)

S/w 2—|— 2s/we) +1
(S/w”}‘)2 r/wra)+1 (/f) ( /f)

The state space matrices of this transfer function are given in Equation (2-18).

0 1 0 0 0 v 000

—w?, —2Brwra O 0 w2, 0 v 00
Ar=1y 0 0 1 Br=17" %=10 010

1 0 —w? —2wy 0 00 0 1] (218)

_ [« ) Wr) (26w 2} _
Cr=|—3 0 (wf——3 2 Dy =
| w? w2 W w

Note that for both FORE and SORE based CgLp, the lag filter with wy is introduced to yield
a proper non-resetting element. Therefore w; >> w, is desired to neglect its dynamics at the
lower frequencies of interest. To compensate for the shift in corner frequency introduced by
reset, wrq has to be shifted slightly. The amount of offset required is stated in [9].

K. Brummelhuis Master of Science Thesis



2-4 Stability and performance of reset control systems 9

2-4 Stability and performance of reset control systems

Proof of stability and performance analysis of a controlled system is important before im-
plementing a control strategy on a real-time application. Multiple methods are available
in literature to prove stability. The most common method for output feedback systems is
an analysis in the frequency domain. Linear frequency domain analysis techniques for reset
control are realized by the describing function of the reset controller. Another method of
establishing stability proof is Lyapunov stability analysis.

2-4-1 Frequency domain analysis

The frequency domain is a very powerful design and analysis framework for linear control.
The stability of output feedback control can be obtained through frequency domain analysis.
Two powerful frequency domain methods are the Nyquist and Bode criteria[10]. However,
the non-linearity of reset control systems creates a problem using these analysis tools. This
is bypassed by approximating a linear system response using a sinusoidal input describing
function. Since this is a linear approximation of the non-linear response, it is not entirely
accurate, but it gives useful insights into the system dynamics.

Describing function

The sinusoidal input describing function for reset control systems is obtained from [8]. This
frequency response function gives an accurate approximation of the non-linear response for
linear analysis.

G(jw) = Cp (jwI — A,) (I +jO,(w)) B, + D,

- _ 2 -1 2-19
0,=— (1+ e%) A A,’T’AT ((AT) + I) (2-19)
2 I+ Ay r w

With this approximation, it is possible to use loop shaping techniques and provide stability
analysis.

2-4-2 Lyapunov

The Lyapunov stability analysis of reset control systems is based on the analysis of hybrid
systems. Different established stability criteria depend on the definitions of the flow set F
and the jump set J. As the main focus of this thesis lies on reset at zero crossings of the
error, only methods involving these sets will be elaborated.

Hg-condition
Beker et al. developed the Hg-condition to provide necessary and sufficient conditions for
proof of quadratic stability for reset control systems [3]. This condition is however conser-

vative, as it requires the base linear system to be stable. The closed-loop state space of
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10 Reset control systems

Equation (2-5) is taken into account. The flow and jump set are defined as follows:

F=A{za(t),et) e R: e(t) # 0}

T ={za(t),et) eR: e(t) =0, (I — Ap)zy(t) # 0} (2-20)

With these set definitions, quadratic stability is guaranteed if the Hg-condition is satisfied.

Theorem 1. The reset control system is quadratically stable if and only if there exists a
B € R where | is the amount of plant states, and a positive definite P, € R™" such that
Hg(s) is strictly positive real.

0
Hpy(s) = [BC, 0 Pp|(sT—Aa)"" |0 (2-21)
I,

This theorem is based on the following Lyapunov conditions, where the Lyapunov function
V(x) is positive definite, radially unbounded, and continuously differentiable.

V(z) <0
(2-22)
AV (z) =V (Apx) —V(xz) <0
Although this theorem provides a stability proof for reset control systems, it is conservative.
The Lyapunov stability requires the base linear system to be stable, which means that systems
that are stabilized through reset are not accounted for. An example is given in [3] which refers
to [11]. The following plant cannot be stabilized by a linear integrator. However, a Clegg

integrator can stabilize the plant.

3.1s+1

P(s) = 2.2
(5) = 2033295 — 01 (2-23)

According to the Hg-condition this plant cannot be stabilized using a clegg integrator. The
contradictory has been proven in [11]. This plant can be stabilized by a reset integrator.

L, stability

Even stronger proof is given in [4]. The authors provide a wide variety of stability proofs. The
stability criteria given prove Lyapunov based L, stability of general reset systems containing
a first-order reset element. The jump and flow set defined in this work are as defined in
Equation (2-24). The reset condition is based on signs of the error and states, which is not
used in this thesis, but closely resemble the same resetting behaviour.

F = {zaq(t) € R" : zl,(t)May(t) + exl (t)za(t) > 0}

T = {aalt) € B - a() Mra(t) + ch(t)za(t) < 0) (2-2)

Since the stability proof given in [4] requires the definition of the sets given in Equation (2-24),
this will not be further used in this thesis.
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2-5 Application in motion control 11

2-5 Application in motion control

This thesis focuses on the applications of reset control systems for motion control. As men-
tioned in the introduction, high precision motion control is required in applications like wafer
scanners and atomic force microscopes. Most mechanical systems can be modeled as a sin-
gle mass-spring-damper system, or a combination of multiple mass-spring-damper systems
as stated in [12]. Every mechanical system has a mass and a limited stiffness. Even though
damping terms could be very small, all mechanical systems are subjected to some amount
of damping. The transfer function of a single mass-spring-damper system is given by the
following equation.
kw?

Ps) — " 2-25
(s) 82 + 2Cwy, + w2 (2-25)

Here w, is natural resonance frequency, ¢ the relative damping of the system, and k the
overall gain. In general, the bandwidth is desired to be as high as possible, while stability
criteria have to be met. Since this high bandwidth translates to the bandwidth being on the
mass line, this can generally only be achieved by the use of a differentiator for phase lead at
the bandwidth. The next two subsections discuss how this can be achieved by a standard
linear PID and a class of reset controllers.

2-5-1 Industry standard PID

For precision motion control, a general industry standard series PID for loops-shaping can be
defined as follows, obtained from [9].

s+ w; 1+wi 1
PID(s)—kp( : )<1+;> (1+8> (2-26)
we wy

With frequencies w; < wg < wy < wy.

e w;: The frequency at which the integrator action is stopped.
e wq: Starting frequency of differentiator action.
e wy: Taming frequency of differentiator action.

o wy: cut-off frequency of a low pass filter for noise attenuation at high frequency.

The integrator is required for good tracking and disturbance rejection at low frequencies. The
differentiator, or lead-lag filter, is required to gain enough phase at the crossover frequency.
The low pass filter is used to suppress higher frequencies for noise attenuation.

2-5-2 Reset control modification

Better performance can be achieved when incorporating a reset element in the PID controller.
This can be achieved in multiple ways. A basic Clegg integrator based controller could take
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12 Reset control systems

the following form for example. The resetting action in this controller leads to a lower phase
lag caused by the integrator.

S+ w; 1"‘“% 1
c(s) =, ( f)<1+i>@+é> (2:27)

Another example of implementing reset control is by applying the FORE based CgLp. This
controller is not resetting the integrator, which is required for tracking and disturbance re-
jections, but rather adds phase by introducing a new filter. This filter will add phase at the
frequency w,. Note that the low pass filter acts as part of the linear filter of the CgLp element,
as defined in Equation (2-16).

wir‘i‘l s+ w; 1+wid 1
Cls) = ky (;/M') ( s ><1+5}> <1+jf> (2-28)

2-6 Performance

In this section, the performance of a Cl-based PID controller is compared to a linear PID
controller. Note that CI based PID is easily outperformed by more advanced forms of reset
control. However, this type of reset control is able to clearly illustrate the goal of this thesis.
Both controllers are applied in the framework of the industry-standard PID controller. The
controlled plant in this example is the Spider stage, given in Appendix C. The dynamics of
this plant can be represented by the following second-order transfer function.

8760
P —
(5) = 256885 1 7443

(2-29)

The plant has a natural frequency of approximately 13 Hz. To compare the performance
of a Clegg Integrator based controller with its linear variant, both the CI based and linear
PID are designed with the same gains according to the rules of thumb introduced in [12],
at a bandwidth of 100 Hz. Since the CI based controller has a phase advantage of 58°, it is
predicted that this controller has better performance in terms of stability margins.
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Figure 2-4: Bode plot of the linear PID controller compared with the Cl based PID controller

A single reset integrator only suffers a phase lag of approximately -38°. The bode plot shows
the phase advantage over the entire range of frequencies. This means that the use of reset
favours stability when using an integrator in the control loop. A significantly higher phase
margin or larger bandwidth can be achieved by using a resetting integrator.

2-6-1 Disturbance rejection

According to the theoretical controller analysis, reset control outperforms linear control due to
this relative phase advantage. This holds for both disturbance rejection and noise suppression.
As an example, a normalized sinusoidal input disturbance of 80 Hz is applied to the system.
The error for zero reference is shown in Figure 2-5.

-6
6 ><10 T T T

Cl based PID controller
Linear PID controller

Error [-]
o

_6 1 1 1 1 1 1 1 1 1
0 002 004 006 008 01 012 014 016 018 02
Time [s]

Figure 2-5: Disturbance rejection of a linear PID controller and a Cl based PID controller
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14 Reset control systems

As expected from the theoretical analysis, the CI based PID controller outperforms the linear
PID controller in terms of disturbance rejection at the applied frequency.

2-6-2 Reference tracking

The use of a reset element also has a major drawback. Resetting instances will show unwanted
oscillations in the system response. This phenomenon is briefly discussed in [13],[14], and [15].
This behaviour is illustrated by using the same plant and controller. A normalized sine with
a frequency of 10 Hz is given as a reference. The tracking error for the reset controller and
the linear controller is shown in Figure 2-6.

0.5 T T T

Cl based PID controller
Linear PID controller

Error [-]

_0‘5 1 1 1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time [s]

Figure 2-6: Reference tracking of a linear PID controller and a Cl based PID controller

The CI based PID controller performs worse compared to the linear PID controller in terms
of reference tracking. At resetting instances, relatively large spikes in the control input and
the tracking error are observed. This behaviour can be explained by reasoning. Firstly, the
controller dynamics are analysed by only taking the first harmonic of the non-linear controller
into account. Higher harmonics are neglected in the theoretical analysis but are visible in the
performance of a reset controller. Secondly, when resetting the control value to a non-ideal
value for the given reference, the feedback controller will not be able to maintain the system
at the desired reference since part of the memory of the controller is erased. The controller
has to accumulate memory for the system to track the reference. Even in the case where
reset is not directly used in the integrator, for example in CgLp, unwanted oscillations are
still observed. Even though this is not observed as periodic limit cycles, the higher-order
harmonics introduces unwanted dynamics when the after reset value is not optimal.

2-7 Thesis goal

Reference tracking properties of reset control can be outperformed by linear PID control,
while linear analysis predicts improvement in other performance indices by introducing a
resetting integrator. The advantage in phase obtained by resetting the integrator is however
visible in disturbance rejection and noise rejection properties. During the development of reset
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2-7 Thesis goal 15

control in literature, an increase in performance of reset control is observed by exploring new
reset elements such as CgLp [9]. A main advantage of reset control compared to other types
of high-performance control is thanks to the ease of implementation through loop shaping
techniques. In the future, reset control is expected to outperform linear PID control and
overcome the limitations of linear control.

As the precision industry requires fast development of new, high-performance control strate-
gies, reference tracking has to be improved now for reset control, for the utilization of real-time
applications. The goal of this thesis is to develop a control strategy in which the advantageous
properties of reset control are maintained, while accurate tracking of a reference is achieved.
As real-time applications require a dynamic reference, such as a scanning motion, the control
strategy should be able to cope with a reference containing multiple frequencies.

Developing a control strategy for accurate tracking of a reference containing
multiple frequencies, for general reset control systems, while maintaining the
desired properties of reset systems
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Chapter 3

Feedforward state of the art

Since the describing function is only a linear approximation of a reset element, unmodelled
dynamics caused by the resetting instances are causing unwanted behaviour. The advantage
of reset control is thanks to the introduced non-linearities by the resetting actions, which in
terms is likely to be accompanied by poor reference tracking. In this chapter, state of the
art solutions on reset control itself and similar phenomena are discussed. There are several
methods in literature such as PI4+CI [16], Partial Reset [13], and reset band [17] which will
partially solve for the unwanted behaviour but undesirably deduct part of the non-linearity.
This means not only a reduction in tracking error but reduction even in the desired parts
and hence mainly provides a trade-off and not relief from the undesired behaviour. Therefore
these methods are undesired for this research and will not be discussed in this chapter.

3-1 Feedforward control

The lack of tracking performance of a reset feedback controller can be either compensated
by introducing an additional control element or by adapting the characteristics of the reset
controller. Adapting the characteristics of the reset controller is undesired as it will inher-
ently change the favoured closed-loop properties introduced by reset. Introducing an extra
controller can be either done with a feedback or feedforward element. Introducing an extra
feedback element, for instance like in PI4+CI control, introduces linearity to the reset con-
troller. The control structure of PI+CI is presented in Figure 3-1. PI+CI control uses a
parallel path with a linear integrator and a Clegg integrator to construct an output signal.
The amount of non-linearity is determined by n € [0, 1].
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vl

1

1—n7n /

Figure 3-1: General concept of PI4-Cl control

Such a control structure requires a parallel linear controller in the feedback loop. Note that
this structure is general for introducing parallel feedback elements, and therefore additional
feedback is not desired. The choice of an additional feedforward element is substantiated by
the fact that it does not diminish the introduced non-linearities. Also, whenever the plant
is open-loop stable, it is impossible to make the system unstable using a stable feedforward
controller. A typical two degree of freedom control structure involving a feedforward and
feedback element is shown in Figure 3-2.

F(s)

+T cls)

Figure 3-2: Block diagram of the two degree of freedom control structure

P(s) —

With the additional feedforward controller, the dynamics of the closed-loop system are gov-
erned by the following transfer functions.

_ P(s)F(s) + P(s)C(s) P(s) 1
Vo) = =5 e @ T 1P T i pEeE ™

(3-1)

It is also possible to exclude the reference from the feedforward element, yielding the following
transfer function.
__P(s)C(s)
1+ P(s)C(s)

P(s) 1
T P065)C06) " T T PEce

y(s) r(s)+ n(s) + P(s)uyf (3-2)

The dynamics illustrated in the transfer functions show why using a feedforward is particularly
interesting in the case of applying a reset element in the feedback loop. The feedforward
element is only affecting the dynamics of reference tracking, for reference r. The disturbance
d and noise n are not influenced by the feedforward element. This inherently means that any
feedforward can be used without degrading the increased performance of disturbance rejection
and noise attenuation introduced by the reset element. There are multiple cases in which a
feedforward controller can be used to improve the reset element.
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3-2 Feedforward methods 19

Firstly, as used in Equation (3-1), by purely using the feedforward element for reference
tracking and keep the feedback element for disturbance rejection and compensation of model
mismatches of the feedforward. This means a model of the plant is required to generate the
desired feedforward input usy based on r. In this case, the accuracy of a fixed feedforward
is directly influenced by the quality of the identification of the system. The accuracy of a
physical model approximation is influenced by environmental disturbances, non-linearities of
the plant, model uncertainties, or time-varying parameters such as added mass.

Secondly, as used in Equation (3-2), a feedforward can be used to cancel unwanted dynamics
introduced by exogenous signals d, or internal dynamics of the closed-loop. In this chapter,
different control techniques will be discussed which have the potential to also cancel unwanted
dynamics introduced by resetting actions. As there is no literature available on solving the
unwanted behaviour in terms of reference tracking with a reset controller using this type of
feedforward, other fields of research are explored.

3-2 Feedforward methods

For any feedforward controller, certain dynamic models are required to accurately produce
the desired feedforward signal. For deriving these models, different fields of research are
consulted. There are various types of systems for which it has been established that they
suffer from unwanted oscillations. Although this research is on deriving methods for solving
unwanted behaviour in reset controllers, other fields of research, showing similar undesired
behaviour, give new insights for a solution in reset control. The following sections present
different fields of research where unwanted oscillations occur, and their solutions found in
literature. The explored research topics are:

¢ Reset control
¢ Non-linear friction

« Harmonic cancellation

Attention should be given to the fact that these limit cycles or unwanted oscillations have
different natures. This means that most of the solutions are not similar to the ones occurring
in reset controllers and therefore require minor or major adjustments. However, the insights
and methods obtained from these fields of research give a great contribution to finding a
solution for this research. The first section discusses the solutions for reset control systems
in particular. The sections thereafter are dedicated to the other fields of research.

3-2-1 Adaptive feedforward in reset control

As mentioned in the introduction of this chapter, the main focus will be on additional
feedforward to preserve the disturbance rejection properties of the feedback element. Sev-
eral methods in literature explored the adaptation of the reset controller parameters during
operation[15],[18]. These researches are not further elaborated since such methods will in-
herently change controller characteristics. This section only discusses available feedforward
control methods to eliminate or suppress the unwanted behaviour of reset controllers, while
maintaining reset controller properties.
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20 Feedforward state of the art

Adaptive feedforward

A fixed feedforward could be used for reference tracking, while the reset element is used for
only disturbance rejection and compensating for model mismatches. The model-based feed-
forward is based on the inverted plant dynamics, which theoretically yields perfect tracking.

_ P(s)F(s) + P(S)C(S)r N P(s)P~Y(s) + P(s)C(s)
1+ P(s)C(s) 1+ P(s)C(s)

r=r (3-3)

A proper model inverse feedforward can either be achieved by the availability of the derivatives
of the reference signal or by introducing a stable filter A(s), with at least the same amount of
poles as the relative degree of P~!(s). As an example, a first-order plant as presented is [19]
and [20], clearly illustrates the reasoning. Consider the following second-order system and its
inverse.

1

P l(s) = -4
P (s)=as+b (3-4)

P(s) =
Note that P~!(s) is improper, therefore it is not directly implementable. The two methods
of using the inverse based feedforward is by directly using the derivatives of the reference, if
available, or by introducing the stable filter A(s).

as+b

"=

r or F=ar+r (3-5)

The accuracy of a fixed feedforward is proportionate to the accuracy of the identified model of
the plant. The feedback element should compensate for any mismatch. It is self-evident that
this will yield less accurate tracking than the case in which the feedforward controller is exact.
In particular, reset feedback elements yield are deteriorating reference tracking accuracy. To
compensate for the model mismatches and achieve more accurate tracking, adaptive laws can
be applied.

In [19] and [20] an adaptive feedforward controller is designed for a first-order reset element.
The system to be considered is a single input, single output first-order plant. As the reset
element is used for fast and stable control, unwanted oscillations are solved with a feedforward
element. The goal of the feedforward is to take over the control from the feedback element,
while the FORE is only in charge of stabilizing the system for unwanted exogenous inputs. To
modify the feedforward model, a linear parametrization of the function is constructed. In this
parametrization, the feedforward parameters 6, can be separately analysed form parameters
¢ containing reference information.

T T
a AG) a r

With the parameterized model, an adaptive update law is derived. The update law for the
feedforward parameter given in [19], makes use of the feedback control input obtained from
the reset controller.

=0 xS ’llff:O zeF
{ (3-7)

9+:0+’y¢ reJ

57" ujp =ugstyup x€J
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3-2 Feedforward methods 21

This controller is only used for set-point regulation. The work of [19] is extended in [20], where
the adaptive feedforward element is applicable for a reference of more advanced dynamics.
This work is also only focused on first order plants. the adaptation of € is determined by the
following adaptive law.
6=0 zeF
G T (38)
max (1, [¢(7)[?)

0" =0+~

With _
P(T) :/0 CeAf(T_S)des

Where 7 indicates the time after a reset. The derivation of this law is given in [20]. Exper-
imental results show that with this control law, a reference containing multiple frequencies
can be perfectly tracked. However, it takes a lot of time to converge to the desired values.

Discussion

The suggested adaptive feedforward control strategy eliminates the error in reference tracking.
The use of an additional adaptive feedforward keeps the disturbance rejection properties of
a reset controller intact. The feedforward in both cases is designed for, and only applicable
for FORE feedback elements. Another main drawback of this strategy is the requirement of
full state reset to zero of the feedback controller. The goal of this thesis is to find a control
strategy that is applicable for general reset controllers, and therefore these methods will need
adjustments.

3-2-2 Friction compensation

A reset controller shows unwanted behaviour caused by sudden changes in the control value.
While the control value shows linear dynamics in-between reset instances, it suddenly changes
whenever a reset occurs. The integrator is accumulating and storing memory of previous
inputs, which is reset at zero crossings of the input. Similar behaviour can be observed
in systems sensitive to stick-slip motion. Stick-slip motion can be characterized by sudden
changes in friction force [21]. An example of a system subjected to stick-slip is shown in
Figure 3-4. A constant force F, is applied to the system. The friction force Fy will match
the applied force F, and will not allow motion. As F, exceeds the maximum static friction
force, the friction force is described by dynamic friction, which usually yields lower force at
low velocity. This behaviour results in a similar resetting action.

Fa
—_—

F¢
77777077

Figure 3-3: Example of a system being excited at with a constant force F. As the mass moves
along the surface, stick-slip motion can be observed.
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22 Feedforward state of the art

The changes in friction force during movement of the mass are compared to the control signal
of a pure Clegg integrator controlling a simple first-order plant in closed-loop. The transfer
function of the plant is given by P(s) =1/(s+1). A comparison of this open-loop stick-slip
motion with a simple closed-loop reset control model suffices to illustrate the similarities.
The comparison is shown in Figure 3-4, where the friction model is a simple piecewise linear
approximation.

Contol value of the Clegg Integrator
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Figure 3-4: Clegg integrator control input compared with the approximated friction force during
stick slip motion.

In [22] it is explained how mechanical systems can suffer from limit cycles caused by this
non-linear friction. The most common form of limit cycling due to friction is the hunting
limit cycle, caused by stick-slip motion. This can be easily illustrated by puling a mass with a
spring at a constant velocity. It is shown that Coulomb friction, F¢, only depends on velocity,
while static friction, F§, is a system force at equilibrium. In this section, it is discussed
how limit cycle cancellation is done for mechanical systems. As noted in the previous section,
optimal feedforward is achieved with F' = P~!. Direct linear implementation of a model-based
feedforward is sensitive to non-linear friction as it only accounts for linear parameters|[23].
Note that the application of these methods yields small oscillations as it does not account for
non-linear friction.

For a general system, the dynamic friction is accounted for through linearisation, while the
static friction should be compensated by the feedback element which introduces a delay and
causes oscillatory behaviour. Both model-based and model-free methods for non-linear fric-
tion compensation are suggested in literature. It should be noted that model-free friction
compensation [24],[25], is not studied here as it requires additional feedback loops, which in
terms does affect the reset controller properties.

Model-based techniques for compensating non-linear friction are all based on approximately
the same friction function. The models are based on the same mapping of velocity to friction.
Particularly interesting is the model proposed in [26]. A Lyapunov based adaptive controller
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is designed for reference tracking and friction disturbance compensations. A friction model
is introduced which consists only of hyperbolic tangent function and thus is continuously
differentiable. Note that other friction models show the same dynamics [27],[28].

F¢(&) = v (tanh (y2&) — tanh (y32)) + v4 tanh (y52) + 6 (3-9)

The model is used to compensate for the static friction at low frequencies. In reset control,
similar models can be used to compensate for the lack of control input at reset instances. If
this would be applied in reset control, the feedforward could be used to provide additional
control input at reset instances.

Discussion

There is an important difference between control of non-linear friction force and reset control.
Firstly, the friction is acting on the plant which can be modelled by non-linear dynamics. In
reset control, the non-linear behaviour is introduced in the controller. The control input of the
reset controller is dependent on the tracking error of the plant. A model similar to a friction
compensation model could be used to account for sudden changes in control value. However,
as this approach would only generate extra control effort near resets, the application of such
an additional feedforward changes the behaviour of the reset controller in terms of tracking.
Inserting additional control input at reset instances will directly influence control input of
the reset controller as the error dynamics are affected and no control effort is stored in the
feedforward controller. This method is not further discussed and researched as it requires a
significant change of algorithm.

3-2-3 Harmonic cancellation

Reset control yields an increase in performance according to the linear analysis. A reset
element is approximated by the describing function which only represents the first harmonic,
illustrated in Figure 2-2. The higher-order harmonics yield less reliability of performance
by linear analysis and introduce unwanted behaviour. Since there also exist higher-order
harmonics, part of the dynamics are neglected.

Higher order harmonics

More accurate modelling of the Clegg Integrator output is achieved by also considering the
higher-order harmonics. A more accurate representation of the Clegg integrator is illustrated
in Figure 3-5. Note that only odd harmonics contribute to the output of the CI. By also con-
sidering higher-order harmonics, the resetting signal is more accurately approximated. Note
that by describing function analysis only F}(t) exists. To illustrate the magnitude of higher-
order harmonics of the Clegg Integrator, an input signal of sin (27t) is considered. Figure 3-6
shows the magnitude of the first five harmonics of the output signal. The figure verifies the
usage of the describing function when comparing the magnitude of the different harmonics.
However, the higher-order harmonics clearly contribute to the output and therefore will show
up in the system response. This section provides research to harmonic cancellation. If there
exists a method to successfully cancel the higher-order harmonics in the output, the describing
function output can be realized.
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Figure 3-5: Schematic view of a reset integrator with sinusoidal input.

Force/torque ripple

Force ripple is a non-linear periodic disturbance, for example, present in linear motors[29].
Force ripple is characterized as a periodic disturbance moving along with the displacement
of the motor. These force ripples will yield a problem in achieving smooth or accurate
reference tracking by using only a linear feedback controller. While for the linear motor the
harmonic disturbance is introduced in the plant itself, for the reset controller the disturbance
is contained in the controller. As the controller output of a reset controller is modelled by
a sum off odd harmonics, which can be classified as sinusoidal input disturbances, control
techniques used to cancel force ripples form an interesting field of research. Existing control
strategies solving the harmonic disturbances in linear motors involve simulating the force
ripple as a sum of harmonics. Different researches have solved the force ripple problem
through feedforward control[29],[30],[31],[32]. The different approaches suggest an additional
feedforward element to account for the harmonic disturbance.

Harmonic
Generator
Urf d n
+ + +
r e Usp y
O cs) —O—0— Pis) |+ —

Figure 3-7: Control structure with a feedforward harmonic cancellation controller.

In reset control, only the first harmonic of the controller output is desired. In the configu-
ration of Figure 3-7, the feedforward harmonic generator is used to cancel the higher-order
harmonics. The following linear state space describes the dynamics with uyy as the conjugate
of the sum of harmonics introduced by the reset element.

&= Ar+ B (u+ugsy) (3-10)
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Figure 3-6: The first four odd harmonics of the Clegg Integrator output of 1 rad/s.

There are different models suggested for uss. In [29] the frequency of the periodic disturbance
is estimated off-line using FFT analysis. In this research, only one harmonic is considered.
The gains of the harmonics in the feedforward controller are updated according to a recursive
least squares algorithm. The model for the feedforward given below can cancel a periodic
disturbance with a known frequency. The same feedforward model is used in [30]. The
adaptive law, however, is based on ’just in time learning’ which yields faster convergence of
the harmonic gains. An adaptive feedforward cancellation scheme based on a disturbance
observer is suitable to eliminate unknown disturbances [31].

N
upp = — Z Ay sin(2mkwt) 4+ By, cos(2mkwt) (3-11)
k=1

A model based on the control voltage of the plant is suggested in [32]. As this model is
proportional to the control voltage, it seems more suited for control use. The effect of the
force ripple is reduced based on gradient calculation. The error profile is approximated based
on a smooth polynomial in segments where the ripple is present.

N
Uff = —Ufp Z Ay sin(2mkwt) 4+ By, cos(2mkwt) (3-12)
k=1
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Note that these control techniques are based on knowledge of the harmonics’ frequency. There-
fore it is not possible to directly implement the control strategies for reset control. However,
the higher-order harmonics are generated in the feedback controller with fully known dynam-
ics. If the feedback controller is analysed carefully, the algorithms can be adjusted accordingly
to cancel higher-order harmonics. If this is possible, a smooth integrator with less phase lag
is realised.

Discussion

The open-loop signal of the Clegg integrator is exactly represented by a sum of harmonics
when a sufficient amount of harmonics is modelled. This means that whenever an open-loop
structure is used, the harmonic cancellation methods will be able to reproduce only the de-
scribing function as the output value of the controller. However, when used in closed-loop,
this method is ambiguous as the signal is not represented by the same shape. Existing meth-
ods rely on knowledge of the frequency of the disturbance. For a varying reference, even the
frequency of the harmonics will change, and thus this method is not applicable. Implementa-
tion of this method requires researching a system which exactly models the dynamics of the
higher-order harmonics introduced by the resetting action.

K. Brummelhuis Master of Science Thesis



Chapter 4

Adaptive Feedforward for Reset
Control Systems

The main results of this thesis are documented as a paper posted in this chapter. The paper
presented in this chapter concisely states the dynamics of the algorithm, the proof of stability
and convergence, and experimental results. further elaboration of the algorithm can be found
in Appendix A. The steps in the proof of convergence are presented in Appendix B. The
experiments carried out to proof the concept are further elaborated in Appendix C.

Master of Science Thesis K. Brummelhuis
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Adaptive Feedforward For Reset Control Systems -
Application in Precision Motion Control

Karst Brummelhuis

Abstract—This paper presents a novel adaptive feedforward
controller designed for reset control systems. The combina-
tion of feedforward and reset feedback control promises high
performance as the feedforward tracks the reference and the
non-linear feedback element rejects disturbances. To overcome
model mismatches, the feedforward controller adapts to increase
precision in reference tracking. Where linear existing adaptive
models are not able to converge in the presence of reset, this work
presents adaptive law based on converging and diverging regions
of adaptation to achieve convergence. Experimental results show
that the adaptive feedforward controller adapts and converges
well to provide improvement in precision tracking.

Index Terms—adpative feedforward, reset control, mechatron-
ics, nonlinear control, motion control

I. INTRODUCTION

The precision industry continues to push the limits in terms
of precision and throughput. Examples of precision applica-
tions are atomic force microscopes, used to achieve high-
resolution imaging, and photo-lithography machines, used for
the production of integrated circuits. The system limitations
are both determined by hardware design, and just as important,
the software. Optimization of the control loops is equally
as important as developing new hardware. As the control
precision and bandwidth contribute to the error margins of
production and throughput of wafers, improved control strate-
gies have a direct impact on increasing profit and production
of smaller scale microchips.

As an industry-standard, PID control is still preferred in
most applications, given the fact that more than 90% of all
control loops are PID [1]. However, PID is fundamentally
limited by its linearity. Limitations which can be expressed
by e.g. the waterbed effect or Bode’s gain phase relationship
can be suppressed by introducing a resetting integrator. The
idea of resetting was introduced in 1958 by J.C. Clegg [2].
Resetting the integrator whenever a zero crossing of the input
occurs, yields a significant reduction in phase lag. This means
that introducing non-linear reset control favours the freedom
of design and improves the stability margins. Recent research
on reset control can be found in [3], [4], [5], [6] [7], [8].

Since describing function analysis allows reset control to be
used in the loop shaping framework, the usage of reset control
is highly desired compared to other advanced methods such
as sliding mode control, model predictive control, or advanced
state feedback methods.

However, reset control is a non-linear control technique,
which causes higher-order harmonics to be produced in the
output of the controller. In the system response, these har-
monics play a role by causing unwanted behaviour, which
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results in poor performance in terms of tracking. To achieve
better tracking, control strategies are required to handle the
higher-order harmonics. Strategies like PI+CI [9], reset band
[10], partial reset [11], and adaptive reset controller [12] [13]
partially solve this problem, but undesirably deduct part of the
non-linearity introduced with reset, and hence only provide a
trade-off.

Perfect reference tracking can be achieved with feedforward
control [14]. With exact knowledge of the plant parameters,
the feedforward element can be tuned such that output exactly
follows the reference. In reality, exact knowledge of the plant
is practically impossible due to non-linearities or uncertainties.
As feedforward accounts for tracking, the main purpose of
the feedback controller is disturbance rejection and compen-
sation of plant uncertainties. Since reset control yields higher
phase margin compared to linear control, a combination of
feedforward with reset control promises high performance in
both stability and tracking. However, as fixed feedforward is
sensitive to model mismatches, a dynamic feedforward model
is desired. Adaptive or iterative feedforward update laws are
suggested to on-line adjust the feedforward to reduce the error
induced by model mismatches. Non-linearities introduced by
the reset feedback element exclude the direct implementation
of linear adaptive or iterative laws.

Combinations of adaptive feedforward with reset control are
explored in literature. Adaptive feedforward with first-order
reset elements in the control loop is researched in [15] and
[16]. The research which is done in [15] only accounts for
set-point regulation. While this limitation is solved in [16],
the method is only designed for first-order plants controlled by
first-order reset elements. However, for application in precision
motion control, in which general systems are represented by
a mass-spring-damper system or a cascade of mass-spring-
damper systems, none of the existing methods is applicable.

This work presents an adaptive feedforward controller for
general reset control systems, applicable on plants of any
order. The adaptive algorithm handles the non-linearities in-
troduced by the reset element and adapts the feedforward
parameters to achieve more accurate tracking. Different types
of reset elements are accommodated within the framework.
Section II provides preliminaries for reset control. Section III
provides necessary information on feedforward in general,
and how perfect tracking can be achieved. In Section IV
the adaptive feedforward algorithm for general reset control
systems is elaborated. The application in precision motion
control is explored by implementing the control strategy on
a precision positioning stage. These results are presented in
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Section V. Conclusions and recommendations for further work
are given in Section VI

II. RESET CONTROL

A. General Reset Control
General reset element dynamics are governed by the fol-
lowing differential inclusion.
z,(t) = Arz,(t) + Bre(t)
z,(t%) = Ay, (t)
u(t) = Cra(t) + Dye(t)

(zy,€e) €F
(xp,e) €T (D

In this SISO system, the matrices A,., B;., C}., and D, describe
the state space of the reset element. These linear dynamics
are referred to as the base linear system. The controller states
propagate according to the base linear system if (z,,e) € F.
Whenever the reset conditions are met, (z,,e) € J, specified
controller states are reset according to the reset matrix A,.
Several sets of reset conditions are presented in literature.
Dominant reset conditions in literature are either based on zero
crossings of the error [17], or based on the signs of the reset
controller states and plant output [18]. This work focusses on
reset elements based on zero crossings of the error.

F:={(zy,e) eR:e#0}

J ={(xzr,e) eR:e=0} @)

B. Reset elements

Different types of reset elements have been presented in lit-
erature. There are three main configurations for reset elements,
the Clegg Integrator, first-order reset element, and second-
order reset element. Adapted versions of the reset elements
are researched to enhance the capabilities of reset control.

1) Clegg Integrator: The Clegg integrator (CI) was first
introduced as a resetting technique in [2]. Using a Clegg
integrator yields the advantage of 52° in reduced phase lag
compared to a linear integrator. The definition of a Clegg
integrator in state space notation is given in [19].

A, =0, B,=1 C,=1 D,=0 A,=0
In literature a resetting integrator is indicated by the arrow as
shown in Equation (3) below.

C(s) = - 3)
5

2) First Order Reset Element: The first extension of the CI
is the First Order Reset Element (FORE) [20]. The advantage
of FORE compared to CI is that phase lag reduction can be
achieved for specific frequencies, as it can be implemented as
a low pass filter. The base linear system of the FORE has a
corner frequency of w,..
B, =w,

Ay = —w, C,=1 D,=0 A,=0
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3) Second Order Reset Element: A further extension of the
CI and FORE is the Second Order Reset Element (SORE) [21].
By increasing the order, the ability arises of designing resetting
notch filters or second-order low-pass filters. The second-order
reset element also provides the extra design variable (,., which
is the relative damping of the filter at the corner frequency w;.

0 1 0
Ar = {fw?» *2Brwr:| B = L}?}

Cr.=1[1 0] D.=0 AP:{O 0}

0 0

4) Generalized FORE and SORE: Generalized reset ele-
ments are adapted versions of FORE or SORE. Instead of
resetting to zero, the generalized reset element only reset the
controller states to a fraction of their value according to the
value of ~. The generalized first-order reset element(GFORE)
is introduced in [22]. The generalized second-order reset
element(GSORE) is introduced in [3]. The reset matrices, A,,
for the GFORE and GSORE are respectively,

0 ~

5) Constant in Gain Lead in Phase: The Constant in gain-
lead in phase element(CgLp) is introduced in [3]. This element
is used to provide phase lead over a broadband frequency
range, whereas other reset elements only provide a reduction of
phase lag. The element is either based on GFORE or GSORE.
CgLlp makes use of a reset lag filter in combination with
a linear lead filter of the same order. In transfer function
domain the GFORE based CgLp is given by the combination
of reset filter and linear filter as given in Equation (5), with
wr < Wra << wWy. Wrq accounts for the shift in corner
frequency introduced by the resetting action and the magnitude
of shift determined by ~.

A=y A= P 0} @

1 s/wy+1

Cls) = sfwy +1

(&)

S /w1
C. Closed loop and stability

The closed-loop dynamics of a system controlled by a reset
element are given in Equation (6). For ease of notation x(t)
is represented as x. The plant states and controller states are
indicated by x,, and x,., respectively. The considered plant is
a SISO system.

[i‘p} _ [Ap — B,y D, C, chr} {%} + [BPDT} ro(z,r)€F

Ty 7BTCP A'r‘ Ty BT
xf _ [T 0]z
x,F 0 A, |z,
y= [CP 0]
(6)

To avoid Zeno solutions, the following assumption is made.

Assumption 1. For the closed-loop reset control system, the
states after reset are such that immediate successive reset is
not possible.

reJ=a2TeF 7
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Note that for discrete systems Zeno behaviour is excluded
by definition, as resets can only occur at every sampling
instance.

Lyapunov theorem can be used to prove the stability of
the closed-loop system. A Lyapunov based stability criterion
using a homogenous Lyapunov function is presented in [17].
The theorem obtained from this research is given by:

Theorem 1. Let V(z) : R™ — R be a continuously differ-
entiable, positive-definite, radially unbounded function such
that:

V(z) <0 xeF
AV(z) =V (Apx) - V(z) <0 z€J

If both conditions hold, the equilibrium x =
asymptotically stable.

®

0 is globally

I1I. FEEDFORWARD CONTROL

The general structure of a control scheme involving both
feedforward and feedback control is given in the block diagram
below of Section III. The dynamics of this system are governed

F(s)

C(s) P(s)

%ﬁ—

Fig. 1: Two degree of freedom closed loop structure

by the transfer function given in Equation (9).

_PC4PF P 1
Y="pc+1 " PC+1"

PC+1 ©)
The feedforward controller only affects the reference tracking
properties of the plant, hence disturbance rejection properties
of the feedback controller are maintained for any arbitrary
feedforward controller. Ideal feedforward is achieved by the
inverse of the plant dynamics, as the mapping from the
reference to the output becomes unity.

_ PC+PP!

- PC+1
The accuracy of a fixed feedforward is directly influenced by
the quality of the identification of the system. Accuracy of the
physical model is influenced by environmental disturbances,
non-linearities of the plant, model uncertainties, or time-
varying parameters such as added mass. Adaptive or iterative
feedforward models can estimate correct model parameters
over time.

For reset control systems, existing linear adaptive or iterative
feedforward controllers are not directly applicable for two
reasons. As reset control consists of a flow state and a jump
state, only the flow is considered in existing linear laws.
Reset control can be implemented with an unstable base linear
system. This means that linear laws based on a stable linear

r=r

(10)
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closed-loop, will not converge. Even in the case where the
base linear system is stable, large spikes in control value can
be observed at reset instances. Linear methods do not account
for this behaviour, and therefore are unlikely to solve the
adaptation problem.

IV. ADAPTIVE FEEDFORWARD ALGORITHM
A. Important properties of the reset control loop

The time in the flow set F after a reset is defined by 7. At
a reset instance, this time variable is reset to zero.

7(t)=1 (z,7)€F, ) =0 (z,7r)eJ

Assumption 2. The closed-loop with the reset feedback con-
troller of Equation (6), excluding the feedforward input, is
asymptotically stable.

Corollary 2.1. Because of the asymptomatic stability of the
closed-loop, when x € F a reset will happen after a finite
amount of time.

Remark 1. Consider the case with a reset feedback controller,
where the feedforward signal is not present. A reset controller
can either have a stable or unstable base linear system. If
unstable, the resetting action can stabilize the closed-loop
[15], [16]. This resetting action introduces additional stability,
which can be understood as bringing the controller states
closer to the required value when the control input is diverging
from the ideal value in the flow interval after some time 7.
Due to the sharp nature of reset, the feedback control input
will only enter the converging region after some amount of
time 7. Hence it can be stated that in every flow interval, the
control input to the plant is converging towards ideal control
input «* in the interval [, 7]. Note that for both a stable and
unstable base linear system this interval exists.

Assumption 3. In every flow set there exists a region with a
lower bound T and an upper bound T in which u gy, converges
to u*:

upy(T) = w* (1) Vr<7<T

The overall control system consists of a feedforward and a
feedback controller.

Corollary 3.1. In the case of both feedforward and feedback,
uypy + uypyp converges to u* within the region lower bounded
by T and upper bounded by T:

upy(T) +ugpp(r) = u (1) Vr<7<T

B. Parametrization

As the focus of this work is in precision positioning
applications, plants without zeros are considered. However,
in the case that the plant has zeros, this can be considered as
plant uncertainties which are to be handled by the feedback
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reset controller. For plants without zeros, the inverse is given
by:

P7Hs) =0,5" 40, 15" 2+ ... 46 (11)

As a result, the feedforward control input is defined as
P~1(s)r. To define an update law, the feedforward signal is
parametrised in linear form. The parametrization consists of
a vector 6 containing the individual gains, referred to as the
feedforward parameters and a vector ¢ containing reference
information. The size of € is determined by the order of the
plant.

o=1[0, 6 ... 0,7

(12)
Containing the same number of elements, ¢ consists of the
reference and its first n derivatives:

p=1[rm o= p)T (13)

With these two vectors, the feedforward signal is constructed
in real-time as:

Urf = 9T¢

In the case where the reference is not completely known
beforehand, Equation (15) can be used, where A(s) is a stable
filter of order n:

(14)

T
s" s 1

A(s)  A(s) A(s)
The update algorithm defined in the following section is based
on this parametrization.

¢= T s)

C. Update algorithm

The error on the feedforward control input is defined by:
e(t) =0T o(t) — 07 6(1) (16)

Where 0*T ¢ = u* is the ideal control input and 6* is the vector
of ideal feedforward parameters. Based on Corollary 3.1, 8*7 ¢
is represented by the total control input. With the definition of

€(T) = upp(7) Vr<17<T 17)

a gradient descent based update law for ¢ is defined. This
update algorithm is given as follows:

9(15) = FFw(t)ufb(t)(ﬁn(t)
05(t) = b(t)up(t)pn(t)
O(t") = 0(t) + T |J(t)]60,(t)
0;(t7) =0

where I'r > 0 and I'; > O are the adaptive gain matrices.
These diagonal matrices can be tuned to determine the rate of
adaptation of the feedforward parameters. J(t) = us,(t+) —
usp(t) defines the jump in control value at reset. ¢n(t) is
the normalized vector of the filtered input signals contained
in ¢(t). Normalization ensures the boundedness of the signal
[23]. The normalization matrix P > 0 and ¢ > 0 can be set
according to the reference properties.

)
onll) = ST Po(D) + ¢

(z,r) e F
(18)
(x,r) e T

19)
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Let us define ¢(t) € {0,1} as a variable which determines
when the controller is in the converging region:

P(t) = max (5, £(t))

Here 3 is a design variable and &(¢) is the filtered absolute
tracking error. With 8 € {0,1} and £(¢) € {-1,0,1}. In
the case that the base linear system is stable and the entire
flow region belongs to the converging region, § = 1 can be
selected. Else 5 = 0 is to be used in which case, [1,7] is
defined over part of the flow region.

) 2D

For large values of the corner frequency we, update is enabled
for increasing error. Where w, is the bandwidth of the closed
loop, values for w. >> w, result in estimating the lower bound
on the converging region to be 7 = 0, which is generally not
true. Also large values for w. will increase the influence of
noise. Decreasing the value of w, results in increased phase
lag, which creates a good estimate of the region [r,7]. A
properly chosen value for w, ensures stable adaptation. Values
for we € [§¢,w,| are desirable.

(20)

e

& = sign (;
s/we + 1

D. Stability and convergence

The feedforward parameter is introduced as a state of the
system. An augmented state space is adapted as presented in
[15], with x = (Z,,) and the appended state § = 6* — 0.
The error on the states is defined as & = ¢ — x,, where ¢
inherently provides the reference value for the states and 6* the
ideal feedforward parameters. In [17], proof is given that if &
exists, and Equation (8) is satisfied, tracking with the feedback
loop is achieved. Since the feedforward requires the reference
to have at least n derivatives, £ can be defined. Following
similar steps as in [15], and using Theorem 1:

Theorem 2. The control system asymptotically tracks a given
reference r and the feedforward parameters 0 converge, if
there exists a continuously differentiable, positive definite,
radially unbounded function W (1‘, é) which satisfies:

W (a:, é) <0
. (22)
AW (:v 9) <0
Consider the following Lyapunov candidate function:
w (:v é) = V(z) + 670 23)

Through Assumption 2,
Theorem 2.
Flow set:

V(z) satisfies the conditions of

W (x é) = V(z) — 20T ppuspd

- 24)
< =20 Tpduppg
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For 7 € [, 7] update is enabled by ¢ = 1, and for 7 ¢ [z, 7]
update is disabled by 1 = 0. In the case were ¢y = 1, € is
substituted for vu sy

W <x é) < —207T ped
_ _ (25)
< =0Ty (076) 6 <0
And the case where ¢) = 0, and thus éTé =0
W (.0) <0 26)

Jump set:

AW (;p é) W (:ﬁ, é+) -w (z,é) <0 @D
where V (21) — V() < 0 is satisfied and the after reset value
07 is given by:

Ot =0 —(0+T,J0;)=0-T,1J|0, (28)
Therefore:
AW <x é) <076 - 2J67T 0, + J0TTIT 0, — 674

=—2J0"T,0; + J*0TTLT 40,
(29)
For guaranteeing AW (x, 9) <0, the following must hold:

2J07T ;0; > J207T0T 6, (30)

As T'; is a positive definite diagonal matrix, and |J]| is a
positive scalar, the inequality is defined by:

2070, > |J]67T 0, (E2))

The condition 676; > 0 is sufficient to show W(z,é) <0
for small enough I';. The inequality holds for similar signs
of the individual corresponding parameters in 6 and 6 ;.

sign (67) = sign (0) (32)
Note that §; = ['z'0 and 6% = 0.
Oy =0"—0;=—0; (33)
by, =—6; =T34 (34)
Therefore: . .
0; =T3'0 (35)

It is assumed that during a flow set, sign <0~> remains constant.

Update of ¢ and 6; is only enabled in the region [r,7]. Note
that 6(z) # 0,(z).

ir=- | NGOL (36)
In F, 5T§ < 0, and sign (5) is preserved, therefore:
sign (é]) 2 sign (é) (37)
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And since 0 resets to zero at every jump:

sign (5{;) # sign (0) (38)
Therefore from Equation (37) and (38) we have:
2076, >0 (39)

Hence, for small enough I'; the condition of Equation (32) is
satisfied and thus:

AW (x é) <0 (40)

Hence, Equation (27) holds and Theorem 2 holds.

V. APPLICATION ON PRECISION POSITIONING STAGE

The adaptive algorithm is tested on a precision position-
ing stage. Performance of the algorithm can be tested and
expressed in the convergence of the feedforward parame-
ters, which should also result in a corresponding reduction
in tracking error. In an ideal environment, the feedforward
controller provides all the control action taking over from the
feedback element. However, in practice plants are constrained
to model mismatches and external disturbances, which requires
a feedback element to provide part of the control action.

A. Setup

The control structure is validated on the planar precision
motion stage named the Spider stage, shown in Figure 2.
The Spider stage is equipped with voice coil actuators and
linear encoders. Three masses (B) are actuated by individual
voice coils (C). The masses are constrained to the base plate
by leaf flexures. The position of the individual masses is
measured by a linear encoder (D). By controlling the three
individual masses, the centre mass (A), which is connected to
the three individual masses by a leaf flexure, can be accurately
positioned. For performance measurement of the feedforward
algorithm, the stage is simplified as a SISO plant by only
actuating and measuring one of the three masses. Only mass
1, indicated by the red square in Figure 2, is controlled.

The controls are implemented on FPGA using Labview
programming. The control device used is the NI CompactRIO
for obtaining a high sampling frequency for fast control. The
encoder provides a resolution of 100nm

Identifying the system, its dynamics can be represented as
that of a double mass-spring-damper system, governed by the
following transfer function.

841252 4 1.366e4s + 5.851e7

s 4 4.823s% 4 1.414e452 + 3.39e4s + 4.9767(41)
However, to prove the effectiveness of the adaptive algorithm,
an approximation as a single mass-spring-damper system
suffices. This is possible since the double zero pair almost
perfectly cancels the double pole pair. The transfer function
of the second-order system is given below.

8760
P(s) =
(%) = 758865 1 7413

P(s) =

42)
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Fig. 2: Spider positioning stage
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Fig. 3: Measured frequency response of the Spider stage fitted
with the frequency response of the second-order estimated
plant model for 1-500 Hz

The obtained frequency response is fitted with the frequency
response of the second-order plant of Equation (42) as shown
in Figure 3, with a resonance frequency of approximately
13.7 Hz. The frequency response is that of a linear system.
Even though this is a good representation of the dynamics, the
plant shows slight non-linear behaviour for the stiffness and
damping terms.

B. Feedback Controller Configurations

All feedback controllers are designed for a bandwidth of
w. = 100 Hz, where the plant has a phase of -180°. Since
the convergence of the feedforward parameters for different
types of controllers is to be validated, the feedback controllers
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are not designed for performance comparison. Four different
controllers are tested; linear PID, CI based PID, and two
different CgLp based PID controllers.

1) PID: In industry, linear PID controllers are still widely
used. As the update algorithm is designed for reset controllers,
the effectiveness is also noticeable for application of linear PID
controllers. For precision industry, a general series PID for
loop-shaping is given by Equation (43). This linear controller
is also the basis for the other reset controllers.

i\ (1o 1
C(s):kp(stw><l+id> (1+i) (43)
wi wy

with w; < wg < w; < wy. The linear PID controller
is designed for a phase margin of approximately 41°. The
different frequencies are obtained from [14] as a rule of thumb.

wi =we/10 wg=we/3 wy=3w. ws= 10w,

2) Cl based PID: The Clegg Integrator shows its advantage
in reduction of phase lag. The modification on the industry-
standard PID controller is the replacement of the linear inte-
grator with the Clegg Integrator. In reset control, the CI based
controller shows the most abrupt changes in control value
which impairs convergence of the feedforward parameters.

D\ (Lt 1
o) () () e
wi wy

A phase lead of 52° is provided after w;. The controller
provides a phase margin of approximately 51° according to
describing function analysis.

wi =we/10 wg=we/1.2 wy=12w, ws= 10w,

3) CgLp based PID 1: The Constant in Gain - Lead in
phase element can be added to the controller to provide
broadband phase compensation. The controller is designed as
below for a phase margin of approximately 47°. The CgLp
element, however, shows less abrupt changes in control value
at reset instances compared to CI.

oL\ (stw (1+ 3] 1
o Wi (3 wq
C(s)_k”(hﬁ/ﬂ/r')( s )(Hi)(Hﬁ
45)

wi =we/10 wg = w./1.2
wy = 10w,

wy = 1.2w,

wr =we/d  Wre =w,/1.4

4) CgLp based PID 2: The amount of non-linearity is
determined by either providing phase through the reset ele-
ment or the lead filter. Comparison of convergence for two
different CgLp configurations shows the effectiveness of the
adaptive algorithm to different types of reset controllers. A
second CgLp element with low non-linearity is validated in
experiments. As the necessary phase is dominantly provided
through the linear element, the converging region of the base
linear system is larger. This control system has a phase margin
of 52°.

wi =we/10 wg = w:/2.5
wy = 10w,

wi = 2.5W,

wr =we/1.1 wpg =w, /1.4
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C. Experiments

The system is designed with a sampling rate of 10 kHz.
All linear filters are discretized for the sampling rate using
the bilinear Tustin approximation, this includes the feedback
controllers and error filter ¢. Euler’s approximation is used
for updating the feedforward parameters.

O(k + 1) = 0(k) + T.0(k)

The jump update is discrete by definition, therefore this can
be implemented as presented in Equation (18). Since the
reference is known beforehand, direct derivatives are used
for ¢. The system can be modelled as a second-order plant,
therefore a feedforward of only order two is used. This yields
that feedforward parameters relatively represent the stiffness,
damping, and mass.

0= I:Qk: 9(3 O’HL]T

p=1[r ¢ 7"

Since the feedforward consists of three parameters, a multi-
sine signal with the sum of at least two sinusoids suffices.
Less periodicity is created by adding another sine of a fre-
quency which is indivisible by the other two frequencies. The
same reference with varying amplitude of A is used for all
experiments.

r(t) = A (sin (2wt) + sin (107t) + sin (287t))

The adaptive feedforward is tested for the four different
feedback controller cases. Additional experiments have been
done on the Cglp based PID 2 controller with artificially added
sinusoidal disturbance.

d(t) = 15.3 sin (307t)
The unit of this disturbance is in mV.

D. Results

For all configurations = 0, this shows robust convergence
of the adaptive algorithm even for linear controllers. Any
initial values for 6 should theoretically show convergence.
Since it is only desired to prove convergence and hence
reduction in tracking error, 6 is chosen as:

6 6. 6.) =0 0 0

Since the same reference is applied in every case, it is
straightforward to use the same normalization matrix P.

P = diag (1000, 1,1)

As £(t) determines the converging region, w, has to be set
correctly. For all feedback controllers, approximately the same
phase margin and the same bandwidth is used, therefore w, is
kept constant through all experiments.

we = w,/10

The adaptive gain matrices for the different controllers are
listed in Table I. Note that the gains are more or less correlated
with the relative difference of the second-order plant param-
eters. Experiments are run for 60 seconds to properly show
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TABLE I: Values of I'r and I'; for the different feedback
controllers

controller | I'p 1N

PID diag (150000, 5, 1) diag (0, 0,0)

CI diag (40000, 2,0.2) diag (2,0.0002,0.00002)
Cglp 1 diag (100000, 3,0.5) | diag (5,0.0001, 0.00005)
Cglp 2 diag (150000, 4,0.5) | diag (5,0.00005, 0.00005)

convergence and steady-state behaviour of the feedforward
parameters. The results for the four different controllers are
shown in Figure 4.

The time response 6y, 0., and 6,, of all controller con-
figurations are presented in one figure. As expected, in all
cases 0, converges to the same value as this represents the
mass of the plant, which was constant during experiments.
The damping value 6, varies over time. As damping is a non-
linear phenomenon modelled as linearity in the system, this
behaviour is expected. The stiffness, represented by 6. stays
more constant but changes at the same rate as 6.. The non-
linearity of the stiffness is not observed very clearly as the
deflection stays within a linear region due to the bounded
reference.

The goal of the feedforward is taking over control action
of the feedback controller to decrease the reference tracking
error. For the Cglp base PID controller 1, the feedback
control input u sy, feedforward control input u s s, and tracking
error e, are shown in Figure 5. These three signals are
similar for all feedback controllers since all show convergence
of the feedforward parameters. The signals are only shown
for the first 20 seconds as the feedforward parameters are
converged within this time interval. It is observed that the
feedback controller plays a significant role at the start of
the experiment and decreases in value as the time increases.
The value does not converge to zero, this can mainly be
explained by the presence of noise and small disturbances.
The reference tracking error is decreased by approximately
75% over time in this specific case. Comparison of tracking
error for a control structure without feedforward and one with
adapted feedforward is shown in Figure 6. In this case, a
reduction in error of approximately 85% is observed, making
the feedforward necessary for accurate tracking.

To test the algorithm for robustness to disturbance, a fi-
nal test is done with added disturbance. A relatively high
amplitude sinusoidal input disturbance is artificially added to
the control signal. The same controller configuration of CgLp
based PID 1 is used. The time response of ¢ is shown in
Figure 7. It is observed that feedforward parameters converge
as in the disturbance-free case. However, all 6 oscillate at
steady state. The disturbance is applied at a frequency which
is nearly at resonance. To reject this disturbance, the feedback
controller has to counteract with a high amplitude control
signal, which inherently causes the feedforward parameters
to slightly oscillate. However, the feedforward parameters
oscillate around the ideal value and do not diverge. Figure 8
shows a decrease of the feedback control input and error as
the feedforward control input increases. The tracking error
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Fig. 5: Evolution of uyp, uys and e for the first 20 seconds

of the CgLp based PID controller 1

for this case decreases by approximately 65% over time.
Figure 9 shows the difference in tracking error for a case
with and without feedforward. An error reduction of 65% is
observed here. Note that error without additional feedforward
is approximately the same as in the disturbance-free case of
Figure 6. This shows the effectiveness in disturbance rejection
of the reset controller.
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VI. CONCLUSION

Reset controllers provide a good alternative for linear PID
control because of an increase in stability margins and the
ability to use loop shaping techniques. The reference tracking
properties of a reset controller are not always good. Parallel
feedforward control can be used to improve for accurate
reference tracking. The accuracy of a fixed feedforward is di-
rectly dependent on the correctness of the identified plant. For
increased precision, adaptive or iterative models can be used
which estimate the parameters of the feedforward controller
on-line. Existing linear update algorithms are not suited for
reset control due to the non-linear nature of the control signal.
In this research, an adaptive feedforward algorithm is proposed
which can be applied with any type of reset feedback controller
based on zero crossings of the tracking error. The scheme
is based on linear parametrized plant inverse. The adaptive
algorithm consists of both a flow update and a jump update
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for increasing the rate of convergence. The convergence of the
algorithm is proved with a continuous Lyapunov function. Ex-
perimental results have shown convergence of the feedforward
parameters for a mass-spring-damper system, with a PID, CI
based, and CgLp based controller in the feedback loop, as well
with added disturbance.
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Chapter 5

Conclusions

Reset control can suffer from the inability to accurately track a reference signal. The goal of
this thesis was to develop a control strategy which utilizes reset control and can accurately
track a broad class of references while maintaining the desired non-linear properties of a reset
controller. The method should apply to general reset control systems. In the process, differ-
ent control strategies from other fields of research were explored. The developed algorithm
consists of an adaptive feedforward which can converge the parameters to achieve accurate
reference tracking using the output of the feedback controller.

The development of the adaptive feedforward controller for reset control systems is based
on adaptation using the feedback control input. Different settings were explored and a con-
verging and diverging region for the feedback control signal was established. The concluding
algorithm is based on updating only in the converging region. This work introduces a design
variable in the update algorithm which allows updating the feedforward parameters only in
this defined region. This is not considered in existing linear update algorithms, and therefore
these methods are not suitable to directly be implemented in combination with a reset con-
trollers. The adaptive feedforward algorithm that is proposed can be applied with a general
class of reset feedback controller. Since the algorithm consists of these two update parts, of
which one is updating during the flow state, the proposed algorithm can also be applied with
linear feedback controllers.

The convergence of the feedforward parameters is proven by analysis of a continuous Lyapunov
function. The controller is also validated by experiments on the Spider precision position-
ing stage. Experimental results have shown that the algorithm converges the feedforward
parameters of a mass-spring-damper system. The different controllers used in the feedback
loop are a linear PID controller, CI based PID controller, and two different CgLp based PID
controllers. The two different CgLp based controllers are designed with a different amount of
non-linearity. One of the CgLp based controllers is tested for an artificially added disturbance
close to the resonance frequency of the plant.

In conclusion, this thesis successfully solved the potential tracking problem of reset control.
The feedforward controller can accurately track a reference while the non-linear properties of
the feedback reset controller are not affected by the introduced control algorithm.
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Chapter 6

Reflection and recommendations

6-1 Reflection on the process

After extensively reading literature, the decision was made to use feedforward utilizing the
basis from the theories existing for reset control. Exploring all the different fields of research
felt unnecessary at the end, although the idea of harmonic cancellation might be interesting
if explored in a feedback framework.

The adaptive algorithm for reset control is updated using the feedback controller input. To
get a full understanding of the update algorithm, a derivation from scratch was made. This
was very helpful for deriving the algorithm as it is now since the basis is fully understood. The
algorithm that was derived at first has the assumption that during the flow set, the control
value continuously converges. Also, the assumptions made on the jump set were only true
for very basic cases such as a CI and FORE. The assumptions were established using these
controllers on a first-order plant.

Then by closely analysing the output signal for the basic reset controllers in closed-loop,
a first condition on the converging and diverging regions was established. This is done by
extensively comparing the ideal control input and the feedback controller input. For these full
state reset controllers, the converging region was determined to be on the region where the
error diverges. This was realized in the algorithm by only allowing to update in the region
where the tracking error increases. As a direct derivative was not possible, a high pass filter
for the absolute error was introduced. This filter had high taming frequency to accurately
represent the derivative.

Whenever the controller becomes more complex and linear elements are introduced to the
controller, propagation of the control signal during flow and the jump becomes less intuitive.
After many simulations, it was established that updating in a small interval after reset was
causing divergence. Also, the converging region could be slightly extended to reach further
in the flow set. It was quickly realised that by lowering w,., extra phase lag was introduced,
resulting in this shift in the flow region. This led to the algorithm as it is now.
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The experiment part of this research was time-consuming. Switching from the Cedrat stage
to the Spider stage was an excellent choice but felt like a waste of time. Using the Spider
stage, which accurately represents the theoretical dynamics, was nice for testing the algo-
rithm. Implementation of the algorithm in Labview is also quite time-consuming. It is highly
inadvisable to use vector multiplication in FPGA as it will not function as expected, and
therefore will waste a lot of time.

6-2 Recommendations for research

Stabilizing parameter

The parameter which allows for adaptation in the stable region of the reset control output
could be further explored. As of now, the stable region is based on increasing feedback
tracking error. These bounds can be shifted by setting the frequency of the error filter w to
the proper value. Note that this introduces shifting of the region by introducing extra phase
lag at operating frequencies of the error. Since this only shifts the error, the size of the region
remains approximately the same. A suggesting is a law as defined below to give more freedom
in defining the stable region.

¥ = max <ﬁ  SIgn <F (s/ajei I S/fje‘j-l- 1>)> (6-1)

The function F' could be a min function to narrow the bounds or a max function to broaden
the bounds. It is expected that a min function will yield more robustness of the algorithm. It
could also be explored to use 9 as float value instead of a boolean. This might however not
work out properly since the parameter is introduced as a switch to define the stable update
region.

Update in jump set

During the designing process of the algorithm, a lot of different update strategies were ex-
plored. As explained in Appendix A, another update law for the jump set was used in the
first proposal for the algorithm. Since it is not established how the parameters, and thus
the feedforward control input converges, this law can not directly be implemented. This is
something to be explored. When applying the method for instance to a simple first-order
model controlled by a Clegg integrator, adaptation is guaranteed. However, extending the
complexity of the plant and the controller yields difficulties. The mathematical framework
and assumptions of why the algorithm is implementable are already present. It may suffice
to find a mathematical rule which approximates the value of o.

Normalization law
The normalization law as used for the algorithm ensures boundedness of the exogenous signal.
However, as can be observed from the experiments, the adaptive gains vary by large numbers.

It is not explored, or no normalization law is found, which could be used to also normalize
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the adaptive gains. The question arises if there are normalization laws which result in a
normalized choice of adaptive gains. This would make it easier to implement the adaptive
law for a varying class of systems.

Adaptive basis law

The current adaptive algorithm is based on gradient descent. This is essentially one of the
most basic forms of adaptive control. Other forms of adaptive are recursive least squares,
integral based update, and others. It is not explored in this thesis how these other algorithms
affect the update rate or robustness. There is a high chance that the implementation of more
advanced update algorithms will yield better results. Note that these algorithms should be
only used as a basis for the developed update law.

Test for plant with non negligible zeroes, or extend the algorithm to handle this

The experiments of this thesis are done on a double mass-spring-damper system, which could
be modelled as a second-order system due to its well-designed dynamics. It would be inter-
esting to see how the algorithm converges for a system in which the zeroes have to be taken
into account.

Stability

Stability is proven for the case where the base linear system of the reset controller is stable.
This law is somewhat conservative. There exists no stability proof in literature yet for reset
systems with zero crossings, which is more advanced. There might be the possibility to adapt
another stability proof. Also, the assumption on the convergence of the total control input is
used in the current stability proof. This holds for the proof but a stronger proof would yield
a better argument.
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Appendix A

Adaptive feedforward algorithm

A-1 Parametrization

The feedforward algorithm is based on feedback error learning. This is a learning feedforward
method in which the feedforward parameters, learn from the feedback signal and update
accordingly. As the feedback element consists of a reset controller, direct implementation of
the linear algorithms is not possible.

Feedforward can be achieved in many ways such as on a polynomial basis or as a plant inverse
model. The method used in this thesis is based on a plant inverse. The transfer function from
reference to output, clearly shows why this theoretically should achieve perfect tracking.

y PF+PC

I ol (A-1)

Here F' is the feedforward controller, C' the feedback controller, and P the plant to be con-
trolled. When the feedforward is modelled as F' = P~!, the transfer function becomes unity.

Q_PF+PC’_PP*1+PC_1+PC_1 (A-2)
r 1+PC ~ 1+PC  1+PC i

All poles and zero’s are cancelled in the transfer function, meaning the minimal realization
of control system equals unity. Theoretically this can be achieved whenever the model of
the plant is perfectly known. As an example for the explanation of the entire feedforward
algorithm, a mass-spring-damper system is used, given by the following transfer function.
Here, k is the stiffness, ¢ the damping, and m the mass.

1
P=—— A-
ms2+cs+k (A-3)

Note that directly using the plant inverse is not possible since this would yield an improper
transfer function. This can be solved by either introducing a stable filter with at least the
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same amount of poles as the relative degree of the plant, or by directly applying the derivatives
of the reference in case the reference is known beforehand.

2
F(s)= TS TR P itk (A-4)
A(s)

In the latter case, no extra design variables are introduced. In the case of introducing the
stable filter, it is important to choose the poles such that zeroes are only tamed at frequencies
well beyond the characterizing frequencies of the reference signal, only then does the plant
inverse correctly approach the derivatives. For further analysis on the feedforward, the gains
and time signals are parametrized.

K17 [ a6 K17 [
0T¢ = | c A‘(}) or 0T¢p= | c 7 (A-5)
m AS(S) m 7

This parametrization is an exact representation of the feedforward model. Since it is practi-
cally impossible to construct a perfect fixed feedforward from the available plant information,
an adaptive law is introduced. With this adaptive law the feedforward parameters, or signal
gains, 6 are adapted on-line.

A-2 First proposition for the adaptive law

The adaptive law is based on the fact that whenever a stable controller is used, the feedback
control input u s, converges towards the ideal control input u* in between resets up to a certain
time T after a reset occurred. The ideal value for the feedforward parameters is given by 6*.
Then the error of the feedforward value can be determined by the following equation.

e=0Tp—0Tp=u"—0T¢ (A-6)

The law which is suggested in this section is only applicable to full state reset controllers.

A-2-1 Flow set

Now the following assumption is made, which always holds for full state reset elements.

Assumption 1. Whenever a reset has occurred, the feedback element has to gain new control
effort. While the controller is trying to push the system back to the desired reference position,
the feedback control input uyp, converges towards the ideal control input u* up to a certain
point, from where it overshoots the ideal value and diverges.

upp, = u" V1 e0,7T] (A-7)

Here T is the time after a reset has occurred, and T the time up to which wuy, converges. All
control inputs are a function of 7. For ease of notation this is not shown in the equations.

For now a second assumption is done based on Assumption 1 to properly construct the error
€ and derive a law.
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Assumption 2. [t is assumed that there is a law such that the feedforward input converges
to the correct value such that:

u(T):ufb+Uff—>u* VTE[O,T’] (A—S)

This means that after every reset u = uy, + uyy converges to u*. With this assumption a
definition for € is established.

u—0T¢p su* —0Tp=¢ Vr<7 (A-9)

Based on this error a cost function can be constructed. A simple cost function is the squared
erTor.

2
oy =& = 1270 (a1

The gradient of the cost function with respect to # shows how 6 effects the e.
VJ(O) = — (u - 9T¢) & (A-11)
Note that usy = 6T ¢, yielding the following gradient.
VJ(0) = —upop (A-12)

As the goal is to minimize the value of J(#), and thus minimize €, a recursive law can be
introduced. The gradient of the cost function shows the function for which the cost function
increases, as it is a convex function. The minimizing direction of the gradient is the negative
direction of the gradient. By introducing a recursive law, which utilizes the negative of the
gradient, the value of the cost function will decrease over time.

= Frugpg (A-13)

The adaptive gain ['r > 0 determines the rate of adaptation. To ensure boundedness of the
exogenous signal ¢, a normalization is suggested.

0= FFUfb (A—14)

1+ ¢T¢

Note that with this update law, updating is enables for all ¢. Since it is established that
only converges up to 7 in a flow set, it is required for

u(7) V1 € (T, 7] (A-15)
where the subscript 7. indicates the time of reset, to have less influence in updating then
u(T) V1 e (0,7] (A-16)
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A-2-2  Jump set

A feedback controller is considered in which the controller output is always reset to zero at a
zero crossing of the error, for which Assumption 1 must hold. The feedback controller value
u gy, converges to u* up to 7 and diverges afterwards. After a reset instance occurred, u s, = 0.
Since the controller output is reset to zero, «* must be in between the before and after reset
value of u .

= - +
ut=up —o (ufb - ufb) (A-17)
Where it is obvious that o € (0,1). If Assumption 2 holds, there are three situations which
can occur, that influence the range of values for o. As the before and after reset instances are

at an infinitely small time interval, it is assumed that quf R upy = uff. For the total control
input u, the following equation is used to determine the relationship to u*.

uv=u" —o (u_ - u+) (A-18)

The three different conditions for ¢ are defined in a, b, and ¢ below.

a. Overshoot

The flow update yields an update rate for ¢ such that at reset uys has an overshoot on u*;
|ugp(rr)] > |u*(7)]. If this is the case, the first assumption of o does not hold for the total
control value u since after the reset, the total control value will exceed u*.

[ + s | > ] = ey + ups| = Jugg] > u] (A-19)

For this case o0 > 1

b. Undershoot

The flow update yields an update rate for 6 such that ws¢ does not overshoot u*; |us¢(7)| <
|u*(7,-)]. In this case the first assumption of o does hold for the total control value.

[, + s | > ] = ey + ups| = lugs] < ] (A-20)

For this case o € (0,1)

c. Equality

The flow update yields an update rate for 6 such that wuss is equal to u* at reset; uyss(7,) =
u(7,)*. Note that when the feedforward is fully converged, this is the case at any reset in-
stance. The chance at which this occurs without a fully converged feedforward is small, and
therefore this case is neglected. It is obvious that for this case o = 0.

The definition of the error in the jump set can now be defined.
ef=u" -0 (u_ — u+> ) (A-21)
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Based on this error a cost function can be generated. A squared error based cost function
also suffices for the jump set.

v —o(u” —ut)—67 ?
J+(9)_€22_( ( 5 ) 0¢) (A-22)

The gradient of the cost function with respect to 6 is gives as follows.

VJT(0) = - (u_ -0 (u_ - u+) - GTqb) o) (A-23)

Now by using the fact that the feedforward value is approximately constant at the reset
instance u;{f R Upp, upp = 67 ¢, and that the feedback control value is reset to zero u?b =0,
the gradient becomes as follows.

VJtO) = - (u]?b — Uu]?b> d=upm(c—1)¢ (A-24)

Now it immediately becomes clear that it is important to know if there is overshoot of the
feedforward during reset, since case a. and case b. both yield a different sign for the gradient.
Leaving this problem unsolved and keeping o a design parameter, an update law for the jump
set can be defined as follows.

9+:0+FJUfb(1—U)(Z5 (A—25)
Again to ensure boundedness of the exogenous signal, normalization is applied.
¢
6t =0 +T 1l—0) ——— A-26
Jugh ( 0’)1+¢T¢ (A-26)

For small enough I'p, this can be used with some certainty of convergence for o € [0, 1].

A-2-3 Summarized

The total update law is given by:

9:FFUfb¢n Tz e F

A-27
9+:9+FJUfb(1—U)¢n e J ( )

With ¢, as the normalized vector of the exogenous signals. The adaptive gains I'r > 0
and I'y > 0 determine the rate of adaptation. The value of o > 0 is not straightforward
to determine. As is established, slow adaptation in the flow set requires o € (0,1), while
fast adaptation in the flow set requires ¢ > 1. This means that in the first case the jump
update stimulates the rate of adaptation, and in the second case the jump update acts as
a correction. This update law works for pure reset controllers in the feedback loop. More
advanced controllers, such as presented in Chapter 2 are not suitable for this adaptive law.

A-3 Second proposition for the adaptive law

Even though the first proposition for the adaptive law is not always applicable, it is the
basis for the final adaptive law developed in this thesis. Tests in simulations have shown
that Assumption 1 holds for both simple and advanced forms of reset controllers. Both the
adaptive law for the flow set and jump set have been adjusted.
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A-3-1 Flow set

The reason why the first flow set update does not work in all cases is that it is allowed
to update in any region of the flow set. As mentioned, only for some time after a reset
has occurred, uy;, converges toward u* up to overliner. In the first proposition, it is only
considered if uy, converges but still is allowed to update in any region even though it is clear
that there exists a region in which 6 should be updated. The region in which 6 should be
updated is no referred to as the converging region, whereas the opposite is referred to as the
diverging region. For more advanced reset controllers, this region is both upper-bounded and
lower bounded.

Assumption 3. It is assumed that there is a law such that the feedforward input converges
to the correct value such that:
u—u* Vrelr,T] (A-28)

This means that ideally 6 is only updated in this converging region of the flow set. However,
the bounds of this region can not be directly determined and implemented. Some observations
can be used to determine the approximation of this region. The first observation is partly
done in Assumption 1, which states that the stable update region exists for 7 < 7. An
approximation for this region is described by the divergence of the feedback error.

u—u" V| >0 (A-29)

To realize this derivative and implement it in the algorithm, a new parameter is introduced
in the update law which is either equal to 0 or 1, according to the change in e. The variable
¥ is given by the following equation.

1) = max (0, sign (s/iii—l)) (A-30)

Whenever the taming frequency we is chosen high enough, the filter represents the derivative
of the absolute error.

However, as determined in Assumption 3, the converging region is also lower bounded, in
which |é] > 0 does not always describe this region. A second observation is that whenever a
reset instance occurs, the controller states are reset such that for a short instance of time w
is in the diverging region. Since the feedback controller must be stable, the control input is
forced to the converging region. Note that for large values we, the phase lead of the filter is
equal to 90°. By lowering the value of we, phase lag is introduced, which shift the region is
which ¥ = 1. This means setting w, to a lower value lets ¢ describe the converging region.
Also, a new variable 8 € {0,1} is introduced to allow for update over the entire region, in
case a linear controller is used.

1) = max (6, sign (s\e\)) (A-31)

s/we + 1

The final proposition for the flow update law is given below.
0 =T pdupon (A-32)
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A-3-2  Jump set

The jump update law of the first proposition is very unreliable, as the value of o can vary
over time for higher order feedback controllers involving reset elements. It is established that
the new flow update law updates in the stable region, therefore this information can be used
for a jump update. The jump update is used to speed up convergence of §. A new dynamic
variable is introduced, having the same properties as the flow update of 6.

07 = Yuspdn (A-33)

Since it is established that this law yields stable updates in the flow set, the value of 6; can
be used at reset to determine the amount of change in #. The value of #; has to be reset to
zero at every resetting instance. By using the absolute value of the jump in control value,
update in the correct direction is established.

9J:¢Ufb¢n xEeF

0t =0+T,|us; —ut |6 A-34
J’fb fb’Jxej (A-34)

0F =0

This law can be implemented along with the flow set law to boost up convergence.

A-3-3 Summarized

The total update law can be summarized by the following differential inclusion. This is
finalized update law used in this thesis.

0 = T'pibu n

. FYused zeF

05 = Yusppdn (A-35)

0t =0 +T |lus, —ut |6 ]
g = upl6r

0F =0

A-4 Discrete implementation

For validation on the experimental setup, as described in Appendix C, a discrete version of
the adaptive algorithm is required. Since the algorithms is designed in continuous time, direct
implementation is not possible. The continuous variables used in the algorithm are uyy, e,
and ¢. First of all, implementation of the update of 8 can be easily realized by using Euler’s
numerical integration law.

0(k +1) = 0(k) + Ts0(k) (A-36)

Where T} is the sampling time of the control system. 6 is obtained by using sampled instances
of ug, and ¢. The only remaining continuous signal is 1. To maintain properties of the error
filter, Tustin’s approximation is used.
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Appendix B

Stability

B-1 Reset control

B-1-1 Preliminaries

Strict positive realness

3
—~
VA
~

Strict positive realness is a property of transfer functions. The transfer function G(s) =

Q
—

Va)
~

is said to be strictly positive real when in satisfies the following conditions.

o All poles of G(s) are negative.
o For any w, Re{G(jw)} > 0.
o Either G(o0) > 0 or G(o0) = 0 and lim,, - wRe{G(w)} > 0.
B-1-2 Hg-condition
The results of this section are obtained from [3]. For considering the stability conditions

of a closed-loop system with a reset feedback element, the following closed-loop state space
matrices are used.

(B-1)
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Then the state evolution of the reset control system can be described by the following equa-

T
tions, with M being the reset surface. The system states are x = [:Up xr] .

z(t) = Aqx(t) + Bar(t) =(t) e M

B-2
z(tT) = Apa(t) x(t) ¢ M (B-2)

The reset surface is defined as follows.
M= {x e R . Cyx =0,(I — Ap) x} (B-3)

A general Lyapunov statement regarding stability of reset control systems is given by the
following theorem. This theorem does not require assumptions on the reset times.

Theorem 2. Let V(z) : R® — R be a continuously differentiable, positive-definite, radially
unbounded function such that

V(:r):g—‘;m'<0 x#0

AV(z) =V (Apzx) —V(z) <0 zeM

(B-4)

If both these condition hold, two conclusions can be drawn, namely:

o there exists a left-continuous function x(t) satisfying Equation (B-2) for all t > 0.

e The equilibrium x = 0 is globally asymptotically stable.

There is a more general condition which proofs different types of stability of a reset control
system. A reset control system satisfies the Hg-conditions if there exists a § € R™ 1 and
a positive definite P, € R™" such that the transfer function of Equation (B-5) is strictly
positive real.
Orxn
Hy(s) = [8Cp Onxm Po (sT = Aa) ™" | O (B-5)
I,

Where [ is the amount of plant states, m the non resetting controller states, and n the
resetting controller states. There are different conditions for the the Hg-condition, where this
method can be used to check either quadratic stability, uniformly bounded input bounded
state stability, and steady state performance.

Quadratic stability

The system is said to be quadratically stable if the conditions from Theorem 2 hold. This
means there exists a positive-definite P for Lyapunov candidate V (x) = 27 Px such that the
following is true.
o7 (ALP+ PAG) 2 <0 240 )
a:T(AgPAp—i—P)xSO reM
The quadratic stability result regarding the Hg-condition then becomes as follows.

Theorem 3. The reset control system Equation (B-2) is quadratically stable if and only if
the system satisfies the Hg-condition.
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B-2 Adaptive Algorithm

B-2-1 Gradient descent

For a basic gradient descent adaptive algorithm, the following Lyapunov approach proves
convergence of the adaptive parameters. There exists an ideal value for the parameters 6%,

which defines the error: .
e=0Tp—0T¢p=0"¢ (B-7)

For proof of convergence 8 = 6* — 6 is considered as a state. If it is proven that 6 is asymp-
totically stable in the origin, the values of 8 converge to 6*. The time derivative of 0 is given
by the following equation. Note that the ideal value 8* is does not change over time.

6 =67 67 = 7 = T (équ) ¢ (B-8)
Now define the following Lyapunov function.
-1 -
V() = §9TF’19 (B-9)

Yielding the following time derivative.

V(0) =0"T"9 (B-10)
=077 (—Tep) (B-11)
=071 (-1 (079) ¢) (B-12)

0" (67) 6= - (§T¢)2 <0 (B-13)

This shows that V() < 0, proving of convergence for .

B-2-2 Convergence and stability of the closed loop

Theorem 2 can be used to establish convergence in the the closed loop with a reset controller.
Therefore the states are augmented. The assumption is made that the reference exists of the
same modes as the state space of the plant. Therefore an augmented state can be introduces
which represents the error of plant state with respect to the reference states. Note that ¢
represents these states as the feedforward requires these states to exist.

Tp=xp— ¢ (B-14)

The controller states do not have to be augmented. If the feedforward converges, the controller
states converged to zero. The error of the feedforward parameters 6 is appended for the

stability proof. )
0=06"—20 (B-15)

The new states which are being used are:

T

m . witha = [””p] (B-16)
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The time derivative of x is given by:

i = Az + Biiy; = Az + BT ¢ (B-17)
With matrices
_ |4, —B,D.C, B,C, | By
A= _B,C, A B = 0 (B-18)

Now a Lyapunov function can be defined which satisfies Theorem 2.

V(zx,0) = Vi(z) + Va(0) (B-19)

B-2-3 Flow set

For the flow set, the following condition of the time derivative of the Lyapunov function must
hold:

V(z,0) <0 (B-20)

The time derivative of V(z,8) is given by:

Note that the feedback loop is assumed to be stable. Therefore, there exists a Vi(x) > 0
which satisfies V4 (z) < 0.

Now a function for V5 (5) is required, to prove convergence. The time the derivative for 6 with
respect to the Lyapunov function is:

7500) = 229 () (B-22)

The following Lyapunov function will be used for the stability proof of the algorithm.

V() =676 (B-23)

According to Assumption 2, in the stable update region [r,7], the ideal control value u* is
approached by the total feedback control value u sy, + uy/:

upy +upp=ut T E[L,T] (B-24)
This region is approached by introducing the variable ). Now consider the case where v is
determined for 5 = 0, meaning either ¢y = 1 or ¥ = 0. In the case where § = 1, it is assumed

that the whole flow set belongs to the converging region.
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Pp=1:

If 4 = 1, the feedback control input ug, is in the converging region, where Equation (B-24)
holds. This makes the following equation hold for the flow region where ¢ = 1.

ezu*—9T¢IUfb+Uff—9T¢=ufb (B-25)

Therefore V5(0) is represented by:

7@ = 220 (1) (B-26)

As the ideal control input is represented by u* = 8*T'¢, the following holds:

e=0Tp—0Tp=0"¢ (B-27)

Yielding the following time derivative. Note that I'r is a positive definite diagonal matrix.

Va(6) = 2076
=207 (—T'peg)
- ~ B-28
=207 (-Tr (070) ¢) (B-28)
= 27Ty (équ) ¢ =—2 (équ) 07T rp <0
P =0:
Whenever ¢ = 0, the time derivative of the Lyapunov function simply becomes:
Va(6) =0 (B-29)

Full flow set

The value for ¢ € [0,1] acts as a switch for updating 6. This yields the following two cases
for V(6).

Va(f) <0 ifyp=1 (B-30)
Va(f) =0 ifyp=0 (B-31)

The closed loop is required to be stable. Also the reference is assumed to be bounded.
Whenever this is the case there is always a region in every individual flow set where there is
an increase and a decrease in error. This means there always exists 1) > 0 in the flow set as

long as there is a tracking error, therefore V() proves asymptotic stability in F.
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B-2-4 Jump set

For the jump set, the following conditions on the Lyapunov function must hold:
AV (z,0) =V (zT,6%) = V(z,0) <0 (B-32)

For a quadratic Lyapunov function on z it is obvious that this holds for Vj(x). Since the
states are reset according to a value v < 1, the value of the states decreases for the states
which are being reset. AVj(x), relatively decreases by 72 for these specific states.

The after reset value of @ is defined as follows.

67 =0 —(0+T,J0;)=0—T,J6,

~ Tit1 (B-33)
=0 FJJ/T (Yugpd)
With J = ‘u;{b —u fb‘ where wu gy, is the feedback controller value before reset. The time in the
flow state is determined by the time instances of two consecutive resets on 7; and Tj+1. The
first line in the above equation leads to the following condition on the Lyapunov equation to

be true. . 3 .
AVo(0) = Vo(0 =T 5 J05) — Va(0) <0 (B-34)

Considering the quadratic Lyapunov function in Equation (B-23), this yields:

AV(0) =670 - JOTT ;05 — JO5TT0 + J26%TIT ;0, — 676 (B-35)
= —2J0"T 0, + J*05TIT 40,
The value for AV, (9) is always negative or equal to zero if the following holds since J 29§F§F jo5 >
" 2J0TT ;0; > J*01TIT 0, (B-36)

As the I'y is a diagonal matrix, and is present in both sides of the equation, it can be replaced
with an identity matrix. The matrix is diagonal, which means I'j = F?. The jump value J
is a positive scalar, and thus will cancel out on both sides of the equation.

2070, > JOLT 0, (B-37)

Since I'y can be manually chosen, it only has to be proven that §76; > 0. Also 670; = 0
yields J «9§F 707 = 0. This always holds since 6; appears on both sides of the equation. The
following equality has to be proven to show convergence in the jump set.

sign (é) = sign (07) (B-38)

Note that the sign function indicates the sign of the individual components in the vector.

When the equality holds, it is obvious that the jump update is stable as V5(0) < 0 for small
enough I';.

The results on the flow set show constant decrease or equality on V5(6). The ideal value for
the jump variable is 85 = 0 since this indicates full convergence. Also note that 6; = F;19.

0, =0-10, (B-39)
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0y =—0;=-T3'0 (B-40)

This means that following also holds

0, =T7% (B-41)

It is assumed that during a flow set, overall the signs of the individual parameters of 6 re-
mains constant, sign (é(TZ)) = sign (é(TZH)) .. This means that from in the region [T}, T;11],
sign (5) remains the same. Note that the only effective update happens in the converging

region [, 7] when ¢ = 1, and thus ¢us, = €. The initial conditions on a flow set are different
0(T3) # 0(T5).

0,=0— /T . (é%) ¢ (B-42)

In the same region the following holds for 8

o—or)- [

rr(076) 0 (B-43)

As it is proven that in every flow set the error 0 decreases, the assumption that the sign of
0 remains the same during the flow set, and the fact that I'p is a positive definite diagonal
matrix,the following holds.

sign (é]) # sign (é) (B-44)
And also because 0 ; resets to zero at every jump:
sign (é]) = sign (0 — 65) = —sign (6) (B-45)
Therefore
2076, >0 (B-46)

This means that for small enough I';:
AVa(0) = —2J07T ;05 + J?605TIT 60, <0 (B-47)

This proves convergence of the jump update for the given Lyapunov conditions.
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Appendix C

Experiments

The adaptive feedforward algorithm suggested in this thesis, is validated on an experimental
setup, the Spider stage. This chapter explains more about the setup and implementation of
the controller in the Labview environment.

C-1 Setup

The used setup is the Spider stage, shown in Figure C-1. As mentioned in the paper, his
stage is equipped with voice coil actuators and linear encoders. Three masses (B) are actu-
ated by individual voice coils (C). The masses are constrained to the base by leaf flexures.
The position of the individual masses is measured by the linear encoder (D). By controlling
the three individual masses, the centre mass (A), which is connected to the three individual
masses by a leaf flexure, can be accurately positioned. Only mass 1 is actuated and measured
for the experiments. Since the feedforward algorithm is developed for a SISO system, MIMO
control is not explored in this thesis. Only the mass indicated in the red square is controlled.
The devices used to correctly measure the position of the mass and actuate the voice coil are
all based on the NI CompactRIO-9309.

For actuating the voice coil the NI 9264 analogue output module is used. This module has
a 16-bit resolution which outputs a voltage in the range of -10V to 10V. A linear amplifier
is used to provide the current required by the voice coil. No specifications on this amplifier
are available. The amplifier is powered by a +/- 15V, 1A, stabilized power supply, labelled
as THD LAB WO& TT.

The position of the mass is measured with a linear encoder. The encoder strip has a res-
olution of 100 nm. The used encoder is the Mercury 2000 SS-200c, which sends counts to the
digital input module. The encoder is powered by a stable power supply which suppresses the
50 Hz of the power net. The input NI 9401 digital input/output module is used as the digital
input module to measure the counts sent by the encoder.
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Figure C-1: Spider stage

The dynamics of one of the single mass are governed by a fourth-order differential equation.
Essentially it almost exactly represents the dynamics of a double mass-spring-damper system.

C-1-1 Identification

To get a proper understanding of the Spider stage, it is identified for frequencies of 1-500 Hz.
The system is identified using a chirp signal of 0.1-1000 Hz. The chirp signal is manually
build using Labview. The chirp signal is defined as follows by v = Asin (wt). At every
50 ms, the frequency is increased to 1.03w. To also capture proper amounts of frequency
information at high frequencies, and achieve high Coherence of the entire frequency range,
the frequency is increased to w + 1 from the point at which 1.03w > w + 1. Since at high
frequency the amplitude of the output is significantly reduced, higher input amplitude is
required at increasing frequency. The following scheme is used over the range of 0.1-1000 Hz.
The following definition for amplitude is used: A = 30000/b.

b=20 for 01 <w<?20
b=10 for 20 < w < 30
b=3 for 30 <w < 50
b=1 for 50 < w

The sampling time for the identification is set to 10000 Hz. This means the applied frequen-
cies stay well below the Nyquist frequency. Note that the sampling frequency of the applied
controllers should be the same.

K. Brummelhuis Master of Science Thesis



C-1 Setup 63

The frequency response of the system is obtained using Matlab. The frequency data is
calculated by simply implementing the tfestimate function. The build-in function makes use
of the power spectral density of the input and output data.

Py (f)

The cross power spectral density Py, the power spectral density Py, are obtained using Welch's
power spectral density estimate. The coherence of the data is determined using mscohere.
This function uses the same power spectral density functions.

H(f) =

|P:ch|2
Pro(f) Py (f)

By using the obtained frequency data, the corresponding transfer function is found using
the tfest function. The Matlab documentation can be consulted for more information as it
clearly elaborates the algorithm. As mentioned, the system can be modelled as a double
mass-spring-damper-system. This system consist of two poles and four zeros. The identified
transfer function is given in Equation (C-2).

ny(f) = (C—l)

B 8412s% + 1.366e4s + 5.851e7
544+ 4.82353 + 1.141e4s2 + 3.39eds + 4.974e7

The frequency response data obtained from the setup is shown in Figure C-2 in blue. The
frequency data of the identified transfer function is plotted in the same figure in orange.

P(s) (C-2)
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Figure C-2: Frequency response of the Spider stage, fitted with the fourth-order model
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The fit of the transfer function is nearly exact, which indicates that except for small high-
frequency modes, the system behaves as the linear model. It can also be observed that
frequency response is almost similar to that of a single mass-spring-damper system. The pole
pair and zero pair nearly cancel each other. Since the frequency response is close to that of a
second-order plant, the system is estimated that way for the research of this thesis. Another
identification for the transfer function is done, consisting of two poles and no zeros. The
second-order transfer function is shown in Equation (C-3).

8760

P =
(5) = = 58865 + 7443

(C-3)

The frequency response data obtained from the setup is also shown in Figure C-3 in blue. The
frequency data of the identified second-order transfer function is plotted in the same figure in
orange. The fit of the transfer function is nearly exact. However, close to resonance, the two
resonance peaks an anti-resonance are smoothed. In open-loop configuration this may yield
slightly different behaviour. The frequency response is required for feedback controller design
by loop-shaping, therefore the model suffices.
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Figure C-3: Frequency response of the Spider stage, fitted with the second order model

C-2 Experimental results

For a clearer view on the performance of the adaptive algorithm, the results of the experiments
shown in the paper, are also presented in this section. Both the convergence plots of the
feedforward parameters as the evolution of the feedback control signals and the error are

K. Brummelhuis Master of Science Thesis



C-2 Experimental results 65

given. An equal reference signal is used for all experiments. Implementation in Labview is
defined in ticks given as amplitude, yielding the following reference signal.

r(t) = 300 (sin (27t) + sin (107t) 4 sin (287t)) (C-4)

Note that 1 tick translates to 100 nm in the application. The physical reference is given in
the equation below, with the amplitude in pm. The same reference is shown in Figure C-4
for the first 3 seconds.

r(t) = 30 (sin (27t) + sin (107t) + sin (287t)) (C-5)

A sinusoidal disturbance of 50 ticks at 15 Hz is applied at the input of the plant for the final

100

r [pm]

-50 [~ '

| | | | |
0 0.5 1 15 2 25 3

Time [s]

-100

Figure C-4: Reference used for the experiments. The reference consists of a sum of sinusoids at
1 Hz, 5 Hz, and 14 Hz, with an amplitude of 30um.

experiment. This disturbance approximately 10% of the amplitude of the control input at
steady state.
d(t) = 50sin (307t) (C-6)

In the input, 1 tick translates to % V. This yields the following physical disturbance in

mV, shown in Figure C-5.

d(t) = 15.26 sin (307t) (C-7)
0.02
0.01 — l
> o
©
-0.01 ’ ]
0.02 | | | | |
0 0.5 1 15 2 25 3
Time [s]

Figure C-5: Added sinusoidal input disturbance at 15 Hz with an amplitude of 0.015V

The experimental results for all different controllers are given in the next sections. The
transfer function of the controller is given along with all design parameters.
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C-2-1 PID
5+ w; 1+ > 1
=k d -
cw =1 (22) (53) () o
ky wi wf Wd Wi
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Figure C-6: Evolution of 6 over time for a linear PID controller
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C-2-2 CI based PID

5+ w; 1+ wid 1
0= () (52) (72) o
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Figure C-8: Evolution of § over time for a Cl based PID controller
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C-2-3 Cglp based PID1
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C-2-4 CglLp based PID2
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Figure C-12: Evolution of 6 over time for the CgLp based PID controller 2
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C-2-5 CglLp based PID1 with disturbance
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